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Abstract of Praxis 

 
TOPSIS Decision Analysis for Inventory Management including Blast Loading on 

Critical Bridges 

    
Current bridge inventory management process does not take the infrastructure’s 

vulnerability to an explosion into consideration despite the severe consequences of a bridge 

collapse (Winget, 2015; BDIS 2016). Bridge inventory management is conducted by the 

owner of a bridge structure, usually a Department of Transportation in a state or local 

government agency. Bridge inventory management is the process by which the owner 

stores data about and allocates resources for repair, replacement and/or inspection of 

bridges in their jurisdiction. Current inventory management tools simply organize user 

inputs but do not provide suggested actions or prioritization which can result in critical 

repairs not occurring due to limited funds (BDIS 2016, USDOT 2015). The purpose of this 

praxis is to expand the current bridge inventory management process to include blast 

loading, and to develop a decision tool using TOPSIS that includes blast loading. The 

decision tool determines what, if any, mitigation is suggested (rehab, other, nothing, etc.) 

to reduce risk of the consequences of an event (earthquake, storm, explosion) while keeping 

cost outlay below the potential revenue loss of the Event. This decision tool quantifies a 

bridge’s vulnerability to collapse from an explosion by evaluating how likely it is to be 

targeted and how well it is expected to perform under blast loading. The decision tool then 

assesses the consequences of an event (e.g. potential loss of life, toll revenue) against the 

cost to early action (e.g. repair, replacement, etc.) and provides a suggested action. This 

tool provides guidance for master planning at Department of Transportations to understand 

which structures are vulnerable and how to allocate funding for project planning. 

To address the lack of risk prioritization and blast loading assessment, this research 

uses the National Bridge Inventory database, which is publicly available from the FHWA 

and vulnerability manuals available on the New York State Department of Transportation 

(NYSDOT) website  to perform a hydraulic and seismic risk assessment per the NYSDOT 

Hydraulic Vulnerability Manual and the NYSDOT Seismic Vulnerability Manual. The 

research then proposes a blast risk assessment protocol to get a vulnerability risk group. 
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The model is validated against the NYSDOT database with abstracted data. Finally, the 

research takes these classifications and prioritizes funding based on best value for 

investment cost and risk mitigation.  

Two TOPSIS models were developed for comparison. The first TOPSIS model, 

Current Model, included BIN and associated ratings, one to six, that came out of the model 

developed in Chapter 3 for seismic and hydraulic vulnerabilities only in accordance with 

the procedure and equations developed by Hwang and Yoon (1981). The second TOPSIS 

model, Blast Model, was identical to the first model with the exception of including the 

associated ratings, one to six, that came out of the model developed in Chapter 3 for blast 

loading. Using a TOPSIS MCDA decision model that includes blast loading will yield at 

least 10% cost savings compared to the current model (without blast loading), was tested 

using the total project costs reported, NBI Database Item 96, between the two TOPSIS and 

was rejected in favor of the alternate hypothesis there was not a ten percent cost saving. 

The cross-correlation coefficient was used to determine that the order of the two datasets 

was not correlated. Mood’s median test showed that the there was a difference between the 

two project costs. The one sample sign test was used to test if the ratio of total cost in the 

bridge model to the total cost in current model for bridge’s was 0.9 representing a 10 

percent cost savings. 

The cost to mitigate the risk of an explosion to an existing bridge is less than lost 

revenue associated with a bridge collapse, was tested using the total bridge cost reported, 

NBI Database Item 94, against toll revenue generated for each bridge was not rejected.. 

Only toll bridges as defined by NBI Database Item 20 were used. Toll revenue is the 

minimum economic impact associated with a bridge closure. The non-parametric sign test 

was used to determine the median of ratio of toll revenue to the bridge project costs was 

not equal to zero. To test if the lost toll revenue was greater than the bridge project cost, 

the non-parametric sign confidence interval was used to determine the lost toll revenue was 

greater than the bridge project cost.  

      
  



viii 
 

Table of Contents 

 

 

Dedication ......................................................................................................................... iv 

Acknowledgements ............................................................................................................v 

Abstract of Praxis ............................................................................................................ vi 

List of Figures ................................................................................................................... xi 

List of Tables .................................................................................................................. xiv 

List of Symbols .................................................................................................................xv 

List of Acronyms ............................................................................................................ xvi 

Chapter 1—Introduction ......................................................................................................1 

1.1 Background ....................................................................................................... 1 

1.2 Research Motivation ......................................................................................... 2 

1.4 Problem Statement ............................................................................................ 4 

1.4 Thesis Statement ............................................................................................... 5 

1.5 Research Objectives .......................................................................................... 6 

1.6 Research Questions and Hypotheses ................................................................ 6 

1.7 Scope of Research ............................................................................................. 7 

1.8 Research Limitations ........................................................................................ 8 

1.9 Organization of Praxis ...................................................................................... 8 

Chapter 2—Literature Review ...........................................................................................10 

2.1 Introduction ..................................................................................................... 10 

2.2 Defining the Threat ......................................................................................... 11 

2.3 Critical Bridge Reaction to Blast Loading ...................................................... 14 

2.4 Risk Identification and Mitigation Strategies ................................................. 23 



ix 
 

2.5 Limitations of Current Research ..................................................................... 25 

2.6 Maintenance Funding and Prioritizations ....................................................... 25 

Chapter 3—Methodology ..................................................................................................30 

3.1 Introduction ..................................................................................................... 30 

3.2 Seismic Rating ................................................................................................ 34 

3.3 Hydraulic Rating ............................................................................................. 55 

3.4 Blast Rating ..................................................................................................... 61 

3.5 Validation ........................................................................................................ 71 

3.6 Toll Revenue ................................................................................................... 73 

3.8 Conclusion ...................................................................................................... 75 

Chapter 4—Results ............................................................................................................77 

4.1 Introduction ..................................................................................................... 77 

4.3 Hypothesis One ............................................................................................... 79 

4.4 Hypothesis Two .............................................................................................. 85 

4.5 Conclusion ...................................................................................................... 89 

Chapter 5—Discussion and Conclusions ...........................................................................91 

5.1 Discussion ....................................................................................................... 91 

5.2 Conclusions ..................................................................................................... 91 

5.3 Contributions to Body of Knowledge ............................................................. 93 

5.4 Recommendations for Future Research .......................................................... 93 

References ..........................................................................................................................96 

Appendix A – Hydraulic Rating ......................................................................................105 

Appendix B – Abstracted Validation Data ......................................................................108 



x 
 

Appendix C – Cross Correlation Coefficient ...................................................................118 

 

 
  



xi 
 

List of Figures 

 
Figure 2-1: Terrorist Attacks in the US 2000-2018 based on the GTD 1970-2018 ..........12 

Figure 2-2: Explosive Location Types: A) Contact B) Close-in C) Plane Wave ..............15 

Figure 2-3: Mach Front Reflected Wave Magnification....................................................17 

Figure 2-4: Pressure diaphragm for equivalent sized circular and square Columns 

subjected to equivalent scaled stand-off explosions. .............................................20 

Figure 3-1: Current Vulnerability Rating Process, a) Vulnerability rating steps, b) 

Seismic rating detailed process, c) Hydraulic rating detailed process ...................32 

Figure 3-2: Vulnerability Rating Process including blast events, a) Vulnerability 

rating steps, b) Seismic rating detailed process, c) Hydraulic rating detailed 

process, d) Blast rating detailed process ................................................................33 

Figure 3-3: Seismic Vulnerability Rating Overview .........................................................35 

Figure 3-4: Seismic Vulnerability Rating Overview – Screen Step ..................................36 

Figure 3-5: Seismic Inventory Screen................................................................................39 

Figure 3-6: Seismic Susceptibility Screen .........................................................................41 

Figure 3-7: Seismic Vulnerability Rating Overview – Classify Step ................................43 

Figure 3-8: Seismic Classify Initial Screening ..................................................................44 

Figure 3-9: Seismic Classify Bearing Vulnerability, V1 Determination............................46 

Figure 3-10: Seismic Classify Pier, Abutment and Liquefaction, V2 Determination ........48 

Figure 3-11: Seismic Classify Vulnerability Score, V, Determination .............................49 

Figure 3-12 Seismic Classify Seismic Hazard Score, E Determination ............................49 

Figure 3-13: Seismic Classify S Determination.................................................................50 

Figure 3-14: Seismic Classify Vulnerability Classification Determination ......................50 



xii 
 

Figure 3-15: Seismic Vulnerability Rating Overview – Rate Step ....................................52 

Figure 3-16: Seismic Rate Likelihood Score Determination .............................................52 

Figure 3-17: Seismic Rate Failure Score Determination ...................................................53 

Figure 3-18: Seismic Rate Traffic Volume Score Determination .....................................53 

Figure 3-19: Seismic Rate Functional Classification Score Determination ......................54 

Figure 3-20: Seismic Rating Determination ......................................................................55 

Figure 3-21: Hydraulic Vulnerability Rating Overview ....................................................56 

Figure 3-22: Hydraulic Initial Screening ...........................................................................57 

Figure 3-23: Hydraulic Rate Failure Score Determination ................................................61 

Figure 3-24: Blast Vulnerability Rating Overview ............................................................62 

Figure 3-25: Blast Inventory Screen ..................................................................................63 

Figure 3-26: Hydraulic Vulnerability Rating Overview – Classify Step ...........................65 

Figure 3-27: Blast Classify Vulnerability Score Determination ........................................67 

Figure 3-28: Blast Classify Criticality Factor Determination ............................................69 

Figure 3-29: Blast Classify Vulnerability Classification Determination ...........................70 

Figure 4-1: Current Model versus Blast Model Prioritization Order .................................79 

Figure 4-2: Cross Correlation Function of Current Model versus Blast Model Total 

Project Cost ............................................................................................................80 

Figure 4-3: Normality test for Difference between Total Project Costs between 

Current model and Blast Model .............................................................................81 

Figure 4-4: Johnson Transformation for Difference between Total Project Costs 

between Current model and Blast Model...............................................................82 

Figure 4-5: One Sample Sign Test for Difference between Total Project Costs 



xiii 
 

between Current model and Blast Model...............................................................83 

Figure 4-6: Normality test for Total Project Costs in Blast Model, Pb, divided by 

Project Costs in Current model, Pc .........................................................................83 

Figure 4-7: Johnson Transformation for Total Project Costs in Blast Model, Pb, 

divided by Project Costs in Current model, Pc .......................................................84 

Figure 4-8: One Sample Sign Test for Total Project Costs in Blast Model, Pb, 

divided by Project Costs in Current model, Pc .......................................................85 

Figure 4-9: Normality test for Bridge Repair Costs in Blast Model, Pb ............................86 

Figure 4-10: Normality test for Toll Revenue in Blast Model, Rb.....................................87 

Figure 4-11: Toll Revenue Rb, Divided by Bridge Repair cost, Pb....................................88 

Figure 4-12 One Sample Sign Test for Toll Revenue Rb, Divided by Bridge Repair 

cost, Pb....................................................................................................................88 

Figure 4-13 One Sample Sign Confidence Interval Test for Toll Revenue Rb, 

Divided by Bridge Repair cost, Pb .........................................................................89 

Figure A-1: Hydraulic Inventory Screen .........................................................................105 

Figure A-2: Hydraulic Vulnerability Rating Overview – Classify Step ..........................106 

Figure A-3: Hydraulic Classify General Hydraulic Assessment Score 

Determination ......................................................................................................106 

Figure A-4: Hydraulic Classify Abutment Assessment Score Determination.................107 

Figure A-5: Hydraulic Classify Pier Assessment Score Determination ..........................107 

Figure A-6: Hydraulic Classify Vulnerability Classification Determination ..................107 

 

 

 



xiv 
 

List of Tables 

 
Table 3-1: Proportion of each rating group and bridges required for validation with 

80% confidence. .....................................................................................................72 

Table B-1: NYSDOT Seismic Vulnerability Data...........................................................108 

Table B-2: NYSDOT Hydraulic Vulnerability Data .......................................................110 

Table B-3A: Abstracted NBI Data (Includes Data for Bridges evaluated for Blast) .......112 

Table B-3B: Abstracted NBI Data ...................................................................................114 

Table B-3C: Abstracted NBI Data ...................................................................................116 

 
 
  



xv 
 

List of Symbols 

 
 
K  Lag of maximum CCF 

D   Detectability of damage 

I Importance factor, impacts if the bridge failed 

Of Occurrence factor, how likely a bridge was to be targeted by a terrorist 

O Occurrence of event 

S  Severity of damage 

R Physical standoff distance measured from center of blast to face of source (ft) 

V  Vulnerability factor, how likely a bridge would be to failure if targeted by an 

explosion 

WTNT  Charge weight of explosive (lb. equivalent of TNT) 

Z Scaled standoff distance (ft/lb1/3) 

 

  



xvi 
 

List of Acronyms 

 
ADT  Average Daily Traffic 

BDIS  Bridge Data Information System 

BIN  Bridge Information Number 

CCF  Cross Correlation Coefficient  

FHWA  Federal Highway Administration 

NBI  National Bridge Inventory  

NYSDOT New York State Department of Transportation 

RPN  Risk Prioritization Number 

STRANET Strategic Highway Corridor Network 

 
 
 
  
 
 
 
 
 
 
 
 
 
 



1 
 

Chapter 1—Introduction 

 
1.1 Background 

Current bridge inventory management process does not take the infrastructure’s 

vulnerability to an explosion into consideration despite the severe consequences of a bridge 

collapse (Winget, 2005; Agile 2015). Bridge inventory management is the process by 

which the owner stores data about and allocates resources for repair, replacement and/or 

inspection of bridges in their jurisdiction. Bridge inventory management is conducted by 

the owner of a bridge structure, usually a Department of Transportation in a state or local 

government agency. Current inventory management tools simply organize user inputs but 

do not provide suggested actions or prioritization which can result in critical repairs not 

occurring due to limited funds (Agile 2015, FHWA 2015).  

Bridges are vital for moving people and goods from one location to another. In 

2015, 8.2% of all bridges were classified as structurally deficient, meaning primary 

components needed for the bridge to carry loads were in poor or worse than poor condition. 

20.1% of bridges were functionally obsolete, meaning the geometry of the bridge did not 

support the surrounding traffic system either because it was too narrow or too low. In 2015 

it was estimated that an additional $836 billion of capital improvements would have been 

cost beneficial to perform (USDOT 2015).  Maintaining these bridges and allocating 

funding for new projects is a key objective of state departments of transportation 

(NYSDOT Mission). Allocating funding appropriately is complicated by advances in 

computer computational power which mean bridges are becoming longer and leaner 

(Gaureau, 2019). While it is expected these new bridges are adequate, there is less data on 

how these new structures perform long term (Wang 2018), so that new generation bridges 
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may also be vulnerable to unexpected failure mechanisms (Gao 2017). Older bridges have 

details with a history of reliability but need continual maintenance (Garavaglia 2016). State 

departments of transportation have constrained resources with competing priorities for 

maintaining current infrastructure and expanding their current system.  

To further add to the burden on state departments of transportation, they also need 

to mitigate risks associated with natural or man-made events that could trigger a failure of 

bridges (FHWA 2003). Focus on coordinated, sophisticated terrorist attacks like September 

11, 2001 have been increasing since the early 2000’s and create additional complexity in 

how to manage infrastructure (CTED 2018). The nation’s bridges may be vulnerable to 

explosions which could cause loss of life and/or ability to transport people and goods 

(NCHRP 645).  

Bridge failures from natural or man-made disasters lead to economic and social 

consequences (Fiorillo 2018). Improvements in inventory management and risk 

assessments are imperative to efficiently use resources in pursuit of mitigating threats 

(Williamson 2005). The purpose of this praxis is to expand the current bridge inventory 

management process to include blast loading, and to develop a decision tool using TOPSIS 

that includes blast loading. The decision tool determines what, if any, mitigation is 

suggested (rehab, other, nothing, etc.) to reduce risk of the consequences of an event 

(earthquake, storm, explosion) while keeping cost outlay below the potential revenue loss 

of the event. 

1.2 Research Motivation 

A functional roadway network is required for interstate commerce, national 

defense, and to move people and goods from one location to another (USDOT 2015). 
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Today’s consumers expect short delivery times and for stores to be stocked with 

merchandise (White House 2003). Many people depend on roadways and bridges to get to 

their jobs and schools and to seek medical attention (FHWA 2003). While some bridges 

are just a means to get from one place to another, other bridges are symbols and sources of 

pride for a community (CTED 2018). When these symbols cannot perform, there are social 

repercussions as well as financial implications (FHWA 2003). The costs associated with a 

bridge closure such as loss of toll revenue or cost of traffic backup can be calculated 

(Fiorillo 2019). As of 2003 it was estimated the cost of replacement for a long span bridge 

would be $1.75 billion with the cost increasing for accelerating construction (FHWA 

2003). The costs associated with a community changing their behavior out of fear 

associated with another attack are difficult to calculate and predict (Fiorillo 2019).  Citizens 

who feel uncertain are less likely to make unnecessary leisure travel until the uncertainty 

is resolved; records indicate after September 11, 2001 tourism declined in New York City 

to 1996 levels (FHWA 2003). These changes in spending and travel habits could have 

devasting impacts to local communities and small business owners (Duwadi 2006). The 

September 11, 2001 attacks resulted in approximately 430,000 lost jobs in New York City 

over a three-month period (9/11 and the NYC Economy, 2001). 

Terrorists can capitalize on the ubiquitous social media platforms that stream events 

in real time across the globe to create maximum chaos and uncertainty by targeting iconic 

bridges (Williamson, 2011). If these bridges and the people that operate and maintain them 

are not prepared for an explosion, the bridge may be vulnerable to collapse or closure for 

repair (Williamson 2006). With an increased threat of intentional sabotage as well as an 

increase in flammable material transport, the consequences of an explosion on a bridge is 
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higher than it has ever been before (Miller 2016). Understanding and appropriately 

mitigating a risk to an explosion is critical to a functional roadway network (Duwadi 2006). 

Putting aside terrorist attacks, all bridges need to be maintained to perform 

adequately. Efficiently performing maintenance is critical to a functional roadway network 

(USDOT 20015). However, there are insufficient funds to perform all the maintenance or 

risk mitigation improvements that are required (FHWA 2015). Current inventory 

management focuses primarily on maintenance needs and assessing risks due to natural 

disasters (earthquake and storms) (NCHRP 950, 2020). There is limited prioritization of 

maintenance or risk mitigation in objective terms (Contreas 2019). Since there is 

insufficient funding to execute all the projects in a certain group, spending capital on the 

projects that will have the largest impacts is important (FHWA 2015). Without an objective 

matrix, the prioritization of fund allocation can be subjective.  

The motivation of this research is to provide a process and management tool that 

managers can use to more thoroughly assess risk to our nation’s bridge infrastructure from 

natural and man-made events. The assessment can better minimize disruptions to bridge 

performance and minimize intangible social effects to users from unplanned events. With 

such a process and tool, managers could understand the risks and mitigations to explosions 

on a bridge and objectively  prioritize funds for infrastructure maintenance and 

improvement. 

1.4 Problem Statement 

Critical bridges are not evaluated for blast loading and as a result, prioritization of 

investments does not adequately consider that these bridges may fail if they are subjected 

to an explosion, potentially causing loss of life and vast economic impacts (Winget 2005). 
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The loss of life could be up to the number of people on the bridge at the time of an 

event which would be capped at the Average Daily Traffic (ADT) of the bridge. Federal 

agencies define the value per statistical life (VSL) anywhere in the range of $5.1 million 

to $8.2 million per person in 2008 dollars (Robinson 2010). That means that a loss of 125 

would represent $1 billion associated with that event. Over 84% of bridges in New York 

State have average daily traffic volumes over 125 vehicles which could contain multiple 

passengers (NBI Database 2019). 

The direct economic impacts are the insurance costs associated with the property 

damage caused by the bridge failing. Other direct economic impacts would extend to the 

toll revenue that cannot be collected with a closed structure, the costs associated with 

repair/inspection of the structure and the more global impacts to the surrounding 

businesses/economy if people cannot cross the bridge (Winget 2005).  The loss of some 

bridges even present impacts to interstate commerce and national defense / mobility (White 

House 2003). The Federal Highway Administration estimated in 2003 it could cost $1.75 

Billion to replace a single long span bridge structure (FHWA 2006). Current day costs 

when inflation is considered to replace a damaged long span bridge especially in an urban 

environment are even higher. The New NY Bridge Replacement Project cost $3.98 Billion 

and affects 140,000 commuters per day (NYSTA).   

1.4 Thesis Statement 

A Decision Tool that includes blast loading is needed to determine the best 

inventory management path for critical bridges. 
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1.5 Research Objectives 

The primary objective of this research is to provide a process and tool to improve 

roadway system reliability and functionality by offering specific enhancements to bridge 

inventory management. The tool would aid the manager in making decisions that minimize 

financial commitments and maximize risk mitigation, and to deliver the most practical 

approach to providing a transportation network.  

The first enhancement to inventory management this research focuses on is the 

process to objectively prioritizing projects that yield the largest reduction in risk with the 

least amount of investment.  

The second enhancement to inventory management this research will focus on is to 

include blast loading as an additional risk event when assessing which bridges need 

maintenance or improvements. 

1.6 Research Questions and Hypotheses 

Research Questions 

• R0: Can a Decision Tool that includes blast loading improve current bridge 

inventory management? 

• R1: What risk factors are currently considered in bridge inventory management? 

• R2: What is the cost of mitigating the risk of bridge collapse subject to an explosion? 

Research Hypotheses 

• H1:  Using a TOPSIS MCDA decision model that includes blast loading will yield 

at least 10% cost savings compared to the current model (without blast loading). 

• H2:  The cost to mitigate the risk of an explosion to an existing bridge is less than 

lost revenue associated with a bridge collapse. 
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1.7 Scope of Research 

This research uses the National Bridge Inventory database, which is publicly 

available from the FHWA and vulnerability manuals available on the New York State 

Department of Transportation (NYSDOT) website  to perform a hydraulic and seismic risk 

assessment per the NYSDOT Hydraulic Vulnerability Manual and the NYSDOT Seismic 

Vulnerability Manual. The National Bridge Inventory (NBI) database contains 17,540 

bridges in New York State as of 2019 ranging from a single span concrete arch bridge in 

Jefferson County built in 1800 to a 17-span prestressed concrete multi-girder bridge in 

Richmond County built in 2018. The smallest bridge in the dataset is a single span; the 

longest bridge in the dataset is 285 spans. The database considers steel and concrete 

structures. 

The research then proposes a blast risk assessment protocol to get a vulnerability 

risk group. Finally, the research takes these classifications and prioritizes funding based on 

best value for investment cost and risk mitigation.  

This research is focused on bridges in the state of New York in the United States. 

This research is limited to US Codes and Standards.  

While many roadway surfaces and structures are vital to a functional roadway 

system, this research is limited to risk assessment, mitigation, and funding prioritization 

for bridge structures only. 

This research uses the NYSDOT Bridge Inspection Manual, the NYSDOT Bridge 

Data Information System (BDIS) User Manual, the NYSDOT Hydraulic Vulnerability 

Manual, and the NYSDOT Seismic Vulnerability Manual.  
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Prioritization is based on proposed improvements in the NBI Database Items 75 

and 94-97. 

1.8 Research Limitations 

Gaps in current industry knowledge may inadvertently cause a bridge to collapse 

and are outside the scope of this research. This research assumes that the design and 

construction were executed to current standards, best practices, and standards of care. 

Design or construction errors or omissions are outside the scope of this research.  

All bridges are assumed to be in their as-designed condition for the purposes of this 

research. Preventative and routine maintenance and current field conditions are outside the 

scope of this research. 

This research uses publicly available National Bridge Inventory (NBI) and National 

Bridge Inventory Bridge Element data. Due to the limited availability of public as-built 

plans, this research focuses only on Hydraulic and Seismic vulnerabilities. The process 

developed in this research to prioritize funding for risk mitigation is not performed on 

vulnerabilities associated with a collision (vessel or vehicular) and not performed on 

standard maintenance vulnerabilities (steel and concrete). The process developed in this 

research is only applied to bridges in the NBI 2019 database for NY. Bridges in other states 

or countries are outside the scope of this research. No as-built plans have been utilized in 

this research. 

Portions of data used for validation have been abstracted for security purposes.  

1.9 Organization of Praxis 

This praxis is organized into five chapters. Chapter One establishes the problem 

that bridges are not currently designed or evaluated to withstand an explosion which could 
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have severe consequences (Winget 2005). Chapter One also introduces the lack of 

objective prioritization in current fund allocation for bridge projects (FHWA 2015). 

Chapter two discusses the current literature on bridge inventory management to mitigate 

risks and bridge vulnerability to blast loadings. Many studies have been done since 

September 11, 2001 to determine if bridges are vulnerable to blast loading (Tetougueni 

2019). A few researchers have even proposed conceptual procedures for how to assess 

funding allocation to mitigate a risk to an explosion (FHWA 2003). 

Chapter three will discuss the methodology proposed in this research to objectively 

assess risk and account for blast loading in fund allocation. Chapter four will discuss the 

results of the proposed methodology to objectively assess risk and account for blast loading 

in fund allocation.  

Chapter five will summarize the conclusions and discuss recommendations for 

future research.   
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Chapter 2—Literature Review 

 
2.1 Introduction 

This literature review will focus on four key areas of current research: 

tracking/identifying threats against bridges, a bridge’s response to an explosion, risk 

mitigation strategies, and funding prioritization.  

Explosions against infrastructure were generally not considered until after the 

September 11, 2001 terrorist attacks (FHWA 2003). The first area of research this literature 

review will focus on is exploring the shift in the industry to tracking intentional explosions 

against bridges. This research will show that intentional explosions on bridge’s are a real 

and increasing threat (Miller 2016). 

The next area of research this praxis will focus on is how a bridge will behave when 

subjected to an explosion. Prior to the identification of an explosion as a potential threat, 

little to no research had been conducted on a bridge’s response to blast loading (Marchand 

2004).  

This praxis will then focus on the consequences of not protecting a bridge from an 

explosion and using research about a bridge’s response to an explosion to explore potential 

retrofits to a bridge to reduce damage from an explosion. Understanding and appropriately 

mitigating risk to an explosion is critical to a functional roadway network (Duwadi 2006). 

Finally, the praxis will focus on how funding is currently allocated for bridge 

maintenance and mitigation of risk in the United States. Current bridge inventory 

management process does not take the infrastructure’s vulnerability to an explosion into 

consideration despite the severe consequences of a bridge collapse (Winget, 2005; Agile 

2015). This research will show the lack of objective prioritization currently used in the 
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industry (USDOT 2015). Current inventory management tools simply organize user inputs 

but do not provide suggested actions or prioritization which can result in critical repairs 

not occurring due to limited funds (Agile 2015, FHWA 2015).  

2.2 Defining the Threat 

  Beginning in 2001, a National Consortium was created for the Study of Terrorism and 

Responses to Terrorism (START) which was based on hand-written records from the 

Pinkerton Global Intelligence Services (Miller 2016). They state this is the most 

comprehensive, unclassified compilation of terrorist attacks in the United States and 

around the world (START/about). The START Consortium digitized the hand-written 

documents and keeps new digitized records in the Global Terrorism Database (START 

Codebook 2019).  

START defines terrorism as an intentional incident perpetrated or planned by non-state 

affiliates that includes violence or threat of violence (START Codebook 2019). The 

incident does not need to be successful to count in the GTD (Miller 2016). 

 Between 1970 and 2015 there were 2,723 terrorist attacks in the US resulting in 3,570 

deaths; 2,838 of which were in the Transportation Sector (Miller 2016). Sixty four percent 

of all terrorist attacks on the transportation sector utilized explosives (Miller 2016). Deaths 

as a result of attacks on the transportation sector represent 80% of all deaths associated 

with terrorist attacks between 1970-2015 (Miller 2016). Fifteen percent of terrorist attacks 

in the transportation sector were lethal (resulted in deaths) which is 10% greater than any 

of the other 21 critical infrastructure sectors recognized by The Department of Homeland 

Security (Miller 2016).   
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 Figure 2-1 represents the total number of terrorist attacks across all sectors in the US 

per year between 2000 and 2018 (GTD 1970-2018). As illustrated in Figure 2-1, terrorist 

attacks in the United States increased 76% from 2015 to 2016, making the need to protect 

critical infrastructure more urgent.  

 

Figure 2-1: Terrorist Attacks in the US 2000-2018 based on the GTD 1970-2018 

The Mineta Transportation Institute began research into transportation related 

terrorist threats beginning in 1996 (Jenkins 2001). Jenkins provides discussion on four case 

studies of transportation system attacks with lessons learned and security best practice 

recommendations (Jenkins 2001). These recommendations are general and not specifically 

actionable to Departments of Transportation looking to assess their risk and implement 

mitigation strategies (Jenkins 2001).  

In January 2001, the Department of Defense released an update to their Physical 

Security Manual which was intended for use by anyone charged with security (DOD 2001). 

The manual did not provide any specific guidance for bridge risk assessment or mitigation 

but provided general guidance for risk mitigation for areas available to the public (DOD 
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2001). The manual proposed threat level categories but no actionable steps to assess the 

threat level (DOD 2001). 

Based on the increasing threat of terrorist attacks to our transportation network 

following September 11, 2001 a National Strategy for the Physical Protection of Critical 

Infrastructure and Key Assets (The Strategy) was developed (White House 2003). The core 

mission of The Strategy was to present a unified approach across all 50 states, 4 territories 

and 87,000 local jurisdictions to identifying and defining a threat, identifying key 

infrastructure that should be protected and investing in collaboration to secure future 

targets (White House 2003). The Strategy noted that attacks to iconic structures in the US 

would likely have a negative impact on society’s confidence even if they were not directly 

impacted by the event. The Strategy also discussed the challenges facing the Transportation 

sector since there was no unified approach to determining which structures are at risk and 

what, if any action, is appropriate to mitigate these risks (White House 2003). Future goals 

recommended by the Strategy are for the Department of Homeland Security and 

Departments of Transportation collaborating to get a collective set of standards; but there 

were no timelines or proposals for funding the endeavor noted (White House 2003). 

 In response to increased focus on bridge vulnerability and no standard industry 

approach to assessing and mitigating the risks associated with critical bridges subjected to 

an attack, The American Association of State Highway and Transportation Officials 

(AASHTO) partnered with The Federal Highway Administration (FHWA) to form the 

Blue Ribbon Panel (BRP) on Bridge and Tunnel Security (FHWA 2003). The BRP’s 

mission was to provide short- and long-term recommendations to secure the nation’s 

infrastructure. The panel concluded that a standardized risk assessment method to identify 
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threats of terrorist attacks and prioritization method to best allocate funding was necessary 

(FHWA 2003). It was estimated that an initial $1.5 billion would be required only to 

mitigate near term threats (FHWA 2003). While some local methodologies were being 

utilized to try and assess risk there was no unified approach and there were no design 

standards to assess just how vulnerable a bridge was to an explosion (FHWA 2003) The 

BRP recommended research into failure mechanisms and specific unified risk assessment 

and mitigation strategies (FHWA 2003).  

2.3 Critical Bridge Reaction to Blast Loading 

 As result of the increased attention from September 11, 2001 terrorist attacks as 

well as the BRP’s recommendations to develop a better understanding of bridge’s 

vulnerabilities to an explosion, research began to determine a bridge’s response to an 

explosion (Williamson 2006). Since limited to no research existed about a bridge’s 

response to an explosion, initial research regarding a bridge’s behavior and vulnerabilities 

were adapted from buildings, petrochemical, and military facilities (Marchand 2004). Early 

research into blasts on bridges made assumptions about explosions extrapolated from these 

other industries to create detailed model simulations used to determine if it was anticipated 

a typical bridge substructure could withstand an explosion (Winget 2004).  

There are a few key differences however, between buildings and bridges, that make 

extrapolating without additional researching challenging (NASEM 2010). Bridges are 

comprised of exposed structural members and open to vehicular traffic which means 

potential threats are permitted very close to structural elements whereas in buildings critical 

elements can be located in specific locations closed off to public access through security 

(NASEM 2010). Bridges are also composed of different shaped elements (longer and more 
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slender) than buildings and subjected to different loading patterns (generally higher axial 

forces), which might impact the structure’s response to an explosion (Williamson 2011). 

 Before modeling a bridge’s response to an explosion, potential threats need to be 

identified (Department of the Army 1990). According to the Department of the Army, there 

are three main types of explosive conditions, contact, close-in, and plane wave as shown 

in Figure 2-2 (Department of the Army 1990). Contact explosion events are when the 

explosive is in contact or very close contact with the element under consideration; the load 

imparted on the system is very high and irregular but dissipates quickly (Department of the 

Army 1990). Close-in explosion events are when the explosive is close but not in direct 

contact with the element under consideration; the load imparted on the system is irregular 

and lower but dissipates slower than contact explosions (Department of the Army 1990). 

Plane wave explosion events are when the explosive is a far enough distance away from 

the element under consideration to impart lower pressure, longer duration uniform energy 

(Department of the Army 1990). 

 
Figure 2-2: Explosive Location Types: A) Contact B) Close-in C) Plane Wave  

 Two different explosive delivery methods have been evaluated in bridge blast research: 

hand placed charges directly on the structure and a car or truck filled with explosives 

(Marchand 2004). Trucks are assumed to deliver 4,000 lbs., equivalent of TNT whereas 
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hand placed explosives are assumed to deliver 100 lbs. equivalent of TNT (Winget 2005). 

Even though explosive weights can be larger than this, it is assumed that terrorists would 

lack the access and expertise to assemble an explosive with a larger denotation capacity 

(Winget 2005). Current industry research is based on a single explosive detonating in a 

single location (Marchand 2004). Most researchers assume a terrorist group could not 

synchronize multiple detonations simultaneously (Marchand 2004).  

The primary focus of early research was on assessing existing structures and 

exploring potential retrofits or mitigations (Marchand 2004). Explosions generally travel 

between 22,000 and 28,000 feet per second and impart pressures in the range of 2.7 to 4.9 

kips per square inch (Department of the Army 1990). Initial assumptions were that bridge 

superstructures were not as vulnerable as substructures to blast loads since the blast energy 

could dissipate over free space versus being trapped between piers underneath a deck 

(Marchand 2004). Early research was focused on the substructure’s response to an 

explosion, but later research concluded a superstructure failure can occur (Yi 2013, Zhang 

2018). Even though superstructures may be vulnerable, the repair cost and time associated 

with typical superstructure replacements are generally less critical than those associated 

with substructures justifying a focus on substructure response and retrofit (Williamson 

2006, NASEM 2010).  

In 2005 with research into blast loads on bridges still relatively new, Winget 

compared pros and cons of uncoupled, coupled, static, dynamic, single degree of freedom, 

and multi degree of freedom analysis when assessing a bridge for blast loading (Winget 

2005). Winget ran a few simple simulations on a specific prestressed concrete bridge and 

presented how bridge geometry such as small clearance between the bridge deck and the 
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ground, abutment rip rap sloping, or girder spacing can magnify the same explosive when 

energy waves reflected off the ground or rigid parts of the system travel faster than the 

initial waves and meet up with the leading energy wave amplifying the effect, creating a 

phenomenon known as the Mach front as shown in Figure 2-3 (Winget 2005).    

 
Figure 2-3: Mach Front Reflected Wave Magnification  

Winget explored how other geometric properties of the bridge might affect its 

response to a blast load. The research assumed that circular columns would experience 

lower loads and clear blast forces quicker than a similarly sized square column. This 

research used blast software available only to the military, BlastX, which was designed for 

application in buildings, not bridges, and could not model circular columns (Winget 2005). 

Due to these constraints, the research made assumptions to simulate the properties and 

response of a circular column, particularly related to the clearing time of the energy waves 

around the columns (Winget 2005). Modeling in BlastX, using assumed reductions in 

clearing time for circular columns, resulted in 25% higher loads on square columns 

compared to circular columns with the same diameter (Marchand 2004). Different standoff 

distances were modeled and determined that there was significant decreases in the forces 

imparted on the bridge, and thus ultimately improvement in the response of the bridge, for 

every foot the explosive was moved away from the structure between 0 and 20 feet but 
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there was less benefit per foot when the explosive was moved 20 to 40 feet away from the 

structure (Winget 2005).  

In 2009, Son and Astaneh-Asl modeled a steel orthotropic bridge deck on a cable 

stayed suspension bridge in MSC.Dytran (Son et al 2009). The key conclusions from their 

modeling were mild steel outperformed high strength steel and cable stay anchorage 

location was critical in determining the bridge’s response as anchors connected the bridge 

deck were particularly vulnerable (Son et al 2009).  

In 2008, Anwarul and Yazdani modeled a typical 2-span AASHTO concrete girder 

bridge in STAAD.Pro and concluded that AASHTO girders will likely fail in an explosion 

(Anwarul et al 2008). This approach used a static load equivalency for blast loading which 

might be overconservative (Anwarul et al 2008). 

Recognizing the increased threat and severe consequences of an explosive 

detonating on a bridge and the lack of industry guidance on how to design a bridge 

subjected to an explosive, the National Cooperative Research Program (NCHRP) 

sponsored research into how bridges respond to blast loading and to establish some basic 

design guidelines (NCEMA 2010).  This research program conducted in 2007, summarized 

in 2008 and published in 2010, was the most extensive research done at the time evaluating 

bridge specific elements (NCEMA 2010). Phase 1 of the research was conducted on four 

small-scale circular and four small-scale square columns at four different physical standoff 

distances but the same scaled standoff distances (NCEMA 2010). Bertram Hopkinson 

(1874-1918) a professor at Cambridge University developed the cube-root scaling equation 

(Eq. 2-1) in 1915 (Charlton 1918). Karl Cranz a German mathematician independently 

verified the cube-root or Hopkinson-Cranz equation in 1926 (Cranz, 1943).  
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   (Eq.2- 1) 

where: Z = scaled standoff distance (ft/lb1/3) 
 R = physical standoff distance measured from center of blast to face of source (ft) 
 WTNT = charge weight of explosive (lb. equivalent of TNT) 
 
 The cube-root equation indicated that different physical standoff distances were not 

significant if the scaled standoff distance was the same (Conrath 1999).  These eight small-

scale tests with constant scaled standoff distances, disproved this previous assumption with 

larger physical standoff distances producing larger forces at the top of the columns than 

the columns with smaller physical standoff distances (NCEMA 2010). Additionally, the 

test program showed that since blast loading and clearing effects on circular columns was 

not well understood, Winget’s assumptions made in BlastX to adapt loading in the program 

to circular columns, overpredicted loading along the length of the columns but 

underpredicted loading at the base of the column (NCEMA 2010). Winget’s proposed 

methodology also did not accurately predict the behavior of circular columns subjected to 

blast loading, predicting a flexural response whereas the tested columns had a shear-based 

response (NCEMA 2010).  

The small-scale testing showed higher impulse forces on the front of circular 

columns compared to square columns exposed to the same scaled standoff explosion. The 

small-scale tests also showed higher back-face forces on circular columns compared to 

square columns exposed to the same scaled stand-off. This resulted in lower net forces on 

circular columns as high as 34% compared to the similarly sized square columns. As shown 

in Figure 2-4 this may be because the blast waves engulf a circular column, reflect energy 
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impulses at random angles, and clear pressures quicker and more efficiently than a square 

column (NCEMA 2010). 

 

Figure 2-4: Pressure diaphragm for equivalent sized circular and square Columns subjected to 

equivalent scaled stand-off explosions. 

While phase 1 testing was informative, only eight small-scale tests were conducted 

meaning additional physical testing was required (NCEMA 2010). Small-scale testing is 

more vulnerable to result errors since tiny imperfections in construction or measuring are 

proportionally more significant than in half or full-scale testing (Krauthammer 2008). 

Phase 2 testing sponsored by NCHRP involved 16 half scale tests (10 with small 

stand-offs, six with contact explosions) (NCEMA 2010). To test the effectiveness of 

different standard DOT details, eight different state standard column reinforcing details 

were used from locations with low and high seismic demand. The eight selected column 

designs had varying column diameter (18” and 30”) with different transverse reinforcement 

(hoops or spirals) and different volumetric reinforcing ratios (0.82 min to 1.40 maximum). 

The final two columns were 30-inch square columns designed specifically to withstand 

blast loading with ties spaced at six inches and two inches (Williamson 2011a). The test 

results showed that the 18-inch columns and columns detailed only for gravity loads 
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experienced more damage or complete breaching compared to columns designed to seismic 

standards which only experienced superficial damage. The results also showed that spiral 

transverse reinforcement outperformed hoops across column diameters (Williamson 

2011b).     

Phase 1 and Phase 2 test results were also used to calibrate modeling 

recommendations provided by NCHRP for analyzing a bridge column’s response to an 

explosive (NCEMA 2010). This would allow designers to more accurately predict a 

bridge’s response to an explosive and assess if the structure was at risk.  

In 2009, Bao and Li modeled 12 columns in LYS-DYNA subjected to blast loading 

to evaluate their response and to estimate residual capacity (Bao et al 2009). The modeling 

results indicated that seismic detailing and increased longitudinal and transverse 

reinforcement improved the column’s performance (Bao et al 2009). 

In 2010, the Defense Science & Technology Agency sponsored two physical tests 

of bridge columns subjected to blast loading in Singapore (Wu et al 2010). This research 

also involved finite element modeling in LS-DYNA of bridge columns validated by the 

results of the physical testing. Consistent with research conducted elsewhere the research 

showed that increasing transverse reinforcement decreased the column’s chances of failing 

(Wu et al 2010). Other key conclusions from the modeling and physical testing were that 

a column with higher axial loading prior to an explosion experienced less damage than the 

same column with lower axial loading pre-explosion (Wu et al 2010). 

Also, in 2010, Tang and Hao conducted finite element modeling of four critical 

elements in a cable stayed bridge subjected to a 1000 lb. TNT explosion in LYS-DYNA 

(Tang et al 2010a). The results of their modeling showed close contact explosions resulted 
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in local damage (crushing) whereas explosions that were further away could damage more 

members and result in a progressive failure (Tang et al 2010b). 

In 2012, Ibarhim, Salim, and Rahman conducted numerical simulations on post 

tensioned box girder bridges subjected to a large vehicular bombs denotated in one of two 

locations which predicted progressive failure of the structure (Ibarhim et al 2012). 

In 2013, Pan et al proposed a simplified multi-euler modeling technique to decrease 

bridge explosion modeling time and complexity (Pan et al 2013). The research was 

validated against physical studies done on non-bridge elements (Pan et al 2013). The 

conclusions of the modeling were that traditional steel girders are unlikely to withstand an 

explosion intact and under deck explosions were more critical than above deck explosions 

(Pan et al 2013). 

Also, in 2013, Yi et al proposed an alternate model to simulating blast loading on 

a bridge, the Hybrid Blast Load approach (Yi et al 2013a). Modeling was conducted in 

LYS-DYNA and validated against two physical tests on concrete beams (Yi et al 2013a). 

An explosion resulted in 14 different failure mechanisms which were compared to failure 

mechanisms in a seismic event; nine failure mechanisms were present in both blast and 

seismic events and five failure mechanisms were unique to blast loading (Yi et al 2013b). 

To further explore overlap with seismic detailing, three designs for different levels of 

seismic load were modeled with three different concrete strengths (Yi et al 2013b). 

Concrete strength can improve a bridge’s survivability and seismic detailing may improve 

a bridge’s response to an explosion but there are unique failure mechanisms experienced 

only in blast events (Yi et al 2013b).  
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Since each model presented in Yi et al’s research took approximately 12 days to 

run, Liu et al presented a simplified modeling approach in 2015 that could reasonably 

approximate the same results (Liu et al 2015). The simplified modeling approach predicted 

most of the same bridge responses however it was recommended a larger charge be 

modeled to more accurately capture all the failure mechanisms identified in the more 

refined models (Liu et al 2015). 

2.4 Risk Identification and Mitigation Strategies 

In 2002, in response to the terrorist attacks on September 11, NCHRP and 

AASHTO sponsored the development of guidelines for threat assessment and risk 

mitigation strategies for critical bridges (SAIC 2002). The recommendations presented 

were generic and were meant to be adapted by local agencies to fit specific circumstances 

in their jurisdiction (SAIC 2002). Many of the recommendations presented in this report, 

which were later substantiated by the BRP (BRP 2003), are used as the basis of the research 

presented in Chapters 3 and 4 of this praxis.  

Recommendations by the BRP in 2003 were to define the individual risk to a 

structure as an occurrence factor times a vulnerability factor times an importance factor 

(Eq. 2-2) (BRP 2003) 

� = �
 ∗ � ∗ �   (Eq. 2-2) 

Where the occurrence factor would relate to how likely a bridge was to be targeted 

by a terrorist; the vulnerability factor would relate to how likely a bridge would be to failure 

if targeted by an explosion; and the importance factor would relate to the impacts if the 

bridge failed (BRP 2003). Specific guidance on calculating the factor values was suggested 

as future research (BRP 2003). 
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In 2004 Marchand concluded that breaching (crushing of the concrete) in bridge 

piers was the most critical design case for an explosion (Marchand 2004). The 

recommendations presented in this early research suggested assessing each structure 

separately for a risk profile, increasing the standoff distance, maintaining an unspecified 

minimum column size, or strengthening existing columns (Marchand 2004).  

In 2005 Winget validated Marchand’s assumptions through computer simulations 

that breaching of the bridge piers was the most critical design case for an explosion and 

strengthening existing columns could be effective to prevent collapse (Winget 2005). 

Winget refined the industry’s understanding about standoff distances by showing 

diminishing returns when moving an explosive further than 20 feet away from the structure 

(Winget 2005). 

Also, in 2005, Williamson et al built on the risk assessment recommendations 

presented by SAIC in 2002 (Williamson et al 2005). Recommendations in this report were 

to divide all bridges into four importance categories which each had minimum standard 

levels of protection and add additional measures within an importance category based on 

five threat levels (Williamson et al 2005). This approach would closely mirror industry 

practice for threat levels associated with earthquakes and other extreme event loading 

(AASHTO 2017). Risk mitigation recommendations were increasing standoff distance and 

increasing surveillance where practical with additional security personnel or CCTV 

cameras (Williamson et al 2005). 

In 2006, the Texas Department of Transportation lead a pool-funded research 

program into retrofit options for typical bridges subjected to blast loading (Williamson 

2006).  With limited research about a bridge’s response in the industry at the time, 



25 
 

recommendations were generic about increasing standoff distance and increasing 

surveillance and threat monitoring (Williamson 2006). The researchers noted that industry 

recommendations and understanding of bridge’s response to explosive should be validated 

with physical testing (Williamson 2006). 

The NCHRP research program in 2007-2010, which conducted 24 physical tests, 

provided insight into how columns respond to a blast and provided design guidelines and 

specific details for new bridges (NCEMA 2010). NCHRP recommended evaluating each 

bridge individually, dividing structures into three risk categories (instead of the four 

categories proposed by Williamson et al in 2005), increasing standoff distances whenever 

possible and using circular columns (NCEMA 2010).  

2.5 Limitations of Current Research   

 While, the NCHRP research program in 2010 was the first and largest physical testing 

of bridge structures, only 24 field tests were conducted; eight of which were small-scale 

tests which have higher error percentages than full-scale models (Krauthammer 2008).  

 Early research was conducted on the most common bridge types and has expanded 

from typical highway bridges into cable stayed structures (Son 2009, Tang 2010). Physical 

testing, particularly of cable stayed bridges, is limited. 

 Modeling of risk mitigation effectiveness particularly as a function of cost is suggested 

for future research (Thöns et al 2019). 

2.6 Maintenance Funding and Prioritizations  

  Between 1989 and 2003, before an increased threat to blast attacks, over 500 bridges 

in the United States failed (Wardhana 2003). Failure was defined as “the incapacity of a 

constructed facility or its components to perform as specified in the design and construction 
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requirements” (Wardhana 2003). New York State had the second highest total number of 

failures (64) and fourth highest percentage of failures related to total number of bridges 

(29%) of any state (Wardhana 2003). 37 failures during this time period were attributed to 

failure to properly maintain the bridge, 283 failures were attributed to hydraulic or seismic 

events (Wardhana 2003). Prior to this research most Departments of Transportations and 

researchers were not tracking bridge failures (Wardhana 2003). 

 In 2008, FHWA began the 20-year Long-Term Bridge Performance (LTBP) Program 

to better understand how bridges are performing and deteriorating in service (FHWA 

about-ltbp). Building on the mission of the LTBP Program, at the fourth international 

conference on bridge maintenance, safety and management in July 2008, Miyato et al 

proposed a general model to predict the range of remaining service life of a bridge based 

on some basic information about the structure (Miyato et al 2008). 

 In 2018 determining a bridge’s remaining service life, and thus appropriate fund 

allocation for cost efficient maintenance, was still being debated by researchers (Babanajad 

2018). Babanajad proposed refining the model proposed by Miyato with more specific 

bridge information, partially collected through the LTBP Program (Babanajad 2008). The 

goal of the research was to more accurately predict the remaining service life of a structure 

to improve bridge management decisions (Babanajad 2008). 

 Accurately predicting the remaining service life to properly allocating funding is 

critical because in 2015 it was estimated that an additional $836 billion of capital 

improvements would have been cost beneficial to perform (USDOT 2015). Additionally, 

as of 2015, 8.2% of all bridges in the US were classified as structurally deficient, meaning 

primary components needed for the bridge to carry loads were in poor or worse than poor 
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condition (USDOT 2015). 20.1% of bridges were functionally obsolete, meaning the 

geometry of the bridge did not support the surrounding traffic system either because it was 

too narrow or too low (USDOT 2015).  Since there is no universal objective prioritization 

model to allocate funding, projects that do not have clear benefit-cost ratios are executed 

ahead of projects with higher benefit-cost ratios (USDOT 2015). 

 Between 2014 and 2019 the European Cooperation in Science and Technology 

partnered with China, the US, and Australia on Action TU1402 to develop guidelines for 

evaluating the benefits of monitoring the health of a structure (COST action). The research 

findings of Action TU1402 were the basis of the Bayesian probability, utility, and decision 

theory-based risk mitigation strategy proposed by Thöns in 2019 for bridges subjected to 

an explosion (Thöns et al 2019). Inputs into the strategy are probability of a threat, 

probability of a failure subjected to an explosion, probability of threat detection, mitigation 

costs, and mitigation risk reduction (Thöns et al 2019). Key conclusions are that high end 

risk mitigation strategies are only cost efficient in some circumstances, estimated by the 

authors to be significantly higher than the current threat level for iconic large span bridges 

in the US (Thöns et al 2019). Further research is recommended by the authors to expand 

the findings presented (Thöns et al 2019). 

 An alternate approach to risk mitigation was proposed by Putcha et al in 2020 with the 

Risk Prioritization Number based in failure mode and effect analysis (Eq. 2-3) (Putcha et 

al 2020). 

  ��� = � ∗ � ∗ �     (Eq. 2-3) 

Where S = severity of damage, O = occurrence of event and D = detectability of damage 

on the bridge.  
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Key benefits of this RPN approach are its relative simplicity to calculate and applicability 

to other threats besides just terrorist attacks (Putcha 2020). 

2.7 Summary and Conclusion 

   Terrorist threats to critical bridges in the United States are a growing concern with 

severe financial and social consequences (Miller 2016). A majority of terrorist attacks 

involve explosives (Jenkins 2016) but prior to The National Strategy for the Physical 

Protection of Critical Infrastructures, threat assessment and mitigation options were not 

considered for bridges (White House 2003). The Blue-Ribbon Panel Recommendations for 

Bridge and Tunnel Security sponsored by FHWA and AASHTO was the first national 

attempt at unifying risk assessment and potential mitigations but industry knowledge on a 

bridge’s response to blast loading was lacking (BRP 2003).  

Current research indicates that blast loading on a bridge is a threat and that 

subjected to an explosion, a bridge is likely to experience damage or complete collapse 

(Winget 2005). While current research validates the threat, assessing a bridge’s 

vulnerability to an explosion is not part of the current standard practice (Agile 2015). 

Additionally, current research notes a gap in funding availability and funding need for 

bridge repair work (USDOT 2015). Bridge failures from natural or man-made disasters 

lead to economic and social consequences (Fiorillo 2018). Improvements in inventory 

management and risk assessments are imperative to efficiently use resources in pursuit of 

mitigating threats (Williamson 2005). Funding prioritization that includes blast loading is 

needed to determine the best inventory management path for critical bridges (NASEM 

2010). 
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This praxis aims to close the noted gaps in the industry by proposing a blast 

vulnerability assessment for bridges. This praxis also proposes an objective prioritization 

of funding based on vulnerability assessments for blasts, earthquakes, and hydraulic events.  
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Chapter 3—Methodology 

 
3.1 Introduction 

Critical bridges are not evaluated for blast loading and as a result, prioritization of 

investments does not adequately consider that these bridges may fail if they are subjected 

to an explosion, potentially causing loss of life and vast economic impacts (Winget 2005). 

With an increased threat of intentional sabotage as well as an increase in flammable 

material transport, the consequences of an explosion on a bridge are higher than they have 

ever been before (Miller 2016). Understanding and appropriately mitigating a risk to an 

explosion is critical to a functional roadway network (Duwadi 2006). 

This praxis proposes a blast vulnerability assessment and objective prioritization of 

funding based on vulnerability assessments for blast, earthquake, and hydraulic events.  

This research uses the National Bridge Inventory (NBI) database, which is publicly 

available from the FHWA and vulnerability manuals available on the New York State 

Department of Transportation (NYSDOT) website to perform a hydraulic and seismic risk 

assessment per the NYSDOT Hydraulic Vulnerability Manual and the NYSDOT Seismic 

Vulnerability Manual. The research then proposes a blast risk assessment protocol to get a 

vulnerability risk group adapted from A Guide to Highway Vulnerability Assessment for 

Critical Asset Identification and Protection. Finally, the research takes these classifications 

and prioritizes funding based on best value for investment cost and risk mitigation.  

Prioritization is based on the seismic, hydraulic and blast vulnerability factors. 

Costs associated with proposed improvements are based on the NBI Database Item 96, 

which is the estimated cost of the recommended repair project reported to the Federal 

Highway Administration (FHWA). 



31 
 

3.2 Vulnerability Assessment 

 Current practice in New York State is to evaluate bridges for vulnerability to 

seismic using the NYSDOT Seismic Vulnerability Manual and to evaluate bridges for 

vulnerability to a hydraulic event using the NYSDOT Hydraulic Vulnerability Manual. 

The general process for vulnerability rating is to screen, classify and then rate the bridges 

as shown in Figure 3-1a. The screening step involves determining how susceptible a bridge 

is to that particular hazard and assigning a susceptibility group rating potentially by-passing 

the classification stage if the bridge is determined to be at low risk to that threat. The 

classification step involves using specific characteristics of the bridge to determine a 

vulnerability classification of high medium or low. The rating step of the process involves 

using the vulnerability classification along with risk a consequence score to assign a 

vulnerability rating between 1 and 6. The consequence score is based on the amount of 

traffic on the bridge and how likely it is the bridge will collapse or sustain damage subjected 

to an earthquake or hydraulic event. A vulnerability rating of 1 means that the bridge has a 

high-risk profile associated with that event; a vulnerability rating of 6 means that the bridge 

has no risk associated with that event. A rating of 6 typically means the bridge is designed 

to withstand that event or is not subjected to that event such as if a bridge was far inland 

and not near water. The general steps involved in a vulnerability rating are shown in Figure 

3-1. In this Praxis, vulnerability calculations and figures associated with seismic events are 

colored with a green background. Vulnerability calculations associated with hydraulic 

events are colored with a blue background.  
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Figure 3-1: Current Vulnerability Rating Process, a) Vulnerability rating steps, b) Seismic rating 

detailed process, c) Hydraulic rating detailed process 

NYSDOT does not objectively prioritize bridge projects based on these 

vulnerability ratings (FHWA 2015). This Praxis takes the vulnerability ratings for seismic 

and hydraulic events and uses TOPSIS to create a list of bridges in priority order for project 

funding.  

NYSDOT also does not evaluate bridges for vulnerability associated with a blast 

load (Agile 2015). This Praxis calculates a vulnerability rating for bridges subjected to a 

blast load. The steps to determine a blast vulnerability rating are the same as seismic and 

hydraulic threats, screen, classify and rate as shown in Figure 3-2a. The detailed process 

within each step are also similar to the seismic and hydraulic assessments. First, bridges 

are screened for susceptibility and placed into groups potentially by-passing the 
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classification steps if there is no risk associated with that bridge. Next, bridges are assigned 

a vulnerability classification of high, medium, or low based on bridge specific information. 

Finally, the bridges are given a vulnerability rating between 1 and 6 based on the 

vulnerability classification and a consequence score. The consequence score is based on 

the amount of traffic on the bridge and how likely it is the bridge will collapse or sustain 

damage subjected to a blast event. A vulnerability rating of 1 means that the bridge has a 

high-risk profile associated with that event; a vulnerability rating of 6 means that the bridge 

has no risk associated with that event. In this Praxis, vulnerability calculations and figures 

associated with blast events are colored with a red background. 

 
Figure 3-2: Vulnerability Rating Process including blast events, a) Vulnerability rating steps, b) 

Seismic rating detailed process, c) Hydraulic rating detailed process, d) Blast rating detailed 

process 

This Praxis takes the vulnerability ratings for seismic, hydraulic and blast events and uses 

TOPSIS to create a list of bridges in priority order for project funding. The next three 

sections in this chapter will step through specific bridge characteristics used to determine 

the vulnerability rating for each of the three threats. 
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The NBI Database should be downloaded directly from the FHWA website (FHWA 

NBI ASCII). Rows in the database represent unique structures, and columns represent 

different characteristics of that structure.  Figures in the following sections should be used 

in conjunction with the NBI Database which has these specific characteristics of each 

structure coded for ease of reporting and the Recording and Coding Guide for the Structure 

Inventory and Appraisal of the Nations Bridges which describes how the database is coded 

(FHWA 1995). Item 8 in the NBI Database represents the unique Structure or Bridge 

Identification Number (BIN) given to each structure (FHWA 1995). The NBI Element 

Database should also be downloaded directly from the FHWA website (FHWA NBI 

Element). Columns represent different elements associated with the BIN listed in the first 

column. Unlike the NBI Database where every row represents a unique structure, one 

structure may have data reported over multiples rows. Figures in the following sections 

that refer to NBI Element should be used in conjunction with the NBI Element Database 

which has these specific characteristics of each structure coded for ease of reporting and 

Specifications for the National Bridge Inventory Bridge Elements (FHWA 2014) 

3.2 Seismic Rating 

 The detailed bridge information used to determine the seismic vulnerability rating are 

described herein. The seismic vulnerability assessment in the model used in this praxis 

follows the NYSDOT Seismic Vulnerability Manual. The general process for determining 

the Vulnerability Rating is to screen the bridges, classify and then rate them as shown in 

Figure 3-3.  
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Figure 3-3: Seismic Vulnerability Rating Overview 

 The first process in the Screen step is to perform an inventory screening on each 

structure as shown in Figure 3-4. This is used to determine if there is a risk associated with 

a seismic event on this structure. Specific bridge characteristics used to perform an 

inventory screening are detailed in Figure 3-5. Bridges that are determined to have no risk 

are excluded from classification and given a vulnerability rating of 6. Bridges that do not 

fall into that category are then placed into a susceptibility group or tagged for a detailed 

structural evaluation. The purpose of this step is to provide a preliminary ranking of bridges 

that are most vulnerable to a seismic event. A susceptibility group score of one indicates 

the bridge is deemed most at risk and a susceptibility group score of four indicates the 
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bridge is deemed least at risk. The current practice in NYS is for a detailed structural 

integrity analysis to be performed for bridges that meet the criteria laid out in Figure 3-5 

to determine potential retrofits. For the purpose of this praxis all repairs are taken as the 

total project cost reported in the NBI Database Item 96 so a structural integrity analysis 

with alternate repair proposals is not performed and is noted as a future research 

opportunity.  

 
Figure 3-4: Seismic Vulnerability Rating Overview – Screen Step 
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 The inventory screening process refers to specific item numbers in the NBI 

Database to determine if the bridge should be excluded from rating, placed into a 

susceptibility grouping or proceed to a full structural integrity evaluation as shown in 

Figure 3-5.  

Structures that are tunnels, culverts, railroad bridges not over a highway, temporary or 

closed and not over a highway are not at risk from a seismic event and should be excluded 

from further evaluation (NYSDOT 2004). To determine if the structure is a tunnel or a 

culvert evaluate if the NBI Database Item 43B, which represents the type of design and/or 

construction, is coded as eighteen, which represents a tunnel structure, or nineteen, which 

represents a culvert and frame culverts (FHWA 1995).  To determine if the structure is a 

railroad bridge not over a highway evaluate if item 42A, which represents the type of 

service on the structure, is coded as two, which represents a railroad, or four, which 

represents a highway-railroad, and item 42B, which represents the type of service under 

the structure, is coded as a zero, which represents other types of service, two, which 

represents a railroad, three which represents pedestrian-bicycle, five, which represents a 

waterway, seven, which represents a railroad-waterway, or nine, which represents a relief 

for waterway (FHWA 1995). To determine if the structure is temporary or closed not over 

a highway evaluate if Item 41, which represents the operational status of the structure, is 

coded as an E, which represents open temporary structure in place to carry legal loads while 

original structure is closed and awaiting replacement or rehabilitation, or K, which 

represents bridge closed to all traffic, and Item 42B, which represents the type of service 

under the structure, is coded as a 0, which represents other types of service, two, which 

represents a railroad, 3 which represents pedestrian-bicycle, five, which represents a 
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waterway, seven, which represents a railroad-waterway, or nine, which represents a relief 

for waterway (FHWA 1995).  

This process is repeated for all decision criteria shown in Figure 3-4. Structures that 

are arch bridges, cable stayed bridges, suspension bridges, movable bridges, railroad 

bridges over a highway, temporary or closed over a highway or have one or more long 

spans over 500 feet are flagged for a structural integrity evaluation (NYSDOT 2004). For 

the purposes of this praxis, Item 96 from the NBI which represents the total estimated 

project cost for the proposed bridge improvement project reported to FHWA (FHWA 

1995). Specific item numbers and the coding associated with the evaluation criteria are 

shown in Figure 3-4. Structures that do not satisfy either of the criteria above are then 

moved into susceptibility groups as shown in Figure 3-6.  
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Figure 3-5: Seismic Inventory Screen 

If it is determined that the bridge should be placed into a seismic susceptibility group, the 

process to determine the appropriate group is illustrated in Figure 3-6 using NBI Database 

and NBI Element Database item numbers.  
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To begin the evaluation to place a structure in a susceptibility group, determine if 

the bridge is a single span. Use Item 45 in the NBI Database which represents the number 

of spans in the main unit of the bridge (FHWA 1995).  

If the bridge is a single span and has an integral abutment the bridge is placed into 

Susceptibility Group 4. Abutment type is not provided in the NBI Database and As-built 

plans were not available for this Praxis. Since the abutment type cannot be determined 

conservatively assume the abutment is not integral. If the structure has rocker bearings or 

has a skew greater than 30 degrees, the bridge is placed in Susceptibility Group 2 if neither 

of those characteristics are satisfied the bridge is placed into Susceptibility Group 4. To 

determine the skew of the bridge use NBI Database Item 34 which represents the skew 

angle between the centerline of a pier and a line normal to the roadway centerline (FHWA 

1995). To determine if the bridge has a rocker bearing use the NBI Element Database to 

determine if that structure has an element code of 316, which represent bearings that are 

not elastomeric, movable, enclosed/concealed, fixed, pot, nor disk (FHWA 2014). 

If the bridge has more than a single span determine if the bridge has continuous 

girders using Item 43A and Item 44A from the NBI Database, which represents the Main 

and Approach structure types (FHWA 1995). Code 2 represents a continuous concrete 

girder, Code 4 represents a continuous steel girder, Code 6 represents a continuous 

prestressed concrete girder (FHWA 1995). If the girders are not continuous and the 

structure has rocker bearings, a skew over 30 degrees or 2-3 girders or trusses place the 

structure in Susceptibility Group 1 otherwise place the structure in susceptibility group 2. 

Determine the skew and bearing type in the same way as before. The number of girders or 
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trusses present in the structure is unknown in this analysis and conservatively assumed to 

be above 2-3.  

If the girders are continuous and the structure has rocker bearings, a skew over 30 

degrees, 2-3 girders or trusses, or has unreinforced piers place the structure in Susceptibility 

Group 2. Determine the skew and bearing type in the same way as before. The number of 

girders or trusses present in the structure is unknown in this analysis and conservatively 

assumed to be above 2-3. It unknown if the pier cap is unreinforced so this analysis 

conservatively assumes that it is unreinforced.  

 
Figure 3-6: Seismic Susceptibility Screen 
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  The next step in the rating process is to classify each of the bridges as shown in 

Figure 3-7. The purpose of this step is to determine a Vulnerability Classification of low, 

medium, or high. This is by determining the Structural Vulnerability Score, V, and 

multiplying by a seismic hazard factor, E, to get a classification score. A classification 

score above 70 results in a vulnerability classification of high. A classification score below 

30 results in a vulnerability classification of low. The classification score for a medium 

vulnerability classification intentionally overlaps the high and low range to give the 

evaluator discretion for structures on the borderline of both groups. For the purposes of this 

praxis all structures with a classification score above 75 are given a vulnerability 

classification of high and all structures with a classification score below 25 are given a 

vulnerability classification of low. All structures that have a classification score greater 

than or equal to 25 and less than or equal to 75 are given a vulnerability classification of 

medium. The process used to determine the structural vulnerability score, V, and the 

seismic hazard factor, E, are detailed in Figures 3-9 to Figure 3-13. 
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Figure 3-7: Seismic Vulnerability Rating Overview – Classify Step 

Before calculating a vulnerability score, V, and a seismic hazard factor, E, 

determine if the structure should be excluded from further classification. If the structure 

has been built after 1990 when modern seismic criteria were implemented, the structure is 

at low risk to a seismic event, excluded from further evaluation and given a rating of 5 

(NYSDOT 2004). If the bridge is located in Seismic Performance Category A, SPC A, and 

not critical, the structure is at a relatively low risk to a seismic event, excluded from further 

evaluation and given a rating of 4 (NYSDOT 2004).  

To determine if the structure was built after 1990 use Item 27 from the NBI 

Database which represents the year the structure was built (FHWA 1995). To determine if 

a structure is not critical use Item 100 from the NBI Database which represents the Strategic 
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Highway Network Designation (STRAHNET). The STRAHNET is “a system of highways 

which are strategically important to the defense of the United States. It includes the 

Interstate Highways and 25,215 kilometers of other non-interstate highways. The Military 

Traffic Management Command Report SE 89-4b-27 Strategic Highway Corridor Network. 

January 1991, contains additional information on STRAHNET” (FHWA 1995). A code of 

0 represents that the inventory route is not a STRAHNET route (FHWA 1995). 

Seismic Performance Categories, SPC, in NY State are defined in Appendix B of 

the NYSDOT Seismic Vulnerability Manual (NYSDOT 2004). In general, the 

northwestern portion of NY is SPC A, the eastern portion of NY is SPC B, and the NY 

City and surrounding suburbs are SPC DOWNSTATE (NYSDOT 2004). To determine 

which SPC a structure is located in use Item 9 in the NBI database, which is the County 

Code and classify SPC A, SPC B and SPC DOWNSTATE per Appendix B of the 

NYSDOT Seismic Vulnerability Manual (FHWA 1995). Refer to Appendix D of the 2011 

NYSDOT Traffic Data Report for, regions, county codes and corresponding county names 

(NYSDOT 2011). 

  
Figure 3-8: Seismic Classify Initial Screening 

Bridges that require a classification evaluation need a get assigned a Vulnerability 

Score which is based on geometric properties of the bridge. V1, bearing vulnerability, is 
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determined as the maximum of the transverse, VT, and longitudinal VL, vulnerability as 

illustrated in Figure 3-9.  If the bearing details of the structure are satisfactory the bearing 

vulnerability score, V1, is 0 (NYSDOT 2004). It is unknown in this analysis if the bearing 

details are satisfactory and conservatively assuming to be unsatisfactory.  

To determine the transverse bearing vulnerability, VT, determine if the bearing 

restraints would fail in a seismic event. If the bearings are unlikely to fail VT is 0 (NYSDOT 

2004). Since the bearing details are unknown in this analysis the bearing restraints are 

assumed to be likely to fail in a seismic event. If the bridge has rocker bearings or likely to 

collapse in a seismic event, VT is 10. Rocker bearings are determined the same as before 

using the NBI Element Database. The structure is deemed likely to collapse if there are 

simply supported spans which is determined using Items 43A and 44A from the NBI 

Database. Items 43A and 44A are Main and Approach structure type. Code 1 represents a 

non-continuous concrete girder, code 3 represents a non-continuous steel girder, code 5 

represents a non-continuous prestressed concrete girder, item 7 represents a non-

continuous timber or wood girder, item 8 represents a noncontinuous masonry 

superstructure, and item 9 represents a non-continuous aluminum, wrought iron or cast iron 

superstructure (FHWA 1995). 

To determine the longitudinal bearing vulnerability, determine if the structure has 

rocker bearings using the NBI Element Database. If the structure has rocker bearings VL is 

5 (NYSDOT 2004). The bearing vulnerability, V1, is the maximum of VT and VL 

(NYSDOT 2004). 
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Figure 3-9: Seismic Classify Bearing Vulnerability, V1 Determination 

 As shown in Figure 3-11 the bearing vulnerability, V, for any structure that is in 

SPC A or is non-critical in any SPC zone is equal to V1. For bridges that are critical and 

located in SPC B or SPC DOWNSTATE, the bearing vulnerability, V, is the maximum 

of V1 and V2.  

V2, which is Pier, Abutments and Liquefaction vulnerability, is determined as the 

sum of the pier, PV, abutment, AV and liquefaction, LV, vulnerability as illustrated in 

Figure 3-10. Liquefaction refers to the phenomena of surrounding soil becoming 

oversaturated in a seismic event and assuming fluid properties and thus not being able to 

support loading.  
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To assess if Pier Vulnerability, PV, is equal to 10 determine if the piers are masonry, 

stone or gravity using NBI Element designations 213 and 211 otherwise PV is equal to 6 

(NYSDOT 2004, FHWA 2014). 

The Abutment Vulnerability, AV, is 5 if the bridge crosses water and the expected 

settlement is great than 6 inches otherwise AV is 0. The expected settlement for bridges 

over water can be estimated as one percent of the abutment height (NYSDOT 2004). To 

determine if the bridge is over water use NBI Database item 113 which represents the 

current status of the bridge regarding its vulnerability to scour (NYSDOT 2004). Scour is 

the erosion of soil around an element decreasing the streambed elevation. Code N 

represents that the bridge is not over a waterway, item 9 represents bridge foundations 

including piles on dry land well above floor water elevation (FHWA 1995). If Item 113 

does not equal N or 9 the bridge is determined to be over water. To determine the abutment 

height use Item 54B which represents the minimum vertical under clearance reported in 

meters (FHWA 1995).  
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Figure 3-10: Seismic Classify Pier, Abutment and Liquefaction, V2 Determination 

Once V1 and V2 are determined in Figure 3-9 and Figure 3-10, the bridge 

vulnerability score, V, is determined based on if the bridge is critical and what Seismic 

Performance category, SPC, the bridge is located in as illustrated in Figure 3-11. Determine 

the SPC as described earlier using Item 3 in the NBI Database and Appendix B of the 

NYSDOT Seismic Vulnerability Manual and Appendix D of the 2011 NYSDOT Traffic 

Report. Determine if the bridge is critical as described earlier using NBI Database Item 

100.  
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Figure 3-11: Seismic Classify Vulnerability Score, V, Determination 

Next, the Hazard Score, E, must be determined as shown in Figure 3-12. 

Determine the SPC as described earlier using Item 3 in the NBI Database and Appendix 

B of the NYSDOT Seismic Vulnerability Manual and Appendix D of the 2011 NYSDOT 

Traffic Report. Use figure 3-13 to determine the Site Classification, S, which needs to be 

multiplied by the coefficient noted in Figure 3-12 to determine E.  

 
Figure 3-12 Seismic Classify Seismic Hazard Score, E Determination 

The Site Classification noted in Figure 3-12 can be determined based on the 

location of the bridge and if it crosses water or land as shown in Figure 3-13. Bridges in 

SPC DOWNSTATE are in Regions 8, 10 or 11 which represents a county code, Item 3 in 

the NBI Database, of 021, 027, 071, 079, 087, 111, 119, 059, 103, 005, 047, 061, 081, 085 

and receives a site classification, S of 3.5 (NYSDOT 2011). Land crossings which can be 

determined if Item 113 is coded N or nine as described earlier, receive a site classification 

of 1.2. Water crossings, which can be determined if Item 113 in the NBI Database is coded 

as U, bridge with unknown foundation, T, bridge over tidal waters, or less than nine which 

represents how scour stable the foundations are given a site classification of 2.0 (FHWA 

1995). 
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Figure 3-13: Seismic Classify S Determination 

As described in Figure 3-12, the site classification from Figure 3-13 is multiplied 

by the appropriate coefficient to determine the seismic hazard score, E. The determine the 

Classification Score, the Vulnerability Score, V, from Figure 3-11 is multiplied by the 

Seismic Hazard Score, E from Figure 3-12. A Vulnerability Classification is assigned 

based on the Classification score as shown in Figure 3-14. As discussed earlier the ranges 

intentionally overlap to give the evaluator discretion for structures on the borderline. For 

the purposes of this praxis all structures with a classification score above 75 are given a 

vulnerability classification of high and all structures with a classification score below 25 

are given a vulnerability classification of low. All structures that have a classification score 

greater than or equal to 25 and less than or equal to 75 are given a vulnerability 

classification of medium 

 
Figure 3-14: Seismic Classify Vulnerability Classification Determination 

This concludes the Classification portion of the seismic evaluation. The bridge 

assessment then moves into the rating step as shown in Figure 3-15. The purpose of this 
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step is to determine the final vulnerability rating if the structure has not been given a 

vulnerability rating in the screen or classify steps. The vulnerability score is used to 

determine the vulnerability rating (NYSDOT 2004). The vulnerability score is determined 

by adding up the likelihood score and the consequence score (NYSDOT 2004). The 

likelihood score is determined as shown in Figure 3-16 based on the vulnerability 

classification (NYSDOT 2004). The consequence score is determined by adding up the 

failure score and the exposure score (NYSDOT 2004). The failure score is shown in Figure 

3-17 and is based on the expected damage to the structure subjected to a seismic event 

(NYSDOT 2004). The exposure score is determined by adding up the Traffic Volume 

Score shown in Figure 3-18 and the Functional Classification Score shown in Figure 3-19 

(NYSDOT 2004). 
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Figure 3-15: Seismic Vulnerability Rating Overview – Rate Step 

The likelihood score is assigned to the bridge based on the vulnerability 

classification as illustrated in Figure 3-16. The vulnerability classification shown in Figure 

3-16 is the vulnerability classification determined in Figure 3-14. A high vulnerability 

classification is assigned a likelihood score of ten, a medium vulnerability classification is 

assigned a likelihood score of six and a low vulnerability classification is assigned a 

likelihood score of two. 

 
Figure 3-16: Seismic Rate Likelihood Score Determination 

The Failure Score is assigned to each bridge based on how likely it is for the 

structure to sustain damage subjected to a seismic event. The Failure Score uses specific 

bridge characteristics to predict the expected damage level (NYSDOT 2004). The structure 

is expected to sustain only structural damage and assigned a Failure Score, FS, of one if 

the Average Daily Traffic, ADT, is less than 4,000 or the bridge was designed for seismic 

loading. Use Item 29 in the NBI Database which represents the ADT. As described earlier, 

Item 27 represents the year the structure was constructed. The structure is expected to 

partially collapse if the ADT is less than 25,000, the skew angle is less than 45 degrees or 

has continuous spans. High skew angles and simply supported spans are more likely to lead 

to a catastrophic collapse.  As described earlier Item 29 in the NBI Database represents the 

ADT of the structure, Item 34 represents the skew angle, and Item 43B and 44B represent 

the main and approach units structure type. Codes two, four and six on Item 43B and 44B 
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represent continuous girders. A catastrophic failure is assumed if none of the above criteria 

are met and a Failure Score, FS, of five is assigned.  

 
Figure 3-17: Seismic Rate Failure Score Determination 

The Traffic Volume Score is determined based on the Average Daily Traffic, ADT, 

on the bridge as shown in Figure 3-18. Use Item 29 from the NBI Database which 

represents the ADT of the structure to assign the Traffic Volume Score.  

 
Figure 3-18: Seismic Rate Traffic Volume Score Determination 

The Functional Classification score is determined based on the type of traffic 

carried by the roadway as illustrated in Figure 3-19. Item 26 in the NBI Database represents 

the functional classification of the structure. A code of one represents a rural principal 

arterial – interstate, an eleven represents an urban principal arterial – interstate, a twelve 

represents an urban principal arterial – other freeways or expressways and given a 
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Functional Classification Score of three. A code of two represents a rural principal arterial 

– other, a six represents a rural minor arterial, a fourteen represents an urban other principal 

arterial a sixteen represents an urban minor arterial and given a FC of two. A code of seven 

represents a rural major collector, an eight represents a minor collector, a seventeen 

represents a collector and given a FC of 1. If none of the above criteria is met the structure 

has a code of nine, a rural local roadway, or nineteen, an urban local roadway, and assigned 

a FC of zero. 

 
Figure 3-19: Seismic Rate Functional Classification Score Determination 

The exposure score is determined by adding the traffic volume score and the 

functional classification score (NYSDOT 2004). The consequence score is determined by 

adding the functional classification score and the exposure score (NYSDOT 2004). The 

vulnerability score is determined by adding the likelihood score and the consequence score 

together (NYSDOT 2004).  

A rating for the bridge is then determined based on the vulnerability score as shown 

in Figure 3-20. Similar to the ranges provided for the vulnerability classification the ranges 

for the rating overlap to give the evaluator discretion for bridges that are on the borderline 

between groups. For the purposes of this praxis the ranges provided in the NYSDOT have 

narrowed as illustrated in Figure 3-20. 
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Figure 3-20: Seismic Rating Determination 

3.3 Hydraulic Rating 

 The detailed bridge information used to determine the hydraulic vulnerability rating are 

described herein. The hydraulic vulnerability assessment in the model used in this praxis 

follows the NYSDOT Hydraulic Vulnerability Manual. The general process for 

determining the Vulnerability Rating is to screen the bridges, classify and then rate them 

as shown in Figure 3-21 which is identical to the process used for the seismic vulnerability 

rating with different weights associated with different characteristics of the bridge 
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Figure 3-21: Hydraulic Vulnerability Rating Overview  

 The first process in the Screen step is to perform an inventory screening on each 

structure as shown in Figure 3-21. Same as the seismic rating, this is used to determine if 

there is a risk associated with a hydraulic event on this structure. The specific bridge 

characteristics used to perform an inventory screening, which are different than those used 

in the seismic screening, are detailed in Figure 3-22. Bridges that are determined to have 

no risk are excluded from classification and given a vulnerability rating of 6. Bridges that 

do not fall into that category are then placed into a susceptibility group.  
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The initial screening process as shown in Figure 3-22 refers to specific item 

numbers in the NBI Database to determine if the bridge should be excluded from rating or 

placed into a susceptibility grouping. Bridges that are not over a waterway or temporary or 

closed are given a rating of 6 (NYSDOT 2003). As described during the seismic screening 

a bridge is not over a waterway if Item 113 in the NBI Database, the scour status, has a 

code of N, bridge not over waterway, or nine, bridge foundations on dry land well above 

floor water elevation (FHWA 1995).Also as described in the seismic screen a bridge is 

temporary or closed if Item 41 in the NBI Database, the operational status of the structure, 

is coded K, bridge closed to all traffic, or E open, temporary structure in place to carry 

legal loads while original structure is closed and awaiting replacement or rehabilitation 

(FHWA 1995). 

 
Figure 3-22: Hydraulic Initial Screening 

If it is determined that the bridge should be placed into a hydraulic susceptibility 

group the process to determine the appropriate group is illustrated in Appendix A, Figure 

A-1 using NBI Database and NBI Element Database item numbers. Similar to the seismic 

screening, the purpose of susceptibility grouping is to perform a preliminary ranking of 

which bridges are at highest risk. Bridges that are given a higher susceptibility grouping 

receive a detailed analysis before bridges that are excluded from susceptibility groups or 

given a lower susceptibility group. Susceptibility group one indicates the bridge is at the 
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highest risk to a hydraulic event and susceptibility group four indicates the bridge is at 

the lowest risk to a hydraulic event (NYSDOT 2003).  

 The next step in the rating process is to classify each of the bridges as shown in 

Appendix A Figure A-2.  

The purpose of this step is to determine a Vulnerability Classification of low, 

medium, or high. This is achieved by adding the General Hydraulic Assessment Score, 

GHA, to the Foundation Assessment Score, FA, to get a classification score. A 

classification score above 35 results in a vulnerability classification of high. A 

classification score below 25 results in a vulnerability classification of low. The 

classification score for a medium vulnerability classification intentionally overlaps the high 

and low range to give the evaluator discretion for structures on the borderline of both 

groups. For the purposes of this praxis all structures with a classification score above 40 

are given a vulnerability classification of high and all structures with a classification score 

below 25 are given a vulnerability classification of low. All structures that have a 

classification score greater than or equal to 25 and less than or equal to 40 are given a 

vulnerability classification of medium. The process used to determine the general hydraulic 

score, GA, and the foundation assessment score, FA, are detailed in Appendix A, Figures 

A-3 to Figure A-5. 

The general hydraulic assessment score is zero if the piers or abutments are not in 

the floodplain or of the bridge is temporary or closed (NYSDOT 2003). As shown in figure 

A-3 use Item 113 and Item 41 from the NBI Database (FHWA 1995). If the bridge is stable 

for scour, Item 115 is greater than or equal to seven, the GA is 25, otherwise the GA is 

12.5. 
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The foundation assessment must then also be carried out. The foundation assessment score 

is the maximum of the Abutment Assessment, A, and Pier Assessment, PV, Score 

(NYSDOT 2003). The process for determining A and PV are illustrated in Figure A-4 and 

Figure A-5 respectively.  

The abutment assessment score, A, is the sum of five components, the existing 

scour countermeasures in place, the abutment foundation type, the abutment location, angle 

of inclination of the structure in relation to the water flow and embankment encroachment 

which represents the structure constricting water flow in a flood event. NBI Database Item 

113 is used to determine the existing scour countermeasures in place. NBI Element 

Database Coding 229, other/spread footings, 228, timber piles, 225, steel piles, and 227, 

reinforced concrete piles are used to determine the abutment foundation type (FHWA 

2014). The abutment location in relation to the riverbed is unknown in this analysis and 

assigned the maximum value of one. Similarly, the angle of inclination of the structure to 

the flow direction and embankment encroachment are unknown in this analysis and 

assigned a maximum value of four each.  

The pier assessment score, PV, is the sum of seven components, the existing scour 

countermeasures in place, the pier foundation type, the footing location, angle of 

inclination of the structure in relation to the water flow, pier width, girder continuity, and 

amount of piers in the flood plain. NBI Database Item 113 is used to determine the existing 

scour countermeasures in place. NBI Element Database Coding 229, other/spread footings, 

228, timber piles, 225, steel piles, and 227, reinforced concrete piles are used to determine 

the pier foundation type (FHWA 2014). The pier location in relation to the riverbed and 

pier width are unknown in this analysis and assigned the maximum value of five each. 
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Similarly, the angle of inclination of the structure to the flow direction and number of piers 

in the floorplans are unknown in this analysis and assigned a maximum value of four and 

two respectively. The type of girders is determined using the NBI Database Items 43A and 

44A. Codes zero, one, three, five and greater than seven represent simply supported girders 

which make the bridge more vulnerable to a hydraulic event (FHWA 1995). 

 The classification score for the bridge is then determined based on the sum of the 

General Hydraulic Assessment Score and the Foundation Assessment Score. The bridge 

is given a vulnerability classification based on the classification score as illustrated in 

Figure A-6. 

This concludes the Classification portion of the hydraulic evaluation. The bridge 

assessment then moves into the rating step. A likelihood score is assigned to the bridge 

based on the vulnerability classification, which is identical to the seismic assessment, 

Figure 3-16.  

 The Failure Score is assigned to each bridge based on how likely it is for the 

structure to sustain damage subjected to a hydraulic event as shown in Figure 3-23. The 

Failure Score uses specific bridge characteristics to predict the expected damage level 

(NYSDOT 2003). The structure is expected to partially collapse if the structure has 

continuous spans. Item 43B and 44B represent the main and approach units structure type. 

Codes two, four and six on Item 43B and 44B represent continuous girders. A catastrophic 

failure is assumed if none of the above criteria are met and a Failure Score, FS, of five is 

assigned 



61 
 

 
Figure 3-23: Hydraulic Rate Failure Score Determination 

The Traffic Volume Score is determined identical to the seismic assessment, based 

on the Average Daily Traffic, ADT, on the bridge as shown in Figure 3-18. The functional 

classification score is also determined identical to the seismic assessment based on the 

functional classification of the structure as shown in Figure 3-19. 

The exposure score is determined by adding the traffic volume score and the 

functional classification score (NYSDOT 2003). The consequence score is determined by 

adding the functional classification score and the exposure score (NYSDOT 2003). The 

vulnerability score is determined by adding the likelihood score and the consequence score 

together (NYSDOT 2003).  

A rating for the bridge is then determined based on the vulnerability score as shown 

in Figure 3-20. Similar to the ranges provided for the vulnerability classification the ranges 

for the rating overlap to give the evaluator discretion for bridges that are on the borderline 

between groups. For the purposes of this praxis the ranges provided in the NYSDOT have 

narrowed as illustrated in Figure 3-20. 

3.4 Blast Rating 

 The blast vulnerability assessment in the model used in this praxis is a new assessment 

based on NYSDOT procedures for seismic (NYSDOT 2004) and hydraulic (NYSDOT 

2004) vulnerability assessment and guidance from A Guide to Highway Vulnerability 

Assessment for Critical Asset Identification and Protection (SAIC 2002). The general 
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process proposed for determining the Vulnerability Rating is to screen the bridges, classify 

and then rate them as shown in Figure 3-28 which is identical to the process used for the 

seismic vulnerability rating with different weights associated with different characteristics 

of the bridge. The detailed bridge information used to determine the blast vulnerability 

rating are described herein.  

 
Figure 3-24: Blast Vulnerability Rating Overview 

Since failure mechanisms associated with a blast are similar to those associated 

with a seismic event, the initial screening process proposed is similar to the seismic 

screening and is shown in Figure 3-25. The same criteria and NBI Database item numbers 



63 
 

and codes as the seismic assessment are used to determine if the bridge should be excluded 

from rating or moved into classification. The main difference between the blast screening 

and the seismic screening is the structural integrity evaluation which evaluates alternative 

repair and retrofit proposals because that is outside the scope of this praxis and considered 

a potential future research opportunity.  

 
Figure 3-25: Blast Inventory Screen 
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The proposed susceptibility group assessment which provides a preliminary 

ranking of bridges is identical to seismic assessment shown in Figure 3-6.  

Similar, to seismic and hydraulic assessments, the next step in the proposed blast 

rating process is to classify each of the bridges as shown in Figure 3-26. The purpose of 

this step is to determine a Vulnerability Classification of low, medium, or high. This is 

accomplished by determining the Vulnerability Factor, V, and the Criticality Factor, C, to 

get a classification score. A classification score with a vulnerability factor divided by 75 

above 0.5 and a criticality factor divided by 43 above 0.5 is assigned a vulnerability 

classification of high. A classification score with a vulnerability factor divided by 75 below 

0.5 and a criticality factor divided by 43 below 0.5 is assigned a vulnerability classification 

of low. A classification score with a vulnerability factor divided by 75 below 0.5 and a 

criticality factor divided by 43 above 0.5 or a vulnerability factor divided by 75 above 0.5 

and a criticality factor divided by 43 below 0.5 is assigned a vulnerability classification of 

medium. 
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Figure 3-26: Hydraulic Vulnerability Rating Overview – Classify Step 

The next step in the proposed evaluation is to determine a vulnerability score, V, 

based on the sum level of recognition a bridge has, V1, how many cars travel on average 

on the structure per day, V2, how easy it is for the public to gain access to critical 

components of the bridge, V3, how much security there is, V4, and if the bridge was initially 

designed for seismic loading, V5. The procedure is illustrated in Figure 3-27. To determine 

if the bridge is visible statewide and should receive a V1 score of three, use NBI Database 

Item 37 which represents the historical significance of the structure. A code of one 

represents that the bridge is on the National Register of Historic Places, two represents the 

bridge is eligible for the National Register of Historic Places and a three represents that the 

bridge is possible eligible for the National Register of Historic Places or the bridge is on 

the State or local historic register (FHWA 1995). To determine if the bridge is visible 

nationwide and should receive a V1 score of four, use NBI Database Item 43B which 
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represents the main unit structure type. A code of eleven and twelve represent arch bridges, 

thirteen represents a suspension bridge and fourteen represents a stayed girder bridge 

(FHWA 1995). These structure types are iconic and garner national interest. To determine 

if the structure is visible worldwide and should receive a V1 score of five, determine if NBI 

Database Item 37 has a code of three or less and NBI Database Item 43B has a code greater 

than or equal to eleven and less than or equal to fourteen.  

To determine the V2 score use Item 29 in the NBI Database to assess the ADT 

(FHWA 1995). ADT less than 4,000 cars per day equates to a V2 score of one. ADT less 

than 10,000 cars per day equates to a V2 score of two. ADT less than 15,000 equates to a 

V2 score of three. ADT less than 20,000 cars per day represents a V2 score of four, 

otherwise V2 is five. 

To determine how easy is for the public to gain access to critical components of the 

bridge, V3, use NBI Database Item 20 which represents the toll status of the structure 

(FHWA 1995). Structures with tolling facilities will have a cars moving at slow velocities 

or stopped waiting to process through which would increase opportunity for a blast 

denotation. A code of three represents there is no toll on the structure and equates to a V3 

score of three. A code of one, two, four or five represents a toll bridge and equates to a V3 

score of five. 

To determine the level of security on the structure use NBI Database Item 20, toll 

status, and Item 26, functional classification (FHWA 1995). Structures that have tolling 

facilities have cameras that are monitored but security access is not controlled, this equates 

to a V4 value of four. Bridge that are unprotected with uncontrolled security do not have 
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toll facilities and the functional classification is an urban principal arterial or less and 

equate to a V4 score of five. 

Since seismic failure mechanisms are similar to many of the failure mechanisms 

seen in a blast event, if the structure was designed for seismic loading it is at lower risk. 

To determine if the structure was designed for seismic loading and should receive a V5 

score of zero, determine if NBI Database Item 27, year constructed, is greater than 1990 

and SPC B or DOWNSTATE otherwise the V5 score is five (FHWA 1995). To determine 

the SPC refer to the seismic model which uses NBI Database Item 3.  

 
Figure 3-27: Blast Classify Vulnerability Score Determination 

The next step is to determine the criticality factor which is determined based on the 

sum of the Defend/Deter factor, C1, the Loss/Damage Consequence Factor, C2, the Public 

Service Consequence Factor, C3, and the General Public Consequence Factor C4, as 

proposed in Figure 3-28. To determine if there is an ability to provide protection to the 

structure and C1 is one, determine if NBI Database Item 38, which represents the 

Navigation Control status, has a code of 0 or N, which represents that there is no navigation 

control present on the waterway, otherwise C1 is zero  (FHWA 1995). 
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The Loss/Damage Consequence Factor, C2, is comprised of the sum of two 

components, C2-1, and C2-2. To determine if C2-1 is five, determine if NBI Database Item 

29, ADT, is above 25,000, otherwise C2-1 is zero. To determine if C2-2 is six, determine if 

NBI Database Items 45 plus 46, the number of spans in the main and approach units, is 

above three, otherwise C2-2 is zero.  

The Public Service Consequence Factor, C3, is comprised of the sum of three 

components, C3-1, C3-2 and C3-3. To determine if C3-1 is five, determine if NBI Database 

Item 26, functional classification, is coded one, two or greater than or equal to eleven and 

less than or equal to fourteen, otherwise C3-1 is zero. Codes one, two and eleven to fourteen 

represent principal arterial roadways (FHWA 1995). To determine if C3-2 is five, determine 

if NBI Database Item 100, the STRAHNET designation, is greater than or equal to one, the 

facility is on the STAHNET, otherwise C3-2 is zero (FHWA 1995).  To determine if C3-3 is 

five, determine if NBI Database Item 104, the National Highway System designation, is 

one, the facility is on the NHS, otherwise C3-3 is zero (FHWA 1995).   

The General Public Consequence Factor, C4, is comprised of the sum of four 

components, C4-1, C4-2, C4-3 and C4-4. To determine if C4-1 is four, determine if NBI 

Database Item 101, parallel structure designation, is coded N, no parallel structure exists, 

otherwise C4-1 is zero (FHWA 1995). To determine if C4-2 is five, determine if NBI 

Database Item 19, bypass length reported in kilometer, is greater than 80.5 km (50 miles), 

or NBI Database Item 110, STRAHNET designation, equals one, the facility is on the 

interstate STRAHNET network, otherwise C4-2 is zero (FHWA 1995).  To determine if C4-

3 is two, determine if NBI Database Item 29, ADT, is greater than 25,000, otherwise C4-3 

is zero (FHWA 1995).  To determine if C4-4 is one, determine if NBI Database Item 37, 
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historical significance, is less than or equal to three, the bridge is on or possible eligible the 

National Register of Historic Places or on a state or local historic register, otherwise C4-3 

is zero (FHWA 1995).   

 
Figure 3-28: Blast Classify Criticality Factor Determination 

Similar, to seismic and hydraulic assessments, the final step in the proposed blast 

classify step is to determine a Vulnerability Classification of low, medium, or high. This is 

accomplished by dividing the Vulnerability Factor, V, by seventy-five and the Criticality 

Factor, C, by forty-three to get a classification score. A classification score with a 

vulnerability factor divided by 75 above 0.5 and a criticality factor divided by 43 above 0.5 

is assigned a vulnerability classification of high. A classification score with a vulnerability 

factor divided by 75 below 0.5 and a criticality factor divided by 43 below 0.5 is assigned 

a vulnerability classification of low. A classification score with a vulnerability factor 

divided by 75 below 0.5 and a criticality factor divided by 43 above 0.5 or a vulnerability 

factor divided by 75 above 0.5 and a criticality factor divided by 43 below 0.5 is assigned 

a vulnerability classification of medium as illustrated in Figure 3-29. 
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Figure 3-29: Blast Classify Vulnerability Classification Determination 

This concludes the Classification portion of the blast evaluation. The bridge 

assessment then moves into the rating step. A likelihood score is assigned to the bridge 

based on the vulnerability classification, which is identical to the seismic assessment, 

Figure 3-16.  

 The Failure Score is assigned to each bridge based on how likely it is for the 

structure to sustain damage subjected to a blast event identical to the hydraulic event as 

shown in Figure 3-23. The Failure Score uses specific bridge characteristics to predict the 

expected damage level (NYSDOT 2003). The structure is expected to partially collapse if 

the structure has continuous spans. Item 43B and 44B represent the main and approach 

units structure type. Codes two, four and six on Item 43B and 44B represent continuous 

girders. A catastrophic failure is assumed if none of the above criteria are met and a Failure 

Score, FS, of five is assigned. 

 The Traffic Volume Score is determined identical to the seismic assessment, based 

on the Average Daily Traffic, ADT, on the bridge as shown in Figure 3-18. The functional 

classification score is also determined identical to the seismic assessment based on the 

functional classification of the structure as shown in Figure 3-19. 

The exposure score is determined by adding the traffic volume score and the functional 

classification score (NYSDOT 2003). The consequence score is determined by adding the 

functional classification score and the exposure score (NYSDOT 2003). The vulnerability 
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score is determined by adding the likelihood score and the consequence score together 

(NYSDOT 2003).  

 A rating for the bridge is then determined based on the vulnerability score as shown 

in Figure 3-20. Similar to the ranges provided for the vulnerability classification the ranges 

for the rating overlap to give the evaluator discretion for bridges that are on the borderline 

between groups. For the purposes of this praxis the ranges provided in the NYSDOT have 

narrowed as illustrated in Figure 3-20. 

3.5 Validation 

The seismic and hydraulic vulnerability assessments are validated against actual 

data from the NYSDOT. All information published has been abstracted in Appendix B for 

security reasons. The abstraction process involves renaming bridges involved in the 

validation process with letters beginning with ‘a’, removing the Bridge Identification 

Number (BIN) and reporting only NBI Database items used in the assessment. The BIN 

are also removed from the NYSDOT data but given the same identifier from the NBI 

database for comparison. 

The number of bridge data selected for validation was based on sample sizes 

proposed by Cochran (1997) have be used to provide 80% confidence that model is 

accurate.  Each of the 17,540 bridges in the NBI 2019 Database were evaluated for seismic 

and hydraulic vulnerability and given a rating from one to six. The proportion of each rating 

was then determined as shown in Eq 3-1 (Cochran 1997). 

��� = ��/�   (Eq. 3-1) 

Where: ��� = proportion of bridge in ‘i’ rating group 

ni = number of bridges in ‘i’ rating group 
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N = total number of bridges rated (17,540 from NBI 2019 Database) 

i = 1 to 6 rating group 

The number of samples needed to validate the model was then determined in accordance 

with Eq 3-2 (Cochran 1997). 

������� = ��� !(#$� !)
&�    (Eq 3-2) 

Where: nireq’d = number of samples needed to validate the model in ‘i’ group 

Z = z-score based on confident level 

c = 1 - confidence level selected (80% for this praxis) 

Table 3-1 shows the number of bridges required for validation with 80% confidence. 

Rating 

Group 

p'i = ni/N nireq'd 

Seismic Hydraulic Seismic Hydraulic 

1 0.05 0.00 2 0 

2 0.07 0.00 3 0 

3 0.11 0.31 4 9 

4 0.28 0.25 8 8 

5 0.37 0.13 10 5 

6 0.12 0.31 4 9 

Table 3-1: Proportion of each rating group and bridges required for validation with 

80% confidence. 

 

 The Blast portion of the model will be validated against historic events and 

simulated finite element models. In 2014 an oil tanker exploded on a portion of the Goose 

Creek Bypass Bridge in Williamson County (Tamburin 2014). The bridge was destroyed 

and was closed for months while it was repaired (Tamburin 2014). Local traffic was 

disrupted during the detour. Using publicly available information about this bridge, the 

model predicted a blast vulnerability of one. 
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 In 2018, an oil tank exploded on the multi-span Otedola Bridge killing twelve 

people (Olowolaga 2014). In 2020 another oil tank exploded on the Otedola Bridge not 

killing any people (Odunsi 2020). In 2021 a third oil tank exploded on the Otelda Bridge 

burning at least seven vehicles (Odutola 2021). Replicating this bridge’s characteristics in 

the blast model yielded a blast vulnerability score of one. 

 In 2009 an oil tanker exploded on an overpass on Interstate 75 delaying traffic and 

closing the bridge (Report 2009). Using publicly available data on this bridge it was loaded 

into the model and predicted a vulnerability rating of one.  

 In 2020 an oil tanker exploded on the ramp from Interestate-465 southbound to I-

70 eastbound causing the bridge to be damaged (Hays et al 2020). Data on this bridge was 

loaded into the Blast Model and predicted a vulnerability rating of one. 

 
3.6 Toll Revenue  

 Toll Revenue in the state of New York comes from six agencies, the Buffalo and 

Fort Erie public Bridge Authority, The Metropolitan Transportation Authority Bridges and 

Tunnels (MTA), New York State Bridge Authority, New York State Thruway Authority, 

Niagara Falls Bridge Commission and Ogdensburg Bridge and Port Authority (Poole 2019) 

Since each of these agencies are public government bodies their financial statements and 

toll revenue is readily available for download online.  

 The Buffalo and Fort Erie Public Bridge Authority oversees only one toll bridge, 

The Peace Bridge has a BIN 5516290 and generated an annual revenue of $22,118,000 in 

tolls in 2019 (Buffalo and Fort Erie Public Bridge Authority). The Ogdensburg Bridge and 

Port Authority also only oversees one toll bridge, the Ogdensburg-Prescott International 

Bridge which has a BIN 5523230 and generated an annual revenue of $2,296,156 in 2019 
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(Ogdensburg Bridge and Port Authority). The Niagara Falls Bridge Commission oversees 

three toll bridges, the Lewiston Queenston bridge, the Rainbow Bridge, and the Whirlpool 

bridge with BINS 5068299, 5068199, 5039547 respectively which generated revenues of 

$10,579851, $9,043,833, and $1,620,291 respectively in 2019 (Niagara Falls Bridge 

Commission). The NY State Bridge Authority operates five toll bridges which generated a 

combined revenue of $59,100,000 in 2019 (New York State Bridge Authority). The MTA 

operates seven toll bridges, which generated a combined toll revenue of $2,071,409,000 in 

2019 (Metropolitan Transportation Authority). The remainder of the toll bridges in NY are 

operated by the New York State Thruway Authority which generated a combined revenue 

of $767,894,950 (Thruway Authority). All bridges that are between exits on a tolled portion 

of the interstate overseen by the New York State Thruway Authority are each assumed to 

generate  the toll revenue collected between those exits as one closed bridge would close 

the road between exits and at least that toll revenue would be lost. Impacts to the 

surrounding exits are outside the scope of this research.  

3.7 Research Limitations 

Gaps in current industry knowledge may inadvertently lead to a bridge to collapse and are 

outside the scope of this research. This research assumes that the design and construction 

were executed to current standards, best practices, and standards of care. For the purposes 

of this praxis, Standard of Care will be defined as: The care and skill reasonably and 

ordinarily used by members of the subject profession practicing under similar 

circumstances at the same time, in the same locality and working on similar work (Ittmann 

2018). Design or construction errors or omissions are outside the scope of this research.  
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All bridges are assumed to be in their as-designed condition for the purposes of this 

research. Preventative and routine maintenance and current field conditions are outside the 

scope of this research.  

The process developed in this research to prioritize funding for risk mitigation is not 

performed on vulnerabilities associated with a collision (vessel or vehicular) and not 

performed on standard maintenance vulnerabilities (steel and concrete). The process 

developed in this research is only applied to bridges in the NBI 2019 database for NY. 

Bridges in other states or countries are outside the scope of this research. No as-built plans 

have been utilized in this research. This research is limited to US Codes and Standards.  

While many roadway surfaces and structures are vital to a functional roadway system, this 

research is limited to risk assessment, mitigation, and funding prioritization for bridge 

structures only. Portions of data used for validation have been abstracted for security 

purposes.  

3.8 Conclusion 

Terrorist threats to critical bridges in the United States are a growing concern with severe 

financial and social consequences (Miller 2016). A majority of terrorist attacks involve 

explosives (Jenkins 2016) but prior to The National Strategy for the Physical Protection of 

Critical Infrastructures, threat assessment and mitigation options were not considered for 

bridges (White House 2003). Critical bridges are not evaluated for blast loading and as a 

result, prioritization of investments does not adequately consider that these bridges may 

fail if they are subjected to an explosion, potentially causing loss of life and vast economic 

impacts (Winget 2005). 
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To address the lack of risk prioritization and blast loading assessment, this research 

uses the National Bridge Inventory database, which is publicly available from the FHWA 

and vulnerability manuals available on the New York State Department of Transportation 

(NYSDOT) website  to perform a hydraulic and seismic risk assessment per the NYSDOT 

Hydraulic Vulnerability Manual and the NYSDOT Seismic Vulnerability Manual. The 

research then proposes a blast risk assessment protocol to get a vulnerability risk group. 

The model is validated against the NYSDOT database with abstracted data. Finally, the 

research takes these classifications and prioritizes funding based on best value for 

investment cost and risk mitigation.  
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Chapter 4—Results 

 
4.1 Introduction 

 To provide an objective list of structures in the state of New York so funding can be 

equitability allocated to bridges that are at highest risk, the multi-criteria decision analysis 

method Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) was 

employed. 

 Two TOPSIS models were developed for comparison. The first TOPSIS model, 

Current Model, included BIN and associated ratings, one to six, that came out of the model 

developed in Chapter 3 for seismic and hydraulic vulnerabilities only. Similar to the NBI 

Database, m number of rows represented unique structure identified by BIN {Bi|i=1,…,m}. 

N number columns represented the seismic and hydraulic vulnerability ratings 

{Vj|j=1,…,n} creating a matrix (xij)mxn.  The results were normalized in accordance with 

the procedure and equations developed by Hwang and Yoon (1981) shown in Eq 4-1 to Eq 

4-6. 

   '�( = )!*
+∑ )-*�.-/�

    (Eq 4-1) 

 The positive, Aj
+, and negative, Aj

-, ideal points were determined next in accordance 

with Eq 4-2 and Eq 4-3.  

         0(1 = max '�(      (Eq 4-2) 

         0($ = min '�(      (Eq 4-3) 

 The Euclidean distance between Aj
+ and the normalized rating rij were calculated to 

determine Si
+ as shown in Eq 4-4. The Euclidean distance between Aj

- and the normalized 

rating rij were calculated to determine Si
+ as shown in Eq 4-4. 
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       ��1 = +∑ ['�((8) − 0(1];<(=#    (Eq 4-4) 

       ��$ = +∑ ['�((8) − 0($];<(=#    (Eq 4-5) 

 The BINs were then ordered from minimum to maximum Si values as calculated in 

Eq 4-6 (Tzeng 2011). This produced the list of prioritizations of bridges that did not 

include blast loading. 

        �� = >!?
(>!?1>!@)  (Eq 4-6) 

 The second TOPSIS model, Blast Model, was identical to the first model with the 

exception of including the associated ratings, one to six, that came out of the model 

developed in Chapter 3 for blast loading. Identical to the first model, m number of rows 

represents unique structure identified by BIN {Bi|i=1,…,m}. N number columns represent 

the seismic, hydraulic and blast vulnerability ratings {Vn|j=1,…,n} creating a matrix 

(xij)mxn.  Equations 4-1 through 4-6 were used to order from minimum to maximum Si 

values (Tzeng 2011). This produced the list of prioritizations of bridges that included blast 

loading. 

 The prioritization of bridges between the models appears visually different as shown 

in Figure 4-1. The x-axis represents the number of bridges in the Models. The y-axis 

represents the prioritization order in the Model. The blue No Blast line in Figure 4-1 

represents the prioritization in the Current Model and is a straight line with a constant 1:1 

slope. The orange Blast line in Figure 4-1 represents the difference in prioritization from 

the Current Model. For example, the structure listed as the tenth most important structure 
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in the Blast Model is the fifty-seventh bridge in the Current Model. Significance will be 

tested in the following sections. 

 
Figure 4-1: Current Model versus Blast Model Prioritization Order 

4.3 Hypothesis One 

H1:  Using a TOPSIS MCDA decision model that includes blast loading will yield 

at least 10% cost savings compared to the current model (without blast loading). 

To test hypothesis one, the total project cost from the NBI Database Item 96 is 

compared between the Current Model and Blast Model to determine if there was cost 

savings of ten percent in the Blast Model. The total project cost in the NBI Database Item 

96 is report to the FHWA by NYSDOT and represents the cost associated with the major 

structure improvement in thousands of dollars for bridges eligible for the Highway Bridge 

Replacement and Rehabilitation Program, maintenance costs associated with the structure 

are excluded from this number. The total project costs of all bridges in the Current Model 

is equivalent to the total project costs of all bridges in the Blast Model. The desired 

comparison is between the pairs in the order of priority between the two models. Since the 

0

2000

4000

6000

8000

10000

12000

14000

16000

18000
1

1
0

0
1

2
0

0
1

3
0

0
1

4
0

0
1

5
0

0
1

6
0

0
1

7
0

0
1

8
0

0
1

9
0

0
1

1
0

0
0

1

1
1

0
0

1

1
2

0
0

1

1
3

0
0

1

1
4

0
0

1

1
5

0
0

1

1
6

0
0

1

1
7

0
0

1

P
ri

o
ri

za
ti

o
n

 o
f 

B
ri

d
g

e
s

Number of Bridges

Current Model versus Blast Model Prioritization 

Order

No Blast

Blast



80 
 

means of the two samples are equivalent and the underlying data does not follow a normal 

distribution, a paired-t test is not appropriate.  

To compare the total project cost data between the Current and Blast Model a Cross 

Correlation analysis in Minitab was performed. The graphic results can be seen in Figure 

4-2. The full table can be found in Appendix C, Table C-1. The maximum cross correlation, 

CCF, of 0.2481 occurs at lag, k, of -122. A CCF of 1 would indicate that the data is fully 

correlated and there is no difference between the total project costs in the Current Model 

and the Blast model, whereas a CCF of 0 would indicate that the data was fully uncorrelated 

and there is no relationship between the two models.  

 

 
 Figure 4-2: Cross Correlation Function of Current Model versus Blast Model Total Project Cost 

Significance of the correlation between the cost data can be tested with the 

following hypothesis (Minitab/Interpret).  

AB: DDE >  ;
G<$|I|   (Eq 4-7) 

AJ: DDE ≤  ;
G<$|I|   (Eq 4-8) 

    Where: n = 142, total number of lags evaluated/2 
    k = lag of maximum CCF 
    CCF = maximum cross correlation  
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 Using Eq 4-7, it is determined that CCF = 0.2481 < 2/ (sqrt (142-|-122|)) = .4472. The 

null hypothesis that this correlation is significant is rejected with 95% confidence.  

 This conclusion is reinforced when the difference between each pair of total project 

costs in the Current and Blast Model is calculated and can be found in Appendix C, Table 

C-2. This dataset, labeled difference, is tested for normality in Figure 4-3. This dataset is 

non-normal. Since the data contains zero and negative values a Box-Cox Transformation 

may not be used. The data is transformed with a Johnson Transformation as shown in 

Figure 4-4.   

 
Figure 4-3: Normality test for Difference between Total Project Costs between Current model 

and Blast Model   
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Figure 4-4: Johnson Transformation for Difference between Total Project Costs between 

Current model and Blast Model   

The data fails to transform using a Johnson Transformation with no p-value 

reaching a value above 0.1. Thus, a non-parametric test is required to test significance. The 

one sample sign non-parametric test developed by Dr Arbuthnot was used (Ramana 2019). 

If there was no difference between the total project costs in the Current and Blast Model 

the median value of the difference would be zero (no difference). As such the one sample 

sign test was tested against the hypotheses in Eq 4-9 and 4-10 using Minitab. 

AB: ƞ = 0   (Eq 4-9) 

AJ: ƞ ≠ 0    (Eq 4-10) 

 The results of the one-sample sign test are shown in Figure 4-5 which show that the 

P-value of 0.027 is less than the significance criteria of 0.05. The null hypothesis is 

rejected, with 95 percent confidence, that the median value of the difference between total 

project costs between the Current and Blast Model is zero.   
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Null hypothesis H₀: η = 0 

Alternative hypothesis H₁: η ≠ 0 

Sample Number < 0 Number = 0 Number > 0 P-Value 

difference 7897 1464 8179 0.027 
Figure 4-5: One Sample Sign Test for Difference between Total Project Costs between Current 

model and Blast Model   

 While the alternate hypothesis that there is a difference between the project costs 

between the Current and Blast models is accepted, it still needs to be determined if a ten 

percent difference exists between them to test hypothesis one. To test hypothesis one, 

divide by project costs in the Blast Model, Pb, by the project costs in the Current Model, 

Pc. 

 The Pb/Pc is tested for normality in Figure 4-6. Since the p-value is < 0.005 the data 

is not from a normal distribution. Since some of the data is zero a Box-Cox transformation 

is not appropriate. Figure 4-7 shows the Johnson Transformation on the data which fails to 

transform with a p-value > 0.1 which indicates the data is not from a normal distribution. 

 

Figure 4-6: Normality test for Total Project Costs in Blast Model, Pb, divided by Project Costs in 

Current model, Pc  
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Figure 4-7: Johnson Transformation for Total Project Costs in Blast Model, Pb, divided by 

Project Costs in Current model, Pc  

The non-parametric one sample sign test is used to determine if the median of the 

data is equal to 0.9, representing a ten percent savings in the blast project costs as shown 

in Eq 4-11 and 4-12. 

AB: ƞQR/QS = 0.9   (Eq 4-11) 

AJ: ƞQR/QS ≠ 0.9    (Eq 4-12) 

 The results of the one sample sign test are shown in Figure 4-8 which show that the 

P-value of 0.000 is less than the significance criteria of 0.05. The null hypothesis is 

rejected, with 95 percent confidence, that the median value of the project costs in the blast 

model divided by the project costs in the current model is 0.9.  

 

 



85 
 

Null hypothesis H₀: η = 0.9 

Alternative hypothesis H₁: η ≠ 0.9 

Sample Number < 0.9 Number = 0.9 Number > 0.9 P-Value 

Pb/Pc 7659 0 9842 0.000 
Figure 4-8: One Sample Sign Test for Total Project Costs in Blast Model, Pb, divided by Project 

Costs in Current model, Pc  

 Hypothesis one is not accepted that there is a ten percent cost savings associated 

with the TOPSIS Blast Model versus the Current Model.  

4.4 Hypothesis Two 

H2:  The cost to mitigate the risk of an explosion to an existing bridge is less than 

lost revenue associated with a bridge collapse. 

To test hypothesis two, use NBI Database Item 94, Total Bridge Improvement Cost, 

Pb, and compare is to the Toll Revenue, Rb, generated from each bridge. Using the toll 

Revenue to estimate the economic impact of a closed structure as the result of a blast impact 

since the loss of life could be up to the number of people on the bridge at the time of an 

event which would be capped at the Average Daily Traffic (ADT) of the bridge. Federal 

agencies define the value per statistical life (VSL) anywhere in the range of $5.1 million 

to $8.2 million per person in 2008 dollars (Robinson 2010). That means that a loss of 125 

would represent $1 billion associated with that event. Over 84% of bridges in New York 

State have average daily traffic volumes over 125 vehicles which could contain multiple 

passengers (NBI Database 2019). 

The direct economic impacts are the insurance costs associated with the property 

damage caused by the bridge failing. Other direct economic impacts would extend to the 

toll revenue that cannot be collected with a closed structure, the costs associated with 

repair/inspection of the structure and the more global impacts to the surrounding 

businesses/economy if people cannot cross the bridge (Winget 2005).  The loss of some 
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bridges even present impacts to interstate commerce and national defense / mobility (White 

House 2003). The Federal Highway Administration estimated in 2003 it could cost $1.75 

Billion to replace a single long span bridge structure (FHWA 2006). Current day costs 

when inflation is considered to replace a damaged long span bridge especially in an urban 

environment are even higher. The New NY Bridge Replacement Project cost $3.98 Billion 

dollars and affects 140,000 commuters per day (NYSTA).   

Estimating total economic impacts of a closured facility is outside the scope of this 

research and recommended as a future research opportunity. As a result, only bridges that 

collect tolls are used in the comparison of repair costs and lost toll revenue. Toll bridges 

are assessed using NBI Database Item 20 with codes one, two, four, or five. 

The Bridge Repair Costs and Roll Revenue as each tested for normality as shown 

in Figure 4-9 and 4-10. Neither dataset has a p-value above 0.05. It is concluded neither 

dataset comes from an underlying normal distribution.  

 

Figure 4-9: Normality test for Bridge Repair Costs in Blast Model, Pb  
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Figure 4-10: Normality test for Toll Revenue in Blast Model, Rb  

Both datasets may have zero values, so a Box-Cox transformation is not 

appropriate. Neither dataset transforms with a Johnson Transformation. A nonparametric 

test is required to test the hypothesis in Eq 4-11 and 4-12. 

AB: ƞ�R/QSR < 1.0   (Eq 4-13) 

AJ: ƞ�R/QR ≥ 1.0    (Eq 4-14) 

 Graphically plotting the toll revenue, Rb, divided by the bridge repair cost, Pb, seems 

to indicate that the lost revenue from a closed facility is greater than the repair cost 

associated with fixing a bridge as shown in Figure 4-11. 
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Figure 4-11: Toll Revenue Rb, Divided by Bridge Repair cost, Pb 

 To test if there is significance to the data the non-parametric one sample sign test is 

used to determine if the median of the data is equal to 1.0, representing there is no 

difference between repairing a bridge and lost revenue. The results are shown in Figure 4-

12.  

Null hypothesis H₀: η = 1.0 

Alternative hypothesis H₁: η ≠ 1.0 

Sample Number < 1.0 Number = 1.0 Number > 1.0 P-Value 

Rb/Pb 196 0 293 0.000 
Figure 4-12 One Sample Sign Test for Toll Revenue Rb, Divided by Bridge Repair cost, Pb 

 Since the p-value is less than 0.05 the null hypothesis is rejected that the median 

value is 1.0. The alternate hypothesis is accepted that there is a difference between not 

repairing a bridge and the lost revenue. 

 To determine if the difference is greater than or equal to one, the non-parametric 

one sample sign test is used to determine the confidence interval for the median of the data. 

The results of the confidence interval test are shown in Figure 4-13. The confidence internal 
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is above 1.0 with a 95% confidence. The null hypothesis is rejected, and the alternate 

hypothesis is accepted with 95% that the lost toll revenue is greater than the cost to repair 

a structure.  

Sample CI for η 

Achieved 

Confidence Position 

Rb/Pb (1.38386, 2.07332) 94.25% (224, 266) 

 (1.35811, 2.09596) 95.00% Interpolation 

 (1.34431, 2.10809) 95.34% (223, 267) 

Figure 4-13 One Sample Sign Confidence Interval Test for Toll Revenue Rb, Divided by Bridge 

Repair cost, Pb 

4.5 Conclusion 

 Critical bridges are not evaluated for blast loading and as a result, prioritization of 

investments does not adequately consider that these bridges may fail if they are subjected 

to an explosion, potentially causing loss of life and vast economic impacts (Winget 2005). 

Terrorist threats to critical bridges in the United States are a growing concern with severe 

financial and social consequences (Miller 2016).  

Current research indicates that blast loading on a bridge is a threat and that 

subjected to an explosion, a bridge is likely to experience damage or complete collapse 

(Winget 2005). While current research validates the threat, assessing a bridge’s 

vulnerability to an explosion is not part of the current standard practice (Agile 2015). 

Additionally, current research notes a gap in funding availability and funding need for 

bridge repair work (USDOT 2015). Bridge failures from natural or man-made disasters 

lead to economic and social consequences (Fiorillo 2018). Improvements in inventory 

management and risk assessments are imperative to efficiently use resources in pursuit of 
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mitigating threats (Williamson 2005). Funding prioritization that includes blast loading is 

needed to determine the best inventory management path for critical bridges (NASEM 

2010). 

 Two TOPSIS models were developed for comparison. The first TOPSIS model, 

Current Model, included BIN and associated ratings, one to six, that came out of the model 

developed in Chapter 3 for seismic and hydraulic vulnerabilities only in accordance with 

the procedure and equations developed by Hwang and Yoon (1981). The second TOPSIS 

model, Blast Model, was identical to the first model with the exception of including the 

associated ratings, one to six, that came out of the model developed in Chapter 3 for blast 

loading. 
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Chapter 5—Discussion and Conclusions 

 
5.1 Discussion 

Critical bridges are not evaluated for blast loading and as a result, prioritization of 

investments does not adequately consider that these bridges may fail if they are subjected 

to an explosion, potentially causing loss of life and vast economic impacts (Winget 2005). 

The primary objective of this research is to provide a process and tool to improve 

roadway system reliability and functionally by offering specific enhancements to bridge 

inventory management. The tool would aid the manager in making decisions that minimize 

financial commitments and maximize risk mitigation, and to provide the most practical 

approach to providing a resilient transportation network.  

5.2 Conclusions 

Hypothesis one, using a TOPSIS MCDA decision model that includes blast loading 

will yield at least 10% cost savings compared to the current model (without blast loading), 

was tested using the total project costs reported, NBI Database Item 96, between the two 

TOPSIS models. The cross-correlation coefficient was used to determine that the order of 

the two datasets was not correlated. Mood’s median test showed that there was a difference 

between the two project costs. The one sample sign test was used to test if the ratio of total 

cost in the bridge model to the total cost in current model for bridge’s was 0.9 representing 

a 10 percent cost savings. 

Hypothesis two, the cost to mitigate the risk of an explosion on an existing bridge 

is less than lost revenue associated with a bridge collapse, was tested using the total bridge 

cost reported, NBI Database Item 94, against toll revenue generated for each bridge. Only 

toll bridges as defined by NBI Database Item 20 were used. Toll revenue is the minimum 
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economic impact associated with a bridge closure. The non-parametric sign test was used 

to determine the median of the ratio of toll revenue to the bridge project costs and was 

found to be not equal to zero. To test if the lost toll revenue was greater than the bridge 

project cost, the non-parametric sign confidence interval was used to determine that the 

lost toll revenue was greater than the bridge project cost.  

Hypothesis one, using a TOPSIS MCDA decision model that includes blast loading 

will yield at least ten percent cost savings compared to the current model (without blast 

loading) was rejected in favor of the alternate hypothesis revealed that there was not a ten 

percent cost saving. This means assuming the cost to mitigate the risks for a seismic and 

hydraulic threat are the same as the cost to mitigate the risk of a blast event (Item 96 in the 

NBI Database), mitigating a blast event costs more than ten percent more than mitigating 

a seismic and hydraulic threat. Future research should include what the actual cost of 

mitigation is for the different risk events.  

Hypothesis two, the cost to mitigate the risk of an explosion to an existing bridge 

is less than lost revenue associated with a bridge collapse, was not rejected. This means 

that assuming the cost to mitigate the risks of a blast event is reported as item 96 in the 

NBI Database, the lost revenue from a closed structure is greater than the cost to mitigate 

the risk. Future research should include what additional lost revenue would be associated 

with a blast event.  

The global conclusions of this praxis are that assessing a bridge for blast loading is 

worthwhile since the potential for lost revenue and lost lives in present. Additionally, this 

praxis concludes that further research into how a bridge will behave subjected to an 

explosion is needed since there is limited research done to date.  
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5.3 Contributions to Body of Knowledge  

1. An objective TOPSIS prioritization of bridge structures based on seismic 

and hydraulic risk. 

2. An evaluation protocol to assess risk of a structure subjected to a blast  

3. An objective and validated TOPSIS prioritization of bridge structures 

based on seismic, hydraulic, and blast risk. 

4. Evaluation of risks associated with not considering blast loading on a 

structure. 

5. Using a TOPSIS MCDA decision model that includes blast loading will 

not yield at least ten percent cost savings compared to the current model 

(without blast loading)  

6. The cost to mitigate the risk of an explosion to an existing bridge is less 

than lost revenue associated with a bridge collapse 

5.4 Recommendations for Future Research 

This praxis used total project costs reported to FHWA in the NBI Database to 

evaluate costs associated with risk mitigation. Recommended future research would be to 

provide specific cost estimates for multiple risk mitigation strategies per bridge to 

determine if there are less expensive repair options that reduce risk to a level determined 

to be satisfactory to the Department of Transportation. 

 This praxis used the cost associated with a bridge collapse from a blast to be the 

toll revenue of the structure. A bridge collapse could cause loss of life and the direct 

economic impacts are the insurance costs associated with the property damage caused by 

the bridge failing. Other direct economic impacts would extend to the toll revenue that 
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cannot be collected with a closed structure, the costs associated with repair/inspection of 

the structure, and the more global impacts to the surrounding businesses/economy if people 

cannot cross the bridge (Winget 2005).  Federal agencies define the value per statistical 

life (VSL) anywhere in the range of $5.1 million to $8.2 million per person in 2008 dollars 

(Robinson 2010). That means that a loss of 125 people from a bridge collapse would 

represent $1 billion associated with that event. Recommended future research includes 

evaluating each structure for an estimated impact cost associated with a bridge failure 

taking into account direct and indirect costs.  

In this praxis, all bridges are assumed to be in their as-designed condition. 

Recommended future research would include accounting for the current field condition of 

the bridge to develop the risk profile. It is recommended that the costs associated with 

preventative and routine maintenance be included in the cost associated with mitigating a 

bridge. Modeling of risk mitigation effectiveness particularly as a function of cost is 

suggested for future research 

Gaps in current industry knowledge may inadvertently cause a bridge to collapse 

and are outside the scope of this research. Future research into bridge structure behavior 

subjected to a blast. Specific recommended research includes conducting more half and 

full-size physical tests to evaluate bridge element’s response.  

Recommended future research should also include if terrorist’s have preferences 

for targeting iconic structures over structures with operational importance.  

This praxis used the risk factors proposed in from A Guide to Highway 

Vulnerability Assessment for Critical Asset Identification and Protections (SAIC 2002). 

Recommended future research includes if other risk factors should be evaluated to 
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determine the vulnerability of a bridge subjected to blast loading in addition to the ones 

proposed in this praxis.  
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Appendix A – Hydraulic Rating 

 
Figure A-1: Hydraulic Inventory Screen 
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Figure A-2: Hydraulic Vulnerability Rating Overview – Classify Step 

 
Figure A-3: Hydraulic Classify General Hydraulic Assessment Score Determination 
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Figure A-4: Hydraulic Classify Abutment Assessment Score Determination 

 
Figure A-5: Hydraulic Classify Pier Assessment Score Determination 

 
Figure A-6: Hydraulic Classify Vulnerability Classification Determination  
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Appendix B – Abstracted Validation Data 

Table B-1: NYSDOT Seismic Vulnerability Data 

 

  Seismic Vulnerability Rating 

  NYSDOT Data 

Random 

Str. No. Vuln. Class. Failure Score Rating 

VMPVXKV - - - 

RKMXQFM Low Structural Damage (1) 4: Inspection Program Action 

KHTGWIC Low Partial Collapse (3) 4: Inspection Program Action 

HOXVOWJ - - - 

BZYQTEK Low Partial Collapse (3) 5: No Action 

HIYHETG Low Catastrophic (5) 5: No Action 

GZXUDHE Low Catastrophic (5) 5: No Action 

XZOLQXP Medium Partial Collapse (3) 2: Safety Program Alert 

XFSPDKS Low Partial Collapse (3) 5: No Action 

ZQEIHXJ Low Partial Collapse (3) 4: Inspection Program Action 

OXWPXQG High - 1: Safety Watch Program 

UWTMDUM Medium - 4: Inspection Program Action 

QDYMCLX Medium - 3: Capital Program Action 

CEDKOTG Medium - 4: Inspection Program Action 

WTBVAEA Low Structural Damage (1) 4: Inspection Program Action 

RALBDAD Low Structural Damage (1) 4: Inspection Program Action 

LCRVQEN Low Partial Collapse (3) 5: No Action 

SIFPSKZ Low Structural Damage (1) 5: No Action 

UXNOFNM Medium - 3: Capital Program Action 

ICDUVTZ Medium - 2: Safety Program Alert 

ODSJAAK - - - 

FKAHQFS Low - 5: No Action 

RBDRUDN Not Applicable - 6: Not Applicable 

IXGVEPQ Not Applicable - 6: Not Applicable 

FNASFEM Not Applicable - 6: Not Applicable 

ILTCKFN Low Structural Damage (1) 5: No Action 

MTBQBVY Medium - 4: Inspection Program Action 

MARXKPG High - 1: Safety Watch Program 

OUCTPHN Medium - 4: Inspection Program Action 

EGIOWBW Medium - 3: Capital Program Action 

JGLGXPE Low - 5: No Action 

LUYRXNU Low Structural Damage (1) 4: Inspection Program Action 

KSJZASO - - - 
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Vuln. Class. Failure Score Rating Vuln. Class. 

UGDFGEI Medium - 4: Inspection Program Action 

DIJNBOC High - 1: Safety Watch Program 

EKHMTVZ Not Applicable - 6: Not Applicable 

SJAFVBG Not Applicable - 5: No Action 

TBITKQZ Medium - 3: Capital Program Action 

ZRYUTOM High - 1: Safety Watch Program 

WJVREKJ - - - 

JLPBYNR High - 1: Safety Watch Program 

OFQASGN High - 1: Safety Watch Program 

CAXCPKK - - - 

WYFXNZE - - - 

BANFYVC - - - 

MXFLLZM - - - 

QQBZNSN - - - 

IUIFFJT High - 2: Safety Program Alert 

CCFGCZN - - - 

OLRBVRD - - - 

SAVRMZL - - - 

MBLFPXK - - - 

FEUTZUJ Low - 5: No Action 

YZUYHYJ - - - 

XVQKHKV - - - 

RDRWJFW - - - 

XUZGCID - - - 

BJPESDL - - - 

NNMQGPB - - - 

CEQCNMW - - - 

UUEWOKZ - - - 
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Table B-2: NYSDOT Hydraulic Vulnerability Data 

 

  Hydraulic Vulnerability Rating 

  NYSDOT Data 

Random Str. 

No. Vuln. Class. Failure Score Rating 

VMPVXKV - - 6: Not Applicable 

RKMXQFM - - 6: Not Applicable 

KHTGWIC - - 6: Not Applicable 

HOXVOWJ Low Structural Damage (1) 4: Inspection Program Action 

BZYQTEK Low Partial Collapse (3) 4: Inspection Program Action 

HIYHETG - - 6: Not Applicable 

GZXUDHE - - 6: Not Applicable 

XZOLQXP - - 6: Not Applicable 

XFSPDKS - - 6: Not Applicable 

ZQEIHXJ - - 6: Not Applicable 

OXWPXQG Low Partial Collapse (3) 3: Capital Program Action 

UWTMDUM Low  Structural Damage (1) 4: Inspection Program Action 

QDYMCLX - - 6: Not Applicable 

CEDKOTG - - 6: Not Applicable 

WTBVAEA - - 6: Not Applicable 

RALBDAD - - 6: Not Applicable 

LCRVQEN - - 6: Not Applicable 

SIFPSKZ - - 6: Not Applicable 

UXNOFNM - - 6: Not Applicable 

ICDUVTZ - - 6: Not Applicable 

ODSJAAK Low Structural Damage (1) 4: Inspection Program Action 

FKAHQFS - - 6: Not Applicable 

RBDRUDN - - 6: Not Applicable 

IXGVEPQ Low Structural Damage (1) 4: Inspection Program Action 

FNASFEM Low Structural Damage (1) 4: Inspection Program Action 

ILTCKFN - - 6: Not Applicable 

MTBQBVY - - 6: Not Applicable 

MARXKPG - - 6: Not Applicable 

OUCTPHN Medium Structural Damage (1) 3: Capital Program Action 

EGIOWBW - - 6: Not Applicable 

JGLGXPE - - 6: Not Applicable 

LUYRXNU Low Partial Collapse (3) 4: Inspection Program Action 

KSJZASO - - 6: Not Applicable 

UGDFGEI Low Partial Collapse (3) 4: Inspection Program Action 

DIJNBOC Low Catastrophic (5) 3: Capital Program Action 
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Random Str. 

No. Vuln. Class. Failure Score Rating 

EKHMTVZ - - 6: Not Applicable 

SJAFVBG - - 6: Not Applicable 

TBITKQZ - - 6: Not Applicable 

ZRYUTOM - - 6: Not Applicable 

WJVREKJ Medium Structural Damage (1) 3: Capital Program Action 

JLPBYNR Medium Structural Damage (1) 3: Capital Program Action 

OFQASGN Medium Structural Damage (1) 3: Capital Program Action 

CAXCPKK Medium Structural Damage (1) 3: Capital Program Action 

WYFXNZE Medium Structural Damage (1) 3: Capital Program Action 

BANFYVC Medium Partial Collapse (3) 4: Inspection Program Action 

MXFLLZM Low Structural Damage (1) 4: Inspection Program Action 

QQBZNSN Low Partial Collapse (3) 5: No Action 

IUIFFJT - - 6: Not Applicable 

CCFGCZN Low Partial Collapse (3) 5: No Action 

OLRBVRD Low Partial Collapse (3) 5: No Action 

SAVRMZL Low Partial Collapse (3) 5: No Action 

MBLFPXK Low Partial Collapse (3) 5: No Action 

FEUTZUJ - - 6: Not Applicable 

YZUYHYJ - - 6: Not Applicable 

XVQKHKV - - 6: Not Applicable 

RDRWJFW - - 6: Not Applicable 

XUZGCID - - 6: Not Applicable 

BJPESDL - - 6: Not Applicable 

NNMQGPB - - 6: Not Applicable 

CEQCNMW Low Catastrophic (5) 3: Capital Program Action 

UUEWOKZ - - 6: Not Applicable 
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Table B-3A: Abstracted NBI Data (Includes Data for Bridges evaluated for Blast) 

Rand 

Str. No. C
T

Y
 C

O
D

E
 (

0
0

3
) 

D
E

T
. 

K
IL

O
 (

0
1

9
) 

(0
1

9
) TOLL 

(020) 

FUNC 

CLASS 

(026) 

YEAR  

BUIL

T 

(027) 

ADT 

(029) 

DEG. 

SKEW 

(034) 

HIST 

(037) 

NAV. 

(038) 

OPEN 

CLOSE 

POST 

(041) 

VMPVXKV 65 19 3 7 2000 1783 8 5 N A 

RKMXQFM 103 3 3 16 1959 12072 13 5 N A 

KHTGWIC 103 4 3 17 1963 6199 4 5 N A 

HOXVOWJ 29 3 3 16 1951 14580 9 4 0 A 

BZYQTEK 103 9 3 14 2000 5264 0 5 1 A 

HIYHETG 59 0 3 16 2000 30354 4 5 N A 

GZXUDHE 103 1 3 14 1993 12244 31 5 N A 

XZOLQXP 103 3 3 12 1964 50533 21 5 N A 

XFSPDKS 103 1 3 11 1998 86141 44 5 N A 

ZQEIHXJ 103 3 3 16 1967 15243 9 5 N A 

OXWPXQG 81 1 3 11 1958 140610 1 5 0 A 

UWTMDUM 81 1 3 11 1959 0 14 5 0 A 

QDYMCLX 81 1 3 14 1958 14754 23 5 N A 

CEDKOTG 81 1 3 17 1963 0 29 5 N A 

WTBVAEA 103 3 3 16 1960 6798 23 5 N A 

RALBDAD 103 3 3 16 1949 8756 1 5 N A 

LCRVQEN 103 8 3 16 2009 8061 30 5 N A 

SIFPSKZ 103 1 3 11 1998 64370 2 5 N A 

UXNOFNM 81 1 3 14 1963 14318 11 5 N A 

ICDUVTZ 5 1 3 11 1962 92512 0 5 1 A 

ODSJAAK 5 1 3 16 1930 11311 0 4 0 A 

FKAHQFS 85 1 3 16 2012 4517 10 5 N A 

RBDRUDN 81 9 3 11 1961 81310 0 5 N A 

IXGVEPQ 85 1 3 14 1968 3928 0 5 0 A 

FNASFEM 85 1 3 11 1968 5523 0 5 0 A 

ILTCKFN 103 3 3 17 1997 6878 17 5 N A 

MTBQBVY 81 0 3 19 1965 2673 20 5 N A 

MARXKPG 81 0 3 11 1967 4431 45 5 N A 

OUCTPHN 5 0 3 12 1951 106434 15 4 0 A 

EGIOWBW 81 1 3 19 1971 8040 22 5 N A 

JGLGXPE 81 1 3 16 2003 15073 36 5 N A 

LUYRXNU 59 8 3 16 1936 8638 24 4 0 A 

KSJZASO 13 1 3 16 1957 2352 8 4 N A 

UGDFGEI 5 1 3 16 1909 14970 2 5 0 A 

DIJNBOC 81 0 2 11 1940 78082 0 5 1 A 

EKHMTVZ 81 0 3 14 1955 14156 42 4 N A 
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Random Str. 

No. C
T

Y
 C

O
D

E
 

(0
0

3
) 

D
E

T
. 

K
IL

O
S

 

(0
1

9
) TOLL 

(020) 

FUNC. 

CLASS 

(026) 

YEAR  

BUIL

T 

(027) 

ADT 

(029) 

DEG. 

SKEW 

(034) 

HIST. 

(037) 

NAV. 

(038) 

OPEN 

CLOSE 

POSTE 

(041) 

SJAFVBG 81 0 3 16 2004 6664 8 5 N A 

TBITKQZ 81 1 3 19 1935 9430 0 5 N A 

ZRYUTOM 81 1 3 14 1939 43352 49 5 N A 

WJVREKJ 5 4 3 14 1906 16209 0 5 1 A 

JLPBYNR 47 6 3 14 1940 21932 34 4 1 A 

OFQASGN 47 6 3 14 1940 21932 34 2 1 A 

CAXCPKK 47 3 3 16 1903 11095 0 5 1 A 

WYFXNZE 81 0 3 16 1908 8343 40 2 1 A 

BANFYVC 5 1 3 19 1913 15534 0 4 0 A 

MXFLLZM 81 1 3 19 1963 0 0 5 0 A 

QQBZNSN 103 1 3 19 1910 0 0 2 0 P 

IUIFFJT 61 0 3 11 1939 0 29 4 N A 

CCFGCZN 59 3 3 16 1963 10529 5 5 0 A 

OLRBVRD 59 3 3 17 1952 540 41 4 0 A 

SAVRMZL 59 1 3 17 1964 4009 19 5 0 P 

MBLFPXK 103 1 3 17 1937 2881 0 5 1 P 

FEUTZUJ 5 3 4 11 1995 80879 0 5 1 A 

YZUYHYJ 119 1 3 12 1954 59958 11 4 N A 

XVQKHKV 13 1 3 17 1955 384 37 4 N A 

RDRWJFW 29 1 3 11 1957 88168 2 4 N A 

XUZGCID 65 8 3 17 1952 2072 23 4 N A 

BJPESDL 119 4 4 11 1953 0 27 4 N A 

NNMQGPB 119 1 4 11 1999 73290 24 5 N A 

CEQCNMW 21 0 4 1 1958 12236 18 4 0 A 

GVKSPGZ 3 

19

9 3 9 1983 30 30 4 0 A 

YKVBWPP 3 14 3 9 1982 30 45 4 0 A 

ZCJPWVQ 65 14 3 1 1974 12500 0 5 0 A 

EHPGADJ 61 4 3 12 1903 84421 2 5 1 A 
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Table B-3B: Abstracted NBI Data 
R

a
n

d
o

m
 S

tr
. 

N
o

. 

S
E

R
V

IC
E

 O
N

 

(0
4

2
A

) 

S
E

R
V

IC
E

 

U
N

D
 (

0
4

2
B

) 

S
T

R
. 

K
IN

D
 

(0
4

3
A

) 

S
T

R
. 

T
Y

P
E

 

(0
4

3
B

) 

A
P

P
R

 K
IN

D
 

(0
4

4
A

) 

A
P

P
R

 T
Y

P
E

 

(0
4

4
B

) 

M
A

IN
 U

N
IT

 

S
P

A
N

S
 (

0
4

5
) 

A
P

P
R

 S
P

A
N

S
 

(0
4

6
) 

M
A

X
 S

P
A

N
 

LE
N

 M
T

 

(0
4

8
) 

VMPVXKV 1 1 4 2 0 0 2 0 24.1 

RKMXQFM 5 1 3 2 0 0 4 0 21.2 

KHTGWIC 5 1 3 2 0 0 4 0 20.7 

HOXVOWJ 5 6 4 2 0 0 4 0 18.3 

BZYQTEK 5 5 5 5 0 0 7 0 29.9 

HIYHETG 5 1 6 5 0 0 2 0 22 

GZXUDHE 1 1 3 2 0 0 1 0 23.7 

XZOLQXP 1 1 3 2 0 0 4 0 31 

XFSPDKS 1 1 4 2 0 0 2 0 40.2 

ZQEIHXJ 5 1 3 2 0 0 4 0 24 

OXWPXQG 5 6 3 2 2 4 8 2 18.5 

UWTMDUM 5 6 3 2 1 1 6 1 24.9 

QDYMCLX 5 1 3 2 0 0 2 0 17.6 

CEDKOTG 5 1 3 2 0 0 3 0 29.2 

WTBVAEA 5 1 1 7 0 0 1 0 20.4 

RALBDAD 5 1 1 7 0 0 1 0 21 

LCRVQEN 1 2 3 2 0 0 1 0 32.9 

SIFPSKZ 1 1 5 2 0 0 1 0 24 

UXNOFNM 5 1 3 2 0 0 4 0 20.4 

ICDUVTZ 1 8 3 11 0 20 1 9 166.4 

ODSJAAK 5 8 2 11 0 0 10 0 23.4 

FKAHQFS 5 1 5 4 0 0 2 0 31.4 

RBDRUDN 1 3 1 19 0 0 1 0 6.7 

IXGVEPQ 1 5 2 19 0 0 2 0 3.9 

FNASFEM 1 5 2 19 0 0 2 0 4.2 

ILTCKFN 5 1 4 2 0 0 2 0 31.6 

MTBQBVY 5 1 4 2 0 0 2 0 13.5 

MARXKPG 1 1 3 2 0 0 3 0 28.3 

OUCTPHN 1 5 1 7 0 0 1 0 21.6 

EGIOWBW 5 1 3 2 0 0 1 0 21.6 

JGLGXPE 1 1 1 7 0 0 1 0 10.9 

LUYRXNU 5 5 3 2 0 0 1 0 8.2 

KSJZASO 5 1 3 2 0 0 4 0 22.6 

UGDFGEI 5 8 3 10 3 3 1 12 57.9 

DIJNBOC 1 8 3 3 3 20 3 49 41.4 
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R
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K
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A

) 
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R
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T
Y

P
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4

3
B

) 

A
P
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D
 

(0
4

4
A

) 

A
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P
R

 T
Y

P
E

 

(0
4

4
B

) 

M
A
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N
IT

 

S
P

A
N

S
 (

0
4

5
) 

A
P

P
R

 S
P

A
N

S
 

(0
4

6
) 

M
A

X
 S

P
A

N
 

LE
N

 M
T

 

(0
4

8
) 

EKHMTVZ 5 1 2 19 0 0 2 0 11.8 

SJAFVBG 1 1 3 2 0 0 1 0 25.3 

TBITKQZ 5 1 4 2 0 0 2 0 14.6 

ZRYUTOM 5 1 2 7 0 0 2 0 18.2 

WJVREKJ 5 5 3 16 1 11 1 6 38.1 

JLPBYNR 5 5 3 16 1 19 2 1 23.7 

OFQASGN 5 5 3 16 1 19 2 1 19 

CAXCPKK 5 5 3 15 1 1 1 2 24.9 

WYFXNZE 5 5 4 17 0 0 2 0 25.6 

BANFYVC 5 8 3 2 0 0 24 0 27.4 

MXFLLZM 5 5 5 5 0 0 5 0 7.9 

QQBZNSN 5 5 1 11 0 0 1 0 7.6 

IUIFFJT 5 1 3 3 1 3 14 41 17 

CCFGCZN 5 5 2 19 0 0 3 0 3.3 

OLRBVRD 5 5 2 19 0 0 3 0 3.3 

SAVRMZL 5 5 1 19 0 0 2 0 3 

MBLFPXK 5 5 3 2 0 0 1 0 8.2 

FEUTZUJ 1 6 4 2 0 0 5 0 49.7 

YZUYHYJ 1 1 3 2 0 0 6 0 18.3 

XVQKHKV 1 1 3 2 0 0 3 0 23.5 

RDRWJFW 1 1 3 2 0 0 3 0 15.8 

XUZGCID 5 1 3 2 0 0 4 0 21 

BJPESDL 1 1 3 2 0 0 7 0 28.7 

NNMQGPB 1 1 3 2 0 0 1 0 64.6 

CEQCNMW 5 5 3 2 0 0 3 0 24.7 

GVKSPGZ 1 5 2 19 0 0 2 0 3.7 

YKVBWPP 1 5 2 19 0 0 2 0 3.4 

ZCJPWVQ 1 5 5 2 0 0 7 0 22.9 

EHPGADJ 4 6 3 13 3 2 9 44 487.6 
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Table B-3C: Abstracted NBI Data 

 
R

a
n

d
o

m
 S

tr
. 

N
o

. 

V
E

R
T

 C
LR

 

U
N

D
 (

0
5

4
B

) 

C
U

LV
E

R
T

 

C
O

N
D

. 
(0

6
2

) 

T
O

T
A

L 
IM

P
 

C
O

S
T

 (
0

9
6

) 

S
T

R
A

H
N

E
T

 

H
IG

H
W

A
Y

 

(1
0

0
) 

P
A

R
. 

S
T

R
. 

(1
0

1
) 

H
IG

H
W

A
Y

 

S
Y

S
T

E
M

 

(1
0

4
) 

N
A

T
. 

N
E

T
. 

(1
1

0
) 

S
C

O
U

R
 C

R
IT

. 

(1
1

3
) 

VMPVXKV 4.39 N 1541 0 N 0 0 N 

RKMXQFM 4.37 N 4342 0 N 0 0 N 

KHTGWIC 4.37 N 4574 0 N 0 0 N 

HOXVOWJ 4.47 N 7014 0 N 0 0 8 

BZYQTEK 0 N 9132 0 N 1 0 8 

HIYHETG 4.5 N 9788 0 N 0 0 N 

GZXUDHE 4.85 N 5098 0 L 1 1 N 

XZOLQXP 4.67 N 9461 0 L 1 0 N 

XFSPDKS 4.5 N 15793 1 R 1 1 N 

ZQEIHXJ 4.27 N 9770 0 N 1 0 N 

OXWPXQG 3.76 N 30091 1 N 1 1 8 

UWTMDUM 3.66 N 11186 0 N 1 0 8 

QDYMCLX 4.42 N 13023 0 N 1 0 N 

CEDKOTG 4.34 N 14866 0 N 1 0 N 

WTBVAEA 3.99 N 2902 0 N 0 0 N 

RALBDAD 3.47 N 2740 0 N 0 0 N 

LCRVQEN 5.64 N 4679 0 N 0 0 N 

SIFPSKZ 4.6 N 4778 1 L 1 1 N 

UXNOFNM 4.47 N 10230 0 N 1 0 N 

ICDUVTZ 4.57 N 304037 1 N 1 1 8 

ODSJAAK 11.89 N 104291 0 N 1 0 8 

FKAHQFS 4.37 N 9172 0 N 0 0 N 

RBDRUDN 0 6 14361 1 N 1 1 N 

IXGVEPQ 0 7 2512 0 N 1 0 8 

FNASFEM 0 6 2385 2 N 1 1 8 

ILTCKFN 4.49 N 11769 0 N 0 0 N 

MTBQBVY 4.29 N 6110 0 N 0 0 N 

MARXKPG 4.55 N 4372 2 N 1 1 N 

OUCTPHN 0 N 6922 0 N 1 0 8 

EGIOWBW 4.44 N 2545 0 N 0 0 N 

JGLGXPE 5 N 5440 0 N 0 0 N 

LUYRXNU 0 N 5250 0 N 0 0 8 

KSJZASO 4.39 N 5099 0 N 0 0 N 

UGDFGEI 4.5 N 41251 0 N 0 0 8 

DIJNBOC 4.09 N 266247 1 N 1 1 8 
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N
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N
E

T
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(1
1
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S
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R
 C

R
IT

. 

(1
1

3
) 

EKHMTVZ 4.27 6 20256 0 N 1 0 N 

SJAFVBG 5.11 N 5252 0 N 1 1 N 

TBITKQZ 4.57 N 6316 0 N 0 0 N 

ZRYUTOM 3.3 N 15497 0 N 1 0 N 

WJVREKJ 0 N 84215 0 N 1 0 5 

JLPBYNR 0 N 33969 0 L 1 0 5 

OFQASGN 0 N 37824 0 R 1 0 5 

CAXCPKK 0 N 13370 0 N 0 0 5 

WYFXNZE 0 N 23479 0 N 0 0 4 

BANFYVC 4.7 N 32370 0 N 0 0 8 

MXFLLZM 0 N 2245 0 N 0 0 8 

QQBZNSN 0 N 347 0 N 0 0 8 

IUIFFJT 4.75 N 80454 2 N 1 0 N 

CCFGCZN 0 5 1727 0 N 0 0 8 

OLRBVRD 0 6 890 0 N 0 0 8 

SAVRMZL 0 7 25491 0 N 0 0 8 

MBLFPXK 0 N 642 0 N 0 0 8 

FEUTZUJ 12.88 N 48012 1 N 1 1 8 

YZUYHYJ 4.32 N 15724 0 R 1 0 N 

XVQKHKV 4.32 N 3277 0 N 0 0 N 

RDRWJFW 5.26 N 7780 1 N 1 1 N 

XUZGCID 4.34 N 1784 0 N 0 0 N 

BJPESDL 4.27 N 9350 2 N 1 0 N 

NNMQGPB 7.65 N 15454 1 N 1 1 N 

CEQCNMW 0 N 6052 1 L 1 1 8 

GVKSPGZ 0 8 0 0 N 0 0 8 

YKVBWPP 0 7 0 0 N 0 0 8 

ZCJPWVQ 0 N 0 1 R 1 1 5 

EHPGADJ 3.2 N 792800 0 N 1 0 5 
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Appendix C – Cross Correlation Coefficient

Lag CCF 

-142 0.02441 

-141 0.01572 

-140 0.03314 

-139 0.02810 

-138 0.02808 

-137 0.02350 

-136 0.03111 

-135 0.03087 

-134 0.04348 

-133 0.06691 

-132 0.09013 

-131 0.12110 

-130 0.17367 

-129 0.14636 

-128 0.19056 

-127 0.20512 

-126 0.24351 

-125 0.19251 

-124 0.22914 

-123 0.23715 

-122 0.24806 

-121 0.24696 

-120 0.24336 

-119 0.18865 

-118 0.22577 

-117 0.18489 

-116 0.14917 

-115 0.11573 

-114 0.08978 

-113 0.08142 

-112 0.09085 

-111 0.08161 

-110 0.07918 

-109 0.07192 

-108 0.04360 

-107 0.07545 

-106 0.07609 

-105 0.07211 

Lag CCF 

-104 0.06230 

-103 0.07395 

-102 0.07172 

-101 0.08470 

-100 0.07542 

-99 0.05312 

-98 0.05212 

-97 0.06008 

-96 0.06678 

-95 0.05440 

-94 0.05391 

-93 0.07117 

-92 0.08758 

-91 0.08031 

-90 0.08055 

-89 0.10641 

-88 0.12624 

-87 0.12272 

-86 0.13341 

-85 0.10561 

-84 0.16014 

-83 0.15704 

-82 0.18961 

-81 0.19636 

-80 0.20224 

-79 0.19448 

-78 0.21475 

-77 0.20188 

-76 0.17930 

-75 0.15295 

-74 0.12900 

-73 0.11777 

-72 0.12970 

-71 0.10467 

-70 0.06924 

-69 0.08335 

-68 0.10335 

-67 0.08912 

Lag CCF 

-66 0.09311 

-65 0.09294 

-64 0.07174 

-63 0.08312 

-62 0.08799 

-61 0.09765 

-60 0.08050 

-59 0.05914 

-58 0.07590 

-57 0.07052 

-56 0.05758 

-55 0.05056 

-54 0.09119 

-53 0.06099 

-52 0.06958 

-51 0.05308 

-50 0.06149 

-49 0.08150 

-48 0.07814 

-47 0.06799 

-46 0.05684 

-45 0.10113 

-44 0.13782 

-43 0.16925 

-42 0.12720 

-41 0.11219 

-40 0.14318 

-39 0.15800 

-38 0.13441 

-37 0.08983 

-36 0.08370 

-35 0.10312 

-34 0.08597 

-33 0.08110 

-32 0.06884 

-31 0.06986 

-30 0.03867 

-29 0.03942 



119 
 

Lag CCF 

-28 0.07311 

-27 0.07425 

-26 0.07407 

-25 0.06318 

-24 0.08123 

-23 0.05098 

-22 0.04636 

-21 0.04504 

-20 0.05421 

-19 0.08671 

-18 0.08959 

-17 0.08184 

-16 0.07245 

-15 0.05569 

-14 0.04943 

-13 0.05670 

-12 0.04902 

-11 0.06627 

-10 0.08544 

-9 0.10206 

-8 0.08650 

-7 0.06511 

-6 0.07159 

-5 0.06030 

-4 0.03703 

-3 0.03578 

-2 0.09046 

-1 0.09790 

0 0.06711 

1 0.05143 

2 0.04965 

3 0.06953 

4 0.06059 

5 0.07001 

6 0.06131 

7 0.07398 

8 0.08692 

9 0.06561 

10 0.08986 

11 0.03442 

Lag CCF 

12 0.02445 

13 0.03810 

14 0.03819 

15 0.03105 

16 0.03106 

17 0.02652 

18 0.03486 

19 0.04292 

20 0.02790 

21 0.03509 

22 0.03772 

23 0.03121 

24 0.03383 

25 0.07280 

26 0.02800 

27 0.02761 

28 0.03053 

29 0.05474 

30 0.05016 

31 0.06369 

32 0.10120 

33 0.11005 

34 0.11512 

35 0.06677 

36 0.09068 

37 0.08462 

38 0.07902 

39 0.09056 

40 0.10771 

41 0.11169 

42 0.12358 

43 0.09134 

44 0.07929 

45 0.06046 

46 0.09544 

47 0.08567 

48 0.09435 

49 0.06928 

50 0.08651 

51 0.06356 

Lag CCF 

52 0.04484 

53 0.06157 

54 0.06623 

55 0.06370 

56 0.06635 

57 0.07634 

58 0.04545 

59 0.01974 

60 0.02892 

61 0.03136 

62 0.02531 

63 0.04500 

64 0.04643 

65 0.03899 

66 0.02926 

67 0.02747 

68 0.03110 

69 0.03941 

70 0.03435 

71 0.02995 

72 0.04288 

73 0.04721 

74 0.02852 

75 0.02280 

76 0.03148 

77 0.03364 

78 0.02943 

79 0.02923 

80 0.04087 

81 0.06936 

82 0.08269 

83 0.06860 

84 0.03826 

85 0.03634 

86 0.06555 

87 0.04029 

88 0.04489 

89 0.07819 

90 0.05005 

91 0.03755 



120 
 

Lag CCF 

92 0.04457 

93 0.03105 

94 0.03652 

95 0.03994 

96 0.05616 

97 0.04906 

98 0.03030 

99 0.03293 

100 0.03026 

101 0.01851 

102 0.02056 

103 0.03422 

104 0.02478 

105 0.01669 

106 0.01885 

107 0.02025 

108 0.02284 

Lag CCF 

109 0.02436 

110 0.08884 

111 0.02422 

112 0.03130 

113 0.03945 

114 0.03620 

115 0.04091 

116 0.04070 

117 0.03858 

118 0.03431 

119 0.05049 

120 0.05506 

121 0.02643 

122 0.03160 

123 0.04891 

124 0.05683 

125 0.04393 

Lag CCF 

126 0.04477 

127 0.04764 

128 0.02671 

129 0.05308 

130 0.02909 

131 0.02436 

132 0.01890 

133 0.03603 

134 0.03141 

135 0.02657 

136 0.02510 

137 0.02423 

138 0.02041 

139 0.02508 

140 0.01427 

141 0.01945 

142 0.01709 

 
 


