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THE RELIABILITY OF A CIRCULAR REINFORCED CONCRETE BRIDGE PIER 

SUBJECT TO SEQUENTIAL VEHICULAR IMPACT AND BLAST LOADING 

Thesis Abstract – Idaho State University (2014) 

 This study determines the structural reliability of circular reinforced concrete 

bridge piers that experience vehicular impact, blast loading, and sequential vehicular 

impact followed by blast loading.  A numerical model is developed in MATLAB 

employing Monte Carlo simulation and a first order, second moment reliability analysis 

using the flexural capacity of the bridge pier as the limit state for the analysis.  Several 

pier resistance and loading scenarios are considered and sensitivity analyses are carried 

out for the purpose of identifying the most influential parameters of the impact and blast 

loadings.  The investigation of the sequential multi-hazard loading leads to the conclusion 

that multi-hazardous events are extremely detrimental to circular reinforced concrete 

bridge piers.  Traditional methods of multi-hazard analysis do not adequately consider 

sequential loading and the structural resistance reduction methodology developed in this 

study is a better indicator of the reliability of the bridge pier subject to two hazardous, 

sequential loadings.
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CHAPTER 1 

INTRODUCTION 

1.1 Background and Motivation 

 Human safety and asset protection has always been the priority of design 

engineers and as the level of technical knowledge in the structural engineering field 

advances, the necessity to provide economic designs with increased safety capacities 

against limited-duration, high- intensity loads, (e.g. seismic, hurricane, blast, etc.) 

intensifies.  Loadings that structures are designed to support are typically continuous over 

time, such as dead and live loads, whereas hazardous loads are not typical or predictable 

and impose a force of great magnitude on the structure in a short duration of time.  

Current design code allows for one peak hazardous loading to be applied to a 

structure at one time, but does not provide a method of analysis allowing for multiple 

high-intensity loadings (American Society of Civil Engineers (ASCE), 2010; Collins & 

Nowak, 2000).  The analysis of loadings in sequence over time is especially important for 

hazardous loadings.  Additionally, hazardous sequential loadings deal with the analysis of 

a structure whose load capacity may have been compromised by an initial load, and then 

immediately subjected to a second load.  The investigation of multiple hazardous 

loadings on a structure is the main focus of this study. 

Structures are susceptible to natural disasters, intentional hazards, and accidental 

hazards, due to their vulnerability to the public.  Structural vulnerability includes the 

structure’s accessibility and importance to the overall system.  Natural disasters include 

events such as earthquakes, floods, and hurricanes.  Intentional hazards include terrorist 

attacks, such as explosive events.  Accidental hazards include man-made dangers that are 
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unplanned or unintentional, such as fire or vehicle impact.  The sequential hazardous 

loadings that are analyzed in this study include a vehicle impact event and an explosive 

event.  Impact and blast are the loadings of interest because terrorists can cause lethal 

damage with these two hazards and the vulnerability of structures to these loadings is 

significant.  Both accidental and intentional impact-loading events are analyzed; the 

difference lying in the vehicle velocity and acceleration.  Accidental impact loadings 

most likely occur with a vehicle travelling at an acceptable speed, near the speed limit, 

and decelerating rather than accelerating.  Both of these factors are considered in the 

analysis.  Intentional events can include a greater impact force from heightened vehicle 

velocities and accelerations.  Intentional blast events result in high blast pressure loadings 

on the bridge pier due to the intent to damage.  With this information, different impact 

and blast forces are determined for each type of vehicle, and used as the loading random 

variables. 

Buildings have typically been the focus of blast damage analysis, but it is valuable 

to extend the analysis to bridges to improve transportation infrastructure security (Galati 

et. al., 2007).  Bridges are a vital part of any transportation infrastructure, especially in 

the United States’ federal interstate system.  Bridges have the potential for hazardous 

loadings, are frequently utilized, and can result in negative economical consequences if 

removed from service.  Removal of a bridge, even if only temporarily, from a regional 

transportation system can cause disruption to the network resulting in potentially large 

economic losses. 

Bridge piers are important load-bearing components of a bridge system, and local 

failure of these individual components could lead to progressive system failure.  Bridge 
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piers are susceptible to accidental vehicle impact or purposeful terrorist attack due to 

their vulnerability, specifically their accessibility and importance to the transportation 

system.  Figures 1.1 and 1.2 display the vulnerability of a bridge pier to vehicles on the 

roadway.  The objective of terrorism is to cause chaos or disruption, and as such the 

financial impact of a failed or damaged bridge can be significant. Because of the 

importance and vulnerability of bridges, understanding their response to this type of 

loading is critical and the necessity to provide economic designs with increased safety 

capacities against limited-duration, high-intensity loads, (e.g. seismic, hurricane, impact, 

etc.) is becoming a serious focus in structural design due to recent occurrences. 

 

Figure 1.1: Accessible Bridge Piers 
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Figure 1.2: Damaged Bridge Pier 

According to the U.S. Federal Highway Administration, vehicle impact is the 

third leading cause of bridge damage and/or failure (Agrawal & Chen, 2008). In a 

vehicular impact with a bridge pier event, damage simultaneously occurs in both the 

vehicle and the reinforced concrete bridge pier (El-Tawil, 2004). El-Tawil defines this 

type of impact event as a “soft” impact, which allows for the impact loading to be treated 

as a static loading due to similar failure mechanisms.  In addition to this type of impact, 

the study considers an explosive resulting from a vehicle bomb.  A vehicle bomb is a 

large terrorist explosive transported via car or truck.  Public bridges are vulnerable to 

vehicle bomb attacks due to the accessibility to the general public and limited 

surveillance.  
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Progressive structural failure is typically the result of pier failure due to their role 

as the primary load carrying elements in a structure.  “A better understanding of residual 

capacity in columns would aid in the prediction of the overall performance of buildings, 

its resistance to progressive collapse and determining the stability of damaged buildings” 

(Bao & Li, 2009, p. 1).  Residual capacity, or strength, describes the loading that a 

structure or structural element can tolerate without experiencing failure.  In this study, the 

residual strength of a concrete bridge pier subjected to impact and blast loading is 

determined using reliability analysis.  

 To assess the safety of a structure, engineers attempt to quantify the risk of 

damage or failure associated with the application of various loads to the structure.  A 

structure’s ability to resist structural damage and/or failure depends on both the strength 

of the structure and the different load combinations experienced by the structure (Ayyub 

& McCuen, 2011).  In general, the resistance, or strength, of the structure needs to exceed 

the loading.   

 Structural reliability is a method that assesses the safety and reliability of a 

structure.  In reliability analysis, the probability of failure is determined and used to 

estimate the reliability index, which is a parameter used to measure the reliability of a 

structure or structural element.  Reliability is a primary consideration and ongoing focus 

area in structural engineering due to the necessity of safety of human life and the 

economy.  Multi-hazard analysis is a reliability analysis of two or more hazardous 

loadings.  When a structural element experiences one hazardous loading, it is assumed to 

start with its original design strength.  If multi-hazard loading occurs, the above concept 

applies for the first loading, but not necessarily for the subsequent loading.  The second 



	  

	   6	  

loading occurs after the pier may already be damaged.  That is, the residual strength of 

the pier will have decreased from the first hazardous loading, and then be further 

damaged from the second hazardous loading.  The difficulty lies in accounting for the 

previous damage inflicted on the bridge pier from the first loading into the final 

probability of failure due to both loadings.   

1.2 Problem Definition and Scope 

 Current research has been conducted regarding the structural effect from an 

impact loading or a blast loading by itself (Agrawal & Chen, 2008; Doege & Gebbeken, 

n.d.; El-Tawil, 2004; Longinow & Mniszewski, 1996), but there is insufficient research 

on examining the effect of sequential loading.  This research study is interested in the 

determination of the probability of failure of a circular reinforced concrete bridge pier 

that experiences impact loading followed by blast loading.  A detailed description of 

impact loading and blast loading is provided in Chapter 2.   Therefore, the purpose of this 

study is to determine the probability of failure of a circular reinforced concrete bridge 

pier that experiences impact and blast loading successively.  By better understanding the 

reliability of reinforced concrete bridge pierss, future bridge designs can be improved 

upon and made safer for the public and reduce potential economic loss.  With increased 

reliability in structural design, the risk to human and structural lives can be decreased.   

 This thesis addresses the following questions in order to determine the probability 

of failure of a bridge pier that experiences both impact and blast loading:  

(1) What is the probability of failure of a bridge pier that encounters an impact event?  

What are the impact loading factors that most contribute to high probabilities of 

failure?   
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(2) What is the probability of failure of a bridge pier that encounters a blast event?  

What are the blast loading factors that most contribute to high probabilities of 

failure? 

(3) A reduction factor needs to be applied to the pier resistance after the first 

hazardous event has occurred.  What reduction factor should be applied to the 

resistance aspect of the limit state equation to account for the already inflicted 

damage to the pier to be used in the reliability analysis of the second loading? 

(4) What is the probability of failure of a bridge pier that encounters an impact and 

blast event successively?  

(5) What are possible countermeasures to reduce probability of failure?  What are the 

most cost-efficient countermeasures? 

 In addressing these questions, this thesis expands upon knowledge of structural 

reliability of a bridge pier subjected to an impact loading followed by a blast loading.    

1.3 Objectives 

 In order to address the questions posed in the previous section, the objectives of 

this study are: 

(1) Determine the probability of failure and residual strength of a bridge pier due to 

an impact event.  

(2) Determine the probability of failure and residual strength of a bridge pier due to a 

blast event.  

(3) Determine a range of resistance reduction factors corresponding to associated 

probabilities of failure to be used in the multi-hazardous reliability analysis after 

the impact event. 
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(4) Determine the probability of failure and residual strength of a bridge pier due to a 

blast load following an impact load.  

(5) Perform a sensitivity analysis and develop sets of fragility curves corresponding 

to the impact, blast, and multi-hazardous loading imposed on different concrete 

bridge pier resistance scenarios.  

(6) Identify the factors that most contribute to high probabilities of failure and 

identify countermeasures to reduce the probabilities of failure. 

1.4 Research Tasks and Methodology 

 To achieve the objectives of this study, a numerical model using Monte Carlo 

simulation is created in the software package MATLAB to perform the reliability 

analysis utilizing the first-order, second-moment method.  A summary of tasks carried 

out follows: 

(1) System definition: define the bridge pier resistance equations and loading 

equations to form limit state functions for the impact event, blast event, and multi-

hazardous event.  Define the random variables in the performance equations.  

Gather statistical data on the random variables.  

(2) Construct the MATLAB code, incorporating the Monte Carlo simulation. A 

simulation method, rather than physical testing, is used because it allows for the 

manipulation of a representative system rather than a real system, which is ideal 

for sensitivity analysis.  The Monte Carlo method is a technique used to simulate 

random numbers and formulate results using randomly generated values without 

any or limited physical testing (Collins & Nowak, 2000). 
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(3) A range of typical vehicle masses and velocities are determined for this analysis.  

With this information, different impact forces are determined for each type of 

vehicle, and used as the impact random variable. 

(4) The range of the blast charge weights is a function of the size of the vehicles.  

Smaller vehicles have a smaller charge weight capacity, because they have less 

room to store the explosive.  Similarly, larger vehicles have a larger capacity for a 

larger explosive, but still have a maximum limit.  A range of charge weights are 

defined by the US Department of Energy and used to determine the blast load 

random variable (US Department of Energy, 2012).  

(5) The study contains several different values of the random variables.  The 

simulation is completed for each scenario. An example of a possible scenario is a 

SUV/van travelling at an extremely high speed transporting the vehicle bomb.  

This is considered an intentional hazardous event.  The random variables are 

applied to a combined stress equation defining the structural system, considering 

both the design loading, causing compression in the structure, and both of the 

hazardous loadings, causing bending in the structure (Al-Manaseer & Hassoun, 

2012).   

(6) The probabilities of failure due to just the impact load and blast load alone are 

determined using the above procedures outlined.  The Monte Carlo simulation and 

first-order, second-moment reliability analysis is performed for each loading and 

resistance scenario.   

(7) The probability of failure due to the multi-hazard loading is determined using the 

above procedures outlined.  When the blast loading is applied to the pier, the pier 
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is already damaged from the first hazardous loading, the impact force.  This 

results in an increased probability of failure of the concrete bridge pier from the 

already determined failure probabilities in the impact analysis.  A second 

simulation for the combination is performed considering the blast loading in the 

limit state equation.  The resilience in the limit state equation is reduced to 

include the already determined probability of failure of the weakened structure.  

The Monte Carlo simulation is performed twice due to the impact and blast load 

variables, one time after each of these loadings.  

(8) Sensitivity analysis is carried out to identify the factors that most contribute to 

high probabilities of failure.  Fragility curves are generated to provide a graphical 

representation of the sensitivity analysis.   

(9) Identify possible countermeasures to reduce failure probabilities of bridge piers.  

Perform a cost analysis to identify the most efficient countermeasures. 

1.5 Thesis Overview 

 This thesis is divided into six chapters.  The introduction (Chapter 1) is followed 

by Chapter 2, which contains a literature review of existing research relevant to this 

study. A detailed description of the methodology, loading combination definition, and 

structural resistance determination is presented in Chapter 3.  Chapter 4 includes impact 

analysis and the corresponding sensitivity analysis. The blast analysis and corresponding 

sensitivity analysis is presented in Chapter 5.  Chapter 6 presents the results of the multi-

hazard analysis and the corresponding sensitivity analysis. The thesis ends with 

conclusions, countermeasures, and suggestions for future work (Chapter 7).  A 
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bibliography is shown at the end of the thesis, and the developed MATLAB codes are 

included in the Appendices. 
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CHAPTER 2 

LITERATURE REVIEW 

 This chapter presents a review of the literature relevant to the study of multi-

hazard analysis of reinforced concrete bridge piers.  The chapter is divided into five 

sections.  The first section presents a description of vehicle impact force events, including 

AASHTO standards and pier capacity and demand.  The second section discusses blast 

events and addresses vehicle explosives and the critical charge weight.  The third section 

presents a discussion of reliability analysis and Monte Carlo Simulation.  This section 

discusses the overview and intention of simulation methods, the general procedure, and 

the use of MATLAB to perform the simulation. Section four discusses multi-hazard and 

risk analysis.  The last section provides a summary of the literature relevant to the study. 

2.1 Impact Analysis 

2.1.1 Transportation System and Vehicle Impact  

 Over 600,000 bridges are registered in the National Bridge Inventory of the 

Federal Highway Administration (Agrawal & Chen, 2008).  As of the end of 2011, the 

Federal Highway Administration recorded approximately 251,500 concrete bridges and 

142,500 prestressed concrete bridges registered to the National Bridge Inventory.  

According to the Federal Highway Administration, vehicle impact is the third leading 

cause of bridge damage and/or failure (Agrawal & Chen, 2008).  Because of increasing 

bridge damage, the number of vehicle impacts to structural bridges is becoming an 

increasingly investigated issue.  Vehicle impacts can result in the loss of lives and failure 

of the bridge system, which can lead to transportation system and economic loss (El-

Tawil, 2004).   
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 The transportation system consists of roads, bridges, and any other means the 

population uses to travel.  The transportation system allows for employment and can 

result in the reduction of time and costs (Notteboom & Rodrigue, 2012).  Bridges are 

used for the transport of goods and people, which are necessary constituents in the 

economic system.  Because of the critical role the transportation system plays in the 

economy, failure of components of the system will result in economical loss.  

In a study by Agrawal and Chen (2008), guidelines provided from bridge case 

studies have been created to analyze the damage caused by vehicle collisions to bridge 

structural elements, such as bridge girders.  Damaged girder inspections resulted in 61 

percent having minor damages, 25 percent having moderate damages, and 14 percent 

having severe damage, such as loss of a material section (Agrawal & Chen, 2008).  

 Impact loads are probabilistic in nature due to their randomness in occurrence and 

intensity.  There is a gap in the research regarding impact loads and bridge substructures, 

which confirms the importance of a study (Cizmar et. al., 2008).  The risk of vehicle 

impact on a bridge depends on the amount of traffic and possible consequences resulting 

from an impact event.   

2.1.2 Vehicle Impact Force and AASHTO Standards 

 A vehicle impact event to a bridge can have severe consequences on human life, 

the transportation system, and economy.  Several impact events have occurred, some 

devastating.  A 2004 study by El-Tawil discusses a vehicle impact incident and described 

the consequential effects.  The incident occurred in 1993 in Alabama, where a tractor 

with a large load collided with a bridge pier.  The incident resulted in a partial bridge 
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collapse and the death of two people.  Among other accidents, this incident represents the 

importance of vehicle impact analysis on concrete bridge piers. 

 Vehicle collision with a concrete bridge pier can cause damage to both the vehicle 

and the bridge pier.  Figure 2.1 shows a simulated model of a vehicle collision with a 

bridge pier prior to the collision and after the collision.  It is evident from this figure that 

vehicle impact can cause structural deformation and possible permanent damage, 

resulting in decreased structural capacity. 

 
 

Figure 2.1: Model Representing Impact Simulation (El-Tawil, 2004) 
 

  The American Association of State Highway and Transportation Officials 

(AASHTO) is a design standard that specifies design requirements for transportation 

components.  According to El-Tawil (2004), information regarding vehicle versus 

structural impact events is limited.  AASHTO does require that a bridge pier be designed 



	  

	   15	  

to withstand a lateral, static impact force of 1,800 kilownewtons (404.7 kips) (El-Tawil, 

2004).  AASHTO specifies that this force is 1.35 meters (4.4 feet) above the ground, 

which is an average height of a vehicle impact point.  El-Tawil explains the weaknesses 

of the AASHTO standard regarding vehicle and structural collision as: 

(1) The standard specifies a height of the impact force in the design force 

value.  In addition to the height of the vehicle, the impact force will also 

be a function of the vehicle speed and attributes, such as stiffness and 

mass.  An increased approach speed will affect the impact force differently 

than a lower speed and heavier or stiffer vehicle components will have a 

greater effect on the structure than weaker components.  The AAHSTO 

code needs to specify the design force as a function of these factors, as 

well as height. 

(2) The standard does not identify the dynamic interaction created by the 

impact force. 

(3) The AASHTO code specifies a design impact force of 1,800 kilonewtons 

(404.7 kips) but does not indicate requirements for the detailing of the 

bridge pier.  It simply states the design force.  The standard should provide 

provisions regarding the detailing of the bridge pier to withstand this 

design force. 

 A relatively constant low force accompanied by a large, short-lived spike over the 

impact event duration characterizes the impact force (El-Tawil, 2004).  El-Tawil 

identifies the spike as the peak dynamic force, which typically occurs at the beginning of 

the impact event duration.  Due to the instant and intense loading implied by the peak 
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dynamic force, the short demand is not representative of the structure demand 

experienced by the bridge pier.  El-Tawil claims that instead, the peak dynamic force 

should be transformed to an equivalent static force, which should be used as the design 

demand force, by equating the deflection experienced at the impact force location.  To 

determine the demand versus capacity of the impact event, the equivalent static force 

over time should be compared to the design force of 1,800 kilonewtons (404.7 kips) 

specified by AASHTO.   

 Simulations completed by El-Tawil (2004) indicated that the AASHTO capacity 

standards for vehicle and structural collision were lower than the design demand 

experienced by a bridge pier during a collision.  This causes concern because if one of 

these vehicle-bridge pier impact events occurs, severe loss may be experienced.  Also, El-

Tawil’s simulations referred to smaller trucks.  If a vehicle impact event occurred with a 

larger vehicle, such as a semi-truck, the design demand on the bridge pier could increase 

significantly, resulting in more damage.   

2.1.3 Pier Capacity and Demand 

 The impact event influence on a bridge pier depends on the capacity of the bridge 

pier and loading resulting from the vehicle collision.  The limit state equation defines this 

relationship.  A general limit state equation, also known as a performance function, is the 

resistance minus the load effect (Ayyub & McCuen, 2011).  Cizmar and others (2008) 

state that the capacity of a reinforced concrete bridge pier is a function of the reinforcing 

steel, concrete section dimensions, and axial load applied to the bridge pier.  The impact 

loading demand on a bridge pier is a function of vehicle mass, speed, stiffness, and 
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acceleration.  Cizmar and others define the performance function of a reinforced bridge 

pier exposed to vehicular impact loading using Equations 2.1 through 2.3:  

𝑀!" −𝑀! = 0     (Eq. 2.1) 

𝑀!" = 𝜆! 𝐴!!𝑓!𝑦! + 2𝐴!!𝑓!
!!
!
+ 𝑁!"

!!
!

   (Eq. 2.2) 

𝑀!!"#$%& = ℎ𝐹 = ℎ 𝑘𝑚 𝑣! − 2𝑎𝑟        (Eq. 2.3) 

where: Mrd is the bending strength of the concrete bridge pier, ME is the bending moment 

due to actions, λM is the resistance uncertainty, As1 and As2 are the steel reinforcement 

areas in the pier with yield strengths of fy, y2 is the moment arm, NEd is the non-factored 

axial load, h is the height of the impact force, k is the vehicle stiffness, m is the vehicle 

mass, v is the vehicle speed, a is the vehicle deceleration, and r is the distance from the 

original vehicle path to the point of impact.  Figure 2.2 shows the cross-sectional and 

steel dimensions used in the resistance loading equation. 

 

Figure 2.2: Cross-Section of Bridge Pier 
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2.2 Blast Analysis 

2.2.1 Explosive Definition and Overview 

Explosions can be defined as sudden release of energy in the form of light, heat, 

sound, and a shock wave.  A shock wave is a high velocity mass of highly compressed air 

and typically the primary cause of damage (Gedeon, n.d.).  Explosions produce pressures 

with extremely high-intensity and short-duration.  Blast effects on structural and non-

structural elements depend on the standoff distance and the magnitude of the explosive 

(Doege & Gebbeken, n.d.).  The standoff distance is the distance between the explosive 

location and the affected structure.  Structural elements include the piers, beams, and 

supporting elements of the structure.  Nonstructural elements of a building include items 

such as interior walls and siding.  

The magnitude of the explosive is typically equated to pounds of trinitrotoluene 

(TNT) or kilograms of TNT.  If the charge weight, location of the explosion, and type of 

building construction are known, it is possible to estimate the level of damage a structure 

will experience (Doege & Gebbeken, n.d.).  Blast pressures push both horizontally and 

vertically on a structure.  Figure 2.3 provides a depiction of typical blast pressures on a 

structure.  The figure shows that a blast can encompass a structure completely, applying 

pressures in several directions on the structure.  This intense pressure loading can cause 

detrimental consequences to a structure (Gedeon, n.d.). 



	  

	   19	  

 
 

Figure 2.3: Blast Effects on a Structure (Gedeon, n.d.) 
 

The blast pressure travels at high speed and can also be reflected off of surfaces, 

combing with direct pressure and resulting in elevated total pressure (Longinow & 

Mniszewski, 1996).  Due to the elevated pressure, blast loading can exceed the building 

design loading by a great amount.  Typical blast-resistant structures are mostly utilized by 

the military to protect against nuclear weapons.  Designing and building civilian 

structures to resist blast loading is impractical in cost, function, and appearance.  

One method to improve the structural system of a building is the application of a 

redundant framing system and consideration of vertical loads from both above and below 

floor systems (Longinow, & Mniszewski, 1996).  Perimeter security or perimeter fences 

are other modes of protection against vehicle blasts that increase standoff distance.  

Longinow and Mniszewski state that perimeter boundaries can increase the distance from 
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the explosive to the structure, decreasing the amount of possible structural and human 

damage.  

2.2.2 Vehicle Explosions 

Gedeon identifies different sizes of explosives using pipes, luggage, automobiles, 

vans, and trucks.  The typical ranges of the explosive sizes for each transport item are: 1) 

Pipe Explosive, 5 pounds of TNT; 2) Luggage Explosive, 50 pounds of TNT; 3) Vehicle 

to Van Explosives, 500 – 4,000 pounds of TNT; 4) Truck Explosives, 10,000+ pounds of 

TNT (Gedeon, n.d.).  These values can be used in the methodology to determine a range 

of the blast charge weights, which are a function of the size of the transport item.   

2.2.3 Critical Charge Weight 

Buildings have typically been the focus of blast damage analysis, but it is valuable 

to extend the analysis to bridges to improve transportation infrastructure security (Galati, 

Nanni, Quintero, & Wei, 2007).  It is beneficial to explore different explosive magnitudes 

in contact or near bridge components and determine the corresponding structural damage.  

Fragility and capacity curves can be used to identify the different levels of 

damage experienced by bridge components due to varying standoff distances and charge 

weights.  Fragility curves are curves that express the probability of failure dependent on a 

given loading and capacity curves illustrate the remaining bridge component capacity 

associated with blast charge weights.  A load demand curve can also be mapped on the 

capacity curve to determine the critical charge weight.  The critical charge weight is the 

charge weight that corresponds with the damage point where the structural component 

cannot support any more static load.  It is found by locating the intersection of the 

capacity curve and load demand curve and identifying the corresponding charge weight 
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(Galati, Nanni, Quintero, & Wei, 2007).  As the load on a pier increases, the critical 

charge weight decreases. 

2.3 Reliability Analysis and the Monte Carlo Method 

 “The reliability of a structure is its ability to perform its design purpose for some 

specified design lifetime” (Collins & Nowak, 2000, 2).  Reliability analysis aids in 

identifying uncertainties in structural designs and analysis (Ching, 2011).  The reliability 

analysis of a structure or structural element includes determining the reliability of a 

structure with different resistance and loading parameters.   

2.3.1 Simulation 

 Simulation methods are used to understand and control systems with uncertainty.  

Simulation methods are preferred over analytical and numerical methods when complex 

systems are being analyzed (Haugh, 2004).  Analytical models can examine several 

parameters with one execution, but are only effective with simple systems.  Numerical 

methods involve repetitive computational runs for each parameter, but can handle more 

complex models than analytical methods.  However, there are still limitations on 

numerical models when dealing with complex systems. Simulation techniques include 

repetitive computational runs, like numerical methods, but can handle realistic systems 

with high complexity.   

 Haugh (2004) defines the steps included in modeling a system as: identification, 

assumption definition and defense, input definition, desired objective of simulation, 

variable relationship identification, and simulation performance.  It is important for the 

system to be understood and represented properly in the system identification and 
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simulation process.  This will cause greater accuracy in the estimated outcomes of the 

simulation.   

 The intention of simulation is to “numerically simulate some phenomenon and 

then observe the number of times some event of interest occurs” (Collins & Nowak, 

2000, 69).  The simulation process includes the generation of random numbers with 

values between zero and one to represent the probability of a particular event occurring.  

Random numbers are generated using computer software, such as Microsoft Excel or 

Matlab.  The random variables are determined using the random numbers and are used in 

the component and/or system model. 

 With each case being analyzed, certain issues need to be addressed before and 

after the simulation is completed.  The number of necessary random variables and their 

distributions need to be identified.   Also, the method of generation of the random 

numbers needs to be determined.  One of the steps included in a modeling system is the 

identification of the objective of the simulation.  Along with this, the method of analysis 

of the output variables of the simulation needs to be determined. 

2.3.2 Monte Carlo Method Overview 

 The reliability of a system can be modeled using the Monte Carlo method (Collins 

& Nowak, 2013).  Decision making in several fields has transformed into using statistical 

tools and scientific analysis.  If a considerable amount of data is collected, statistical 

based decisions can be very effective.  The Monte Carlo method, developed in the 1940s, 

represents this statistical approach.  “Monte Carlo analysis uses statistics to 

mathematically model a real-life process and then estimate the likelihood of possible 

outcomes” (Alexander, 2003, 91).  In other words, the Monte Carlo method is an 
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approach used to produce numerical results without having to perform any physical 

testing.  The simulations performed with this method can assist in determining failure 

distributions and in improving the reliability of the components and the system as a 

whole. 

 Reliability problems inevitably include significant uncertainty due to the necessity 

to include multiple input random variables, which result in output random variables.  The 

Monte-Carlo method is a simulation involving a parameters and random number 

generation to produce probability distributions.  The parameters of interest can be 

determined using previous scientific data collection.  Essentially, the simulation is 

repeated several times to generate a distribution of the defined parameters, providing 

statistical information for each.  These probability distributions are then applied to the 

model and used to determine samples of the numerical data (Collins & Nowak, 2013).   

2.3.3 Monte Carlo Simulation Process 

 The first phase in the Monte Carlo analysis is system definition.  This includes 

defining the system’s resistance and the loading of interest applied to the system.  Collins 

and Nowak (2013) explain that the definition of these two components includes 

probability distribution type identification and the random variable identification for 

each.  Once these factors are determined, the next phase is to complete the simulation.  In 

the simulation, random numbers will be generated using computer software and applied 

to the statistical parameters of the variables.  Once the simulation is complete, the 

numerical data produced can be applied to the system model, specifically the system’s 

performance equation (Collins & Nowak, 2013).  Collins and Nowak define the 
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performance equation as the structural resistance minus the applied loading, using the 

equation:  

𝑌 = 𝑅 − 𝑄 

where: Y  is the structural performance, R is the structural resistance, and Q is the applied 

loading.  

 The probability of failure can be determined using the simulation values applied 

to the performance equation.  In general, a negative performance value indicates a failure, 

whereas a positive performance value indicates a non-failure.  These values can be 

plotted on a normal probability plot to graphically show failures and non-failures.  The 

probability of failure can be determined by dividing the number of failures determined 

from the simulation by the total number of simulated performance values.   

 The reliability index is determined using the probability of failure.  The reliability 

index is the inverse of the coefficient of variation and is used to measure the reliability of 

a structure or structural element.  Mathematically, it is the shortest distance from the 

origin to the performance equation line on the normal probability plot created from the 

simulation.  If R and Q are normally distributed, the reliability index can be determined 

using the following formula: 

𝛽 = −∅!! 𝑃!  

where: 𝛽 is the reliability index, ∅ is the normal distribution, and 𝑃! is the probability of 

failure (Collins & Nowak, 2013).   

2.3.4 Monte Carlo Simulation Advantages and Disadvantages  

 Advantages of the Monte-Carlo simulation method include flexibility, future 

development opportunities, and clarity (Applied R&M Manual for Defence Systems, 
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2011).  The Monte-Carlo simulation is advantageous in flexibility because it contains the 

ability to adapt to several different situations.  Fields of application include engineering, 

physical science, finance, and more.  The Monte-Carlo simulation also allows for a 

reliability model to be extended and further developed.  The variables included in the 

simulation computations can be adjusted to create more accurate results based on new 

findings or can be used in supplementary simulations.  These simulations can also 

provide clarity for anyone, mathematician or non-mathematician, interpreting the data.  

The simulation allows for a complex situation to be simplified and can provide a better 

understanding of the system. 

 Disadvantages of the Monte-Carlo simulation method include the need for a 

computer, the process execution time required, and estimated results (Applied R&M 

Manual for Defence Systems, 2011).  In order to complete the simulations necessary, a 

computer program is essential.  This may pose a problem if a computer is not accessible.  

Analytical methods can be performed in a short amount of time.  Simulation methods, 

however, include a repetitive process, which can result in a lengthy execution.  Solutions 

resulting from the Monte-Carlo simulation are all estimates.  The accuracy of the 

estimates depends on the number of simulation runs completed in the whole process.  In 

order to increase the accuracy of the outputs, the simulation runs need to be increased, 

causing a longer execution process. 

2.3.5 Monte Carlo Simulation Efficiency 

 The Monte Carlo method involves a repetitive process with a predetermined 

number of simulation runs.  The number of simulation runs for a particular case needs to 

be determined and performed.  Adjustment of the number of runs can be made to improve 
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efficiency of the simulation.  Along with this, other improvements can be made to the 

model to increase the simulation efficiency.  One example of a possible improvement is 

the modification of the random input variables (Haugh, 2004).  In general, the simulation 

efficiency can be increased by variance reduction techniques, which are dependent on the 

probability distributions of the variables in the model.   

 The Monte Carlo simulation is a valuable tool that uses mathematics to simplify a 

system.  The simulation results can be used in the reliability analysis, which will lead to 

improvements in the reliability of the component and/or system of interest.   

2.3.6 MATLAB 

 MATLAB is computer program constructed to perform and optimize engineering 

and scientific calculations.  MATLAB is short for Matrix Laboratory and has evolved 

from a matrix mathematics program to an extensive computing program with several 

predefined functions (Chapman, 2008).  With the use of the MATLAB programming 

language, almost any technical problem can be solved with efficiency using the computer 

program.   

 Some advantages of MATLAB include ease of use, predefined functions, and the 

graphical user interface (Chapman 2008).  The programming language used in this 

computer platform is easier to learn and understand.  MATLAB can handle simple 

calculations to large, complex programs.  Chapman (2008) explains that the platform 

includes developmental tools, including editors, debuggers, and manuals, implemented 

into its system to increase the ease of use.  The predefined functions are a major 

advantage of the program because it saves the user time in writing functions and 

subroutines.  MATLAB provides a library of its predefined functions on the program 
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platform, which is easy to access and understand.  Chapman also identifies the plotting 

and graphing abilities of MATLAB and how they make the program a great tool for users 

to visualize their data and program output.  MATLAB is also supported by several 

different computer systems, which results in increase accessibility of the program.   

 The disadvantages of MATLAB include the necessity to learn and implement the 

MATLAB programming language properly and the cost of the program (Chapman, 

2008).  Though the program supplies several tools to help users learn the programming 

language, the language is still meticulous and takes time to understand completely.  This 

may be a disadvantage for users who do not have the time or desire to learn a new 

computer code language.  

2.4 Multi-Hazard and Risk Analysis 

2.4.1 Multi-Hazard Engineering 

 Multi-hazard engineering is a growing field as the possibility of multiple threats 

to structures becomes more apparent to structural engineers (Bell & Glade, 2004).  

Hazards produce intense demands on structures because of the different loading types and 

intensities.  “Multi-hazard engineering is about simultaneously addressing all hazards as a 

problem of optimization under constraints, the criterion being life-cycle cost” 

(Multidisciplinary Center for Earthquake Engineering Research (MCEER), 2007,1).  

Multi-hazards affect both the general population and the surrounding structural elements.  

Multi-hazard analysis includes natural disasters, intentional hazards, and accidental 

hazards.  Natural disasters include events such as earthquakes, floods, and hurricanes.  

Intentional hazards include terrorist attacks, such as explosive events.  Accidental hazards 

include man-made dangers that are unplanned or unintentional, such as fire or vehicle 
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impact.  Multi-hazard analyses should be completed whenever possible and economical 

and includes risk analysis, risk management, and risk evaluation (Bell & Glade, 2004).  

Figure 2.4 demonstrates these three mains steps in multi-hazard analysis and how they 

are arranged in a continuous structure.  In other words, the three steps in the analysis are 

never completed.  Risk is a primary consideration and ongoing focus area in structural 

engineering due to the necessity of safety for human life and the economy.    

 
 

Figure 2.4: Concept of Risk Assessment (Bell & Glade, 2004) 
 
2.4.2 Advantages and Disadvantages of Multi-Hazard Analysis 

 
 Multi-hazard analysis has several advantages including the possibility for more 

accurate estimation of structural resiliency, or recovery, from intense loading, a better 

prediction of lifecycle cost of the structure, and structural health monitoring to increase 

structural efficiency and economic analysis (Agrawal, et. al., 2007).  The major 

disadvantage to multi-hazard analysis is the lack of possibility to fully quantify the risk 

associated with hazards or multi-hazards.  However, multi-hazard analysis still assists 

engineers in awareness of the critical loadings a structure may be subjected to in its 

lifetime (Asprone, et. al, 2009).  

 



	  

	   29	  

2.4.3 Risk Management 

Previous structural failures have taught engineers about structural material 

behavior and different loadings during a structure’s lifetime.  From these learning 

experiences, quality control systems have been formed and implemented.  Prediction of 

material and structural behavior with experimental methods and tools has become 

essential in structural engineering. “Occurrence, intensity, and system response to natural 

and man-made hazards are uncertain” (Ellingwood,  2007, 2).  Risk management 

strategies can either be used to reduce the frequency of hazardous events or increase the 

operations to reduce the consequences of a hazardous event (Ayyub, et.al., 2007).   

Woo (2002) claims terrorism has joined natural hazards in the category of 

catastrophic risks in the United States.  Woo explains that neither of the two event types 

can be predicted due to spontaneity, but their corresponding risk can be quantified using a 

probabilistic risk assessment.   Risk is defined as “a product of hazard and vulnerability” 

(Woo, 2002, 7).  The hazard is the event and the vulnerability is the consequential loss 

associated with the event.  The difference between terrorist events and natural hazard 

events that must be considered is the human factor.  Intentional hazards, having increased 

motivation, variable capabilities, and the ability to be countered, are complicated when 

attempting to quantify the risk associated with them (Woo, 2002).  Ayyub and others 

(2007) describe intentional events as challenging because they result from human actions, 

which have the ability to adapt to a changing environment and produce innovative plans, 

and they can happen in any region.  Ayyub and others explain that because there is 

uncertainty in intentional hazards and their characteristics, risk management must be 

implemented to reduce possible destruction. 
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2.4.4 Sabotage and Terrorism 

Typical risk assessment procedure tasks include: scope definition, hazard 

identification, hazard analysis, consequence analysis, and risk calculation (Bell, & Glade, 

2004).  Sabotage and terrorism are in the category of “low-probability-high-

consequence” events, which result in difficult analyses because there is a lot of 

uncertainty in both the occurrence of the event in the structure’s lifespan and the cost of 

the event consequences (Melchers, 2002). “Low-probability-high-consequence” events 

are difficult to include in risk assessment procedures because they cannot be predicted 

rationally.  Recent structural design has been taking defensive steps in security and 

reduced vulnerability to protect against sabotage and terrorism.  There is a strong 

correlation between a substantial terrorist attack and financial market decline (Waugh, 

2004).  It is important to continue improving to quantify terrorism risk, as it may provide 

more security for economic and human life (Woo, 2002).  Risk prevention and analysis 

deserve a primary emphasis in structural bridge design. 

2.5 Summary 

 This chapter presents a review of the literature relevant to the study of reinforced 

concrete bridge piers exposed to subsequent impact and blast events.  A summary of the 

significant points are presented: 

1) It can be understood that vehicle impact on a bridge structure can be destructive to 

both human life and the bridge’s structural life.  The effect of vehicle impact on 

the structural integrity of bridges is becoming increasingly important.  

Engineering considers impact at reasonable speeds around the speed limit.  
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Intentional impact may not be considered, which can include a greater force due 

to an increased speed.   

2) Vehicle explosives will be the focus of this research, as these will most likely be 

the methods of transport of an explosive on a bridge.  With vehicle bombs, “the 

critical locations are considered to be at the closest point that a vehicle can 

approach on each side” (Gedeon, n.d., p. 14).  This can help a structural designer 

to determine the minimum structural integrity a structure must have in order to 

endure an explosive at this distance.   

3) Reliability analysis and Monte Carlo Simulations aid in the determination of the 

probability of failure and reliability index of a structure with different resistance 

and loading parameters.  

4) The Monte Carlo method is a mathematical estimation process that uses several 

iterations in its process.  The Monte Carlo simulation can be completed in 

MATLAB.  MATLAB operations can be employed to simplify the Monte Carlo 

simulations.  With MATLAB, several iterations can be performed and the 

uncertainty parameters can be varied to provide the best solution.   

5) Multi-hazard analysis assists engineers in awareness of the critical loadings a 

structure may be subjected to in its lifetime. 
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CHAPTER 3 

METHODOLOGY 

 The purpose of this study is to determine the probability of failure of a circular 

reinforced concrete bridge pier that experiences impact and blast loading successively.  

Previous research has been conducted regarding the structural effect from an impact 

loading or a blast loading by itself (Agrawal & Chen, 2008; Doege & Gebbeken, n.d.; El-

Tawil, 2004; Longinow & Mniszewski, 1996), but there is insufficient research on 

examining the combined effect of sequential loading.  In order to determine this effect, 

this research studies the probability of failure of a circular reinforced concrete bridge pier 

that experiences impact loading alone, blast loading alone, and multi-hazardous loading; 

specifically impact loading followed by blast loading.  

It is important to recognize the difference in effect a structure experiences due to a 

single hazard load compared to two successive hazardous loadings (Banerjee & Prasad, 

2011).  When a structural element experiences one hazardous loading, it is assumed to 

start with its original design strength.  In other words, the concrete pier is assumed to be 

in a healthy state, having only experienced loadings for which it was designed, when it is 

exposed to the impact loading or blast loading alone.  If multi-hazard loading occurs, the 

above concept applies for the first loading, but not for the sequential loading.  The second 

loading occurs after the pier may have already been damaged.  That is, the residual 

strength of the pier will have been decreased from the first hazardous loading, and then 

be further decreased from the second hazardous loading.   

There is a realistic probability that a structure will undergo multiple short-

duration, high-intensity consecutive loadings.  It is necessary to determine the probability 
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of failure from the successive loadings in order to improve the structural integrity.  If the 

probability of failure of a structure from successive loadings is determined, there is a 

possibility of a more accurate estimation of structural resiliency, or recovery, from 

intense loading.  Knowledge of the structural resiliency will lead to a better prediction of 

lifecycle cost of the structure and structural health monitoring to increase structural 

efficiency and economic analysis (Agrawal, 2007). 

3.1 Numerical Model Development 

3.1.1 Relevant Data Collection 

 A numerical model is developed in the software package MATLAB to determine 

the probability of failure using the Monte Carlo simulation and a first order, second 

moment reliability analysis.  The numerical model is designed for a nonspecific circular 

concrete bridge pier with vertical and spiral reinforcement.  Statistical parameters 

concerning both material properties of reinforced concrete pierss and the loadings of 

interest are collected for use in the simulation analysis and are presented in Section 3.2.   

3.1.1.1 Bridge Pier Data Collection 

 Pier resistance properties of interest in the analysis include the concrete pier 

dimensions, reinforcing area, yield strength of the reinforcement, and the axial load 

imposed on the bridge pier.  In 2008, Cizmar and others studied the reliability of 

rectangular concrete piers under vehicle impact loading (Cizmar et. al., 2008).  This study 

provides useful information about probabilistic and deterministic modeling of reinforced 

concrete piers subject to vehicle impact. However, their study only investigates square 

piers, whereas in the United States, round or circular piers are more frequently used.  

Additionally, their study considers only accidental impact or cases where the vehicles 
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were decelerating to avoid crashing.   The study presented herein builds upon the 

previous work by considering: 1) circular instead of square piers, 2) terroristic intention 

(i.e. acceleration vs. deceleration), 3) strength reduction versus fault tree analysis and 4) 

sensitivity analysis to determine those design factors that most contribute to high 

probabilities of failure and as such can be modified to decrease probabilities of failure.  

Cizmar and others use the Joint Committee on Structural Safety (JCSS) Probabilistic 

Model Code to define a bridge pier resistance equation along with variable definitions 

and their corresponding statistical parameters.  The defined equation and parameters 

serve as the foundation for this research study.  Cizmar and others use SI units in their 

equations and corresponding variables.  For this reason, SI units are used throughout this 

study. 

3.1.1.2 Vehicular Impact Loading Data Collection 

 Statistical parameters for both the impact and blast loading are collected to 

account for the uncertainties that accompany a hazardous loading.  The variables and 

their statistical parameters essential for the impact consideration are: vehicle mass, 

vehicle stiffness, vehicle speed, and vehicle acceleration.  Cizmar and others also define 

an impact loading equation along with the impact variable definition and statistical 

parameters (Cizmar et. al., 2008).  The defined equation and parameters serve as the 

foundation for the impact portion of this research study. 

 In addition to the properties and statistical parameters defined by Cizmar and 

others, vehicle size and mass figures are investigated and used in the difference impact 

analysis scenarios.  The corresponding impact heights of different vehicle types are 

determined and sorted into realistic scenarios for the numerical analysis and shown in 
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Table 3.1.  

Table 3.1: Vehicle Class, Mass, and Impact Height 

Vehicle Mass  Impact Height 
Car 2,270 kg (5,000 lb) 0.61 m (2.0 ft) 

SUV/Van 4,540 kg (10,000 lb) 0.91 m (3.0 ft) 
Small Moving Van/Delivery Truck 8,170 kg (18,000 lb) 1.22 m (4.0 ft) 

Moving Van/Water Truck 11,800 kg (26,000 lb) 1.5 m (4.9 ft) 
Semi-Truck/Trailer 19,100 kg (42,100 lb) 1.8 m (5.9 ft) 

 

3.1.1.3 Blast Loading Data Collection 

  Due to the limited information regarding blast loading, there are not statistical 

parameters regarding this loading.  Because of this, statistical parameters are assumed for 

the blast loading moment and a sensitivity analysis is performed to determine the 

importance and probable value of these parameters.  The maximum values of the blast 

charge weights considered in the analysis are shown in Figure 3.1 and correspond with 

the transport vehicle in the multi-hazardous event.   

 Similar to the impact-loading scenario, possible and likely blast charge weights 

are considered, paralleling charge weights with vehicle types.   The charge weights 

provided in this figure are in pounds of trinitrotoluene (TNT) and are converted to 

kilograms of TNT for this study.  There are 2.2 pounds of TNT in 1 kilogram of TNT.	   

The different vehicle masses combined with varying charge weights ultimately provide 

several scenarios combining probabilistic combinations of impact and blast force on a 

bridge pier. 
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Figure 3.1: Vehicle Bomb Size (US Department of Energy, 2012) 

3.1.2 Methodology Outline  

Several multi-hazardous events are considered in this study.  The bridge pier 

resistance variables are adjusted to provide the study with various pier resistance 

scenarios.  Vehicle type, speed, and acceleration are also adjusted to provide various 

impact loading event scenarios.  Similarly, blast charge weight and standoff distance are 

also adjusted to provide the study with various blast loading scenarios.  The standoff 

distance is the distance between the explosive location and the affected structure.  Blast 

effects on structural and non-structural elements depend on the standoff distance and the 

magnitude of the explosive (Doege & Gebbeken, n.d.).  

 This study strives to determine the effects of both impact and blast loadings on 

the structural element, both individually and simultaneously.  To do this, each loading is 

analyzed by itself first and then combined to analyze the multi-hazardous loading effect.  
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The single hazardous loading scenarios are compared with the multi-hazardous loading 

scenarios.   

Figures 3.2 and 3.3 outline the methodology used for the single hazardous event 

and multi-hazardous event reliability analyses, respectively. 

 

Figure 3.2: Single Hazardous Loading Methodology Outline 
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Figure 3.3: Multi-Hazardous Loading Methodology Outline 

3.1.3 MATLAB Code 

 A MATLAB code is created to analyze the bridge pier and perform the reliability 

analysis according to the input resistance and loading parameters.  Specifically, the 

MATLAB code is employed to determine the probability of failure of a bridge pier, with 

specified cross-sectional and reinforcing parameters, when exposed to different impact 

and blast loading events.  The MATLAB code computes the probability of failure of the 

bridge pier from the impact alone, the blast alone, and from both impact and blast loading 

together.  This allows for the severity of a multi-hazardous loading to be identified 

compared to just one hazardous loading.  The MATLAB code allows for parameters to be 
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adjusted, as desired by the user, for the Monte Carlo Simulation to assist in the sensitivity 

analysis.   

3.2 Monte Carlo Method 

 The simulation method used in the first-order, second-moment reliability analysis 

of this study is the Monte Carlo method (Collins & Nowak, 2000).  A simulation method, 

rather than a physical testing method, is used in this study because it allows for the 

manipulation of a representative system rather than a real system, which is ideal for 

sensitivity analysis. The Monte Carlo method is a technique used to simulate random 

numbers and formulate results using these random numbers without any or limited 

physical testing (Collins & Nowak, 2000).  The steps involved in the Monte Carlo 

simulation are system definition, random variable identification, random number 

simulation, and data analysis.  

3.2.1 System Definition 

The first step in the Monte Carlo simulation is to define a limit state equation.  A 

general limit state equation, also known as a performance function, is the resistance 

minus the load effect (Ayyub & McCuen, 2011).  In this study, the resistance is identified 

as the flexural strength of the circular reinforced concrete bridge pier.  The strength is 

determined based on pier section properties, steel reinforcing area, the yield strength of 

the reinforcing steel, and the axial load imposed on the bridge pier.  The analysis is 

limited to bridge piers of circular cross-sections with spiral reinforcement, which is 

assumed to be adequate to support against shear. For simplicity, eight evenly spaced 

vertical reinforcing bars are specified for the vertical reinforcement in the bridge pier.  A 
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yield strength of 50 kN/cm2 (72.5 ksi) is assumed for the steel reinforcement.  The bridge 

pier is assumed to be fixed-fixed.   

The reinforced concrete bridge pier is exposed to two different types of loadings, 

including an axial loading and the hazardous loadings.  The axial loading includes the 

weight of the pier and the weight of the structural elements that the pier supports.  The 

impact loading is a point load that will occur at some height near the bottom of the pier, 

with the height being dependent on the type and height of the vehicle.  A point load is a 

concentrated force applied to the structure.  The blast loading is a distributed load.  A 

distributed load acts along some length of the structure, as opposed to a concentrated 

point.  Identifying and applying these different types of loading are essential in the 

analysis of the reinforced concrete bridge pier because they cause different behaviors of 

the structural element.  The different types of loading are considered in the combined 

axial and flexure equation identified later in this chapter.   

The general limit state equation for the bridge pier is:   

     𝑀!" −𝑀! = 0     (Eq. 3.1) 

where: Mrd, is identified as the bending strength of the concrete bridge pier and the load 

effect, ME, is identified as the bending moment due to actions, such as the impact and 

blast loads. The resistance of the reinforced bridge pier is: 

𝑀!" = 𝜆! 𝐴!!𝑓!𝑦! + 2𝐴!!𝑓!
!!
!
+ 𝑁!"

!!
!

   (Eq. 3.2) 

where: λM is the resistance uncertainty and is taken as one in the resistance equation, As1 

and As2 are the steel reinforcement areas in the pier with yield strengths of fy, y2 is the 

moment arm, and NEd is the non-factored axial load.  Figure 3.4 shows the cross-sectional 

and steel dimensions used in the resistance loading equation.  The compressive strength is 
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not included in the moment resistance of the bridge pier because it is assumed that the 

concrete does not contribute to the tensile strength of the pier.  The reinforcing steel is 

assumed to provide the tensile strength of the bridge pier.   

 

Figure 3.4: Cross-Section of Bridge Pier 
 

3.2.1.1 Impact Loading 

The load effect includes the impact loading and blast loading subjected to the 

bridge pier.  In the single hazardous loading scenarios, the Monte Carlo simulation and 

reliability analysis is performed once per resistance and loading scenario.  In the multi-

hazardous scenario, the Monte Carlo simulation and reliability analysis is performed 

twice due to the two loadings.   

According to the U.S. Federal Highway Administration, vehicle impact is the 

third leading cause of bridge damage and/or failure (Agrawal & Chen, 2008).  In a 

vehicular impact event with a bridge pier, damage simultaneously occurs in both the 

vehicle and the reinforced concrete bridge pier (El-Tawil, 2004). El-Tawil defines this 
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type of impact event as a “soft” impact, which allows for the impact loading to be treated 

as a static loading due to similar failure mechanisms.  The equations and variable 

provided by Cizmar allows for the assumption of “soft” impact to be applied.  The 

demand of the reinforced bridge pier due to the impact force is:   

 𝑀!!"#$%& = ℎ𝐹 = ℎ 𝑘𝑚 𝑣! − 2𝑎𝑟        (Eq. 3.3) 

where: h is the height of the impact force, k is the vehicle stiffness, m is the vehicle mass, 

v is the vehicle speed, a is the vehicle acceleration, and r is the distance from the original 

vehicle path to the point of impact.  As previously discussed, the study by Cizmar and 

others (2008) consider an accidental impact event on the bridge pier, while the main 

focus of this study is a terroristic, intentional impact event. For this reason, the variable a 

is taken as the acceleration, rather than a deceleration, and put into the equation as a 

negative value to make the adjustment.  Figure 3.5 displays a simplified depiction of the 

impact-loading event.   

 

Figure 3.5: Impact Loading Event 
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3.2.1.2 Blast Loading 

Explosions produce pressures with extremely high-intensity and short-duration.  

Blast effects on structural elements depend on the standoff distance and the magnitude of 

the explosive (Doege & Gebbeken, n.d.).  The standoff distance is the distance between 

the explosive location and the affected structure.  Different blast charge weights and 

standoff distances are chosen for each of the analyses.  The blast over pressure due to the 

charge weight and standoff distance is determined using Equation 3.4 (Brode, 1955): 

 𝑃!" =
!.!!
!!

+ 1               !"
!"!             (Eq. 3.4) 

where: W is the charge weight in kilograms of TNT and R is the standoff distance.  A 

kilopond (kp) is a unit of force used in the “old” metric system that comes from gravity.  

The kilopond is used to represent pressure when divided by “cm.2”  Brode provides a 

conversion for the overpressure: 

1   !"
!"! = 9.80665×10!  𝑃𝑎𝑠𝑐𝑎𝑙𝑠    (Eq. 3.5) 

 It is assumed that the blast pressure is applied to the bridge pier in a trapezoidal 

shape.  Specifically, the maximum pressure on the bridge pier is at the bottom, whereas 

the minimum pressure on the bridge pier is at the top.  In between the two extremes, the 

blast pressure is assumed to be linear.  Figure 3.6 displays a simplified depiction of the 

blast-loading event.   
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Figure 3.6: Blast Loading Event 

 Since the bridge pier is assumed to be fixed-fixed, the maximum moment due to 

the blast loading occurs at the bottom of the bridge pier.  Utilizing the method of 

superposition and assuming the maximum moment location at the bottom of the pier 

length, the demand of the reinforced bridge pier due to the blast pressure is: 

𝑀!!"#$% =
!!"!"#! !!

!"
+

!!"!"#!!!"!"# !!!

!"
   (Eq. 3.6) 

where: 𝑃!"!"# is the blast-induced overpressure at the top of the pier, 𝑃!"!"# is the blast-

induced overpressure at the bottom of the pier, d is the diameter of the pier, and L is the 

length of the pier. 

 In the blast analysis, the steel yield strength is multiplied by a dynamic increase 

factor (DIF) of 1.23, as	  specified	  by	  TM	  5-‐1300	  for	  reinforcing	  steel,	  to	  determine	  the	  

dynamic	  yield	  strength	  (fds).	  	  Using the above capacity and demand equations, 

Equations 3.7 and 3.8 identify the bridge pier limit state equations for the impact and 

blast events, respectively. 
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𝜆! 𝐴!!𝑓!𝑦! + 2𝐴!!𝑓!
!!
!
+ 𝑁!"

!!
!
− ℎ 𝑘𝑚 𝑣! − 2𝑎𝑟 = 0     (Eq. 3.7) 

𝜆! 𝐴!!𝑓!"𝑦! + 2𝐴!!𝑓!"
!!
!
+ 𝑁!"

!!
!

−
!!"!"#! !!

!"
+

!!"!"#!!!"!"# !!!

!"
= 0        (Eq. 3.8) 

3.2.1.3 Multi-Hazard Loading 

 The multi-hazard analysis includes the limit state equations defined in Equations 

3.7 and 3.8.  The vehicular impact analysis is performed and the corresponding 

probability of failure is determined.  Based on this probability of failure, the moment 

resistance of the bridge pier is reduced and used in the reliability analysis with the blast 

loading.  The resistance reduction factors are determined using the standard deviation of 

the resistance moment as a whole.  Figure 3.7 presents the statistical parameters of the 

resistance moment (Ellingwood et. al., 1980).	  	  

	  

Figure 3.7: Moment Resistance Statistical Parameters (Ellingwood, 1980) 

	   The moment resistance is assumed to have a normal distribution (Ellingwood et. 

al., 1980).  This study is concerned with reinforced concrete, with Grade 60 steel, in 

flexure so the coefficient of variation is taken as 0.11.  Thus, the standard deviation (σ) 

used in the resistance reduction is defined as the moment resistance found in the impact 

reliability analysis multiplied by the coefficient of variation defined by Ellingwood.  
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 Based on the parameters given by Ellingwood, this thesis develops reduction 

factors that correspond to the ranges of probabilities of failure of the bridge pier subject 

to the impact loading.  Table 3.2 defines the assumed resistance reduction values for the 

probabilities of failures determined in the impact analysis.  The statistical parameters of 

the blast are used in the reduction process to best represent the variation in the data and 

provide understandable decreases in bridge pier resistance.  The variation spread 

corresponding to a range of failure probabilities is evenly distributed for ease of 

evaluation. 

Table 3.2: Pier Resistance Reduction  

Probability of Failure 
from Vehicle Impact Reduction 

0% < Pf  ≤ 12% 1σ 
12% < Pf ≤ 24% 2σ 
24% < Pf ≤ 36% 3σ 
36% < Pf ≤ 48% 4σ 
48% < Pf ≤ 60% 5σ 
60% < Pf ≤ 72% 6σ 
72% < Pf ≤ 84% 7σ 
84% < Pf ≤ 100% 8σ 

 

 Traditionally, a fault tree analysis has been used to analyze the structural 

reliability of a system.  A fault tree analysis shows failure paths that can result in the 

defined top event.  In this study, the top event is defined as the flexural failure of the 

reinforced concrete bridge pier (Ayyub & McCuen, 2011).  Figure 3.8 shows the fault 

tree representing this study.  
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  Figure 3.8: Fault Tree 

 Equation 3.9 shows the probability of failure of the system for the independent 

failure events (Ayyub & McCuen, 2011): 

𝑃 𝐸 = 1− 1− 𝑃 𝐸! 1− 𝑃 𝐸! … 1− 𝑃 𝐸!!! 1− 𝑃 𝐸!   (Eq. 3.9) 

where: P(E) is the probability of failure of the system and P(Ei) is the probability of 

failure of the individual event.  Equation 3.10 shows the probability of failure of the 

reinforced concrete bridge pier for the impact and blast events: 

𝑃 𝑓 = 1− 1− 𝑃 𝑓!"#$%& 1− 𝑃 𝑓!"#$%   (Eq. 3.10) 

where: P(f) is the probability of flexural failure of the bridge pier,  P(fimpact) is the 

probability of failure due to the impact event, and P(fblast) is the probability of failure due 

to the blast event.  The results from both the newly proposed method and the fault tree 

analysis are compared. 
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3.2.2 Random Variables 

When an engineer designs a concrete structure, they must first define the 

properties of the concrete and reinforcement the structure will be composed of (Darwin, 

Dolan, & Nilson, 2010).  These parameters are then used in design equations to verify the 

structure is designed according to the design code established (ASCE, 2010).  With all 

civil engineering designs and material properties, there is uncertainty in exactly how a 

structure or material will behave (Ayyub & McCuen, 2011).  For this reason, the 

resistance and loading portions of the performance equation will contain one or more 

random variable(s). 

Once the exact performance equation is identified, the random variables are 

identified.  The resistance random variables in this study are: the concrete pier 

dimensions, specifically the moment arm, reinforcing area, yield strength of the 

reinforcement, and the axial load imposed on the bridge pier.  The yield strength of the 

steel reinforcement is taken as 50 kN/cm2 (72.5 ksi) for all event scenarios (Cizmar, et. 

al., 2008), while the remaining three random variables are user input values.  The 

resistance random variables and their corresponding statistical parameters are shown in 

Table 3.3.   

Table 3.3: Resistance Random Variable Parameters (Cizmar, et. al., 2008) 

Variable Variable 
Distribution Units Mean 

Standard 
Deviation 

(% of mean) 
y2 Normal cm User Input 5% 
As Normal cm2 User Input 5% 
fy Lognormal kN/cm2 50 5% 
N Lognormal kN User Input 10% 
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3.2.2.1 Impact Loading 

The impact loading random variables in this study are: vehicle mass, vehicle 

stiffness, vehicle speed, and vehicle acceleration.  The vehicle stiffness is taken as 300 

kN/m (1,710 lb/in) for all event scenarios (Cizmar, et. al., 2008), while the vehicle speed 

and acceleration are user input values.  The vehicle mass values are defined in Table 3.1 

in Section 3.1.1.2.  Each vehicle class has an average mass and an average impact height.  

The reliability analysis is carried out for all five classes of vehicles, in order to consider 

the significance in vehicle type on the failure probability of the bridge pier subject to the 

impact event.  The value for the mass defined in Table 3.1 is taken as the value of the 

vehicle mass random variable for each vehicle class event.  The impact height affects the 

moment applied to the bridge pier, which renders it an important parameter of each 

vehicle class.  The impact loading random variables and their corresponding statistical 

parameters can be seen in Table 3.4.   

Table 3.4: Impact Loading Random Variable Parameters (Cizmar, et. al., 2008) 

Variable Variable 
Distribution Units Mean 

Standard 
Deviation 

(% of mean) 
m Normal kg See Table 3.1 33% 
k Lognormal kN/m 300 20% 
v Lognormal kmh/h User Input 15% 
a Lognormal m/s2 User Input 32.5% 

 

The force on the structure resulting from the vehicle impact is a function of the 

mass of the vehicle and the speed and acceleration of the vehicle.  Both accidental and 

intentional events are analyzed, the difference lying in the vehicle speed and acceleration.  

Accidental impact loadings will most likely occur with a vehicle travelling at an 

acceptable speed, near the speed limit, and a deceleration.  These factors are considered 
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in the analysis.  Intentional events can include a greater impact force from heightened 

vehicle speeds and accelerations.  In order to satisfy various types of analyses, the user 

inputs the vehicle speed and acceleration into the MATLAB code.   

3.2.2.2 Blast Loading 

The blast loading random variable in this study is the charge weight (CW).  The 

charge weight is a user input value. The blast loading random variables and their 

corresponding statistical parameters are shown in Table 3.5. 

Table 3.5: Blast Loading Random Variable Parameters 

Variable Variable 
Distribution Units Mean 

Standard 
Deviation 

(% of mean) 
CW Normal kg of TNT User Input 33% 

 

Gedeon (n.d.) identifies different sizes of explosives using pipes, luggage, 

automobiles, vans, and trucks, shown in Table 3.6.  The range of the blast charge weights 

is a function of the size of the vehicles.  Smaller vehicles have a smaller charge weight 

capacity because they have less room to store the explosive.  Similarly, larger vehicles 

have a larger capacity for a larger explosive, but still have a maximum limit.  The values 

and ranges of charge weights defined in by Gedeon are used as a guide to determine the 

blast load random variable.  

Table 3.6: Vehicle Bomb Charge Weights (US Department of Energy, 2012) 

Vehicle Blast Charge Weight (lbs of TNT) 
Car 500 

SUV/Van 1,000 
Small Moving Van/Delivery Truck 4,000 

Moving Van/Water Truck 10,000 
Semi-Truck/Trailer 60,000 
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 It is important to recognize that the values provided in Table 3.6 represent the 

explosive capacities of the different vehicle classes.  Since the primary concern of this 

thesis is an explosive loading at a small standoff distance, the charge weights considered 

are less than 1,000 pounds of TNT.  Table 3.7 defines all the non-random variables (i.e. 

deterministic values) used in the analysis, along with their means and standard deviations.   

Table 3.7: Variable Parameters 
 

Variable Units Mean Standard Deviation 
(% of mean) 

λM - 1 0 (Deterministic) 
r m 23 0 (Deterministic) 
h m See Table 3.1 0 (Deterministic) 
R m User Input 0 (Deterministic) 

 
3.2.3 Random Number Simulation 

A critical step in the Monte Carlo Simulation is random number generation.  The 

random numbers are generated within the MATLAB code.  Each load or resistance 

random variable includes its own set of random numbers, using the same count of 

numbers for each variable to ensure consistency.  The study contains several different 

combinations of the random variables.  One example of this is an impact event including 

an SUV travelling at high speeds and the corresponding blast load from the explosive 

carried by the SUV.   

For each scenario, a Monte Carlo simulation is completed for each random 

variable.  Specifically, the resistance portion of the event includes four Monte Carlo 

simulations per scenario, the impact loading portion of the event includes four Monte 

Carlo simulations per scenario, and the blast loading portion of the event includes one 

Monte Carlo simulation per scenario.  In the multi-hazardous scenarios, the Monte Carlo 

simulations are completed first for the resistance and impact portions of the performance 
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function, and then again for the reduced resistance and blast portions of the performance 

function. 

In the Monte Carlo simulations, the means and standard deviations of the random 

variables, collected in the relevant data collection phase and identified in Section 3.2.2, 

are first normalized from their original distributions.  The moment arm, reinforcing steel 

area, vehicle mass, and charge weight have normal distributions, so the means and 

standard deviations are already normalized.  The steel yield strength, axial load, vehicle 

stiffness, vehicle speed, and vehicle acceleration are lognormal, so the means and 

standard deviations are normalized using Equations 3.11 and 3.12 (Collins & Nowak, 

2000): 

𝜎!" !
! = ln 𝑉!! + 1      (Eq. 3.11) 

𝜇!"# = ln 𝜇! − !
!
𝜎!"#!     (Eq. 3.12) 

where: 𝜎!" !
!  is the variance of ln(X), VX is the coefficient of variation, 𝜇!"# is the mean 

value of ln(X), and 𝜇! is the mean value of the variable X.  

Once the random variables and their corresponding random number sets and 

normalized parameters are determined, Equation 3.13 is used to transform the random 

numbers to the standard normal and Equations 3.14 and 3.15 are used for the normal and 

lognormal variables, respectively:  

𝑧! = 𝜙!!(𝑝!)         (Eq. 3.13) 

𝑥! = 𝜇! + 𝑧!𝜎!    (Eq. 3.14) 

𝑥! = 𝑒𝑥𝑝 𝜇!"# + 𝑧!𝜎!"#    (Eq. 3.15) 

where: 𝑧! is the standard normal random variable,  𝜙!! is the inverse of the standard 

normal cumulative distribution function, 𝑝! is the random number in the specific set, and 
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𝜎! is the standard deviation of the variable.  The means of these random number sets are 

taken as the simulated Monte Carlo values for the random variables and used in the 

performance equations.  The resulting simulated random number sets are used in the limit 

state equations to be used in the reliability analysis. 

3.3 Reliability Analysis 

3.3.1 Reliability Index 

In general, failure occurs when this performance function results in a negative 

number and a success occurs when the performance function results in a positive number.  

The probability of failure is equal to the number of failures determined from the 

simulation divided by the total number of simulated equations. 

 The probabilities of failure due to the impact load alone, the blast load alone, and 

sequential impact and blast loads are determined using the above procedures outlined.  In 

the singular loading scenarios, one round of simulation for the resistance-loading 

combination is performed.  In the multi-hazardous scenario, two rounds of simulation for 

the resistance-loading combinations are performed; the first considering the impact 

loading and the second considering the sequential blast loading in the limit state equation.  

When the blast loading is applied to the pier in the multi-hazardous scenario, the pier will 

have already been damaged from the impact force.  This results in an increased 

probability of failure of the concrete bridge pier from the already determined failure 

probability in the impact analysis.  The resilience in the limit state equation is reduced to 

include the already determined probability of failure of the weakened structure using the 

reductions provided in Table 3.2 in Section 3.2.1.3. 
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 After the simulations are completed, a first order, second moment reliability 

analysis to determine the reliability index for the structure is performed for each case of 

interest (Ayyub & McCuen, 2011).  Ayyub and McCuen define the reliability index as a 

parameter used to measure the reliability of a structure or structural element.  The 

procedure to determine a structure’s reliability includes both the probability of 

occurrence, the likeliness that the hazardous loading will occur in the structure’s lifetime, 

and the reliability index (Eamon, 2007).  It is important to recognize that the reliability 

analysis completed in this study is only concerned with a one hundred percent chance that 

the hazardous loadings will occur.  In other words, the probability of occurrence for the 

impact force, blast pressure force, or both is equal to one.   

 The reliability index (β) is the inverse of the coefficient of variation and is 

(Collins & Nowak, 2000):  

𝑔 𝑋!,𝑋!,… ,𝑋! = 𝑎! + 𝑎!𝑋! + 𝑎!𝑋! +⋯+ 𝑎!𝑋! = 𝑎! + 𝑎!𝑋!!
!!!  (Eq. 3.16) 

𝛽 =
!!! !!!!!

!
!!!

!!!!!
!!

!!!

    (Eq. 3.17) 

where: 𝑔 𝑋!,𝑋!,… ,𝑋!  is a general limit state function, ai terms are constants, and Xi are 

uncorrelated random variables.  The performance functions for both the impact and blast 

loading scenarios are nonlinear, so Equations 3.18 and 3.19 can be used to determine β.  

These equations use a Taylor series expansion to approximate β by linearizing the 

nonlinear performance function about the mean values of the variables (Collins & 

Nowak, 2000): 

𝑔 𝑋!,𝑋!,… ,𝑋! ≈ 𝑔 𝜇!! , 𝜇!! ,… , 𝜇!! + 𝑋! − 𝜇!!
!"
!!! !".    !"  !"#$  !"#$%&

!
!!! (Eq. 3.18) 
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𝛽 = ! !!! ,!!! ,…,!!!

!!!!!
!!

!!!

  𝑤ℎ𝑒𝑟𝑒  𝑎! =
!"
!!! !"#$%#&!'  !"  !"#$  !"#$%&

 (Eq. 3.19) 

where: 𝑔 𝜇!! , 𝜇!! ,… , 𝜇!!  is the limit state function evaluated at the mean values and !"
!!!

 

is the partial derivative of the limit state function evaluated at the mean value of the 

random variable of interest. 

 The reliability model computes β for various resistance and loading scenarios and 

the different vehicle classes. The corresponding probability of failure is (Collins & 

Nowak, 2000):  

𝑃! = 1− 𝜙 𝛽     (Eq. 3.20) 

where: 𝑃! is the probability of failure and ϕ is the standard normal cumulative 

distribution function.  Applying the defined Equations, the probabilities of failure 

corresponding to each vehicle type and charge weight are calculated for the specified pier 

resistance and loading event. 

3.3.2 Sensitivity Analysis 

 Using the simulation procedure and equations, several pier resistance and loading 

event scenarios are considered and sensitivity analysis is carried out for the purpose of 

identifying the most influential parameters of the impact, blast, and multi-hazardous 

events causing failure as defined by the limit state equations. Collins and Nowak (2000) 

identify a general procedure for performing sensitivity analysis as: 1) system definition 

and possible scenario identification, 2) scenario reliability determination, and 3) most 

sensitive parameter identification. 

In the sensitivity analysis, one parameter is adjusted while the others stay constant 

to analyze the influence the changing parameter has on the reliability.	  	  Fragility curves 
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are generated in Microsoft Excel to provide a graphical representation of the sensitivity 

analysis.	  	  Fragility curves are curves that express the probability of failure dependent on a 

given loading.  Each curve developed includes the probability of failure or reliability 

index on its dependent axis, while the parameter of focus in that specific sensitivity 

analysis is the independent variable. 

During the sensitivity analysis, one parameter is adjusted while the other 

parameters are held constant.  Table 3.8 shows values of the constant parameters while 

another parameter is undergoing analysis in the intentional impact event.   

Table 3.8: Constant Parameters in Sensitivity Analysis (Intentional) 
 

Variable Mean 

Pier Radius 0.25 m (0.82 ft) 
Pier Height 5 m (16.4 ft) 
Bar Number 7 
Axial Load 75%Pallow kN 

Vehicle Velocity 110 kmh/hr (68.4 mph) 
Vehicle Acceleration 3 m/s2 (9.84 ft/s2)  

 
 Table 3.9 shows values of the constant parameters while another parameter is 

undergoing analysis in the accidental impact event. 

Table 3.9: Constant Parameters in Sensitivity Analysis (Accidental) 
 

Variable Mean 

Pier Radius 0.25 m (0.82 ft) 
Pier Height 5 m (16.4 ft) 
Bar Number 7 
Axial Load 75%Pallow kN 

Vehicle Velocity 80 kmh/hr (49.7 mph) 
Vehicle Acceleration -3 m/s2 (-9.84 ft/s2) 
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Fragility curves are developed for the impact loading alone, blast loading alone, 

and multi-hazardous loading.  A sensitivity analysis is completed for each variable shown 

in Tables 3.8 and 3.9 in all three loading type scenarios.  This allows for the identification 

of the resistance, impact loading, and blast loading parameters that most contribute to 

high probabilities of failure. 

3.4 Opportunities and Limitations 

3.4.1 Comparison Opportunities 

 The above procedure and explanations are applied to different reinforced concrete 

parameters, as explained previously, and compared to determine the effect of adjusting 

material properties on the failure probabilities.  It is beneficial to the study to determine 

as many factors that can affect the probability of failure of the bridge pier and the various 

fragility curves allow for the critical loading and resistance combination to be determined 

for both the solitary hazardous loading and the multi-hazardous loading scenarios.   

3.4.2 Limitations 

The major limitation is time and money.  There is not adequate time or funds 

provided to do physical testing in this study.  If more time and funds were available, 

reinforced concrete samples could be formed and subject to impact and blast loadings.  

This is a very expensive and complex process that is not possible at this point in the 

study.   

3.5 Summary 

 This chapter outlines and describes the methodology of the study of circular 

reinforced concrete bridge piers exposed to subsequent impact and blast events.  A 

summary of the significant points are presented:  
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(1) Collect relevant bridge pier material data and the corresponding statistical 

parameters.  Pier properties of interest in the analysis include the concrete pier 

dimensions, reinforcing area, yield strength of the reinforcement, and the axial 

load imposed on the bridge pier. 

(2) Collect relevant impact loading data and the corresponding statistical parameters.  

Vehicle size and mass figures and their statistical parameters are collected.  The 

corresponding impact heights of different vehicle types are determined and sorted 

into realistic scenarios for the numerical analysis.   

(3) Collect relevant blast loading data and assume statistical parameters.  Possible and 

likely blast charge weights, and their statistical parameters, are considered, 

paralleling charge weights with vehicle types.   

(4) Monte Carlo simulation and first order, second moment reliability analysis is 

performed for impact events and impact fragility curves are developed.  Repeat 

the simulations for various combinations. 

(5) Monte Carlo simulation and first order, second moment reliability analysis is 

performed for blast events and blast fragility curves are developed.  Repeat the 

simulations for various combinations. 

(6) Monte Carlo simulation and first order, second moment reliability analysis is 

performed for impact events.  Adjust the pier resistance depending the first hazard 

and repeat the Monte Carlo simulation and first order, second moment reliability 

analysis for the sequential blast event. Develop the multi-hazard fragility curves.  

Repeat the simulations for various combinations. 
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(7) Perform sensitivity analysis based on generated fragility curves and determine 

resistance and loading parameters that most influence the probability of failure. 
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CHAPTER 4 

IMPACT ANALYSIS 

 This chapter includes the analysis of the circular reinforced concrete bridge pier 

subject to vehicular impact.  Impact loads are probabilistic in nature due to their 

randomness in occurrence and intensity.  There is a gap in the existing literature 

regarding impact loads and bridge substructures, which confirms the importance of a 

study (Cizmar, Miculinic, & Mestrovic, 2008).  The risk of vehicle impact on a bridge 

depends on the amount of traffic and possible consequences resulting from an impact 

event.   

 The reliability analysis of the bridge pier subject to the impact loading follows the 

methodology outline explained in Section 3.1.2.  The first step, relevant data collection, 

for the impact analysis is completed using the equations, variables, and the statistical data 

provided in Reliability of concrete columns under vehicular impact by Cizmar and others; 

the study used as the foundation for this research study (2008).  The equations used in 

this research study employ the assumption that the impact loading can be treated as a 

static loading due to similar failure mechanisms between the vehicle and the bridge pier 

(El-Tawil, 2004).   

 Using the procedures and equations defined in Sections 3.2 and 3.3, the reliability 

and sensitivity analyses are completed with a MATLAB code developed specifically for 

this study included in Appendix A, that analyzes a circular reinforced concrete bridge 

pier subject to intentional blast loading.  Several pier resistance and loading event 

scenarios are considered and sensitivity analysis is carried out for the purpose of 

identifying the most influential parameters of the impact events causing failure as defined 
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by the limit state equations. The results of the impact reliability and sensitivity analyses 

are presented hereafter. 

4.1 Intentional and Accidental Vehicular Impact 

 The principal focus of this study is on intentional, or terroristic, vehicular impact.  

In order to completely understand vehicular impact, accidental impact is also considered.  

The difference between the intentional and accidental scenario lies in the vehicle speed 

and acceleration.  The purpose of considering both types of vehicular impact is to allow 

for the severity and importance of understanding the effect of vehicular impact on 

reinforced concrete bridge piers, along with identifying the most influential parameters 

contributing to probabilities of failure for both loading types. 

The variables and their corresponding statistical parameters used in the impact 

analysis are defined in Section 3.2.2 in Table 3.3.  Tables 4.1 and 4.2 show values of the 

constant held parameters while the other parameter is varied in the intentional and 

accidental vehicular impact event, respectively.  

Table 4.1: Constant Impact Parameters in Sensitivity Analysis (Intentional) 

Variable Mean 

Pier Radius 0.25 m (0.82 ft) 
Pier Height 5 m (16.4 ft) 
Bar Number 7 
Axial Load 75%Pallow kN 

Vehicle Velocity 110 kmh/hr (68.4 mph) 
Vehicle Acceleration 3 m/s2 (9.84 ft/s2)  
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Table 4.2: Constant Impact Parameters in Sensitivity Analysis (Accidental) 

Variable Mean 

Pier Radius 0.25 m (0.82 ft) 
Pier Height 5 m (16.4 ft) 
Bar Number 7 
Axial Load 75%Pallow kN 

Vehicle Velocity 80 kmh/hr (49.7 mph) 
Vehicle Acceleration -3 m/s2 (-9.84 ft/s2) 

 

4.1.1 Sensitivity Analysis of Reinforcement Ratio 

 The reinforcement ratio is defined as the ratio of the reinforcement steel area to 

the gross area of the bridge pier: 

𝜌 = !!
!!
= !!

! !
!

!     (Eq. 4.1) 

where: 𝜌 is the reinforcement ratio, As is the area of reinforcing steel, Ac is the area of 

concrete, and d is the diameter of the bridge pier.   

 As seen in Tables 4.1 and 4.2, the constant pier radius is taken as 0.25 meters (9.8 

in) for both intentional and accidental impact.  With this radius, the gross area of the 

bridge pier is calculated as 1,964 cm2 (304.4 in2).  In the sensitivity analysis of the 

reinforcement ratio, the steel reinforcing area is increased while all other variables are 

kept constant.  The bar size numbers and their corresponding cross-sectional areas can be 

seen in Table 4.3.  The reinforcement ratio is increased by considering the eight 

reinforcing bars in the bridge pier and increasing the bar size number with each iteration.   
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Table 4.3: Reinforcing Bar Area 

Bar Number Area (in2) Area (cm2) 
3 0.11 0.71 
4 0.20 1.29 
5 0.31 2.00 
6 0.44 2.84 
7 0.60 3.87 
8 0.79 5.09 
9 1.00 6.45 
10 1.27 8.19 
11 1.56 10.06 

 

 The reliability curves for the sensitivity analysis of the reinforcement ratio due to 

intentional vehicular impact are displayed in Figures 4.1 and 4.2.  The five curves 

demonstrate the analysis of the different vehicle types defined in Section 3.1.1.  Each 

sensitivity analysis for the specific parameters is completed for each of the vehicles types 

and shown later in the Figures. 

     

Figure 4.1: Reinforcement Ratio Reliability Index Curve - Intentional Impact 
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Figure 4.2: Reinforcement Ratio Fragility Curve – Intentional Impact 

The reliability curves corresponding to the different vehicle types generally 

follow the same trend.  The reliability index consistently increases as the reinforcement 

ratio increases, and therefore, the probability of failure consistently decreases as the 

reinforcement ratio increases.  Table 4.4 provides the values of the largest decrease in the 

probability of failure for the different vehicle classes and at which change of 

reinforcement ratio the maximum decrease occurs (e.g. the maximum change in the 

failure probability occurs from the use of a number 11 bar rather than a number 10 bar). 

Table 4.4: Reinforcement Ratio Incremental % Change – Intentional Impact 

Reinforcement Ratio Incremental % Change 
Vehicle Class Maximum % Change From: To: 

Car -15.77% #10 Bar #11 Bar 
SUV -10.90% #10 Bar #11 Bar 

Delivery Truck -3.50% #10 Bar #11 Bar 
Water Truck -0.80% #10 Bar #11 Bar 
Semi-Truck -0.09% #10 Bar #11 Bar 
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Table 4.4 demonstrates that the fragility curves get steeper as the bar numbers get 

higher.  This means that the decrease of failure probability becomes larger with each 

increase in bar size.  However, this is more evident in the smaller vehicles, as the larger 

vehicles display a much flatter curve.  The percentages representing the largest decrease 

in failure probability, shown in Table 4.4, indicate that as the vehicle mass increases, the 

change in failure probability decreases and the fragility curves are flatter than that of a 

smaller mass vehicle.  This is due to the probabilities of failure of the larger vehicles 

being very high, regardless of the reinforcement ratio.  

Table 4.5 presents the percentage change in the probability of failure of the bridge 

pier with a percentage increase in the reinforcement ratio.  Tables for each parameter 

undergoing a sensitivity analysis are provided to allow for the most influential resistance 

and loading parameters to be identified.  For uniformity and ease of understanding, a 

percentage increase in the resistance and loading parameters will be held at ten percent. 

Table 4.5: Reinforcement Ratio % Change in Failure Probability- Intentional 

Impact 

Vehicle Class % Change in 
Reinforcement Ratio 

% Change in 
Probability of Failure 

Car 10% -0.43% 
SUV 10% -0.25% 

Delivery Truck 10% -0.06% 
Water Truck 10% -0.01% 
Semi-Truck 10% 0.00% 

 

The values in Table 4.5 demonstrate that the a ten percent increase in the 

reinforcement ratio can results in up to a 0.43% decrease in the probability of failure of 

the bridge pier subject to an intentional vehicular impact load.  The values in the table 

indicate that the reinforcement ratio influences the probability of failure of the bridge 
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pier, but very minimally for vehicle masses of 4,000 kilograms (8,800 pounds) and 

greater. 

The reliability curves for the sensitivity analysis of the reinforcement ratio due to 

accidental vehicular impact are displayed in Figures 4.3 and 4.4.   

     
 

Figure 4.3: Reinforcement Ratio Reliability Index Curve – Accidental Impact

 

Figure 4.4: Reinforcement Ratio Fragility Curve – Accidental Impact 
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The reliability curves corresponding to the different vehicle types generally 

follow the same trend.  The reliability index consistently increases as the reinforcement 

ratio increases, and therefore, the probability of failure consistently decreases as the 

reinforcement ratio increases.  Table 4.6 provides the values of the largest decrease in the 

probability of failure for the different vehicle classes and at which change of 

reinforcement ratio the maximum decrease occurs. 

Table 4.6: Reinforcement Ratio Incremental % Change – Accidental Impact 

Reinforcement Ratio Incremental % Change 
Vehicle Class Maximum % Change From: To: 

Car -16.65% #10 Bar #11 Bar 
SUV -13.29% #10 Bar #11 Bar 

Delivery Truck -6.66% #10 Bar #11 Bar 
Water Truck -2.47% #10 Bar #11 Bar 
Semi-Truck -0.47% #10 Bar #11 Bar 

 

Like the intentional vehicular impact, the pattern of the curves demonstrates that 

the curve gets steeper as the bar numbers are increased.  The percentages representing the 

largest decrease in failure probability, provided in Table 4.6, indicate that as the vehicle 

mass is increased, the change in failure probability is lesser and the fragility curves are 

flatter than that of a smaller mass vehicle.   

Table 4.7 presents the percentage change in the probability of failure of the bridge 

pier with a ten percent increase in the reinforcement ratio. 
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Table 4.7: Reinforcement Ratio % Change in Failure Probability - Accidental 

Impact 

Vehicle Class % Change in 
Reinforcement Ratio 

% Change in 
Probability of Failure 

Car 10% -0.47% 
SUV 10% -0.33% 

Delivery Truck 10% -0.14% 
Water Truck 10% -0.04% 
Semi-Truck 10% -0.01% 
 

The values in Table 4.7 demonstrate that the a ten percent increase in the 

reinforcement ratio can results in up to a 0.47% decrease in the probability of failure of 

the bridge pier subject to an accidental vehicular impact load.  The values in the table 

indicate that the reinforcement ratio influences the probability of failure of the bridge 

pier, but very minimally for vehicle masses of 5,000 kilograms (11,000 pounds) and 

greater. 

The reinforcement ratio fragility curves are very similar for both the intentional 

and accidental vehicular impact loading scenarios.  Both reliability index and failure 

probability curves followed the same trend.  The accidental scenario displays steeper 

curves than the intentional scenario, which indicates the reinforcement ratio has greater 

influence when vehicles are travelling at lesser speeds and accelerations. 

4.1.2 Sensitivity Analysis of Pier Radius 

 In the sensitivity analysis of the pier radius, the pier radius is increased from 0.15 

meters  (5.9 in) to 0.35 meters (13.8 in), in increments of 0.05 meters (2 in), while all 

other variables are kept constant.  The reliability curves for the sensitivity analysis of the 

pier radius due to intentional vehicular impact are displayed in Figures 4.5 and 4.6.   
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Figure 4.5: Pier Radius Reliability Index Curve – Intentional Impact 

 

Figure 4.6: Pier Radius Fragility Curve – Intentional Impact 

The reliability curves corresponding to the different vehicle types generally 

follow the same trend.  The reliability index displays a steep increase at first and then 

levels as the pier radius reaches the larger values.  This is the same for all vehicle classes, 

but the change is more dramatic in the smaller mass vehicles and more gradual with the 
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larger mass vehicles.  The probability of failure is extremely high, with some vehicle 

classes reaching 100% failure, at the lower pier radius values.  As the pier radius is 

increased, the curve displays a steep decrease in probability of failure in the middle pier 

radius for the smaller vehicle classes.  Like the reliability index, the failure probabilities 

level as the pier radius reaches the larger values.  The larger vehicle classes display a 

fairly flat curve. 

Table 4.8 provides the values of the largest decrease in the probability of failure 

for the different vehicle classes and at which change of pier radius the maximum decrease 

occurs. 

Table 4.8: Pier Radius Incremental % Change – Intentional Impact 

Pier Radius Incremental % Change 
Vehicle Class Maximum % Change From: To: 

Car -11.76% 0.220 meters 0.225 meters 
SUV -8.09% 0.275 meters 0.300 meters 

Delivery Truck -5.76% 0.325 meters 0.350 meters 
Water Truck -2.91% 0.325 meters 0.350 meters 
Semi-Truck -0.68% 0.325 meters 0.350 meters 

 

 These values show that the lesser mass vehicles display a steeper decrease in 

failure probability at smaller pier radii.  It can also be seen that the decreases in failure 

probability are larger for the smaller mass vehicles compared to that of the larger mass 

vehicles.  Table 4.9 presents the percentage change in the probability of failure of the 

bridge pier with a ten percent increase in the pier radius. 
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Table 4.9: Pier Radius % Change in Failure Probability – Intentional Impact 

Vehicle Class % Change in 
Pier Radius 

% Change in 
Probability of Failure 

Car 10% -3.60% 
SUV 10% -2.53% 

Delivery Truck 10% -1.18% 
Water Truck 10% -0.44% 
Semi-Truck 10% -0.09% 

 

 The values in Table 4.9 demonstrate that the a ten percent increase in the pier 

radius can results in up to a 3.60% decrease in the probability of failure of the bridge pier 

subject to an accidental vehicular impact load.  The values in the table indicate that the 

pier radius significantly influences the probability of failure of the bridge pier for all 

vehicle classes. 

The reliability curves for the sensitivity analysis of the pier radius due to 

accidental vehicular impact are displayed in Figures 4.7 and 4.8.   

     
 

Figure 4.7: Pier Radius Reliability Index Curve – Accidental Impact 
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Figure 4.8: Pier Radius Fragility Curve – Accidental Impact 

The reliability curves corresponding to the different vehicle types generally 

follow the same trend.  Like the intentional impact scenario, the reliability index displays 

a steep increase at first and then levels as the pier radius reaches the larger values.  This is 

the same for all vehicle classes, but the change is more dramatic in the smaller mass 

vehicles and more gradual with the larger mass vehicles.  The probability of failure is 

extremely high, with some vehicle classes reaching almost 100% failure, at the lower pier 

radius values.  As the pier radius is increased, the curve displays a steep decrease in 

probability of failure in the middle pier radius.  Like the reliability index, the failure 

probabilities level as the pier radius reaches the larger values. 

Table 4.10 provides the values of the largest decrease in the probability of failure 

for the different vehicle classes and at which change of pier radius the maximum decrease 

occurs. 
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Table 4.10: Pier Radius Incremental % Change – Accidental Impact 

Pier Radius Incremental % Change 
Vehicle Class Maximum % Change From: To: 

Car -13.65% 0.200 meters 0.175 meters 
SUV -8.75% 0.275 meters 0.300 meters 

Delivery Truck -6.66% 0.325 meters 0.350 meters 
Water Truck -4.76% 0.325 meters 0.350 meters 
Semi-Truck -1.81% 0.325 meters 0.350 meters 
 

These values show that the lesser mass vehicles display a steeper decrease in 

failure probability at smaller pier radii.  It can also be seen that the decreases in failure 

probability are larger for the smaller mass vehicles compared to that of the larger mass 

vehicles.  Table 4.11 presents the percentage change in the probability of failure of the 

bridge pier with a ten percent increase in the pier radius. 

Table 4.11: Pier Radius % Change in Failure Probability – Accidental Impact 

Vehicle Class % Change in 
Pier Radius 

% Change in 
Probability of Failure 

Car 10% -3.63% 
SUV 10% -3.01% 

Delivery Truck 10% -1.77% 
Water Truck 10% -0.89% 
Semi-Truck 10% -0.27% 

 

 The values in Table 4.11 demonstrate that the a ten percent increase in the pier 

radius can results in up to a 3.63% decrease in the probability of failure of the bridge pier 

subject to an accidental vehicular impact load.  The values in the table indicate that the 

pier radius significantly influences the probability of failure of the bridge pier for all 

vehicle classes. 

The pier radius fragility curves were very similar for both the intentional and 

accidental vehicular impact loading scenarios.  Both reliability index and failure 
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probability curves followed the same shape.  From the figures and tables presented, it can 

be seen that the pier radius is highly influential on the reliability of the bridge pier.  The 

accidental scenario displays steeper curves than the intentional scenario, which indicates 

the reinforcement ratio has slightly greater influence when vehicles are travelling at lesser 

speeds and accelerations. 

4.1.3 Sensitivity Analysis of Pier Height 

In the sensitivity analysis of the pier height, the pier height is increased from 4.5 

meters (14.8 ft) to 8.5 meters (27.9 ft), in increments of 0.50 meters (1.6 ft), while all 

other variables are kept constant.  The reliability curves for the sensitivity analysis of the 

pier height due to intentional vehicular impact are displayed in Figures 4.9 and 4.10.  

  

Figure 4.9: Pier Height Reliability Index Curve – Intentional Impact 
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Figure 4.10: Pier Height Fragility Curve – Intentional Impact 

The reliability curves corresponding to the different vehicle types generally 

follow the same trend.  For all the vehicle classes, both the reliability index and 

probability of failure curves exhibit a horizontal line, indicating that the pier height has 

little to no influence on the reliability index and probability of failure of the reinforced 

concrete bridge pier. 

Table 4.12 provides the values of the minimum and maximum changes in the 

probability of failure for the different vehicle classes with an incremental increase in pier 

height.   

Table 4.12: Pier Height Incremental % Change – Intentional Impact 

Pier Height Incremental % Change 
Vehicle Class Minimum % Change Maximum % Change 

Car -0.25% 0.32% 
SUV -0.20% 0.22% 

Delivery Truck -0.01% 0.02% 
Water Truck -0.01% 0.01% 
Semi-Truck 0.00% 0.00% 
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The minimum and maximum values in Table 4.12 show that the incremental 

fluctuations are minimal, with the largest fluctuation barely exceeding 0.30%.  These 

small values confirm that the pier height has little influence on the reliability of the 

bridge pier.  Table 4.13 presents the percentage change in the probability of failure of the 

bridge pier with a ten percent increase in the pier height. 

Table 4.13: Pier Height % Change in Failure Probability – Intentional Impact 

Vehicle Class % Change in 
Pier Height 

% Change in 
Probability of Failure 

Car 10% 0.01% 
SUV 10% 0.02% 

Delivery Truck 10% 0.00% 
Water Truck 10% 0.00% 
Semi-Truck 10% 0.00% 

 

The values in Table 4.13 demonstrate that the a ten percent increase in the pier 

height can results in up to a 0.02% increase in the probability of failure of the bridge pier 

subject to an intentional vehicular impact load.  The values in the table indicate that the 

pier height has little to no influence on the probability of failure of the bridge pier for all 

vehicle classes. 

The reliability curves for the sensitivity analysis of the pier height due to 

accidental vehicular impact are displayed in Figures 4.11 and 4.12.   
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Figure 4.11: Pier Height Reliability Index Curve – Accidental Impact 

 

 
 

Figure 4.12: Pier Height Fragility Curve – Accidental Impact 

The reliability curves corresponding to the different vehicle types generally 

follow the same trend.  Like the intentional scenario, both the reliability index and 

probability of failure curves exhibit a horizontal line for all five vehicle classes, 
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indicating that the pier height has little to no influence on the reliability index and 

probability of failure of the reinforced concrete bridge pier. 

Table 4.14 provides the values of the minimum and maximum changes in the 

probability of failure for the different vehicle classes with an incremental increase in pier 

height.   

Table 4.14: Pier Height Incremental % Change – Accidental Impact 

Pier Height Incremental % Change 
Vehicle Class Minimum % Change Maximum % Change 

Car -0.11% 0.07% 
SUV -0.17% 0.10% 

Delivery Truck -0.03% 0.04% 
Water Truck -0.01% 0.01% 
Semi-Truck -0.01% 0.01% 

 

The minimum and maximum values in Table 4.14 show that the incremental 

fluctuations are minimal, with the largest fluctuation barely exceeding -0.15%.  These 

small values confirm that the pier height has little influence on the reliability of the 

bridge pier.  Table 4.15 presents the percentage change in the probability of failure of the 

bridge pier with a ten percent increase in the pier height. 

Table 4.15: Pier Height % Change in Failure Probability – Accidental Impact 

Vehicle Class % Change in 
Pier Height 

% Change in 
Probability of Failure 

Car 10% -0.01% 
SUV 10% -0.02% 

Delivery Truck 10% 0.00% 
Water Truck 10% 0.00% 
Semi-Truck 10% 0.00% 

 

The values in Table 4.15 demonstrate that a ten percent increase in the pier height 

can results in up to a 0.02% decrease in the probability of failure of the bridge pier 
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subject to an accidental vehicular impact load.  The values in the table indicate that the 

pier height has little to no influence on the probability of failure of the bridge pier for all 

vehicle classes. 

Both the intentional and accidental scenarios resulted in the same conclusion.  

Though there were slight variations in the reliability indices and failure probabilities, the 

incremental changes barely exceed 0.30% between both scenarios.  Using this analysis, it 

can be seen that the pier height does not influence the reliability of a reinforced concrete 

bridge pier in neither an intentional vehicular impact event nor an accidental vehicular 

impact event. 

4.1.4 Sensitivity Analysis of Axial Load 

In the sensitivity analysis of the axial load, the axial load is increased from 15% 

of the allowable axial load to the 95% of the allowable axial load, in 10% increments, 

while all other variables are kept constant. The reliability curves for the sensitivity 

analysis of the axial load due to intentional vehicular impact are displayed in Figures 4.13 

and 4.14.  
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Figure 4.13: Axial Load Reliability Index Curve – Intentional Impact 

 

Figure 4.14: Axial Load Fragility Curve – Intentional Impact 

The reliability curves corresponding to the different vehicle types generally 

follow the same trend, but show more variation than other parameters.  The reliability 

index consistently increases, and therefore, the probability of failure consistently 

decreases as the axial load is increased.  The fragility curves for the delivery truck, water 
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truck, and semi-truck classes display a very flat trend, indicating extremely high failure 

probabilities for all axial load values.  The smallest two vehicle classes demonstrate more 

variation as the axial load is increased. 

Table 4.16 provides the values of the largest decrease in the probability of failure 

for the different vehicle classes and at which change of axial load the maximum decrease 

occurs. 

Table 4.16: Axial Load Incremental % Change – Intentional Impact 

Axial Load Incremental % Change 
Vehicle Class Maximum % Change From: To: 

Car -8.10% 15% 25% 
SUV -2.78% 75% 85% 

Delivery Truck -0.77% 85% 95% 
Water Truck -0.14% 85% 95% 
Semi-Truck -0.02% 75% 85% 

 

The values in Table 4.16 show that the lesser mass vehicles display a steeper decrease in 

failure probability at smaller axial loads.  It can also be seen that the decreases in failure 

probability are larger for the smaller mass vehicles compared to that of the larger mass 

vehicles.  Table 4.17 presents the percentage change in the probability of failure of the 

bridge pier with a ten percent increase in the axial load. 

Table 4.17: Axial Load % Change in Failure Probability – Intentional Impact 

Vehicle Class % Change in 
Axial Load 

% Change in 
Probability of Failure 

Car 10% -0.62% 
SUV 10% -0.27% 

Delivery Truck 10% -0.04% 
Water Truck 10% -0.01% 
Semi-Truck 10% 0.00% 
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The values in Table 4.17 demonstrate that the a ten percent increase in the 

reinforcement ratio can results in up to a 0.62% decrease in the probability of failure of 

the bridge pier subject to an intentional vehicular impact load.  The values in the table 

indicate that the axial load influences the probability of failure of the bridge pier, but very 

minimally for vehicle masses of 4,000 kilograms (8,800 pounds) and greater. 

The reliability curves for the sensitivity analysis of the axial load due to 

accidental vehicular impact are displayed in Figures 4.15 and 4.16.  

     
 

Figure 4.15: Axial Load Reliability Index Curve – Accidental Impact 
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Figure 4.16: Axial Load Fragility Curve – Accidental Impact 

The reliability curves corresponding to the different vehicle types generally 

follow the same trend, but show more variation than other parameters, similar to the 

intentional impact scenario.  The reliability index consistently increases, and therefore, 

the probability of failure consistently decreases as the axial load is increased.  Like the 

intentional scenario, the fragility curves for the delivery truck, water truck, and semi-

truck classes display a very flat trend, indicating extremely high failure probabilities for 

all axial load values.  The smallest two vehicle classes demonstrate more variation as the 

axial load is increased.  

Table 4.18 provides the values of the largest decrease in the probability of failure 

for the different vehicle classes and at which change of axial load the maximum decrease 

occurs. 
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Table 4.18: Axial Load Incremental % Change – Accidental Impact 

Axial Load Incremental % Change 
Vehicle Class Maximum % Change From: To: 

Car -8.81% 15% 25% 
SUV -3.77% 55% 65% 

Delivery Truck -1.55% 85% 95% 
Water Truck -0.45% 85% 95% 
Semi-Truck -0.07% 85% 95% 

 

The values in Table 4.18 show that the lesser mass vehicles display a steeper decrease in 

failure probability at smaller axial loads.  It can also be seen that the decreases in failure 

probability are larger for the smaller mass vehicles compared to that of the larger mass 

vehicles.  Table 4.19 presents the percentage change in the probability of failure of the 

bridge pier with a ten percent increase in the axial load. 

Table 4.19: Axial Load % Change in Failure Probability – Accidental Impact 

Vehicle Class % Change in 
Axial Load 

% Change in 
Probability of Failure 

Car 10% -0.49% 
SUV 10% -0.42% 

Delivery Truck 10% -0.12% 
Water Truck 10% -0.03% 
Semi-Truck 10% 0.00% 

 

The values in Table 4.19 demonstrate that the a ten percent increase in the axial 

load can results in up to a 0.49% decrease in the probability of failure of the bridge pier 

subject to an accidental vehicular impact load.  The values in the table indicate that the 

axial load influences the probability of failure of the bridge pier, but very minimally for 

vehicle masses of 5,000 kilograms (11,000 pounds) and greater. 

The axial load fragility curves were very similar for both the intentional and 

accidental vehicular impact loading scenarios.  Both reliability index and failure 
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probability curves followed the same shape.  From the figures and tables presented, it can 

be seen that the axial load is influential on the reliability of the bridge pier.  The 

accidental scenario displays steeper curves than the intentional scenario for the bigger 

vehicle classes, which indicates the axial load has greater influence when vehicles are 

travelling with higher masses and lesser speeds and accelerations.  For the car vehicle 

class, the axial load has greater influence when vehicles are travelling at higher speeds 

and accelerations. 

4.1.5 Sensitivity Analysis of Vehicle Velocity 

In the intentional impact sensitivity analysis of the vehicle velocity, the vehicle 

velocity is increased from 90 kilometers per hour (55 miles per hour) to 170 kilometers 

per hour (105 miles per hour), in increments of 10 kilometers per hour (6 miles per hour), 

while all other variables are kept constant.  The reliability curves for the sensitivity 

analysis of the vehicle velocity due to intentional vehicular impact are displayed in 

Figures 4.17 and 4.18.  

     

Figure 4.17: Vehicle Velocity Reliability Index Curve – Intentional Impact 
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Figure 4.18: Vehicle Velocity Fragility Curve – Intentional Impact 

The reliability curves corresponding to the different vehicle types generally 

follow the same trend.  The reliability index consistently decreases as the vehicle velocity 

increases, and therefore, the probability of failure consistently increases as the vehicle 

velocity increases.  Table 4.20 provides the values of the largest decrease in the 

probability of failure for the different vehicle classes and at which change of vehicle 

velocity the maximum decrease occurs. 

Table 4.20: Vehicle Velocity Incremental % Change – Intentional Impact 

Vehicle Velocity Incremental % Change 
Vehicle Class Maximum % Change From: To: 

Car 2.37% 90 kmh/h 100 kmh/h 
SUV 1.44% 90 kmh/h 100 kmh/h 

Delivery Truck 0.28% 90 kmh/h 100 kmh/h 
Water Truck 0.04% 90 kmh/h 100 kmh/h 
Semi-Truck 0.01% 100 kmh/h 110 kmh/h 

 

The values in Table 4.20 demonstrate that the curves get flatter as the vehicle 

velocity gets higher.  This means that the increase of failure probability becomes smaller 
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with each increase in vehicle velocity.  The percentages representing the largest increase 

in failure probability, provided in Table 4.20, indicate that as the vehicle mass is 

increased, the change in failure probability is lesser and the fragility curves are flatter 

than that of a smaller mass vehicle.  The values above also indicate that the vehicle 

velocity has small influence on the reliability of the bridge pier.  

Table 4.21 presents the percentage change in the probability of failure of the 

bridge pier with a ten percent increase in the vehicle velocity. 

Table 4.21: Vehicle Velocity % Change in Failure Probability – Intentional Impact 

Vehicle Class % Change in 
Vehicle Velocity 

% Change in 
Probability of Failure 

Car 10% 1.68% 
SUV 10% 0.83% 

Delivery Truck 10% 0.12% 
Water Truck 10% 0.02% 
Semi-Truck 10% 0.00% 

 

The values in Table 4.21 demonstrate that the a ten percent increase in the vehicle 

velocity can results in up to a 1.68% increase in the probability of failure of the bridge 

pier subject to an intentional vehicular impact load.  The values in the table indicate that 

the vehicle velocity influences the probability of failure of the bridge pier, but very 

minimally for vehicle masses of 5,000 kilograms (11,000 pounds) and greater. 

In the accidental impact sensitivity analysis of the vehicle velocity, the vehicle 

velocity is increased from 30 kilometers per hour (20 miles per hour) to 110 kilometers 

per hour (70 miles per hour), in increments of 10 kilometers per hour (6 miles per hour), 

while all other variables are kept constant.  The reliability curves for the sensitivity 

analysis of the vehicle velocity due to accidental vehicular impact are displayed in 

Figures 4.19 and 4.20.  
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Figure 4.19: Vehicle Velocity Reliability Index Curve - Accidental Impact 

 
 

Figure 4.20: Vehicle Velocity Fragility Curve – Accidental Impact 

The reliability curves corresponding to the different vehicle types generally 

follow the same trend.  The reliability index consistently decreases as the vehicle velocity 

increases, and therefore, the probability of failure consistently increases as the vehicle 

velocity increases.  Table 4.22 provides the values of the largest decrease in the 
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probability of failure for the different vehicle classes and at which change of vehicle 

velocity the maximum decrease occurs. 

Table 4.22: Vehicle Velocity Incremental % Change – Accidental Impact 

Vehicle Velocity Incremental % Change 
Vehicle Class Maximum % Change From: To: 

Car 7.67% 50 kmh/h 40 kmh/h 
SUV 10.52% 50 kmh/h 40 kmh/h 

Delivery Truck 7.38% 50 kmh/h 40 kmh/h 
Water Truck 3.73% 50 kmh/h 40 kmh/h 
Semi-Truck 1.18% 50 kmh/h 40 kmh/h 

 

The values in Table 4.22 demonstrate that the curves get flatter as the vehicle 

velocity gets higher.  This means that the increase of failure probability becomes smaller 

with each increase in vehicle velocity.  The percentages representing the largest increase 

in failure probability, provided in Table 4.22, indicate that the three smaller vehicle 

classes, with masses less than 4,500 kilograms (10,000 pounds), have similar changes in 

failure probability.  With the larger vehicle classes, the change in failure probability 

dissipates as the vehicle mass is increased and the fragility curves are flatter than that of a 

smaller mass vehicle.  The values above also indicate that the vehicle velocity has small 

influence on the reliability of the bridge pier.  

Table 4.23 presents the percentage change in the probability of failure of the 

bridge pier with a ten percent increase in the vehicle velocity. 

Table 4.23: Vehicle Velocity % Change in Failure Probability – Accidental Impact 

Vehicle Class % Change in 
Vehicle Velocity 

% Change in 
Probability of Failure 

Car 10% 1.55% 
SUV 10% 1.60% 

Delivery Truck 10% 0.73% 
Water Truck 10% 0.28% 
Semi-Truck 10% 0.08% 
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The values in Table 4.23 demonstrate that the a ten percent increase in the vehicle 

velocity can results in up to a 1.60% increase in the probability of failure of the bridge 

pier subject to an accidental vehicular impact load.  The values in the table indicate that 

the vehicle velocity influences the probability of failure of the bridge pier for all vehicle 

classes. 

The vehicle velocity fragility curves were very similar for both the intentional and 

accidental vehicular impact loading scenarios.  Both reliability index and failure 

probability curves followed the same shape.  From the figures and tables presented, it can 

be seen that the vehicle velocity is influential on the reliability of the bridge pier.  The 

accidental scenario displays much larger increases in failure probability than the 

intentional scenario. This indicates that the vehicle velocity has greater influence when 

vehicles are travelling at lesser speeds and accelerations due to the high probabilities of 

failure regardless of the speed with the intentional impact. 

4.1.6 Sensitivity Analysis of Vehicle Acceleration 

In the intentional impact sensitivity analysis of the vehicle acceleration, the 

vehicle acceleration is increased from 1 m/s2 (3.3 ft/s2) to 5 m/s2 (16.4 ft/s2), in increments 

of 0.50 m/s2 (1.6 ft/s2), while all other variables are kept constant.  The reliability curves 

for the sensitivity analysis of the vehicle acceleration due to intentional vehicular impact 

are displayed in Figures 4.21 and 4.22.  
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Figure 4.21: Acceleration Reliability Index Curve - Intentional Impact 

 

Figure 4.22: Acceleration Fragility Curve – Intentional Impact 

The reliability curves corresponding to the different vehicle types generally 

follow the same trend.  For all the vehicle classes, both the reliability index and 

probability of failure curves display a horizontal line, indicating that the vehicle 
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acceleration has little to no influence on the reliability index and probability of failure of 

the reinforced concrete bridge pier. 

Table 4.24 provides the values of the minimum and maximum changes in the 

probability of failure for the different vehicle classes with an incremental increase in 

vehicle acceleration.   

Table 4.24: Acceleration Incremental % Change – Intentional Impact 

Vehicle Acceleration Incremental % Change 
Vehicle Class Minimum % Change Maximum % Change 

Car 0.06% 0.40% 
SUV 0.03% 0.23% 

Delivery Truck 0.01% 0.06% 
Water Truck 0.00% 0.01% 
Semi-Truck 0.00% 0.01% 

 

The minimum and maximum values in Table 4.24 show that the incremental fluctuations 

are minimal, with the largest fluctuation not exceeding 0.40%.  These small values 

confirm that the vehicle acceleration has little influence on the reliability of the bridge 

pier.  Table 4.25 presents the percentage change in the probability of failure of the bridge 

pier with a ten percent increase in the vehicle acceleration. 

Table 4.25: Acceleration % Change in Failure Probability – Intentional Impact 

Vehicle Class % Change in 
Vehicle Acceleration 

% Change in 
Probability of Failure 

Car 10% 0.05% 
SUV 10% 0.03% 

Delivery Truck 10% 0.01% 
Water Truck 10% 0.00% 
Semi-Truck 10% 0.00% 

 

The values in Table 4.25 demonstrate that a ten percent increase in the vehicle 

acceleration can results in up to a 0.05% increase in the probability of failure of the 
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bridge pier subject to an intentional vehicular impact load.  The values in the table 

indicate that the vehicle acceleration has little to no influence on the probability of failure 

of the bridge pier for all vehicle classes. 

In the accidental impact sensitivity analysis of the vehicle acceleration, the 

vehicle acceleration is decreased from -1 m/s2 (-3.3 ft/s2) to -5 m/s2 (-16.4 ft/s2), in 

increments of 0.50 m/s2 (1.6 ft/s2), while all other variables are kept constant.  The 

negative implies that the vehicle is decelerating, unlike the positive acceleration in the 

intentional impact scenario.  The reliability curves for the sensitivity analysis of the 

vehicle acceleration due to accidental vehicular impact are displayed in Figures 4.23 and 

4.24.  

     
 

Figure 4.23: Deceleration Reliability Index Curve – Accidental Impact 
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Figure 4.24: Deceleration Fragility Curve – Accidental Impact 

The reliability curves corresponding to the different vehicle types generally 

follow the same trend.  For all the vehicle classes, both the reliability index and 

probability of failure curves display a horizontal line, indicating that, like the intentional 

impact scenario, the vehicle deceleration has little to no influence on the reliability index 

and probability of failure of the reinforced concrete bridge pier. 

Table 4.26 provides the values of the minimum and maximum changes in the 

probability of failure for the different vehicle classes with an incremental increase in 

vehicle deceleration.   

Table 4.26: Deceleration Incremental % Change – Accidental Impact 

Vehicle Deceleration Incremental % Change 
Vehicle Class Minimum % Change Maximum % Change 

Car -0.70% -0.07% 
SUV -0.63% 0.07% 

Delivery Truck -0.16% -0.06% 
Water Truck -0.05% -0.03% 
Semi-Truck -0.01% 0.00% 
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The minimum and maximum values in Table 4.26 show that the incremental fluctuations 

are minimal, with the largest fluctuation barely exceeding 0.05%.  These small values 

confirm that the vehicle deceleration has little influence on the reliability of the bridge 

pier.  Table 4.27 presents the percentage change in the probability of failure of the bridge 

pier with a ten percent increase in the vehicle deceleration. 

Table 4.27: Deceleration % Change in Failure Probability – Accidental Impact 

Vehicle Class % Change in 
Vehicle Deceleration 

% Change in 
Probability of Failure 

Car 10% -0.07% 
SUV 10% -0.05% 

Delivery Truck 10% -0.02% 
Water Truck 10% -0.01% 
Semi-Truck 10% 0.00% 

 

The values in Table 4.27 demonstrate that a ten percent increase in the vehicle 

acceleration can results in up to a 0.05% decrease in the probability of failure of the 

bridge pier subject to an accidental vehicular impact load.  The values in the table 

indicate that the vehicle deceleration has little to no influence on the probability of failure 

of the bridge pier for all vehicle classes. 

Both the intentional and accidental scenarios resulted in the same conclusion.  

Though there were slight variations in the reliability indices and failure probabilities, the 

incremental changes do not exceed 0.70% amongst both scenarios.  Using this analysis, it 

can be seen that the vehicle acceleration does not influence the reliability of a reinforced 

concrete bridge pier in neither an intentional vehicular impact event nor an accidental 

vehicular impact event. 
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4.1.7 Sensitivity Analysis of Vehicle Mass 

In the impact sensitivity analysis of the vehicle mass, the vehicle masses 

correspond to the vehicle classes as seen in Table 4.28.  

Table 4.28 Vehicle Class and Corresponding Mass 

Vehicle Class Mass (kg) Mass (lb) 
Car 2,270 5,004 

SUV/Van 4,540 10,009 
Small Moving Van/Delivery Truck 8,170 18,012 

Moving Van/Water Truck 11,800 26,015 
Semi-Truck/Trailer 19,100 42,108 

 

The percentage change of the probability of failure between the different vehicle masses 

is calculated for each of the parameter’s individual sensitivity analysis.  For each 

analysis, the percentage changes in the probability of failure of the bridge pier are 

calculated and then averaged for a ten percent increase in vehicle mass.  Tables 4.29 and 

4.30 present the percentage change in the probability of failure of the bridge pier with a 

ten percent increase in the vehicle mass for the intentional and accidental impact 

scenarios, respectively. 

Table 4.29: Vehicle Mass % Change in Failure Probability - Intentional 

Vehicle Mass Incremental % Change 

Analysis % Change in  
Vehicle Mass 

% Change in  
Probability of Failure 

Reinforcement Ratio 10% 1.02% 
Pier Radius 10% 0.72% 
Pier Height 10% 0.78% 
Axial Load 10% 0.58% 

Vehicle Velocity 10% 0.72% 
Vehicle Acceleration 10% 0.78% 
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Table 4.30: Vehicle Mass Incremental % Change in Failure Probability - 

Accidental 

Vehicle Mass Incremental % Change 

Analysis % Change in  
Vehicle Mass 

% Change in  
Probability of Failure 

Reinforcement Ratio 10% 1.40% 
Pier Radius 10% 0.95% 
Pier Height 10% 1.10% 
Axial Load 10% 0.93% 

Vehicle Velocity 10% 1.25% 
Vehicle Acceleration 10% 1.10% 

 

The values in Tables 4.29 and 4.30 demonstrate that a ten percent increase in the 

charge weight can results in up to a 1.02% and 1.40% increase in the probability of 

failure of the bridge pier for the intentional and accidental impact scenarios, respectively.  

The intentional and accidental impact loading scenarios have a similar pattern in the 

probability of failure percentage changes. Tables 4.29 and 4.30 show that the vehicle 

mass has a greater influence on the probability of failure in the accidental impact loading 

scenario compared to the intentional impact loading scenario.  The values in the tables 

indicate that the vehicle mass influences the probability of failure of the bridge pier.   

4.2 Conclusions 

A summary of the results from the intentional and accidental vehicular impact is 

presented in Tables 4.31 and 4.32, respectively.  The tables present the percentage change 

in the probability of failure of the bridge pier with a ten percent increase in resistance and 

loading parameters.  This allows for the parameters that most contribute to the probability 

of failure to be identified and arranged according to their level of influence. 
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Table 4.31A: Probability of Failure Overview for the Intentional Impact 

Intentional Vehicular Impact Loading: Resistance Parameters 
% Change in Probability of Failure due to Impact Loading 

Reinforcement Ratio 

Vehicle Class % Change in  
Reinforcement Ratio 

% Change in  
Probability of Failure 

Car 10% -0.43% 
SUV 10% -0.25% 

Delivery Truck 10% -0.06% 
Water Truck 10% -0.01% 
Semi-Truck 10% 0.00% 

Pier Radius 

Vehicle Class % Change in  
Pier Radius 

% Change in  
Probability of Failure 

Car 10% -3.60% 
SUV 10% -2.53% 

Delivery Truck 10% -1.18% 
Water Truck 10% -0.44% 
Semi-Truck 10% -0.09% 

Pier Height 

Vehicle Class % Change in  
Pier Height 

% Change in  
Probability of Failure 

Car 10% 0.01% 
SUV 10% 0.02% 

Delivery Truck 10% 0.00% 
Water Truck 10% 0.00% 
Semi-Truck 10% 0.00% 

Axial Load 

Vehicle Class % Change in  
Axial Load 

% Change in  
Probability of Failure 

Car 10% -0.62% 
SUV 10% -0.27% 

Delivery Truck 10% -0.04% 
Water Truck 10% -0.01% 
Semi-Truck 10% 0.00% 
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Table 4.31B: Probability of Failure Overview for the Intentional Impact 

Intentional Vehicular Impact Loading: Loading Parameters 
% Change in Probability of Failure due to Impact Loading 

Vehicle Velocity 

Vehicle Class % Change in  
Vehicle Velocity 

% Change in  
Probability of Failure 

Car 10% 1.68% 
SUV 10% 0.83% 

Delivery Truck 10% 0.12% 
Water Truck 10% 0.02% 
Semi-Truck 10% 0.00% 

Vehicle Acceleration 

Vehicle Class % Change in  
Vehicle Acceleration 

% Change in  
Probability of Failure 

Car 10% 0.05% 
SUV 10% 0.03% 

Delivery Truck 10% 0.01% 
Water Truck 10% 0.00% 
Semi-Truck 10% 0.00% 

Vehicle Mass 

Analysis % Change in  
Vehicle Mass 

% Change in  
Probability of Failure 

Reinforcement Ratio 10% 1.02% 
Pier Radius 10% 0.72% 
Pier Height 10% 0.78% 
Axial Load 10% 0.58% 

Vehicle Velocity 10% 0.72% 
Vehicle Acceleration 10% 0.78% 
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Table 4.32A: Probability of Failure Overview for the Accidental Impact 

Accidental Vehicular Impact Loading: Resistance Parameters 
% Change in Probability of Failure due to Impact Loading 

Reinforcement Ratio 

Vehicle Class % Change in  
Reinforcement Ratio 

% Change in  
Probability of Failure 

Car 10% -0.47% 
SUV 10% -0.33% 

Delivery Truck 10% -0.14% 
Water Truck 10% -0.04% 
Semi-Truck 10% -0.01% 

Pier Radius 

Vehicle Class % Change in  
Pier Radius 

% Change in  
Probability of Failure 

Car 10% -3.63% 
SUV 10% -3.01% 

Delivery Truck 10% -1.77% 
Water Truck 10% -0.89% 
Semi-Truck 10% -0.27% 

Pier Height 

Vehicle Class % Change in  
Pier Height 

% Change in  
Probability of Failure 

Car 10% -0.01% 
SUV 10% -0.02% 

Delivery Truck 10% 0.00% 
Water Truck 10% 0.00% 
Semi-Truck 10% 0.00% 

Axial Load 

Vehicle Class % Change in  
Axial Load 

% Change in  
Probability of Failure 

Car 10% -0.49% 
SUV 10% -0.42% 

Delivery Truck 10% -0.12% 
Water Truck 10% -0.03% 
Semi-Truck 10% 0.00% 
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Table 4.32B: Probability of Failure Overview for the Accidental Impact 

Accidental Vehicular Impact Loading: Loading Parameters 
% Change in Probability of Failure due to Impact Loading 

Vehicle Velocity 

Vehicle Class % Change in  
Vehicle Velocity 

% Change in  
Probability of Failure 

Car 10% 1.55% 
SUV 10% 1.60% 

Delivery Truck 10% 0.73% 
Water Truck 10% 0.28% 
Semi-Truck 10% 0.08% 

Vehicle Deceleration 

Vehicle Class % Change in  
Vehicle Deceleration 

% Change in  
Probability of Failure 

Car 10% -0.07% 
SUV 10% -0.05% 

Delivery Truck 10% -0.02% 
Water Truck 10% -0.01% 
Semi-Truck 10% 0.00% 

Vehicle Mass 

Analysis % Change in  
Vehicle Mass 

% Change in  
Probability of Failure 

Reinforcement Ratio 10% 1.40% 
Pier Radius 10% 0.95% 
Pier Height 10% 1.10% 
Axial Load 10% 0.93% 

Vehicle Velocity 10% 1.25% 
Vehicle Acceleration 10% 1.10% 

 

 The investigation led to the identification of the following pier resistance factors, 

in descending order, that most likely contribute to failure in the intentional and accidental 

impact events: 1) pier radius 2) axial load in the pier 3) reinforcement ratio and 4) pier 

height.   

 The investigation also led to the identification of the following impact loading 

factors, in descending order, that most likely contribute to failure with the smaller vehicle 
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classes: 1) vehicle speed 2) vehicle mass and 3) vehicle acceleration.  For the larger 

vehicle classes, the following impact loading factors, in descending order, that most 

contribute to failure in the impact event are identified: 1) vehicle mass 2) vehicle speed 

and 3) vehicle acceleration. 

 Current countermeasures are typically intended to slow the vehicle or increase the 

distance between the roadway and pier. According to the results, this method of reducing 

the accessibility and vulnerability of the bridge pier lowers the probability of failure by a 

substantial amount.  Design countermeasures to reduce the probability of failure include 

increasing the diameter of the pier radius to provide a larger gross area of concrete and 

increasing the reinforcement ratio by either adding more vertical reinforcing bars or 

increasing the bar size. Another countermeasure is to provide protection surrounding the 

bridge pier, such as barriers, to reduce the accessibility and vulnerability of the bridge 

piers.  
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CHAPTER 5 

BLAST ANALYSIS 

 This chapter includes the analysis of a circular reinforced concrete bridge pier 

subject to intentional blast loading.  Explosions produce pressures with extremely high-

intensity that are short in duration.  Blast effects on structural elements depend on the 

standoff distance and the magnitude of the explosive (Doege & Gebbeken, n.d.), where 

the standoff distance is the distance between the explosive location and the affected 

structure.   

 The reliability analysis of the bridge pier subject to the blast loading follows the 

methodology outline explained in Section 3.1.2.  Using the procedures and equations 

defined in Sections 3.2 and 3.3, the reliability and sensitivity analyses are completed with 

the MATLAB code developed and inserted in Appendix B for the analysis of a circular 

reinforced concrete bridge pier subject to intentional blast loading.  The results of the 

blast reliability and sensitivity analyses are presented next. 

5.1 Intentional Blast Loading 

 The principal focus of this study is on intentional blast loading transported by a 

vehicle with a small standoff distance.  Due to the objective of terrorism, to cause chaos 

or disruption, the standoff distance is taken as minimal to cause the largest pressure, 

resulting in the largest amount of damage.  However, in order to completely understand 

blast loading, multiple standoff distances are also considered.  The purpose of 

considering multiple standoff distances, along with multiple resistance-loading scenarios, 

is to allow for the severity and importance of understanding the effect of blast loading on 



	  

	   104	  

reinforced concrete bridge piers to be determined, along with identifying the most 

influential parameters contributing to probabilities of failure. 

 The variables and their corresponding statistical parameters used in the blast 

analysis are defined in Section 3.2.2 in Tables 3.3 and 3.4.  Table 5.1 shows values of the 

constant held parameters while the other parameter is varied in the blast-loading event.  A 

standoff distance of 5 meters is used, instead of 0 meters, throughout the analyses 

because it is assumed that the vehicle bomb is not at the front of the vehicle and that the 

vehicle rebounds off of the bridge pier at impact due to the force.   

Table 5.1: Constant Blast Parameters in Blast Sensitivity Analysis  

Variable Mean 

Pier Radius 0.25 m (0.82 ft) 
Pier Height 5 m (16.4 ft) 
Bar Number 7 
Axial Load 75%Pallow kN 

Standoff Distance 5 m (16.4 ft) 
Coefficient of Variation 0.33 
Mean-to-Nominal Ratio 1.0 

 

5.1.1 Sensitivity Analysis of Reinforcement Ratio 

 The reinforcement ratio is the ratio of the reinforcement steel area to the gross 

area of the bridge pier shown in Equation 4.1.  As seen in Table 5.1, the constant pier 

radius is taken as 0.25 meters (9.8 in).  With this radius, the gross area of the bridge pier 

is calculated as 1,964 cm2 (304.4 in2).  In the sensitivity analysis of the reinforcement 

ratio, the steel reinforcing area is increased while the additional variables are kept 

constant.  The bar numbers and their corresponding cross-sectional areas can be seen in 

Table 4.3.  The reinforcement ratio is increased by considering the eight reinforcing bars 

in the bridge pier and increasing the bar number with each iteration.   
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 The reliability curves for the sensitivity analysis of the reinforcement ratio due to 

blast loading are displayed in Figures 5.1 and 5.2.  The different curves demonstrate the 

analysis of the multiple charge weights, from 11.3 kilograms (25 pounds) of TNT to 453 

kilograms (1,000 pounds) of TNT.  Each sensitivity analysis for the specific parameters 

will be completed for each of the charge weights.   

 

Figure 5.1: Reinforcement Ratio Reliability Index Curve – Blast 
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Figure 5.2: Reinforcement Ratio Fragility Curve - Blast 

The reliability curves corresponding to the different charge weights generally 

follow the same trend.  The reliability index consistently increases as the reinforcement 

ratio increases, and therefore, the probability of failure consistently decreases as the 

reinforcement ratio increases.  Table 5.2 provides the values of the largest decrease in the 

probability of failure for the different charge weights and at which change of 

reinforcement ratio the maximum decrease occurs (e.g. the maximum change in the 

failure probability occurs from the use of a number 11 bar rather than a number 10 bar). 
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Table 5.2: Maximum Incremental Reinforcement Ratio Percentage Change 

Reinforcement Ratio Incremental % Change 
Charge Weight Maximum % Change From: To: 

25 lb TNT -18.02% #10 Bar #11 Bar 
50 lb TNT -14.03% #10 Bar #11 Bar 
75 lb TNT -10.28% #10 Bar #11 Bar 
100 lb TNT -7.40% #10 Bar #11 Bar 
200 lb TNT -1.53% #10 Bar #11 Bar 
400 lb TNT -0.23% #10 Bar #11 Bar 
600 lb TNT -0.09% #10 Bar #11 Bar 
800 lb TNT -0.05% #10 Bar #11 Bar 
1000 lb TNT -0.03% #10 Bar #11 Bar 

 

Table 5.2 demonstrates that the fragility curves get steeper as the bar numbers get 

higher.  This means that the decrease of failure probability becomes larger with each 

increase in bar size.  However, this is more evident in the smaller vehicles, as the larger 

vehicles display a much flatter curve.  The percentages representing the largest decrease 

in failure probability, provided in Table 5.2, indicate that as the vehicle mass is increased, 

the change in failure probability is lesser and the fragility curves are flatter than that of a 

smaller mass vehicle.  The curves representing charge weights of 90.7 kilograms (200 

pounds) of TNT and above indicate minimal variation in failure probability with 

increasing reinforcement area. This is due to the probabilities of failure of the larger 

charge weights being very high, regardless of the reinforcement ratio.   

Table 5.3 presents the percentage change in the probability of failure of the bridge 

pier with a percentage increase in the reinforcement ratio.  Tables for each parameter 

undergoing a sensitivity analysis are provided to allow for the most influential resistance 

and loading parameters to be identified.  For uniformity and ease of understanding, a 

percentage increase in the resistance and loading parameters will be held at ten percent. 
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Table 5.3: Reinforcement Ratio Percentage Change in Failure Probability - Blast 
 

Charge Weight Percentage Change in  
Reinforcement Ratio 

Percentage Change in 
 Probability of Failure 

25 lb TNT 10% -0.40% 
50 lb TNT 10% -0.29% 
75 lb TNT 10% -0.20% 
100 lb TNT 10% -0.13% 
200 lb TNT 10% -0.03% 
400 lb TNT 10% 0.00% 
600 lb TNT 10% 0.00% 
800 lb TNT 10% 0.00% 
1000 lb TNT 10% 0.00% 
 

The values in Table 5.3 demonstrate that the a ten percent increase in the 

reinforcement ratio can results in up to a 0.40% decrease in the probability of failure of 

the bridge pier.  The values in the table indicate that the reinforcement ratio influences 

the probability of failure of the bridge pier, but very minimally for charge weights of 90.7 

kilograms (200 pounds) of TNT and above.  

5.1.2 Sensitivity Analysis of Pier Radius 

In the sensitivity analysis of the pier radius, the pier radius is increased from 0.15 

meters (5.9 in) to 0.35 meters (13.8 in), in increments of 0.05 meters (2 in), while all 

other variables are kept constant.  The reliability curves for the sensitivity analysis of the 

pier radius due to blast loading are displayed in Figures 5.3 and 5.4.   
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Figure 5.3: Pier Radius Reliability Index Curve - Blast 

 

Figure 5.4: Pier Radius Fragility Curve - Blast 

The reliability curves corresponding to the different charge weights generally 

follow the same trend.  The reliability index consistently increases as the pier radius 

increases, and therefore, the probability of failure consistently decreases as the 

reinforcement ratio increases.  Table 5.4 provides the values of the largest decrease in the 
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probability of failure for the different charge weights and at which change of pier radius 

the maximum decrease occurs. 

Table 5.4: Maximum Incremental Pier Radius Percentage Change 

Pier Incremental % Change 
Charge Weight Maximum % Change From: To: 

25 lb TNT -5.34% 0.225 meters 0.250 meters 
50 lb TNT -4.21% 0.300 meters 0.325 meters 
75 lb TNT -3.61% 0.325 meters 0.350 meters 
100 lb TNT -3.08% 0.325 meters 0.350 meters 
200 lb TNT -0.87% 0.325 meters 0.350 meters 
400 lb TNT -0.12% 0.325 meters 0.350 meters 
600 lb TNT -0.04% 0.325 meters 0.350 meters 
800 lb TNT -0.03% 0.325 meters 0.350 meters 
1000 lb TNT -0.01% 0.325 meters 0.350 meters 
 

These values show that the lesser charge weights display a steeper decrease in 

failure probability at smaller pier radii.  The curves representing charge weights of 90.7 

kilograms (200 pounds) of TNT and above indicate minimal variation in failure 

probability with increasing reinforcement area. This is due to the probabilities of failure 

of the larger charge weights being very high, regardless of the pier radius.  These changes 

in failure probability are fairly small, indicating flatter curves, even for the smaller charge 

weights.  This confirms that the pier radius is influential on the probability of failure of 

the reinforced concrete bridge pier when subject to blast loading of 45.4 kilograms (100 

pounds) of TNT or less at small standoff distances. 

Table 5.5 presents the percentage change in the probability of failure of the bridge 

pier with a ten percent increase in the pier radius. 
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Table 5.5: Pier Radius Percentage Change in Failure Probability - Blast 

Charge Weight Percentage Change in 
 Pier Radius 

Percentage Change in 
 Probability of Failure 

25 lb TNT 10% -2.31% 
50 lb TNT 10% -1.69% 
75 lb TNT 10% -1.17% 
100 lb TNT 10% -0.80% 
200 lb TNT 10% -0.18% 
400 lb TNT 10% -0.03% 
600 lb TNT 10% -0.01% 
800 lb TNT 10% -0.01% 
1000 lb TNT 10% 0.00% 

 

The values in Table 5.5 demonstrate that the a ten percent increase in the pier 

radius can results in up to a 2.31% decrease in the probability of failure of the bridge pier.  

The values in the table indicate that the pier radius influences the probability of failure of 

the bridge pier, but very minimally for charge weights of 181.4 kilograms (400 pounds) 

of TNT and above.  

5.1.3 Sensitivity Analysis of Pier Height 

In the sensitivity analysis of the pier height, the pier height is increased from 4.5 

meters (14.8 ft) to 8.5 meters (27.9 ft), in increments of 0.50 meters (1.6 ft), while all 

other variables are kept constant.  The reliability curves for the sensitivity analysis of the 

pier height due to blast loading are displayed in Figures 5.5 and 5.6.  
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Figure 5.5: Pier Height Reliability Index Curve - Blast 

 

Figure 5.6: Pier Height Fragility Curve - Blast 

For the smaller charge weights, the reliability curves corresponding to the 

different charge weights generally follow the same trend.  The reliability index 

consistently decreases as the pier height increases.  The fragility curves increase at the 

beginning but as the pier height is increased, the curves flatten out, reaching close to 
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100% probability of failure.  Table 5.6 provides the values of the largest increase in the 

probability of failure for the different charge weights and at which change of pier height 

the maximum increase occurs. 

Table 5.6: Maximum Incremental Pier Height Percentage Change 

Pier Height Incremental % Change 
Charge Weight Maximum % Change From: To: 

25 lb TNT 12.14% 4.5 meters 5.0 meters 
50 lb TNT 8.05% 4.5 meters 5.0 meters 
75 lb TNT 4.91% 4.5 meters 5.0 meters 
100 lb TNT 2.88% 4.5 meters 5.0 meters 
200 lb TNT 0.44% 4.5 meters 5.0 meters 
400 lb TNT 0.08% 4.5 meters 5.0 meters 
600 lb TNT 0.04% 4.5 meters 5.0 meters 
800 lb TNT 0.02% 4.5 meters 5.0 meters 
1000 lb TNT 0.02% 5.0 meters 5.5 meters 
 

  These values confirm that the lesser charge weights display a steeper increase in 

failure probability at smaller pier heights. The curves representing charge weights of 90.7 

kilograms (200 pounds) of TNT and above indicate minimal variation in failure 

probability with increasing pier heights. This is due to the probabilities of failure of the 

larger charge weights being very high, regardless of the pier height.  These changes in 

failure probability are fairly small, indicating flat curves, even for the smaller charge 

weights.  This confirms that the pier height is influential on the probability of failure of 

the reinforced concrete bridge pier when subject to blast loading of 45.4 kilograms (100 

pounds) of TNT or less at small standoff distances. 

Table 5.7 presents the percentage change in the probability of failure of the bridge 

pier with a ten percent increase in the pier height. 
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Table 5.7: Pier Height Percentage Change in Failure Probability - Blast 

Charge Weight Percentage Change in 
Pier Height 

Percentage Change in 
 Probability of Failure 

25 lb TNT 10% 4.14% 
50 lb TNT 10% 2.05% 
75 lb TNT 10% 1.04% 
100 lb TNT 10% 0.56% 
200 lb TNT 10% 0.09% 
400 lb TNT 10% 0.02% 
600 lb TNT 10% 0.01% 
800 lb TNT 10% 0.01% 
1000 lb TNT 10% 0.01% 

 

The values in Table 5.7 demonstrate that the a ten percent increase in the pier 

height can results in up to a 4.14% increase in the probability of failure of the bridge pier.  

The values in the table indicate that the pier height influences the probability of failure of 

the bridge pier, but very minimally for charge weights of 90.7 kilograms (200 pounds) of 

TNT and above.  

5.1.4 Sensitivity Analysis of Axial Load 

In the sensitivity analysis of the axial load, the axial load is increased from 15% 

of the allowable axial load to the 95% of the allowable axial load, while the additional 

variables are kept constant. The reliability curves for the sensitivity analysis of the axial 

load due to blast loading are displayed in Figures 5.7 and 5.8.  
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Figure 5.7: Axial Load Reliability Index Curve - Blast 

 

Figure 5.8: Axial Load Fragility Curve - Blast 

The reliability curves corresponding to the different charge weights generally 

follow the same trend.  The reliability index consistently increases as the axial load 

increases, and therefore, the probability of failure consistently decreases as the axial load 

increases.  Table 5.8 provides the values of the largest decrease in the probability of 
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failure for the different charge weights and at which change of axial load the maximum 

decrease occurs. 

Table 5.8: Maximum Incremental Axial Load Percentage Change 

Axial Load Incremental % Change 
Charge Weight Maximum % Change From: To: 

25 lb TNT -4.40% 45% 55% 
50 lb TNT -2.79% 65% 75% 
75 lb TNT -1.96% 85% 95% 
100 lb TNT -1.24% 85% 95% 
200 lb TNT -0.21% 85% 95% 
400 lb TNT -0.03% 85% 95% 
600 lb TNT -0.02% 85% 95% 
800 lb TNT -0.01% 85% 95% 
1000 lb TNT -0.01% 65% 75% 

 

These values show that the smaller charge weights display a steeper decrease in 

failure probability at smaller axial loads than the larger charge weights.  The curves 

representing charge weights of 90.7 kilograms (200 pounds) of TNT and above indicate 

minimal variation in failure probability with increasing axial load. This is due to the 

probabilities of failure of the larger charge weights being very high, regardless of the 

axial load.  These changes in failure probability are fairly small, indicating flat curves, 

even for the smaller charge weights.  This confirms that the axial is marginally influential 

on the probability of failure of the reinforced concrete bridge pier when subject to blast 

loading of 45.4 kilograms (100 pounds) of TNT or less at small standoff distances. 

Table 5.9 presents the percentage change in the probability of failure of the bridge 

pier with a ten percent increase in the axial load. 
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Table 5.9: Axial Load Percentage Change in Failure Probability - Blast 

Charge 
Weight 

Percentage Change in 
Axial Load 

Percentage Change in 
 Probability of Failure 

25 lb TNT 10% -0.44% 
50 lb TNT 10% -0.25% 
75 lb TNT 10% -0.14% 
100 lb TNT 10% -0.08% 
200 lb TNT 10% -0.01% 
400 lb TNT 10% 0.00% 
600 lb TNT 10% 0.00% 
800 lb TNT 10% 0.00% 
1000 lb TNT 10% 0.00% 

 

The values in Table 5.9 demonstrate that the a ten percent increase in the axial 

load can results in up to a 0.44% decrease in the probability of failure of the bridge pier.  

The values in the table indicate that the axial load influences the probability of failure of 

the bridge pier, but very minimally for charge weights of 45.4 kilograms (100 pounds) of 

TNT and above.  

5.1.5 Sensitivity Analysis of Standoff Distance 

In the sensitivity analysis of the standoff distance, the standoff distance is 

increased from 4.0 meters (13.1 ft) to 20.0 meters (65.6 ft), while the additional variables 

are kept constant.  The reliability curves for the sensitivity analysis of the standoff 

distance due to blast loading are displayed in Figures 5.9 and 5.10.  
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Figure 5.9: Standoff Distance Reliability Index Curve - Blast 

 

Figure 5.10: Standoff Distance Fragility Curve - Blast 

The reliability curves corresponding to the different charge weights generally 

follow the same trend.  The reliability index consistently increases and then flattens out 

as the standoff distance increases.  Consequently, the probability of failure consistently 

decreases and then flattens out as the standoff distance increases.  Table 5.10 provides the 



	  

	   119	  

values of the largest decrease in the probability of failure for the different charge weights 

and at which change of standoff distance the maximum decrease occurs. 

Table 5.10: Maximum Incremental Standoff Distance Percentage Change 

Standoff Distance Incremental % Change 
Charge Weight Maximum % Change From: To: 

25 lb TNT -15.48% 4.0 meters 6.0 meters 
50 lb TNT -13.13% 4.0 meters 6.0 meters 
75 lb TNT -11.56% 6.0 meters 8.0 meters 
100 lb TNT -11.08% 6.0 meters 8.0 meters 
200 lb TNT -8.99% 8.0 meters 10.0 meters 
400 lb TNT -7.40% 10.0 meters 12.0 meters 
600 lb TNT -6.60% 12.0 meters 14.0 meters 
800 lb TNT -6.08% 14.0 meters 16.0 meters 
1000 lb TNT -5.47% 14.0 meters 16.0 meters 

 

These values show that as the charge weight increases, the maximum change in 

failure probability occurs at a larger standoff distance.  It is right after this location that 

the reliability index and probability of failure curves begin to flatten.  Thus, the fragility 

curves representing smaller charge weights flatten out more quickly than the fragility 

curves representing larger charge weights.  With this concept and the values in Table 

5.10, it can be seen that standoff distance influences the failure probability of the bridge 

pier with smaller charge weights at closer distances and then dissipates at larger 

distances.  The standoff distance influences the failure probability of the bridge pier with 

larger charge weights at larger distances.  Still, the maximum percentage decreases in the 

probability of failure with changing standoff distances are larger for smaller charge 

weights than larger charge weights.  This implies that a change in standoff distances has 

greater influence with smaller charge weights. 

Table 5.11 presents the percentage change in the probability of failure of the 

bridge pier with a ten percent increase in the standoff distance. 
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Table 5.11: Standoff Distance Percentage Change in Failure Probability - Blast 

Charge Weight Percentage Change in 
Standoff Distance 

Percentage Change in 
 Probability of Failure 

25 lb TNT 10% -0.67% 
50 lb TNT 10% -0.79% 
75 lb TNT 10% -0.81% 
100 lb TNT 10% -0.81% 
200 lb TNT 10% -0.78% 
400 lb TNT 10% -0.70% 
600 lb TNT 10% -0.64% 
800 lb TNT 10% -0.57% 
1000 lb TNT 10% -0.51% 
 

The values in Table 5.11 demonstrate that the a ten percent increase in the 

standoff distance can results in up to a 0.81% decrease in the probability of failure of the 

bridge pier.  The values in the table indicate that the standoff distance influences the 

probability of failure of the bridge pier for all charge weights considered.  

5.1.6 Sensitivity Analysis of Charge Weight 

The percentage change of the probability of failure between the different charge 

weights is calculated for each of the parameter’s individual sensitivity analysis.  For each 

analysis, the percentage changes in the probability of failure of the bridge pier are 

calculated and then averaged for a ten percent increase in charge weight.  Table 5.12 

presents the percentage change in the probability of failure of the bridge pier with a ten 

percent increase in the charge weight. 

 

 

 

 

 



	  

	   121	  

Table 5.12: Charge Weight Percentage Change in Failure Probability - Blast 

Analysis % Change in  
Charge Weight 

% Change in  
Probability of Failure 

Reinforcement Ratio 10% 0.10% 
Pier Radius 10% 0.06% 
Pier Height 10% 0.02% 
Axial Load 10% 0.03% 

Standoff Distance 10% 0.08% 
 

The values in Table 5.12 demonstrate that a ten percent increase in the charge 

weight can results in up to a 0.10% increase in the probability of failure of the bridge 

pier.  The values in the table indicate that the charge weight influences the probability of 

failure of the bridge pier, but has less influence than the standoff distance.  

5.2 Blast Statistical Parameters 

	   Typical design codes do not account for blast loading.  Due to the limited 

information regarding blast loading, there are not statistical parameters regarding this 

loading.  Because of this, a value for the coefficient of variation is assumed for the blast 

loading moment and a sensitivity analysis is performed to determine the importance and 

probable value of this parameter.  The reliability curves for the sensitivity analysis of the 

coefficient of variation due to blast loading are displayed in Figures 5.11 and 5.12.  



	  

	   122	  

 

Figure 5.11: Coefficient of Variation Reliability Index Curve - Blast 

 

Figure 5.12: Coefficient of Variation Fragility Curve - Blast 

 The coefficient of variation is assumed to be 0.33 throughout the study.  In 

looking at the figures, this assumption is a good estimate of what the value should be for 

the blast coefficient of variation.  At a value of 0.33, the curves start to flatten out but still 

have variation.  It is important to understand that variation in blast can be a result of 
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several blast characteristics, including the type of blast, chemical properties of the blast, 

origin of the blast, and surrounding area of the blast location.  

	   Like the coefficient of variation, a value for the mean-to-nominal value is 

assumed for the blast loading moment and a sensitivity analysis is performed to 

determine the importance and probable value of this parameter.  The reliability curves for 

the sensitivity analysis of the mean-to-nominal due to blast loading are displayed in 

Figures 5.13 and 5.14.  

 

Figure 5.13: Mean-to-Nominal Ratio Reliability Index Curve - Blast 
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Figure 5.14: Mean-to-Nominal Ratio Fragility Curve - Blast 

The mean-to-nominal ratio is assumed to be 1.0 throughout the study.  In looking 

at the figures, this assumption is a good estimate of what the value should be for the blast 

mean-to-nominal ratio.  At a value of 1.0, the curves start to flatten out but still have 

variation.   

5.3 Conclusions 

A summary of the results from the blast loading is presented in Table 5.13. The 

table presents the percentage change in the probability of failure of the bridge pier with a 

ten percent increase in resistance and loading parameters.  This allows for the parameters 

that most contribute to the probability of failure to be identified and arranged according 

to their level of influence. 
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Table 5.13A: Probability of Failure Overview for the Blast Analysis 

% Change in Probability of Failure due to Blast Loading: Resistance 
Parameters 

Reinforcement Ratio 

Charge Weight 
% Change in  

Reinforcement Ratio 
% Change in  

Probability of Failure 
25 lb TNT 10% -0.40% 
50 lb TNT 10% -0.29% 
75 lb TNT 10% -0.20% 
100 lb TNT 10% -0.13% 

Pier Radius 

Charge Weight 
% Change in  
Pier Radius 

% Change in  
Probability of Failure 

25 lb TNT 10% -2.31% 
50 lb TNT 10% -1.69% 
75 lb TNT 10% -1.17% 
100 lb TNT 10% -0.80% 

Pier Height 

Charge Weight 
% Change in  
Pier Height 

% Change in  
Probability of Failure 

25 lb TNT 10% 4.14% 
50 lb TNT 10% 2.05% 
75 lb TNT 10% 1.04% 
100 lb TNT 10% 0.56% 

Axial Load 

Charge Weight 
% Change in  
Axial Load 

% Change in  
Probability of Failure 

25 lb TNT 10% -0.44% 
50 lb TNT 10% -0.25% 
75 lb TNT 10% -0.14% 
100 lb TNT 10% -0.08% 
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Table 5.13B: Probability of Failure Overview for the Blast Analysis 

% Change in Probability of Failure due to Blast Loading: Loading 
Parameters 

Standoff Distance 

Charge Weight 
% Change in  

Standoff Distance 
% Change in  

Probability of Failure 
25 lb TNT 10% -0.67% 
50 lb TNT 10% -0.79% 
75 lb TNT 10% -0.81% 
100 lb TNT 10% -0.81% 

Vehicle Mass 

Analysis % Change in  
Charge Weight 

% Change in  
Probability of Failure 

Reinforcement Ratio 10% 0.10% 
Pier Radius 10% 0.06% 
Pier Height 10% 0.02% 
Axial Load 10% 0.03% 

Standoff Distance 10% 0.08% 
 

 The investigation led to the identification of the following pier resistance factors, 

in descending order, that most likely contribute to failure in the blast loading event: 1) 

pier height 2) pier radius 3) reinforcement ratio and 4) axial load applied to the pier.  It 

should be understood that a decrease in the pier height decreases the probability of failure 

of the bridge pier whereas an increase in the other pier resistance factors decrease the 

probability of failure of the bridge pier. 

 The investigation also led to the identification of the following blast loading 

factors, in descending order, that most likely contribute to failure: 1) standoff distance 

and 2) charge weight.  It should be understood that an increase in the standoff distance 

decreases the probability of failure of the bridge pier whereas a decrease in the charge 

weight decreases the probability of failure of the bridge pier. 

 Current countermeasures are typically intended to increase the standoff distance. 

According to the results, this method of reducing the accessibility and vulnerability of the 
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bridge pier lowers the probability of failure by a substantial amount.  Design 

countermeasures to reduce the probability of failure include decreasing the pier height, 

increasing the diameter of the pier to provide a larger gross area of concrete, and 

increasing the reinforcement ratio by either adding more vertical reinforcing bars or 

increasing the bar size. Another countermeasure is to provide protection surrounding the 

bridge pier, such as barriers, to reduce the accessibility and vulnerability of the bridge 

piers and increase the standoff distance. 
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CHAPTER 6 

MULTI-HAZARD ANALYSIS 

 Multi-hazard engineering is a growing field as the possibility of multiple threats 

to structures becomes more apparent to structural engineers (Bell & Glade, 2004).  Multi-

hazard analysis has several advantages including the possibility for more accurate 

estimation of structural resiliency, or recovery, from intense loading, a better prediction 

of lifecycle cost of the structure, and structural health monitoring to increase structural 

efficiency and economic analysis (Agrawal, et. al., 2007).  Hazards produce intense 

demands on structures because of the different loading types and intensities and there 

exists a real possibility that a structure will undergo multiple short-duration, high-

intensity consecutive loadings.   

 The reliability analysis of the bridge pier subject to the impact and blast loading 

successively follows the methodology outlined in Section 3.1.2.  Using the procedures 

and equations defined in Sections 3.2 and 3.3, the reliability and sensitivity analyses are 

completed with a MATLAB code, included in Appendix C, developed for the analysis of 

a circular reinforced concrete bridge pier subject to intentional vehicular impact and blast 

loading, successively.  The results of the multi-hazard reliability and sensitivity analyses 

are presented hereafter. 

6.1 Multi-Hazard Analysis 

 The principal focus of the multi-hazard segment of this study is on intentional 

vehicular impact followed by blast loading, using a vehicle bomb at a small standoff 

distance.  The standoff distance is taken as minimal to consider maximum disruption to 

the reinforced concrete bridge pier, which is the intention of terrorism.  The variables and 
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their corresponding statistical parameters used in the multi-hazard analysis are defined in 

Section 3.2.2, Tables 3.3 and 3.4.  Table 6.1 shows the values of the constantly held 

parameters while the vehicle mass and charge weights are varied.  

Table 6.1: Constant Parameters in Multi-Hazard Sensitivity Analysis  

Variable Mean 

Pier Radius 0.25 m (0.82 ft) 
Pier Height 5 m (16.4 ft) 
Bar Number 7 
Axial Load 75%Pallow kN 

Standoff Distance 5 m (16.4 ft) 
Coefficient of Variation 0.33 
Mean-to-Nominal Ratio 1.0 

 

 In the multi-hazard reliability analysis, the probability of failure is first 

determined from the vehicular impact.  Based on this probability of failure, the moment 

resistance of the bridge pier is reduced and used in the reliability analysis with the blast 

loading.  Table 6.2 provides the resistance reduction factors corresponding to the 

probability of failure values from the vehicle impact reliability analysis.  The resistance 

reduction factors were developed in this thesis based on Ellingwood’s findings.   

Table 6.2: Pier Resistance Reduction  

Probability of Failure 
from Vehicle Impact Reduction 

0% < Pf  ≤ 12% 1σ 
12% < Pf ≤ 24% 2σ 
24% < Pf ≤ 36% 3σ 
36% < Pf ≤ 48% 4σ 
48% < Pf ≤ 60% 5σ 
60% < Pf ≤ 72% 6σ 
72% < Pf ≤ 84% 7σ 
84% < Pf ≤ 100% 8σ 
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 As explained in Section 3.2.1, Ellingwood defines the coefficient of variation of 

reinforced concrete, with Grade 60 steel, in flexure as 0.11.  The standard deviation (σ) 

used in the resistance reduction is defined as the moment resistance found in the impact 

reliability analysis multiplied by the coefficient of variation defined by Ellingwood.  The 

fragility curves for the multi-hazard analysis are displayed in Figure 6.1.  In Figure 6.1, 

only two lines are visible because the four largest vehicle classes display probabilities of 

failure of 100% for each charge weight. 

 

Figure 6.1: Multi-Hazard Analysis Fragility Curve 

 The SUV, Delivery Truck, Water Truck, and Semi-Truck vehicle classes reach 

100% probability of failure for all charge weights considered.  The multi-hazard loading 

event with the car vehicle class did not reach 100% probability of failure but was not less 

than 99% in the multi-hazard scenario.  Table 6.3 provides the probabilities of failure of 

the multi-hazardous events. 
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Table 6.3: Multi-Hazard Analysis with Car Vehicle Class 

Probability of Failure with Car Vehicle Class 
Standoff Distance 25 lb TNT 50 lb TNT 75 lb TNT 100 lb TNT 

5 meters 99.98% 99.99% 99.99% 99.99% 
 

 The fragility curves in Figure 6.1 and values provided in Table 6.3 demonstrate 

that a multi-hazard event, involving vehicular impact and blast loading, is extremely 

detrimental to a circular reinforced concrete bridge pier.  

6.2 Multi-Hazard Resistance Reduction Sensitivity Analysis 

In the sensitivity analysis of the multi-hazard analysis resistance reduction, the 

moment resistance of the bridge pier is reduced from 10% to 90%, while all other 

variables are kept constant.  The reliability curves for the sensitivity analysis of the 

bridge pier resistance reduction due to multi-hazard loading are displayed in Figures 6.2 

and 6.3.   

 

Figure 6.2: Multi-Hazard Sensitivity Analysis Reliability Curve  
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Figure 6.3: Multi-Hazard Sensitivity Analysis Fragility Curve  

The reliability curves corresponding to the different charge weights generally 

follow the same trend.  Naturally, reliability index consistently decreases as the resistance 

reduction is increased, and therefore, the probability of failure consistently increases as 

the resistance reduction increases.  The fragility curves signifying the larger charge 

weights are much flatter than those of the smaller charge weights due to exceptionally 

high probabilities of failure of the bridge pier regardless of the reduction.  Furthermore, 

all of the fragility curves flatten out at a 100% probability of failure around a 50% 

resistance reduction 

6.3 Multi-Hazard Fault Tree Analysis 

 The fault tree analysis, described in 3.2.1.3, is performed for all five vehicle 

classes and different charge weights.  The failure probabilities determined in the impact 

and blast analyses are used as the probabilities of failure of the individual events in 

Equation.  The constant parameters shown in Table 6.1 are used in this analysis.  Table 

6.4 shows the results of the multi-hazard fault tree analysis. 
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Table 6.4: Multi-Hazard Fault Tree Analysis 

Probability of Failure 
Analysis Parameter: Resistance Reduction (5 meters) 

Charge Weight of 25 lb of TNT 
Vehicle Impact Blast Multi-Hazard 

Car 63.36% 81.93% 93.38% 
SUV 90.03% 81.93% 98.20% 

Delivery Truck 98.94% 81.93% 99.81% 
Water Truck 99.85% 81.93% 99.97% 
Semi-Truck 99.98% 81.93% 100.00% 

Charge Weight of 50 lb of TNT 
Vehicle Impact Blast Multi-Hazard 

Car 63.36% 91.48% 96.88% 
SUV 90.03% 91.48% 99.15% 

Delivery Truck 98.94% 91.48% 99.91% 
Water Truck 99.85% 91.48% 99.99% 
Semi-Truck 99.98% 91.48% 100.00% 

Charge Weight of 75 lb of TNT 
Vehicle Impact Blast Multi-Hazard 

Car 63.36% 96.01% 98.54% 
SUV 90.03% 96.01% 99.60% 

Delivery Truck 98.94% 96.01% 99.96% 
Water Truck 99.85% 96.01% 99.99% 
Semi-Truck 99.98% 96.01% 100.00% 

Charge Weight of 100 lb of TNT 
Vehicle Impact Blast Multi-Hazard 

Car 63.36% 97.93% 99.24% 
SUV 90.03% 97.93% 99.79% 

Delivery Truck 98.94% 97.93% 99.98% 
Water Truck 99.85% 97.93% 100.00% 
Semi-Truck 99.98% 97.93% 100.00% 

 

The values provided in Table 6.4 demonstrate lower values than those of the 

proposed multi-hazard analysis methodology developed in this study and provided in 

Section 6.1.  Table 6.5 shows a comparison of the two methods and the resulting multi-

hazard probabilities of failure. 
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Table 6.5: Multi-Hazard Method Comparison 

Multi-Hazard Analysis Probability of Failure Comparison (25 lb TNT) 
Vehicle Class Fault Tree Analysis Proposed Method Analysis 

Car 93.38% 99.99% 
SUV 98.20% 100.00% 

Delivery Truck 99.81% 100.00% 
Water Truck 99.97% 100.00% 
Semi-Truck 100.00% 100.00% 
 

Table 6.5 indicates that the conventional method of multi-hazard analysis using 

the fault tree provides less conservative results than performing the first-order, second-

moment reliability analysis for both loading events and reducing the bridge pier 

resistance.  However, both analyses result in very high probabilities of failure, confirming 

that a multi-hazard event, involving vehicular impact and blast loading, is extremely 

detrimental to a circular reinforced concrete bridge pier. 

6.4 Threat Assessment 

 Chapters 4 and 5 validate that both vehicular impact and blast are detrimental to 

circular reinforced concrete bridge piers.  With the multi-hazard analysis, it is valuable to 

perform a threat assessment as well.  The assessment allows for the two loadings in the 

multi-hazardous event to be contrasted and the loading with the most significance on the 

bridge pier to be identified.   

 In looking at Chapter 5, a charge weight of 11.3 kilograms (25 pounds) of TNT 

results in a high probability of failure.  Table 6.6 identifies the probabilities of failure of 

the bridge pier subject to smaller charge weights determined using the proposed multi-

hazard analysis methodology.  Due to the small standoff distance and variations in the 

charge weight, the probabilities of failure are still substantial but increase notably with an 

increase in charge weight. 
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Table 6.6: Blast Analysis with Small Charge Weights 

Analysis of Small Blast Loading 

Charge Weight 5 lb 
TNT 

10 lb 
TNT 

15 lb 
TNT 

20 lb 
TNT 

25 lb 
TNT 

Probability of 
Failure 69.48% 72.98% 76.27% 79.27% 82.00% 

 

 Table 6.7 compares the probabilities of failure of the bridge pier for each of the 

vehicle classes of the impact loading and the multi-hazardous loading with a small charge 

weight of 2.3 kilograms (5 pounds) of TNT determined using the proposed multi-hazard 

analysis methodology.  Referring to Figure 3.1 in Section 3.1.1, 2.3 kilograms (5 pounds) 

of TNT is equivalent to a pipe bomb. 

Table 6.7: Multi-Hazard Analysis with 5 pounds of TNT 

Probability of Failure 
Impact Loading Compared with Multi-Hazard Analysis (5 lb of TNT) 

Vehicle Car SUV Delivery 
Truck 

Water 
Truck 

Semi-
Truck 

Impact Loading 63.42% 90.02% 98.94% 99.84% 99.98% 
Multi-Hazard 

Loading 99.49% 100.00% 100.00% 100.00% 100.00% 

Percentage 
Increase 56.87% 11.09% 1.07% 0.16% 0.02% 

 

 The values in Table 6.6 indicate that for the smaller vehicle classes, car and SUV, 

the blast loading significantly increases the probability of failure compared to that of the 

impact loading alone.   With larger mass vehicles, the probability of failure of the bridge 

pier is nearly 100% from the vehicular impact loading alone.  It is concluded that with a 

vehicle of 4,536 kilograms (10,000 pounds) or less, the vehicular impact and blast 

loading are both equally important threats to protect against to ensure the safety of the 

bridge pier.  For large mass vehicles, with masses above 4,536 kilograms (10,000 
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pounds), the vehicular impact is the primary threat to hinder.  Though the potential 

charge weights in the larger vehicles is immense, the large mass in the impact loading is 

sufficient to cause extremely high probabilities of failure without the blast loading.  

 In looking at the analyses, it is concluded that large mass vehicles and high charge 

weights cause immense amounts of damage alone.  If these significant loadings reach the 

bridge pier, there is little an engineer can do to protect against failure of the bridge pier.  

This leads to the conclusion that protection around the bridge pier needs to be utilized in 

order to decrease the vulnerability of the bridge pier to protect against these massive 

loadings. 

 The other threat concluded from the threat assessment is a smaller vehicle with a 

small charge weight.  Table 6.7 shows that a multi-hazard event involving a car vehicle 

class and 5 pounds of TNT, equivalent to a pipe bomb, results in a probability of failure 

of 99.49%.  Smaller vehicles with less charge weight capacity are more difficult to detect 

but have the ability to cause almost 100% probability of failure.  Protection against 

smaller vehicles and charge weights is also a necessity to improve the safety of bridge 

piers.   

6.5 Conclusions 

 Multi-hazard loading events are extremely detrimental to circular reinforced 

concrete bridge piers.  The countermeasures explained in Chapters 4 and 5 can be used to 

reduce the probability of failure of the bridge pier subject to the multi-hazard loadings.  

These countermeasures include: increase in the gross area of concrete, increase in the 

reinforcement ratio, and protection surrounding the bridge pier, such as to reduce the 

accessibility and vulnerability of the bridge piers and increase the standoff distance.  
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Though impact and blast are both detrimental, it may be more beneficial to focus on 

preventing the initial hazardous loading, vehicular impact, especially for larger mass 

vehicles.  It is also confirmed that traditional methods of multi-hazard analysis do not 

adequately consider sequential loading and the structural resistance reduction 

methodology developed in this study is a better indicator of the reliability of the bridge 

pier subject to two hazardous, sequential loadings. 
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CHAPTER 7 

SUMMARY, CONCLUSIONS, AND FUTURE WORK 

7.1 Summary and Conclusions 

7.1.1 Methodology Summary 

 This study determines the probability of failure of a circular reinforced concrete 

bridge pier that experiences vehicular impact loading, blast loading, and multi-hazardous 

loading; specifically vehicular impact loading followed by blast loading.  In order to 

accomplish the objectives of this study, a numerical model is developed in MATLAB 

employing Monte Carlo simulation and a first order, second moment reliability analysis.  

 Cizmar and others studied the reliability of rectangular concrete piers under 

vehicle impact loading and provide useful information about probabilistic and 

deterministic modeling of reinforced concrete piers subject to vehicle impact (Cizmar et. 

al., 2008).  The research performed by Cizmar and others serves as the foundation for this 

study and is built upon by considering: 1) circular instead of square piers, 2) terroristic 

intention (i.e. acceleration vs. deceleration), 3) strength reduction versus fault tree 

analysis and 4) sensitivity analysis to determine those design factors that most contribute 

to high probabilities of failure and as such can be modified to decrease probabilities of 

failure.   

  The performance functions represent the flexural capacity of the bridge pier and 

the flexural application of the impact and blast loading.  The pier resistance and impact 

loading equations used in this study are identified in the foundational study provided by 

Cizmar and others.  The blast performance function includes the already defined 

resistance equation and utilizes the method of superposition and assumption of a 
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trapezoidal loading on the bridge pier to determine the demand of the reinforced bridge 

pier due to the blast pressure.   

 The first-order, second-moment reliability analysis is used to determine the 

probabilities of failure due to the impact load alone, the blast load alone, and sequential 

impact and blast loads.  Several pier resistance and loading event scenarios are 

considered and sensitivity analysis is carried out for the purpose of identifying the most 

influential parameters of the impact and blast loadings.  In the sensitivity analysis, one 

parameter is adjusted while the others stay constant to analyze the influence the changing 

parameter has on the reliability.  Fragility curves are generated in Microsoft Excel to 

provide a graphical representation of the sensitivity analysis.	  	  	  

7.1.2 Results 

 Objective 1 of this study was to determine the probability of failure and residual 

strength of a bridge pier due to an impact event.  The probabilities of failure of the 

reinforced concrete bridge pier for various scenarios were determined and found to be 

extremely high with a vehicular impact-loading event.  Current countermeasures are 

typically intended to slow the vehicle or increase the distance between the roadway and 

pier. According to the results, this method of reducing the accessibility and vulnerability 

of the bridge pier lowers the probability of failure by a substantial amount.  Design 

countermeasures to reduce the probability of failure include increasing the diameter of 

the pier radius to provide a larger gross area of concrete and increasing the reinforcement 

ratio by either adding more vertical reinforcing bars or increasing the bar size. Another 

countermeasure is to provide protection surrounding the bridge pier, such as barriers, to 

reduce the accessibility and vulnerability of the bridge piers. 
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 Objective 2 of this study was to determine the probability of failure and residual 

strength of a bridge pier due to a blast event.  The probabilities of failure of the reinforced 

concrete bridge pier for various scenarios were determined and found to be extremely 

high with a blast-loading event.  Current countermeasures are typically intended to 

increase the standoff distance. According to the results, this method of reducing the 

accessibility and vulnerability of the bridge pier lowers the probability of failure by a 

substantial amount.  Design countermeasures to reduce the probability of failure include 

decreasing the pier height, increasing the diameter of the pier to provide a larger gross 

area of concrete, and increasing the reinforcement ratio by either adding more vertical 

reinforcing bars or increasing the bar size. Another countermeasure is to provide 

protection surrounding the bridge pier, such as barriers, to reduce the accessibility and 

vulnerability of the bridge piers and increase the standoff distance. 

 Objective 3 of this study was to determine a range of resistance reduction factors 

corresponding to associated probabilities of failure to be used in the multi-hazardous 

reliability analysis after the impact event.  Resistance reduction factors corresponding to 

the probability of failure values from the vehicle impact reliability analysis were 

identified using the standard deviation of the reinforced concrete bridge pier provided by 

Ellingwood.  Further research should be performed to determine accurate reduction 

ranges for the reduction values according to the condition of the bridge pier after the first 

hazardous loading.   

 Objective 4 of this study was to determine the probability of failure and residual 

strength of a bridge pier due to a blast load following an impact load.  The investigation 

of the multi-hazard loading led to the conclusion that multi-hazardous events are 
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extremely detrimental to circular reinforced concrete bridge piers.  Most of the multi-

hazardous scenarios resulted in a probability of failure of 100%.  Because the multi-

hazardous events are extremely detrimental, a threat analysis was completed to allow for 

the two loadings in the multi-hazardous event to be contrasted and the loading with the 

most significance on the bridge pier to be identified.  It is concluded that with a vehicle of 

4,536 kilograms (10,000 pounds) or less, the vehicular impact and blast loading are both 

equally important threats to protect against to ensure the safety of the bridge pier.  For 

large mass vehicles, with masses above 4,536 kilograms (10,000 pounds), the vehicular 

impact is the primary threat to hinder.  Though the potential charge weights in the larger 

vehicles is immense, the large mass in the impact loading is sufficient to cause extremely 

high probabilities of failure without the blast loading. 

 Objective 5 of this study was to perform a sensitivity analysis and develop sets of 

fragility curves corresponding to the impact, blast, and multi-hazardous loading imposed 

on different concrete bridge pier resistance scenarios.  Fragility curves were developed in 

Microsoft Excel for various scenarios and contributed in the identification of factors 

contributing to high probabilities of failure for each of the loadings.   

 Objective 6 was to identify the factors that most contribute to high probabilities of 

failure and identify countermeasures to reduce the probabilities of failure.  The 

investigation of the vehicular impact loading led to the identification of the following pier 

resistance factors, in descending order, that most likely contribute to failure in the 

intentional and accidental impact event: 1) pier radius 2) axial load in the pier 3) 

reinforcement ratio and 4) pier length.  The investigation also led to the identification of 

the following impact loading factors, in descending order, that most likely contribute to 
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failure in the impact event with the smaller vehicle classes: 1) vehicle speed 2) vehicle 

mass and 3) vehicle acceleration.  For the larger vehicle classes, the following impact 

loading factors, in descending order, that most contribute to failure in the impact event 

are identified: 1) vehicle mass 2) vehicle speed and 3) vehicle acceleration. 

 The investigation of the blast loading led to the identification of the following pier 

resistance factors, in descending order, that most likely contribute to failure in the blast 

loading event: 1) pier length 2) pier radius 3) reinforcement ratio and 4) axial load 

applied to the pier.  It should be understood that a decrease in the pier length decreases 

the probability of failure of the bridge pier whereas an increase in the other pier 

resistance factors decrease the probability of failure of the bridge pier.  The investigation 

also led to the identification of the following blast loading factors, in descending order, 

that most likely contribute to failure in the blast loading event: 1) standoff distance and 2) 

charge weight.  It should be understood that an increase in the standoff distance decreases 

the probability of failure of the bridge pier whereas a decrease in the charge weight 

decreases the probability of failure of the bridge pier.  

7.2 Recommendations for Future Research 

 Based on the finding of this research, several future research projects are possible.  

Since the traditional methods of multi-hazard analysis do not adequately consider 

sequential loading and the structural resistance reduction methodology developed in this 

study is a better indicator of the reliability of the bridge pier subject to two hazardous, 

sequential loadings, further research should be performed on this new method.  Reduction 

values for the bridge pier resistance after the impact loading are assumed.  Further 

research should be performed to determine accurate reduction ranges for the reduction 
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values according to the condition of the bridge pier after the first hazardous loading.  

Structural programs, such as ANSYS, could be utilized to determine the reductions.   

 There is limited information regarding the statistics of a blast loading and it would 

be extremely valuable to continue research on this subject.  This study assumes a normal 

distribution, mean-to-nominal ratio, and coefficient of variation for the blast loading.  It 

will be very useful to continue studying and come to optimal values for these blast 

statistical parameters.  In addition to the blast statistics, this study assumes a trapezoidal 

blast distribution on the bridge pier and uses the law of superposition.  This is an 

approximation and an analysis of the actual loading distribution on the bridge pier will 

contribute to the understanding of this loading on a structural element.  A better 

understanding of explosive loading will assist in preventing terroristic mayhem.  A 

continuation of this can be used with programs provided by the Protective Design Center, 

such as Single-degree-of-freedom Blast Effects Design Spreadsheet (SBEDS) and 

Column Blast Analysis and Retrofit Design (CBARD). 

 This study focuses on the flexural capacity and demand of the reinforced concrete 

bridge pier.  It will be beneficial to continue this study and consider the deflection 

capacity and demand.  The shear reinforcement is also assumed to be adequate to resist 

against shear.  The analysis of shear capacity and demand should also be considered as a 

continuation of this study.  Also, this study only considers bridge piers with circular 

cross-sections.  A beneficial continuation would be investigating multiple cross-sections, 

rather than just circular, to determine if the cross-sectional shape affects the probability of 

failure of the bridge pier.  Various arrangements of steel reinforcing should be 

considered, including vertical shear reinforcement, and additional flexural steel.  
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APPENDIX A 
 
%Prompt user for column parameters (concrete and reinforcement details) 
disp('The column dimensions and reinforcement details are needed for 
the analysis.') 
disp(' ') 
disp('This code only analyzes circular columns with spiral 
reinforcement.') 
disp('It is assumed that the vertical reinforcing consist of 8 bars 
that are') 
disp('evenly spaced in the column. It is also assumed that the spiral') 
disp('reinforcement is adequate to support against shear.') 
disp(' ') 
column_radius = input('Enter the radius of the reinforced concerete 
bridge column in meters: '); 
disp(' ') 
column_length = input('Enter the length of the reinforced concrete 
brige column in meters: '); 
disp(' ') 
vertical_barsize = input('Enter the bar size for the vertical 
reinforcement, such as 3,4,etc.:','s'); 
disp(' ') 
bar_count = 8; %input('Enter the number of bars in the vertical 
reinforcement: '); 
disp(' ') 
    
  
%Column Parameter Calculations 
Ag = pi*((column_radius*100)^2); %square centimeters 
compressive_strength = 3*1.04; %KN/(cm^2) 
column_diameter = 2*column_radius; %meters 
  
if strcmp(vertical_barsize, '3') 
    bar_diameter = 0.95; %centimeters 
    bar_area = 0.710; %square centimeters 
elseif strcmp(vertical_barsize, '4') 
    bar_diameter = 1.27; %centimeters 
    bar_area = 1.29; %square centimeters 
elseif strcmp(vertical_barsize, '5') 
    bar_diameter = 1.59; %centimeters 
    bar_area = 2.0; %square centimeters 
elseif strcmp(vertical_barsize, '6') 
    bar_diameter = 1.91; %centimeters 
    bar_area = 2.84; %square centimeters 
elseif strcmp(vertical_barsize, '7') 
    bar_diameter = 2.22; %centimeters 
    bar_area = 3.87; %square centimeters 
elseif strcmp(vertical_barsize, '8') 
    bar_diameter = 2.54; %centimeters 
    bar_area = 5.09; %square centimeters 
elseif strcmp(vertical_barsize, '9') 
    bar_diameter = 2.87; %centimeters 
    bar_area = 6.45; %square centimeters 
elseif strcmp(vertical_barsize, '10') 
    bar_diameter = 3.23; %centimeters 
    bar_area = 8.19; %square centimeters 
elseif strcmp(vertical_barsize, '11') 
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    bar_diameter = 3.58; %centimeters 
    bar_area = 10.06; %square centimeters 
else  
  disp('error, please enter a valid response (3,4,...,11)') 
end 
  
As = bar_area*bar_count; %square centimeters 
fy = 50; %KN/(cm^2) 
E = 57000*sqrt(compressive_strength); %KN/cm^2 
row = As/Ag; 
y2 = (column_radius*100)*2-2*3.8; %centimeters (1.5 inches cover to 
rebar) 
  
%Find Allowable Axial Load 
%fixed fixed, so k = 0.5 
  
I = pi()*((column_radius*100)^4)/4; %cm^4 
rg = sqrt(I/Ag); %cm 
slenderness = 0.5*(column_length*100)/rg; 
  
%Pallowable 
if slenderness > 40 
    disp('slender column, please choose different column properties')  
else 
    P_allowable = 0.85*(0.85*compressive_strength*(Ag-As)+As*fy); %KN    
end 
  
N = 0.75*P_allowable; %KN 
  
%Monte Carlo Method for Resistance 
  
n = 10000; 
  
%Deterministic Value 
gammaM = 1; %resistance uncertainty, unitless 
  
%Nondeterministic Values 
  
%Steel Area is Normal 
  
As1_rand = rand(n,1); 
As2_rand = rand(n,1); 
As1i = -qfuncinv(As1_rand); 
As2i = -qfuncinv(As2_rand); 
  
As1 = 3*bar_area; %square centimeters 
As2 = 2*bar_area; %square centimeters 
  
gamma_As = 1.02; 
mean_As1 = gamma_As*As1; %square centimeters 
mean_As2 = gamma_As*As2; %square centimeters 
  
sigma_As1 = .05*mean_As1; %square centimeters 
sigma_As2 = .05*mean_As2; %square centimeters 
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%yield strength is lognormal 
  
fy_rand = rand(n,1); 
fyi = -qfuncinv(fy_rand); 
  
gamma_fy = 1.1; 
mean_fy = gamma_fy*fy; %KN/(cm^2) 
  
sigma_fy = 0.05*mean_fy; %KN/(cm^2) 
  
V_fy = sigma_fy/mean_fy; 
sigma_lnfy =(log10(V_fy^2+1))^0.5; 
mu_lnfy = log10(mean_fy)-0.5*(sigma_lnfy^2); 
  
%Moment Arm is Normal 
  
y2_rand = rand(n,1);  
y2i = -qfuncinv(y2_rand); 
  
sigma_y2 = .05*y2; 
  
%Axial Load is Lognormal 
N_rand = rand(n,1); 
Ni = -qfuncinv(N_rand); 
  
sigma_N = 0.1*N; 
  
V_N = sigma_N/N; 
sigma_lnN =(log10(V_N^2+1))^0.5; 
mu_lnN = log10(N)-0.5*(sigma_lnN^2); 
  
%Values of Random Variable 
As1_mc = mean(mean_As1+As1i*sigma_As1); 
As2_mc = mean(mean_As2+As2i*sigma_As2); 
fy_mc = mean(exp(mu_lnfy+fyi*sigma_lnfy)); 
y2_mc = mean(y2+y2i*sigma_y2); 
N_mc = mean(exp(mu_lnN+Ni*sigma_lnN)); 
  
M_resistance = 
(gammaM*(As2_mc*fy_mc*y2_mc+2*As1_mc*fy_mc*(y2_mc/2)+N_mc*(y2_mc/2)))/1
00; %KN-m 
  
%Prompt the user for vehicle speed 
disp(' ') 
v = input('Enter the velocity of the vehicle in km/h for the 
reliability analysis: ')*(1000/60); %meters/second 
disp(' ') 
a = input('Enter the acceleration of the vehicle in m/s^2 at impact for 
the reliability analysis: '); 
  
%vehicle = input('Enter the type of vehicle from the choices 
above:','s'); 
%disp(' ') 
  
%Define parameters for each type of vehicle 
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%Parameters for All Vehicles 
  k = 300; %KN/m 
  %a = -5; %meters/square second 
  r =23; %meters 
  
%Monte Carlo Method for Loading 
  
n = 10000; 
  
%Nondeterministic Values 
  
%Vehicle Stiffness is lognormal 
k_rand = rand(n,1); 
ki = -qfuncinv(k_rand); 
  
sigma_k = 0.2*k; 
  
V_k = sigma_k/k; 
sigma_lnk =(log10(V_k^2+1))^0.5; 
mu_lnk = log10(k)-0.5*(sigma_lnk^2); 
  
%Vehicle Acceleration is Lognormal 
a_rand = rand(n,1); 
ai = -qfuncinv(a_rand); 
  
sigma_a = 0.325*a; 
  
V_a = sigma_a/a; 
sigma_lna =(log10(V_a^2+1))^0.5; 
mu_lna = log10(a)-0.5*(sigma_lna^2); 
  
%Vehicle is a Car 
  h_impact_car = 0.61; %meters 
  m_car = 2270; %kg 
     
%Vehicle is a SUV 
  h_impact_SUV = 0.91; %meters 
  m_SUV = 4540; %kg 
  
%Vehicle is a small moving van/delivery truck  
  h_impact_DT = 1.22; %meters 
  m_DT = 8170; %kg 
  
%Vehicle is a van/water truck 
  h_impact_WT = 1.5; %meters 
  m_WT = 11800; %kg 
  
%Vehicle is a semi-truck/trailer 
  h_impact_ST = 1.8; %meters  
  m_ST = 19100; %kg 
  
%vehicle speed is lognormal 
%vehicle mass is normal 
  



	  

	   152	  

v_rand = rand(n,1); 
m_car_rand = rand(n,1); 
m_SUV_rand = rand(n,1); 
m_DT_rand = rand(n,1); 
m_WT_rand = rand(n,1); 
m_ST_rand = rand(n,1); 
  
vi = -qfuncinv(v_rand); 
mi_car = -qfuncinv(m_car_rand); 
mi_SUV = -qfuncinv(m_SUV_rand); 
mi_DT = -qfuncinv(m_DT_rand); 
mi_WT = -qfuncinv(m_WT_rand); 
mi_ST = -qfuncinv(m_ST_rand); 
  
sigma_v = 0.15*v; 
  
sigma_m_car = 0.33*m_car; 
sigma_m_SUV = 0.33*m_SUV; 
sigma_m_DT = 0.33*m_DT; 
sigma_m_WT = 0.33*m_WT; 
sigma_m_ST = 0.33*m_ST; 
  
%lognormal calcs to calculate v_mc 
V_v = sigma_v/v; 
sigma_lnv = (log10(V_v^2+1))^2; 
mu_lnv = log10(v)-0.5*(sigma_lnv^2); 
  
%Values of Random Variables  
k_mc = mean(exp(mu_lnk+ki*sigma_lnk)); %kN/m 
a_mc = mean(exp(mu_lna+ai*sigma_lna)); %meters/s^2 
v_mc = mean(exp(mu_lnv+vi*sigma_lnv)); %meters/s 
m_car_mc = mean(m_car+mi_car*sigma_m_car)/1000; %1Mg=1000kg 
m_SUV_mc = mean(m_SUV+mi_SUV*sigma_m_SUV)/1000; 
m_DT_mc = mean(m_DT+mi_DT*sigma_m_DT)/1000; 
m_WT_mc = mean(m_WT+mi_WT*sigma_m_WT)/1000; 
m_ST_mc = mean(m_ST+mi_ST*sigma_m_ST)/1000; 
  
%Impact Force Calculations 
Fimpact_car = sqrt(k_mc*m_car_mc*((v_mc^2)-2*(-a_mc)*r)); %KN 
Fimpact_SUV = sqrt(k_mc*m_SUV_mc*((v_mc^2)-2*(-a_mc)*r)); %KN 
Fimpact_DT = sqrt(k_mc*m_DT_mc*((v_mc^2)-2*(-a_mc)*r)); %KN 
Fimpact_WT = sqrt(k_mc*m_WT_mc*((v_mc^2)-2*(-a_mc)*r)); %KN 
Fimpact_ST = sqrt(k_mc*m_ST_mc*((v_mc^2)-2*(-a_mc)*r)); %KN 
  
%Applied Moment Calculation 
M_impact_car = h_impact_car*Fimpact_car; %KN-m 
M_impact_SUV = h_impact_SUV*Fimpact_SUV; %KN-m 
M_impact_DT = h_impact_DT*Fimpact_DT; %KN-m 
M_impact_WT = h_impact_WT*Fimpact_WT; %KN-m 
M_impact_ST = h_impact_ST*Fimpact_ST; %KN-m 
  
%Impact Performance Equation 
  
muz_impact_car = M_resistance-M_impact_car; 
muz_impact_SUV = M_resistance-M_impact_SUV; 
muz_impact_DT = M_resistance-M_impact_DT; 



	  

	   153	  

muz_impact_WT = M_resistance-M_impact_WT; 
muz_impact_ST = M_resistance-M_impact_ST; 
  
  
%Column Resistance Sigma Calculations 
  
%Partial Derivative Calculations 
syms gammaM1 As2_mc1 As1_mc1 fy_mc1 y2_mc1 N_mc1 
Fr=(gammaM1*(As2_mc1*fy_mc1*y2_mc1+2*As1_mc1*fy_mc1*(y2_mc1/2)+N_mc1*(y
2_mc1/2))/100); %KN-m 
pd_gammaM1 = diff(Fr,gammaM1); 
pd_As2_mc1 = diff(Fr,As2_mc1); 
pd_As1_mc1 = diff(Fr,As1_mc1); 
pd_fy_mc1 = diff(Fr,fy_mc1); 
pd_y2_mc1 = diff(Fr,y2_mc1); 
pd_N_mc1 = diff(Fr,N_mc1); 
  
gammaM1 = gammaM; 
As2_mc1 = As2_mc; 
As1_mc1 = As1_mc; 
fy_mc1 = fy_mc; 
y2_mc1 = y2_mc; 
N_mc1 = N_mc; 
  
pd_gammaM = subs(pd_gammaM1); 
pd_As2_mc = subs(pd_As2_mc1); 
pd_As1_mc = subs(pd_As1_mc1); 
pd_fy_mc = subs(pd_fy_mc1); 
pd_y2_mc = subs(pd_y2_mc1); 
pd_N_mc = subs(pd_N_mc1); 
  
%Partial Derivatives Squared 
pd_gammaM_sq = pd_gammaM^2; 
pd_As2_mc_sq = pd_As2_mc^2; 
pd_As1_mc_sq = pd_As1_mc^2; 
pd_fy_mc_sq = pd_fy_mc^2; 
pd_y2_mc_sq = pd_y2_mc^2; 
pd_N_mc_sq = pd_N_mc^2; 
  
%Standard Deviations 
std_gammaM = 0; %Deterministic 
std_As2_mc = 0.05*As2_mc; 
std_As1_mc = 0.05*As1_mc; 
std_fy_mc = 0.05*fy_mc; 
std_y2_mc = 0.05*y2; 
std_N_mc = 0.1*N; 
  
%Standard Deviations Squared 
std_gammaM_sq = std_gammaM^2; 
std_As2_mc_sq = std_As2_mc^2; 
std_As1_mc_sq = std_As1_mc^2; 
std_fy_mc_sq = std_fy_mc^2; 
std_y2_mc_sq = std_y2_mc^2; 
std_N_mc_sq = std_N_mc^2; 
  
%Resistance SigmaZ Calculations 
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sigma_sq_gammaM = pd_gammaM_sq*std_gammaM_sq; 
sigma_sq_As2_mc = pd_As2_mc_sq*std_As2_mc_sq; 
sigma_sq_As1_mc = pd_As1_mc_sq*std_As1_mc_sq; 
sigma_sq_fy_mc = pd_fy_mc_sq*std_fy_mc_sq; 
sigma_sq_y2_mc = pd_y2_mc_sq*std_y2_mc_sq; 
sigma_sq_N_mc = pd_N_mc_sq*std_N_mc_sq; 
  
%Impact Loading Sigma Calculations 
  
%VEHICLE = CAR 
  
%Car Partial Derivative Calculations 
syms h_impact_car1 k_mc1 m_car_mc1 v_mc1 a_mc1 r1 
Fi_car=h_impact_car1*sqrt(k_mc1*m_car_mc1*((v_mc1^2)-2*(-a_mc1)*r1)); 
pd_h_impact_car1 = diff(Fi_car,h_impact_car1); 
pd_k_mc1 = diff(Fi_car,k_mc1); 
pd_m_car_mc1 = diff(Fi_car,m_car_mc1); 
pd_v_mc1 = diff(Fi_car,v_mc1); 
pd_a_mc1 = diff(Fi_car,a_mc1); 
pd_r1 = diff(Fi_car,r1); 
  
h_impact_car1 = h_impact_car; 
k_mc1 = k_mc; 
m_car_mc1 = m_car_mc; 
v_mc1 = v_mc; 
a_mc1 = a_mc; 
r1 = r; 
  
pd_h_impact_car = subs(pd_h_impact_car1); 
pd_k_mc = subs(pd_k_mc1); 
pd_m_car_mc = subs(pd_m_car_mc1); 
pd_v_mc = subs(pd_v_mc1); 
pd_a_mc = subs(pd_a_mc1); 
pd_r = subs(pd_r1); 
  
%Car Partial Derivatives Squared 
pd_h_impact_car_sq = pd_h_impact_car^2; 
pd_k_mc_sq = pd_k_mc^2; 
pd_m_car_mc_sq = pd_m_car_mc^2; 
pd_v_mc_sq = pd_v_mc^2; 
pd_a_mc_sq = pd_a_mc^2; 
pd_r_sq = pd_r^2; 
  
%Car Standard Deviations 
std_h_impact_car = 0; %Deterministic 
std_k_mc = 0.2*k_mc; 
std_m_car_mc = 0.33*m_car_mc; 
std_v_mc = 0.15*v_mc; 
std_a_mc = 0.325*a_mc; %Deterministic 
std_r = 0; %Deterministic 
  
%Car Standard Deviations Squared 
std_h_impact_car_sq = std_h_impact_car^2; 
std_k_mc_sq = std_k_mc^2; 
std_m_car_mc_sq = std_m_car_mc^2; 
std_v_mc_sq = std_v_mc^2; 
std_a_mc_sq = std_a_mc^2; 
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std_r_sq = std_r^2; 
  
%Car Impact SigmaZ Calculations 
sigma_sq_h_impact_car = pd_h_impact_car_sq*std_h_impact_car_sq; 
sigma_sq_k_mc = pd_k_mc_sq*std_k_mc_sq; 
sigma_sq_m_car_mc = pd_m_car_mc_sq*std_m_car_mc_sq; 
sigma_sq_v_mc = pd_v_mc_sq*std_v_mc_sq; 
sigma_sq_a_mc = pd_a_mc_sq*std_a_mc_sq; 
sigma_sq_r = pd_r_sq*std_r_sq; 
  
sigmaz_impact_car_sq = 
sigma_sq_gammaM+sigma_sq_As2_mc+sigma_sq_As1_mc+sigma_sq_fy_mc+sigma_sq
_y2_mc+sigma_sq_N_mc+sigma_sq_h_impact_car+sigma_sq_k_mc+sigma_sq_m_car
_mc+sigma_sq_v_mc+sigma_sq_a_mc+sigma_sq_r; 
  
sigmaz_impact_car = sqrt(sigmaz_impact_car_sq); 
  
rindex_impact_car = muz_impact_car/sigmaz_impact_car; 
  
reliability_impact_car = (1/2)*erfc(-rindex_impact_car/sqrt(2)); 
  
failure_prob_impact_car = 1-reliability_impact_car; 
  
%Car Output 
  
disp(' ') 
disp('If the vehicle type in the impact event is a car (average mass') 
disp('of 2,270 kilograms and impact height of 0.61 meters), then: ') 
disp(' ') 
disp('The reliability index of the reinforced concrete bridge pier 
subject to impact is: ') 
disp(rindex_impact_car) 
  
%disp(' ') 
%disp('The reliability of the reinforced concrete bridge pier subject 
to impact is: ') 
%disp(reliability_impact_car) 
  
disp(' ') 
disp('The probability of failure of the reinforced concrete bridge pier 
subject to impact is: ') 
disp(failure_prob_impact_car) 
  
%VEHICLE = SUV 
  
%SUV Partial Derivative Calculations 
syms h_impact_SUV1 k_mc1 m_SUV_mc1 v_mc1 a_mc1 r1 
Fi_SUV=h_impact_SUV1*sqrt(k_mc1*m_SUV_mc1*((v_mc1^2)-2*(-a_mc1)*r1)); 
pd_h_impact_SUV1 = diff(Fi_SUV,h_impact_SUV1); 
pd_k_mc1 = diff(Fi_SUV,k_mc1); 
pd_m_SUV_mc1 = diff(Fi_SUV,m_SUV_mc1); 
pd_v_mc1 = diff(Fi_SUV,v_mc1); 
pd_a_mc1 = diff(Fi_SUV,a_mc1); 
pd_r1 = diff(Fi_SUV,r1); 
  
h_impact_SUV1 = h_impact_SUV; 
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k_mc1 = k_mc; 
m_SUV_mc1 = m_SUV_mc; 
v_mc1 = v_mc; 
a_mc1 = a_mc; 
r1 = r; 
  
pd_h_impact_SUV = subs(pd_h_impact_SUV1); 
pd_k_mc = subs(pd_k_mc1); 
pd_m_SUV_mc = subs(pd_m_SUV_mc1); 
pd_v_mc = subs(pd_v_mc1); 
pd_a_mc = subs(pd_a_mc1); 
pd_r = subs(pd_r1); 
  
%SUV Partial Derivatives Squared 
pd_h_impact_SUV_sq = pd_h_impact_SUV^2; 
pd_k_mc_sq = pd_k_mc^2; 
pd_m_SUV_mc_sq = pd_m_SUV_mc^2; 
pd_v_mc_sq = pd_v_mc^2; 
pd_a_mc_sq = pd_a_mc^2; 
pd_r_sq = pd_r^2; 
  
%SUV Standard Deviations 
std_h_impact_SUV = 0; %Determinsitic 
std_k_mc = 0.2*k_mc; 
std_m_SUV_mc = 0.33*m_SUV_mc; 
std_v_mc = 0.15*v_mc; 
std_a_mc = 0.325*a_mc; %Deterministic 
std_r = 0; %Deterministic 
  
%SUV Standard Deviations Squared 
std_h_impact_SUV_sq = std_h_impact_SUV^2; 
std_k_mc_sq = std_k_mc^2; 
std_m_SUV_mc_sq = std_m_SUV_mc^2; 
std_v_mc_sq = std_v_mc^2; 
std_a_mc_sq = std_a_mc^2; 
std_r_sq = std_r^2; 
  
%SUV Impact SigmaZ Calculations 
sigma_sq_h_impact_SUV = pd_h_impact_SUV_sq*std_h_impact_SUV_sq; 
sigma_sq_k_mc = pd_k_mc_sq*std_k_mc_sq; 
sigma_sq_m_SUV_mc = pd_m_SUV_mc_sq*std_m_SUV_mc_sq; 
sigma_sq_v_mc = pd_v_mc_sq*std_v_mc_sq; 
sigma_sq_a_mc = pd_a_mc_sq*std_a_mc_sq; 
sigma_sq_r = pd_r_sq*std_r_sq; 
  
sigmaz_impact_SUV_sq = 
sigma_sq_gammaM+sigma_sq_As2_mc+sigma_sq_As1_mc+sigma_sq_fy_mc+sigma_sq
_y2_mc+sigma_sq_N_mc+sigma_sq_h_impact_SUV+sigma_sq_k_mc+sigma_sq_m_SUV
_mc+sigma_sq_v_mc+sigma_sq_a_mc+sigma_sq_r; 
  
sigmaz_impact_SUV = sqrt(sigmaz_impact_SUV_sq); 
  
rindex_impact_SUV = muz_impact_SUV/sigmaz_impact_SUV; 
  
reliability_impact_SUV = (1/2)*erfc(-rindex_impact_SUV/sqrt(2)); 
  



	  

	   157	  

failure_prob_impact_SUV = 1-reliability_impact_SUV; 
  
%SUV Output 
disp(' ') 
disp('If the vehicle type in the impact event is an SUV (average mass') 
disp('of 4,540 kilograms and impact height of 0.91 meters), then: ') 
disp(' ') 
disp('The reliability index of the reinforced concrete bridge pier 
subject to impact is: ') 
disp(rindex_impact_SUV) 
  
%disp(' ') 
%disp('The reliability of the reinforced concrete bridge pier subject 
to impact is: ') 
%disp(reliability_impact_SUV) 
  
disp(' ') 
disp('The probability of failure of the reinforced concrete bridge pier 
subject to impact is: ') 
disp(failure_prob_impact_SUV) 
  
%VEHICLE = SMALL MOVING VAN/DELIVERTY TRUCK 
  
%DT Partial Derivative Calculations 
syms h_impact_DT1 k_mc1 m_DT_mc1 v_mc1 a_mc1 r1 
Fi_DT=h_impact_DT1*sqrt(k_mc1*m_DT_mc1*((v_mc1^2)-2*(-a_mc1)*r1)); 
pd_h_impact_DT1 = diff(Fi_DT,h_impact_DT1); 
pd_k_mc1 = diff(Fi_DT,k_mc1); 
pd_m_DT_mc1 = diff(Fi_DT,m_DT_mc1); 
pd_v_mc1 = diff(Fi_DT,v_mc1); 
pd_a_mc1 = diff(Fi_DT,a_mc1); 
pd_r1 = diff(Fi_DT,r1); 
  
h_impact_DT1 = h_impact_DT; 
k_mc1 = k_mc; 
m_DT_mc1 = m_DT_mc; 
v_mc1 = v_mc; 
a_mc1 = a_mc; 
r1 = r; 
  
pd_h_impact_DT = subs(pd_h_impact_DT1); 
pd_k_mc = subs(pd_k_mc1); 
pd_m_DT_mc = subs(pd_m_DT_mc1); 
pd_v_mc = subs(pd_v_mc1); 
pd_a_mc = subs(pd_a_mc1); 
pd_r = subs(pd_r1); 
  
%DT Partial Derivatives Squared 
pd_h_impact_DT_sq = pd_h_impact_DT^2; 
pd_k_mc_sq = pd_k_mc^2; 
pd_m_DT_mc_sq = pd_m_DT_mc^2; 
pd_v_mc_sq = pd_v_mc^2; 
pd_a_mc_sq = pd_a_mc^2; 
pd_r_sq = pd_r^2; 
  
%DT Standard Deviations 
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std_h_impact_DT = 0; %Deterministic 
std_k_mc = 0.2*k_mc; 
std_m_DT_mc = 0.33*m_DT_mc; 
std_v_mc = 0.15*v_mc; 
std_a_mc = 0.325*a_mc; %Deterministic 
std_r = 0; %Deterministic 
  
%DT Standard Deviations Squared 
std_h_impact_DT_sq = std_h_impact_DT^2; 
std_k_mc_sq = std_k_mc^2; 
std_m_DT_mc_sq = std_m_DT_mc^2; 
std_v_mc_sq = std_v_mc^2; 
std_a_mc_sq = std_a_mc^2; 
std_r_sq = std_r^2; 
  
%DT Impact SigmaZ Calculations 
sigma_sq_h_impact_DT = pd_h_impact_DT_sq*std_h_impact_DT_sq; 
sigma_sq_k_mc = pd_k_mc_sq*std_k_mc_sq; 
sigma_sq_m_DT_mc = pd_m_DT_mc_sq*std_m_DT_mc_sq; 
sigma_sq_v_mc = pd_v_mc_sq*std_v_mc_sq; 
sigma_sq_a_mc = pd_a_mc_sq*std_a_mc_sq; 
sigma_sq_r = pd_r_sq*std_r_sq; 
  
sigmaz_impact_DT_sq = 
sigma_sq_gammaM+sigma_sq_As2_mc+sigma_sq_As1_mc+sigma_sq_fy_mc+sigma_sq
_y2_mc+sigma_sq_N_mc+sigma_sq_h_impact_DT+sigma_sq_k_mc+sigma_sq_m_DT_m
c+sigma_sq_v_mc+sigma_sq_a_mc+sigma_sq_r; 
  
sigmaz_impact_DT = sqrt(sigmaz_impact_DT_sq); 
  
rindex_impact_DT = muz_impact_DT/sigmaz_impact_DT; 
  
reliability_impact_DT = (1/2)*erfc(-rindex_impact_DT/sqrt(2)); 
  
failure_prob_impact_DT = 1-reliability_impact_DT; 
  
%DT Output 
disp(' ') 
disp('If the vehicle type in the impact event is a small moving 
van/delivery truck (average mass') 
disp('of 8,170 kilograms and impact height of 1.22 meters), then: ') 
disp(' ') 
disp('The reliability index of the reinforced concrete bridge pier 
subject to impact is: ') 
disp(rindex_impact_DT) 
  
%disp(' ') 
%disp('The reliability of the reinforced concrete bridge pier subject 
to impact is: ') 
%disp(reliability_impact_DT) 
  
disp(' ') 
disp('The probability of failure of the reinforced concrete bridge pier 
subject to impact is: ') 
disp(failure_prob_impact_DT) 
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%VEHICLE = MOVING VAN/WATER TRUCK 
  
%WT Partial Derivative Calculations 
syms h_impact_WT1 k_mc1 m_WT_mc1 v_mc1 a_mc1 r1 
Fi_WT=h_impact_WT1*sqrt(k_mc1*m_WT_mc1*((v_mc1^2)-2*(-a_mc1)*r1)); 
pd_h_impact_WT1 = diff(Fi_WT,h_impact_WT1); 
pd_k_mc1 = diff(Fi_WT,k_mc1); 
pd_m_WT_mc1 = diff(Fi_WT,m_WT_mc1); 
pd_v_mc1 = diff(Fi_WT,v_mc1); 
pd_a_mc1 = diff(Fi_WT,a_mc1); 
pd_r1 = diff(Fi_WT,r1); 
  
h_impact_WT1 = h_impact_WT; 
k_mc1 = k_mc; 
m_WT_mc1 = m_WT_mc; 
v_mc1 = v_mc; 
a_mc1 = a_mc; 
r1 = r; 
  
pd_h_impact_WT = subs(pd_h_impact_WT1); 
pd_k_mc = subs(pd_k_mc1); 
pd_m_WT_mc = subs(pd_m_WT_mc1); 
pd_v_mc = subs(pd_v_mc1); 
pd_a_mc = subs(pd_a_mc1); 
pd_r = subs(pd_r1); 
  
%WT Partial Derivatives Squared 
pd_h_impact_WT_sq = pd_h_impact_WT^2; 
pd_k_mc_sq = pd_k_mc^2; 
pd_m_WT_mc_sq = pd_m_WT_mc^2; 
pd_v_mc_sq = pd_v_mc^2; 
pd_a_mc_sq = pd_a_mc^2; 
pd_r_sq = pd_r^2; 
  
%WT Standard Deviations 
std_h_impact_WT = 0; %Deterministic 
std_k_mc = 0.2*k_mc; 
std_m_WT_mc = 0.33*m_WT_mc; 
std_v_mc = 0.15*v_mc; 
std_a_mc = 0.325*a_mc; %Deterministic 
std_r = 0; %Deterministic 
  
%WT Standard Deviations Squared 
std_h_impact_WT_sq = std_h_impact_WT^2; 
std_k_mc_sq = std_k_mc^2; 
std_m_WT_mc_sq = std_m_WT_mc^2; 
std_v_mc_sq = std_v_mc^2; 
std_a_mc_sq = std_a_mc^2; 
std_r_sq = std_r^2; 
  
%WT Impact SigmaZ Calculations 
sigma_sq_h_impact_WT = pd_h_impact_WT_sq*std_h_impact_WT_sq; 
sigma_sq_k_mc = pd_k_mc_sq*std_k_mc_sq; 
sigma_sq_m_WT_mc = pd_m_WT_mc_sq*std_m_WT_mc_sq; 
sigma_sq_v_mc = pd_v_mc_sq*std_v_mc_sq; 
sigma_sq_a_mc = pd_a_mc_sq*std_a_mc_sq; 
sigma_sq_r = pd_r_sq*std_r_sq; 
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sigmaz_impact_WT_sq = 
sigma_sq_gammaM+sigma_sq_As2_mc+sigma_sq_As1_mc+sigma_sq_fy_mc+sigma_sq
_y2_mc+sigma_sq_N_mc+sigma_sq_h_impact_WT+sigma_sq_k_mc+sigma_sq_m_WT_m
c+sigma_sq_v_mc+sigma_sq_a_mc+sigma_sq_r; 
  
sigmaz_impact_WT = sqrt(sigmaz_impact_WT_sq); 
  
rindex_impact_WT = muz_impact_WT/sigmaz_impact_WT; 
  
reliability_impact_WT = (1/2)*erfc(-rindex_impact_WT/sqrt(2)); 
  
failure_prob_impact_WT = 1-reliability_impact_WT; 
  
%WT Output 
disp(' ') 
disp('If the vehicle type in the impact event is a moving van/water 
truck (average mass') 
disp('of 11,800 kilograms and impact height of 1.50 meters), then: ') 
disp(' ') 
disp('The reliability index of the reinforced concrete bridge pier 
subject to impact is: ') 
disp(rindex_impact_WT) 
  
%disp(' ') 
%disp('The reliability of the reinforced concrete bridge pier subject 
to impact is: ') 
%disp(reliability_impact_WT) 
  
disp(' ') 
disp('The probability of failure of the reinforced concrete bridge pier 
subject to impact is: ') 
disp(failure_prob_impact_WT) 
  
%VEHCILE = SEMI-TRUCK/TRAILER 
  
%ST Partial Derivative Calculations 
syms h_impact_ST1 k_mc1 m_ST_mc1 v_mc1 a_mc1 r1 
Fi_ST=h_impact_ST1*sqrt(k_mc1*m_ST_mc1*((v_mc1^2)-2*(-a_mc1)*r1)); 
pd_h_impact_ST1 = diff(Fi_ST,h_impact_ST1); 
pd_k_mc1 = diff(Fi_ST,k_mc1); 
pd_m_ST_mc1 = diff(Fi_ST,m_ST_mc1); 
pd_v_mc1 = diff(Fi_ST,v_mc1); 
pd_a_mc1 = diff(Fi_ST,a_mc1); 
pd_r1 = diff(Fi_ST,r1); 
  
h_impact_ST1 = h_impact_ST; 
k_mc1 = k_mc; 
m_ST_mc1 = m_ST_mc; 
v_mc1 = v_mc; 
a_mc1 = a_mc; 
r1 = r; 
  
pd_h_impact_ST = subs(pd_h_impact_ST1); 
pd_k_mc = subs(pd_k_mc1); 
pd_m_ST_mc = subs(pd_m_ST_mc1); 
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pd_v_mc = subs(pd_v_mc1); 
pd_a_mc = subs(pd_a_mc1); 
pd_r = subs(pd_r1); 
  
%ST Partial Derivatives Squared 
pd_h_impact_ST_sq = pd_h_impact_ST^2; 
pd_k_mc_sq = pd_k_mc^2; 
pd_m_ST_mc_sq = pd_m_ST_mc^2; 
pd_v_mc_sq = pd_v_mc^2; 
pd_a_mc_sq = pd_a_mc^2; 
pd_r_sq = pd_r^2; 
  
%ST Standard Deviations 
std_h_impact_ST = 0; %Deterministic 
std_k_mc = 0.2*k_mc; 
std_m_ST_mc = 0.33*m_ST_mc; 
std_v_mc = 0.15*v_mc; 
std_a_mc = 0.325*a_mc; %Deterministic 
std_r = 0; %Deterministic 
  
%ST Standard Deviations Squared 
std_h_impact_ST_sq = std_h_impact_ST^2; 
std_k_mc_sq = std_k_mc^2; 
std_m_ST_mc_sq = std_m_ST_mc^2; 
std_v_mc_sq = std_v_mc^2; 
std_a_mc_sq = std_a_mc^2; 
std_r_sq = std_r^2; 
  
%ST Impact SigmaZ Calculations 
sigma_sq_h_impact_ST = pd_h_impact_ST_sq*std_h_impact_ST_sq; 
sigma_sq_k_mc = pd_k_mc_sq*std_k_mc_sq; 
sigma_sq_m_ST_mc = pd_m_ST_mc_sq*std_m_ST_mc_sq; 
sigma_sq_v_mc = pd_v_mc_sq*std_v_mc_sq; 
sigma_sq_a_mc = pd_a_mc_sq*std_a_mc_sq; 
sigma_sq_r = pd_r_sq*std_r_sq; 
  
sigmaz_impact_ST_sq = 
sigma_sq_gammaM+sigma_sq_As2_mc+sigma_sq_As1_mc+sigma_sq_fy_mc+sigma_sq
_y2_mc+sigma_sq_N_mc+sigma_sq_h_impact_ST+sigma_sq_k_mc+sigma_sq_m_ST_m
c+sigma_sq_v_mc+sigma_sq_a_mc+sigma_sq_r; 
  
sigmaz_impact_ST = sqrt(sigmaz_impact_ST_sq); 
  
rindex_impact_ST = muz_impact_ST/sigmaz_impact_ST; 
  
reliability_impact_ST = (1/2)*erfc(-rindex_impact_ST/sqrt(2)); 
  
failure_prob_impact_ST = 1-reliability_impact_ST; 
  
%ST Output 
%disp(' ') 
disp('If the vehicle type in the impact event is a semi-truck/trailer 
(average mass') 
disp('of 19,100 kilograms and impact height of 1.80 meters), then: ') 
disp(' ') 
disp('The reliability index of the reinforced concrete bridge pier 
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subject to impact is: ') 
disp(rindex_impact_ST) 
  
%disp(' ') 
%disp('The reliability of the reinforced concrete bridge pier subject 
to impact is: ') 
%disp(reliability_impact_ST) 
  
disp(' ') 
disp('The probability of failure of the reinforced concrete bridge pier 
subject to impact is: ') 
disp(failure_prob_impact_ST) 
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APPENDIX B 
 

%Prompt user for column parameters (concrete and reinforcement details) 
disp('The column dimensions and reinforcement details are needed for 
the analysis.') 
disp(' ') 
disp('This code only analyzes circular columns with spiral 
reinforcement.') 
disp('It is assumed that the vertical reinforcing consist of 8 bars 
that are') 
disp('evenly spaced in the column. It is also assumed that the spiral') 
disp('reinforcement is adequate to support against shear.') 
disp(' ') 
%column_radius = input('Enter the radius of the reinforced concerete 
bridge column in meters: '); 
column_radius = .25; %meters 
disp(' ') 
%column_length = input('Enter the length of the reinforced concrete 
brige column in meters: '); 
column_length = 5; %meters 
disp(' ') 
vertical_barsize = input('Enter the bar size for the vertical 
reinforcement, such as 3,4,etc.:','s'); 
disp(' ') 
bar_count = 8; %input('Enter the number of bars in the vertical 
reinforcement: '); 
disp(' ') 
  
  
%Column Parameter Calculations 
Ag = pi*((column_radius*100)^2); %square centimeters 
compressive_strength = 3; %KN/(cm^2) 
column_diameter = 2*column_radius; %meters 
  
  
if strcmp(vertical_barsize, '3') 
    bar_diameter = 0.95; %centimeters 
    bar_area = 0.710; %square centimeters 
elseif strcmp(vertical_barsize, '4') 
    bar_diameter = 1.27; %centimeters 
    bar_area = 1.29; %square centimeters 
elseif strcmp(vertical_barsize, '5') 
    bar_diameter = 1.59; %centimeters 
    bar_area = 2.0; %square centimeters 
elseif strcmp(vertical_barsize, '6') 
    bar_diameter = 1.91; %centimeters 
    bar_area = 2.84; %square centimeters 
elseif strcmp(vertical_barsize, '7') 
    bar_diameter = 2.22; %centimeters 
    bar_area = 3.87; %square centimeters 
elseif strcmp(vertical_barsize, '8') 
    bar_diameter = 2.54; %centimeters 
    bar_area = 5.09; %square centimeters 
elseif strcmp(vertical_barsize, '9') 
    bar_diameter = 2.87; %centimeters 
    bar_area = 6.45; %square centimeters 
elseif strcmp(vertical_barsize, '10') 
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    bar_diameter = 3.23; %centimeters 
    bar_area = 8.19; %square centimeters 
elseif strcmp(vertical_barsize, '11') 
    bar_diameter = 3.58; %centimeters 
    bar_area = 10.06; %square centimeters 
else  
  disp('error, please enter a valid response (3,4,...,11)') 
end 
  
As = bar_area*bar_count; %square centimeters 
fy = 50; %KN/(cm^2) 
E = 57000*sqrt(compressive_strength); %KN/cm^2 
row = As/Ag; 
y2 = (column_radius*100)*2-2*3.8; %centimeters (1.5 inches cover to 
rebar) 
  
%Find Allowable Axial Load 
%fixed fixed, so k = 0.5 
  
I = pi()*((column_radius*100)^4)/4; %cm^4 
rg = sqrt(I/Ag); %cm 
slenderness = 0.5*(column_length*100)/rg; 
  
%Pallowable 
if slenderness > 40 
    disp('slender column, please choose different column properties')  
else 
    P_allowable = 0.85*(0.85*compressive_strength*(Ag-As)+As*fy); %KN    
end 
  
%percentage = input('enter percentage: '); 
%N = percentage*P_allowable; %KN 
N = .75*P_allowable; %KN 
  
%Monte Carlo Method for Resistance 
  
n = 10000; 
  
%Deterministic Value 
gammaM = 1; %resistance uncertainty, unitless 
  
%Nondeterministic Values 
  
%Steel Area is Normal 
  
As1_rand = rand(n,1); 
As2_rand = rand(n,1); 
As1i = -qfuncinv(As1_rand); 
As2i = -qfuncinv(As2_rand); 
  
As1 = 3*bar_area; %square centimeters 
As2 = 2*bar_area; %square centimeters 
  
gamma_As = 1.02; 
mean_As1 = gamma_As*As1; %square centimeters 
mean_As2 = gamma_As*As2; %square centimeters 
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sigma_As1 = .05*mean_As1; %square centimeters 
sigma_As2 = .05*mean_As2; %square centimeters 
  
%yield strength is lognormal 
  
fy_rand = rand(n,1); 
fyi = -qfuncinv(fy_rand); 
  
gamma_fy = 1.1; 
mean_fy = gamma_fy*fy; %KN/(cm^2) 
  
sigma_fy = 0.05*mean_fy; %KN/(cm^2) 
  
V_fy = sigma_fy/mean_fy; 
sigma_lnfy =(log10(V_fy^2+1))^0.5; 
mu_lnfy = log10(mean_fy)-0.5*(sigma_lnfy^2); 
  
%Moment Arm is Normal 
  
y2_rand = rand(n,1);  
y2i = -qfuncinv(y2_rand); 
  
sigma_y2 = .05*y2; 
  
%Axial Load is Lognormal 
N_rand = rand(n,1); 
Ni = -qfuncinv(N_rand); 
  
sigma_N = 0.1*N; 
  
V_N = sigma_N/N; 
sigma_lnN =(log10(V_N^2+1))^0.5; 
mu_lnN = log10(N)-0.5*(sigma_lnN^2); 
  
%Values of Random Variable 
As1_mc = mean(mean_As1+As1i*sigma_As1); 
As2_mc = mean(mean_As2+As2i*sigma_As2); 
fy_mc = mean(exp(mu_lnfy+fyi*sigma_lnfy)); 
y2_mc = mean(y2+y2i*sigma_y2); 
N_mc = mean(exp(mu_lnN+Ni*sigma_lnN)); 
fds = 1.23*fy_mc; 
  
M_resistance = 
gammaM*(As2_mc*fds*y2_mc+2*As1_mc*fds*(y2_mc/2)+N_mc*(y2_mc/2))/100; 
%KN-m 
  
%Prompt the user for the standoff distance 
%R = input('Enter the standoff distance in meters for the reliability 
analysis: '); %meters 
R = 5; %meters 
R_max = R; %meters  
R_min = sqrt(((R_max)^2)+((column_length)^2)); %meters 
  
W_lb = input('Enter the charge weight in lb of TNT: '); 
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W = W_lb/2.2; %kg of TNT 
%gam = input ('enter gamma: '); 
gam = 1.0; 
%W = gam*200/2.2; %kg of TNT 
n = 10000; 
  
%Assume charge weight is Normal 
W_rand = rand(n,1); 
  
Wi = -qfuncinv(W_rand); 
  
COV_CW = .33; 
%COV_CW = input ('enter COV: '); 
sigma_W = W*COV_CW; 
  
W_mc = mean(W+Wi*sigma_W); %kg of TNT 
  
%Use law of super-position to determine max moment with x_max 
assumption 
M_blast = 
(((((6.7*W_mc)/(R_min^3))+1)*98066.5)*column_diameter*(column_length^2)
/12+(((((6.7*W_mc)/(R_max^3))+1)*98066.5)-
((((6.7*W_mc)/(R_min^3))+1)*98066.5))*column_diameter*(column_length^2)
/20)/1000; %KN-m 
  
%Blast Performance Equation 
  
muz_blast = M_resistance-M_blast; 
  
%Column Resistance Sigma Calculations 
  
%Partial Derivative Calculations 
syms gammaM1 As2_mc1 As1_mc1 fds1 y2_mc1 N_mc1 
Fr=(gammaM1*(As2_mc1*fds1*y2_mc1+2*As1_mc1*fds1*(y2_mc1/2)+N_mc1*(y2_mc
1/2))/100); %KN-m 
pd_gammaM1 = diff(Fr,gammaM1); 
pd_As2_mc1 = diff(Fr,As2_mc1); 
pd_As1_mc1 = diff(Fr,As1_mc1); 
pd_fds1 = diff(Fr,fds1); 
pd_y2_mc1 = diff(Fr,y2_mc1); 
pd_N_mc1 = diff(Fr,N_mc1); 
  
gammaM1 = gammaM; 
As2_mc1 = As2_mc; 
As1_mc1 = As1_mc; 
fds1 = fds; 
y2_mc1 = y2_mc; 
N_mc1 = N_mc; 
  
pd_gammaM = subs(pd_gammaM1); 
pd_As2_mc = subs(pd_As2_mc1); 
pd_As1_mc = subs(pd_As1_mc1); 
pd_fds = subs(pd_fds1); 
pd_y2_mc = subs(pd_y2_mc1); 
pd_N_mc = subs(pd_N_mc1); 
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%Partial Derivatives Squared 
pd_gammaM_sq = pd_gammaM^2; 
pd_As2_mc_sq = pd_As2_mc^2; 
pd_As1_mc_sq = pd_As1_mc^2; 
pd_fds_sq = pd_fds^2; 
pd_y2_mc_sq = pd_y2_mc^2; 
pd_N_mc_sq = pd_N_mc^2; 
  
%Standard Deviations 
std_gammaM = 0; %Deterministic 
std_As2_mc = 0.05*As2_mc; 
std_As1_mc = 0.05*As1_mc; 
std_fds = 0.05*fds; 
std_y2_mc = 0.05*y2; 
std_N_mc = 0.1*N; 
  
%Standard Deviations Squared 
std_gammaM_sq = std_gammaM^2; 
std_As2_mc_sq = std_As2_mc^2; 
std_As1_mc_sq = std_As1_mc^2; 
std_fds_sq = std_fds^2; 
std_y2_mc_sq = std_y2_mc^2; 
std_N_mc_sq = std_N_mc^2; 
  
%Resistance SigmaZ Calculations 
sigma_sq_gammaM = pd_gammaM_sq*std_gammaM_sq; 
sigma_sq_As2_mc = pd_As2_mc_sq*std_As2_mc_sq; 
sigma_sq_As1_mc = pd_As1_mc_sq*std_As1_mc_sq; 
sigma_sq_fds = pd_fds_sq*std_fds_sq; 
sigma_sq_y2_mc = pd_y2_mc_sq*std_y2_mc_sq; 
sigma_sq_N_mc = pd_N_mc_sq*std_N_mc_sq; 
  
%Blast Loading Sigma Calculations 
syms W_mc1 R_min1 column_diameter1 column_length1 R_max1 
Fi=(((((6.7*W_mc1)/(R_min1^3))+1)*98066.5)*column_diameter1*(column_len
gth1^2)/12+(((((6.7*W_mc1)/(R_max1^3))+1)*98066.5)-
((((6.7*W_mc1)/(R_min1^3))+1)*98066.5))*column_diameter1*(column_length
1^2)/20)/1000; %KN-m 
pd_W_mc1 = diff(Fi,W_mc1); 
pd_R_min1 = diff(Fi,R_min1); 
pd_column_diameter1 = diff(Fi, column_diameter1); 
pd_column_length1 = diff(Fi,column_length1); 
pd_R_max1 = diff(Fi,R_max1); 
  
W_mc1 = W_mc; 
R_min1 = R_min; 
column_diameter1 = column_diameter; 
column_length1 = column_length; 
R_max1 = R_max; 
  
pd_W_mc = subs(pd_W_mc1); 
pd_R_min = subs(pd_R_min1); 
pd_column_diameter = subs(pd_column_diameter1); 
pd_column_length = subs(pd_column_length1); 
pd_R_max = subs(pd_R_max1); 
  
%Car Partial Derivatives Squared 
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pd_W_mc_sq = pd_W_mc^2; 
pd_R_min_sq = pd_R_min^2; 
pd_column_diameter_sq = pd_column_diameter^2; 
pd_column_length_sq = pd_column_length^2; 
pd_R_max_sq = pd_R_max^2; 
  
%Car Standard Deviations 
std_W_mc = COV_CW*W_mc;  
std_R_min = 0; %Deterministic 
std_column_diameter = 0.05*column_diameter; 
std_column_length = 0; %Deterministic 
std_R_max = 0; %Deterministic 
  
%Car Standard Deviations Squared 
std_W_mc_sq = std_W_mc^2; 
std_R_min_sq = std_R_min^2; 
std_column_diameter_sq = std_column_diameter^2; 
std_column_length_sq = std_column_length^2; 
std_R_max_sq = std_R_max^2; 
  
%Car Blast SigmaZ Calculations 
sigma_sq_W_mc = pd_W_mc_sq*std_W_mc_sq; 
sigma_sq_R_min = pd_R_min_sq*std_R_min_sq; 
sigma_sq_column_diameter = 
pd_column_diameter_sq*std_column_diameter_sq; 
sigma_sq_column_length = pd_column_length_sq*std_column_length_sq; 
sigma_sq_R_max = pd_R_max_sq*std_R_max_sq; 
  
sigmaz_blast_sq = 
sigma_sq_gammaM+sigma_sq_As2_mc+sigma_sq_As1_mc+sigma_sq_fds+sigma_sq_y
2_mc+sigma_sq_N_mc+sigma_sq_W_mc+sigma_sq_R_min+sigma_sq_column_diamete
r+sigma_sq_column_length+sigma_sq_R_max; 
  
sigmaz_blast = sqrt(sigmaz_blast_sq); 
  
rindex_blast = muz_blast/sigmaz_blast 
  
reliability_blast = (1/2)*erfc(-rindex_blast/sqrt(2)); 
  
failure_prob_blast = 1-reliability_blast 
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APPENDIX C 
 

%Prompt user for column parameters (concrete and reinforcement details) 
disp('The column dimensions and reinforcement details are needed for 
the analysis.') 
disp(' ') 
disp('This code only analyzes circular columns with spiral 
reinforcement.') 
disp('It is assumed that the vertical reinforcing consist of 8 bars 
that are') 
disp('evenly spaced in the column. It is also assumed that the spiral') 
disp('reinforcement is adequate to support against shear.') 
disp(' ') 
%column_radius = input('Enter the radius of the reinforced concerete 
bridge column in meters: '); 
column_radius = 0.25; %meters 
disp(' ') 
%column_length = input('Enter the length of the reinforced concrete 
brige column in meters: '); 
column_length = 5; %meters 
disp(' ') 
vertical_barsize = input('Enter the bar size for the vertical 
reinforcement, such as 3,4,etc.:','s'); 
disp(' ') 
bar_count = 8; %input('Enter the number of bars in the vertical 
reinforcement: '); 
disp(' ') 
    
  
%Column Parameter Calculations 
Ag = pi*((column_radius*100)^2); %square centimeters 
compressive_strength = 3*1.04; %KN/(cm^2) 
column_diameter = 2*column_radius; %meters 
  
if strcmp(vertical_barsize, '3') 
    bar_diameter = 0.95; %centimeters 
    bar_area = 0.710; %square centimeters 
elseif strcmp(vertical_barsize, '4') 
    bar_diameter = 1.27; %centimeters 
    bar_area = 1.29; %square centimeters 
elseif strcmp(vertical_barsize, '5') 
    bar_diameter = 1.59; %centimeters 
    bar_area = 2.0; %square centimeters 
elseif strcmp(vertical_barsize, '6') 
    bar_diameter = 1.91; %centimeters 
    bar_area = 2.84; %square centimeters 
elseif strcmp(vertical_barsize, '7') 
    bar_diameter = 2.22; %centimeters 
    bar_area = 3.87; %square centimeters 
elseif strcmp(vertical_barsize, '8') 
    bar_diameter = 2.54; %centimeters 
    bar_area = 5.09; %square centimeters 
elseif strcmp(vertical_barsize, '9') 
    bar_diameter = 2.87; %centimeters 
    bar_area = 6.45; %square centimeters 
elseif strcmp(vertical_barsize, '10') 
    bar_diameter = 3.23; %centimeters 
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    bar_area = 8.19; %square centimeters 
elseif strcmp(vertical_barsize, '11') 
    bar_diameter = 3.58; %centimeters 
    bar_area = 10.06; %square centimeters 
else  
  disp('error, please enter a valid response (3,4,...,11)') 
end 
  
As = bar_area*bar_count; %square centimeters 
fy = 50; %KN/(cm^2) 
E = 57000*sqrt(compressive_strength); %KN/cm^2 
row = As/Ag; 
y2 = (column_radius*100)*2-2*3.8; %centimeters (1.5 inches cover to 
rebar) 
  
%Find Allowable Axial Load 
%fixed fixed, so k = 0.5 
  
I = pi()*((column_radius*100)^4)/4; %cm^4 
rg = sqrt(I/Ag); %cm 
slenderness = 0.5*(column_length*100)/rg; 
  
%Pallowable 
if slenderness > 40 
    disp('slender column, please choose different column properties')  
else 
    P_allowable = 0.85*(0.85*compressive_strength*(Ag-As)+As*fy); %KN    
end 
  
N = 0.75*P_allowable; %KN 
  
%Monte Carlo Method for Resistance 
  
n = 10000; 
  
%Deterministic Value 
gammaM = 1; %resistance uncertainty, unitless 
  
%Nondeterministic Values 
  
%Steel Area is Normal 
  
As1_rand = rand(n,1); 
As2_rand = rand(n,1); 
As1i = -qfuncinv(As1_rand); 
As2i = -qfuncinv(As2_rand); 
  
As1 = 3*bar_area; %square centimeters 
As2 = 2*bar_area; %square centimeters 
  
gamma_As = 1.02; 
mean_As1 = gamma_As*As1; %square centimeters 
mean_As2 = gamma_As*As2; %square centimeters 
  
sigma_As1 = .05*mean_As1; %square centimeters 
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sigma_As2 = .05*mean_As2; %square centimeters 
  
%yield strength is lognormal 
  
fy_rand = rand(n,1); 
fyi = -qfuncinv(fy_rand); 
  
gamma_fy = 1.1; 
mean_fy = gamma_fy*fy; %KN/(cm^2) 
  
sigma_fy = 0.05*mean_fy; %KN/(cm^2) 
  
V_fy = sigma_fy/mean_fy; 
sigma_lnfy =(log10(V_fy^2+1))^0.5; 
mu_lnfy = log10(mean_fy)-0.5*(sigma_lnfy^2); 
  
%Moment Arm is Normal 
  
y2_rand = rand(n,1);  
y2i = -qfuncinv(y2_rand); 
  
sigma_y2 = .05*y2; 
  
%Axial Load is Lognormal 
N_rand = rand(n,1); 
Ni = -qfuncinv(N_rand); 
  
sigma_N = 0.1*N; 
  
V_N = sigma_N/N; 
sigma_lnN =(log10(V_N^2+1))^0.5; 
mu_lnN = log10(N)-0.5*(sigma_lnN^2); 
  
%Values of Random Variable 
As1_mc = mean(mean_As1+As1i*sigma_As1); 
As2_mc = mean(mean_As2+As2i*sigma_As2); 
fy_mc = mean(exp(mu_lnfy+fyi*sigma_lnfy)); 
y2_mc = mean(y2+y2i*sigma_y2); 
N_mc = mean(exp(mu_lnN+Ni*sigma_lnN)); 
  
M_resistance = 
(gammaM*(As2_mc*fy_mc*y2_mc+2*As1_mc*fy_mc*(y2_mc/2)+N_mc*(y2_mc/2)))/1
00; %KN-m 
  
%Prompt user for vehicle type 
disp(' ') 
disp('The type of vehicle in the impact event is needed. Input the 
vehicle type using the terms below.') 
disp('If the vehicle is a car, enter 1.') 
disp('If the vehicle is an SUV/van, enter 2.') 
disp('If the vehicle is a small moving van/delivery truck, enter 3.') 
disp('If the vehicle is a moving van/water truck, enter 4.') 
disp('If the vehicle is a semi-truck/trailer, enter 5.') 
disp(' ') 
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vehicle = input('Enter the vehicle in the impact event:','s'); 
  
if strcmp(vehicle, '1') 
  h_impact = 0.61; %meters 
  m = 2270; %kg 
elseif strcmp(vehicle, '2') 
  h_impact = 0.91; %meters 
  m= 4540; %kg 
elseif strcmp(vehicle, '3') 
  h_impact = 1.22; %meters 
  m = 8170; %kg 
elseif strcmp(vehicle, '4') 
  h_impact = 1.5; %meters 
  m = 11800; %kg 
elseif strcmp(vehicle, '5') 
  h_impact = 1.8; %meters  
  m = 19100; %kg 
else  
  disp('error, please enter a valid response') 
end 
  
%Prompt the user for vehicle speed 
disp(' ') 
%v = input('Enter the velocity of the vehicle in km/h for the 
reliability analysis: ')*(1000/60); %meters/second 
v = 110*(1000/60); %meters/second 
disp(' ') 
%a = input('Enter the acceleration of the vehicle in m/s^2 at impact 
for the reliability analysis: '); 
  
%vehicle = input('Enter the type of vehicle from the choices 
above:','s'); 
%disp(' ') 
  
%Define parameters for each type of vehicle 
  
%Parameters for All Vehicles 
  k = 300; %KN/m 
  a = 3; %meters/square second 
  r =23; %meters 
  
%Monte Carlo Method for Loading 
  
n = 10000; 
  
%Nondeterministic Values 
  
%Vehicle Stiffness is lognormal 
k_rand = rand(n,1); 
ki = -qfuncinv(k_rand); 
  
sigma_k = 0.2*k; 
  
V_k = sigma_k/k; 
sigma_lnk =(log10(V_k^2+1))^0.5; 
mu_lnk = log10(k)-0.5*(sigma_lnk^2); 
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%Vehicle Acceleration is Lognormal 
a_rand = rand(n,1); 
ai = -qfuncinv(a_rand); 
  
sigma_a = 0.325*a; 
  
V_a = sigma_a/a; 
sigma_lna =(log10(V_a^2+1))^0.5; 
mu_lna = log10(a)-0.5*(sigma_lna^2); 
  
%vehicle speed is lognormal 
%vehicle mass is normal 
  
v_rand = rand(n,1); 
m_rand = rand(n,1); 
  
vi = -qfuncinv(v_rand); 
mi = -qfuncinv(m_rand); 
  
sigma_v = 0.15*v; 
  
sigma_m = 0.33*m; 
  
  
%lognormal calcs to calculate v_mc 
V_v = sigma_v/v; 
sigma_lnv = (log10(V_v^2+1))^2; 
mu_lnv = log10(v)-0.5*(sigma_lnv^2); 
  
%Values of Random Variables  
k_mc = mean(exp(mu_lnk+ki*sigma_lnk)); %kN/m 
a_mc = mean(exp(mu_lna+ai*sigma_lna)); %meters/s^2 
v_mc = mean(exp(mu_lnv+vi*sigma_lnv)); %meters/s 
m_mc = mean(m+mi*sigma_m)/1000; %1Mg=1000kg 
  
%Impact Force Calculations 
Fimpact = sqrt(k_mc*m_mc*((v_mc^2)-2*(-a_mc)*r)); %KN 
  
%Applied Moment Calculation 
M_impact = h_impact*Fimpact; %KN-m 
  
%Impact Performance Equation 
  
muz_impact = M_resistance-M_impact; 
  
%Column Resistance Sigma Calculations 
  
%Partial Derivative Calculations 
syms gammaM1 As2_mc1 As1_mc1 fy_mc1 y2_mc1 N_mc1 
Fr=(gammaM1*(As2_mc1*fy_mc1*y2_mc1+2*As1_mc1*fy_mc1*(y2_mc1/2)+N_mc1*(y
2_mc1/2))/100); %KN-m 
pd_gammaM1 = diff(Fr,gammaM1); 
pd_As2_mc1 = diff(Fr,As2_mc1); 
pd_As1_mc1 = diff(Fr,As1_mc1); 
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pd_fy_mc1 = diff(Fr,fy_mc1); 
pd_y2_mc1 = diff(Fr,y2_mc1); 
pd_N_mc1 = diff(Fr,N_mc1); 
  
gammaM1 = gammaM; 
As2_mc1 = As2_mc; 
As1_mc1 = As1_mc; 
fy_mc1 = fy_mc; 
y2_mc1 = y2_mc; 
N_mc1 = N_mc; 
  
pd_gammaM = subs(pd_gammaM1); 
pd_As2_mc = subs(pd_As2_mc1); 
pd_As1_mc = subs(pd_As1_mc1); 
pd_fy_mc = subs(pd_fy_mc1); 
pd_y2_mc = subs(pd_y2_mc1); 
pd_N_mc = subs(pd_N_mc1); 
  
%Partial Derivatives Squared 
pd_gammaM_sq = pd_gammaM^2; 
pd_As2_mc_sq = pd_As2_mc^2; 
pd_As1_mc_sq = pd_As1_mc^2; 
pd_fy_mc_sq = pd_fy_mc^2; 
pd_y2_mc_sq = pd_y2_mc^2; 
pd_N_mc_sq = pd_N_mc^2; 
  
%Standard Deviations 
std_gammaM = 0; %Deterministic 
std_As2_mc = 0.05*As2_mc; 
std_As1_mc = 0.05*As1_mc; 
std_fy_mc = 0.05*fy_mc; 
std_y2_mc = 0.05*y2; 
std_N_mc = 0.1*N; 
  
%Standard Deviations Squared 
std_gammaM_sq = std_gammaM^2; 
std_As2_mc_sq = std_As2_mc^2; 
std_As1_mc_sq = std_As1_mc^2; 
std_fy_mc_sq = std_fy_mc^2; 
std_y2_mc_sq = std_y2_mc^2; 
std_N_mc_sq = std_N_mc^2; 
  
%Resistance SigmaZ Calculations 
sigma_sq_gammaM = pd_gammaM_sq*std_gammaM_sq; 
sigma_sq_As2_mc = pd_As2_mc_sq*std_As2_mc_sq; 
sigma_sq_As1_mc = pd_As1_mc_sq*std_As1_mc_sq; 
sigma_sq_fy_mc = pd_fy_mc_sq*std_fy_mc_sq; 
sigma_sq_y2_mc = pd_y2_mc_sq*std_y2_mc_sq; 
sigma_sq_N_mc = pd_N_mc_sq*std_N_mc_sq; 
  
%Impact Loading Sigma Calculations 
  
%Partial Derivative Calculations 
syms h_impact1 k_mc1 m_mc1 v_mc1 a_mc1 r1 
Fi=h_impact1*sqrt(k_mc1*m_mc1*((v_mc1^2)-2*(-a_mc1)*r1)); 
pd_h_impact1 = diff(Fi,h_impact1); 
pd_k_mc1 = diff(Fi,k_mc1); 
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pd_m_mc1 = diff(Fi,m_mc1); 
pd_v_mc1 = diff(Fi,v_mc1); 
pd_a_mc1 = diff(Fi,a_mc1); 
pd_r1 = diff(Fi,r1); 
  
h_impact1 = h_impact; 
k_mc1 = k_mc; 
m_mc1 = m_mc; 
v_mc1 = v_mc; 
a_mc1 = a_mc; 
r1 = r; 
  
pd_h_impact = subs(pd_h_impact1); 
pd_k_mc = subs(pd_k_mc1); 
pd_m_mc = subs(pd_m_mc1); 
pd_v_mc = subs(pd_v_mc1); 
pd_a_mc = subs(pd_a_mc1); 
pd_r = subs(pd_r1); 
  
%Partial Derivatives Squared 
pd_h_impact_sq = pd_h_impact^2; 
pd_k_mc_sq = pd_k_mc^2; 
pd_m_mc_sq = pd_m_mc^2; 
pd_v_mc_sq = pd_v_mc^2; 
pd_a_mc_sq = pd_a_mc^2; 
pd_r_sq = pd_r^2; 
  
%Standard Deviations 
std_h_impact = 0; %Deterministic 
std_k_mc = 0.2*k_mc; 
std_m_mc = 0.33*m_mc; 
std_v_mc = 0.15*v_mc; 
std_a_mc = 0.325*a_mc; %Deterministic 
std_r = 0; %Deterministic 
  
%Standard Deviations Squared 
std_h_impact_sq = std_h_impact^2; 
std_k_mc_sq = std_k_mc^2; 
std_m_mc_sq = std_m_mc^2; 
std_v_mc_sq = std_v_mc^2; 
std_a_mc_sq = std_a_mc^2; 
std_r_sq = std_r^2; 
  
%Impact SigmaZ Calculations 
sigma_sq_h_impact = pd_h_impact_sq*std_h_impact_sq; 
sigma_sq_k_mc = pd_k_mc_sq*std_k_mc_sq; 
sigma_sq_m_mc = pd_m_mc_sq*std_m_mc_sq; 
sigma_sq_v_mc = pd_v_mc_sq*std_v_mc_sq; 
sigma_sq_a_mc = pd_a_mc_sq*std_a_mc_sq; 
sigma_sq_r = pd_r_sq*std_r_sq; 
  
sigmaz_impact_sq = 
sigma_sq_gammaM+sigma_sq_As2_mc+sigma_sq_As1_mc+sigma_sq_fy_mc+sigma_sq
_y2_mc+sigma_sq_N_mc+sigma_sq_h_impact+sigma_sq_k_mc+sigma_sq_m_mc+sigm
a_sq_v_mc+sigma_sq_a_mc+sigma_sq_r; 
  
sigmaz_impact = sqrt(sigmaz_impact_sq); 
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rindex_impact = muz_impact/sigmaz_impact; 
  
reliability_impact = (1/2)*erfc(-rindex_impact/sqrt(2)); 
  
failure_prob_impact = 1-reliability_impact; 
  
%REDUCTION 
COV_Mr = .11; 
sigma_Mr = COV_Mr*M_resistance; 
  
if failure_prob_impact <= 0.12 
    reduce = 1-1*(sigma_Mr/M_resistance); 
elseif failure_prob_impact > 0.12 & failure_prob_impact <= 0.24 
    reduce = 1-2*(sigma_Mr/M_resistance);  
elseif failure_prob_impact > 0.24 & failure_prob_impact <= 0.36 
    reduce = 1-3*(sigma_Mr/M_resistance); 
elseif failure_prob_impact > 0.36 & failure_prob_impact <= 0.48 
    reduce = 1-4*(sigma_Mr/M_resistance); 
elseif failure_prob_impact > 0.48 & failure_prob_impact <= 0.60 
    reduce = 1-5*(sigma_Mr/M_resistance);  
elseif failure_prob_impact > 0.60 & failure_prob_impact <= 0.72 
    reduce = 1-6*(sigma_Mr/M_resistance);  
elseif failure_prob_impact > 0.72 & failure_prob_impact <= 0.84 
    reduce = 1-7*(sigma_Mr/M_resistance);  
elseif failure_prob_impact > 0.84 
    reduce = 1-8*(sigma_Mr/M_resistance); 
else  
  disp('error, please enter a valid response (3,4,...,11)') 
end 
  
%Monte Carlo Method for Resistance 
  
n = 10000; 
  
%Deterministic Value 
gammaM = 1; %resistance uncertainty, unitless 
  
%Nondeterministic Values 
  
%Steel Area is Normal 
  
As1_rand = rand(n,1); 
As2_rand = rand(n,1); 
As1i = -qfuncinv(As1_rand); 
As2i = -qfuncinv(As2_rand); 
  
As1 = 3*bar_area; %square centimeters 
As2 = 2*bar_area; %square centimeters 
  
gamma_As = 1.02; 
mean_As1 = gamma_As*As1; %square centimeters 
mean_As2 = gamma_As*As2; %square centimeters 
  
sigma_As1 = .05*mean_As1; %square centimeters 
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sigma_As2 = .05*mean_As2; %square centimeters 
  
%yield strength is lognormal 
  
fy_rand = rand(n,1); 
fyi = -qfuncinv(fy_rand); 
  
gamma_fy = 1.1; 
mean_fy = gamma_fy*fy; %KN/(cm^2) 
  
sigma_fy = 0.05*mean_fy; %KN/(cm^2) 
  
V_fy = sigma_fy/mean_fy; 
sigma_lnfy =(log10(V_fy^2+1))^0.5; 
mu_lnfy = log10(mean_fy)-0.5*(sigma_lnfy^2); 
  
%Moment Arm is Normal 
  
y2_rand = rand(n,1);  
y2i = -qfuncinv(y2_rand); 
  
sigma_y2 = .05*y2; 
  
%Axial Load is Lognormal 
N_rand = rand(n,1); 
Ni = -qfuncinv(N_rand); 
  
sigma_N = 0.1*N; 
  
V_N = sigma_N/N; 
sigma_lnN =(log10(V_N^2+1))^0.5; 
mu_lnN = log10(N)-0.5*(sigma_lnN^2); 
  
%Values of Random Variable 
As1_mc = mean(mean_As1+As1i*sigma_As1); 
As2_mc = mean(mean_As2+As2i*sigma_As2); 
fy_mc = mean(exp(mu_lnfy+fyi*sigma_lnfy)); 
y2_mc = mean(y2+y2i*sigma_y2); 
N_mc = mean(exp(mu_lnN+Ni*sigma_lnN)); 
fds = 1.23*fy_mc; 
  
M_resistance = 
reduce*gammaM*(As2_mc*fds*y2_mc+2*As1_mc*fds*(y2_mc/2)+N_mc*(y2_mc/2))/
100; %KN-m 
  
%Prompt the user for the standoff distance 
%R = input('Enter the standoff distance in meters for the reliability 
analysis: '); %meters 
R = 15; %meters 
R_max = R; %meters  
R_min = sqrt(((R_max)^2)+((column_length)^2)); %meters 
  
  
  
%gam = input ('enter gamma: '); 
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gam = 1.0; 
W_lb = input('Enter the charge weight in lb of TNT: '); 
W = gam*W_lb/2.2; %kg of TNT 
%W = gam*25/2.2; %kg of TNT 
n = 10000; 
  
%Assume charge weight is Normal 
W_rand = rand(n,1); 
  
Wi = -qfuncinv(W_rand); 
  
COV_CW = .33; 
%COV_CW = input ('enter COV: '); 
sigma_W = W*COV_CW; 
  
W_mc = mean(W+Wi*sigma_W); %kg of TNT 
  
%Use law of super-position to determine max moment with x_max 
assumption 
M_blast = 
(((((6.7*W_mc)/(R_min^3))+1)*98066.5)*column_diameter*(column_length^2)
/12+(((((6.7*W_mc)/(R_max^3))+1)*98066.5)-
((((6.7*W_mc)/(R_min^3))+1)*98066.5))*column_diameter*(column_length^2)
/20)/1000; %KN-m 
  
%Blast Performance Equation 
  
muz_blast = M_resistance-M_blast; 
  
%Column Resistance Sigma Calculations 
  
%Partial Derivative Calculations 
syms gammaM1 As2_mc1 As1_mc1 fds1 y2_mc1 N_mc1 
Fr=reduce*(gammaM1*(As2_mc1*fds1*y2_mc1+2*As1_mc1*fds1*(y2_mc1/2)+N_mc1
*(y2_mc1/2))/100); %KN-m 
pd_gammaM1 = diff(Fr,gammaM1); 
pd_As2_mc1 = diff(Fr,As2_mc1); 
pd_As1_mc1 = diff(Fr,As1_mc1); 
pd_fds1 = diff(Fr,fds1); 
pd_y2_mc1 = diff(Fr,y2_mc1); 
pd_N_mc1 = diff(Fr,N_mc1); 
  
gammaM1 = gammaM; 
As2_mc1 = As2_mc; 
As1_mc1 = As1_mc; 
fds1 = fds; 
y2_mc1 = y2_mc; 
N_mc1 = N_mc; 
  
pd_gammaM = subs(pd_gammaM1); 
pd_As2_mc = subs(pd_As2_mc1); 
pd_As1_mc = subs(pd_As1_mc1); 
pd_fds = subs(pd_fds1); 
pd_y2_mc = subs(pd_y2_mc1); 
pd_N_mc = subs(pd_N_mc1); 
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%Partial Derivatives Squared 
pd_gammaM_sq = pd_gammaM^2; 
pd_As2_mc_sq = pd_As2_mc^2; 
pd_As1_mc_sq = pd_As1_mc^2; 
pd_fds_sq = pd_fds^2; 
pd_y2_mc_sq = pd_y2_mc^2; 
pd_N_mc_sq = pd_N_mc^2; 
  
%Standard Deviations 
std_gammaM = 0; %Deterministic 
std_As2_mc = 0.05*As2_mc; 
std_As1_mc = 0.05*As1_mc; 
std_fds = 0.05*fds; 
std_y2_mc = 0.05*y2; 
std_N_mc = 0.1*N; 
  
%Standard Deviations Squared 
std_gammaM_sq = std_gammaM^2; 
std_As2_mc_sq = std_As2_mc^2; 
std_As1_mc_sq = std_As1_mc^2; 
std_fds_sq = std_fds^2; 
std_y2_mc_sq = std_y2_mc^2; 
std_N_mc_sq = std_N_mc^2; 
  
%Resistance SigmaZ Calculations 
sigma_sq_gammaM = pd_gammaM_sq*std_gammaM_sq; 
sigma_sq_As2_mc = pd_As2_mc_sq*std_As2_mc_sq; 
sigma_sq_As1_mc = pd_As1_mc_sq*std_As1_mc_sq; 
sigma_sq_fds = pd_fds_sq*std_fds_sq; 
sigma_sq_y2_mc = pd_y2_mc_sq*std_y2_mc_sq; 
sigma_sq_N_mc = pd_N_mc_sq*std_N_mc_sq; 
  
%Blast Loading Sigma Calculations 
syms W_mc1 R_min1 column_diameter1 column_length1 R_max1 
Fi=(((((6.7*W_mc1)/(R_min1^3))+1)*98066.5)*column_diameter1*(column_len
gth1^2)/12+(((((6.7*W_mc1)/(R_max1^3))+1)*98066.5)-
((((6.7*W_mc1)/(R_min1^3))+1)*98066.5))*column_diameter1*(column_length
1^2)/20)/1000; %KN-m 
pd_W_mc1 = diff(Fi,W_mc1); 
pd_R_min1 = diff(Fi,R_min1); 
pd_column_diameter1 = diff(Fi, column_diameter1); 
pd_column_length1 = diff(Fi,column_length1); 
pd_R_max1 = diff(Fi,R_max1); 
  
W_mc1 = W_mc; 
R_min1 = R_min; 
column_diameter1 = column_diameter; 
column_length1 = column_length; 
R_max1 = R_max; 
  
pd_W_mc = subs(pd_W_mc1); 
pd_R_min = subs(pd_R_min1); 
pd_column_diameter = subs(pd_column_diameter1); 
pd_column_length = subs(pd_column_length1); 
pd_R_max = subs(pd_R_max1); 
  
%Car Partial Derivatives Squared 
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pd_W_mc_sq = pd_W_mc^2; 
pd_R_min_sq = pd_R_min^2; 
pd_column_diameter_sq = pd_column_diameter^2; 
pd_column_length_sq = pd_column_length^2; 
pd_R_max_sq = pd_R_max^2; 
  
%Car Standard Deviations 
std_W_mc = COV_CW*W_mc;  
std_R_min = 0; %Deterministic 
std_column_diameter = 0.05*column_diameter; 
std_column_length = 0; %Deterministic 
std_R_max = 0; %Deterministic 
  
%Car Standard Deviations Squared 
std_W_mc_sq = std_W_mc^2; 
std_R_min_sq = std_R_min^2; 
std_column_diameter_sq = std_column_diameter^2; 
std_column_length_sq = std_column_length^2; 
std_R_max_sq = std_R_max^2; 
  
%Car Blast SigmaZ Calculations 
sigma_sq_W_mc = pd_W_mc_sq*std_W_mc_sq; 
sigma_sq_R_min = pd_R_min_sq*std_R_min_sq; 
sigma_sq_column_diameter = 
pd_column_diameter_sq*std_column_diameter_sq; 
sigma_sq_column_length = pd_column_length_sq*std_column_length_sq; 
sigma_sq_R_max = pd_R_max_sq*std_R_max_sq; 
  
sigmaz_blast_sq = 
sigma_sq_gammaM+sigma_sq_As2_mc+sigma_sq_As1_mc+sigma_sq_fds+sigma_sq_y
2_mc+sigma_sq_N_mc+sigma_sq_W_mc+sigma_sq_R_min+sigma_sq_column_diamete
r+sigma_sq_column_length+sigma_sq_R_max; 
  
sigmaz_blast = sqrt(sigmaz_blast_sq); 
  
rindex_blast = muz_blast/sigmaz_blast 
  
reliability_blast = (1/2)*erfc(-rindex_blast/sqrt(2)); 
  
failure_prob_blast = 1-reliability_blast 
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