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Terrorism has been an international threat to high occupancy civilian structures, 

government buildings, and military installations for many years. Statistical data from past 

terrorist attacks show that transportation infrastructure has been widely targeted, and a 

bombing of an ordinary highway bridge is a realistic scenario. Recent threats to bridges 

in the U.S. confirm this concern and have caught the attention of the bridge engineering 

community. Given that many ordinary highway bridges in the United States support 

critical emergency evacuation routes, military transportation plans, and vital economic 

corridors, the loss of a key bridge could result in severe national security, economic, and 

socioeconomic consequences. Therefore, in this research, a simplified procedure is 

developed to predict blast loads on bridge columns, and an understanding of the 

mechanisms that cause damage and ultimately failure of blast-loaded reinforced concrete 

bridge columns is advanced. 

 

To that end, computational fluid dynamics models are constructed and validated 

using experimental data. These numerical models are used to characterize the structural 

loads experienced by square and circular bridge columns subjected to blast loads, which 

is followed by the formulation of a simplified load prediction procedure. Additionally, 

nonlinear, three-dimensional, dynamic finite element models of blast-loaded reinforced 



 vi  

concrete bridge columns are developed and validated using qualitative and quantitative 

data from recent experimental tests. The results of these analyses illustrate the fact that 

circular columns cannot be assumed to experience less base shear demand than a square 

column simply because they experience less net resultant impulse. Furthermore, the 

column response models developed in this research are used to identify and explain the 

mechanisms that lead to the spalling of side cover concrete off blast-loaded reinforced 

concrete members observed in recent experimental tests. Therefore, the results of this 

research advance the understanding of the structural loads on and the resulting response 

of reinforced concrete bridge columns subjected to blast loads, and as such these 

contributions to the structural engineering community enhance the security of the U.S. 

transportation infrastructure. 
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CHAPTER 1                                             

Introduction 

 

1.1  INTRODUCTION 

Past terrorist attacks against buildings and other infrastructure components 

highlight the need for blast-resistant structures, and the design of such structures has 

become a critical priority in the structural engineering community since the September 

11, 2001 attacks against the World Trade Center in New York City and the Pentagon in 

Washington, D.C. Previous research in this area has primarily focused on buildings; 

however, historical data show that attacks on transportation assets have increased recently 

and that bridges are the most frequently attacked transportation target (Boyd and 

Sullivan, 2000). Past accidental collapses of bridges in the U.S. suggest that highway 

infrastructure can be an attractive terrorist target because the loss of these structures can 

have great regional and national economic, socioeconomic, psychological, and national 

security consequences. Thus, the development of a national standard to design blast-

resistant highway bridges is imperative, and this dissertation presents research that 

advances the understanding of structural loads on and the resulting response of reinforced 

concrete bridge columns subjected to blast loads. The results are intended to aid structural 

engineers in the design and development of blast-resistant bridge structures, and this 

chapter outlines the motivation for this work. 

 

1.2  MOTIVATION 

Engineers now have a desire to design and build structures able to resist any and 

all loads that may act on them, including extreme cases such as blasts and impacts.  An 

increase in terrorist activity against U.S. interests over the last two decades has gained the 

attention of the U.S. government and the structural engineering community. To date, the 
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attacks on September 11, 2001 undoubtedly illustrate worldwide terrorist activity during 

the last century, and as such they highlight the graveness and immediateness of the 

terrorist threat to this country. For that reason, the U.S. has attempted to increase the 

blast-resistance of all critical facilities over the last eight years. While much of this effort 

has focused on military installations, government buildings, and symbolic civilian 

structures, members of the bridge engineering community are turning their attention to 

the vulnerability of the U.S. transportation infrastructure, and this concern has grown 

amidst recent specific threats to well-known bridges and ground transportation assets in 

the United States.  

 

In July, 2002, authorities in Spain arrested Al-Qaeda members in possession of 

several videotapes showing detailed footage of famous U.S. landmarks, including the 

World Trade Center Towers, the Golden Gate Bridge, and the Brooklyn Bridge. 

According to the Spanish interior minister, the Golden Gate Bridge towers were the focus 

of the video, and “the style and duration of the recordings far exceed[ed] tourist 

curiosity” (Mercury News, 2002). This finding reinforced a previously criticized 

“credible threat” against the Golden Gate Bridge issued by then California governor Gray 

Davis. According to the warning issued by Davis in November 2001, six events were to 

take place against key bridges during rush hour, and the attackers were specifically 

targeting suspension bridges. As a result, the state of California doubled police and air 

patrols around the Golden Gate Bridge (Mercury News, 2002). Moreover, in May 2003, a 

man was arrested for plotting to use blow torches to sever the cables of the Brooklyn 

Bridge in New York. The New York City police department learned of the intentions and 

increased security patrols around the bridge. The alleged attacker canceled the plan and 

was later arrested (Carafano, 2007). Additionally, in July 2006, the FBI discovered a plot 

to plant bombs in New York City train tunnels while monitoring online chat rooms, and 

eight suspects were identified as attempting to organize this effort (Carafano, 2007). It is 

significant to note that the United States government has foiled at least 19 total planned 
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attacks in the six years immediately following the events of September 11th (Carafano, 

2007). 

 

These threats against U.S. transportation infrastructure assets have placed the 

motoring public and government officials on high alert; however, this heightened sense 

of concern among transportation officials is not just a result of those threats and is not 

new since September 11. Even prior to those attacks, terrorism against transportation 

targets in the United States had been a real and imminent threat for some time, as more 

than 2,500 criminal bombings occurred in this country between 1990 and 2000 (Boyd and 

Sullivan, 2000). Furthermore, statistical data from the U.S. State Department indicate that 

violent attacks against transportation interests worldwide increased throughout the 1990s 

and that highway infrastructure was the most frequently attacked transportation target. 

This increased trend in targeting transportation assets is illustrated by bombings in India, 

France, Israel, and Columbia as reported by the U.S. State Department (Boyd and 

Sullivan, 2000). In a report issued in 2000, transportation officials responding to a survey 

administered by the Transportation Research Board (TRB) raise concerns over their 

ability to protect potential transportation targets (Boyd and Sullivan, 2000). “Local law 

enforcement and transit police and operations personnel responding to the survey 

generally believe that urban rail, commuter rail, and bus and rail terminals are at greatest 

risk of being targeted in a terrorist event. Bridges and tunnels are believed to be [only] 

slightly less at risk.” Interestingly, 88% of those respondents reported experiencing a 

bomb threat within the five years prior to the publication of the report (Boyd and 

Sullivan, 2000), and these worries were reinforced on the national scene in 1993 when 

authorities foiled a terrorist plot to detonate bombs in subway tunnels and on bridges in 

New York (Council on Foreign Relations, 2004). 

 

While signature bridges may seem like the most probable transportation-related 

targets, historical data suggest otherwise. Statistics gathered by the Mineta Transportation 
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Institute (Jenkins and Gersten, 2001) show that 53 terrorist attacks worldwide and 20 

terrorist attacks only in industrialized nations specifically targeted bridges between 1980 

and 2006. While some scholars may argue that non-signature bridges were attacked 

frequently around the world only because signature bridges do not exist in many 

countries, statistics from terrorist attacks in Western countries do not support that claim. 

Of those attacks on bridges between 1980 and 2006, 58% of bridges attacked around the 

world and 35% of bridges targeted only in industrialized countries were highway bridges 

other than signature bridges. Therefore, these statistics from attacks in industrialized 

nations illustrate the real threat to ordinary bridges in Western societies. Furthermore, 

60% of all terrorist attacks against transportation assets during that time were bombings, 

and bombings clearly were the international terrorist attack of choice in 2000 (Center for 

Defense Information, 2002). 

 

Attacks on regularly frequented “ordinary” highway bridges align well with 

anticipated terrorist goals. “Terrorists seek to weaken a hated political authority that is 

responsible (in their eyes) for illegitimate policies . . . Factors in selecting targets include 

the high degree of surprise in the attack (causing panic and paralysis), the drama of the 

attack, the availability of media to publicize the attack, the magnitude of the attack, and 

the ability to repeat the attacks to cause insecurity” (Center for Defense Information, 

2002). Through their attacks, terrorists desire to show that the government they target 

cannot protect its own people, its symbols of authority, its infrastructure, and its peaceful 

standard of life (Center for Defense Information, 2002). Attacks on public transportation 

targets are believed to be a high priority for terrorists because they provide the ability to 

“kill in quantity” and because they cause “great disruption and alarm – the traditional 

goals of terrorism” (Jenkins, 2004). Moreover, a confiscated Al Qaeda training manual 

specifically identifies bridges as key targets. The manual states that terrorist goals include 

“destroying and blasting bridges leading into and out of the city” in order to “strike terror 

[into the hearts] of the enemies” (USDJ, 1995). The facts that many bridges carry 

thousands of motorists, pedestrians, and economic goods, have local and national 
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symbolic importance, and require open access to key structural components make them 

prime targets for these stated goals of terrorism. Even successful attacks on ordinary 

highway bridges would fulfill terrorists’ intentions. Many ordinary highway bridges in 

the U.S. belong to principle economic thoroughfares, emergency evacuation corridors, 

and military transportation routes (Rowshan et al., 2003). Accordingly, the loss of a key 

transportation artery could result in massive economic, socioeconomic, and national 

security consequences (Rowshan et al., 2003), and the success of recent attacks on 

concrete overpass and steel truss bridges (i.e., “ordinary bridges”) in Iraq highlight the 

realization of these goals. 

 

While the stated goals of terrorism, combined with recent threats and successful 

attacks on transportation targets, illustrate the real, grave, and imminent threat to highway 

bridges, some scholars argue that these structures do not warrant additional security 

beyond that already provided. These scholars claim that other types of loads, including 

natural disasters, are more likely to occur than terrorist acts, suggesting that protection 

from terrorist actions should not be a top priority (Dix, 2004).   Certainly, all bridges 

need to be designed to withstand the loads they may face over their expected lifetime, and 

consideration of extreme loads resulting from natural disasters is an important part of the 

design process.  Ignoring the possibility of potential terrorist courses of action, however, 

could have catastrophic consequences.  Many engineers and scholars support the idea of 

accounting for potential terrorist threats when designing new structures even though they 

are believed to have a lower likelihood of occurrence than natural disasters.  Because 

natural disasters are often predictable, engineering strategies to mitigate these threats 

include designing structural components to meet defined performance criteria based on 

historical data of hazards in a given area and providing means of evacuating an area in 

times of heightened credible threats (e.g., Category 5 hurricane). Unlike the design of 

structures for natural hazards, the targets and modus operandi of terrorists are difficult to 

characterize, and a successful attack creates an atmosphere of fear and uncertainty that 
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carries psychological and socioeconomical consequences beyond that imparted by a 

natural disaster.  

 

The unpredicted accidental collapses of the Oklahoma Weber Falls I-40 bridge 

(BRPBTS, 2003), the Queen Isabella Causeway in Texas (Henderson, 2005), and the I-35 

bridge in Minneapolis (CNN, 2007) showed that the unexpected destruction of such 

structures can produce large regional and national economic and socioeconomic 

consequences, achieving the basic expected goals of terrorism. Span failures resulting 

from the Webber Falls collision led to $30.1 million in reconstruction and detour costs 

and prevented traffic flow on a busy U.S. interstate (NTSB 2004). The collapse of a 

portion of the Queen Isabella Causeway in Texas resulted in $4.3 million in 

reconstruction costs and blocked the only land access to South Padre Island for two 

months. The I-35 bridge failure in Minneapolis cost $8 million in rescue and recovery 

costs and $234 million in direct reconstruction costs (Wikipedia, 2009). Additionally, 

vital water transportation along the river was cut off, and motorist transportation on 

various other roads was blocked. Numerous jobs were lost when the lack of water and 

ground transportation prevented delivery of manufactured goods. In addition to the 

economic consequences and inconveniences, these types of unpredicted catastrophic 

failures created a sense of panic among citizens, fear of using public transportation, and 

mistrust in government-guaranteed safety and security, which are typical goals of 

terrorism. The catastrophic collapse of a U.S. bridge due to an actual terrorist attack 

would undoubtedly magnify these consequences significantly.  

 

With increased terrorist activity around the world, specific threats to significant 

bridges in the U.S., and the stated goals of terrorism, the past accidental collapses of 

bridges on main transportation arteries in the U.S. foreshadow the massive economic, 

socioeconomic, and national security concerns that would result from the collapse of an 

ordinary highway bridge due to a terrorist event. Therefore, bridge engineers need 
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guidelines to analyze, design, and detail bridges to resist the effects of a terrorist attack. 

Extensive research over the last several decades on the design of blast-resistant structures 

has led to several publicly available guidelines. Most notably, these guidelines include 

the U.S. Army Technical Manual TM 5-1300 Structures to Resist the Effects of 

Accidental Explosions (Department of the Army, 1990); Structural Design for Physical 

Security: State of Practice (Conrath et al., 1999); and Design of Blast Resistant Buildings 

in Petrochemical Facilities (ASCE, 1997). Another related limited-distribution document 

is Design and Analysis of Hardened Structures to Conventional Weapons Effects: Unified 

Facilities Criteria (UFC) 3-340-01 (Departments of the Army, Air Force, and Navy and 

the Defense Special Weapons Agency, 2002). While these documents do provide 

guidelines to increase the blast-resistance of a structure, the research that forms the 

foundation of these documents focuses primarily on buildings, and thus the guidance they 

contain is tailored predominantly for those types of structures. Bridges, however, differ 

from buildings in several ways that warrant additional research specific to these 

structures. For example, span lengths of bridge superstructures are typically much larger 

than bay lengths in buildings. Additionally, because of inherent conservatism in the 

predicted loads acting on bridges and due to the need to consider load cases such as 

vehicle impact and perhaps seismic events, reinforced concrete bridge columns typically 

must sustain in-service axial loads that are well below their balance point on an 

interaction diagram of axial force and bending moment (Bayrak, 2007). In contrast, 

columns in buildings typically experience service loads well above their balance point. 

Also, structural members in buildings are usually loaded through reaction forces 

transferred from façade members during a blast event, whereas bridge components are 

loaded directly by a shock wave. Furthermore, many (but certainly not all) buildings can 

be protected by cost-effective, non-structural methods such as by reducing the proximity 

of a threat through the use of bollards, fencing, security checkpoints, and landscaping; 

however, most bridges inherently provide access to areas near key structural components, 

such as traffic lanes that pass through and right beside the towers of cable-stay or 

suspension bridges, columns beneath interstate highway exchanges or overpasses, or 
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pedestrian walkways beneath long-span bridges. Therefore, additional research specific 

to bridges is necessary to determine the applicability of existing blast-resistant design 

guidelines for these structures and to develop new guidance, as necessary, that is specific 

to transportation structures. 

 

Several efforts in recent years have aimed to address this need. The Blue Ribbon 

Panel was a joint-venture between AASHTO and FHWA to investigate the security 

requirements of our nation’s transportation infrastructure. The recommendations 

provided by the Blue Ribbon panel were quite extensive and were separated into short-

term, mid-term, and long-term strategies for improving bridge and tunnel security, and 

techniques were discussed to mitigate terrorist threats and attack consequences 

(BRPBTS, 2003). Other recent work specifically aims to increase the structural resistance 

of bridges to blast loads. The Texas Department of Transportation led a pooled-fund 

study to improve the performance of various bridge types considering a wide variety of 

terrorist threat scenarios. In this study, design and retrofit options using simplified 

analysis techniques were evaluated. Through two separate pooled-fund projects, the U.S. 

Army Corps of Engineers has studied the performance of concrete and steel suspension 

and cable-stay bridge towers subjected to very severe close-in blasts. Researchers at the 

State University of New York (SUNY) Buffalo (Fujikura et al., 2008) have investigated 

the resistance increase concrete filled steel tubes provide to multi-column bents. In 

addition, the U.S. Army Corps of Engineers has evaluated the performance of prestressed 

concrete bridge girders subjected to blast loads.  

 

Of particular interest to the research presented in this dissertation, the National 

Cooperative Highway Research Program (NCHRP) solicited and funded Project 12-72 

(“Blast-Resistant Highway Bridges: Design and Detailing Guidelines”) to develop design 

and detailing guidelines for blast-resistant bridges. The research presented in this 

dissertation was completed in conjunction with and in support of the work completed for 
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NCHRP 12-72. Phase I of this research includes small-scale blast tests on non-responding 

columns to help characterize blast loads on slender square and circular structural 

components. The work plan for Phase II of this research includes half-scale blast tests on 

reinforced concrete bridge columns. The results of Project 12-72 are incorporated into 

design and detailing guidelines in the form of code-ready language intended for the 

AASHTO LRFD bridge specification (AASHTO, 2007). While the specifications 

developed during that project provide a significant advancement towards protecting our 

nation’s transportation infrastructure against terrorist attacks, they do not provide a 

comprehensive understanding of blast loads experienced by bridge columns, nor do they 

explain some of the phenomena observed during the blast tests on half-scale reinforced 

concrete bridge columns. Therefore, the research presented in this dissertation 

compliments and improves the understanding gained during the NCHRP 12-72 project as 

described in the following section. 

 

1.3  RESEARCH APPROACH  

The United States transportation infrastructure contains a wide variety of bridge 

types and configurations, and numerous components contribute to the structural integrity 

of each. While the response of all bridge components subjected to blast loads is of 

interest, establishing the behavior of blast-loaded bridge columns will provide the 

greatest contribution to the bridge community as a whole. Bridge columns are essential to 

nearly all bridges and bridge types, and they are arguably the most important structural 

element in a bridge. Many bents have only one column, which means failure of a single 

column could initiate collapse of an entire bridge. Elevated interstate highway 

interchanges with single column bents may be especially vulnerable, and the collapse of 

the highest superstructure in one of these systems may mean failure of all those below. 

Additionally, access to bridge columns is typically unrestricted, making them attractive 

targets for potential attackers. Therefore, the aim of this research is to advance the 

understanding of reinforced concrete bridge columns subjected to blast loads through 

four main objectives: 
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- to characterize the pressures and impulses acting on square and circular bridge 

columns due to the detonation of a nearby explosive; 

- to develop a simplified method to predict blast loads on slender circular and 

square members (i.e., bridge columns); 

- to determine the vertical location for a charge that generates the worst case design 

scenario for base shear; 

- to explain the mechanism that causes spalling of cover concrete off the sides of 

reinforced concrete columns subjected to airblast. 

A review of available literature is provided in Chapter 2 of this dissertation, and it 

specifically focuses on blast phenomena and structural loads resulting from airblast. 

Details of the work completed for NCHRP 12-72 are described in Chapter 3, and that 

chapter outlines the specific motivations for each of the main objectives in this research. 

Numerical models constructed using LS-DYNA to represent high explosive detonation 

and shock propagation are described in Chapter 4. These models are used to characterize 

blast loads on square and circular bridge columns and to develop load data for column 

response models in LS-DYNA. The construction of column response analyses that model 

the blast tests on half-scale reinforced concrete columns during the NCHRP 12-72 project 

are presented in Chapter 5. The results of this research, including the mechanism leading 

to loss of side cover concrete on blast-loaded reinforced concrete columns, the 

characterization of blast loads on square and circular columns, and the development of a 

simplified procedure to predict blast loads that is suitable for design office use are 

described in Chapter 6. Finally, Chapter 7 contains a summary of the completion of the 

main objectives of this research and their significance to the structural engineering 

community. 
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CHAPTER 2                                                         

Literature Review 

 

2.1  INTRODUCTION 

In this chapter, a review of blast phenomenology is provided, and it includes a 

summary of the current state-of-the-practice for analyzing structures subjected to blast. 

The chapter is divided into a literature review, a review of methods for the analysis of 

blast-loaded structures, and a description of the single-degree-of-freedom analysis 

procedure.  

 

2.2 LITERATURE REVIEW 

The review of available literature presented in this section focuses on the 

characteristics of shock waves traveling in open air and their interaction with structures, 

structural loads due to airblast, and the current state-of-the-practice for the analysis of 

blast-resistant structures. Important terms and equations are identified throughout this 

chapter. Initially, a description of the phenomena resulting from the detonation of a high 

explosive is provided. That discussion also includes an explanation of the loads that act 

on and the resulting response of structural members subjected to airblast. This 

information has been gathered from many years of blast tests using high explosive 

detonations in the open air, in confined spaces, and against structural members. 

Following the presentation of this information, the literature review focuses on the 

influence of strain rate on the mechanical properties of construction materials. While 

numerous references are cited, five useful sources contain a compilation of the majority 

of the information in this literature review: the U.S. Army Technical Manual TM 5-1300 

Structures to Resist the Effects of Accidental Explosions (Department of the Army, 1990); 

Structural Design for Physical Security: State of Practice (Conrath et al., 1999); Design 
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of Blast-Resistant Buildings in Petrochemical Facilities (ASCE, 1997); Design and 

Analysis of Hardened Structures to Conventional Weapons Effects: Departments of the 

Army, Air Force, and Navy and the Defense Special Weapons Agency (UFC) 3-340-01 

(Departments of the Army, Air Force, and Navy and the Defense Special Weapons 

Agency, 2002). 

 

2.2.1  Blast Loads and Shock Phenomena 

Three principal effects of an explosion are important for structural design: the 

peak overpressure, the net impulse, and fragments (velocity, distribution, and mass). The 

overpressure is the explosive-generated pressure differential that travels through the air. 

The peak overpressure (often termed only peak pressure) at a given location is the 

maximum overpressure that passes that location. An impulse is the area under the 

overpressure curve as it varies with time. In most cases, the impulse imparted to a 

structure has a greater influence on structural response than the peak overpressure (Biggs, 

1964; Tedesco, 1999). Fragments are objects propelled through the air by an explosion. 

Fragments can be parts of an explosive casing or objects destroyed and disintegrated by 

the explosion. The first two aspects of blast loading usually can be computed if the 

explosive type, explosive weight, explosive shape, and standoff distance are known. The 

load imparted to a structure by fragments, however, is often difficult to quantify because 

fragments are typically irregular in nature (Conrath et al., 1999). Typical casings for 

terrorist weapons (i.e., car or truck parts, sheet metal, and plastic) are not massive, 

especially relative to cased military weapons (Conrath et al., 1999). Accordingly, 

although they still pose a risk of human injury, fragment loads are negligible for 

structural design of members subjected to terrorist threat scenarios involving vehicle-

delivered bombs. The focus of this research is to investigate the structural response of 

and to predict structural loads for bridge columns subjected to blast effects associated 

with terrorist events. Therefore, this literature review and the associated research focus 

primarily on airblast loading from uncased charges with no fragments.  
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A high explosive differs from other explosives in that it involves a high-rate 

chemical reaction beyond the simple rapid burning of a flammable material. This high-

rate chemical reaction produces a localized sudden release of energy that dissipates 

violently through a shock wave, which is also termed a shock front. A shock wave is a 

region of highly compressed air that travels away from an explosive source. This region 

of compressed air creates an overpressure and a dynamic pressure as it passes by a given 

point in space, and idealized curves for overpressure and dynamic pressure are shown in 

Figure 2.1. It should be noted that the detonation of an ordinary explosive (i.e., not a high 

explosive) will not generate a shock wave because a high-rate chemical reaction is not 

involved, though it can still create very high pressures that can lead to structural damage.  

 

As mentioned above, the overpressure is the pressure resulting from an explosion 

in excess of the ambient pressure. The dynamic pressure is the pressure of the resulting 

air flow that follows the shock wave. At the arrival of a shock front, the overpressure 

rises nearly instantaneously to its peak before decreasing to zero, at which time a small 

negative overpressure (i.e., suction) occurs. The dynamic pressure increases nearly 

instantaneously with the arrival of the shock front and consists of a strong wind away 

from the explosion, then a weak wind toward the explosion, and then a very weak or 

feeble wind away from the explosion (Glasstone and Dolan, 1997). Unlike the 

overpressure, which is a measure of air pressure relative to the atmospheric pressure, the 

dynamic pressure always remains positive for two reasons. The first reason is that the 

dynamic pressure is determined using the square of the wind velocity, making it positive 

regardless of the direction of the wind. The second is that the dynamic pressure is a 

measure of kinetic energy (i.e., “energy of motion”), which is a pressure without 

reference to another pressure.  

 

The incident wave is the term used to describe the shock wave that radiates from 

an explosion source. This incident wave will reflect off any surface in its path, and the 
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term reflected wave describes the wave that reflects off of a surface. The incident wave 

heats and compresses the air in its immediate vicinity. As a result, a wave that reflects off 

of a nearby surface (i.e., a reflected wave) and travels through this heated and 

compressed air will do so at a higher velocity than the incident wave originally did.  In 

fact, under these conditions, it is possible for a reflected wave to catch up and merge with 

the incident wave. This phenomenon holds true for blast sources close enough to 

reflecting surfaces that the overpressure at a given point does not return to the ambient 

pressure prior to the arrival of the reflected wave. For other cases where the overpressure 

Figure 2.1 Overpressure and Dynamic Pressure Variation with Time (Glasstone 

and Dolan, 1997) 
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at a given point returns to the ambient pressure prior to the arrival of a reflected wave, the 

reflected wave will not travel faster than and catch the incident wave. An important 

consideration that determines the degree to which a wave reflects off of a surface is the 

terrain over which the blast wave travels. Hilly land masses can increase blast effects in 

some areas but decrease them in others. Additionally, rough surfaces can impede the flow 

of a shock front. 

 

Waves reflecting off rigid surfaces (e.g., the ground) can catch and merge with the 

incident wave to create a single wave front called a Mach front. Figure 2.2 illustrates the 

Mach front and several other parameters of shock waves. The point at which the incident 

and reflected waves merge is known as the triple point. The angle of incidence is the 

angle between the normal to the shock wave’s direction of travel and the normal surface 

vector of the object with which it interacts. Ground Zero is the location on the ground at 

the center of an explosive.  

 

Two independent pressure peaks will occur at any point in space prior to the 

joining of the incident and reflected waves. An example of this type of loading history 

Figure 2.2 Unconfined Air Burst Showing Formation of Mach Front (Department 

of the Army, 1990) 
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that occurs prior to the formation of a Mach front is shown in Figure 2.3. Figure 2.3a 

shows a pressure-time history of a shock wave after the reflected wave and incident wave 

merge, forming a single incident wave. Figure 2.3b shows a pressure-time history before 

the two waves merge, in which the separate incident and reflected waves are visible. Each 

of the independent peaks is smaller than that of the resulting Mach front pressure 

amplitude.  

 

All pressure-time histories, except those very close to the detonation, have the 

same general idealized form shown in Figure 2.4. The exact values that define the curve 

vary depending on the size of the explosive charge and the location of interest. For 

example, the peak incident overpressure, Pso, decreases significantly with standoff 

distance, while the positive phase duration, to, increases with standoff. The positive 

phase of the pressure-time history is a positive overpressure that “pushes” on a structure. 

The negative phase of the pressure-time history is a negative overpressure that “pulls” on 

a structure. As explained above, the impulse is defined as the area under the pressure-

time history curve.  

 

Figure 2.3 Two Graphs Showing Difference in Overpressure Before and After the 

Formation of the Mach Front (Department of the Army, 1990): (a) Location on 

Mach Front, (b) Point Above Mach Front 
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Different charge weights and standoff distances scale to create similar shock 

waves (Conrath et al., 1999), and scaling equations relate the parameters needed to define 

the curve in Figure 2.4. The most common scaling relationship is the Hopkinson-Cranz or 

“Cube-Root” scaling law (Conrath et al., 1999). This scaling relationship is characterized 

by Equation 2.1. 

( )3
1

TNTW

R
Z =     (2.1) 

where 

Z is the scaled standoff (ft/lbs1/3) 

R is the standoff distance (ft.) 

WTNT is the TNT-equivalent weight of explosive (lbs) 

Equation 2.1 defines the scaled standoff. The scaled standoff provides an indication of 

the intensity of a blast load, and this value is frequently used to relate the charge weight 

and standoff distance to the parameters that define a blast wave. The charge weight, 

WTNT, in Equation 2.1 is in terms of a TNT-equivalent charge weight. A TNT-equivalent 

Figure 2.4 Idealized Pressure-Time Curve for Free-Air Explosion (Department of the 

Army, 1990) 
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charge weight allows the explosive output from various different types of explosive 

materials to be compared to the standardized basis of TNT, which is an explosive 

material that has been used extensively in past tests.  It is defined as the weight of TNT 

required to generate the same value of a selected shock wave parameter as produced by 

the selected weight of the actual explosive. TNT-equivalent charge weights usually relate 

to peak pressure and impulse, and they are often found by multiplying the weight of the 

actual explosive by an average ratio that relates the yield of the actual explosive to that of 

TNT. Table 2.1 shows example TNT equivalencies of selected explosives for pressure 

and impulse. In reality, the TNT equivalency of a high-explosive varies as a function of 

standoff, explosive geometry, target orientation, and atmospheric conditions; however, a 

constant average value for equivalency is typically used for design.  

 

Experimental data exist to verify the Hopkinson-Cranz scaling (Equation 2.1) for 

published TNT equivalencies with scaled standoffs greater than 0.4 ft/lb1/3. For scaled 

standoffs less than 0.4 ft/lb1/3, the values typically associated with Equation 2.1 may not 

be valid. Graphs that show the relationship between scaled standoff and the parameters 

Explosive Pressure Impulse

Comp. A-3 1.09 1.08

Comp. B 1.11 0.98

Comp. C-4 1.37 1.19

Cyclotol (70/30) 1.14 1.09

HBX-1 1.17 1.16

HBX-3 1.14 0.97

H-6 1.38 1.15

Minol-2 1.20 1.11

PETN 1.27 -

Pentolite 1.42 1.00

Picrotol 0.90 0.93

Tetryl 1.07 -

TNETB 1.36 1.10

TNT 1.00 1.00

TRITONAL 1.07 0.96

ANFO 0.82 -

Table 2.1 Example TNT Equivalencies for Pressure and Impulse 
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that define a shock front are available and have been developed using a vast collection of 

experimental test data as well as theoretical predictions. These graphs exist for both 

hemispherical and spherical “free-field” bursts (i.e., no interactions with reflected waves). 

Figure 2.5 shows one of these charts for a hemispherical burst. This chart and the chart 

for the case of a spherical burst are often termed “spaghetti” charts because the nonlinear 

behavior of the curves on the log-log plots looks like strewn spaghetti. The term 

“spaghetti charts” is used throughout this dissertation when referring to these graphs. A 

hemispherical burst on a perfect reflecting surface has an effective charge weight that is 

twice that of a spherical burst in a free air. A reflection factor of 1.8, however, is often 

used rather than 2.0 as a more realistic value when significant ground cratering is present 

(Conrath et al., 1999).  

 

The transmission of a shock front through a fluid (i.e., air) is a nonlinear process, 

and the interaction of a blast wave with a structure is a complex problem that can lead to 

Scaled standoff Z = R/w1/3 
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Figure 2.5 Positive Phase Airblast Parameters for Hemispherical Surface TNT 

Detonation at Sea Level (Department of the Army, 1990) 
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pressures and impulses that are significantly magnified over their incident values. Figure 

2.6 illustrates a blast wave reflecting off of a structure. The magnification of the reflected 

pressure and reflected impulse will vary depending on the magnitude of the peak 

incident overpressure and the orientation and location of the structure relative to the 

explosion source. Military design manuals (Department of the Army, 1986; Department 

of the Army, 1990) contain empirically derived curves that provide magnification factors 

for the reflected pressure and the reflected impulse as functions of the peak incident 

overpressure, the angle of incidence, and charge weight. 

 

Clearing on the front surface of a structure decreases the reflected pressure near 

the free edges. Clearing is a phenomenon where the reflected pressure seeks relief toward 

the lower pressure regions at the free edges, forming a rarefaction (or relief) wave that 

propagates from the low-pressure region at the free edges to the high-pressure region at 

the middle of a surface (Department of the Army, 1990). The resulting pressure 

differential between a free edge and an interior location on the front face of a structure 

causes the reflected pressure at point B in Figure 2.6 to dissipate faster than at point A. 

The clearing time is the time it takes for a rarefaction wave to travel from the nearest free 

edge to relieve the reflected pressure at a point of interest (Department of the Army, 

1986). The clearing time is also termed the three-transits-to-the-edge rule, and this value 

is given by Equation 2.2.  

3 x
c

s

S
t

U
=     (2.2) 

where: 

tc =  clearing time (s) 

Sx =  distance from nearest free edge to point of interest (ft.) 

Us = shock front velocity (ft/s) 
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The blast loads acting on a structure will depend greatly upon the proximity of the 

charge. When a charge is detonated extremely close to a structure, it imposes a highly 

impulsive, high intensity pressure load in a localized region of the structure. When a 

charge is detonated further away, it produces a lower-intensity, longer-duration pressure 

distribution that acts fairly uniformly over the entire structure. As the standoff increases, 

the pressure distribution over a surface becomes more uniform (Department of the Army, 

1990). Blast loads resulting from charges placed very close to a target vary significantly 

in both time and space.  

 

2.2.2  Structural Response to Blast Loads 

While the response of bridges to terrorist explosive threats is a relatively new 

topic for the structural engineering community, basic observations regarding the general 

expected response of blast-loaded bridges can be taken from past incidents involving the 

performance of buildings during terrorist attacks and the response of bridges to cased 

military weapons (Williamson and Winget, 2003). Explosions located beneath a bridge 
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deck will cause large uplift forces, and confinement effects between girders and near the 

abutments can amplify blast loads. Detonations resulting from hand-emplaced charges 

directly between girders or at the abutments can generate extremely severe loads on the 

girders and deck, and underwater explosions can result in large water plumes that can 

cause damage to structural components of bridges crossing waterways.  

 

When designing for any explosion beneath the deck, it is best to sacrifice the deck 

and focus on saving the girders and columns. Longer girders typically are more resilient 

than shorter girders because of their greater mass, strength, and flexibility. Two cost-

effective ways to strengthen bridges for blast loads are to provide continuous 

reinforcement in the tops of concrete girders for uplift resistance and to provide stiffeners 

for steel girders to prevent local buckling. In addition, using hinge restrainers or extended 

column seats possibly can prevent girders from falling off the piers in the event of large 

deformations resulting from blast loads. 

 

Columns that are rigidly connected to the superstructure can experience tensile 

forces due to the uplift of girders resulting from below-deck explosions. During above-

deck explosions, columns can experience increased axial loads due to blast forces in 

addition to gravity loads. Although recent attacks in Iraq may suggest otherwise (ABC 

News, 2007), prior observations from military operations indicate that most substructures 

are generally large enough to withstand anticipated above-deck explosions (Winget and 

Williamson, 2003).  

 

Columns will experience significant shear forces from close-in charges for below-

deck scenarios, and proper design requires enough transverse reinforcement to prevent 

shear failure and force a flexural failure. “When an explosion occurs below the deck of a 

bridge, bents and piers will be subjected to large lateral forces, possibly resulting in large 

deformations, shear, or flexural failures. Additionally, concrete cratering and spalling 

from the blast wave impact may lead to significant losses of concrete, especially if the 
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standoff distance is small” (Winget et al., 2004). Columns should be designed for lateral 

blast loads and resulting deflections in addition to the axial loads present due to gravity. 

Most bridge columns have much greater axial capacity than axial demand, however, and 

they experience service axial loads that are below their balance point. Therefore, ignoring 

the axial load is usually a conservative assumption for typical bridge columns subjected 

to lateral blast loads because the inclusion of axial loads will typically increase both shear 

and flexural resistance and improve performance. Exceptions to this guideline would be 

for cases in which the axial load is in excess of the balance point load and when P-∆ (i.e., 

second-order) effects are significant in tall, slender columns. While blasts directly aimed 

at bridge structural members may be the first choice for a terrorist attack, military records 

indicate that large explosions near the columns create ground craters that can cause 

foundation instability, column failure, and bridge collapse. As a result, these military 

records state that it may be easier to “shake down the columns” than to “shoot up the 

superstructure” (Bulson, 1997).  

 

Very close-in or contact blasts create high intensity blast pressures that often 

cause breaching (i.e., section loss) of a column, spalling of concrete cover, and post-

failure fragments. Breaching is defined as the complete loss of concrete through the 

depth of a cross-section. Spalling is the loss of cover on the exterior of the transverse 

reinforcement. This type of failure is typically a result of tension caused by shock waves 

traveling through a specimen, and it normally occurs on the back face (i.e., the side 

opposite the face directly exposed to a blast) of a structural component. Scabbing is a 

term used to describe a compressive failure of cover concrete resulting from extreme 

pressures. Scabbing typically occurs on the front face (i.e., the side directly exposed to a 

blast) of a structural component. 

 

Blast-resistant designs typically allow inelastic (i.e., permanent) deformations to 

dissipate energy. According to Biggs (1964), “Although plastic behavior is not generally 

permissible under continuous operating conditions, it is quite appropriate for design when 
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the structure is subjected to a severe dynamic loading only once or at most a few times 

during its life.” Accordingly, plastic deformation is normally expected in the design of 

blast-resistant structures and at least implied in structural design to resist earthquake 

loads (Biggs, 1964). Plastic hinges and mechanisms can form during a blast scenario, 

allowing a structure to dissipate energy through large plastic deformations and rotations, 

which leads to the most economical design possible (ASCE, 1997).  

 

2.2.3  Effect of Strain Rate on Material Properties 

The response characteristics of the materials used in reinforced concrete 

construction depend on the rate of loading. Most of the data supporting this behavior are 

experimental, and therefore the physical cause is not completely understood. One widely 

held belief is that crack propagation in concrete occurs at a limiting velocity. As a result, 

concrete cannot crack (i.e., fail) quickly enough to keep up with a high rate of loading 

(Department of the Army, 1990; Tedesco, 1999). Another theory is that concrete material 

itself is not strain-rate dependent. Rather, this theory suggests that concrete experiences a 

perceived increase in strength due to inertial confinement and the fact that concrete is 

pressure sensitive (Stevens, 2009). Inertial confinement occurs when the material around 

a structural member or part of a structural member cannot deform fast enough to respond 

with the member. That member (or part of that member) therefore perceives the existence 

of additional confinement generated by the “rigidly responding” surrounding material. 

Regardless of the cause, concrete has a strain-rate threshold beyond which its strength 

increases significantly (Department of the Army, 1990; Tedesco, 1999). Figure 2.7 shows 

the relationship between strain rate and concrete strength for tension and compression. 

The strain-rate threshold for concrete response in tension is approximately 2.5 sec-1, and 

the strain-rate threshold for compression is approximately 30 sec-1. Above these values, 

concrete demonstrates significantly higher strengths than under static loading conditions. 

The elastic modulus is not as strain-rate sensitive as strength, and as a result, the strain 

rate can easily be converted to a stress rate because the modulus is often assumed to be 

constant with strain rate (Tedesco, 1999).  
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High rates of loading also affect the mechanical properties of the reinforcing steel 

used in concrete. Ductile metals, like reinforcing steel, have a limiting deformation 

velocity beyond which yield and ultimate strength increases are observed. The yield 

strength and ultimate tensile strength of rebar increase substantially, while the elastic 

modulus and the elongation at rupture largely do not change (Tedesco, 1999).  

 

Simplified methods exist to calculate strength increase factors for both concrete 

and steel for design purposes. The values are called Dynamic Increase Factors (DIFs), 

and they are defined as the ratio of dynamic material strength to static material strength. 

These values often are assumed to be constant for blast design, although the strength 

increase experienced by both steel and concrete vary with strain rate. Table 2.2 shows 

DIFs for reinforced concrete design based on the type of stress under consideration (i.e., 

flexure or shear). These empirically derived dynamic increase factors increase material 

strengths over specified design values for static loading to account for the actual expected 

strength during a blast scenario. 

Figure 2.7 Concrete Strain-Rate Effects on Strength (Tedesco et al. 1999) 
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Blast-resistant design also employs strength increase factors (SIFs) to account for 

actual material strengths in excess of the specified design values. These strength increase 

factors are given in Table 2.3. Concrete strength values from compression tests may be 

used in lieu of the values presented in Table 2.3. In addition, blast-resistant designs use 

age increase factors to account for the increased strength of concrete beyond 28 days. 

Age increase factors are 1.1 for concrete less than six months old and 1.15 for all other 

concrete (Department of the Army, 1986). 

 

2.3  ANALYSIS METHODS FOR BLAST-LOADED STRUCTURES 

Blast prediction techniques are often separated into load determination and 

response determination methods, and both of these categories can be further divided into 

two groups: first-principle and semi-empirical methods (National Research Council, 

1995). First-principle methods solve systems of equations based upon the basic laws of 

physics. These methods can obtain accurate predictions of blast loads and response if 

they can solve these equations correctly. Although first-principle programs use 

fundamental laws of physics and constitutive laws of materials, they have several 

limitations that are difficult to overcome without the use of empirical models. Blast 

propagation in real scenarios can be complicated by such things as atmospheric 

conditions, boundary effects, explosive material inhomogeneities and rates of reaction, as 

 Table 2.2 Dynamic Increase Factors (Department of the Army, 1990) 

Concrete Concrete

f dy /f y f du /f u f' dc /f' c f dy /f y f du /f u f' dc /f' c

Flexure 1.17 1.05 1.19 1.23 1.05 1.25

Diagonal Tension 1.00 1.00 1.00 1.10 1.00 1.00

Direct Shear 1.10 1.00 1.10 1.10 1.00 1.10

Bond 1.17 1.05 1.00 1.23 1.05 1.00

Compression 1.10 1.00 1.12 1.13 1.00 1.16

Stress Type

Z ? 2.5 ft/lbs
1/3

Z < 1.0 ft/lbs
1/3

Reinforcing Bars Reinforcing Bars

≥ 
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well as many other parameters, and first-principle methods cannot easily account for 

these factors (National Research Council, 1995). Additionally, the calculation of changes 

in blast pressure due to large structural deformations and localized failures can be quite 

problematic because accurate constitutive equations for materials responding in this range 

are not readily available. Moreover, because of the highly nonlinear nature of structural 

response to blast loads, an analyst using first-principle methods to compute behavior 

should validate any predictions with actual experimental results to ensure that the 

methods are implemented correctly. It can be very difficult, however, to find validated 

first-principle models due to a lack of experimental data available in the public domain, 

and any validation applies only to the specific scenarios that were experimentally 

considered (National Research Council, 1995). Despite these limitations, response 

predictions based on first-principle results can be developed when a lack of applicable 

experimental data exist, but interpretation of the results requires engineering judgment 

and experience.  

 

In contrast to first-principle models, semi-empirical models are based on 

extensive data from past experiments. As a result, they require less computational effort 

and are generally preferable over first-principle programs. However, because a lack of 

experimental results for response to blast loads exists in the public domain, and because 

semi-empirical programs are only slowly becoming available to the general engineering 

community, structural engineers must often rely on first-principle methods and good 

engineering judgment to determine blast-effects (National Research Council, 1995). In 

Table 2.3 Strength Increase Factors (American Society of Civil Engineers, 1997) 

Material SIF

Structural (f y  ? 50 ksi) 1.10

Reinforcing Steel (f y  ? 60 ksi) 1.10

Cold-Formed Steel 1.21

Concrete 1.00

≤ 

≤ 
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addition, semi-empirical models are often valid only for the structural members and 

scenarios considered during the formulation of the model.  

 

Weighing the relative advantages and disadvantages of each modeling approach, 

semi-empirical approaches are always preferable because the models include validated 

empirical data (Williamson et al., 2009). In fact, because of their efficiency over first-

principle models, semi-empirical models are much better suited for design. For those 

cases in which the scenario in question relies on the extrapolation of experimental test 

data or for cases where data are not available, first-principle models can be used to 

predict blast loading and response, preferably after validation against experimental data 

or semi-empirical models for known cases has been performed.  

 

Some methods utilize both first-principle and semi-empirical procedures (Winget 

and Williamson, 2003). Blast wave propagation and structural response are first 

calculated using equations, and then the computed results are compared to and corrected 

by empirical data from similar scenarios. These methods have wider ranging applicability 

than semi-empirical methods, and they require less computational effort and provide 

more accuracy than first-principle methods. Therefore, methods that utilize both first-

principle relationships and semi-empirical data are very practical for design use. 

Although empirical data do not widely exist in the public domain, a few of these 

programs are available. The origin, accuracy, and applicability of the data used in these 

methods, however, may be difficult to verify (Williamson et al., 2009).  

 

Most blast analysis programs separate the calculation of blast wave propagation 

from the determination of structural response (Williamson et al., 2009). Thus, loads 

resulting from a specified blast source are first calculated, and then they are applied to a 

structure using a separate response analysis method. Such separated methods are 

considered “uncoupled”. Because the load determination analysis typically assumes the 
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structure is rigid during its calculations, structural deflections and localized member 

failures are neglected. These deflections and failures can vent and redistribute pressure, 

and, as a result, an uncoupled load determination analysis typically overestimates blast 

pressures and forces in unfailing members.  

 

In coupled analysis methods, blast wave propagation and structural response are 

considered together as they interact over time (Williamson et al., 2009). Thus, pressure 

can be vented through localized failure of the structure, and the forces resulting in many 

members will be smaller and more realistic than those predicted by uncoupled analysis 

approaches. Although coupled programs are expected to provide more accurate results 

than uncoupled ones, they do so at considerable costs due to the number of input 

parameters required, the time and experience needed to create a model and interpret the 

output, and the computational resources and time required to compute the results. Most 

design cases do not require the increased costs associated with coupled analysis methods 

because uncoupled analysis methods usually provide conservative blast propagation and 

structural response predictions (Williamson et al., 2009). Furthermore, the uncertainties 

associated with most design threats (i.e., the charge weight, shape, position, etc. are 

typically not known) do not warrant the complexity of a coupled analysis (Biggs, 1964); 

however, coupled analyses may be cost-effective for high profile structures for which 

specific threats are expected, and use of this level of analysis should be based on a cost-

benefit analysis. 

 

Uncoupled and coupled numerical programs belong in two further subdivided 

groups based on the characteristics of the numerical methods employed. Uncoupled 

analysis methods can be divided into two categories: static analyses and dynamic 

analyses. Within each of those categories are single-degree-of-freedom (SDOF) models 

and multiple-degree-of-freedom (MDOF) models. These divisions are illustrated in 

Figure 2.8 (Winget and Williamson, 2003). The level of accuracy, computational time 
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and cost, and complexity of analysis increase when moving from left to right in the 

figure. Further details, applications, and limitations of these methods are described in the 

next section. 

 

2.3.1 Simplified Modeling and Software 

A wide variety of options exist for computing the blast loads acting on structures 

and the corresponding response, and these methods vary widely in both efficiency and 

accuracy. While a designer may desire results from high level finite element analyses, the 

exact location and magnitude of most threats remain uncertain and therefore typically do 

not justify the cost of such high level analyses. As a result, several simplified methods for 

both blast load and response prediction are available to bridge engineers, and this section 

describes several such procedures. 

 

2.3.1.1 Load Prediction Techniques 

Simplified load prediction techniques fall into two groups. The first group 

contains methods that utilize blast phenomenology from basic equations and curves 

Figure 2.8 Flowchart of Possible Analysis Methods (Winget et al., 2003)  
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developed empirically from “ideal explosions” (see Section 2.3.1.1.1) in free air. The 

second group includes those methods that consider multiple reflections and pressure 

magnification, while not strictly employing computational fluid mechanics principles. 

The following two subsections describe both types of load prediction techniques. 

 

2.3.1.1.1 Free-field Load Prediction Techniques 

Ideal explosions include bare spherical charges in the air or hemispherical charges 

on the ground. Many researchers have conducted controlled experiments with ideal 

explosives over many years. As a result, several curve fits exist to allow engineers to 

quickly determine basic blast load parameters, such as peak overpressure, peak reflected 

pressure, positive phase duration, negative phase duration, time of arrival, and impulse. 

The Spaghetti Charts discussed in Section 2.2.1 are graphical examples of these methods. 

A blast design engineer can use these charts to construct a basic pressure-time history 

curve for a given threat scenario. Several texts, military manuals, and computer programs 

include various forms of these equations and curves, including the U.S. Army TM 5-1300 

Structures to Resist the Effects of Accidental Explosions (Department of the Army, 1990), 

the Departments of the Army, Air Force, and Navy and the Defense Special Weapons 

Agency (2002), and ConWep (U.S. Army Corps of Engineers, 2001), which is a widely-

used limited-distribution software application that provides an automated version of these 

equations and curves. These basic techniques are very useful for preliminary designs and 

other basic problems. These methods are based on empirical data from explosions in free 

air, however, and hence they cannot represent reflections off and interactions with 

structures.  

 

Simplified load prediction techniques that use available equations and curves are 

useful for relatively large-standoff problems, but they typically do not provide good 

results for small-standoff problems because the accuracy of the empirical data decreases 

at close ranges. The data used to develop the chart- and equation-based load prediction 
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methods are from actual field measurements during blast tests. Data from very close-in 

blasts have been, and still remain, very difficult to measure due to extremely high 

temperatures and pressures in the immediate vicinity of a high explosive (Williamson et 

al., 2009). Therefore, the chart- and equation-based procedures may not be adequate to 

predict blast loads for all bridge members and threat scenarios. 

 

Additionally, these analysis methods do not account for reflections and 

confinement, which can be significant for several scenarios involving explosives acting 

against bridges, such as a detonation inside a box girder and a detonation beneath a 

bridge overpass. Pressures from confined and partially confined explosions cannot 

dissipate as quickly as unconfined explosions, and as a result, they can produce very high 

impulses on a structure (Ray et al., 2003). Magnification factors exist, though, to adjust 

incident blast pressures for varying levels of confinement, and one can choose values 

conservatively with success (Gannon, 2004).  

 

2.3.1.1.2 Load Prediction Techniques that Consider Confinement and Reflections 

The techniques in this group track pressure values through basic first-order 

principles of wave reflections as they radiate from an explosion source and as they reflect 

off surfaces. They often include correction factors to account for differing wave 

magnitudes reflecting off various surfaces. As a result, they provide higher accuracy than 

the load determination methods discussed in Section 2.3.1.1.1 that do not consider 

confinement and reflections. BlastX (Science Applications International Corporation, 

2001) is the most widely recognized application in this group, and BEL (U.S. Army 

Corps of Engineers, 2000) is a limited-distribution version of BlastX that includes a 

bridge-specific graphical user interface. Although some load determination techniques in 

this group are intended specifically to model blast propagation through enclosed areas 

such as buildings, they can be adapted for use with bridges. In addition, a recent study 

investigated the use of BlastX for modeling an explosion beneath a bridge deck. The 
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findings of this study showed that BlastX has the ability to provide conservative but 

reasonably accurate results for this case (Ray et al., 2003). It should be noted, however, 

that these codes may require additional adjustments for some bridge design applications. 

For example, BlastX and BEL are not capable of modeling round geometries such as 

bridge columns. The experimental and numerical research described throughout this 

dissertation show that these codes significantly overestimate loads on slender members 

subjected to blast loads. This observation is significant given that one of the objectives of 

the research presented in this dissertation is to develop a blast-load prediction technique 

specific to bridge columns. 

 

2.3.1.2 Response Prediction Techniques 

A wide variety of methods are available for analyzing the response of structures 

subjected to blast loads. These methods range from simple single-degree-of-freedom 

analyses to highly complex, 3D nonlinear finite element analyses. While advanced finite 

element codes are advantageous for specialized design, research, and post-event 

scenarios, the uncertainty in the load prediction does not justify this level of effort for 

most design problems. Additionally, simplified methods for response prediction are 

extremely useful for validating the results of high level finite element analyses. This 

section describes two groups of simplified analyses for predicting structural response. 

Additionally, examples of widely accepted and commonly used software are provided. 

 

2.3.1.2.1 Uncoupled Static Analyses 

A static analysis for a blast scenario consists of an “equivalent wind design” 

(American Society of Civil Engineers, 1997; Bounds, 1998). This type of analysis is 

similar to the equivalent static procedure used for seismic design. Such a procedure can 

compute response for both single- and multiple-degree-of-freedom systems. Blast loads 

are converted from a dynamic, time-varying load to a static force applied to the structure 

being analyzed, and the analysis does not account for inertial effects. Because this 
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method is very general, no program specifically exists for equivalent static blast analyses; 

however, those programs currently used for ordinary structural analysis can be used for 

this purpose.  

 

While the equivalent static method is relatively simple, its main weakness is 

accuracy (American Society of Civil Engineers, 1997; Bounds, 1998). Unlike seismic 

events, vehicle impact incidents, or vessel impact scenarios, blast loads are threat and 

target dependent and cannot be easily defined based on historical data. The loads acting 

on a structure for a given blast event can vary greatly depending on the type of explosive, 

the location of the explosive, the surrounding reflecting geometry, and the geometric and 

material properties of the structure being investigated. Accordingly, a static blast design 

requires the introduction of many approximations. In addition, no general equation exists 

to determine a conservative equivalent static load (Bounds, 1998), which makes 

determining an appropriate load for design difficult (American Society of Civil 

Engineers, 1997). In general, carrying out blast-resistant structural design using an 

equivalent static load is not recommended.  

 

2.3.1.2.2 Uncoupled Single-Degree-of-Freedom (SDOF) Analyses 

Design engineers commonly use single-degree-of-freedom (SDOF) analyses to 

determine individual member response. The mathematical procedure required to derive 

the properties of an equivalent SDOF system is similar to that of a modal analysis used 

for seismic-resistant design in which a characteristic deflected shape is derived for the 

response of the member being analyzed. Unlike the harmonic mode shapes that are 

typically used for seismic-resistant design, the assumed deflected shape for blast-resistant 

design is often the static loading response shape that approximates the dynamic response 

shape (Biggs, 1964; Department of the Army 1990). This deflected shape is then 

integrated along the length of a member with the actual mass and force to determine an 

equivalent mass and force for the dynamic system, and a simple spring-mass-damper 
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system is then assumed and analyzed. The resistance used for the spring corresponds to 

the pattern of deformation for the member being analyzed. This procedure is outlined in 

detail in Section 2.4. With this approach, the analysis of the SDOF model includes 

inelastic material behavior by noting the formation of plastic deformation mechanisms 

that correspond to the assumed displaced shape. For example, in a fixed-fixed beam 

under uniform loading, the bending moment acting at the supports will reach the plastic 

moment or section capacity as the magnitude of the load is increased. The analysis can 

include the plastic hinges that occur at the ends of a member by modifying the assumed 

deflected shape to account for the presence of the hinges as shown in Figure 2.9. Such 

analyses can be solved in closed-form, but they often employ numerical solutions to 

allow for a wide range of loading histories and nonlinear material behavior. 

 

The vast majority of currently available design procedures for resistance to blast 

loads utilize single-degree-of-freedom systems (Conrath et al., 1999) because they 

provide reasonably accurate estimates of response while minimizing time and cost. 

Accordingly, uncoupled SDOF analyses are the most widely used methods for 
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Figure 2.9 Stages of Beam Response (Biggs, 1964) 
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determining response to blast loads throughout the structural engineering community. For 

example, engineers frequently use these methods in the design of structural members for 

sensitive control rooms (Barker et al., 1992), and investigators used an SDOF method to 

analyze the response of the blast-loaded columns and slabs in the Alfred P. Murrah 

federal building (Mlakar et al., 1998) that was attacked in Oklahoma City in 1995. In 

addition, the U.S. Army TM 5-1300 Structures to Resist the Effects of Accidental 

Explosions (Department of the Army, 1990), which is widely considered to be one of the 

leading references for blast-resistant design, recommends SDOF analyses for most cases. 

 

Although higher resolution techniques may seem preferable because blast 

loadings and the resulting responses are often very complicated, such accuracy is not 

necessarily warranted. Many uncertainties exist in blast loadings, including the location 

of the explosive, the magnitude of the explosive, and the type of explosive. Unless a very 

specific threat is expected or the structure under consideration is very specialized, a 

general understanding of structural response to an assumed blast source, which can be 

provided by SDOF methods, is sufficient for design. John Biggs, a former MIT professor 

who pioneered SDOF analyses for response to blast loads and whose work provides the 

basis for most blast-resistant design and analysis procedures currently used today 

(including the Army’s TM 5-1300), wrote that SDOF analysis techniques “should not be 

regarded as merely crude approximations, to be used for rough or preliminary analysis, 

nor should they be regarded as methods to be used only by engineers who lack the 

training or intellect to employ more sophisticated techniques. Problems in structural 

dynamics typically involve significant uncertainties, particularly with regard to loading 

characteristics. It is a waste of time to employ methods having precision much greater 

than that of the input of the analysis” (Biggs, 1964). 

 

If desired, an analyst can combine an SDOF analysis with a continuously updated 

sectional analysis when varied localized changes in material behavior through the depth 



 37  

of a cross-section may significantly affect member resistance (Williamson et al., 2009). 

This approach considers composite material behavior and changes in constitutive 

properties through the depth of a cross-section, and thus this type of analysis may be 

useful when a member does not have an easily identifiable single value for the yield 

moment, such as with prestressed concrete girders, or when the assumption of idealized 

hinging may not be appropriate, such as when loads vary considerably over the length of 

a member. Examples of sectional analysis programs include RCCOLA (Farahany, 1983), 

RESPONSE-2000 (Bentz, 2001), and RECONASANCE (Alaoui, 2004). Although 

combining a sectional analysis with an SDOF analysis will provide more accurate 

representations of cross-sectional behavior, little is known about the accuracy of the 

resulting response compared to responses determined by ordinary SDOF analyses 

(Williamson et al., 2009).  

 

It is possible to use hand calculations with simple formulas for SDOF response 

determination. Charts are also available in Bigg’s Introduction to Structural Dynamics 

(Biggs, 1964) and the U.S. Army’s TM 5-1300 Structures to Resist the Effects of 

Accidental Explosions (Department of the Army, 1990) to establish the SDOF nonlinear 

response of structural elements. Additionally, many easy-to-use programs, such as 

SBEDS (U.S. Army Corps of Engineers, 2007) and SPAn (U.S. Army Corps of 

Engineers, 2002), exist for this purpose; however, some of these programs have a limited 

distribution. Some SDOF response determination techniques, such as the “Israeli 

Method,” incorporate empirical data to improve the accuracy of SDOF analysis results 

(Eytan, 1992). In the “Israeli Method,” a load determination program called Car Bomb 

(Eytan, 1992) first independently produces the load on a structure. An SDOF model then 

determines the response of structural members. The model also includes input 

coefficients that relate to the specific design scenario. These coefficients adjust the 

response obtained by the SDOF analysis based on extensive empirical data to provide 

more accurate results than might be computed without such adjustments.  
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Even if an engineer feels it is necessary to use higher level analysis techniques to 

compute structural response to blast loads, SDOF analyses are extremely useful for the 

preliminary design and sizing of members (American Society of Civil Engineers, 1997; 

Biggs, 1964; Conrath et al., 1999; Departments of the Army, Air Force, and Navy and the 

Defense Special Weapons Agency, 2002). Parameter studies with high-level models, 

such as with multiple-degree-of-freedom (MDOF) models, may not be practical due to 

the large number of input requirements. Moreover, 3D nonlinear general purpose finite 

element analyses are not conducive to parameter studies due to the large amount of time 

needed to build, mesh, refine, and run a model. The limited number of input values 

needed to define an SDOF model, however, facilitates extensive parameter studies. 

Therefore, if an analyst desires results from high-level analyses, SDOF methods may be 

useful to size individual members before using a high-level model to verify the global 

response of the structural system (Hinman, 1998).  

 

SDOF models are valuable because they can provide reasonably accurate 

predictions of response for a wide range of structural components (Department of the 

Army, 1990). This accuracy is largely attributed to the use of complex spring resistance 

(i.e., load-deformation) functions that are based on empirical data. Such resistance 

functions can account for complex modes of behavior including tensile and compression 

membrane effects and member instabilities. Many components, whose end restraints can 

be readily determined or conservatively estimated, can be analyzed by such methods. 

Examples include beams, slabs, columns, and walls. Bridge applications include the 

analysis of individual girders, columns, and truss members as well as individual wall 

sections of towers and box girders. In some cases, as is often done for the analysis of 

bridges subjected to seismic events (BERGER/ABAM Engineers Inc., 1996), composite 

sections can be modeled as responding as a single element so that bridge decks and entire 

superstructures may also be analyzed using SDOF techniques. 
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When appropriate assumptions for end restraints are unclear, boundary conditions 

can be assumed and then varied to maximize the response quantity of interest 

(Williamson et al., 2009). For example, a propped-cantilever or two fixed ends can be 

conservatively assumed for shear calculations because design criteria are based upon 

maximum forces at the supports. The stiff end restraints associated with the fixed support 

condition at the base of the propped-cantilever will lead to conservative estimates of the 

required shear capacity. For flexural calculations, simply supported end restraints can be 

conservatively assumed because maximum deformation controls the design (the 

cantilever case should also be verified not to control the design). Moment capacities can 

be adjusted to include the effects of axial loads by using interaction diagrams, and 

resistance diagrams can be approximated by straight lines. Moreover, although SDOF 

analyses can only consider one component at a time, the interaction between two 

structural components can be considered by determining the reaction forces as a function 

of time that must be transferred from one component to another (American Society of 

Civil Engineers, 1997; Conrath et al., 1999; Departments of the Army, Air Force, and 

Navy and the Defense Special Weapons Agency, 2002). This approach has been shown 

to provide acceptably accurate predictions of structural performance when the ratio of the 

natural periods of the connected components is larger than or equal to two (American 

Society of Civil Engineers, 1997; Conrath et al., 1999; Departments of the Army, Air 

Force, and Navy and the Defense Special Weapons Agency, 2002). 

 

For the reasons mentioned above, the SDOF analysis method is the most widely 

used analysis procedure in the blast engineering community. Furthermore, the use of an 

SDOF analysis is the most appropriate choice for the design of most individual bridge 

components and systems, including those often designed for non-blast loads using MDOF 

frame analysis procedures. Accordingly, the method formulated in this research to 

predict blast loads on bridge columns focuses specifically on the load inputs 

necessary for a single-degree-of-freedom analysis. 
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2.3.1.2.3 Multiple-Degree-of-Freedom Systems 

Uncoupled dynamic analyses of multi-degree-of-freedom (MDOF) systems can 

range from simple 2-D frame analyses to very sophisticated 3-D finite element analyses. 

Models of the structural systems under consideration are constructed in commonly used 

analysis software, and the time-varying load for the analyses comes from a separate load 

determination method. Because a category containing uncoupled dynamic MDOF 

analyses can represent a wide range of methods with varying capabilities, this dissertation 

considers MDOF frame analyses and detailed finite element analyses separately.  

 

In some cases, blast engineers use 2D or 3D MDOF structural analysis software 

when simplified response analysis procedures cannot adequately analyze a structural 

component. Examples of these programs include ETABS (Computers and Structures Inc., 

2006a), SAP 2000 (Computers and Structures Inc., 2006b), and RISA 3-D (RISA 

Technologies, 2005). These types of programs have several advantages that provide more 

accurate and reliable results for many cases than simplified response determination 

methods. For example, MDOF 2D and 3D structural analysis software can determine the 

interaction among the individual responses of multiple members within a structural 

system. Including the interaction among individual members can provide a better 

understanding of global behavior than can a combination of individual SDOF analyses. In 

addition, MDOF frame analyses can investigate member response that is governed by 

more than one mode shape, and they can also predict response due to P-∆ effects. 

Furthermore, while MDOF systems provide these advantages over SDOF analyses, 

MDOF frame analysis software packages have the additional advantage of being easier to 

use than general purpose finite element analysis procedures. 

 

As with any analysis method that provides an increase in accuracy, however, 

MDOF systems have additional costs over SDOF models due to the additional time 

needed to build and analyze models. Additionally, MDOF analysis methods exchange 
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increased accuracy of response calculations with more complex loading input demands. 

Because a blast may load multiple members within a structural system, an analyst may 

need to calculate and then input several complex load histories with differing pressure 

magnitudes and time variations for a large number of targets. Moreover, the multiple 

members present in the system would likely require the consideration of reflections and 

confinement (Williamson et al., 2009). Load determination methods with the level of 

fidelity needed to track this type of shock behavior for numerous target locations are 

often not readily available. 

 

Although the increased accuracy provided by MDOF frame analysis methods can 

be very useful for some design situations, it is important to understand that this level of 

accuracy is not always warranted. For example, the interaction of structural members is 

only important when the natural periods of the interacting members differ by less than a 

factor of two (American Society of Civil Engineers, 1997; Biggs, 1964; Conrath et al., 

1999; Departments of the Army, Air Force, and Navy and the Defense Special Weapons 

Agency, 2002). For all other cases, SDOF systems yield sufficiently accurate results, and 

the reaction forces of one member can be used to accurately load another member. Also, 

in comparison to SDOF numerical methods, which have minimal input requirements, 

MDOF frame analysis methods require greater time and effort for conducting parameter 

studies. Thus, an analyst may desire SDOF methods for the initial sizing of members. 

 

In addition, it is important to note that MDOF analyses also may not be adequate 

for all purposes. While SDOF analyses can provide accurate representations of blast-

loaded components because spring resistance functions can account for complex modes 

of deformation, incorporating such features as large deformations and membrane effects, 

MDOF frame analysis models cannot typically rely on the same empirical data to 

compute results with the same degree of accuracy as the SDOF analyses (Williamson et 

al., 2009). The ability of MDOF models to provide reasonable predictions of structural 
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response to blast loads will depend upon the ability of the software to account for 

nonlinear dynamic behavior, including both large deformations and inelastic material 

response. Furthermore, the results will also depend upon the methods used to model a 

structure, including the number of elements selected to represent a particular structural 

component, location of the nodes, etc. (Williamson et al., 2009). Finally, MDOF methods 

cannot predict spall and breach without significant adjustments that require a very 

experienced engineer. Thus, a high-level model and a specialist are required for such 

predictions (Conrath et al., 1999). 

 

2.3.2  Advanced Modeling Methods and Software 

While simplified methods for load and response prediction are appropriate for 

most design cases, some situations require an advanced understanding of blast loading 

and structural response that SDOF and MDOF frame analysis methods do not provide 

(Williamson et al., 2009). Examples include blasts against slender or curved members, 

explosions within confined regions, venting due to localized failure, and cases in which 

localized large deformations or member failure may affect response. These analysis 

problems require 3D computational fluid dynamics models to determine loads and 3D 

nonlinear general purpose finite element analyses to predict response. Though these 

methods can produce more accurate results than simplified models and depict behavior 

not captured by SDOF and MDOF systems, they also can generate highly misleading and 

erroneous results. Therefore, only analysts experienced with both blast phenomena and 

advanced modeling techniques should conduct and interpret the results of these 

simulations. This section describes the characteristics, limitations, and uses of various 

advanced modeling techniques. 

 

2.3.2.1 Explicit versus Implicit Analysis Methods 

All computationally based analysis methods employ either an implicit solution 

technique or an explicit solution technique to solve the governing equations of motion for 
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the system under consideration (Williamson et al., 2009). Both procedures have unique 

advantages and disadvantages that make each appropriate for different cases. An implicit 

method calculates a solution at a given time step based on the equilibrium of the external, 

internal, and inertial forces in the system at that time step. As a result, depending on the 

constants used, implicit solutions can be unconditionally stable and can provide accurate 

predictions of structural response at time steps that are larger than those used with 

explicit methods. A drawback with implicit methods, however, is that they require the 

factorization of the stiffness matrix (i.e., inverting the stiffness matrix) for each time step. 

This requirement greatly increases computation time for problems in which the stiffness 

of elements in the structural model change due to nonlinear response, which is often the 

case with blast loads. The increased computation time is the result of a costly iteration at 

each time step to determine equilibrium. Each such iteration step requires the 

reformulation and refactorization of a new stiffness matrix that reflects adjustments based 

on the nonlinearity of the system at that iteration step.  

 

Unlike an implicit method, an explicit solution technique determines response 

values at each time step based on equilibrium at the previous time step. One outcome of 

such a formulation is that explicit methods do not require factorization of the stiffness 

matrix for each time step. Because equilibrium is not satisfied precisely at each time step, 

however, explicit solutions can become numerically unstable if appropriately small time 

steps are not chosen. As a result, explicit methods usually require more time steps than 

implicit methods to converge to the same solution. Depending on the case being 

considered, this fact may make explicit solutions less efficient than implicit solutions. 

 

The solution technique employed by an analysis method varies with each 

individual program, even within the levels of analysis defined within this review, and it is 

important to understand how the solution procedure employed by a selected software will 

influence the computed results. Many factors must be considered when choosing an 
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appropriate solution technique. Most analysts choose an explicit method for complex 

analyses of structural response to blast because the benefit gained by not having to 

factorize the stiffness matrix during each time step typically outweighs having to use 

small time steps. Furthermore, failure and removal of elements from an analysis model is 

readily achieved with an explicit code, while this scenario poses a significant 

computational challenge for implicit codes. 

 

2.3.2.2 Load Prediction 

The most sophisticated level of load determination is one that employs fluid 

mechanics computations. Examples of this type of software include SHAMRC (Applied 

Research Associates Inc., 2005), which is available only to government contractors, and 

LS-DYNA (LSTC, 2007). These load determination methods are “high resolution” 

models that use the mechanics and characteristics of fluids (i.e., air in the case of blast) 

and fluid flow to calculate variations in pressure, density, velocity, etc. as a function of 

time and position. As a result, they are able to consider multiple reflections, pressure 

magnification, turbulence, pressure buildups, and “hot spots” (i.e., localized areas of 

large pressure buildup). Thus, these methods can generate very accurate predictions of 

blast loads. These methods, however, are very computationally intensive due to the 

increased resolution they provide. Furthermore, significantly more personnel time and 

experience is needed to correctly input required analysis parameters over that required for 

lower level analyses. Additionally, close-in and contact blasts require a coupled response 

calculation to determine the influence of material failure and breach on load variation. 

Because lower resolution tools have the ability to provide reasonable and conservative 

results (Ray et al., 2003), the level of accuracy provided by high resolution models is not 

warranted for most design cases because the specifics of future attacks are generally 

uncertain. The decision to use a highly accurate and likewise expensive computational 

procedure must be on the basis of a cost-benefit analysis (Williamson et al., 2009). The 

expense may be well-warranted on a large project where the removal of even small 

degrees of conservatism could potentially save large amounts of money. In general, 
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however, analyses employing computational fluid dynamics are primarily used in 

research environments and for analyzing past events when a specific attack scenario is 

known. 

  

2.3.2.3 Response Prediction 

Advanced design scenarios, research problems, and post-event evaluations often 

require general purpose, uncoupled, nonlinear finite element software packages. The 

primary difference between these analyses and MDOF frame analyses is that the higher 

level of analysis allows for the discretization of general-shaped geometries using a large 

number of small elements consisting of solids, plates, shells, beams, etc. Examples of 

analysis software with these capabilities include ABAQUS (ABAQUS Inc., 2004), 

ANSYS (ANSYS Inc., 2004), and LS-DYNA (LSTC, 2007). Among these software 

packages, LS-DYNA is frequently used for predicting the response of structures 

subjected to blast loads. Finite element analyses make use of a large number of degrees of 

freedom that interact together, and the model is analyzed using structural analysis 

techniques similar to those employed for the MDOF frame analysis methods. Thus, 

increased accuracy is possible by dividing the system into small, discrete “finite 

elements.”  

 

These high level models are often very complex, however, involving large 

personnel time requirements to construct a model and input system parameters. In 

addition, significantly more time is often needed to analyze a model and ensure that the 

results converge to a stable and accurate solution. False confidence can often be obtained 

in the validity of the results when engineers with limited experience input and analyze 

details of a physical system (Williamson et al., 2009). Some programs are so complex 

that they are accurately used only by the developing organization (National Research 

Council, 1995). 
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Additionally, as analysis techniques become more sophisticated, they move 

further away from the quantities desired for design (Williamson et al., 2009). For 

example, nonlinear general purpose finite element methods typically only give stress, 

strain, and displacement values at discrete locations rather than providing the bending 

moment acting at a given cross-section in a beam. An analyst must take the information 

computed by such an analysis and determine the bending moment through post-

processing the results. Furthermore, the input and time requirements of this level of 

analysis are not conducive to the parameter studies often used to size members. 

Therefore, these methods have limited usefulness for the design of most structures. 

 

Despite the increase in cost, nonlinear general purpose finite element methods can 

be valuable because they can provide detailed information regarding failure modes and 

the effects of localized failure (Williamson et al., 2009). “Meshes”, or grids containing 

the “finite elements”, model the physical system and allow computation of localized 

effects. Accordingly, these models can be very useful for predicting structural response 

for scenarios that lower resolution techniques do not easily model. Examples include 

examining local deformation and failure of walls in hollow piers, finding the onset of 

deck failure for blast-loaded superstructures, calculating the global response of post-

tensioned segmental box girders due to localized failure, and predicting response to blasts 

at abutments (Williamson et al., 2009).  

 

Although nonlinear general purpose finite element methods do have concrete 

constitutive models that can provide spall and breach predictions, the results should be 

used with caution. These detailed analyses are very complex, and the complex dynamic 

material behavior and failure due to uncertainties involving rebar bond, rebar buckling, 

variable strength and modulus, strain-rate effects, complex crack propagations, and 

variations in mix design and workmanship are not captured well by existing concrete 

constitutive models (Departments of the Army, Air Force, and Navy and the Defense 
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Special Weapons Agency, 2002). Such predictions require very sophisticated models 

developed by a specialist with significant experience to correctly build a model and 

interpret the results of such an analysis (Conrath et al., 1999). While, uncoupled 

nonlinear general purpose finite element methods may be very useful for predicting 

response that involves localized failure and large deformations, they cannot include the 

effect local failure has on loading, nor can they determine how the resulting loading and 

response interact over time. This “coupling” of the response is usually not necessary 

because neglecting venting and pressure redistribution results in conservative load values, 

and the uncertainties that exist in the determination of design blast loads do not warrant 

such accuracy. 

 

2.3.2.4 Coupled Analyses 

The highest level of response computation techniques consists of coupled 3D 

nonlinear general purpose finite element procedures. These programs can provide the 

most accurate predictions of both loading and response because, unlike lower level 

methods, they account for the interaction of loading and response over time. Thus, this 

highest level of analysis can consider pressure release and redistribution resulting from 

localized failure or large deformations, providing the most accurate representations of 

actual structural performance. Although any level of analysis has limitations concerning 

applicability, coupled 3D nonlinear general purpose finite element techniques are valid 

for any purpose because they are the highest resolution procedures currently available 

(Williamson et al., 2009). It is important to remember, however, that use of such methods 

is not typically necessary because lower resolution methods usually provide acceptable 

results, and it is important to note applicable limitations for proper use of these programs. 

 

Although some programs may advertise the ability to couple loads and response, 

the coupling is often very limited, and AUTODYN (Century Dynamics, 2004), 

DYSMAS (U.S. Army Corps of Engineers, 2006), and LS-DYNA (LSTC, 2007) are 
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three of the few programs that are truly capable of coupling blast pressures with structural 

response. In addition, ensuring the accuracy of results can be very difficult due to the 

large number of inputs needed. Successful operation requires extensive experience and 

time to properly model structural systems, achieve the correct failure modes, and interpret 

the results. Response predictions are usually applicable only for the specific case under 

consideration. Furthermore, as with uncoupled general purpose finite element analysis 

methods, coupled general purpose finite element methods do not directly generate the 

quantities needed for design, and the input and time requirements of this level of analysis 

are not conducive to the parameter studies often used to size members (Williamson et al., 

2009). It is also important to note that, as with uncoupled general purpose finite element 

methods, coupled general purpose finite element methods do have concrete constitutive 

material models that can provide spall and breach predictions. An analyst should review 

the results with discretion, however, because such models often struggle to accurately 

predict dynamic behavior and failure due to the many uncertainties intrinsically 

characteristic to concrete (Departments of the Army, Air Force, and Navy and the 

Defense Special Weapons Agency, 2002). Only a specialist with significant experience 

should perform these simulations (Conrath et al., 1999). Because of the extensive issues 

associated with such methods and because uncoupled analyses provide conservative 

results, most research and design problems only need uncoupled analyses (National 

Research Council, 1995).  

 

2.4  SINGLE-DEGREE-OF-FREEDOM (SDOF) ANALYSIS PROCEDURE 

As mentioned above, idealization of structural response using a single-degree-of-

freedom system is standard practice for most blast-resistant designs. Unlike traditional 

design loads, most blast-resistant designs allow significant nonlinear behavior to dissipate 

the energy of the highly impulsive loads, and SDOF results compare well with 

experimental test data when members experience considerable plastic deformation 

(Department of the Army, 1990). In addition, results of recent research by Williamson et 

al. (2009) present a design specification particular to blast-resistant bridge columns. This 
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specification is based on the results of blast tests on half-scale reinforced concrete bridge 

columns (Holland, 2008; Williamson et al., 2009) and existing methods for designing 

blast-resistant building components (Department of the Army, 1990; Department of the 

Army, 1986; United Facilities Criteria, 2002; American Society of Civil Engineers, 

1997). The new specification for blast-resistant bridge columns requires a single-degree-

of-freedom dynamic analysis for certain threat scenarios. Therefore, the load prediction 

method developed in this dissertation focuses specifically on the inputs required for a 

single-degree-of-freedom analysis. To that end, a thorough understanding of that analysis 

procedure is needed, and this section outlines the mathematical steps required to compute 

the equivalent system properties for a single-degree-of-freedom analysis. 

 

Structural Dynamics: Theory and Approach by Joseph Tedesco (1999) and 

Introduction to Structural Dynamics by John Biggs (1964) both include a basic 

introduction to SDOF systems and the application of structural dynamics to blast-loaded 

structures. The current section of this dissertation summarizes SDOF analysis concepts 

pertaining to blast-loaded structures, and Figure 2.10 illustrates an SDOF system 

Fe 

Me 

ke 

δ 
∆(x)=δ⋅φ(x) 

δ 

Me equivalent mass 

ke equivalent stiffness 

Fe equivalent load 

δ member displacement 

w(x)  distributed load 

mo(x) mass per unit length 

∆(x) displaced shape 

φ(x) normalized displaced shape 

δ  member displacement 

w(x) 

Figure 2.10 Idealized SDOF System: (a) Real System, (b) Equivalent SDOF System 
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comprised of a simply-supported beam with a uniformly-distributed load acting on half 

the beam. The deformed shape of the beam is given by ∆(x). Shown in the figure is the 

idealized spring-mass system with an equivalent mass, Me, that goes through a 

displacement, δ, against the resistance of an equivalent stiffness, ke, under the application 

of an equivalent force, Fe. An engineer can transform the real system into the idealized 

system and obtain equivalent system properties by applying work and energy principles 

to the real beam using an assumed normalized displaced shape (Biggs, 1964). Using this 

procedure, the equivalent force, Fe, is found by integrating the product of the distributed 

load and the normalized displaced shape over the length of the member, as indicated by 

Equation 2.3. 

∫=
l

e dxxtxwF
0

)(),( φ    (2.3) 

where  

w(x,t) is a distributed load that varies with both time and space 

)(xφ  is an assumed normalized displaced shape 

l is the member length 

The equivalent mass, Me, is found by integrating the product of the distributed mass of a 

member and the square of the normalized displaced shape over the length of the member, 

as given by Equation 2.4. 
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where 

 m(x) is the distributed mass of the member 

)(xφ  is an assumed normalized displaced shape 

l is the member length 
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The equivalent stiffness, ke, is found by integrating the product of the flexural rigidity and 

the square of the second derivative of the normalized displaced shape over the length of 

the member, as indicated by Equation 2.5. 

( )∫ ′′=
l

e dxxEIk
0

2
)(φ    (2.5) 

 where 

  E is the elastic modulus of the section 

  I is the moment of inertia of the section 

  )(xφ  is an assumed normalized displaced shape 

  l is the member length 

 

In the SDOF method, each stage of response has a different mode or characteristic 

displaced shape that requires the computation of unique equivalent beam properties using 

Equations 2.3-2.5. Figure 2.11 illustrates the deflected shapes and resistance diagram of a 

fixed-fixed beam that undergoes three stages of deformation: purely elastic, a 

combination of elastic and plastic, and purely plastic. The accuracy of the SDOF method 

depends on how well the assumed deflected shapes represent each stage of response of 

the real structure in both space and time (ASCE, 1997). Therefore, the selection of 

appropriate assumed displaced shapes is critical. 

 

Although the total response of a continuous member theoretically includes 

contributions from an infinite number of individual modes, the response of an SDOF 

system relies only on a single mode of deformation for each stage of response. This 

simplification is possible when only one mode dominates the response, as is often the 

case for blast-loaded components. Most designs of structures to resist blast allow 

significant inelastic deformation, and the displaced shape associated with the plastic 

mechanism ultimately dominates the response. While the analysis could use one of the 
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modal shapes that correspond to a harmonic vibration mode during each stage of 

response, the SDOF method for blast-resistant design typically utilizes the displaced 

shape resulting from the static application of the assumed blast load (Biggs, 1964). The 

value of δ for the real beam in Figure 2.10 is equal to the displacement of the equivalent 

SDOF system, both in magnitude and in variation with time, at the point of maximum 

deflection. The use of a static displaced shape as the only mode shape simplifies 

calculations because it can be difficult to determine mode shapes exactly for many 

structural members. Additionally, for most practical applications, this assumption 

provides more accurate results than using only the displaced shape that corresponds to the 

first mode of vibration (Biggs, 1964).  

 

Using the assumed normalized displaced shapes for each stage of response, an 

analyst may choose to derive equivalent SDOF system properties based on work-

equivalency principles or use factors from known scenarios. Transformation factors for 

known boundary conditions and load distributions can be found in Introduction to 

(a) (b) 

Figure 2.11 Stages of Response for Fixed-Fixed Beam (Biggs, 1964): (a) Stages of 

Response, (b) Resistance Diagram 
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Structural Dynamics by Biggs (1964) and the U.S. Army’s TM 5-1300 Structures to 

Resist the Effects of Accidental Explosions (Department of the Army, 1990). The 

transformation factors consist of an equivalent load factor, an equivalent mass factor, and 

an equivalent stiffness factor. The equivalent load factor, KL, is a single value that 

converts the distributed load into an equivalent load for a given assumed displaced shape 

and set of boundary conditions. Therefore, this factor is found by simply dividing the 

equivalent load by the real load. Likewise, the equivalent mass factor, KM, is a ratio that 

relates the total mass of the member to the equivalent mass of the member for an assumed 

displaced shape, and this value is found simply by dividing the equivalent mass by the 

total mass of the member. Similarly, the equivalent stiffness factor, KS, is a ratio that 

relates the real stiffness of the structure to the stiffness of the single-degree-of-freedom 

system, and this value is found by dividing the equivalent stiffness by the real stiffness. 

 

 The equivalent factors transform the real system properties into equivalent system 

properties through direct multiplication, and thus they eliminate the need to integrate 

equivalent system properties using work-energy principles for every analysis case. The 

resulting governing equation of motion for an elastic system is given by Equation 2.6. 

( ) ( ) [ ])(tFKukKucuMK LSM =++ &&&   (2.6) 

where  

 M is the total mass of the real member 

 k is the stiffness of the real member 

 c is the damping coefficient 

 F(t) is the time-varying resultant load applied to the real member 

 u&&  is the acceleration of the system 

 u&  is the velocity of the system 

 u  is the displacement of the system 

 KM is the equivalent mass factor 

 KS is the equivalent stiffness factor 

 KL is the equivalent load factor 
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 Interestingly, the equivalent stiffness factor is mathematically equal to the 

equivalent load factor (i.e., KS = KL) for all cases in which the normalized displaced shape 

is based on the static application of the dynamic load shape. Therefore, many 

implementations of the single-degree-of-freedom analysis method substitute KL for KS 

and incorporate these equivalent factors as load-mass factors. A load-mass factor is the 

ratio of the equivalent load factor to the equivalent mass factor. Because the equivalent 

stiffness factor is identical to the equivalent load factor, all equivalency factors are 

replaced by substituting the equivalent load factor for the equivalent stiffness factor in the 

governing equation of motion and dividing by the equivalent mass factor. This operation 

leaves the governing equation of motion with only the load-mass factor as shown in 

Equation 2.7. 

( ) [ ])(tFKukKucuM LMLM =++ &&&   (2.7) 

where  

 M is the total mass of the real member 

 k is the stiffness of the real member 

 c is the damping coefficient 

 F(t) is the time-varying resultant load applied to the real member 

 u&&  is the acceleration of the system 

 u&  is the velocity of the system 

 u  is the displacement of the system 

 KLM is the equivalent load-mass factor 

Equation 2.7 is the governing equation of motion used in many single-degree-of-freedom 

analysis software packages. With this implementation, the dynamic response of a 

member can be computed by an analyst using only the following information: the load-

mass factor, the total mass of the member, the stiffness of the member, the resistance of 

the member, and the time-varying resultant load applied to the member. While Equations 

2.6 and 2.7 allow the consideration of damping in an SDOF analysis, velocity-

proportional damping is very small relative to the energy dissipated through plastic 
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deformation of a member. Therefore, damping is often ignored in blast-resistant design 

because most structures typically rely upon extensive plastic deformation to dissipate 

blast energy. Damping may be significant, however, if the response of a blast-loaded 

structure is elastic, but most structure are not designed for this level of response unless 

the criticality of the structure requires immediate occupancy following a design-level 

event. 

 

2.5  SUMMARY 

The literature review presented in this chapter focuses on the phenomena of blast 

waves, the loads resulting from the interaction of blast waves and structures, the response 

of concrete members subjected to the nearby detonation of a high explosive, and the 

influence of strain rate on the mechanical properties of construction materials. The 

mathematical procedures for computing equivalent system properties for a single-degree-

of-freedom analysis is also outlined in this chapter. This information provides the 

foundation on which the current research is developed. The following chapter describes 

recent related research pertinent to the work presented in this dissertation. 
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CHAPTER 3                                                        

Background and Objectives 

 

3.1  INTRODUCTION 

Structural engineers have the responsibility of designing strong, durable structures 

that are able to resist extreme loading scenarios without collapsing, and past attacks on 

bridges around the world and recent threats to bridges in the United States have raised 

awareness of the vulnerability of the U.S. transportation infrastructure. Many bridges are 

critical to economic progress and military motion, and a successful attack on a key bridge 

on a main transportation artery could result in great economic, socioeconomic, and 

national security consequences. While past research on blast-resistant structures has 

focused primarily on buildings, bridge engineers desire guidelines to design blast-

resistant bridges. Therefore, practical methods and guidelines to design, detail, and 

analyze blast-loaded bridge members are needed. To that end, the results of the National 

Cooperative Highway Research Program (NCHRP) Project 12-72 provide guidelines and 

design specifications specifically for blast-resistant bridges.  

 

The research reported in this dissertation was an integral part of the work 

completed for NCHRP 12-72. This dissertation presents part of the analytical and 

numerical studies completed in support of that project, and some objectives of this 

research further the understanding gained from experimental observations made during 

NCHRP 12-72. Accordingly aspects of that project directly impact the numerical 

methods and results presented in this work. Two publications contain a comprehensive 

report of the experimental and analytical work conducted for NCHRP Project 12-72. One 

is a Master’s thesis by Holland (2008) and the other is a final project report coauthored 

by the author of this dissertation (Williamson et al., 2009). Therefore, the following 
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sections review work completed for that project only as it pertains to the research 

presented in this dissertation. 

 

3.2  PHASE I BLAST TESTS ON NON-RESPONDING COLUMNS 

Prior to this research program, the majority of the experimental test data on 

airblasts acting against structures was from tests on flat panel components (i.e., walls) 

(Department of the Army, 1990). As such, limited or no testing had been performed on 

slender circular or square members, and the manner in which pressures vary with time 

and position along the height and around the edges of these types of members was not 

well understood. As such, simplified methods for computing blast loads acting on circular 

members did not exist. Therefore, Phase I of the NCHRP-funded research aimed to 

characterize the structural loads acting on square and circular slender members (i.e., 

bridge columns) subjected to the detonation of a nearby explosive. The results of these 

experimental tests provided a better understanding of how column cross-sectional shape, 

charge weight, standoff distance, and the geometry between the charge and column 

positions influence blast pressures on the front and back faces of bridge columns.  

 

3.2.1 Setup of Phase I Blast Tests 

The Phase I test series included four sets of two blasts each against thick square 

and circular steel tubes mounted on a reinforced concrete slab (i.e., essentially non-

responding columns). While each set of two tests had a unique standoff distance, all tests 

had the same scaled standoff. Sensitized Nitromethane charges were placed in non-

fragmenting, cylindrical plastic containers and detonated at the center of the reaction slab 

at equal distances from each column. Three pressure gauges each on the front, side, and 

back faces of the columns recorded the resulting pressure-time histories.  
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A schematic of the test setup is presented in Figure 3.1, and the test site prior to 

one of the detonations is shown in Figure 3.2. The Engineering Research and 

Development Center (ERDC) of the U.S. Army Corps of Engineers in Vicksburg, MS 

conducted the Phase I explosive tests on small-scale non-responding columns. The two 

non-responding columns consisted of a round steel pipe with a diameter of 4.5 in. and a 

shop-fabricated square structural steel tube with an edge width of 4.5 in. The foundation 

for the columns was a smooth-surfaced polymer-fiber reinforced concrete slab, and the 

columns attached to flange plates cast in the slab at each standoff distance on opposite 

sides of the centrally-located charge. A replaceable 2-ft.×2-ft.×1-in. steel plate reinforced 

the slab at the charge location.  

 

ERDC conducted eight tests with four sets of standoff distances, and the standoff 

distance chosen minimized the effects of the fireball and detonation products on the 

pressure gauges. Sensitized Nitromethane served as the high explosive material, and non-

Figure 3.1 Schematic of Phase I Test Setup: (a) Plan View, (b) Elevation View 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 
Fiber Reinforced 

Concrete 

Round 

Model 

Square Model 

Charge 

Steel Plate 

2'×2'×1" 

Compacted Sand Sub-Grade, Loess 

Mounting 

Flange 

(a) 

(b) 

20' 

6" 

Free-Field 

Pressure Gauge 

6' 

8.25" 
24.75" 

16.5" 

Pressure 

Gauges 



 59  

fragmenting plastic cylindrical containers with a charge diameter-to-height ratio of 1:1 

approximated a spherical detonation. The charges were detonated on the ground to create 

a regular Mach stem airblast load on the columns. The charge weight, standoff distance, 

and scaled standoff are omitted from this dissertation for security purposes. Three 

pressure gauges were mounted on the front, side, and rear faces of each column. 

Additionally, the test set-up included free-field pressure gauges at each standoff distance 

on each side of the charge to allow for the determination of the explosive yield. ERDC 

recorded 160 channels of pressure-time history data during the Phase I blast tests. 

 

3.2.2  Significance of Results to Current Research 

For any given test, the experimental data show that the pressures at the bottom of 

a column are higher and arrive earlier in time than the pressures at the top of the same 

column. Figure 3.3 shows this difference in pressure and arrival time along the height of 

a column for a sample Phase I test. Scenarios with smaller standoff distances tend to 

produce lower pressures at the top of columns than do scenarios of the same scaled 

standoff but with larger physical standoff distances. This finding is explained simply by 

examining the geometry of each threat scenario. For this series of blast tests having the 

same scaled standoff, cases with smaller actual standoff distances have larger scaled 

distances to elevated gauges on the column than do cases with larger standoff distances. 

Round Column 
Square Column 

Charge 

Figure 3.2 Picture of Test Setup for Phase I Blast Tests on Non-Responding Columns 
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Additionally, for a given scaled standoff, the angle at which the shock front strikes 

elevated gauges on a column increases as the standoff decreases. In general, the reflected 

pressure decreases as the angle at which the shock front strikes the column increases, 

resulting in significantly decreased pressures near the top of the columns as the standoff 

distance decreases. This observation is consistent with a large amount of experimental 

data from blast tests on flat panel structures as presented in the literature (Department of 

the Army, 1990; Department of the Army, 1986).  

 

Bridge Explosive Loading (BEL) (U.S. Army Corps of Engineers, 2000) and 

BlastX (Science Applications International Corporation, 2001) are two programs that can 

include the effect of reflections when predicting blast effects on flat surfaces. 

Comparisons between computed values and experimental data show that these programs 

routinely over-predict pressures and impulses, especially at locations near the top of a 

column. The data from a sample Phase I test are presented throughout this section simply 

Figure 3.3 Sample Front Gauge Pressures from Phase I Blast Tests 
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as a representation of the data obtained from the entire test series as a whole. Figures 3.4 

and 3.5 show sample comparisons between BEL-predicted and experimental pressures 

and impulses for the front gauges of the square columns. The figures show that BEL 

predictions overestimate the peak pressure and impulse for all three of the front gauges, 

and this overestimation increases with the height of the column where angles of incidence 

increase significantly over lower sections. 

 

Initially, the case of a shock wave striking a column may seem similar to that of a 

shock wave striking a wall; however, the facts that BEL and BlastX increasingly over-

predict pressure and impulse as column height increases are evidence that clearing effects 

and the angle of incidence significantly influence the loads acting on the test columns. 

Impulse reduction at locations close to the edges is undoubtedly greater than that at the 

Figure 3.4 Sample Front Gauge Experimental and BEL Predicted Pressure 
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center of the column. The algorithms within BEL do not include a consideration of 

clearing, and thus it should not be a surprise that the impulses produced by that software 

are greater than those recorded experimentally. 

 

The experimental data gathered during the Phase I non-responding column tests 

also show the importance of considering cross-sectional shape and standoff geometry 

when determining structural loads on columns. Figure 3.6 shows a sample plot of the net 

impulses acting on the centerlines of the circular and square columns from the Phase I 

tests. For the purposes of this research, the net impulse is defined as the area under the 

time-step-by-time-step difference between the front and back face pressure-time histories. 

The differences between the pressures and impulses along the height of the columns in 

these tests are clear. In general, the pressures and impulses acting on a circular column 

Figure 3.5 Sample Front Gauge Experimental and BEL Predicted Impulse 
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are both less than those acting on a similarly sized square column. This difference can be 

10%−20% for a series of cases with the same scaled standoff, and this difference depends 

on the actual standoff distance and the location of interest along the height of the column. 

However, in some cases, the pressures and impulses at the bottom gauge of the circular 

column are greater than their corresponding values for the square column. This 

observation is unexpected, and a numerical study attempts to address this issue as 

discussed in Chapter 4. Interestingly, the back face pressures and impulses on the circular 

columns in the Phase I tests are typically equal to or larger than the corresponding 

pressures on the square columns. As a result, the net pressures on the circular columns of 

the Phase I tests are typically less than those on the corresponding square columns as 

shown in Figure 3.6. This observation is due to the fact that the front face pressures on a 

circular column are less than those on a square column, while the back face pressures on 

a circular column are greater than those on a square column. As was the case with front 

Figure 3.6 Sample Comparisons of Net Impulse from Phase I Tests 
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face pressure-time histories, however, the results of some experimental tests show that 

the net pressures and net impulses at the bottom gauges are greater for the circular 

columns than for the square columns.  

 

The results of the Phase I experimental blast tests provide valuable observations 

regarding the prediction of structural loads acting on bridge columns subjected to airblast. 

Interestingly, the experimental data show several trends. For the same charge weight and 

standoff distance, back face pressures and impulses are larger on the circular columns 

than on the square columns. In general, the experimental data appear to show that circular 

columns experience less impulse on their front face at the middle and top gauge locations 

than the square columns. In contrast, some experimental results show that square columns 

receive less impulse on their front face at the bottom gauge location than do the 

corresponding circular columns. Therefore, the tests produced conflicting data regarding 

the influence of cross-sectional shape on structural loads acting on bridge columns 

resulting from airblast, and this research aims to resolve this issue. The pressures 

predicted by BEL are increasingly high compared to the experimental data as the height 

of the location of interest on the column increases, and the three-transits-to-the-edge rule 

(see Chapter 2) for clearing is probably not valid for circular and very slender members. 

 

Several factors likely influence the pressure-time and impulse-time histories 

experienced by square and circular columns for a given charge weight and standoff 

distance. These factors include the difference between the standoff distances to the center 

of a column and to the edge of the same column, the diameter of a column, the angle of 

incidence around the circumference of a circular column, and the difference in the 

clearing times for circular and square columns. For example, the shock wave does not 

reflect perpendicularly off the face of a circular column as it reflects off the front face of 

a square column. Thus, the theoretical edge length is infinitesimally small, and the angle 

of incidence changes from 90° to 0° around the face of the column. As a result, the three-
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transits-to-the edge rule (see Chapter 2) is not expected to apply in its traditional sense to 

the case of a circular column, and the issue of clearing undoubtedly has a significant 

influence on the net pressures acting on a column. Likewise, for the same threat scenario 

and column size, the standoff distance to the edge of a circular column is greater than the 

standoff distance to the edge of a square column. This increase in standoff distance 

decreases the peak incident pressure at the edge of the circular column as compared to 

that on the edge of the square column. Moreover, the increased angle of incidence also 

decreases the reflected impulse at the edge of the circular column as compared to the 

square column. These differences between both standoff distance, R1 and R2, and angle of 

incidence, α1 and α2, for similar locations, x, on square and circular columns are shown in 

Figure 3.7. Another contributing factor to the observed differences between the loads 

acting on circular and square columns is the fact that blast pressures flow around or 

envelop a circular column quicker and more efficiently than a square column. As 

expected, these observations suggest that the column geometry plays an important role in 

determining blast pressures, and the influence of these factors increases as column 

diameter increases and standoff distance decreases.  

 

Figure 3.7 Geometric Differences between Circular and Square Column Blast Cases: 

(a) Square Column, (b) Circular Column 
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As described below in Section 3.4, a recent publication by Holland (2008) 

outlines a new procedure to design, detail, and analyze blast-resistant bridge columns. 

This procedure is intended for implementation within the AASHTO LRFD bridge design 

specification (AASHTO, 2007), and it requires a single-degree-of-freedom dynamic 

analysis for certain scaled standoffs. The preliminary findings from the Phase I tests 

suggest that circular columns may provide greater blast-resistance than square columns 

based solely on the fact that they may incur less net impulse. A clear understanding of 

structural loads is necessary for the adequate design of any member, and therefore 

additional study is needed to quantify the effects of the factors listed above that influence 

blast loads acting against bridge columns. That effort is one of the main objectives of this 

research, and for that purpose, airblast modeling using computational fluid dynamics in 

LS-DYNA aims to address these issues as described in Chapter 4. 

 

3.3  PHASE II BLAST TESTS ON REINFORCED CONCRETE COLUMNS 

Understanding the response of blast-loaded reinforced concrete bridge columns is 

essential for developing sound design and detailing guidelines. Accordingly, the response 

of these columns subjected to airblast is investigated using half-scale experimental tests 

during Phase II of NCHRP Project 12-72, and the column behavior observed during those 

tests directly pertains to one of the objectives of the research presented in this 

dissertation. Two recently completed reports provide detailed observations and results 

from those experimental tests (Holland, 2008; Williamson et al., 2009). Therefore, the 

purpose of this section is not to provide a comprehensive report on the Phase II tests but 

simply to summarize the Phase II tests for understanding the column response models 

described in Chapter 5. 

 

3.3.1  Phase II Column Specimens 

 The Phase II test program includes 10 half-scale specimens, and Table 3.1 

presents selected details of each specimen. The testing program emphasizes circular 
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cross-sections because they are the most common type used in the U.S. The half-scale 

specimens include three 1.5-ft. diameter round columns, five 2.5-ft. diameter round 

columns, and two square columns with edge widths of 2.5 ft. All specimens have a total 

height of 11.25 ft. Five circular columns and one square column employ typical designs 

as determined from a national survey of state departments of transportation. The 

longitudinal reinforcement ratios of all ten specimens remain essentially constant for all 

cross-section sizes and shapes, while the transverse reinforcement varies to study its 

influence on the performance of bridge columns subjected to blast loads. The design of 

one column is based on seismic standards to investigate the influence of larger transverse 

reinforcement ratios, and two columns are special blast-resistant columns designed 

specifically for this study with significant increases in the transverse reinforcement ratio. 

 

3.3.2  Boundary Conditions and Reaction Structure 

The end restraints selected for these blast tests are those of a propped-cantilever. 

These boundary conditions are a fixed condition at the base of the column and a pinned 

condition at the top, and they represent a scenario in which the location of an explosion is 

Table 3.1 Selected Phase II Test Parameters 

Column 

ID
Shape

Diameter / 

Edge Width 

(ft.)

Longitudinal 

Reinforcement 

Ratio

Transverse 

Steel Type

Transverse 

Steel Design

1A1 Circular 1.5 1.04 Hoops Typical

1A2 Circular 1.5 1.04 Hoops Typical

1B Circular 1.5 1.04 Spiral Typical

2A1 Circular 2.5 1.13 Hoops Typical

2A2 Circular 2.5 1.13 Hoops Typical

2B Circular 2.5 1.13 Spiral Typical

2-Seismic Circular 2.5 1.13 Spiral Seismic

2-Blast Circular 2.5 1.13 Spiral Blast

3A Square 2.5 1.18 Ties Typical

3-Blast Square 2.5 1.18 Ties Blast
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directly beneath the deck and directly to the side of a column. Thus, the pinned condition 

at the top of the specimens models the superstructure, which is assumed to be axially stiff 

along its primary axis, though capable of allowing rotations to occur because of its 

limited flexural rigidity. The fixed condition at the base of the specimens models the 

column foundation. Additionally, the case of a propped-cantilever maximizes the base 

shear of the column under static loads, and the load data collected during the Phase I tests 

indicate that shear at the base may govern column response. The axial loads experienced 

by bridge columns in service typically do not exceed the balance point of the column, 

and any applied axial load only improves the shear and flexural capacity of the members. 

Thus, testing specimens as propped-cantilevers with no applied axial load is expected to 

be conservative. Testing the columns in this manner is also logistically desirable because 

the construction of a test frame that could withstand the blast loads while sustaining an 

axial load is cost-prohibitive.  

 

A specially constructed reaction structure provides the desired boundary 

conditions. This reaction structure consists of a steel frame of 8-in.× 8-in.×0.625-in., 

A500 Grade B structural steel tubes cast in a 29-ft.×14-ft. reinforced concrete slab. The 

steel frame provides the pinned connection at the top of the specimens, and the concrete 

slab provides the fixed boundary condition at the base of the specimens. Figure 3.8 shows 

a schematic of the reaction structure and column, and Figure 3.9 shows a picture of the 

reaction structure with a specimen prior to testing. 

 

The slab is mostly 2-ft. thick, but the section of slab nearest the explosion where the 

column foundations rest is 2.5-ft. deep. This front section has a 5-ft., 2.5-in.×7-ft. cavity in 

which the columns rest. Each column is cast monolithically with a 2.5-ft.×2.5-ft.×5.0-ft. 

foundation that fits into this cavity, and high-strength, quick-set grout fills the gaps in the 

front and the back of the cavity to provide the fixed restraint. The cavity also has room on 
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each side of the column foundation for instrumentation wires to exit the foundations and 

connect with cables from the high-speed data acquisition system. 

 

3.3.3  Small Standoff Blast Tests 

The Phase II tests are divided into two different series. The intent of the first test 

series is to evaluate the overall performance of each column design. For this purpose, the 

charge weights and standoff distances are selected to avoid significant spall and breach 

damage, while identifying the dominant mode of response (i.e., shear, flexure, or a 

combination of both) for the set of design parameters used in each column. Afterwards, 

the spall and breach capacities of selected specimens are examined with a second test 

series. The columns selected for these additional tests have minor flexural or shear 

cracking only, and thus the damage existing prior to these tests does not greatly influence 

Steel Structure Slab Grout 
Column 

Foundation 

Figure 3.8 Schematic of Reaction Structure and Test Setup: (a) Elevation View,     

(b) Plan View 

(a) 

(b) 

Collar 

Column 
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the performance of the columns during the additional testing. In both test series, ANFO 

boosted by C4 is used for the explosive charges. While the charge weights and standoff 

distances used during those tests are of interest for design and research purposes, 

disclosure of that information would provide a bridge destruction manual to those people 

who wish to cause harm to U.S. infrastructure. It would be irresponsible to distribute that 

information publicly, and for that reason the exact charge weights and standoff distances 

are not disclosed in this dissertation for security purposes; however, Section 4.5.1 

contains a description of numerical models of the Phase II tests and the charge weights 

and standoff values in terms of unspecified variables. 

 

The experimental results include overpressure data from three free-field pressure 

gauges located at 37 ft., 52 ft., and 76 ft. away from the charge and 6 channels of strain 

gage data for measuring the response of selected reinforcing bars in each specimen. The 

two specimens with no splices of the longitudinal reinforcement have three strain gages 

Figure 3.9 Picture of Reaction Structure and Column Before Test 
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on the transverse steel and three strain gages on the back-face flexural steel (i.e., tension 

reinforcement for initial response), and the eight specimens with longitudinal 

reinforcement splices have two strain gages each above and below the splice on the back-

face longitudinal steel (i.e., four total gages on the longitudinal reinforcement) and two 

strain gages on the transverse reinforcement near the base of the column. The 

experimental results also include documented damage and cracking patterns in the form 

of photographs and hand-drawn sketches. 

 

3.3.4  Shear and Flexure Tests 

The visual and recorded data show the dominant modes of response for a given 

set of column parameters, charge weight, and standoff distance. Additionally, several 

observations illustrate general trends in performance that are dependent on the column 

cross-section. Details regarding the response of these tests are provided in reports by 

Holland (2008) and Williamson et al. (2009). This section only gives an overview of the 

performance of the columns as a whole, specifically identifying behavior of interest to the 

research presented in this dissertation. 

 

Although the principle response modes vary depending on section properties, 

charge weight, and standoff distance, base shear does clearly dominate the response in 

most cases. Extensive shear cracking patterns are evident in most specimens, and those 

specimens show little to no flexural cracking. Documented experimental results from 

tests with large charge weights or small standoff distances show extensive shear damage 

at the bases of the columns. Figure 3.10 shows extensive shear damage at the base of one 

of the specimens.  

 

The scaled standoffs used for the Phase II tests forced a complete shear failure in 

a few of the specimens, though some columns appeared to retain at least some load-



 72  

carrying capacity. Although direct shear dominated the response in most cases, 

specimens with adequate shear capacity performed very well and exhibited clear cracking 

patterns indicative of combined flexural and shear behavior. Flexural cracking on the 

back face (i.e., tension side for initial response) of a specimen is shown in Figure 3.11. 

 

Additionally, photographs from the Phase II tests show that the two square 

columns lack cover on all sides, and Figure 3.12 shows a loss of cover on the sides of 

Column 3-Blast. While initial observations may suggest that this loss of cover could 

be due to either an internal shock wave or excessive deformations, this behavior is 

observed on other columns with little to no member deformation as discussed in the 

Figure 3.10 Extensive Shear Damage at Base of Specimen 
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next section. Furthermore, the results of numerical models discussed in Chapter 6 

show that this failure occurs extremely early in time, eliminating the possibility that 

this spalling failure results from excessive member deformation. Loss of concrete 

cover on the front and back face of structural members during blast tests is well-

documented in the literature (Department of the Army, 1990; Department of the 

Army, 1986). The loss of cover on the sides of structural members, however, is not 

documented in the literature. This behavior is of extreme interest, and explaining the 

mechanisms that lead to this type of failure is a primary objective of this research. 

 

3.3.5  Phase II Spall and Breach Blast Tests on Reinforced Concrete Columns 

As previously mentioned, Phase II of the experimental test program included two 

series of tests. The first series of tests was performed to investigate the response of half-

scale bridge columns when subjected to the detonation of a nearby explosive, and the 

Figure 3.11 Flexural Cracking on Back Face of Specimen 
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second series of tests was conducted to examine the spall and breach capacities of six 

columns that were previously tested during the first series of tests. The specimens used 

for the second series of tests sustained only light damage during the first series of shear 

and flexure tests, and thus the minor cracking damage present before the second series of 

tests did not significantly affect the performance of the columns during the additional 

testing. Results from the second test series were then used to establish design provisions to 

mitigate very close-in or contact charge threats. Additional details can be found in Holland  

(2008). Of particular interest to the current research, however, is the observation of 

spalling off the sides of the columns as shown in Figure 3.13. The loss of cover concrete 

on this column is on the sides perpendicular to the direction of blast loading. Additionally, 

no cover loss is seen on front and back faces of this column, and there is no significant 

observable column deformation (i.e., spalling cannot be due to large deformations). The 

behavior is consistently present in the small standoff and close-in blasts tests with relatively 

small scaled standoffs. As mentioned above, concrete spalling off the sides of structural 

members has not been documented previously in the literature. Therefore, this behavior is 

of extreme interest, and explaining the mechanisms that lead to this type of failure is a 

primary objective of this research. 

Figure 3.12 Loss of Concrete Cover on Sides of Column 3-Blast 
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3.4  BLAST DESIGN CATEGORIES FOR BRIDGE COLUMNS 

A recent report coauthored by the author of this dissertation contains a 

presentation of a design procedure specific to blast-loaded bridge columns (Williamson et 

al., 2009). This procedure is closely modeled after those outlined for building members in 

the Department of the Army’s TM 5-1300 design manual (1990). The method developed 

by Williamson et al. creates three blast design categories based on the scaled standoff of 

the design threat. These categories dictate the transverse reinforcement ratio, the 

transverse reinforcement anchorage requirements, and the level of dynamic analysis 

required. The discussion of the blast design categories in this section only covers a brief 

overview of the design guidelines and those analysis requirements pertinent to this 

research. Therefore, the information provided in this section should not be used as a 

stand-alone source to design and detail blast-resistant bridge columns. 

Figure 3.13 Loss of Concrete Cover on Side of Column During Spall and Breach Tests 
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The design guidelines proposed by Williamson et al. (2009) stipulate three blast 

design categories based on the scaled standoff defined by Equation 2.1. 

Blast Design Category A:  Z > 3  (ft/lbs1/3) 

Blast Design Category B:  3 ≥ Z > 1.5  (ft/lbs1/3) 

Blast Design Category C:  Z ≤ 1.5  (ft/lbs1/3) 

Blast Design Category A has no additional requirements beyond those for other 

applicable loads. Therefore, specific blast loads and column dynamic analyses do not 

need to be computed for column designs and threat scenarios in this design category. 

Columns in Blast Design Category B must be designed and detailed according to all 

requirements for Seismic Zones 3 and 4. Additionally, discrete ties in these columns must 

have anchorage that consists of a 135°-bend plus an extension of not less than the larger 

of 15 db or 7.5 in. As with Design Category A, blast loads and a dynamic analysis are not 

considered explicitly for columns in Blast Design Category B. Thus, designers do not 

need to carry out response analyses for specific threats in this design category. They 

simply need to provide enhanced levels of reinforcement detailing to ensure adequate 

performance for threat scenarios associated with Blast Design Category B. 

 

Blast Design Category C includes all the requirements for Blast Design Category 

B with the additional of more stringent requirements. Reinforcement for columns 

designed for Blast Design Category C must have anchorage that consists of a 135°-bend 

plus an extension of not less than the larger of 20 db or 10 in. The volumetric ratio of 

spiral or seismic hoop reinforcement, ρs, for circular columns must be increased by 50% 

over that specified for Category B, and the total gross sectional area, Ash, of rectangular 

hoop reinforcement specified for rectangular columns must be increased by 50% over 

that specified for Category B. Additionally, columns in this blast design category must be 
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designed and detailed to provide enough shear capacity to ensure that flexure controls 

according to a plastic analysis of the member.  

 

Blast Design Category C is important to the research presented in this 

dissertation. Designs for columns in this category must include a dynamic analysis to 

determine the support rotation and flexural ductility that results from the specified design 

threat. Design engineers may choose high level load and response analyses if desired, or 

they may use software such as BEL or BlastX to determine an equivalent uniform blast 

load based on the charge weight and standoff for use with a single-degree-of-freedom 

response analysis. The support rotation and flexural ductility results of this analysis must 

be compared to the following acceptability criteria that ensure that column damage is 

small enough to allow continued service following an extreme event: 

θ ≤ 1.0° (support rotation) 

µ ≤ 15  (flexural ductility) 

Any dynamic analysis requires a sound understanding of the applied loads, and 

the current procedure suggests the use of BEL or BlastX to predict the loads needed to 

conduct an SDOF analysis. As mentioned in Section 3.2.2, the experimental results of the 

Phase I blast tests show that BEL and BlastX over-predict blast loads on bridge columns. 

These methods do not accurately consider clearing on slender members, changes in angle 

of incidence and standoff distance around the face of a circular column, or the flow of the 

shock wave around slender members. As such, no method currently exists to predict 

accurate blast loads on bridge columns, and the development of such a procedure is a 

primary objective of the research presented in this dissertation. 

 

3.5  RESEARCH OBJECTIVES 

For many years, extensive research has been conducted, both in the classified 

sector (i.e., military and government) and in the public domain, on the structural loads 
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and the resulting response of building components subjected to the detonation of a nearby 

high explosive. This information has been used to develop comprehensive guidelines on 

designing these structures to maintain integrity during an extreme loading event. Recent 

threats to bridges in this country and past attacks on transportation infrastructure around 

the world have raised awareness of the vulnerability of highway bridges in the United 

States. As a result, bridge engineers need guidelines to increase the blast resistance of 

their structures, and the intent of the research presented in this dissertation is to advance 

that purpose.  

 

Prior to NCHRP Project 12-72, no information or experimental test results existed 

in the public domain documenting the response of reinforced concrete bridge columns 

subjected to airblast, and the performance expected of these members when subjected to 

such loads was unknown. In addition, all reported experimental data for blast loads acting 

on structures were from blast tests against flat surfaces, and therefore the applicability of 

the available load prediction techniques was uncertain. Two sets of experimental tests 

conducted in support of NCHRP 12-72 provide data to address these needs. The loads 

acting on square and circular members using small-scaled blast tests on non-responding 

columns are investigated in Phase I of this research. The results of those experimental 

blast tests show that the cross-sectional shape influences the pressure and impulses 

recorded on the centerline of the small-scale columns. While pressure-time histories exist 

for front, side, and back face gauges, the experimental overpressure data from only those 

three locations in plan view do not allow the computation of net resultant impulses based 

on the entire load distribution around the perimeter of the columns, nor do they lead to 

the development of a procedure to predict blast loads on square and circular bridge 

columns. The response of half-scale reinforced concrete bridge columns subjected to 

blast loads are examined using experimental tests included in Phase II of the work 

completed for NCHRP 12-72, and the information gathered during those tests forms the 

foundation for a new procedure to design blast-resistant bridge columns (Holland, 2008; 

Williamson et al., 2009). Even with that procedure to design blast-resistant bridge 
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columns, however, no method exists to predict blast loads on square and circular slender 

members such as bridge columns for use with the design procedure developed under 

NCHRP 12-72. Therefore, the first objective of this research is to characterize the 

pressures and impulses acting on square and circular bridge columns due to the 

detonation of a nearby explosive, and the second objective of this research follows as the 

development of a simplified method to predict blast loads on bridge columns. 

 

As indicated above, the work performed in support of NCHRP 12-72 includes 

experimental blast tests on half-scale reinforced concrete columns. During some of the 

tests, cover concrete spalls off the sides of some of the columns (Section 3.3.5). While 

spalling of cover concrete off the back face of flat panel structures subjected to airblast is 

reported in the literature, the spalling observed during the column tests is not 

documented. These observations are unexpected, and the cause is unknown. Therefore, 

the third major objective of this research is to determine the mechanism that causes 

spalling of cover concrete off the sides of reinforced concrete columns subjected to 

airblast. 

 

3.6  SUMMARY 

The research presented in this dissertation complements the work completed for 

NCHRP 12-72, and therefore the test setup, preliminary results, and observations for 

Phases I and II of that work are presented in this chapter. The results of the NCHRP 12-72 

research are used to validate numerical models for both airblast and reinforced concrete 

column response, and they also provide the inspiration for the objectives tackled in this 

dissertation. Chapter 4 outlines the use of the NCHRP 12-72 experimental data to verify 

airblast models in LS-DYNA, and that chapter also describes the ensuing parameter study 

to predict blast loads on bridge columns. 
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CHAPTER 4                                                          

Finite Element Analyses for Airblast Modeling 

 

4.1  INTRODUCTION 

Accurate load predictions are essential for any structural design, and for that 

reason, one objective of this research is to characterize blast loads on square and circular 

bridge columns. As described in Chapter 3, past research on structural loads resulting 

from airblasts has focused primarily on flat surfaces (i.e., walls), and the interaction 

between shock waves and slender circular and square members (i.e., bridge columns) is 

not well understood. Moreover, experimental data gathered during this research (see 

Chapter 3) do not correlate well with classical methods for predicting reflected pressure-

time histories. This lack of knowledge therefore warrants an investigation of the loads 

that act on slender square and circular members due to airblasts so that a method to 

predict these loads for design purposes can be developed. Use of the Navier-Stokes 

equation for the compressible flow of a Newtonian fluid can provide a closed-form 

solution to this problem, but solving this complex differential equation is not possible for 

most applications. For that reason, this research employs the computational fluid 

dynamics (CFD) and Arbitrary Lagrangian-Eulerian (ALE) capabilities in LS-DYNA 

(LSTC, 2007) to model the detonation of a high explosive to characterize the resulting 

structural loads on bridge columns. Using a numerical solution to solve shock 

propagation is common because such codes can generate approximate solutions to the 

Navier-Stokes equation as shown by the schematic in Figure 4.1. The research literature 

provides valuable guidelines to achieve optimum performance and accuracy when 

modeling blasts using computational fluid dynamics (CFD) analyses, and empirical data 

gathered during the Phase I tests provide a benchmark by which to assess the fidelity of 

the models. The following sections summarize the validation of the CFD models 
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constructed in LS-DYNA and present the analytical and numerical research plan to 

formulate a method to compute design loads on square and circular bridge columns. 

 

4.2  IMPORTANCE OF MESH SIZE, SHAPE, DENSITY, AND UNIFORMITY 

 As with any finite element analysis, the mesh shape and size greatly influence the 

performance of a model, and the work completed for this research reinforces its 

importance. Past research has shown that pressure and impulse predictions improve 

significantly as an air mesh becomes progressively finer (Cendon et al., 2004; Knight et 

al., 2004; Luccioni et al., 2005), and airblast models lacking sufficiently small elements 

throughout the mesh routinely generate inaccurately low pressures and impulses. 

Specifically, the mesh size and density in the explosive and target regions are very 

important. The explosive mesh should be as uniform as possible with elements of roughly 

the same dimensions, and no less than sixteen elements along each edge of the explosive 
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region are sufficient to allow the explosive to burn completely (Alia and Souli, 2006). 

Accordingly, models should avoid wedge or conical elements in the explosive region 

(i.e., quadrilateral elements should be used). The elements closest to the origin in meshes 

that utilize these shapes have disproportional edge lengths, and the analyses can produce 

lower peak pressures and impulses at a much larger computational cost than a model with 

only quadrilateral elements in the explosive region. The origin, as it is used in this 

context, is the center of a defined three-dimensional space (i.e., x = 0, y = 0, z = 0), and it 

corresponds exactly to the center of the explosive and the center of symmetry for a 

spherical burst as shown in Figure 4.2. In this case, the origin is also the detonation point, 

which may not always be the case. 

 

 Computational fluid dynamics analyses often employ “tracers”, as do the 

numerical models in this research. Tracers track variations in pressure over the duration 

of an analysis and are the numerical equivalent of pressure gauges. The mesh dimensions 

and fineness around these tracers greatly influence the computed results. Thus, in 

addition to mesh requirements for the explosive region, the region around a target 

demands a sufficiently fine mesh to capture clearing effects and reflections. If the mesh is 

too coarse in an area where a blast wave reflects off a target, tracers in this region may 

detect very inaccurate pressure-time histories because the mesh will not be able to 

adequately capture pressure differentials from one location to another. For example, 

tracers at different locations with different clearing times and angles of incidence on the 

same front face of a circular column can record identical pressure-time histories if the 

tracers reside within the same element. In an extreme case, an example analysis 

conducted for this research shows this inability to distinguish between a square and 

circular column located at the same standoff when the columns are narrower than the 

surrounding element size (i.e., the columns reside completely within the width of one 

element). Thus, an airblast model needs a fine mesh in the target region when tracers are 

present, with several elements across the width and along the height of a target to 

accurately capture clearing effects and pressure differentials on the face of a target. 
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Accordingly, all analyses conducted for this research use at least six elements across the 

width of the target columns, and no target regions have fewer elements across the width 

of a column than the number of pressure tracers present along the width of those 

columns. 

 

 While the mesh density is a well-established and documented variable that 

influences the accuracy of an explosion simulation, the results of this research show that 

mesh shape alone also plays an important role. The validation studies include numerous 

attempts to “optimize” the air meshes to provide a fine mesh in the target region and at 

least 16 elements along each direction of the explosive region while remaining within the 

limits of available computational resources. To this end, several of the analyses employ 

meshes with transitions from a fine mesh in the region around the target column to a 

coarse mesh elsewhere. Figures 4.3 and 4.4 show simulations of the same detonations 

with different meshes. The mesh in Figure 4.3 is a uniform, symmetrical, cylindrical 

origin 

Figure 4.2 View of Origin in Spherical Airblast Models 
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wedge, and the mesh in Figure 4.4 is a symmetrical, cylindrical wedge with a transition 

from a fine mesh in the region around a target to a coarse mesh elsewhere (the target is 

not shown in the figure). The different colors represent pressure levels, similar to a 

topographical map, and the pressure values in the scales in the upper right of the figures 

are in Mbar units. Figure 4.3 shows a uniform, cylindrical blast wave, and the pressure in 

this model is in equilibrium perpendicular to the direction of flow. Figure 4.4 shows 

Figure 4.4 Isosurfaces of Blast Pressures in a Non-Uniform Mesh 

Figure 4.3 Isosurfaces of Blast Pressures in a Uniform Mesh 
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distortion in the blast wave perpendicular to the direction of flow, and this distortion is 

evident in the variation in color seen in the shock front. The concentration of red in the 

fine mesh region indicates a concentration of higher pressure in the denser element 

region. This pressure differential is an inherent result of a non-uniform mesh because the 

uniformly expanding shock front must distribute fluid among uneven element widths, and 

as a result, coarse mesh regions lose pressure and do not have accurate results relative to 

the fine mesh regions. Thus, as illustrated by these figures, distortion in the blast wave 

can occur in models that do not use uniform meshes, and a mesh with elements of 

varying sizes may lose accuracy when computing pressure and energy relative to a model 

with a uniform mesh. At the very least, a model with elements of varying sizes will 

contain relative inaccuracies from one location of interest to another, and in some cases, 

the entire model will give deficient results. These analyses show that a uniform mesh 

with the shape of the expected shock front propagation is preferable to other 

discretizations, as it allows the pressure perpendicular to the direction of propagation to 

remain in equilibrium. As such, a uniform, spherical mesh is most appropriate for a 

spherical burst, and likewise, a uniform, cylindrical mesh is most appropriate for a 

cylindrical burst. All meshes used for this research are uniform, spherical or cylindrical 

meshes, depending on the shape of the charge, and transitions between coarser and finer 

mesh regions are not included. While the geometry of the air mesh outside the explosive 

region should conform to these rules, the elements within the explosive region should 

adhere to the guidelines presented above. Thus, the explosive regions in the meshes used 

for this research employ only quadrilateral elements with similar proportions, even if the 

air mesh is cylindrical or spherical.  

 

4.3 VERIFICATION OF AIRBLAST MODELS 

Numerical models representing free-field spherical bursts provide valuable 

information to validate the Arbitray-Lagrangian-Eulerian (ALE) capabilities within LS-

DYNA. Free-field spherical bursts are used for this purpose because the shock front that 

results from this type of explosion has been well defined through extensive experimental 
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research, and the parameters needed to define the pressure-time histories at various free-

field locations are in several sources available in the open literature (see Chapter 2) 

(Department of the Army, 1990; Departments of the Army, Air Force, and Navy and the 

Defense Special Weapons Agency, 2002; Tedesco, 1999). TNT and C4 are the explosives 

considered for this validation study because the performance of both is well-documented, 

which indicates that methods exist to verify the accuracy of the models built using LS-

DYNA. One such method is BEL (U.S. Army Corps of Engineers, 2000), which is a ray-

tracing program adapted from BlastX (Science Applications International Corporation, 

2001). Both programs are based on extensive empirical data and are highly regarded as 

accurate. Additionally, limited finite element models represent the Phase I blast tests on 

non-responding columns. The experimental data gathered during the Phase I tests provide 

a basis to verify the ALE capabilities within LS-DYNA to model reflections and clearing. 

This section describes the airblast models, the accuracy of the resulting numerically-

generated pressure-time history data, and efforts to improve the fidelity of modeling 

high-explosive detonations in LS-DYNA. 

 

4.3.1  Airblast Modeling 

Modeling high explosive burn and shock propagation requires an equation-of-

state to govern the expansion of gaseous detonation products from a high-pressure, high-

density condition immediately after an explosion to a normal (i.e., ambient) pressure and 

density that exists after an explosion has occurred. An equation-of-state relates a 

thermodynamic state of a homogeneous material to two other known values for state 

variables (e.g., in some cases, the pressure depends on the density and the temperature, 

such as with P = P(ρ,T)) if that material is not undergoing any chemical reaction (LSTC, 

2007). While there are a few equations-of-state capable of modeling this behavior at 

various levels of accuracy, the Jones-Wilkins-Lee (JWL) equation-of-state is the most 

commonly used and widely-accepted equation-of-state used for the purposes of airblast 

modeling (Sućeska, 1999), and its use has been documented by several well-known 

researchers in the field of blast effects (Alia and Souli, 2006; Knight et al., 2004). 
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Therefore, the JWL formulation is the equation-of-state selected for this research. Other 

equations-of-state available for this purpose include a special case of the linear 

polynomial equation-of-state (LSTC, 2007), which is discussed later in this section, and 

the Jones-Wilkins-Lee-Baker equation-of-state (Baker, 1991; Baker and Orosz, 1991), 

which is a complex revision of the JWL equation-of-state. Equation 4.1 shows the most 

basic formulation of the JWL equation-of-state used in this research. 
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where  

 P is the pressure of the gaseous detonation products 

V is the relative specific volume (ν/νo) of the gaseous detonation products 

ν is the current specific volume (Vt/M) of the gaseous detonation products 

νo is the reference specific volume (Vo/M) of the gaseous detonation products 

Vt is the current volume of the gaseous detonation products 

Vo is the initial volume of the gaseous detonation products 

M is the mass of the gaseous detonation products 

Eo is the initial internal energy of the explosive  

A, B, R1, R2, andϖ are specified constants unique to each explosive 

These constants needed for the JWL equation-of-state are determined most often 

by explosive cylinder tests. For these tests, an explosive material is placed in a copper 

cylinder and detonated. During detonation, the expansion of the cylinder and wall 

velocity is calculated as a function of time. The energy of detonation and coefficients for 

the JWL equation-of-state are then back-calculated using finite element hydrocodes (e.g., 

computational fluid dynamics models of airblasts) or other similar methods. These 

coefficients can also be calculated by thermo-chemical computer codes. These codes are 

based on a chemical-equilibrium steady-state model of detonation. Various equations-of-
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state are possible to model the expansion of the gaseous detonation products, and the 

accuracy of the cylinder test procedure or the thermo-chemical computer codes depends 

on the equation-of-state used to model the detonation gaseous products. The JWL 

equation-of-state is the most widely used equation-of-state for the detonation of high 

explosives because of its practicality and large database of properties for a wide range of 

popular explosives (Urtiew and Hayes, 1991), and its use in airblast modeling is 

documented by several well-known researchers in the field of blast effects (Alia and 

Souli, 2006; Knight et al., 2004). Therefore, this equation-of-state is used in this research. 

Although the coefficients for the JWL equation-of-state change depending on the source 

and method of determination, Table 4.1 gives frequently used and published JWL 

parameters for three common explosives (Alia and Souli, 2006; Knight et al., 2004; 

Walker, 2007). 

 

Airblast models require mathematical equations to represent the explosive burn. 

These equations are in the form of burn fractions, which calculate the amount of 

explosive material reacted at a given point in time. LS-DYNA contains only one 

implementation of burn fractions available to users, and therefore that implementation is 

used in this research. These burn fractions control the release of chemical energy from 

the detonation of a high explosive by multiplying the equation-of-state through Equations 

4.2 – 4.5 as developed by Wilkins (1964) and later discussed by Giroux (1973). 
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where 

 Peos is the pressure from the equation-of-state 

 V is the relative volume 

 VCJ is the Chapman-Jouguet relative volume 

 E is the internal energy density per unit initial volume 

 t is the current time 

 tl is the time to ignite the explosive within the element under consideration 

 D is the detonation velocity 

maxeA and ev  are not defined in the literature, but they are understood to be 

internally calculated values (i.e., not user-defined) values for the 

maximum cross-sectional area and the volume of the element used 

in a given elemental calculation based on early literature (Wilkins, 

1964; Giroux, 1973) that presents Equation 4.4 with the ratio 

ev / maxeA  defined as the grid spacing, ∆x 

 

Although the behavior of air can be modeled by a variety of different physical 

approximations based on various gas laws, the ideal gas law is probably the most 

recognizable and widely-used relationship to represent the behavior of air across many 

Table 4.1 JWL Equation-of-State Input Parameters 

A B R 1 R 2 E o Ω V d r p CJ

(Mbar) (Mbar) (Mbar) (cm/msec) (g/cm
3
) (Mbar)

NM 2.092 0.0569 4.40 1.20 0.051 0.38 0.628 1.128 0.125

TNT 3.712 0.0323 4.15 0.95 0.070 0.30 0.693 1.630 0.210

C4 5.982 0.1375 4.50 1.50 0.087 0.32 0.804 1.601 0.281
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disciplines. Therefore, air is commonly represented as an ideal gas for the purposes of 

airblast modeling (Knight et al., 2004; Alia and Souli, 2006) through the use of one of 

two formulations. The first is the direct application of the ideal gas law equation, which is 

shown in the form of an equation-of-state in Equation 4.6.  

( )TCCP vp −= ρ    (4.6) 

where 

 P is the pressure of the air 

 ρ is the density of the air 

 T is the temperature of the air 

 Cp is the constant pressure specific heat coefficient 

 Cv is the constant temperature specific heat coefficient 

Another commonly used form is the linear polynomial equation-of-state, which 

enforces a linear relationship between pressure and internal energy. This equation-of-

state is shown in Equation 4.7. 
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 and 

  C0-C6 are constants 

E is the internal energy per unit reference volume 

ρ is the density of the air 

ρo is the initial density of the air 
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The linear polynomial equation-of-state can be used to represent gas with the gamma law 

equation-of-state, which is found by enforcing Equation 4.9.  

063210 ===== CCCCC    (4.9) 

and 

154 −== γCC    (4.10) 

 where 

v

p

C

C
=γ     (4.11) 

 and 

 Cp is the constant pressure specific heat coefficient 

 Cv is the constant temperature specific heat coefficient 

Because both equations-of-state reduce to the same ideal gas equation, the special case of 

the linear polynomial equation-of-state that represents the ideal gas law is arbitrarily 

selected for use in this research. Additionally, nonreflecting surfaces (i.e., surfaces in the 

“free” air) must not have boundary restraints placed on them. Rather, a constant pressure 

to prevent “leakage” from the mesh is necessary on the free surfaces to maintain the 

pressure in the air mesh. Symmetry planes and boundaries of the mesh acting as 

reflecting surfaces require the nodes on those planes to be constrained only in the 

direction perpendicular to the plane. 

 

A brief overview of the application of these principles in airblast modeling in LS-

DYNA is presented in this section, and Appendix A contains an example input file 

(excluding the geometry) for a sample airblast simulation. All models contain at least 

sixteen elements along the length of the explosive region, as this minimum number of 

elements is required to adequately burn the explosive material and build the detonation 

pressure (Alia and Souli, 2006). The formulation selected to model the material 
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properties for this work requires the mesh to contain separate and unique elements for 

each material type. The LS-DYNA keywords *MAT_HIGH_EXPLOSIVE_BURN and 

*EOS_JWL represent the explosive material properties and the properties of the gaseous 

detonation products using the Jones-Wilkins-Lee equation-of-state (Alia and Souli, 

2006), and Table 4.1 shows the input parameters for the three explosives used in this 

research. The grams-centimeter-microsecond-Mbar units are those used for all analyses 

involving high explosive detonations in this research. LS-DYNA contains a multi-

material formulation that ultimately allows the presence of more than one fluid within a 

given mesh, permitting gaseous detonation products to expand away from the detonation 

point and create a shock wave that travels through an air mesh. The 

*CONSTRAINED_GLOBAL and *BOUNDARY_NON_REFLECTING keywords 

provide the constrained symmetry planes and the free-surfaces, respectively. The inputs 

for the *MAT_NULL and the *EOS_LINEAR_POLYNOMIAL keywords define the 

properties of the air, and these values are shown in Table 4.2. The PREF input of the 

*CONTROL_ALE keyword initializes a pressure of 1.0687×10-6 Mbar (14.8 psi / 1.0 atm) in 

the air mesh. LS-DYNA internally calculates the time step based on the time it takes an 

acoustic wave to travel the shortest characteristic distance of the smallest element, and it 

then adjusts that value by a scaled factor defined on the *CONTROL_TIMESTEP 

keyword (LSTC, 2007). The time step scale factor is usually less than one, as a value 

greater than one can lead to numerical instabilities, and the LS-DYNA keyword user’s 

manual suggests a time step scale factor of 0.9 for most analyses. The LS-DYNA 

keyword manual suggests a time step scale factor of at most 0.67 for high explosives, and 

the analyses in this research use a scale factor of 0.25 to ensure stability.  

 

4.3.2  Spherical Airblast Models 

The preliminary spherical burst analyses consider 1-lb explosive charges. These 

blasts use a “butterfly mesh” and 1/8 symmetry. A “butterfly mesh” is one that transitions 

from a cubic mesh to a spherical mesh within the explosive and then back to a cubic 

mesh in the air. The spherical mesh in and around the explosive region allows for a 
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uniform shock propagation and the definition of separate elements for the explosive and 

air while also allowing a neat cubic mesh at the exterior on which to apply boundary 

conditions. Figures 4.5 and 4.6 show a one-element-thick cross-section of the butterfly 

mesh. The transition outside the explosive from the spherical mesh to the cubic mesh is 

shown in Figure 4.5, and then the transition inside the explosive from the cubic mesh to 

the spherical mesh is shown in Figure 4.6. The complete mesh includes many more 

elements than those shown in the one-element slice. In total, the model contains 1,666 

elements in the explosive region and 72,036 elements representing the air for a total of 

73,702 elements. Publicly available software exists to create this type of a mesh (LSTC, 

2007), or an analyst can create a unique program for this purpose. The meshes used for 

this study were scaled versions of previously used spherical butterfly meshes (Alia and 

Souli, 2006). 

 

Table 4.2 Properties of Air in LS-DYNA Air Blast Models 

Material γ E o  (Mbar) ρ o  (g/cm
3
)

Air 1.4 2.5 × 10
-6

1.293 × 10
-3

Figure 4.5 Single Layer of Butterfly Mesh with View of Mesh Transition 
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Each model contains pressure tracers located at six different scaled standoffs. 

These pressure tracers are in the free air (i.e., not on a boundary) portion of the mesh to 

prevent boundary distortion, and they supply the pressure-time histories at each location 

throughout the duration of the analysis. The pressure-time histories obtained from these 

analyses are compared to those produced by BEL (US Army Corps of Engineers, 2000) 

for the same charge weight and standoff distance, specifically evaluating the peak 

pressure, the total impulse for the positive phase of loading, and the variation in the curve 

as a function of time. Comparisons between numerical results generated by the airblast 

models constructed in LS-DYNA and BEL show that the spherical air burst models 

constructed within LS-DYNA produce pressures and impulses that are much lower than 

those computed using BEL. Figure 4.7 shows a sampling of LS-DYNA and BEL 

generated overpressure curves at a selected scaled standoff. The curves with the data 

points are those generated by BEL, and the smooth curves are from the LS-DYNA 

Figure 4.6 Up Close View of Transition between Cubic and Spherical Meshes in 

Explosive Region 
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airblast models. Two curves from the airblast models are shown for each explosive 

material. One curve for each explosive type includes mesh adaptation and shows the 

improvement gained by use of this algorithm, and the other curve for each explosive type 

does not. The models built using LS-DYNA are able to preserve the general shape of the 

curves, with the only discrepancy being the difference in rise time between the curves 

produced by BEL and those produced by the airblast models. The instantaneous rise time 

shown for the BEL curves is a simplification of real physics, and thus the nearly 

instantaneous rise time produced by the ALE models is more realistic. The difference in 

magnitude between the theoretically correct curves produced by BEL and those generated 

by the airblast models built in LS-DYNA are clearly visible, however, and this issue is 

important. Table 4.3 presents values for the peak pressures and total positive impulses 

that correspond to the analyses shown in Figure 4.7. The percent errors shown in Table 

4.3 are percent differences in pressure and impulse computed by the airblast models 

constructed in LS-DYNA normalized to those values from BEL, which are assumed 

benchmarks for validation of the LS-DYNA analyses. For the selected scaled standoff, 

the airblast models in LS-DYNA produce peak pressures and total positive impulses that 

are roughly 30%−35% lower than the theoretical values predicted by BEL. These 

observations are not unique to this scaled standoff, and Appendix B contains figures and 

tables that show the same trend for another scaled standoffs. Moreover, other researchers 

have also observed the under-prediction of pressures and impulses when modeling 

airblasts with LS-DYNA because the mesh “leaks” energy, especially early in time at 

very small scaled standoffs where pressure gradients are the greatest (Knight et al., 2004). 

These researchers report the results of airblast models in LS-DYNA that include 

detonation and explosive burn phases, and they also remap pressure-time history data 

from an already computed explosive yield into a mesh within LS-DYNA. The shock 

propagation within the models that use remapped numerically-generated pressure-time 

history data shows that models analyzed using LS-DYNA are able to maintain adequate 

pressure and impulses over a range of standoff distances once sufficient explosive yield is 

obtained. The fact that models with remapped shock fronts perform adequately and the 



 96  

fact that models that include the explosive burn do not generate sufficient explosive yield 

indicate that the deficiencies produced by LS-DYA airblast models occur very early in 

time during the explosive burn phase.  

Table 4.3 Large Scaled Standoff Pressures and Impulses for TNT and C4 Spherical 

Air Blasts 

Peak Pressure Error in Pressure Maximum Impulse Error in Impulse

(psi) (%) (psi-msec) (%)

1-lb C-4 65.0 35.0% 11.0 34.5%

1-lb C-4 (mesh adaptation) 68.5 31.5% 11.6 30.9%

1-lb C-4 (BEL) 100.0 0.0% 16.8 0.0%

1-lb TNT 54.6 34.7% 9.8 31.6%

1-lb TNT (mesh adaptation) 57.2 31.6% 10.3 28.3%

1-lb TNT (BEL) 83.6 0.0% 14.4 0.0%

Analysis Case

Figure 4.7 Large Scaled Standoff Pressure-Time Histories for TNT and C4 

Spherical Air Blasts 
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Knight et al. (2004) attribute this deficiency to an unspecified energy “leakage” 

that is assumed to be from numerical inefficiencies in the advection step (i.e., defined 

below), which most likely is an elaborate way to indicate the loss of pressure due to 

inaccuracies in the remapping procedure LS-DYNA utilizes during the advection step. 

After the mesh deforms as a Lagrangian mesh, the advection step (i.e., remapping step) 

maps the state variables back onto a stationary Eulerian mesh. This procedure uses two 

constraints. The first is that the topology of the mesh remains constant, and the second is 

that the mesh motion during a step is less than the characteristic length of the surrounding 

elements. This procedure can be conducted after every time step or after multiple time 

steps, and it permits the fluid in a CFD analysis to travel through a stationary mesh. 

Knight et al. do not provide any other sound basis for their claim except the numerical 

comparisons described above and a citation from another researcher, Hilding, who also 

states a similar hypothesis regarding deficient explosive yield. Hilding states “There is a 

certain leakage of energy, which is probably due to the advection step” (Knight et al., 

2004). Neither that researcher nor Knight et al. provide a substantial explanation of the 

cause of the energy leakage in LS-DYNA or the type of energy leaked, and both 

hypothesize that the deficient yield is due to some kind of “energy leakage”.  

 

The objective of this dissertation is not to determine the cause of the energy 

leakage or the type of energy leaked. Software developers and computational fluid 

dynamics experts at LSTC have spent years developing the LS-DYNA code, and at the 

time of this writing, they have yet to solve the deficient explosive yield issue. 

Considering that the objective of this research is not to identify the mathematical reasons 

why the burn fractions used by LS-DYNA generate deficient explosive yield but rather to 

develop a method to predict blast loads on bridge columns, it is not an efficient use of 

time to attempt to determine the source of problems not yet solved by the very people 

most experienced in and knowledgeable of those issues. Because numerical results show 

that the ALE capabilities within LS-DYNA are able to model shock propagation 

accurately after the termination of the explosive burn (Knight et al., 2004), the work 
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completed for this research compensates for the deficient explosive yield generated by 

LS-DYNA by using numerically-generated pressure-time history data normalized to 

known impulse values predicted by the chart-based procedure (Department of the Army, 

1990). Accordingly, a special investigation into the issue of deficient explosive yield is 

not completed for the current research. 

 

Several additional studies attempt to resolve the discrepancy between the 

theoretically determined and numerically generated pressures and impulses to permit 

airblast models built in LS-DYNA to represent the interaction of a shock wave with a 

bridge column. As described above, mesh density greatly affects explosive yield, with finer 

meshes producing better performance than coarser meshes, and thus the first effort focuses 

on refining the mesh density to produce acceptably accurate results. While memory 

limitations with the computational resources available for this research prevent the creation 

of an adequately dense mesh to resolve the issue, other methods exist to increase mesh 

density within an already existing mesh. The method used for this purpose in this research 

is an algorithm within LS-DYNA that refines the mesh in any region where high pressure 

gradients are present. As such, the mesh contracts in the region around the shock front to 

provide smaller element sizes and hence greater accuracy in that region. This mesh 

refinement is achieved through the *ALE_REFERENCE_SYSTEM_GROUP keyword. 

An input value of 8 for the PRTYPE command specifies mesh smoothing for shock 

waves, and a range of values for the EFAC command changes the mesh behavior from 

pure Eulerian at a value of 1.0 to pure Lagrangian at 0.0. The analyses in this research 

employ a value of 0.02 for the EFAC input, which is consistent with previous work that 

investigated the range of several values for this input (Knight et al., 2004). Figure 4.8 

shows the contraction of elements in the region around the shock front.  

 

In addition to showing the previously discussed numerical results, Figure 4.7  

compares overpressure curves, and Table 4.3 compares peak pressures and impulses to 



 99  

the theoretical predictions by BEL for analyses that both do and do not use mesh 

refinement (also referred to as mesh adaptation). While the mesh refinement procedure 

and corresponding finer mesh do improve the model performance nominally, airblast 

models that use LS-DYNA still lacks the fidelity needed to accurately predict net loads 

on square and circular bridge columns without further refinement. 

 

As mentioned above, the JWL constants and explosive material properties are 

determined either by an experimental cylinder test or chemical-equilibrium computer 

codes. Therefore, the reported values vary among several references. For example, the 

reported value for the detonation velocity of TNT alone varies from 0.693 cm/µs (Knight 

et al., 2004) to 0.707 cm/µs (Sućeska, 1999) in the literature reviewed for this research. 

Furthermore, because these values are calculated using experimentally recorded values or 

Figure 4.8 Contraction of Mesh using the Refinement Procedure in LS-DYNA 
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computer codes, the potential for further variance exists. Therefore, a sensitivity study 

investigates the influence of a consistent but arbitrarily chosen adjustment to the TNT 

material properties and JWL equation-of-state input values on the computed results. 

Additional analyses consider small adjustments to each of the input parameters to find a 

combination able to produce adequate explosive yield. The incremental increase for each 

parameter remains constant, and the percentage increase is arbitrarily chosen based on the 

rounded increase selected for the first variable studied. Figure 4.9 shows the pressure-

time history curves that result from 36% increases in each of the JWL equation-of-state 

and material input parameters for TNT. Both labels and a legend are shown for this graph 

because of the difficulty involved in differentiating among the numerous curves shown. 

Also, Table 4.4 shows the change in peak pressure and impulse produced by each 

adjustment. The variables in Figure 4.9 and Table 4.4 are defined above with Equation 

4.1, and the percent errors shown in Table 4.4 are percentage differences normalized to 

Figure 4.9 Large Scaled Standoff Pressure-Time Histories for Analysis with 

Adjusted JWL Equation-of-State Material Input Parameters for TNT 
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the values predicted by BEL. In nearly every case, small adjustments to the input values 

have little affect on the explosive yield; however, the explosive yield is very sensitive to a 

slight increase in initial internal energy, E0. Although the increase in initial internal 

energy used for this study does not generate enough explosive yield to produce 

overpressures and impulses that match exactly those theoretically predicted by BEL, an 

additional increase in initial internal energy allows airblast models constructed in LS-

DYNA to generate enough explosive yield to study blast loads acting on a bridge column. 

 

4.3.3  Influence of Initial Internal Energy 

To further investigate the influence of adjusted initial internal energy on airblast 

models in LS-DYNA, another adjustment specifically considers an increase only in the 

specified internal energy of TNT and C4 to compensate for the inability to generate 

sufficient explosive yield. Adjusting the initial internal energy is reasonable given that 

the literature documents the energy leakage during explosive modeling in LS-DYNA 

(Knight et al., 2004). Adjusting only the initial internal energy of the explosives does 

significantly improve the computed results. Table 4.5 and Figure 4.10 show this 

Table 4.4 Large Scaled Standoff Pressures and Impulses for Analysis with Adjusted 

JWL Equation-of-State Material Input Parameters for TNT 

Peak Pressure Error in Pressure Maximum Impulse Error in Impulse

(psi) (%) (psi-msec) (%)

Run 10 -- TNT -- regular input 57.2 31.6% 10.3 28.3%

Run 17 -- TNT -- increased V d 58.3 30.2% 10.4 27.7%

Run 18 -- TNT -- increased p cj 57.2 31.6% 10.3 28.2%

Run 19 -- TNT -- increased a 55.3 33.8% 10.2 29.2%

Run 20 -- TNT -- increased b 56.7 32.2% 10.3 28.3%

Run 21 -- TNT -- increased r 1 59.1 29.3% 10.4 27.4%

Run 22 -- TNT -- increased r 2 57.7 31.0% 10.3 28.1%

Run 23 -- TNT -- increased Ω 58.1 30.5% 10.4 27.7%

Run 24 -- TNT -- increased E 0 74.2 11.3% 12.1 16.0%

BEL -- TNT spherical 83.6 0.0% 14.4 0.0%

Analysis Case
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improvement at a selected scaled standoff for a 36% increase in the initial internal energy 

values of TNT and C-4 shown in Table 4.1. The increase in initial internal energy 

provides a much better correlation with the theoretical pressure and impulse computed by 

Figure 4.10 Effect of Increased Initial Internal Energy on Explosive Yield of C4 

and TNT in LS-DYNA 
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Table 4.5 Peak Pressures and Impulses for C4 and TNT with Increased Initial 

Internal Energy 

Peak Pressure Error in Pressure Maximum Impulse Error in Impulse

(psi) (%) (psi-msec) (%)

C-4 (published initial internal energy) 68.5 31.5% 11.6 30.9%

C-4 (increased initial internal energy) 89.4 10.6% 13.7 18.5%

C-4 (BEL) 100.0 0.0% 16.8 0.0%

TNT (published initial internal input) 57.2 31.6% 10.3 28.3%

TNT (increased initial internal energy) 74.2 11.3% 12.1 15.9%

TNT (BEL) 83.6 0.0% 14.4 0.0%

Analysis Case
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BEL while still maintaining the shape of the pressure-time curve. One important 

observation is that, at least for the two cases considered, the time-of-arrival shifts earlier 

in time as the initial internal energy increases for the analyses that utilize LS-DYNA, and 

this error increases with standoff distance; however, this error can be neglected for most 

scenarios because the shift in arrival time does not affect the impulse produced by the 

positive phase, which typically governs the response of blast-loaded components 

(Department of the Army, 1990; American Society of Civil Engineers, 1997). Although 

the peak pressures and impulses computed by this analysis are still slightly low relative to 

the BEL values, a final increase in the initial internal energy would undoubtedly allow 

models in LS-DYNA to accurately model peak pressures, impulses, and the overall 

shapes of the curves, which will lead to suitably accurate predictions of loads that can be 

used to compute the response of blast-loaded bridge columns.  

 

4.3.4  The Influence of Time Step on Explosive Yield 

Additional numerical results examine of the influence of time step on explosive 

modeling in LS-DYNA. These analyses include free-field spherical bursts for 1-lb of 

Nitromethane, 1-lb of TNT, and 1-lb of C-4. The analyses include Nitromethane because 

it was the explosive used in the Phase I tests, and the latter two charges are used because 

the performance of both is well-documented, which indicates that methods exist to verify 

the accuracy of the models constructed using LS-DYNA. To investigate the influence of 

time step, all three explosives have two analysis runs that use time step scale factors of 

0.25 and 0.1, and TNT has an additional case that uses a time step scale factor of 0.67. As 

mentioned above, LS-DYNA internally calculates a time step based on the time it takes 

an acoustic wave to travel the shortest characteristic distance of any element in the model 

to ensure numerical stability. Thus, time step scale factors less than 1.0 further reduce the 

internally calculated time step. The spherical charges utilize spherical butterfly meshes, 

and one-eighth symmetry is used to reduce computational demands. The input parameters 

that define the atmospheric properties are identical to those used in the analyses described 

above, and the JWL equation-of-state and material input parameters for the explosives 
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are those presented in Table 4.1. Each mesh has pressure tracers in the free air portion of 

the model at six different scaled standoffs, and Figure 4.11 and Table 4.6 compare the 

results computed using the airblast models to predictions made using BEL for one of 

Table 4.6 Effect of Time Step on Explosive Yield in LS-DYNA 

Peak Pressure Maximum Impulse

(psi) (psi-msec)

1-lb C-4 (TSSF = 0.10) 66.9 11.3

1-lb C-4 (TSSF = 0.25) 68.5 11.6

1-lb C-4 (BEL) 100.0 16.8

1-lb TNT (TSSF = 0.10) 56.1 10.1

1-lb TNT (TSSF = 0.25) 57.2 10.3

1-lb TNT (TSSF = 0.67) 56.9 10.4

1-lb TNT (BEL) 83.6 14.4

1-lb NM (TSSF = 0.10) 64.7 11.3

1-lb NM (TSSF = 0.25) 66.3 11.6

Analysis Case

Figure 4.11 Effect of Time Step on Explosive Yield in LS-DYNA 
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those scaled standoffs. The numerical results shown in Figure 4.11 and Table 4.6 are in 

terms of the time step scale factor  (TSSF) used to adjust the time step for each analysis. 

An unexpected outcome of these analyses is that a smaller time step reduces the 

performance for all three explosives, and the use of a larger time step for TNT also 

slightly reduces performance for that explosive. This finding is in contrast to numerical 

results published by Knight et al. (2004) that show an increase in pressure and impulse 

with a decrease in the time step scale factor from 0.67 to 0.05. The numerical results of 

the current work suggest that smaller time steps do not always improve results, and there 

may be an optimum time step for each analysis.  

 

4.3.5  Conclusions from the Verification of Airblast Models 

The results of the literature search and verification studies provide important 

guidance for airblast modeling using computational fluid dynamics both in general and in 

LS-DYNA in particular. The mesh in the explosive region should always contain at least 

sixteen quadrilateral elements along each direction (i.e., length, width, or circumference) 

(Alia and Souli, 2006), and finer meshes in the target region will increase accuracy when 

modeling reflections and clearing. Symmetrical wedges provide a good method for 

increasing the density of a mesh while remaining within the limits of available 

computational resources, and air meshes should be uniform and should share the same 

shape as the expected shock wave. While striving for improved accuracy, models must 

have a balance among an increase in mesh density, a reduction in the angle of symmetry, 

and the resulting increase in computational demand that results from additional elements 

and the reduced time step that results from smaller elements. Additionally, while the 

adjustments to the time steps (i.e., time step scale factors) used in the verification 

analyses in this research do not change the computed results drastically, they do suggest 

that airblast models have a time step that will produce optimum performance. Therefore, 

analysts need to conduct time step sensitivity studies prior to embarking on any 

numerical research program using computational fluid dynamics analyses. Analyses that 

fail to adhere to these general guidelines may generate erroneous results. Therefore, all 
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airblast simulations conducted during this research strictly follow the guidelines outlined 

in the research literature and verification studies. 

 

4.4 VERIFICATION OF CFD ANALYSES THROUGH MODELING PHASE I BLAST TESTS 

In addition to the validation studies of spherical free-field bursts mentioned in the 

previous section, it is necessary to evaluate the ALE capabilities within LS-DYNA to 

model clearing and reflections for slender square and circular members. Therefore, this 

section describes this effort. The analyses conducted during this verification study 

represent the experimental blast tests on non-responding columns conducted during Phase 

I of this research. The details of the Phase I experimental test series are discussed in 

depth in Chapter 3.  

 

Figure 4.12 shows an example of one of the finite element models representing 

the Phase I experimental tests with a cylindrical Nitromethane charge acting against a 

Figure 4.12 Numerical Model of Phase I Blast Test in LS-DYNA 
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square column. The explosive properties used for Nitromethane are listed in Table 4.1, 

and the initial internal energy of the explosive is not adjusted at the beginning of this 

validation effort. To reduce the computational demand of the analysis, this model utilizes 

symmetry to represent the explosion as a 30-degree cylindrical wedge. As with the 

spherical burst models discussed above, the grams-centimeter-microsecond-Mbar units 

are those used in the Phase I models and for all airblast models involving high-explosive 

detonations in this research, and the input files contain the same keywords as those 

described for the spherical bursts. All models in this verification study accurately 

represent the weights and sizes of the charges used during the corresponding Phase I 

experimental tests, but this document does not disclose that information due to security 

reasons. 

 

All columns considered in these analyses have three pressure tracers each on their 

front, side, and back faces to match the locations of the pressure gages during the 

experimental tests, and the models use the *RIGIDWALL_GEOMETRIC keyword to 

model the columns, base plates, and bolts explicitly. The *CONSTRAINED_GLOBAL 

keyword and the *BOUNDARY_NON_REFLECTING keyword provide the constrained 

symmetry planes and the free-surfaces, respectively.  

 

Figure 4.13 shows the results computed using air blast models in LS-DYNA 

versus the experimental data for the front and back, top and bottom gages of one of the 

analyses representing the Phase I tests. The airblast models in LS-DYNA capture the 

relative behavior between the pressure gauge locations well. Each of the numerically 

computed pressure peaks corresponds to one recorded experimentally, and the relative 

differences between the peaks are reasonable. Again, note that these initial analyses 

utilize the internal energy values reported in the literature (shown in Table 4.1) and are 

not magnified to address the concern of “energy leakage” associated with LS-DYNA 

analyses. The peak pressures and impulses for this model, however, are considerably 
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lower than those recorded experimentally. The numerically computed peak pressures are 

on average 55% lower than their corresponding experimental values, and the computed 

impulses are on average 49% lower than their corresponding experimental values. In 

addition, the times-of-arrival for each of the pressure-time curves are greater than those 

of the experimental data. 

 

These observations are not surprising for two reasons. First, the performance of 

the 1-lb TNT and C4 spherical burst models described above illustrate the deficient yield 

produced by airblast models developed in LS-DYNA. Additionally, contrary to the 

modeling guidelines outlined above, the mesh in the explosive region of this Phase I 

airblast model does not have the minimum recommended number of elements along each 

characteristic length to sufficiently burn the explosive. As the scaled standoff of a model 

increases, the angle of symmetry required to remain within the limitations of available 
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computational resources decreases. Small angles of symmetry lead to very small elements 

in the explosive region, and hence very small time steps. Additionally, as the scaled 

standoff increases, the number of elements necessary to propagate the shock wave 

between the charge and the target increases. The combination of the additional elements 

and the smaller time steps leads to prohibitively long run times. Moreover, a transition 

from a dense mesh in the explosive region that provides the minimum number of 

elements required to burn the explosive to a coarse mesh in the air to stay within the 

limitations of available computational resources results in a severely non-uniform mesh, 

and these types of meshes do not produce accurate results as illustrated above. Therefore, 

as discussed in Section 4.5, the analyses that characterize blast loads on bridge columns 

for this research use the best possible combination of the guidelines for airblast modeling 

outlined in Section 4.3.5, while staying within the limitation of available computational 

resources. As a result, the model can not be constructed with the minimum number of 

elements required to burn the explosive. Thus, another method is investigated to increase 

the explosive yield. 

 

The performance of the 1-lb spherical burst analyses shows that increases in the 

initial internal energy of the explosive can provide adequate explosive yield; therefore, 

Figure 4.14 shows the numerically-generated results of a second model of the Phase I 

tests that investigates the influence of increasing the initial internal energy of the 

Nitromethane explosive. Although the peak pressure and impulses for this analysis are 

still on average 21% low, primarily due to small differences between the low values 

recorded for the back gauges, the pressures and impulses from this analysis compare 

much better with the values predicted using BEL than those from the analysis that 

utilized the initial internal energy shown in Table 4.1. This particular model requires an 

increase in initial internal energy of 235% to achieve acceptable impulse values for 

pressure tracers on the front face of the column. An adjustment of this magnitude is 

unusual and unreasonable, and it is primarily a result of using insufficient elements in the 

explosive region to build up detonation pressures. As stated earlier, the computational 
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resources available for this research do not allow the fine meshes required to satisfy all 

optimum modeling techniques for the scaled standoffs used in the Phase I tests. This 

sample analysis is adequate, however, to assess qualitatively the influence of adjusted 

initial internal energy on a variety of performance indicators.  

 

It is important to note that an exact comparison between numerical and 

experimental data is problematic for any value of initial internal energy. Pressure gauges 

used during experimental blast tests, particularly when small testing scales are utilized, 

often do not record (i.e., often “cut off”) the peaks of the overpressure curves (Marchand, 

2007), and the jagged shapes of the overpressure curves recorded by the front gauges in 

Figure 4.13 appear to indicate that the true peaks are not present for these curves. As a 

result, only a general comparison of the shape and magnitude of the curves is possible, 

and the use of an increased initial internal energy appears to significantly improve the 

performance of the analyses. 

Figure 4.14 Experimental Results versus LS-DYNA Computed Results with 

Increased Internal Energy 
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One important observation is that the times-of-arrival and, more importantly, the 

relative times-of-arrival shift significantly when using the 235% increase in initial 

internal energy. The relative times-of-arrival for the case that utilizes the published initial 

internal energy as shown in Table 4.1 correspond well to those recorded experimentally, 

while the difference between the times-of-arrival for the gauges shown in Figure 4.14 

compress significantly with an increase in initial internal energy. The magnitude of the 

difference between arrival times will certainly change as the value of initial internal 

energy changes; however, the observation of a difference in arrival times resulting from 

an increase in initial internal energy is not expected to change for a different increase in 

initial internal energy. The computed results of spherical air burst analyses that use a 36% 

increase in initial internal energy also show shorter arrival times than those computed 

using published values for the initial internal energy as discussed above and shown in 

Figure 4.9. Accordingly, increasing the initial internal energy of the explosive material 

properties certainly can compensate for inefficient explosive yield generated in LS-

DYNA, but adjusting this parameter will shift the times-of-arrival of the shock front at 

various points in the model. Compressing the difference between the relative times-of-

arrival affects the distribution of load as it varies with time over the height of a column as 

well as the net resultant impulse (i.e., impulse determined from the difference between 

the front face reflected overpressure and the back face overpressure), and this observation 

eliminates the option of using the initial internal energy to adjust (i.e., “correct”) the 

explosive yield for the response analyses. 

 

As mentioned in Chapter 3, the data gathered during the Phase I tests reveal a few 

strange observations. In some cases, the recorded impulse on the front face of the square 

column is less than that recorded on the front face of the circular column during the same 

test. The analyses conducted during this research to characterize loads on bridge columns 

due to airblast (described later in Chapter 4) do not exhibit this trend, and intuition 

supports the results of those analyses (see Chapter 6). The small scale of the Phase I tests 

lends the possibility of large relative error due to small inaccuracies in measurements 
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during the test setup, and several factors may contribute to the anomalies observed during 

the Phase I tests. One potential contributor could be that the detonator may have been off-

centered slightly in the container holding the Nitromethane liquid. The presence of more 

explosive material on one side of the detonator would have pushed more explosive 

energy in that direction, resulting in a larger pressure and impulse on the column on that 

side of the explosive than on the other side. Another potential contributor could be the 

angled face of the base plate at the bottom of the circular column as seen in Figure 3.2, as 

the shock wave may have reflected off the base plates anchoring the circular column 

more than it did off the plates anchoring the square column, thereby directing more 

energy toward the bottom gauge on the circular column than the square column.  

 

Special simulations of the Phase I experimental tests aim to address these issues. 

Figure 4.15 shows columns constructed of stonewalls in the models developed in LS-

DYNA, and the base plates and bolts are modeled explicitly using small stonewalls. 

Figure 4.15 Stonewalls Representing the Circular and Square Non-Responding 

Columns, Base Plates, and Bolts: (a) Square Column, (b) Circular Column 

(b) (a) 
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Stonewalls are geometrically defined boundaries in LS-DYNA through which no material 

may pass (i.e., they are rigid). Figure 4.12 above shows a mesh with the column, base 

plates, and bolts modeled explicitly. The addition of the base plates and bolts has little to 

no effect on the impulses recorded at the bottom gauge. This finding does not prove the 

absence of additional reflections off the base plates beneath the circular column. Rather, 

the absence of additional reflections in the numerical model is most likely due to the fact 

that limitations on computational resources prevent the construction of a sufficiently fine 

mesh in the region of the base plates to capture significant reflections. A similar inability 

to adequately capture reflections with a coarse mesh in a separate analysis is described in 

Section 4.2 in which gauges on the front faces of one square and one circular column 

produce identical pressure-time histories because the element width at the column 

locations is greater than the width of the column itself.  

 

Available computational resources and memory limitations within LS-DYNA do 

not allow modeling the possibility of an offset detonator. This analysis would require a 

very large mesh with 180° symmetry to offset the detonation point within the explosive 

container. Constructing a 180° mesh of this size, while maintaining a sufficiently fine 

mesh in the explosive region and around the target columns is not possible given the 

computational resources available. Therefore, the CFD analyses that specifically model 

the Phase I experiments are unable to resolve the anomalies observed during the field 

tests. Nevertheless, neither physical intuition nor the airblast analyses conducted during 

this research to characterize structural loads on bridge columns (results in Chapter 6) 

support the anomalies observed during the Phase I experimental tests, and thus the cause 

of those anomalies is most likely an unidentified reflection or minute error in 

measurement present in the Phase I test setup. 

 

In general, the numerical models constructed to simulate the Phase I experimental 

tests require significant computational resources when using mesh adaptation to achieve a 
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sufficiently fine mesh. The relatively large scaled standoff of the Phase I tests requires a 

large number of elements between the explosive and the column to maintain fidelity of 

the analyses as the shock wave travels over that distance. At the same time, a dense mesh 

of elements is needed in the region around the column to ensure that the analysis can 

capture reflections and clearing. The large number of elements required creates large 

computational demands. Although symmetry is employed to reduce the number of 

elements and the resulting run time, compressing the explosive region into a wedge and 

maintaining sixteen elements along each length of the explosive region creates very small 

element dimensions. Because LS-DYNA uses the shortest dimension of the smallest 

element to compute the time step, the reduced element lengths associated with 

symmetrical wedges create very small time steps. The large number of elements 

combined with the small time steps required to adequately model the Phase I analyses 

produces extremely large run times when using mesh adaptation. These models require 

several weeks to run to completion on a PC, with some analyses projected to last for 

several months.  

 

To maintain desired mesh densities and to reduce the run times of the analyses, 

attempts were made to utilize the parallel processing capabilities of the Texas Advanced 

Computing Center (TACC, 2008). TACC boasts the largest computing system in the 

world for open science research with 62,976 computing cores and 123 terabytes of 

memory, and the system supports both parallel and serial processing. The use of TACC 

resources did provide additional memory for the analyses, which increased the number of 

elements allowed (i.e., increased the mesh density) over that permitted on a PC; however, 

limitations within the LS-DYNA software limited the maximum amount of memory 

allowed per analysis. Moreover, technical difficulties within TACC prohibited the use of 

the parallel processing capabilities within LS-DYNA. As a result, the completion of all 

desired numerical models representing the Phase I tests was not possible with the 

available computational resources. The goals of modeling the Phase I tests were to 

validate the CFD analyses in LS-DYNA and to uncover the cause of the anomalies 
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observed during the Phase I experiments. Modeling each of the Phase I tests was not 

necessary to gain an understanding of the CFD capabilities within LS-DYNA, and given 

the inability of LS-DYNA to resolve the cause of the anomalies due to mesh limitations 

with or without mesh adaptation, this work plan did not include complete models of all 

the Phase I tests. 

 

4.5  NUMERICAL MODELS TO CHARACTERIZE BLAST LOADS ON BRIDGE COLUMNS 

A set of airblast models constructed in LS-DYNA aims to characterize the 

structural loads experienced by square and circular columns that result from the 

detonation of a nearby high-explosive. These analyses directly represent the tests 

conducted during Phase I of this research, and the details of those simulations are 

presented in Section 4.5.1. Additional analyses complement those representing the Phase 

I blast tests by studying the effect of standoff distance, column diameter, charge weight, 

and column shape on the resulting loads, and the details of those analyses are presented in 

Section 4.5.2. While the actual charge weights and standoff distances used, both during 

the experimental work and the numerical study, are of interest, that information is not 

presented in any form (e.g. pictorially, graphically, or numerically) to prevent this 

document from becoming a demolition manual for bridge columns. To be consistent with 

the Phase I and Phase II experimental studies, the airblast analyses performed for this 

study consider cylindrical charges, and the meshes are cylindrical to match the explosive 

shape and the expected shape of the shock front. At least sixteen elements are present in 

each direction of the explosive region to ensure that the explosive burns completely (Alia 

and Souli, 2006) in the computational model. 

 

4.5.1 Numerical Airblast Models of Phase II Experimental Tests 

A first set of analyses described below directly represents the Phase II 

experimental blast tests. The numerically-generated tracer data gathered during these 

analyses provide load input for the column response models that investigate spalling of 
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side cover concrete as discussed in Chapter 5. Load input data from these airblast models 

are necessary because no other load data exist for the front and back faces of the columns 

in the Phase II tests. The only experimental pressure-time history data available from the 

Phase II tests are from three free-field pressure gauges, and these data alone are not 

sufficient as load inputs for the column response models. Therefore, numerically-

generated tracer data from the airblast models described in this section provide load input 

data at 220 locations on the circular columns and 240 locations on the square columns. 

As a secondary use, the impulse data from this first set of analyses (i.e., those that focus 

only on the column and threat scenarios tested during Phase II of NCHRP 12-72) are 

combined with data from a second set of analyses that extends the parameters considered 

during the first set of analyses. The second set of analyses is described in Section 4.5.2 

and intended to develop a method to predict blast loads on bridge columns.  

 

Accordingly, the first set of airblast models are constructed to represent the 

dimensions of the Phase II test setup, and the modeling techniques are exactly as 

described for the analyses of the Phase I tests described above. Figure 4.16 shows an 

arbitrarily selected airblast model example for which the dimensions have been adjusted 

intentionally to prevent scaling of the charge size and standoff distance. As shown in the 

figure, the Phase II tests are modeled by symmetrical wedges. The angle of symmetry is 

adjusted within each model to prevent reflections from traveling from the column to the 

side of the mesh and then back to the column to influence the numerically-generated 

overpressure data recorded by the tracers. Additionally, the height and length of the mesh 

are set equal to the distance from the origin of the mesh (i.e., the origin is defined above 

and shown in Figure 4.2) to the top of the front face of the column, as several analyses 

have shown that this distance allows the shock wave to fully pass the column just prior to 

exiting the mesh. Allowing the shock wave to exit the mesh only as it just passes the 

column optimizes the density of the mesh while preventing loss of pressure equilibrium 

as the shock wave reaches the pre-defined ambient pressure at the surface of the mesh. 

The columns are modeled as stonewalls (defined in Section 4.4), and the explosive and 



 117  

air are modeled as separate but connected groups of elements. With the exception of the 

explosive properties and tracer locations explained in the following discussions, all other 

model properties and assumptions (i.e., boundary conditions, surface pressures, LS-

DYNA keywords, etc.) for all other airblast models in this research are exactly as 

described for the symmetrical wedge meshes used during the verification studies of the 

Phase I blast tests described in Sections 4.3 and 4.4. Readers should refer to those 

sections for more detailed information regarding the airblast modeling techniques used 

throughout this research. 

 

As discussed previously, the vast majority of research concerning the response of 

structures subjected to blast effects is based upon the concept of TNT equivalency. 

Figure 4.16 Example Air Blast Models Representing Phase II Tests 
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Because of the wide variation in explosive materials and the differences in detonation and 

shock propagation characteristics, the concept of TNT equivalency allows experimental 

data collected from blast tests of varying explosive types to be compared to one another 

using a consistent procedure. While individual efficiency values based on peak pressure 

or impulse are cited for a variety of different types of explosives for the purposes of 

design – see, for example, TM 5-1300 (Department of the Army, 1990) – the actual 

efficiency value for an actual event will not be a constant value but will depend upon 

such parameters as scaled standoff, atmospheric conditions present during the time of 

testing, physical arrangement of the explosive being used (i.e., shape, orientation, and 

confinement of explosive), and potentially other factors. Thus, in order to compare the 

results from the test programs conducted for this research to past studies, as well as to 

present the findings using accepted procedures, it is important to compute the TNT 

equivalency of the explosives used during the Phase II testing. However, given the 

uncertainty of the exact efficiency of the C4 and ANFO combination at the front face of 

each column during the experimental tests, the difficulties in obtaining sufficient 

explosive yield from airblast models constructed in LS-DYNA with accurate times-of-

arrival as described in Sections 4.3 and 4.4, and the absence of material properties and 

JWL equation-of-state parameters for ANFO, the analyses conducted for this research use 

the published material properties and JWL equation-of-state input values for TNT as 

presented in Table 4.1. The simulations use the same standoffs and column diameters as 

those used for the Phase II experimental tests, and the diameters and heights of the 

charges are consistent with those measured in the field to maintain the shapes of the 

shock fronts produced during the Phase II tests. Maintaining the geometry of the actual 

test conditions is important to maintain the shape of the shock front, as both experimental 

data from the Phase I blast tests and numerical data from the airblast models constructed 

for this research (discussed in Chapter 6) show that the geometry of the blast scenario 

significantly influences the resulting distribution of blast loads on a column. The 

disclosure of the diameters and heights of charges would reveal the amount of explosive 

used in each case, and therefore this information is not provided for security reasons. The 
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exact location of the detonator and C4 booster during the Phase II tests is not precisely 

known, and thus all analyses assume the detonation point is at the center of the explosive.  

 

The ANFO used during the Phase II blast tests is a granular material with 

significant voids, whereas the explosive containers (i.e., the groups of elements) in the 

Phase II airblast models are by default completely filled with TNT (i.e., the TNT in the 

analyses is solid and has no voids). Comparing the density of the ANFO used during the 

Phase II tests (i.e., weight of ANFO divided by container volume) to the value specified 

for TNT density in the analyses as shown in Table 4.1 and published by Knight et al. 

(2004), the density of the TNT used in the analyses is approximately twice the density of 

the ANFO used during the Phase II tests. Using the actual dimensions of the charge 

containers in the Phase II airblast models provides significantly larger charges (i.e., just 

over twice the charge weight in TNT compared to the weight of ANFO used during the 

tests), and hence larger impulses, than actually experienced during the Phase II tests. To 

compensate for this overestimation of load, the load inputs for the response analyses use 

numerically-generated pressure-time history data that is scaled to match the pressure-time 

histories expected from the ANFO used during the tests. This scaling procedure 

multiplies (i.e., scales) the numerically-generated pressure-time histories from the Phase 

II airblast models by the ratio of the peak reflected normal impulse calculated using the 

equations derived from the hemispherical burst data shown in Chart 2-15 in TM 5-1300 

(Department of the Army, 1990) to the peak reflected normal impulse from an airblast 

analysis constructed in LS-DYNA that contains a wall and the same threat scenario (i.e., 

charge weight and standoff distance) as the column under consideration. The wall in the 

LS-DYNA analysis is sufficiently wide to eliminate the influence of clearing at the tracer 

that records the peak reflected normal impulse. 

 

Because the impulses generated by the Phase II airblast models are scaled 

appropriately in all cases, the use of input values for TNT and the actual charge 
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dimensions in the models does not adversely affect the outcome of this work. The finite 

element models used to compute the global response of the Phase II columns are 

presented in Chapter 5. That chapter also includes a description of the method used to 

scale the impulses for those analyses, and the normalization procedure used for the final 

load prediction procedure is discussed in Chapter 6. As with the airblast models 

constructed for the spherical charges and the Phase I tests, stonewalls represent all 

columns. The following sections describe the parameter study designed to characterize 

structural loads on square and circular columns due to blast loads. 

 

Table 4.7 shows the parameters that define the airblast models used to represent 

the Phase II experimental blast tests. As mentioned previously, while the charge weights 

and standoff distances used during those tests are of interest for design and research 

purposes, disclosure of that information would provide a bridge destruction manual to 

those people who wish to cause grave harm to U.S. infrastructure. It would be 

irresponsible to distribute that information publicly; therefore, for security purposes, the 

charge weights and standoff distances are presented in terms of the unspecified variables 

w and z. The quantities of TNT shown in the table are different from the values 

previously reported by Holland (2008) for two reasons. First, Holland uses different 

unspecified variables than the ones selected for this research. Second, the charge weights 

Table 4.7 Air Blast Models for Phase II Tests 

Column ID
Charge 

Weight
Standoff

Column 

Diameter 

(ft.)

Column 

Height 

(ft.)

Column 

Type

1A2 2.9 w 3.1 z 1.5 11.25 Circular

1B 2.9 w 3.1 z 1.5 11.25 Circular

2A2 2.9 w 2.8 z 2.5 11.25 Circular

2B 2.9 w 2.8 z 2.5 11.25 Circular

2-Seismic 2.9 w 2.8 z 2.5 11.25 Circular

2-Blast 8.6 w 4.1 z 2.5 11.25 Circular

3A 8.6 w 4.1 z 2.5 11.25 Square

3-Blast 9.8 w 3.1 z 2.5 11.25 Square
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Holland reports are the TNT-equivalent weights of the ANFO used during the Phase II 

tests. The determination of those TNT-equivalent weights is based on the average 

equivalencies from the overpressure data recorded using the three free-field pressure 

gauges from the Phase II experimental blast tests. As described in the preceding 

paragraphs, the CFD analyses conducted for the current research use the actual 

dimensions of the charges in the Phase II tests to maintain the shape of the shock waves 

as they strike the columns, and the pressure-time histories applied to the columns are 

scaled to match those expected from the ANFO used during the Phase II tests. Therefore, 

the charge weights used in these analyses are the actual amounts of TNT that fit into 

cylinders with the same dimensions of the charges used in the Phase II tests. The ANFO 

used during those tests is a granular material with many voids, and these airblast models 

assume the same containers are filled solid with TNT. As a result, the density of the TNT 

used in these analyses is just over twice the density of the ANFO (i.e., weight of ANFO 

divided by actual container dimensions) used in the Phase II tests, and therefore the 

actual charge weights reported in Table 4.7 are greater than those reported by Holland.  

 

The column diameters vary between 1.5 ft. and 2.5 ft., and the column heights 

remain constant at 11.25 ft. for all analyses. Stonewalls represent all columns as 

described in Section 4.4, and the inputs for the TNT explosive material and the air are the 

same as those described for the spherical air bursts and Phase I analyses presented in 

Sections 4.3 and 4.5. The number of elements in these models ranges from 380,424 to 

983,856. All columns have six tracers spaced at equal distances along their front and back 

faces and twenty tracers along the height of the columns as shown in Figure 4.17. Thus, 

each circular column has 220 tracers, and each square column has 240 tracers. In all 

cases, the number of elements across the width of the front face of the column exceeds 

the number of pressure tracers along the width of the column (i.e., at least six elements 

along the width of the column for the six pressure tracers present along the width of the 

column). The height and length of each air mesh is at least twice the height of the column 

or the standoff distance, whichever is greatest, to allow the shock front to propagate 
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completely past the top of the column before leaving the back of the mesh. Presenting a 

picture of one of the actual analyses would permit the scaling of the charge dimensions 

based on the dimensions of the column, and therefore pictures of the actual airblast 

models are not provided for security reasons; however, the symmetrical, cylindrical 

meshes are exactly identical in nature to one in Figure 4.12, with the angle of symmetry 

and mesh dimensions varying depending on the standoff and column diameter. 

 

Mesh density requirements in the explosive and target regions and limitations on 

the total number of elements dictate very small angles of symmetry to model large scaled 

standoffs. These small angles of symmetry produce very small elements in the explosive 

region, which results in small time steps for analyses with relatively large standoffs. The 

combination of large standoffs and small time steps creates prohibitively long run times, 

preventing the modeling of scaled standoffs greater than Z = 3.5(z/w1/3) lbs/ft1/3. This 

limitation specifically prevents the modeling of Phase II tests 1A-1 and 2A-1. These 

columns sustained little to no damage during the field tests (Holland, 2008), and thus 

their forced exclusion from the work plan is not a detriment to the outcome of the current 

work. 

 

4.5.2 Additional Numerical Airblast Models for Parameter Study 

Additional analyses investigate the influence of charge weight, standoff distance, 

and column diameter on the loads experienced by square and circular columns subjected 

to the nearby detonation of a high explosive, and Table 4.8 shows the details of these 

analyses. The charge weights and standoff distances are shown as factors of unspecified 

variables x and z to prevent the use of this information as a demolition manual for 

reinforced concrete bridge columns. The charge weights vary by a factor of roughly 16.4 

from 1.4 w to 23.0 w, and the standoffs vary by a factor of 5.0 from 1.0 z to 5.0 z. The 

columns are square and circular with a constant height of 11.25 ft., and the column 

diameter and edge widths include dimensions of 1.5 ft., 2.5 ft., and 4.0 ft. The scaled 
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Table 4.8 LS-DYNA Air Blast Models for Parameter Study  

Column ID

Column 

Diameter 

(ft.)

Column 

Height 

(ft.)

Column 

Type
Notes

1.4  w 1.0  z 1.5 11.25 Circular

1.4  w 1.0  z 1.5 11.25 Square

1.4  w 1.0  z Wall 11.25 Wall

1.4  w 1.0  z 2.5 11.25 Circular

1.4  w 1.0  z 2.5 11.25 Square

1.4  w 1.0  z Wall 11.25 Wall

1.4  w 1.0  z 4.0 11.25 Circular

1.4  w 1.0  z 4.0 11.25 Square

1.4  w 1.0  z Wall 11.25 Wall

1.4  w 2.0  z 1.5 11.25 Circular

1.4  w 2.0  z 1.5 11.25 Square

1.4  w 2.0  z Wall 11.25 Wall

1.4  w 2.0  z 2.5 11.25 Circular

1.4  w 2.0  z 2.5 11.25 Square

1.4  w 2.0  z Wall 11.25 Wall

1.4  w 2.0  z 4.0 11.25 Circular

1.4  w 2.0  z 4.0 11.25 Square

1.4  w 2.0  z Wall 11.25 Wall

1.4  w 3.0  z 1.5 11.25 Circular

1.4  w 3.0  z 1.5 11.25 Square

1.4  w 3.0  z Wall 11.25 Wall

1.4  w 3.9  z 1.5 11.25 Circular

1.4  w 3.9  z 1.5 11.25 Square

1.4  w 3.9  z Wall 11.25 Wall

1.4  w 3.9  z 2.5 11.25 Circular

1.4  w 3.9  z 2.5 11.25 Square

1.4  w 3.9  z Wall 11.25 Wall

1.4  w 3.9  z 4.0 11.25 Circular

1.4  w 3.9  z 4.0 11.25 Square

1.4  w 3.9  z Wall 11.25 Wall

2.9  w 2.8  z 2.5 11.25 Circular

2.9  w 2.8  z 2.5 11.25 Square

2.9  w 2.8  z Wall 11.25 Wall

2.9  w 3.1  z 1.5 11.25 Circular

2.9  w 3.1  z 1.5 11.25 Square

2.9  w 3.1  z Wall 11.25 Wall

4.3  w 2.0  z 2.5 11.25 Circular

4.3  w 2.0  z 2.5 11.25 Square

4.3  w 2.0  z Wall 11.25 Wall

8.6  w 4.1  z 2.5 11.25 Circular

8.6  w 4.1  z 2.5 11.25 Square

8.6  w 4.1  z Wall 11.25 Wall

9.8  w 3.1  z 2.5 11.25 Circular

9.8  w 3.1  z 2.5 11.25 Square

9.8  w 3.1  z Wall 11.25 Wall

23.0  w 5.0  z 2.5 11.25 Circular

23.0  w 5.0  z 2.5 11.25 Square

23.0  w 5.0  z Wall 11.25 Wall

Charge 

Weight
Standoff

Set 1

Set 2

Set 3

Set 4

Set 5

Set 6

Set 8

2A-2, 2B,     

2-Seismic

1A-2, 1B

Set 7

Set 12

Set 11

Set 14

Set 9

Set 10

3A, 2-Blast

Set 13

Set 15

Set 16
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standoffs selected for this parameter study are comparable to those tested during Phase II 

of this research, and they fall within Blast Design Categories B and C (Holland, 2008; 

Williamson et al., 2009) as described in Chapter 3. Blast Design Category C is the only 

design category that requires a dynamic analysis based upon the design procedure 

proposed under NCHRP Project 12-72, Blast-Resistant Highway Bridges: Design and 

Detailing Guidelines (Williamson et al., 2009). The majority of the charge weights and 

standoff distances considered during this parameter study fall within or just outside the 

limits of Category C, and as such, the load prediction method developed from these 

analyses is applicable to the range of scaled standoffs for which a dynamic analysis and 

load prediction technique are necessary. 

 

The column analyses include sixteen sets of one square column analysis, one 

circular column analysis, and one wall analysis as shown in Table 4.8, and each analysis 

in a set has the same charge weight and standoff distance. Some of the models represent 

the Phase II tests, and those cases are noted in Table 4.8. The analyses in this parameter 

study provide the loads acting on square and circular columns, and peak reflected 

impulses from the wall analyses give the peak reflected impulses at those charge weights 

and standoff distances to compare to the theoretically known values as computed by the 

“spaghetti charts” or BEL. Specifically, the peak reflected impulses from the wall 

analyses are the baselines used to normalize the resultant impulses acting on the circular 

and square cross-sections, which provide a means to characterize and predict load 

reductions for circular and square columns using the “spaghetti chart” or BEL. This 

procedure and the results of these analyses are discussed in Chapter 6. 

 

4.6  SUMMARY 

This chapter describes a series of analyses that is used to investigate the 

computational fluid dynamics modeling capabilities within LS-DYNA. These verification 

analyses include comparisons between the results of spherical air burst models developed 
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in LS-DYNA and predictions from BEL. They also include comparisons between the 

experimental data gathered during the Phase I tests and airblast models of those tests 

constructed in LS-DYNA. The results show that airblast models that use LS-DYNA 

generate deficient explosive yield, and this finding is consistent with reports from other 

researchers in the field of blast effects; however, the airblast models are able to represent 

shock propagation and reflected pressure and impulses well when sufficient explosive 

yield is generated. These verification analyses provide several “best practices” for 

modeling explosions using computational fluid dynamics in general and in LS-DYNA in 

particular. These guidelines are used to develop airblast models that contribute to a 

parameter study with the intent to develop a method to predict blast loads on bridge 

columns. Additionally, those guidelines are used to create airblast models of the Phase II 

tests that provide numerically-generated load input data for the column response models 

described in Chapter 5. 



 127  

CHAPTER 5                                                            

Modeling of Blast-Loaded Reinforced Concrete 

Columns 

 

5.1  INTRODUCTION 

A major objective of this research is to determine the mechanisms that cause 

spalling on the sides of reinforced concrete columns loaded by airblast. For that purpose, 

the 3D dynamic nonlinear finite element analysis capabilities in LS-DYNA (LSTC, 2007) 

are employed to model the Phase II blast tests. Prior to trusting the results of any 

numerical model, however, an analyst should have a good understanding of the ability 

and limitations of the selected constitutive models, modeling techniques and assumptions, 

and software. To that end, the experimental data collected during the Phase II half-scale 

tests provide benchmarks to evaluate the accuracy of the response models used in this 

research. Two of the ten Phase II tests are not simulated because mesh limitations on the 

airblast models (see Chapter 4) will not permit the computations of the loads needed for 

the response models. The two columns excluded from this study, however, sustained little 

to no damage during the Phase II tests, and thus their exclusion from this research does 

not adversely affect the outcome of this work. Each of the other eight columns are 

constructed using the finite element analysis capabilities within LS-DYNA to assess the 

ability of the selected constitutive models and modeling assumptions to model blast-

loaded concrete columns, and several independent preliminary analyses also establish the 

adequacy of the constitutive models available for steel and concrete in LS-DYNA. This 

section describes the validation of the material models available in LS-DYNA, the 

modeling assumptions and mesh characteristics of the global response models, the 

method used to apply blast loads to the column models, and a comparison of the 

experimental and numerical results used to validate the models. 
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5.2  CONSTITUTIVE MODELS FOR REINFORCED CONCRETE 

 Accurate finite element modeling of concrete plasticity is challenging 

(Department of the Army, 1986) because a large amount of variability exists among 

different concrete mixes, the bond between the reinforcing steel and concrete differs with 

the bar type, size, deformation patterns, and reinforcement scheme, and concrete is a 

porous material with nonlinear behavior resulting from pore compaction, its 

heterogeneous composition, and microcracking prior to failure. As a result, constitutive 

models are often used outside their domain of applicability, and the possibility exists to 

get “lucky” and construct a numerical model that produces good global results based on 

an unsound concrete constitutive model. Therefore, material models should be verified 

prior to running final analyses, both through global response analyses and single element 

stress analyses (Magallanes, 2008a). Single element stress analyses are used to 

investigate the constitutive formulations independent of mesh characteristics. The global 

response analyses inherently include mesh dependency of the material models, which is 

especially important for models experiencing plastic behavior. The following sections 

describe single element stress analyses that evaluate the capabilities of the concrete and 

steel constitutive models used in this research. Global response models of bridge columns 

tested during Phase II of the NCHRP 12-72 project are described in Section 5.3. 

 

5.2.1  Single Element Stress Analyses for Concrete Constitutive Models 

A review of available literature reveals several concrete constitutive models 

available within LS-DYNA, and these models are evaluated for use in this research. 

Work by Magallanes (2008a) compares the performance of four commonly used models. 

These models are the Holmquist-Johnson-Cook (HJC) model, the Continuous Surface 

Cap (CSC) model, the Karagozian and Case Concrete (KCC) model, and the Brittle 

Damage Concrete (BDC) model. The HJC model uses a two invariant failure surface 

based on concrete pressure and a dimensionless measure of the deviatoric strain rate 

(LSTC, 2007; Magallanes, 2008a). The model also includes a damage parameter ranging 
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from 0.0 to 1.0 that is a function of equivalent deviatoric and volumetric plastic strain and 

an equation-of-state that is a quadratic function of a modified volumetric strain. The CSC 

model uses a three-invariant form of a failure surface that is defined by experimentally 

calibrated parameters (LSTC, 2007; Magallanes, 2008a). The KCC model is a three-

invariant formulation in which the failure surface is interpolated between two of three 

independent surfaces (LSTC, 2007; Magallanes, 2008a). These surfaces represent the 

point at which damage begins, the maximum strength of the material, and the residual 

strength of the material. Each of the three independent surfaces is a form of Equation 5.1.  
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p
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ii

ii

21

0 +
+=    (5.1) 

 where 

  i is the number of the surface represented by the equation 

  F is the surface 

p is the concrete pressure 

  a0i, a1i, a2i are experimentally calibrated constants 

The model also requires a damage function that is calibrated using experimental data. The 

KCC model works well with any equation-of-state that represents volumetric hardening 

(LSTC, 2007; Magallanes, 2008a). The BDC uses a one-invariant failure surface and 

provides basic tensile softening capability (LSTC, 2007; Magallanes, 2008a).  

 

Magallanes’ work considers both single element and global response analyses. 

The single element stress analyses evaluate each constitutive model based on the 

computed axial strain under unconfined compression, volumetric strain under unconfined 

compression, volumetric strain under hydrostatic compression, and axial strain under 

unconfined tension. These response characteristics are compared qualitatively and 

quantitatively to empirical data from compression tests on cylinders of a sample concrete 

mix. Additionally, Magallanes’ work also evaluates the global response of column 
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models using all four concrete models. The column under consideration in these analyses 

is an experimentally tested column, and the load inputs for the models are the pressure-

time histories recorded during an experimental blast test. The results of those models are 

compared to the empirical data from the blast-loaded reinforced concrete column. In all 

cases, the KCC model qualitatively and quantitatively represents the nonlinear behavior 

of concrete as well as or better than the other models. Plots showing the results of 

Magallanes’ work are presented in Figures 5.1 and 5.2. Note that no experimental stress-

strain data is available for publication in Figure 5.1 for the laboratory tested concrete in 

unconfined tension. 

 

Figure 5.1 Single Element Stress Analyses Comparing Performance of Four 

Concrete Models Available in LS-DYNA (Magallanes, 2008a) 
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The plots of the individual element stress analyses show that, for unconfined axial 

compression, the BDC model remains perfectly plastic after reaching the peak 

compressive strength. Additionally, the volumetric expansion of the BDC model remains 

linear under unconfined compression. Moreover, the BDC model does a poor job 

representing the nonlinear compaction regions characteristic of concrete undergoing 

hydrostatic compression, whereas the other three models are able to show some variation 

of that behavior. The inadequacy of this model is a result of its single-invariant 

formulation, which contributes directly to the perfectly plastic yielding response, and its 

use of a linear equation-of-state, which is responsible for the linear volumetric behavior 

Figure 5.2 Results of Global Response Analyses Comparing the Performance of 

Four Concrete Models Available in LS-DYNA (Magallanes, 2008a) 
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observed under unconfined compression (LSTC, 2007; Magallanes, 2008a). The HJC 

model significantly overestimates the compressive strength of the concrete and exhibits a 

crude trilinear stress-strain curve that includes linear contraction after the peak concrete 

strength. These observations are results of this model’s two-invariant formulation and the 

crude damage function employed by that model (LSTC, 2007; Magallanes, 2008a). Only 

the CSC and KCC models are able to model the volumetric expansion shown by the 

concrete near the peak compressive strength during an unconfined compression test. 

Furthermore, both of the models show the nonlinear loading and nonlinear softening 

phases for both axial strain and volumetric strain under unconfined compression. These 

observations are not surprising given their three-invariant formulations (LSTC, 2007; 

Magallanes, 2008a) and complex experimentally-calibrated functions to predict damage 

and effective plastic strain. In general, the CSC and KCC models perform the best both 

qualitatively and quantitatively among the four models assessed in Magallanes’ single 

element stress analyses.  

 

The results of the global displacement analysis show that, as expected based on 

their poor performance during the single element stress analyses, the BDC and HJC 

models significantly under-predict the experimental peak residual deflection. The 

underestimations of residual displacements by these two concrete models are due to the 

facts that the BDC model remains perfectly plastic and does not capture softening after 

reaching its peak compressive strength and because the HJC model significantly over-

predicts the peak compressive strength. As a result, neither of these models produces 

deflected shapes that resemble the experimental deflected shape. The CSC and KCC 

models reproduce the experimental residual displacement reasonably well. Both of these 

models have reasonably good representations of the deflected shape and damage patterns. 

The KCC model produces the best response shape of all four models, which is likely 

because the CSC and KCC models are calibrated to laboratory data from different sets of 

concrete mixes (Magallanes, 2008a).  
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Preliminary analyses conducted for this research also compare the KCC model to 

the Soil and Foam (SF) model (LSTC, 2007), which is another known geomaterial 

constitutive model used for concrete modeling in LS-DYNA. The SF model is based on a 

two-invariant formulation where the yield surface is a function of pressure as shown in 

Equation 5.2. 

( )[ ]2
1

2

2103 papaay ++=σ     (5.2) 

 where 

σy is the uniaxial yield stress of the material 

p is the material pressure 

  a0, a1, a2 are experimentally calibrated constants 

Figures 5.3−5.6 show the results of those analyses. Again, the KCC model proves to be a 

better constitutive model for concrete, both qualitatively and quantitatively, than the SF 

model. The plots show that the SF model has a linear plastic region under unconfined 

compression. The SF model also does not exhibit volumetric expansion under unconfined 

compression after reaching f'c. These observations are not representative of real concrete, 

and they are a result of the perfectly plastic yield function employed by the SF model. 

Additionally, the single element stress analyses that produce these plots for the SF model 

contain input values as described in the research literature that correspond to a 4,000 psi 

concrete, but the SF model produces a peak compressive strength that is less than half the 

specified value. The under-prediction of the peak compressive strength is most likely due 

to inaccurate coefficients used in the yield function. While other input values may be 

available for this material, this issue is not pursued further because of the inability of the 

SF model to represent failure in tension as described below.  

 

The SF model generates unexpected behavior in tension. Rather than failing at a 

maximum tensile stress, the stress produced by the SF model begins to oscillate as the 
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strain increases, and the model never generates a tension failure. Negative pressure in this 

model corresponds to tension, and the odd behavior exhibited by this model in 

unconfined uniaxial tension is due to the fact that LS-DYNA automatically resets the 

concrete pressure to a specified value once it drops below that value. The ultimate 

objective for constructing the column response models is to reproduce the spalling 

behavior observed on the sides of reinforced concrete columns during the Phase II testing 

program, and the type of behavior exhibited by the SF model in tension is unacceptable 

for the purposes of this research. Based on the results presented in this section, the KCC 

model represents the characteristic behavior of concrete better than the other four 

geomaterial models evaluated. Additionally, as described in Section 5.4, the column 

response models that use the KCC formulation generate good results when comparing the 

peak deflections, strains (when available), damage and cracking patterns, and general 

Figure 5.3 Stress versus Axial Strain for Unconfined Compression Single Element 

Stress Analyses of Geomaterial Models Available in LS-DYNA 
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response shape to those recorded during the field tests. Therefore, the KCC model is the 

constitutive model used in this research. 

 

Results from additional single element stress analyses illustrate the capabilities of 

the KCC constitutive formulation to capture strain-rate effects as shown in Figure 5.7. 

The KCC model is able to increase the peak compressive stress as the strain rate 

increases, which is a trend that is consistent with experimental data; however, the column 

response models perform unrealistically stiff when comparing the results of the KCC 

strain-rate effects formulation with published data for concrete strain-rate dependence  

(Tedesco, 1999; Department of the Army, 1990). Analysis results using the column 

models developed specifically for this research produce peak displacements, global 

Figure 5.4 Stress versus Volumetric Strain for Unconfined Compression Single 

Element Stress Analyses of Geomaterial Models Available in LS-DYNA 
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response shapes, and strain data (when available) that correspond well with available 

experimental test data (discussed in Section 5.4) without the direct inclusion of strain-rate 

effects. While the cause of this strange behavior from the KCC strain-rate formulation is 

uncertain, this finding may be consistent with one theory regarding concrete and strain-

rate effects. This theory claims that concrete does not exhibit direct strain rate dependent 

material behavior, but rather it experiences a perceived increase in strength due to inertial 

confinement (defined in Section 2.2.3) and the fact that concrete strength is pressure 

sensitive (Stevens, 2009). Moreover, neglecting the direct inclusion of strain-rate effects 

for concrete is consistent with the way in which some experienced analysts have modeled 

blast-loaded concrete structures in the past (Stevens, 2009). Given the performance of the 

column response models with and without the concrete strain-rate effects formulation, the 

analyses conducted for this research do not directly include a strain rate dependent 

material model for concrete. This assumption is acceptable for the objectives of these 

Figure 5.5 Stress versus Axial Strain for Unconfined Tension Single Element Stress 

Analyses of Geomaterial Models Available in LS-DYNA 
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analyses, regardless of the preferred theory on concrete strain-rate dependence. Although 

the load necessary to achieve spalling of concrete off the sides of columns as observed 

during the Phase II tests may increase with the direct inclusion of concrete strain-rate 

effects, the general cross-sectional behavior is not expected to change. 

 

5.2.2  Single Element Stress Analyses for Reinforcing Steel 

Two constitutive models are considered for the reinforcing steel in the response 

models analyzed for this research. The first model is the Plastic-Kinematic model (LSTC, 

2007), which consists if a linear elastic range and a linear plastic range. This model 

includes limit strain failure criteria and strain-rate effects through the use of the Cowper-

Symonds relationship. Additionally, the Plastic-Kinematic model allows for kinematic, 

isotropic, or a combination of kinematic and isotropic hardening. The Piecewise Linear 

 Figure 5.6 Stress versus Volumetric Strain for Hydrostatic Compression Single 

Element Stress Analyses of Geomaterial Models Available in LS-DYNA 
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Plasticity model in LS-DYNA is another model often used to represent reinforcing steel. 

This model is strikingly similar to the Plastic-Kinematic model, with a linear elastic 

range, a linear plastic range, limit strain failure criteria, and strain-rate effects through use 

of the Cowper-Symonds model. Therefore, of these two models, only the Plastic-

Kinematic model is evaluated for use in this research. Figure 5.8 shows the empirical 

stress-strain curves obtained from static tension tests on samples of rebar used during the 

Phase II experiments conducted for NCHRP 12-72 and their corresponding Plastic-

Kinematic models. The input values for the Plastic-Kinematic model are not provided 

because this model is not selected for this research as explained in the following 

discussion. 

 

The Simplified Johnson Cook material model in LS-DYNA (LSTC, 2007) is the 

second material model considered for use in this research. This model also includes strain 

Figure 5.7 Strain-Rate Effects for KCC Model Available in LS-DYNA 
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rate effects and allows element erosion based on a tension strain criteria. The Simplified 

Johnson Cook model calculates the yield stress of the reinforcing steel using Equation 

5.3. 

( )( )*ln1 εεσ &cBA
np

y ++=    (5.3) 

where 

A, B, c, and n are input constants 

pε  is the effective plastic strain 

0

*

ε
ε

ε
&

&
& =  (effective strain rate for 0ε& = 1s

-1) 

ε&  is the strain rate (s-1)  

 

The results of tension tests on the reinforcing steel used in the Phase II column 

tests provide the information needed to derive the constants that govern the static 

Figure 5.8 Plastic Kinematic Rebar Models and Rebar Tension Test Data 
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behavior of the Simplified Johnson Cook model. Those constants are the ones in the first 

set of parenthesis in Equation 5.3. The second part of Equation 5.3 represents the strain-

rate dependent part of the formulation, which is discussed in more detail later in this 

section. Figure 5.9 shows the empirical stress-strain curves from the static rebar tension 

tests and their corresponding numerical models.  

 

Figures 5.8 and 5.9 show a modulus for the smooth #4 bar that is lower than that 

of typical steel. During specimen construction, all smooth #4 bars of this type arrived at 

the test site already bent into spirals, and therefore the sample smooth #4 bars were bent 

straight prior tension testing. It is common for a previously bent bar to exhibit a modulus 

reduction due to residual stresses (Frank, 2008), and therefore the modulus of the #4 

smooth bar in the column analyses is assumed to be that of the other bars. The constants 

needed to define the behavior of each rebar type using the Plastic-Kinematic and 

Simplified Johnson Cook models enforce the same yield stress, effective plastic strain at 

failure, and total strain-energy for the experimental and numerically-generated curves of 

Figure 5.9 Simplified Johnson Cook Rebar Models and Rebar Tension Test Data 
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each rebar type, including the #4 smooth rebar. Figures 5.8 and 5.9 show that the 

nonlinear plastic region of the Simplified Johnson Cook model provides a better 

qualitative fit to the nonlinear plastic response of the rebar tension test data than the 

Plastic Kinematic model; therefore, the Simplified Johnson Cook model is used in this 

research. Section 5.3.2.1 contains the specific input values that define the numerical 

models shown in Figure 5.9, and the input values for the Plastic-Kinematic models are 

not included because this formulation is not selected for use in this research. 

 

The values for c used in the Simplified Johnson Cook model for each rebar type 

represent a best curve fit to the equations presented in a paper by Malvar and Crawford 

(1998). This paper presents a simple relationship to calculate dynamic increase factors 

(DIF) of steel reinforcing bars based on the loading rate and static strength of the steel, 

and the relationship is based on the results of numerous steel rebar tension tests at various 

strain rates. The laboratory tension test data presented by Malvar and Crawford (1998) 

show that the DIF for both yield and ultimate stress are inversely related to the static 

yield stress of the steel through Equations 5.4 and 5.5. 

α
ε








= −410
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DIF     (5.4) 

60
040.0074.0
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f
−=α    (5.5) 

 where 

  ε&  is the strain rate in sec-1 

  fy is the yield stress of the rebar in ksi 

 α = αfy for the yield stress 

 

The curve fits for the strain-rate dependence of each reinforcing bar are located in 

Appendix C, and the input values for the Simplified Johnson Cook material model of 

each rebar type are presented in Section 5.3.2.1. 
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5.3  GLOBAL RESPONSE ANALYSES OF PHASE II EXPERIMENTAL BLAST TESTS 

After the establishment of appropriate material models using single element stress 

analyses, it is important to evaluate the material constitutive models by comparing the 

results of global response models to experimental results. This set of computational 

models includes eight of the ten columns from the Phase II blast tests. Each of the 

columns has multiple analyses that evaluate the effectiveness of different mesh sizes and 

modeling approximations for the transverse reinforcement, and two of the final models 

employ erosion techniques to account for spalling of side cover concrete. The adequacy 

of the models is evaluated using the peak residual displacements, shapes of global 

response, cracking and damage patterns, and experimental strain data when available. 

This section describes the column parameters, the use of the material constitutive models, 

the application of the pressure-time histories as load inputs, and the comparison of the 

numerical results to the experimental results.  

 

5.3.1  Phase II Column Parameters 

Table 5.1 shows the properties of the half-scale Phase II columns modeled using 

LS-DYNA in this research. Three different sets of analyses exist, including two 18-in. 

diameter circular columns with 6 longitudinal reinforcing bars, four 30-in. diameter 

circular columns with 18 longitudinal reinforcing bars, and two 30-in. wide square 

Table 5.1 Properties of Column Response Models 

Shape Size (in.) Number Bar Size

Pitch/ 

Space 

(in.)

Bar Size Type

1A-2 Round 18 6 #6 6 #4 Hoops

1B Round 18 6 #6 6 #4 Spiral

2A-2 Round 30 18 #6 6 #4 Hoops

2B Round 30 18 #6 6 #4 Spiral

2-Seismic Round 30 18 #6 3.5 #4 Spiral

2-Blast Round 30 18 #6 2 #4 Spiral

3A Square 30 24 #6 6 #4 Ties

3-Blast Square 30 24 #6 2 #4 Ties

Column 

ID

Column Geometry Trans. Reinf.Long. Reinf.
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columns with 24 longitudinal reinforcing bars. All columns use #6 bars for the 

longitudinal reinforcement and #4 bars for the transverse reinforcement. The spacing of 

the transverse reinforcement varies from 6.0 in. to 2.0 in., and the types include discrete 

hoops or ties and continuous spiral reinforcement. All columns have a cover of 1 in. The 

following sections describe the techniques used to model these columns. Additional 

information regarding the theory behind and details of the column designs is available in 

reports by Holland (2008) and Williamson et al. (2009). 

 

5.3.2 Modeling Assumptions and Techniques for Response Analyses 

This section describes all modeling assumptions, mesh characteristics, and LS-

DYNA keyword commands as they are used to model the reinforced concrete columns in 

this research. The size of the input files for the Phase II response models prevents their 

explicit inclusion in this text; however, Appendix D contains abbreviated examples of the 

proper use of the input commands and the options explained in this section. This text is 

not intended to be a tutorial on modeling the dynamic response of blast-loaded reinforced 

concrete columns in LS-DYNA or any other finite element software. Therefore, 

discussion regarding modeling assumptions in this dissertation only covers that which is 

used in this research. The LS-DYNA Keyword Users Manual (LSTC, 2007) contains a 

thorough description of all available options and modeling techniques. 

 

5.3.2.1 Modeling Assumptions and Mesh Characteristics 

All column analyses utilize 1/2 symmetry to reduce computational demand as 

shown in Figure 5.10. The mesh densities are restricted somewhat based on the location 

of the reinforcing steel. These constraints exist because the truss elements that represent 

the rebar are not “embedded” in the concrete elements; rather, the elements that represent 

the rebar share nodes with the concrete elements, and as such the model does not consider 

bar slip. Another method exists to embed the reinforcing steel in the concrete elements 

without the truss elements sharing nodes with the brick elements. This option involves 
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using the *CONSTRAINED_LAGRANGE_IN_SOLID command to fix the nodes of the 

reinforcing steel to a given point in space within the brick elements that represent the 

concrete. This option is not used in this research for two reasons. First, the column 

response models constructed for this research capture spalling of concrete off the sides 

and backs of the columns (discussed in Section 5.4.3). Capturing failure of concrete 

elements with embedded rebar is expected to be problematic, as the response of a rebar 

element embedded within a failed element is unknown. Second, based on past experience 

with numerical models that couple airblast (i.e., fluid) to solid Lagrangian structures (i.e., 

a column) using the above mentioned command, it is expected that the computational 

demands of this algorithm that calculates the location of one Lagrangian mesh within 

another will be excessive. The geometry constraints imposed by connecting the truss 

elements representing the reinforcing steel directly to the nodes of the brick elements that 

represent the concrete necessitate the use of H convergence, which is refining the 

accuracy of a finite element model using element size, rather than P convergence, which 

is using shape functions with higher order polynomials (Kallivokas, 2005). Therefore, 

constant stress solid elements and multiple mesh densities are used for computational 

efficiency. Additionally, the models utilize truss elements (i.e., LS-DYNA beam 

elements with the truss option specified) for the rebar and reaction structure to maintain 

displacement compatibility with the constant stress solid elements, as both formulations 

use linear displacement functions.  

 

Meshes for circular columns require a transition between a cubic mesh and a 

cylindrical mesh in plan view, as shown in Figure 5.10, to maintain the use of 

quadrilateral elements throughout the cross-section. This transition has four straight 

edges that form the barrier between a deformed rectangle in the interior of the cross-

section (i.e., the cubic mesh) and the radial formation in the exterior of the cross-section 

(i.e., the cylindrical mesh), and these four edges are the thickened lines in Figure 5.10. 

This constraint in circular columns, combined with defined spacing requirements for the 

transverse reinforcement, dictates that the number of elements along the circumference of 
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a symmetrical, circular mesh must be an integer multiple of the number of longitudinal 

reinforcing bars per symmetrical half (i.e., 3 for 18-in. columns and 9 for 30-in. columns) 

and the number of edges along the interior mesh region (i.e., 4 for all columns). Meshes 

for square columns have no particular constraints in a plan view of the cross-section other 

than that the number of elements between each longitudinal rebar must be a whole integer 

number. This same requirement applies to the number of elements vertically between 

transverse reinforcement in both square and circular columns. 

 

As indicated above, the concrete constitutive model used in the analyses is the 

Karagozian and Case Concrete (KCC) model. The KCC model includes confinement 

effects, a three-invariant failure surface, strain-rate effects, and brittle and/or ductile 

damage (LSTC, 2007; Schwer and Malvar, 2005; Malvar et al., 2000; Magallanes, 

2008a). The KCC model allows a user to specify the values needed to define the material 

behavior, including the maximum shear failure surface, a concrete damage function, and 

an equation-of-state to govern the pressure-volume-strain response. In the absence of 

detailed experimental concrete data to define these parameters, the KCC model internally 

generates the full set of input values based only on the unconfined compressive strength, 

and it is expected that the model will be used in this manner (LSTC, 2007). This 

parameter generation is calibrated to a well-defined laboratory tested concrete for which 

uniaxial, biaxial, and triaxial laboratory test data in tension and compression are available 

Figure 5.10 Cross-Sections of Column Models in LS-DYNA: (a) Circular Cross-

Section, (b) Square Cross-Section 

(a) (b) 
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(Schwer and Malvar, 2005). Detailed laboratory test data are not available for the 

concrete used to construct the Phase II columns; therefore, the analyses in this research 

utilize the automatic parameter generation capability in the KCC model. 

 

Figure 5.11 shows results of the compression tests on concrete cylinders that were 

collected during construction at the test site. The average values reported during the range 

of test dates are very close to the specified concrete strength of 4,000 psi as shown in 

Figure 5.11. Although actual average compressive strengths are known for most column 

tests, all column analyses use a concrete strength of 4,000 psi because the uncertainties 

associated with concrete modeling and the explosive efficiencies (discussed in Section 

5.3.3) do not warrant this precision for such a small range of variability in concrete 

compressive strengths. Table 5.2 shows the input values used for the KCC concrete 

material model. RO is the material density, and A0 is the negative of the compressive 

Figure 5.11 Concrete Cylinder Strength versus Time 
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strength as determined by a uniaxial compression test. RSIZE and UCF are factors to 

convert the input values into the units needed for the constitutive equations in the KCC 

model. Because the mass of the reinforcing steel is included explicitly with the truss 

elements that represent the reinforcing steel, a value of 135 lbs/ft3 is utilized as an 

assumed weight for the concrete material alone, which is less than the value of 150 lbs/ft3 

that is typically used for design purposes. The metric units used during the analyses are 

shown along with their English equivalents. Parameters not specified in Table 5.2 

indicate that either the default values are used or LS-DYNA internally generates those 

values.  

 

All truss elements representing reinforcing steel connect directly to the nodes of 

the concrete elements, and thus the models do not consider bar slip. Tables 5.3, 5.4, and 

5.5 give the constants needed to define the Simplified Johnson Cook material model for 

each type of reinforcement. RO is the mass density, and PR is Poisson’s Ratio. E is 

Young’s Modulus, and PSFAIL is the specified failure limit for the effective plastic 

strain. VP is an option to specify whether the strain-rate effects formulation for this 

model scales the yield stress or uses a viscoplastic formulation. The default option to 

scale the yield stress is used in this research. All other values listed in the tables are 

defined in Equation 5.1. 

 

Longitudinal reinforcement is represented by vertically placed truss elements 

attached to the nodes of the concrete elements. Models of columns with spiral 

*MAT_CONCRETE_DAMAGE_REL3

RO 2.1625×10
-9
 tonne/mm

3
(135 lbm/ft

3
)

A0 -27.579 MPa (4,000 psi)

RSIZE 0.03937 in/mm -

UCF 145 psi/MPa -

Table 5.2 Input Values for Concrete Constitutive Model 
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reinforcement (1B, 2B, 2-Seismic, 2-Blast) use two different approximations for the 

transverse reinforcement as shown in Figure 5.12 to determine which method provides 

the best representation of experimental behavior. The green truss elements shown in this 

figure represent the reaction structure that provides the pinned connection at the top of 

the column, and a detailed discussion of these elements is included later in this section. 

The two approximations for the transverse reinforcement are angled spirals and 

continuous hoops of truss elements. The continuous hoops cannot open up in the 

numerical model, and thus they act as a horizontally oriented (i.e., one without a pitch), 

continuous spiral reinforcement.  

Table 5.4 Material Model Inputs for #4 Deformed Rebar 

*MAT_SIMPLIFIED_JOHNSON_COOK

RO 7.85×10
-9
 tonne/mm

3
(490 lbm/ft

3
)

E 2.0×10
5
 MPa (29,000 ksi)

PR 0.3 -

VP 0.0 -

A 518.003 MPa (75.13 ksi)

B 375.0 MPa (54.39 ksi)

n 0.4 -

c 0.0368 -

PSFAIL 0.21017 -

Table 5.3 Material Model Inputs for #6 Deformed Rebar 

*MAT_SIMPLIFIED_JOHNSON_COOK

RO 7.85×10
-9
 tonne/mm

3
(490 lbm/ft

3
)

E 2.0×10
5
 MPa (29,000 ksi)

PR 0.3 -

VP 0.0 -

A 603.429 MPa (87.52 ksi)

B 475.0 MPa (68.89 ksi)

n 0.4 -

c 0.0289 -

PSFAIL 0.1621 -
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Models of columns with discrete hoops (i.e., 1A-2, 2A-2) also use two different 

approximations for the transverse reinforcement as shown in Figure 5.13. To provide an 

upper and lower bound, one set of analyses assumes unconnected but overlapping truss 

elements to represent overlapped hooks with anchorage, and the other set assumes 

unconnected and open stirrups to model the lack of continuity in the hoops that opened 

up during the tests. The intent of the rebar modeling approximations for circular columns 

that contain discrete hoops is to establish the best method to allow the behavior witnessed 

during the Phase II tests to be simulated. During the test program, the discrete hoops 

opened up and failed to provide confinement, and a goal of the finite element analyses is 

to be able to represent this behavior computationally. The transverse reinforcement in the 

square columns did not open up during the Phase II tests, and thus the rebar elements in 

models of these columns (i.e., 3A and 3-Blast) simply connect directly to the nodes of the 

concrete elements.  

 

All truss elements representing longitudinal reinforcing steel in the models are 

centered on the location specified in the design drawings. Therefore, the distance from 

the cover to the center of the longitudinal reinforcement in the numerical models includes 

the width of the cover, the diameter of the transverse reinforcement, and half the diameter 

*MAT_SIMPLIFIED_JOHNSON_COOK

RO 7.85×10
-9
 tonne/mm

3
(490 lbm/ft

3
)

E 2.0×10
5
 MPa (29,000 ksi)

PR 0.3 -

VP 0.0 -

A 642.729 MPa (93.22 ksi)

B 500.0 MPa (72.52 ksi)

n 0.4 -

c 0.024 -

PSFAIL 0.2000 -

Table 5.5 Material Model Inputs for #4 Smooth Rebar 
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of the longitudinal reinforcement. The truss elements representing the transverse 

reinforcement connect to the same nodes as do those representing the longitudinal 

reinforcement, and thus in real 3D space they pass through the longitudinal reinforcement 

and rest on circumferential arcs (for the circular columns) or lines (for the square 

columns) that are offset slightly from their location in the design drawings. The distance 

they are offset is equal to half the diameter of the transverse reinforcement plus half the 

diameter of the longitudinal reinforcement. This assumption is necessary based on the 

Figure 5.12 Transverse Reinforcement Approximations for Spirals: (a) Entire 

Column Mesh, (b) Continuous Hoop Approximation, (c) Spiral Approximation 

Elevation View Elevation View Elevation View 

Plan View Plan View Plan View 

(a) (b) (c) 
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approach used to model the columns, though it is expected to have very little influence on 

the final computed results.  

 

All nodal translational displacements are constrained at the base of the model to 

be consistent with the fixed boundary condition provided by the column foundations and 

reaction structure. To enforce symmetry conditions on the plane of symmetry, the two 

rotational degrees-of-freedom parallel to the symmetry plane and the translational degree-

of-freedom perpendicular to the symmetry plane are restrained. A large number of truss 

elements (i.e., beam elements within LS-DYNA with the truss option specified) act as 

springs to model the pinned connection formed by the reaction structure at the top of the 

column. Because these truss elements act as spring elements to model the reaction 

structure, they are termed “spring elements” throughout the remainder of this document 

to differentiate them from those truss elements that represent the transverse and 

longitudinal reinforcement. These spring elements connect directly to the exterior face of 

the column by sharing the exterior nodes of the concrete elements in that region. Using 

spring elements to represent the reaction structure is important because constraining a 

single line of nodes leads to severe shear distortion around that line restraint, and 

constraining a plane of nodes enforces an unrealistic fixed condition. A SAP (Computers 

Figure 5.13 Transverse Reinforcement Approximations for Discrete Hoops:             

(a) Overlapping Truss Elements, (b) Open Hoops 

. 

. . 

. 

. 

. 

. 
. 

. . . 

. 

(b) (a) 
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and Structures Inc., 2006b) model (Figure 5.14) is used to compute the appropriate 

stiffness values for the spring elements representing the reaction structure. The horizontal 

deflection of the SAP model under a horizontally applied load of 1000 kips is 0.63 in., 

and therefore the stiffness of the reaction structure determined by the SAP model is 1594 

kips/in. The spring elements that model the reaction structure have the density and 

modulus of elasticity of steel (490 lbs/ft3 and 29,000 ksi, respectively). The field-

measured height from the base of the column foundation to the pinned connection at the 

top is 10.1 ft. Thus, to approximate the location and surface area of the collar that 

provides the pinned support at the top of the column, the spring elements representing the 

reaction structure are placed between a vertical elevation of 9.6 ft. and 10.6 ft. and 

between the symmetry plane and a horizontal distance of 0.6×(column radius or edge 

length) from the symmetry plane. The number of spring elements in the region 

representing the reaction structure and their cross-sectional areas depend on the mesh 

density in each model. In all cases, the sum total of the spring elements representing the 

reaction structure maintains the correct stiffness value using Equation 5.6. 

nE

kL
Aspring

2
=     (5.6) 

where 

n is the number of spring elements representing the reaction structure 

Aspring is the cross-sectional area of each individual spring element 

representing the reaction structure 

L is an arbitrarily specified constant length of the spring elements 

representing the reaction structure (equal to 0.5 m) 

E is the modulus elasticity of steel equal to 29,000 ksi 

k is the stiffness of the reaction structure equal to 1593.9 kip/in 
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5.3.2.2 Implementation in LS-DYNA 

An automated program written specifically for this research generates the mesh 

for the concrete, rebar, and reaction structure spring elements, and Appendix D contains 

abbreviated input files and examples of the keywords discussed as they are used in this 

research. This program creates the input for the column geometry using the *NODE, 

*ELEMENT_SOLID, and *SEGMENT_SET_TITLE commands. The *NODE command 

allows a user to define the coordinates of each node in the model, and each node has an 

identifying number. The *ELEMENT_SOLID command creates the mesh using the node 

numbers from each corner of an element, and each element also has an individual 

identifying number and a part number. The elements are associated with the material 

constitutive formulations and section properties using the *PART command. The 

*SEGMENT_SET_TITLE command creates sets of segments (e.g., element faces on the 

exterior of the column) using the corner nodes of those segments, and each segment set 

has an identifying number. The segments are the element faces on which the loads will be 

applied as discussed in Section 5.3.3, and the positive direction of pressure application 

corresponds to the negative of the normal resulting from the counter-clockwise 

specification of the segment nodes.  

Figure 5.14 SAP Model Used to Calculation Stiffness of Reaction Structure 
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The constant stress solid element formulation is specified in the LS-DYNA 

keyword input using a value of 1 for the ELFORM input in the *SECTION_SOLID 

command. Release III (i.e., the most recent release at the start of this research) of the 

KCC concrete constitutive model is used to represent the concrete, and it is activated in 

LS-DYNA using the *MAT_CONCRETE_DAMAGE_REL3 command. All elements 

representing reinforcing steel use the 1D truss formulation of the *SECTION_BEAM 

keyword, which is stipulated by a value of 3 for the ELFORM input option, and the 

*MAT_JOHNSON_COOK keyword specifies the material models for the reinforcing 

steel as described in Section 5.2.2. Tables 5.3, 5.4, and 5.5 give the input values for each 

type of reinforcement. 

 

The boundary conditions at the base of the column and on the symmetry plane are 

prescribed using the *CONSTRAINED_GLOBAL command. The spring elements 

representing the reaction structure are specified identically as are the truss elements for 

the transverse and longitudinal reinforcement, except that the material model used is the 

*MAT_ELASTIC model. The translational displacements at the ends of the spring 

elements not connected to the column are restrained in all three principle directions using 

a nodal set. A nodal set is defined using the *SET_NODE_LIST_TITLE command, and 

the nodal set is constrained by the *BOUNDARY_SPC_SET_ID command. This 

constraint command requires the definition of a local coordinate system through the 

*DEFINE_COORDINATE_SYSTEM command to locate the directions of restraint. 

 

All analyses constructed using LS-DYNA require a few additional commands to 

run successfully. The *KEYWORD command is required at the start of the input file to 

signal that the file contains LS-DYNA keywords, and the *CONTROL_TERMINATION 

command is required to specify an end time for the analysis. LS-DYNA internally 

calculates the minimum time step required for stability based on the time it takes an 

acoustic wave to travel the shortest characteristic distance of any element in the model 
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(LSTC, 2007), and the *CONTROL_TIMESTEP command is used to reduce the 

internally calculated time step by a desired amount. A time step scale factor of 0.75 is 

used for all analyses. This time step scale factor is greater than the one used in the airblast 

models discussed in Chapter 4. The value used for the airblast models is much smaller 

than the one used in the column response models because the time step influences the 

accuracy of the advection algorithm used for ALE analyses  (Knight et al., 2004; LSTC, 

2006) (advection is described and discussed in Section 4.3.2). The 

*DATABASE_BINARY_3DPLOT is the command that dictates the time intervals for 

outputting model response data. The output time intervals vary depending on the size and 

run time of a given analysis. 

 

5.3.3  Application of Load Data 

Experimental overpressure data recorded at three different standoff distances 

during each test provide information regarding the efficiencies (i.e., the amount of TNT 

required to produce the same pressure or impulse) of the explosives used during the 

Phase II tests; however, the efficiency of any explosive varies with standoff distance, and 

the exact efficiency at the face of the column for the explosive used in each test is not 

known precisely. The experimental data show that the efficiencies of the explosives used 

during the Phase II tests do vary with standoff (Holland, 2008), and thus the magnitudes 

of the loads applied to the column models can be approximated only by “extrapolated” 

efficiencies. The objectives of this research are to verify the shape of the load curve 

derived for the design procedure (Williamson et al., 2009) and to validate the general 

behavior of the models to permit an investigation into the cause of spalling of concrete 

off the sides of blast-loaded columns. While the exact magnitudes of the loads 

experienced by the columns during the Phase II blast tests are certainly of interest, 

determining the exact efficiency for each Phase II test is not necessary to satisfy the 

objectives of this research, nor is it completely possible without free-field pressure 

gauges located at a standoff distance equal to that of the column. Accordingly, this work 
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uses a constant explosive efficiency for all analyses based on an approximated average of 

extrapolated explosive efficiencies from the Phase II tests.  

 

The experimental data collected during the Phase II tests show that an 

“extrapolated” average efficiency for pressure at the front face of the columns is 

approximately 1.10. Although an assumed TNT equivalency of 1.10 for both pressure 

and impulse for ANFO is higher than the average published value of 0.87 for ANFO 

pressure efficiency (no published value for the impulse efficiency of ANFO can be found 

in the literature), it should be remembered that 0.87 is an average value, and the 

efficiencies for both pressure and impulse vary with scaled standoff for any explosive 

(Tedesco, 1999; Department of the Army, 1990). Moreover, the experimental data 

gathered during the Phase II tests show that the average TNT equivalency of ANFO for 

pressure increased as the standoff distance decreased, and the columns tested during the 

Phase II tests were located at much smaller standoff distances than the pressure gauges 

from which the experimental efficiency data are derived. While no published values for 

TNT equivalency of ANFO for impulse are reported in the literature, limited past 

experience indicates that the average TNT equivalency of ANFO for impulse is typically 

lower than the published value for pressure. Rather than using an efficiency value based 

upon extrapolated data, a more appropriate efficiency could be found if better 

experimental data were available from the Phase II blast tests. While the efficiency value 

selected for the numerical models presented in this dissertation is based on an 

extrapolation of actual experimental efficiencies for pressure from the Phase II blast tests, 

use of an efficiency value closer to the average published value for ANFO would yield 

numerical models with less severe displacements and damage patterns than observed 

during the Phase II tests. Thus, preliminary analyses with lower efficiency values than 

those utilized for the final evaluation of column response to blast loads led to results that 

did not agree well with those that were recorded during the physical tests. To address this 

issue, an exploration of possible parameters that affected the computed response was 

initiated, and it was determined that the efficiency may have been larger than those 
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reported in the literature. Consequently, using extrapolated values from the measurements 

that were available, it was reasonable to expect that the efficiencies were likely to be 

greater than those reported in the literature. Even if the efficiency used in this research is 

greater than expected, it does not affect the objectives of the study because the general 

response mechanisms observed in the models would not be expected to change for lower 

efficiency values. Moreover, because the final procedure developed to predict blast loads 

on bridge columns is normalized to the chart-based peak normal reflected impulse 

(Department of the Army, 1990), the efficiency selected for the airblast models does not 

influence the adequacy of the load prediction procedure. 

 

Accordingly, all column analyses in this research assume an efficiency of 1.10 for 

each case, based on the actual amount of explosive used during the experimental tests. To 

achieve this explosive efficiency, the pressure-time histories from the airblast models 

discussed in Section 4.5.1 are scaled down. Recall that to maintain the shape of the shock 

fronts as they strike the columns, the charges in the airblast models described in Section 

4.5.1 use TNT material properties and the actual dimensions of the container used to hold 

the ANFO explosive in the Phase II tests (hence the amount of TNT explosive contained 

in a cylindrical vessel of the same size), and thus the explosive yields in those analyses 

are much greater than those experienced in the actual experimental tests. Therefore, the 

resulting pressure-time histories are scaled down using Equation 5.7. 

DYNALSwallr

chartr

i

i

−..

.     (5.7) 

where 

ir.chart is the chart-based peak reflected impulse calculated using the actual 

ANFO charge weight from the Phase II field tests and an 

efficiency of 1.10 

ir.wall.LS-DYNA is the peak reflected impulse recorded on a wall in an LS-

DYNA analysis (as described in Section 4.5.1) that uses the same 

mesh, charge weight, and standoff distance as the corresponding 

airblast models 
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Table 5.6 shows the ANFO and TNT-equivalent charge weights, standoff 

distances, computed reflected impulses from both LS-DYNA and the chart procedure, 

and resulting scale factors for each of the Phase II response analyses in LS-DYNA. 

Again, as discussed above, the efficiency value of 1.10 for ANFO is based on an 

extrapolated average value from the experimental results for pressure as recorded during 

the Phase II blast tests. The impulses, charge weights, and standoff distances are given in 

terms of the unspecified variables i, w, and z to prevent this information from being used 

as a demolition manual for bridge columns. WANFO corresponds to the weight in pounds 

of ANFO used during the Phase II tests, and WTNT is the TNT-equivalent charge weight 

of WANFO. ir.wall.LS-DYNA and ir.chart are explained above in the definition of the scale factor 

equation.  

 

There is a significant difference between the peak reflected impulse values 

recorded on walls in the LS-DYNA analyses and those calculated using the equations 

behind Chart 2.15 for hemispherical bursts in TM 5-1300 (Department of the Army, 

1990), and this difference produces a small scale factor (approximately 0.4 for most 

cases) through Equation 5.7. As mentioned previously, the reason for this difference is 

due to the fact that the LS-DYNA models are based on geometric consistency with the 

field tests, which results in specifying a charge weight in the models that is just over 

twice that of the ANFO used during the Phase II blast tests. Therefore, the charges in the 

LS-DYNA analyses produce significantly larger impulses than the columns actually 

Table 5.6 Scale Factors for Phase II Response Analyses in LS-DYNA 

1A-2 1B 2A-2 2B 2-Seismic 2-Blast 3A 3-Blast

i r.wall.LS-DYNA  (psi-msec) 17.0 i 17.0 i 19.1 i 19.1 i 19.1 i 30.4 i 30.4 i 47.8 i

W ANFO  (lbf) 2.9 w 2.9 w 2.9 w 2.9 w 2.9 w 8.6 w 8.6 w 9.8 w

Efficiency 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10

W TNT  (lbf) 3.2 w 3.2 w 3.2 w 3.2 w 3.2 w 9.5 w 9.5 w 10.8 w

R  (ft.) 3.1 z 3.1 z 2.8 z 2.8 z 2.8 z 4.1 z 4.1 z 3.1 z

i r.chart  (psi-msec) 6.4 i 6.4 i 7.6 i 7.6 i 7.6 i 10.9 i 10.9 i 19.1 i

Scale Factor 0.374 0.374 0.396 0.396 0.396 0.358 0.358 0.399
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experienced during the blast tests, and the pressure-time histories applied to the column 

response models must be scaled down. 

 

Each airblast model produces pressure-time history data for 220 tracers on the 

circular columns and 240 tracers on the square columns. The positive phases of the 

pressure-time histories of all those tracers are applied directly to both the front and back 

face of the columns according to their tributary areas as shown in Figure 5.15. The 

pressure-time histories do not include the negative phases in the analysis for several 

reasons. The primary purpose of the column response models is to investigate the 

mechanism(s) leading to spalling of side cover concrete off blast-loaded reinforced 

concrete columns. Results from numerical models representing the Phase II blast tests 

show that the failure occurs extremely early in time and is a direct result of the positive 

applied reflected impulse (discussed in Chapter 6).  Therefore, the inclusion of the 

negative phase is not necessary to demonstrate the spalling behavior observed during the 

Phase II tests. Moreover, neglecting the negative phase is consistent with blast-resistant 

design procedures because the negative phase impulse is extremely small compared to the 

positive phase reflected impulse, and therefore the negative phase typically does not 

control the maximum deformation for most structures (Williamson, 2006). Furthermore, 

the application of the negative pressure-time histories is not practical given the 

numerically-generated data collected from the LS-DYNA airblast models. Moreover, 

pressure-time histories are not recorded on the sides of the square columns in the air blast 

models, and therefore no load input is applied to the sides of the square columns in the 

response models that show spalling of side cover concrete (discussed in Chapter 6). 

Though the load magnitude needed to initiate spalling of side cover concrete undoubtedly 

will change if pressure-time history data were applied to the sides of the columns in the 

response models, the cross-sectional behavior is not expected to change. 

 

The air meshes are constructed to optimize the mesh density in the model, and as 

a result the height and length of the meshes are such that the shock front completely 



 160  

Figure 5.15 Tributary Areas for Application of Tracer Pressure-Time Histories to 

Column Response Models (a) Circular Column, (b) Square Column 

(a) (b) 
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passes the columns just prior to exiting the back of the mesh. The negative phase in many 

of those models does not recover (i.e., end) with a reasonable duration because a vacuum 

is created when the shock front leaves the back of the mesh. The applied pressure at the 

boundaries of the mesh would eventually stabilize the pressure in the model, but this 

process would take more time than practically feasible, and the final duration of the 

negative phase would not be a realistic value.  

 

To apply the numerically-generated tracer data as loads for the response models, 

an automated program written specifically for this research processes the tracer data 

produced by the airblast models and creates the input files necessary to run the response 

models in LS-DYNA. The program locates the nodal coordinates of all segments (i.e., the 

exterior faces of the exterior elements) in the model and places the segments into 220 or 

240 (depending on the shape of the column) segment sets according to the tributary areas 

shown in Figure 5.15. Using the *SET_SEGMENT_TITLE command, each of these new 

segment sets has an identifying number equal to the number of the tracer and tributary 

area it represents. The program also sorts and outputs the tracer data as load curves using 

the *DEFINE_CURVE keyword command. Each load curve has an identifying number 

that corresponds to the appropriate segment set group, tributary area, and tracer to which 

it belongs. Finally, the *LOAD_SEGMENT_SET keyword associates the load curves and 

segment sets using their identifying numbers, and thus this command applies the load 

data to each model. Examples of each of these commands as they are used in this 

research are included in Appendix D. 

 

5.3.4 Erosion Procedures 

The KCC concrete model does not contain an internal erosion algorithm; 

however, the constitutive model does account for concrete failure in tension through a 

complete loss of material strength, which manifests itself in a large amount of material 

losing cohesion, expanding, and flowing away from the structure (Magallanes, 2008b). 

Numerous figures of column response models illustrate this behavior later in this chapter. 
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Many analysts like to remove failed elements through erosion, which is the systematic 

deletion of an element, its mass, and its resistance based on objective failure criteria. The 

KCC model captures tension failure through loss of cohesion without the use of an 

independent erosion algorithm. While the mass is still present in the model, the vast 

majority of the failed mass no longer contributes to structural response because no 

cohesion connects it to the remaining structure. Therefore, erosion of elements failing in 

tension in the KCC model is for visualization purposes only (Magallnes, 2008a); 

however, LS-DYNA does provide a simple independent algorithm to add erosion to 2D 

and 3D constitutive models that otherwise do not allow erosion. This feature is 

implemented through the *MAT_ADD_EROSION keyword, and two analyses in this 

study use this erosion algorithm to remove failed elements spalling off the sides and 

backs of columns. The erosion parameters used during this research are the maximum 

principle strain at failure, εmax, activated by the MXEPS input slot, and the maximum 

shear strain at failure, γmax, activated using the EPSSH input slot. While these parameters 

correspond to physical limits often associated with concrete failure, the erosion algorithm 

within LS-DYNA does a poor job of initiating failure at the limit value specified by an 

analyst. Therefore, the limit strains used for erosion in this research represent fictitious 

values that allow the degradation of elements after the onset of failure. The specified 

values and resulting performance are described in greater detail in Section 5.6. 

 

As discussed in Section 5.2.2, the Simplified Johnson Cook material model used 

in this research contains an internal erosion algorithm. An analyst can specify a 

maximum value for the effective plastic strain, and the analysis will remove an element 

when that limit is reached. All analyses conducted for this research include a failure limit 

for the reinforcing steel. 

 

5.4  VERIFICATION OF MODELS USING PHASE II BLAST TESTS 

The objective of modeling the Phase II blast tests is to validate the column models 

in LS-DYNA prior to investigating the mechanism(s) leading to concrete spalling off the 



 163  

sides of the columns. Section 5.3.1 outlines the details of the columns tested during the 

Phase II blast tests. Each of these columns is modeled in LS-DYNA as described in the 

preceding sections, and the load inputs are taken directly from the corresponding airblast 

models described in Chapter 4. The Phase II experimental blast tests provide 

experimental data to verify the fidelity of the models both qualitatively and 

quantitatively, including cracking patterns, global response shapes, peak deflections, and 

limited strain histories. While this section does compare the numerical results to the 

experimental results of the Phase II blast tests, a detailed discussion of the Phase II 

experimental blast tests is the topic of another report by Holland (2008), and therefore 

this section presents that information only as it applies to verifying the numerical column 

models. 

 

The qualitative performance of the column models is assessed using the global 

response shapes, the observed damage patterns, and the recorded cracking patterns. 

Numerically predicted cracking and damage patterns in LS-DYNA are visible by viewing 

concrete effective plastic strain while post processing, and the results presented below 

include a figure of each column showing the residual response shape as well as the 

damage and cracking patterns. The damage is shown using a normalized (unitless) scale 

of 0 to 2 (Magallanes, 2009). A value of 1 indicates that the material has reached its peak 

strength, and a value between 1 and 2 indicates that the material has passed its peak 

strength and is softening. A lack of observed cracking near the top of the real columns 

does not necessarily indicate that the columns did not experience cracking in that area. 

Rather, it most likely indicates a failure to map cracks in those areas on site. 

 

Experimental data for Phase II columns analyzed for this research are limited to 

photographs, hand drawn cracking diagrams, partial results of only 2 strain gauges, and 

hand-measured residual displacements for some columns. Therefore, the quantitative 

assessment of the column models is based on experimentally observed peak residual 
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displacements and very limited experimental strain data. The displacement measurement 

tools on site (i.e., a tape measure) did not allow the measurement of small residual 

displacements for columns only lightly damaged during the tests. Additionally, a portable 

data acquisition system and generator was on site to measure strain data, but all but two 

of the applicable strain gages (i.e., strain gauges for columns analyzed during this 

research) were destroyed during the tests. Therefore, columns for which residual 

deflections could not be measured on site have an assumed residual displacement of 0.1 

in. to 0.75 in. based on photographic evidence of cracking damage and scaled 

displacements.  

 

The numerical displacement data are portrayed using plots of column 

displacement histories. The limits on the time axes are not necessarily the final run times 

of the analyses. Rather, the limits on the axes permit the presentation of a stabilized 

residual displacement, while not hindering the interpretation of the initial rise in response. 

The displacement plots for all columns have the same scale on the vertical axis to show 

the relative displacements among the columns analyzed and to reduce the illusion of large 

inaccuracies for columns with very small displacements. Additionally, each displacement 

curve has an identifying number that corresponds to the number of elements in the mesh 

used to compute that curve and a description of the assumption used for the transverse 

reinforcement, if applicable (i.e., square columns do not have more than one assumption 

for the transverse reinforcement). Each of the displacement plots also includes a constant 

line that indicates the experimental peak residual deflection of the column.  

 

Because of the extensive quantity of numerical data collected during these 

verification analyses, it is not practical to provide a detailed discussion of each individual 

analysis. Considering overall trends in the response calculations, this section provides a 

detailed discussion comparing the results of only three column models to the 

experimental data. The three columns discussed in detail represent each of the three 
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different transverse reinforcement schemes used in the Phase II tests (i.e., discrete 

circular hoops, continuous spirals, and square ties) and each of the three different column 

types (i.e., 18-in. circular, 30-in. circular, and 30-in. square). Two of the columns 

considered in this discussion are those most heavily damaged during the experimental 

tests, and the other column is the only column of the eight modeled for which 

experimental strain data exist. All columns have multiple analyses with various modeling 

options and mesh densities. The mesh densities vary from 0.71 to 8.82 elements per cubic 

inch (considering all the models analyzed), with the majority of the mesh densities 

ranging from 0.71 to 2.62 elements per cubic inch. Generally, the large mesh densities 

used in this research are from the extremely dense meshes required to model the spiral 

reinforcement approximation with full confinement (discussed in Section 5.4.2) or from 

the two 1.5-ft. diameter columns (i.e., less volume and greater mesh densities than the 

2.5-ft. diameter columns for a similar number of elements), and therefore these extremely 

dense meshes are not typical of most analyses conducted during this research. Though a 

complete convergence study typically is appropriate when the numerical results are used 

as a prediction tool for design or when experimental results are not available, a 

convergence study is not completed for this research because it is not necessary to 

accomplish the main objectives of this work. For all cases, the mesh densities selected for 

each column generate numerical results that represent well the response mechanisms 

observed during the Phase II tests. The response mechanisms identified in the numerical 

results include spalling of side cover concrete, the successful prediction of which is the 

main objective of this part of the research.  

 

While all mesh densities show the desired response mechanisms, for consistency 

the final reported displacements are taken from models that share similar mesh densities. 

The displacements produced by the column models that have mesh densities ranging 

from 1.15 to 1.76 elements per cubic inch generally correspond best to the experimentally 

measured displacements and subjective assessments of column damage for most cases, 

and mesh densities greater than this range tend to produce response shapes that do not 
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match well subjectively with experimental results. Therefore, while the results of all 

analyses are presented in the graphs, the final reported displacements are taken from 

those analyses with mesh densities ranging from 1.15 to 1.76 elements per cubic inch. 

The summary at the end of this chapter provides an overview of the performance of all 

column response models, and Appendix E contains the results of the column analyses not 

described in detail in this section. 

 

5.4.1  Column 1A-2 

Two sets of analyses for Column 1A-2 allow a comparison of two different 

approximations for modeling discrete hoops in reinforced concrete, and these modeling 

approximations are presented in Section 5.3.2.1 and shown in Figure 5.13. To provide an 

upper and lower bound, one set of analyses assumes unconnected but overlapping truss 

elements to represent overlapped hooks with anchorage, and the other set assumes 

unconnected and open stirrups to model the lack of continuity in the hoops that opened 

up during the experimental blast tests. Each set of analyses for Column 1A-2 contains 

three mesh densities, and a plot of the peak column displacements are compared to the 

field-measured experimental peak residual displacement in Figure 5.16. Figure 5.16 

shows that, while all displacements are low compared to the experimentally measured 

displacement, the models of Column 1A-2 that use the open hoop approximations for the 

discrete ties provide the best representation of the peak residual displacement. 

 

Column 1A-2 has one additional analysis case that is presented in Figure 5.16, and 

this case is named “20,347 open double restraint”. This case is nearly identical to the 

analysis that uses the same number of elements and discontinuous hoops of truss 

elements to approximate the transverse reinforcement, but this case has a complete set of 

spring elements representing the reaction structure on each side of the top of the column 

(i.e., both front and back face). This model is an attempt to counter a behavior observed 

in only a few analyses, in which the top of the column pulled away from the reaction 
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structure during the rebound phase of response as the concrete attached to the spring 

elements failed in tension. The “100,954 continuous hoops” case shown in Figure E.1 in 

Appendix E shows the results of an intentionally uncorrected model of Column 1B that 

illustrates this behavior. As implied by the results of the other Column 1B models shown 

in Figure E.1, this behavior is uncommon and is mesh dependent. Therefore, column 

analyses for which this type of failure is a concern employ additional truss elements that 

extend into the concrete at the bottom level of spring elements to attach to the transverse 

reinforcement at the top of the column as shown in Figure 5.17. These additional elements 

prevent the column from pulling away from the reaction structure during the rebound 

phase of response. Additional elements are used only at the bottom row of reaction 

structure elements because it is desirable to have some concrete elements in that region 

fail in tension to minimize flexural restraint at the top of the column; however, a 

complete separation between the column and reaction structure during the rebound 

response does not allow the model to provide an accurate residual deflection due to the 

Figure 5.16 Peak Displacements from Numerical Models Representing Column 1A-2 
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incorrect representation of restraint. Thus, using additional elements at the bottom row of 

the reaction structure elements provides sufficient restraint at the top to prevent free 

motion, but it allows an adequate number of other concrete elements to fail so that a level 

of restraint that is representative of the actual field testing conditions is achieved in the 

model.  

 

The damage pattern and response shapes for Column 1A-2 using the 

experimentally tested column and the numerical column model that contains 20,347 

elements (mesh density equal to 1.18 elements per cubic inch) and discontinuous hoops 

are shown in Figure 5.18. The predicted cracking and damage patterns are shown in red 

on the numerical column, and the real cracking pattern is outlined on the experimental 

column. Additionally, the real cracking pattern is overlaid on the numerical damage 

patterns in the middle picture. As mentioned above, the cracking and damage patterns in 

both tension and compression are shown through viewing the effective plastic strain 

while post processing, and the figures include a color scale indicating the level of 

Figure 5.17 Additional Truss Elements Extending into Concrete at Reaction Structure 
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damage. The damage is shown using a normalized scale of 0 to 2 (Magallanes, 2009). A 

value of 1 indicates that the material has just reached its peak strength, and a value 

between 1 and 2 indicates that the material has passed its peak strength and is softening. 

Accordingly, for tension, the colors closer to red indicate that the concrete is cracking, 

and for compression, colors closer to red indicate that the concrete is crushing (i.e., 

softening) and nearing failure (or perhaps already reached failure). The appearance of 

failure on the compression side of the column must be evaluated carefully, as indication 

of large plastic strains in the numerical models do not always correlate to similar damage 

in the experimental models. For example, the loss of concrete on the front face of this 

experimentally tested column is primarily a result of poorly compacted concrete (i.e., 

honeycombing), and it is not a direct failure resulting from the blast test. Thus, it should 

not be compared directly to the numerical results.  

 

Figure 5.18 Comparison of Response Shapes and Damage Patterns for Column 1A-2: 

(a) Cracking and Damage Pattern from Analytical Model, (b) Analytical Model with 

Overlay of Real Cracking Pattern, (c) Real Cracking and Damage Pattern 
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Starting from the top of the column and working downwards, one damage spot on 

the left side of the model column corresponds well with the start of the two horizontal 

cracks that combine near the top of the experimental column (Label 1). The LS-DYNA 

model then predicts a complete horizontal crack that matches the next horizontal crack 

observed on the real column (Label 2). Just below that crack on the model are two 

horizontal cracks on the left side of the column that turn down toward the middle of the 

column (Labels 3 and 4), and these predictions correspond well with two cracks on the 

real column. Another area of predicted damage below those two cracks lines up with the 

start of the third diagonal crack on the real column (Label 5). The LS-DYNA model then 

predicts damage on the back face of the column that does not match well with the 

experimental results (Label 6), while the prediction of severe damage at the base of the 

column does match the experimental results quite well (Label 7). Finally, both the 

experimental column and the numerical model show a diagonal crack rising up and to the 

right from the failed region (Label 8). The numerically predicted damage on the 

compression side of the column should be evaluated with caution, which is discussed 

above. In general, the LS-DYNA model predicts most of the experimentally observed 

cracks well. While the numerical model predicts some cracking not recorded during the 

experimental tests, the possibility exists that those cracks were not visible to the naked 

eye during post-test evaluation, or perhaps the model is in error at these locations. 

However, considering all aspects of behavior, including the resulting peak residual 

displacement and the cracking and damage patterns, the LS-DYNA model of Column 

1A-2 that utilizes discontinuous hoops to represent the discrete circular ties provides a 

good prediction of overall behavior. 

 

5.4.2  Column 2B 

The spiral transverse reinforcement in Column 2B is represented by both 

continuous hoops and angled truss elements as shown in Figure 5.12. The experimental 

displacement for this column is an approximated value based on the procedure described 

in the introductory remarks of Section 5.4. Each displacement curve is labeled using the 
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number of elements and the type of transverse reinforcement approximation in the model 

that produced those numerical results. The model labeled “245,331 - hoops” has the same 

concrete mesh density as the spiral cases that have 245,115 elements, and the difference 

in the total number of elements is the different number of truss elements (i.e., beam 

elements in LS-DYNA) needed to model the different transverse reinforcement 

approximations. The curve labeled “245,115 - spirals” assumes spirals angled at an 

incline relative to the vertical that is opposite that of the expected shear cracking, and the 

model labeled “245,115 - spirals wrong” has the spirals angled at an incline relative to the 

vertical that is consistent with that of the expected shear cracking. Assuming a direction 

for the spiral reinforcement is necessary because the columns are modeled by symmetry, 

and only half of the spiral reinforcement is present in each model. The intent of multiple 

models that use the same concrete mesh density is to assess the ability of each transverse 

reinforcement approximation to model the real column behavior independent of the 

concrete mesh. The columns that use spiral approximations require significantly more 

elements than those that use continuous hoops. This increase in elements is necessary 

because, at a minimum, the column mesh must allow the truss elements representing the 

spirals to connect to the mesh at each point the spiral crosses a longitudinal rebar as 

shown in Figure 5.19. This figure shows selected sections from a column cross-section. 

The vertical and diagonal dashed lines show the locations of the longitudinal and 

transverse reinforcement, respectively. The variable, se, is the spacing required to ensure 

that the transverse reinforcement connects to nodes at least at the longitudinal 

reinforcement locations. Given that constraint, the scenario shown in Figures 5.19c and 

5.19d provides the minimum element spacing necessary to analyze a model, and it is 

clear that this configuration does not provide sufficient confinement. The configuration 

shown in Figures 5.19a and 5.19b shows the dense vertical mesh needed to provide full 

confinement with a spiral approximation for the transverse reinforcement. This dense 

mesh is not possible using the computational resources available for this research, which 

necessitates the use of the configuration shown in Figures 5.19c and 5.19d. Only one 

mesh density is used for the spiral case because that model contains the minimum number 
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of elements needed to model the spirals, and models with greater numbers of elements 

begin to be very demanding from a computational perspective. 

 

 Figure 5.20 compares the peak deflections to the experimental residual 

displacement for Column 2B. As mentioned previously, all plots of displacement data 

have the same maximum value for the y-axis (i.e., displacement) to minimize the 

appearance of large relative errors between numerical predictions and experimental 

observations for cases of very small residual displacements. The curves of peak column 

displacement in Figure 5.20 show that the models that employ continuous hoops to 

approximate the spiral reinforcement represent the column behavior better than those 

models that employ spiral approximations, and angling the spirals in the direction parallel 

to the expected shear cracking does not provide adequate shear capacity for the cross-

section. This lack of shear restraint increases displacements and damage relative to the 

Figure 5.19 Schematic of Mesh Limitations for Modeling Spiral Reinforcement: (a) 

Elevation View of Sufficient Mesh Density, (b) Plan View of Sufficient Mesh 

Density, (c) Elevation View of Insufficient Mesh Density, (d) Plane View of 

Insufficient Mesh Density 
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cases in which hoops are used, and it makes the response less like the real column. 

Although the difference between each of the curves shown in Figure 5.20 may be 

difficult to see, the same trends are evident and clear in the results of the Column 1B 

numerical models shown in Appendix E. Column 1B is a column with spiral 

reinforcement that sustained more damage and a larger deflection than Column 2B. 

Moreover, both Figure 5.20 and Figure E.1 show that models using spiral reinforcement 

with elements angled at an incline to the vertical opposite of the expected shear cracking 

also do not perform as well as those models that use continuous hoops. This observation 

is contrary to expectations, and it is a result of insufficient confinement provided by the 

spiral approximations used for these analyses. As described above and illustrated in 

Figure 5.19, the modeling method chosen to represent the spirals is not able to connect to 

every node along the circumferential arc passing through the longitudinal reinforcement 

unless a model uses an extremely high density mesh, in which a new vertical layer of 

elements exists for every element the spiral passes horizontally as shown in the schematic 

Figure 5.20 Peak Displacements from Numerical Models Representing Column 2B 
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on the left in Figure 5.19. Only this type of mesh will have a node at each element to 

which the spirals can connect, providing complete core confinement when modeling 

spiral reinforcement numerically. The mesh density required for this purpose is not 

possible given the computational resources available. Thus, the truss elements 

representing the spiral approximations have to connect to nodes where they can, similarly 

to the schematic on the right in Figure 5.19. As a result, the concrete core of the model 

column is not confined completely. The results of these analyses show that completely 

continuous hoops are the best solution to model continuous spiral reinforcement in real 

columns. Continuous hoops of truss elements cannot “open up” in the numerical model, 

and thus they act as spirals that are not angled. 

 

Of those columns analyzed for this research, Column 2B is the only column for 

which experimental strain data exist. Experimental strain data exist for two other 

columns, but those two columns are the ones for which load data cannot be computed 

using the numerical airblast models constructed for this research given the computational 

resources available. Besides the experimental strain data for these three columns, all other 

gauges on all other columns were destroyed during the field tests. Figure 5.21 shows a 

comparison between the experimental strain histories available for Column 2B and their 

corresponding numerical counterparts. The shapes of the numerical strain history curves 

compare well with their experimental counterparts, which further validates the models. 

The main differences are the magnitudes of the peaks very early in time, and this 

observation is not surprising because the numerical models are likely unable to 

characterize exactly the shock wave that travels through the concrete early in time.  

  

Figure 5.22 compares the cracking and damage patterns predicted by the LS-

DYNA model to the experimental results, and several notable cracks are evident in both 

cases. The diagonal cracks starting near the top left of the cracking pattern (below the 

location of the collar and not at the top of the column) on the real column are visible in 
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the results of the numerical model (Label 1), as are the numerous horizontal cracks over 

the height of the real column (Label 2). Two cracks start separately on the left of the 

experimental column at about the mid-height of the cracking pattern before merging 

towards the right side of the column. This damage forms a triangularly-shaped pattern, 

and the numerical model has a similarly shaped triangular area of damage (bounded by 

the lines emanating from Label 3). The LS-DYNA model also predicts extensive 

cracking near the base of the column, especially on the back face, and the experimentally 

tested column also shows extensive cracking in this area (Label 4). Both the experimental 

and numerical columns show an area of cracking and damage on the right at about the 

mid-height of the column (Label 5), and both columns also show damage extending 

diagonally from the bottom back face up towards the middle of the front face (Label 6). 

In general, the LS-DYNA model represents the real cracking and damage pattern well. 

Figure 5.21 Plot of Experimental and Numerical Strain Histories for Column 2B 
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5.4.3  Column 3-Blast 

Figure 5.23 shows the peak column displacement histories for the three Column 3-

Blast models considered in this research, and the numbers labeling the curves represent 

the number of elements in each model. The transverse reinforcement in all three models 

consists of truss elements connected directly to the nodes of adjacent quadrilateral 

concrete elements. This assumption is acceptable for modeling the experimental response 

of the square columns (i.e., 3A and 3-Blast) because the transverse reinforcement in the 

real square columns did not open up during the Phase II blast tests. Again, the intent of 

these models is to reproduce the behavior observed during the Phase II tests to explain 

the mechanism that leads to spalling of side cover concrete on blast-loaded reinforced 

concrete columns. While an analyst normally does not have information regarding the 

performance of the transverse ties prior to making a prediction of response, the objectives 

Collar Location 

Figure 5.22 Comparison of Response Shapes and Damage Patterns for Column 2B: 

(a) Cracking and Damage Pattern from Analytical Model, (b) Analytical Model with 

Overlay of Real Cracking Pattern, (c) Real Cracking and Damage Pattern 
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of this research do not justify complicating the models with the inclusion of bar slip or 

with the use of approximations to allow the opening of the discrete ties, such as those 

used for Column 1A-2 and discussed in Section 5.4.1, when it is already known that this 

behavior is not a concern. Column response models in which bar slip or the opening of 

the discrete ties is a concern must include additional modeling assumptions to represent 

those behaviors. 

 

All three peak residual displacements in Figure 5.23 are lower than the 

experimentally measured displacement of 6.5 in. The displacement results for the 

Column 3A models have the same general trend, although not as severe, as shown in 

Figure E.9 in Appendix E. The numerical and experimental response shapes of Column 

3-Blast also do not compare well, as shown in Figure 5.24. The curved outline of the 

column seen in the foreground of Figure 5.24 exposes concrete cover that has failed in 

Figure 5.23 Peak Displacements from Numerical Models Representing Column 3-Blast 
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tension and is “flying” off the column (the successful prediction and explanation of 

which is a major objective of this research and is discussed in Chapter 6). Hence, the 

outline of this failed material is not the outline of the general response shape. This 

manifestation of failure through enlarged and distorted material is consistent with the way 

in which the KCC model exhibits failure. Complete removal of this material requires the 

inclusion of an independent erosion model as explained in Section 5.3.4. Loss of cover in 

this region matches well with the real behavior, as Figure 5.24 shows a lack of concrete 

cover in the same location on the real column; however, the general response shape does 

not match well with the experimental response shape. The column outline in the 

background of Figure 5.24 reveals the final deflected response shape of the Column 3-

Blast numerical model. While the numerical model shows the same general overall shape, 

it does not have the concentration of direct shear that is shown in the photograph of the 

real column.  

Figure 5.24 Comparison of Response Shapes and Damage Patterns for Column 3-

Blast: (a) Cracking and Damage Pattern from Analytical Model, (b) Analytical Model 

with Overlay of Real Cracking Pattern, (c) Real Cracking and Damage Pattern 
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The discrepancy between the numerical and real column response shapes is 

undoubtedly related to the reason why the numerically predicted displacements for 

Column 3-Blast are less than the corresponding real displacements. Figure 5.25 shows an 

up-close comparison of the experimental and numerically computed shear regions for 

Column 3-Blast. The concrete elements in the LS-DYNA analysis do not shear, and thus 

the simulation does not model direct shear well. Rather, the numerical column model 

shows a distinct shear angle of approximately 30 degrees as shown in the figure. This 

shear angle is visible by examining the deformation of the front and back faces both 

above and below the angled yellow line. Additionally, the orange lines show the 

difference in shear deformation above and below the angled yellow line. Excessive shear 

restraint in the Column 3-Blast analyses comes from concrete elements near the base on 

the blast-side of the column that want to expand due to Poisson’s Effect. The nodes at the 

base of the columns in this model are constrained in all three principle directions; 

therefore, the over-constraint of the base prevents expansion due to Poisson’s Effect, 

creating artificial shear stiffening. A similar behavior is observed in the Column 3A 

models, as shown in Figure E.9 in Appendix E. Removing the base constraint in the 

Figure 5.25 Comparison of Shear Regions for Column 3-Blast: (a) Analytical 

Model, (b) Real Column 
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direction perpendicular to the response direction allows the elements at the base of the 

column to expand in that direction. This adjustment does improve (but does not 

completely correct) the response shape as shown in Figure 5.26. It also increases the peak 

residual deflection by 8% for the model utilizing 87,597 elements (mesh density of 1.44 

elements per cubic inch), but the resulting boundary condition may not be completely 

consistent with the experimental tests. While not completely restrained in that direction, 

the column foundations were significantly more massive per unit height and had more 

reinforcement restraint than the columns, and therefore the columns were not free to 

expand without resistance perpendicular to the direction of loading. 

 

Another contributor to the small predicted displacement for Column 3-Blast is an 

inherent result of the concrete constitutive model used for this research. While the KCC 

model does not remove failed elements from the model, it does capture concrete failure in 

Figure 5.26 Improved Response Shape for Column 3-Blast: (a) Analytical Model, 

(b) Real Column 
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tension through a loss of strength and cohesion, resulting in elements that expand away 

from the structure as shown by the spalling failure in Figure 5.26. The KCC model does 

not, however, represent well the degradation of concrete in compression and shear. 

Figure 5.5 shows stress versus strain curves for single element stress analyses of 

unconfined axial compression at various loading rates using the KCC concrete model. 

The material model exhibits an unrealistically long unloading phase after reaching the 

peak concrete compressive strength in an unconfined compression analysis. The model 

shows failure at a strain well beyond 0.008 for static loading, which is not consistent with 

the behavior of real concrete in unconfined axial compression tests. Neglecting sustained 

testing for which creep becomes significant, failure during concrete cylinder tests 

typically occurs at axial strains ranging from 0.003 to 0.004 (MacGregor, 1997; Collins 

and Mitchell, 1997). Likewise, confined elements utilizing the KCC model and 

undergoing extensive shear or compression deformations in LS-DYNA models likely 

contribute more resistance than the concrete provides in reality. This inability to capture 

concrete failure in compression and shear prevents the model from yielding accurate 

results. While the cores of the concrete cross-sections of Columns 3A and 3-Blast remain 

mostly intact after the experimental blast tests, some core degradation either through 

shear of the cross-section or compression on the blast side of the core is necessary for a 

column to deform as observed during the Phase II tests. This degradation is especially 

obvious for Column 3-Blast. Figure 5.27 shows shadows cast on the core concrete by the 

transverse reinforcement, indicating a lack of material in the core of Column 3-Blast. 

Additionally, imprints of the longitudinal reinforcement in the core concrete of Column 

3A indicate that sections shifted along the construction joint and that a shear failure 

occurred approximately 8 in. above the base. The numerical models in LS-DYNA are 

unable to adequately capture this behavior, as the elements within the confined core 

continue to provide resistance throughout the analysis. The continued shear resistance 

provided by the entire cross-section in the numerical models undoubtedly reduced the 

severity of the response for the models representing Columns 1A-2, 3A, and 3-Blast, each 

of which experience core degradation at various levels and have numerical displacements 
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that are less than those recorded experimentally. Additionally, the use of erosion is 

necessary to visualize the failure of cover concrete near the base of the columns that the 

KCC constitutive model already predicts. Section 5.5 describes the erosion method used 

only to visualize the spalling behavior already captured by the KCC model. 

 

While incorporation of these adjustments to the Column 3-Blast model does 

improve its performance (discussed in the summary of results below), they do not 

completely compensate for the discrepancies between the experimental and numerical 

results. The primary explanation is an inaccuracy in recording the experimental 

deflection. The peak residual displacement measured in the field does not correspond to 

the actual maximum residual deflection of only the column. Photographs taken after the 

blast test indicate that approximately 2 in. of the field-measured deflection is due to 

concrete disintegration and displacement within the top of the column foundation. Figure 

5.28 shows a side view of the foundation for Column 3-Blast. Degradation and 

displacement within the column foundation is visible. The permanent markers and the 

first yellow line on the left mark the former location of the column face. The second 

yellow line from the left marks the original location where the longitudinal reinforcement 

Figure 5.27 Evidence of Core Degradation: (a) Side View of Column 3A, (b) Side 

View of Column 3-Blast 
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Figure 5.28 Side View of Concrete Degradation in Column Foundation 
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exited the column foundation. The third yellow line denotes the average final location for 

the longitudinal reinforcement. This average is based on the final resting place of all 

longitudinal reinforcement on the blast-side of the column. Only three longitudinal rebars 

are visible in Figure 5.28, and they are denoted with yellow arrows. The same three 

longitudinal rebars are also denoted with yellow arrows in Figure 5.29, which shows a 

front view of the same region. The front view clearly shows that the longitudinal rebars 

not shown in Figure 5.28 are displaced significantly further than the three bars visible in 

Figure 5.29. Therefore, at least 2 in. of the measured displacement is a result of column 

degradation within the foundation. In their current state, the column models constructed 

in LS-DYNA are unable to consider displacement within the column foundation, and this 

level of complexity is not necessary to accomplish the goals of this research. 

Consequently, as discussed in the summary of results at the end of this chapter, a final 

estimated experimental displacement of 4.5 in. resulting from this conclusion compares 

well with the numerically predicted value. 

 

Figure 5.29 Front View of Concrete Degradation in Column Foundation 
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5.5 EROSION 

The final numerical models representing Columns 3A and 3-Blast include the 

erosion algorithm described in Section 5.3.4. The erosion study includes failure limits for 

tension strain and shear strain, and both columns use the same erosion limits to ensure 

consistency. Erosion is mesh dependent (Magallanes, 2008b), and therefore both of the 

column models essentially have the same mesh density, ranging from 1.15 to 1.18 

elements per cubic inch. These models have only vertical base constraints (i.e., no 

horizontal base constraints in either direction) on base nodes outside the transverse 

reinforcement as shown in Figure 5.30. This adjustment is necessary to permit base 

elements to erode and move away from the columns. The absence of horizontal restraint 

for the affected concrete elements does not influence the global response of the column 

because the spalling failure occurs extremely early in time as discussed in Section 6.3.2. 

Moreover, it could be argued that these boundary conditions are actually representative of 

real column behavior because the nodes associated with elements within the concrete 

cover region can provide very little horizontal resistance in a real column. 

 

y-axis 

x-axis 

Line of transverse reinforcement 

Line of column symmetry 

Nodes with x, y, and z translation constraints 

Nodes with only z translation constraints 

Figure 5.30 Schematic of Base Nodal Constraints for Columns Exhibiting Loss of Cover 
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As mentioned in Section 5.3.4, work completed for this research shows that the 

strain limits specified in the erosion algorithm in LS-DYNA do not always correspond to 

the actual strains at which elements erode, and other researchers have also found the 

erosion algorithm in LS-DYNA to be problematic (Magallanes, 2008b). These findings 

indicate that erosion algorithms should be used with extreme caution only to visualize 

failure by removal of elements already showing a loss of cohesion (Magallanes, 2008b). 

LS-DYNA includes an independent erosion algorithm that can compliment any 2D or 3D 

constitutive formulation. Because the KCC model does not erode failed elements, the 

independent erosion option in LS-DYNA is used in this research to remove failed 

concrete elements spalling off the sides and backs of the columns. This algorithm 

requires an arbitrarily large failure strain to remove elements from the analysis in an 

appropriate manner. While it may be desirable to have a specified method to determine 

input values for failure criteria, the performance of the erosion algorithm in LS-DYNA is 

highly mesh, response, and failure criteria dependent. A single limit value for a given 

failure mode and mesh density will not necessarily work for another failure mode and 

mesh density, nor will a limit value that is adequate for a single failure criterion work in 

the same mesh for the same failure mode if another failure criterion is also selected. 

Therefore, appropriate values for a failure strain will vary depending on the mesh density, 

the mode of response (i.e., shear, flexure, tension, breach, spall, etc.), and the selected 

failure criteria. The two models that use erosion in this research do not provide sufficient 

data to develop a procedure to determine limit values for failure strains based on those 

factors. Limit values are found by first conducting an analysis without erosion to 

determine if the model captures failure in any elements. If the KCC model does indicate 

failure for a given scenario, failure criteria and limit values are selected on a trial and 

error basis to be sufficiently large to allow the removal of already failed elements while 

not removing elements still providing resistance to the model. 

 

Limits on both tension strain and shear strain erode elements that have failed in 

tension. In the models constructed for this research, a limit value for shear strain provides 
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the best visual representation of the removal of elements failing in tension, and therefore 

it is the sole choice for the final results reported in this text. Again, the use of erosion in 

this research is for visualization purposes only, and as such it does not alter the overall 

response of the structures. If material failure in tension is observed in an analysis that 

does not employ erosion, the limit values for shear strain are selected to remove elements 

only after they have lost cohesion completely and are expanding away from the 

remainder of the structure. The final limit value for shear strain is 0.34. This value is 

sufficiently large to erode elements failing in tension in these models and does not affect 

sound elements deforming in shear or tension. It is important to remember that this value 

may not translate to another set of analyses. As mentioned in the preceding paragraph, the 

erosion algorithm in LS-DYNA is very problematic, and it should be used with care. 

Numerical models should show failure of concrete elements without the use of erosion 

first, and then a sufficiently large failure criterion may be selected to remove the already 

failed elements without affecting the remaining structure. 

 

The inclusion of erosion greatly improves the visual presentation of side and back 

cover spalling for Columns 3A and 3-Blast. Figure 5.31 shows elevation views of the 

response shapes for each of the columns. The Column 3A and 3-Blast models both 

correctly show spalling of concrete off their side and back faces, which is also consistent 

with the behavior observed during the Phase II blast tests. Additionally, the Column 3A 

model accurately predicts the start of failure, but not complete loss, of cover concrete on 

the back face of the column as shown in Figure 5.31 and E.10 in Appendix E. Again, this 

prediction of failure is not due to the erosion algorithm, but rather it is captured within 

the KCC constitutive model used for the concrete. Moreover, the resulting response 

shapes for those columns are more easily discernable with erosion than without because 

the exposed longitudinal reinforcing steel can be compared directly to the longitudinal 

steel visible in Figures 5.24c and E.10 in Appendix E. The final displacements of the 

models are discussed in Section 5.6. 
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5.6 FINAL RESULTS 

The performance of the final column models is judged based on peak residual 

displacement, response shape, and damage and cracking patterns. Each column model is 

assigned a value based on how well it represents the shape of the experimental column, 

with a scale ranging from 1 to 10. A score of 1 indicates that the residual response shape 

is nothing like the experimental shape; a score of 5 indicates that the residual response 

shape is roughly the same as the experimental shape; and a score of 10 indicates that the 

shapes are exactly the same. The cracking and damage patterns also are evaluated on a 

similar scale. Because only one experimental data point exists for the deflected shapes of 

the columns (i.e., the peak residual displacement), these values are assigned subjectively 

by comparing the response shapes and damage patterns of the numerical models to those 

Figure 5.31 Displaced Shapes and Damage Patterns for Models of Columns 3A and 

3-Blast with Erosion: (a) Side View of Column 3A, (b) Side View of Column 3-Blast 

(b) (a) 
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observed during the experimental tests. Table 5.7 shows the recorded and computed 

displacements and the qualitative performance criteria. In general, all column models 

performed well considering the relative peak residual displacements, response shapes, 

and damage patterns. Only one of the column models stands out as a significant outlier. 

The model of Column 2A-2 does not adequately represent the response shape and 

damage pattern. The performance of the LS-DYNA model for this column is not 

addressed with the three columns discussed in Section 5.4; however, because the 

performance of the numerical model of this column varies significantly from its observed 

experimental behavior, a brief explanation is provided in this section regarding why the 

model for Column 2A-2 does not match well with experimental observations. 

 

The inaccuracy of the numerically predicted response shapes and damage patterns 

for Column 2A-2 has a simple explanation. As briefly explained in Section 3.3.2, the 

reaction structure had a cavity in which the column foundations rested during the 

experimental tests. The intent of this cavity was to provide the fixed support at the base 

of an assumed propped-cantilevered column. The front (i.e., blast side) wall of this cavity 

sustained massive damage during the first three blast tests. This damage most likely was 

due to a combination of intense airblast and ground shock, as several of the charges were 

placed at the edge of the wall. Prior to the fourth test, which was Column 2A-2, two steel 

Table 5.7 Numerical Column Model Performance Criteria 

Column ID

Experimental 

Displacement 

(in.)

Analytical 

Displacement

Response 

Shape

Damage 

Pattern

Qualitative 

Average

1A-2 5.0 4.3 9 8 8.5

1B 0.75 1.0 8 7 7.5

2A-2 0.5 0.5 7 2 4.5

2B 0.25 0.1 9 8 8.5

2-Seismic 0.2 0.1 9 7 8.0

2-Blast 0.5 0.4 8 5 6.5

3A 3.0 2.6 8 8 8.0

3-Blast 4.5
a

3.1 7 8 7.5

a
 Adjusted experimental displacement value reflects displacement of column only.
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plates were placed in front of and on top of this external wall for additional protection. 

During the test, the shock wave lifted the top plate, slammed it against the column, and 

pushed it up the front face of the column. Additionally, observations after the test 

indicated that the external beam did not provide the assumed fixed restraint at the base of 

the column. Thus, Column 2A-2 experienced significantly altered loads from what were 

considered numerically and was not experimentally tested as a propped cantilever, 

leading to the large inaccuracies between the experimental and numerical results.  

 

5.7  SUMMARY OF RESPONSE MODELS 

With the exception of Column 2A-2, the column models compare well with their 

experimental counterparts. The peak residual displacements compare well on a relative 

basis, and damage and cracking patterns that are similar to those observed experimentally 

are predicted by most column models. Of prime importance, the numerical models for 

Columns 3A and 3-Blast show spalling of concrete off their side and back faces, which is 

the ultimate objective of this part of the research.  

 

The Phase II experimental blast tests include significant uncertainties, which 

require several assumptions when numerically modeling the tests. The exact overpressure 

histories and efficiencies of the explosives at the front face of each column are unknown, 

and therefore a constant efficiency of 1.10 is assumed for all analyses based on an 

approximate average from extrapolated efficiency data from the Phase II tests. 

Additionally, the lack of precise load data requires two high-end analyses for each 

column – a CFD analysis using ALE capabilities to predict the loads and a Lagrangian 

finite element analysis using explicit time integration and concrete constitutive modeling 

to compute response – both of which introduce additional complexities, approximations, 

and errors. Furthermore, the experimental displacements are either estimated or crudely 

measured values (i.e., using a tape measure). Analysts with extensive experience in 

modeling blast-loaded structures often report error in peak residual displacements greater 

than 10% when both the exact load data and displacements are known (Magallanes, 
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2008a). Given the numerous uncertainties involved with the results of the Phase II 

experimental tests, an extensive effort to match displacements exactly is not warranted, 

and the results of the analyses presented in this chapter are quite acceptable for validating 

the capabilities of the developed finite element models to adequately represent the cross-

sectional behavior that leads to spalling off the sides of blast-loaded reinforced concrete 

columns. The following chapter contains a discussion of the results of this research that 

are based on the airblast models discussed in Chapter 4 and the column response models 

discussed in Chapter 5. 
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CHAPTER 6                                                      

Discussion of Results 

 

6.1  INTRODUCTION 

There are four main objectives of this research. The first objective is to 

characterize, in detail, the structural loads acting on square and circular bridge columns 

due to airblast. The second objective is to develop a simplified procedure to predict those 

loads that is suitable for design. The third and fourth objectives, respectively, are to 

determine the vertical charge location that will generate the greatest base shear in a 

bridge column and to determine the cause of spalling of cover concrete off the sides of 

reinforced concrete columns. Chapter 4 provides an explanation of the construction and 

verification of airblast models in LS-DYNA that aim to characterize blast loads on 

columns, and Chapter 5 includes a description of the computational models used to 

predict column cross-sectional behavior. The current chapter addresses the results of 

those analyses in two main sections. The results of the airblast models and the proposed 

procedure to predict structural loads for bridge columns are presented in Section 6.2, and 

the cross-sectional behavior that leads to spalling of side cover concrete in blast-loaded 

reinforced concrete columns is explained in Section 6.3. 

 

6.2  PREDICTING LOADS FOR SIMPLIFIED DYNAMIC ANALYSES 

 Pressure-time histories on the front and back faces of circular and square columns 

developed from airblast models in LS-DYNA are described in Chapter 4. The circular 

columns each have 220 tracers, and the square columns have 240 tracers spread evenly 

across the width and height of the columns. As shown in Figure 6.1, the circular columns 

have fewer tracers than the square columns because only one tracer is necessary at the 

furthest horizontal distance from the symmetry plane, whereas two tracers are needed at 
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this horizontal location for the square column (i.e., one for the front face and one for the 

back face). The numerically-generated data from these tracers yield the variation in 

impulse (i.e., load shape) along the height of the columns, and the difference between the 

net resultant impulse on circular and square columns for similar blasts (i.e., same charge 

weight and standoff distance). The net resultant impulse is found by computing the 

difference in impulse between the front face and back face at corresponding locations 

(i.e., the same height above the base and the same distance from the centerline on each 

face), and the equations used to calculate this value for circular and square columns are 

provided later in this section. Recall that impulse is found by computing the area under 

the pressure-time history curve for a specific target location. In contrast to the column 

response finite element models that utilize numerically-generated pressure-time history 

data developed from CFD airblast models, all load shapes used to derive the load 

prediction technique in this research are based on net resultant impulse, which typically 

governs the global response of blast-loaded members (Biggs, 1964; Department of the 

Army, 1990). The following sections outline the results of the airblast models and the 

development of a procedure to predict structural loads on bridge columns due to airblasts. 

 

Figure 6.1 Tributary Areas for Net Resultant Impulse:                                                         

(a) Circular Column, (b) Square Column 

1 2 3 
4 

5 

6 

7 
8 
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(a) (b) 
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6.2.1  Generalized Load Shapes 

As discussed in Chapter 2, several simplified methods exist to predict blast loads 

on structural members, and these methods are based almost entirely on experimental data 

obtained from blast tests on flat panel structures. Prior to using these simplified methods 

to develop a blast load prediction procedure for bridge columns, a good understanding of 

the differences among the load shapes computed by these methods and those derived 

from high-end CFD analyses is needed. To that end, several analyses examine the 

different load curves that are predicted by a variety of methods, and the net resultant 

impulse acting on a column is the basis used for the comparisons. The study considers 

load curves produced by the airblast models developed in LS-DYNA and those predicted 

by BEL and the spaghetti charts. The LS-DYNA models are used to characterize the 

difference in loads on circular and square columns, while BEL and the spaghetti charts 

are two widely accepted procedures for predicting blast loads that provide a good basis 

for comparison to the LS-DYNA analyses. The two LS-DYNA analyses include one 

cylindrical burst and one hemispherical burst. The load shapes for these analyses are 

based on the net resultant impulse at each vertical location on a column as calculated by 

Equations 6.1 and 6.2 (see Figure 6.1). 

 

 

The designation T# represents numerically-generated data from the tracer labeled by the 

corresponding number as shown in Figure 6.1. Load curves that give the variation in net 

resultant impulse over the height of a column are computed by evaluating Equations 6.1 

and 6.2 at 20 equally spaced cross-sections for both the circular and square columns. 

These load curves are then normalized to the peak net resultant impulse on each column.  

(T 1 – T 12) + 2(T 2 – T 11) + 2(T 3 – T 10) + 2(T 4 – T 9) + 2(T 5 – T 8) + (T 6 – T 7) 

10 
Inr.square = (6.2) 

(T 1 – T 11) + 2(T 2 – T 10) + 2(T 3 – T 9) + 2(T 4 – T 8) + 2(T 5 – T 7) + (T 6 – T 6) 

10 
Inr.circular = (6.1) 
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Equations 6.1 and 6.2 subtract the pressure-time histories directly at each time 

interval. The impulse contributions from negative net pressure-time history data are 

neglected because they are extremely small compared to the contributions from the 

positive net pressure-time histories. Additionally, the negative phase rarely affects the 

global response of reinforced concrete structures, and the net resultant impulses 

calculated with these equations are used only in the development of equivalent uniform 

load values to calculate the global response of reinforced concrete bridge columns using a 

single-degree-of-freedom analysis. 

 

Without adjustments, the BEL (U.S. Army Corps of Engineers, 2000) and chart-

based methods (Department of the Army, 1990) allow for the computation of pressure 

and impulse values for flat surfaces only (i.e., walls). Therefore, the load curves 

developed using these procedures consider the impulses acting on flat surfaces at the 

column centerline perpendicular to an explosive charge as shown in Figure 6.2. With 

these simplified approaches, results are computed assuming either a spherical charge or a 

hemispherical charge placed on the ground. BEL computes pressure-time histories on the 

reflected surface directly, and thus the reflected impulses are the areas beneath the 

positive phase pressure-time histories. Using the chart-based procedure, reflected 

pressures are calculated indirectly. The spaghetti charts provide peak incident 

overpressures at each vertical location, which are then used with the angles of incidence 

and Chart 2-193 from TM 5-1300 (Department of the Army, 1990) to compute reflected 

impulses for each vertical elevation on the column centerline. The load shapes produced 

by BEL and the spaghetti charts (i.e., the variation in load along the height of a column) 

are normalized to the peak reflected impulse of each respective curve. All four 

predictions are for the same charge weight and standoff distance. 

 

Figure 6.3 shows the load curves produced by each of the different methods. 

Labels A, B, and C are used in discussions later in this section. The LS-DYNA 
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hemispherical burst case produces higher relative impulses along the height of the 

column than the LS-DYNA cylindrical burst case. This finding is consistent with 

observations from both experimental and numerical results. Different charge shapes 

direct and concentrate the energy of a shock wave differently. The effect of charge shape 

on shock propagation is pictorially depicted for hemispherical and cylindrical bursts in 

Figure 6.4. Under perfect conditions (i.e., flat, perfectly smooth, and rigid reflecting 

surface; no variation in air temperature, pressure, or humidity; no wind; etc.), a 

hemispherically-shaped charge with a centrally-placed detonation point will generate a 

perfectly hemispherical shock wave with the energy from the burst evenly distributed 

radially in a circular manner as shown in the figure. In contrast, a cylindrical charge with 

a height-to-diameter ratio of approximately 1.0 and a centrally-placed detonation point 

creates a shock front that is more concentrated in the direction perpendicular to the axis 

of revolution of the cylinder as shown in Figure 6.4. Therefore, because the shapes of the 

shock fronts generated by the two charges are different, a cylindrical charge will create 

smaller normalized impulses at locations away from the bottom of a column where a less 

concentrated portion of the shock wave strikes the column than will a hemispherical burst 

Figure 6.2 Schematic of Target Locations for Chart-Based and BEL Load Curves: 

(a) Elevation View, (b) Plan View 

Column 
Centerline 

(a) (b) 
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of the same charge weight and standoff distance. This observation certainly does not hold 

for all charge dimensions or detonation points. Very tall and skinny cylindrical charges, 

for example a charge with a height equal to that of the column under consideration, will 

generate a uniform normalized load curve on the column; however, the cylindrical 
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charges considered in Figure 6.3 have a height-to-diameter ratio of 1.0. These 

characteristics of shock waves from spherical and cylindrical charges, along with the 

manner in which the load curves are normalized based upon the peak value along the 

column height, are the reasons why the load curve from the LS-DYNA spherical burst 

has a larger magnitude along the height of the column than the LS-DYNA cylindrical 

burst.  

 

 The BEL-generated curve and the chart-based curve in Figure 6.3 align well; 

however, in general, the curves from the LS-DYNA analyses appear to have higher 

relative impulses at higher locations along the height of the column than the curves 

predicted by the simplified methods. This appearance is somewhat misleading because 

the peak resultant impulse by which the LS-DYNA curves are normalized is recorded at 

the second row of tracers from the base of the columns. No data exist between the row of 

tracers at the peak of the LS-DYNA curves and the row of tracers at the bottom surface. 

Therefore, the decline in impulse from the peak to the base may not be as dramatic as 

shown in the figure. 

 

The reflecting surface provided by the boundary conditions enforced during the 

LS-DYNA analyses is a perfect reflecting surface, meaning that no displacements are 

Figure 6.4 Example Shock Waves for Different Charge Shapes: (a) Circular 

Explosive, (b) Cylindrical Explosive 

(a) (b) 
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allowed perpendicular to the surface and none are restricted in the plane of the surface. 

Furthermore, a separate free-field spherical burst analysis in LS-DYNA with tracers at 

identical standoff distances in the free air and on various symmetry planes (i.e., not on a 

column or reflecting target) records identical pressure-time histories for all locations. 

This finding indicates that no boundary distortion occurs in the LS-DYNA airblast 

analyses. The BEL and chart-based curves also assume a perfect reflecting surface. 

Visual studies of pressure fringes from spherical LS-DYNA analyses of close-in airblasts 

appear to indicate that a shock wave first strikes a column at its base before starting to 

clear both up the height of the column and to the sides of the column. As explained in 

Chapter 2, clearing is a phenomenon where the reflected pressure (i.e., region of high air 

density) seeks relief toward the lower pressure regions (i.e., regions of low air density) at 

the free edges (Department of the Army, 1990). In the specific case of airblast loads 

acting on slender members such as the columns analyzed in LS-DYNA, the reflections 

that begin to clear up the column (i.e., dense region of air seeks relief and moves up the 

column) merge with the spherical shock front that has yet to strike further up the column, 

thereby preventing the complete clearing of the shock front before it interacts with the 

incident shock wave first striking the column at a higher elevation later in time. Thus, the 

spherical geometry of the shock front interacting with the planar surface of the square 

columns or the cylindrical surface of the round columns creates a very complicated blast 

loading both geometrically and temporally. This phenomenon is shown at a given 

moment in time in Figure 6.5, with overpressure fringe levels given in gm-µsec-cm units, 

though the specific units of measurement are not necessary to conceptualize the behavior. 

The behavior depicted in the figure explains the magnified impulses recorded at the 

second row of tracers from the bottom of the column in the LS-DYNA spherical burst 

analyses. Shock waves from cylindrical bursts exhibit similar impulse magnification for 

the same reason, but quantifying the exact magnification due to this behavior is 

problematic because the height-of-burst and ground reflections also complicate the 

recorded impulse. BEL can include reflections off multiple surfaces (e.g., the wave from 

an elevated charge reflecting off the ground or bridge deck before striking a target), but 
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the empirical data used to develop the spaghetti charts do not consider multiple 

reflections. The majority of empirical data for reflected pressures and impulses in the 

chart-based procedure come from blast tests on walls with pressure gauges located in the 

center of the wall (Marchand, 2008). Therefore, the behavior captured by the LS-DYNA 

airblast models is not documented in the literature (Department of the Army, 1990) and is 

not included in the empirical data used to develop BEL and the chart-based procedure. 

Accordingly, neither method can account for the behavior shown in Figure 6.5. 

 

No empirical data exist to validate the impulse magnification behavior captured 

using the LS-DYNA spherical burst analyses, and for the purposes of this research, the 

numerically-generated impulse data are scaled according to the peak normal reflected 

impulse as described in Sections 5.3.3 and 6.2.3 and as calculated using the equations 

derived from the data shown in Chart 2-15 from TM 5-1300 (Department of the Army, 

1990). The relative location of this value on the net resultant impulse curves developed 

using the results of the airblast models developed in LS-DYNA is not known precisely 

Figure 6.5 Reflections Clearing Up Height of Circular Column 
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because it could relate to one of three values on the impulse curves in Figure 6.3: the 

peak normalized impulse value as computed at the location of the second row of tracers 

from the bottom of the column being analyzed (Point A), the normalized impulse value at 

a column elevation of 0.0 (Point B), or a normalized impulse value between those two 

limiting values. Because of this uncertainty, an assumption must be made to relate a value 

on the normalized LS-DYNA curves in Figure 6.3 to a peak reflected normal impulse as 

calculated by Chart 2-15 from TM 5-1300 (Department of the Army, 1990), and this 

assumption is based on the following understanding of the interaction of a shock wave 

generated by a cylindrical charge with a square or circular column. Cylindrical charges 

create shock waves that have a slight bulge at very close standoffs (Figure 6.4), and this 

bulge smoothes out to form a planar wave near the ground as standoff increases. The 

bulge at short standoffs and the planar wave at large standoffs should minimize any 

pressure magnification resulting from the shock fronts generated by cylindrical charges 

relative to those observed for spherical charges, as the pressure magnification shown for 

spherical charges in Figure 6.5 relies on a shock front shape that will strike the base of 

the column before other locations higher up on the column. The analyses completed in 

support of the parameter studies in this research utilize cylindrical bursts, and thus they 

require a relationship specifically between the peak normal reflected impulse as 

determined by BEL or the chart-based method and a corresponding value on the LS-

DYNA cylindrical impulse curves. Accordingly, the peak normal reflected impulse is 

assumed to correspond to the peak of the LS-DYNA cylindrical burst impulse curves 

because that assumption best represents the current understanding of the shock front 

generated by cylindrical charges. 

 

Because of the uncertainties associated with the accuracy of the predicted 

pressures acting at the base of a column using the airblast models in LS-DYNA, the 

global column response analyses conducted for this research use an approximation for the 

load input at the base of a column. The load input at that location uses the numerical data 

recorded at the second level of tracers in the airblast models. As such, a normalized form 
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of the resultant load curves used in those analyses is the LS-DYNA cylindrical curve in 

Figure 6.3 with the vertical dotted line labeled as C. Additionally, the load prediction 

method developed during this research uses the same assumption. As discussed in 

Chapter 5, the analyses of the Phase II blast tests produce reasonable response shapes 

with that adjustment to the pressure-time data generated by the airblast models 

constructed in LS-DYNA. The peak displacements recorded during those analyses, 

however, are lower than those measured experimentally. This discrepancy may suggest 

that the peak normal reflected impulse should correspond to the normalized value at the 

base of the column models computed using LS-DYNA, which would result in larger 

loads being applied to the columns than those utilized in this research. The low 

displacements recorded during the LS-DYNA response analyses are not sufficient 

evidence alone to draw a definite conclusion on this issue because many other factors 

could contribute to the low displacements, such as the assumed explosive efficiency, a 

partially fixed restraint at the top of the columns, the assumptions made for the concrete 

model, etc.  

 

6.2.2  Normalized Load Curves 

This research includes sixteen sets of airblast analyses with different column 

sizes, standoff distances, and charge weights, and each set contains a circular column, a 

square column, and a wall. Section 4.5.2 outlines the details of these airblast models. The 

charge weights range from 1.4w to 23.0w, and the standoff distances range from 1.0z to 

5.0z. The scaled standoffs range from 0.9(z/w1/3) to 3.5(z/w1/3). The tracer data from all 

airblast models are processed using Equations 6.1 and 6.2 to develop normalized load 

curves for each column as described in Section 6.2.1. Figure 6.6 shows the normalized 

load curves produced by the airblast models in LS-DYNA. Each data point on these 

curves represents the total net resultant impulse for that column elevation. This figure is 

difficult to understand with the numerous curves shown on the plot. Nevertheless, all 

curves are shown to allow a detailed independent investigation of the results if desired, 
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and five curves are individually identified to explain the general trends not easily 

discernable from a quick study of the figure.  

 

In general, the overall shape of all curves is the same. Each curve has a peak near 

the location of the charge, and the relative magnitudes of the curves diminish at locations 

further away from the charge (i.e., near the top of the column in these analyses). Several 

other trends are also clear. While the overall load magnitude decreases as the standoff 

distance increases, the magnitude of the normalized load curves near the top of a column 

increases as illustrated by Curve 1. This observation is easily explained by examining the 

geometric properties of the blast scenarios. For that purpose, Figure 6.7 shows two 

different blast scenarios with the same scaled standoff to the base of a column but with 

different charge weights and actual standoff distances. As the standoff distance to the 

base of a column increases, the shock wave becomes more uniform as it strikes the 

column, even for the same scaled standoff. Moreover, for charges placed on the ground, 

the angle of incidence increases near the top of a column as the standoff distance to the 

base of a column decreases, and hence the reflected pressures and impulses decrease near 

the top of a column. As a result, the relative magnitude of a normalized load curve near 

the top of a column increases as standoff distance to the base of a column increases, and 

the opposite is true when the standoff distance to the base of a column decreases. This 

trend is not expected to change for other charge shapes provided the height-to-width ratio 

of the charge is roughly equal to 1.0. 

 

The numerically-generated data in Figure 6.6 show additional trends. For 

cylindrical charges with a height-to-depth ratio roughly equal to 1.0, the magnitude of a 

load curve along the entire height of a column transforms from a very concentrated peak 

near the bottom of a column to a more gradual peak as the charge weight increases as 

shown by Curves 2 and 3. It is important to note that, because all cylindrical charges use a 

height-to-depth ratio of approximately 1.0, an increase in charge weight results in an 
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increase in charge size (i.e., diameter and height), and the size of a charge relative to the 

dimensions of the column it is loading affects the shape of the load curve and the nature of 

the peak that develops near the bottom of a column. This observation also can be explained 

by conceptually considering the various blast scenarios. Larger charge weights will 

produce a more uniform load curve than smaller charge weights because the shape of the 

shock front produced by the larger charge will be more uniform over a greater portion of a 

column than that produced with a smaller charge. This trend is not expected to change for 

other charge shapes provided the height-to-width ratio of the charge is roughly equal to 1.0. 

 

Finally, as the standoff distance to the base of a column decreases and as the 

charge weight decreases, the peak of a curve becomes more concentrated at the location 

of the charge and the magnitude of the impulse near the top of a column diminishes 

rapidly as shown by Curve 4. This observation occurs because small charges at small 

standoff distances to the base of a column create large standoff distances and angles of 

incidence to points near the top of the column, both of which reduce reflected pressure 

and impulse. Therefore, this threat scenario concentrates the majority of the load at 

positions lower on the column where the standoff distances and angles of incidence are 

smaller for points of interest along the height of a column. 

R1 R'1 

R2 

R'2 

α
  

α'
  

Figure 6.7 Schematic of Geometry Differences Between Two Spherical Blast 

Scenarios with the Same Scaled Standoff but Different Actual Standoff Distances 
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 No significant trends are found considering column shape or size (i.e., diameter or 

edge width). Based on all observations from the load curves shown in Figure 6.6, the 

scaled standoff parameter (Z) does not appear to be an appropriate value by which to 

normalize the load curves. This value is insufficient because the geometry of the shock 

front changes with each standoff distance and charge weight. The difference in the 

uniformity of the shock wave and the angles of incidence along the height of a column, 

combined with the fact that impulse increases with charge weight regardless of the scaled 

standoff (i.e., two scenarios with the same scaled standoff will have different impulses for 

different charge weights), are the reasons why the scaled standoff parameter is not a good 

value by which to normalize the load curves.  

 

While these observations regarding the load curves produced by the various threat 

scenarios considered during this research are useful, a normalization procedure to predict 

these load curves is needed for design purposes. These curves are difficult to normalize 

independently; however, a normalization procedure useful for design can be developed 

using the equivalent uniform load values developed from the curves. These equivalent 

uniform load values are also normalized to the peak normal reflected impulse, and this 

normalization scheme is convenient because equivalent uniform loads are the values 

ultimately used in single-degree-of-freedom analyses. The definition of these equivalent 

uniform load values and the normalization procedure are outlined in the following 

section. 

 

6.2.3  Equivalent Uniform Impulse Values 

Numerous normalization schemes are considered for the load curves described in 

Section 6.2.2. This section only focuses on the most successful procedure, and Appendix F 

shows plots of the other six attempts to normalize the load curves. The final 

normalization procedure is based on the method used to compute an equivalent uniform 

load for a single-degree-of-freedom (SDOF) analysis. As described in Chapter 2, a 
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single-degree-of-freedom analysis is the response prediction method of choice for most 

design scenarios, and normalizing the load curves as equivalent uniform impulse values 

provides an easy way to determine design loads for single-degree-of-freedom analyses. 

To that end, the normalized impulse curves are converted to normalized equivalent 

uniform impulses using Equation 6.3. 

∫
∫=

h

h

n

e

dyy

dyyyI
I

0

0

)(

)()(

φ

φ
   (6.3) 

 where 

  Ie is the normalized equivalent uniform impulse 

In(y) is a normalized impulse load curve described in Section 6.2.2 

  )(yφ  is an assumed normalized deflected shape 

  h is the height of the column 

To create a triangular (i.e., linearly decaying) pressure-time history, which is a loading 

assumption commonly used for design, the normalized equivalent uniform impulse value 

computed by Equation 6.3 requires the prediction of either a peak equivalent uniform 

reflected pressure or an appropriate load duration. With a peak equivalent uniform 

reflected pressure, an appropriate load duration can be calculated to preserve the total 

equivalent uniform impulse by assuming a triangularly-varying design load. Likewise, 

with a load duration, a peak equivalent uniform pressure can be calculated to preserve the 

total equivalent uniform impulse assuming a triangularly-varying design load. The peak 

uniform equivalent reflected pressure may then be multiplied by the dimensions of the 

column to calculate a resultant load, which is then combined with the predicted or 

calculated duration to form the triangular time-varying load. These additional steps are 

described in Section 6.2.5. Additionally, because Equation 6.3 divides the normalized 

equivalent impulse value in the numerator by a normalized displaced shape, the load and 

mass factors or the load-mass factors associated with a single-degree-of-freedom system 

can convert the resultant load into an equivalent resultant load correctly for the analysis.  
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 The data points that comprise the curves in Figure 6.6 represent the total net 

resultant impulse on the columns at each elevation throughout the duration of the 

analyses, and therefore the shapes (i.e., not the magnitudes) of the curves do not change 

with time. Consequently, while the actual net resultant impulse varies with time and 

position over the height of a column, the shape of the normalized load curves shown in 

Figure 6.6 are assumed constant with time, and only the magnitudes of the normalized 

load curves vary with time. This assumption is necessary to develop a single load value 

as required for input by a single-degree-of-freedom analysis, as these procedures do not 

typically allow the load shape to vary with time (i.e., a uniform load cannot change into a 

triangular load during the response calculations). The single load value often accepted by 

most single-degree-of-freedom analysis implementations is the resultant of the load 

variation along the height (or length) of the member under consideration. Depending on 

the procedure, the load factors or load-mass factors convert the resultant load into 

equivalent loads for the different stages of response. The term “stages of response” refers 

to the different normalized displaced shapes produced by the development of plastic 

hinges and the resulting changes in boundary conditions. For example, a column with a 

fixed based and a pinned connection at its top will initially respond as a propped-

cantilever. The stage of response will change to a simply-supported column when a 

plastic hinge forms at the base of the column. The final response stage for a propped-

cantilevered column is the plastic mechanism, in which three hinges (i.e., the plastic 

hinge at the base, the pinned connection at the top, and a plastic hinge somewhere along 

the length of the column) form. The blast-resistant design procedure developed during 

NCHRP 12-72, presented by Williamson et al. (2009), and also discussed by Holland 

(2008), specifies the computation of an equivalent uniform impulse for a given threat 

scenario by BEL, which is a commonly-used limited-distribution blast-load prediction 

software (U.S. Corps of Engineers, 2000). Because the work presented in this dissertation 

is completed in conjunction with NCHRP 12-72, the load input values derived in this 

work are equivalent uniform impulse values to be consistent with the blast-resistant 

design procedure outlined by Williamson et al. (2009) and Holland (2008). 
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 Equation 6.3 requires a single assumed normalized displaced shape over which to 

integrate the normalized load curve. While the normalized displaced shape for any blast-

loaded member changes as plastic hinges develop and boundary conditions change, a 

single assumption is required for use in Equation 6.3 because most single-degree-of-

freedom analysis implementations require and accept only a single load input. Single-

degree-of-freedom analyses use load factors or load-mass factors to adjust this load input 

to account for the different normalized deflected shapes of each stage of response (i.e., 

each new set of boundary conditions). Although the boundary conditions for a propped-

cantilever may be utilized by many bridge columns and consequently are used in the 

Phase II test program, they are not consistent with every bridge column design 

throughout the U.S. Moreover, the normalized deflected shape resulting from a propped-

cantilever is not the most conservative choice for use in Equation 6.3, and it would not be 

prudent to use that displaced shape to derive normalized equivalent uniform impulse 

values for a load prediction procedure that can be used for multiple sets of boundary 

conditions. For most threat scenarios, the normalized deflected shape for the elastic 

response of a simply-supported member provides the most conservative normalized 

equivalent uniform impulse value from Equation 6.3. As shown in Figure 6.8, the area 

under this normalized displaced shape is greater in regions where the net normalized 

resultant impulse is concentrated in the curves developed in this research (i.e., near the 

base of the columns) among the other possible assumptions for a normalized displaced 

shape. The notable exceptions to this rule are the case of a charge placed near the top of a 

column and the case in which the final plastic hinge very close to the base of a column. A 

charge placed near the top of a column would concentrate normalized resultant impulses 

near the top of a column where the area under the normalized displaced shape of a 

propped-cantilever may be larger than that of a simply-supported column; however, that 

specific threat scenario is not considered in the airblast models conducted for this 

research. Moreover, a plastic hinge very close to the base of a column would concentrate 

the area under the normalized displaced shape in the regions of highest normalized net 

resultant impulse in the curves developed for this research, but plastic hinges for flexural 
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response that are very close to the base of a member are extremely rare and arguably 

impossible even when loads are concentrated on one end of a member. Accordingly, that 

case is not considered in this research. Therefore, the use of the normalized deflected 

shape for the simply-supported case in Equation 6.3 provides the largest (i.e., most 

1.0 

w(x) 

Fixed-Fixed Column 

Propped-Cantilever 

Column 

Simply-Supported 

Column 

1.0 

(a) (b) 

Figure 6.8 Curves for SDOF Equivalent Load Calculations: (a)Example Load 

Shape for Charges on Ground, (b) Normalized Displaced Shapes for Various 

Column Boundary Conditions 
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conservative) normalized equivalent impulse value and the most reasonable solution for 

the threat scenarios considered in this research. Furthermore, the normalized equivalent 

uniform impulse value developed using Equation 6.3 can be used conservatively for other 

boundary conditions. Again, the use of only one assumption for a normalized displaced 

shape is necessary to develop the single load input value used by most implementations 

of a single-degree-of-freedom system. The load factors or load-mass factors in a single-

degree-of-freedom analysis then adjust that load input to account for the normalized 

displaced shape resulting from each stage of response. 

 

Accordingly, because a single assumed normalized displaced shape must be 

selected, the normalized displaced shape used in Equation 6.3 is that of the elastic stage 

of response for a simply-supported column. The deflected shape for the elastic stage of a 

simply-supported column is found using Equation 6.4. 

( )
h

yhyhy
y

5

216
)(

323 +−
=φ    (6.4) 

where  

)(yφ  is the normalized displaced shape 

h is the height of the column 

y is the position along the height of the column 

 

As mentioned above, several different normalization schemes are applied to the 

normalized equivalent uniform impulse values determined using Equation 6.3. Only the 

most successful procedure is described in this section, and the other procedures are 

shown in Appendix F. Dividing the normalized equivalent uniform impulses by the 

column diameter raised to the 0.18 power and the charge weight raised to the 0.1 power 

provides a very good linear correlation with the standoff distance as shown in Figure 6.9. 

The curve fit for the data in Figure 6.9 is given in Equation 6.5. These exponents are 
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found by using a least-squares fit procedure to maximize the square of the correlation 

coefficient (R2). Using a best fit as opposed to an upper bound for this data is acceptable 

because it is consistent with current blast design philosophy. Exact charge weight and 

standoff distances typically are not known for most design scenarios, and in most cases, 

achieving an adequate level of resistance and ductility to resist an assumed threat is 

sufficient. For that reason, dynamic increase factors and strength increase factors are used 

to increase material strengths to utilize all expected cross-sectional strength, and load 

factors are not used to prevent the overestimation of loads. Therefore, using an upper 

bound fit to the data shown in Figure 6.9 (and the remaining figures in this section) is not 

necessary and will lead to unreasonably high load values for most design scenarios. A 

best fit curve provides an acceptable design solution that is consistent with current blast-

resistant design practices. 

 

This normalization provides a quick and simple method to predict an equivalent 

uniform impulse for a bridge column, and use of an equation- or graphic-based design 

method like Equation 6.5 and Figure 6.9 is consistent with current blast load prediction 

techniques (Department of the Army, 1990). 

( )020.0013.01.018.0 += RWDI ne   (6.5) 

 where 

  Ine is the normalized net equivalent uniform impulse (unitless) 

D is the column diameter or edge width (ft.) 

  W is the charge weight (lbs TNT) 

  R is the standoff distance (ft.) 

This equation is valid for columns with diameters or edge widths from 1.5 ft. to 4.0 ft. 

and a height of 11.25 ft., and a procedure for extending the numerical results to other 

column heights is provided later in this section. Additionally, the range of threats for 

which this equation is valid includes those in Blast Category C, which, as described in 
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Section 3.4, is the only design category proposed by Williamson et al. (2009) requiring a 

dynamic analysis. Specifically, the threat scenarios included in the normalized data have 

a range of standoff distances and charge weights from 1.0z to 5.0z and 1.4w to 23.0w, 

respectively.  

 

While Equation 6.5 provides a simple and effective way to predict a normalized 

equivalent uniform impulse value for a bridge column with a height of 11.25 ft., it does 

not allow the computation of normalized equivalent uniform impulses for bridge columns 

of other heights. A column height of 11.25 ft. is the focus of this research because it is the 

height of the columns tested during Phase II of NCHRP 12-72, and additional analyses 

using the procedure outlined in this dissertation would be needed to directly extend this 

work to the case of other column heights; however, further data can be developed from 

Figure 6.9 Normalized Equivalent Uniform Load Values for Columns with Height 

Equal to 11.25 ft. 
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the numerical results of the completed analyses to develop design equations for columns 

of other heights. For that purpose, normalized equivalent uniform impulses are determined 

for columns of other heights by extending the normalized net resultant impulse curves up 

the heights of taller columns as shown in Figure 6.10. The normalized net resultant impulse 

values extended up the heights of the columns are based on the tracers that are on the 

second row from the top of the columns (as shown by the red circle in Figure 6.10), 

assuming the value remains constant for columns with heights greater than 11.25 ft. 

Extending this constant value up the remaining height of taller columns is conservative for 

the reasons outlined in the following paragraphs. While columns shorter than 11.25 ft. may 

be possible, they are not used as often in bridge construction as taller columns. 

Additionally, as the height of a column that supports a deck (i.e., most bridge columns) 

approaches zero, the blast loads experienced by that column will become increasingly 

influenced by deck reflections, and a procedure other than the one outlined in this section 

would be needed to create design loads for a single-degree-of-freedom analysis. 
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Figure 6.10 Extension to Normalized Load Curve for an Example Column with a 

Height of 11.25 ft. 
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Creating normalized net resultant impulse curves for columns that are taller than 

those analyzed in LS-DYNA by extending the second data point from the top of the 

analyzed columns over the entire remaining height of taller columns is a conservative 

approximation. The normalized net resultant impulse values at the tops of the load curves 

in Figure 6.6 have a greater decrease in magnitude compared to those data points lower 

on a column. This decrease in magnitude is due to clearing at the top of a column, as the 

tracers that recorded those impulse values are located at the top edges of the columns. In 

contrast, the net resultant impulse values from the tracers that are second from the tops of 

the columns do not show a similar drop, and the decrease in net resultant impulse 

observed between the second and third values from the tops of the columns appear 

consistent with the other relative changes in net resultant impulse for data points lower on 

the columns. Therefore, the second net resultant impulse values from the tops of the 

columns do not appear to be significantly influenced by clearing at the tops of the 

columns. This observation is reinforced conceptually by visualizing a bar (or column) 

that has a shock wave traveling in the direction parallel to its axis as shown in Figure 

6.11a. The overpressure and impulse recorded at the end of the bar (or column) will be 

the incident (i.e., free-field) overpressure and impulse (i.e., clearing will not affect those 

values for this case). As the angles of incidence begin to increase significantly near the 

Figure 6.11 Schematics Illustrating Shock Interaction Near Tops of Columns:         

(a) Scenario A, (b) Scenario B 

A 

B 

(a) (b) 
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tops of the columns, as shown in Figure 6.11b, the pressures and impulses begin to 

approach the point where clearing in the direction of shock wave propagation (i.e., 

towards the top of the column) becomes negligible. Therefore, observing no signs of 

clearing towards the tops of the columns at the second net resultant impulse values from 

the tops of the columns is consistent with expectations, making those values acceptable to 

extend along the heights of taller columns (i.e., net resultant impulse values that contain 

the effects of clearing towards the tops of the columns, such as the ones at the very tops 

of the columns, are unacceptably low for extension along the heights of taller columns). 

Furthermore, extending this same value along the remaining heights of taller columns is 

conservative because it maintains a constant value over a region where the normalized 

net resultant impulses would otherwise continue to decrease as the heights of the columns 

increase (i.e., because the standoff distance and angles of incidence increase as the 

vertical position on the column continues to increase). 

 

Column heights of 20 ft., 30 ft., and 40 ft. are considered in this evaluation. 

Equivalent uniform impulses are found for each of the extended load curves. They are 

then normalized to the column diameter or edge width raised to the 0.322 power, D0.322, 

the column height raised to the 0.002 power, H0.002, and the charge weight raised to the 

0.938 power, W0.938. Again, these exponents are found by using a solver to maximize the 

square of the correlation coefficient (R2). The data points and curve fits are plotted in 

Figure 6.12. The curve fit for the normalized equivalent uniform impulses in Figure 6.12 

is not as good as the one presented for only 11.25-ft. tall columns in Figure 6.9, and better 

correlations can be found when considering the data from each column height 

independently. Therefore, the height parameter is removed from the normalization 

process, and the same data are separated by column height. The normalized equivalent 

uniform impulse values in Figure 6.13 are then normalized by the charge weight raised to 

the m power, Wm, and the column diameter or edge weight raised to the n power, Dn. The 

values of m and n are found for each column height independently by using a solver to 

maximize the square of the correlation coefficient (R2) for each curve fit. Four separate 
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sets of exponents and coefficients produce good correlations for each of the four column 

heights considered. Equation 6.6 calculates normalized equivalent uniform impulses for 

bridge columns of various heights.  

 

( )baRWDI nm

ne +=    (6.6) 

where 

 Ine is the normalized equivalent uniform impulse (unitless) 

 D is the column diameter or edge width (ft.) 

 W is the TNT-equivalent charge weight (lbs) 

 R is the standoff distance (ft.) 

 a, b, m, and n are constants defined in Table 6.1 

Figure 6.12 Normalized Equivalent Uniform Impulse Values for Various Column Heights 
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Equation 6.6 is significant because it provides a simplified method to calculate 

normalized equivalent uniform impulses for bridge columns of various sizes and heights 

subjected to a range of threats. Additionally, Equation 6.6 generates normalized 

equivalent uniform impulse values that maximize the base shear on columns for the case 

of cylindrical charges placed on the ground, and experimental results reported by 

Williamson et al. (2009) and Holland (2008) show that shear dominates the response of 

reinforced concrete bridge columns. This equation and the corresponding constants can 

Table 6.1 Constants for Equation 6.6 

Column 

Height (ft.)
a b m n

11.25 0.013 0.021 0.18 0.10

20 0.011 0.0036 0.29 0.03

30 0.012 0.0030 0.37 -0.02

40 0.013 0.0066 0.47 -0.06

Figure 6.13 Normalized Equivalent Uniform Impulses for Various Column Heights 
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Column Height            m            n

   H = 11.25 ft             0.18      0.10

    H = 20 ft                 0.29      0.03 

    H = 30 ft                 0.37     -0.02

    H = 40 ft                 0.41     -0.06
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be used in hand calculations or implemented using a computer code. Furthermore, 

normalized equivalent uniform impulses can be predicted for column heights between 

those for which constants are reported by passing curves through the constants in Table 

6.1 or by interpolating between the values produced by Equation 6.6 using bounding 

column heights. The process of choice would depend on the desired accuracy. 

Multiplying the result of Equation 6.6 by the peak reflected impulse produced by 

ConWep, BEL, the chart-based procedure, or another method converts a normalized 

equivalent uniform impulse value into an actual equivalent uniform impulse. The 

resultant of this equivalent uniform impulse can then be determined and used to conduct 

an SDOF analysis. This process is outlined in Section 6.2.5, which describes the entire 

simplified load prediction procedure for a single-degree-of-freedom analysis. The use of 

an equivalent uniform impulse as the final predicted load quantity for design purposes is 

consistent with the design procedure for bridge columns as reported by Holland (2008) 

and Williamson (2009) and as described in Chapter 3. 

 

While Equation 6.6 gives a simple and effective method for bridge engineers to 

calculate blast loads on bridge columns, there are certain limitations to the use of this 

equation that should be noted. The airblast models used to construct this equation use 

only cylindrical charges, and while the equivalent uniform impulses resulting from other 

charge shapes are not expected to change significantly, the possibility exists that they 

may differ from those predicted by Equation 6.6. Though the shape of the charge does 

significantly influence the shape of the resulting shock front, the exact shape of a terrorist 

threat is typically unknown. Furthermore, the values produced by Equation 6.6 for 

columns with heights taller than 11.25 ft. are based on extended normalized net resultant 

impulse curves, and therefore those values will grow increasingly conservative as the 

height of the column increases. Recommendations for the use of Equation 6.6 given these 

limitations are discussed later in this section. 
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6.2.4  Column Shape Factors 

The load shapes shown in Figure 6.6 and used to develop the equations for 

equivalent uniform load values outlined in the preceding sections are normalized to the 

peak reflected impulses respective to each curve. Therefore, the curves must be 

multiplied by the peak normal reflected impulse from BEL, ConWep, the chart-based 

procedure, or another method to determine the specific magnitude of impulse for the 

threat scenarios of interest. It is important to note that the normalized equivalent uniform 

impulses computed using Equation 6.6 do not consider the influence of column shape on 

the total resultant load experienced by a column, and as presented below, the numerical 

data show that circular columns are subjected to less net resultant impulse than similarly 

sized (i.e., the diameter of the circular column equals the edge width of the square 

column) square columns. This finding is not unexpected. Several factors contribute to the 

fact that a circular column will experience less load than a similarly sized square column. 

Reflected pressures, and more importantly reflected impulses, are functions of the peak 

incident overpressure and the angle of incidence of a shock font’s direction of travel 

relative to the target it impacts. The angle of incidence at a given location around the 

front face of a circular column is greater than that of a similar position along the front 

face of a square column (i.e., locations with the same horizontal distance perpendicular 

from the column centerline) as shown in Figure 6.14. Moreover, the peak incident 

overpressure is less at a given location around the circumference of a circular column 

than at a similar position along the face of a square column due to the increased standoff 

distance to the position on the circular column as compared to that on a square column. 

Both an increase in angle of incidence and a decrease in peak incident overpressure 

individually produce reduced reflected pressures and impulses, and thus a circular 

column will experience less load than a square column because the summation of the 

resulting reflected impulses around the front face of a circular column is less than that 

along the face of a square column. Additionally, load clearing around square and circular 

columns is expected to be much different. The physics of clearing for circular columns is 

not well understood, however, and researchers need further study to determine whether 
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the shock wave clears from or simply flows around the front face of a circular column. 

Considering, however, that circular columns do not have a flat edge to directly reflect a 

shock wave, one can reasonably expect that the reduction in load due to clearing will be 

greater for circular columns than for square columns. Finally, shock waves engulf 

circular columns more easily than square columns, making the resultant impulse on the 

back face of circular columns greater than that on the back face of similarly sized square 

columns, which further reduces the net resultant load a circular column must resist 

relative to a square column. While the exact relative contribution of all these factors is 

still unknown, experimental tests and fluid dynamics analyses confirm that the net 

reflected pressures and impulses are less for circular cross-sections than for square cross-

sections of the same size. 

 

A study of the net resultant impulses recorded on matching square and circular 

columns (i.e., results from analyses using the same charge weight and standoff distances) 

computed from the LS-DYNA airblast models show that square columns do receive a 

α1 

R1 

x 

α2 

R2 

x 

Figure 6.14 Geometric Differences between Circular and Square Column Blast Cases: 

(s) Square Column, (b) Circular Column 

(a) (b) 
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greater net resultant impulse than do similarly sized circular columns, which helps 

confirm the hypotheses indicate above. The net resultant impulses considered for this 

study are those from the row of tracers at the location where the peak reflected impulse 

occurs, the row of tracers just below the location of the peak reflected impulse, and the 

row of tracers just above the location of the peak reflected impulse. The vertical 

elevations of these tracers correspond very well with the location of the charge and the 

greatest concentration of load acting on the analyzed columns. The study focuses only on 

these rows because the numerical results of the airblast models show that the difference 

in impulse experienced by the square and circular columns is very small near the top of a 

column. This observation is due to the geometric properties of the attack scenarios 

considered, particularly as the standoff distance to the base of a column increases. The 

relative differences between two of the contributors to the difference in impulse 

experienced by the two column shapes (i.e., standoff distance and angle of incidence) 

diminish at locations near the tops of the columns when the standoff distance (i.e., 

distance from the center of the charge to the location of interest) more than doubles 

relative to the standoff distance to the base of the column for the large standoff distances 

considered during this research and more than quadruples relative to the standoff distance 

to the base of the column for the small standoff distances considered during this research. 

It is important not to bias this study with locations near the top of the columns where 

significantly lower net resultant impulses are recorded, especially when the relative 

differences between the two factors that significantly influence the reflected impulse 

begin to diminish. The region under consideration represents the greatest concentration of 

net resultant impulse on the columns, and the difference between the impulse experienced 

by circular and square columns is most important in this region. 

 

The net resultant impulses for each of the three rows of tracers considered for this 

evaluation are normalized to the largest net resultant impulse on each row, independent of 

the other two rows, and the normalized net resultant impulse is calculated for each row 

using Equations 6.1 and 6.2. These three values represent the normalized net resultant 



 223  

impulses at each of the three elevations relative to the maximum recorded net resultant 

impulses at each elevation. These three values are then averaged, and the final value is 

multiplied by the ratio of the peak net impulse recorded on the column under 

consideration to the peak impulse recorded on the wall analysis in the matching set of 

analyses (i.e., same charge weight and standoff distance as described in Section 4.5.2). 

Multiplying by that ratio relates the net resultant impulse acting on each cross-section to 

the known case of a peak normal reflected impulse from an explosive acting against a 

wall. This final value is termed a column shape factor, S.  

 

Extensive research has provided curves and equations with which an analyst can 

predict the peak reflected impulse acting on a wall for a given threat scenario 

(Department of the Army, 1990), and this information is incorporated in several 

automated programs (BEL, BlastX, ConWep). As a result, the column shape factor can 

be used with the peak reflected impulse predicted by ConWep, BEL, the chart-based 

procedure, or another method to determine the magnitude of the normalized uniform 

equivalent impulse calculated by Equation 6.6. Moreover, because the column shape 

factor is a normalized value that relates the net resultant impulse on a cross-section to the 

maximum value recorded on a flat surface, it can be applied directly to the equivalent 

uniform impulse generated by BEL. Either option will provide an acceptable uniform 

equivalent impulse for use in an SDOF analysis. 

 

Figure 6.15 shows the column shape factors derived from the LS-DYNA airblast 

models conducted for this research. The numerical data clearly show that circular 

columns experience less load than similarly sized square columns, although the relative 

difference in net resultant impulse recorded for the two cross-sections subjected to the 

same threat scenario varies significantly. Attempts to normalize these data to a few 

parameters or a single chart-based value were unsuccessful, and plots showing the 

approaches taken to normalize the data are presented in Appendix F. The inability to 
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normalize these data is not surprising given the highly nonlinear relationship between 

scaled standoff and peak reflected impulse, which are only two of the factors that 

contribute to the net resultant impulse (Department of the Army, 1990). Multiple other 

factors contribute, including varying charge weights, charge sizes, standoff distances, 

column sizes, clearing times, angles of incidence, heights-of-burst, and ground 

reflections. Therefore, rather than normalizing the data, it is more appropriate to 

determine conservative upper bounds as shown in Figure 6.15. The column shape factors 

are found using Equation 6.7 for a square column and Equation 6.8 for a circular column. 
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 where 

  SS is the unitless column shape factor for a square column 

  SC is the unitless column shape factor for a circular column 

R is the standoff distance in ft. 

  D is the column diameter or edge width in ft. 

These upper-bound equations are valid for R/D ratios less than 4.5. Most importantly, the 

numerical models used to generate the data on which these equations are based use scaled 

standoffs that correspond to Blast Design Category C as outlined by Williamson et al. 

(2009). Blast Design Category C is the only blast design category that requires a dynamic 

analysis. Thus, these equations are valid over the range of scaled standoffs for which they 

will be used for design. Because these equations are upper bounds, they may 

overestimate the net resultant impulse for some charge weight, standoff distance, and 

column size combinations; however, the simplified load prediction techniques currently 

used for the design of bridge columns are based on empirical data from blasts against 

walls, which significantly overestimate loads on slender circular and square members. 
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Thus, while Equations 6.7 and 6.8 may overestimate the net resultant impulses for some 

scenarios, it is much less conservative than the loads currently predicted based solely on 

experimental load data from blasts against flat walls.  

 

These shape factors are derived using the net resultant impulses acting on each of 

the three rows of tracers considered. Therefore, they inherently account for the factors 

that contribute to a load reduction for slender square and circular columns as compared to 

walls. These column shape factors are significant because they characterize the loads 

acting on slender circular and square members for which no data previously existed. As a 

result, they provide a simple, reasonable, and conservative prediction of the net resultant 

impulse acting on columns using the readily available data for the peak reflected impulse 

acting against a flat wall. 
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6.2.5  Simplified Load Prediction Procedure for SDOF Analyses 

The variables and equations outlined in the preceding sections lay the foundation 

for a simple and effective procedure to predict blast loads on bridge columns. Equation 

6.6 and Table 6.1 allow the computation of a normalized equivalent uniform impulse, Ine, 

based on the variation of load for various column heights. This equation requires the 

charge weight, standoff distance, column size (i.e., diameter or edge width), and column 

height of the threat scenario being considered. Furthermore, this normalized equivalent 

uniform impulse is scaled by the peak reflected impulse on a wall subjected to the same 

threat scenario as the column under consideration so that commonly used, simplified 

methods for predicting blast loads can be adapted to the case of slender structural 

components such as bridge columns.  

 

Equations 6.7 and 6.8 calculate a column shape factor, S, that determines a 

conservative upper-bound value for the net resultant impulse acting on a square or 

circular cross-section. These equations require the standoff distance and column 

diameter, and the resulting shape factor is normalized to the peak reflected impulse on a 

wall subjected to the same threat scenario as the column under consideration. The 

combination of the column shape factor, S, and the normalized equivalent uniform 

impulse, Ine, provide a simple method for design engineers to predict blast loads on 

bridge columns for use in a single-degree-of-freedom analysis. This section outlines the 

step-by-step procedure with which an engineer can compute those loads. 

 

 The first step in the load prediction procedure is the calculation of the normalized 

equivalent uniform impulse using Equation 6.6 and Table 6.1. Equation 6.6 can be used 

in hand calculations or implemented in a computer program, and it is valid for column 

diameters ranging from 1.5 ft. to 4.0 ft., column heights ranging from 11.25 ft. to 40.0 ft., 

and design threats within the range of scaled standoffs for which a dynamic analysis is 

required in Blast Design Category C as discussed in Section 3.4. Normalized equivalent 
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uniform impulse values for column heights between those for which constants exist in 

Table 6.1 can be found by interpolating between or passing curves through the constants 

provided. 

 

The second step in the load prediction procedure is the calculation of a column 

shape factor, SS or SC, using Equation 6.7 for square columns and Equation 6.8 for 

circular columns. Equations 6.7 and 6.8 compute upper-bound normalized net resultant 

impulses for each column shape. These column shape factors are normalized to the peak 

normal reflected impulse on a wall subjected to the same threat scenario as the column 

under consideration. These factors account for the reduction in impulse experienced by 

circular and square columns as compared to the case of a wall. As mentioned above, 

these shape factors can be used with the normalized equivalent uniform impulses 

computed by Equation 6.6, or they can apply directly to the equivalent uniform impulse 

predicted by BEL (U.S. Army Corps of Engineers, 2000), BlastX (Science Applications 

International Corporation, 2001), or any other widely accepted load prediction software. 

If an analyst desires to use one of these already existing methods, the load analysis should 

focus only on the centerline of the target under consideration to isolate the equivalent 

uniform impulse curve that results from only the peak reflected impulses acting on the 

target. 

 

The final step in the load prediction technique is the determination of an 

equivalent uniformly distributed load, we. This value is determined by Equation 6.9. 
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 where 

  we is the peak uniform equivalent distributed load on a column (lbs/in) 

  S is the column shape factor found by Equation 6.7 or 6.8 (unitless) 
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Ine is the normalized equivalent uniform impulse found by Equation 6.6 

(unitless) 

  D is the column diameter or edge width (in.) 

ir is the peak normal reflected impulse on a flat surface (i.e., wall) with the 

same charge weight and standoff distance as the column under 

consideration (psi-msec) 

td is the duration of the positive phase of blast loading (msec) 

 

Equation 6.9 preserves the total equivalent uniform impulse on a column. The 

peak normal reflected impulse on a flat surface (i.e., wall) and the duration of the positive 

phase can be found by using a chart-based procedure (Department of the Army, 1990), 

BEL (U.S. Army Corps of Engineers, 2000), or another method of choice. A peak 

equivalent uniformly distributed load is the final design value, which leads to a resultant 

load by multiplying by the height of the column being analyzed. The resultant load and 

the duration of the positive phase, td, are the parameters typically needed to define an 

idealized triangular blast load for a single-degree-of-freedom analysis. The load-mass 

factors used during that analysis will convert the resultant load to equivalent loads 

appropriate for each stage of response. Equation 6.9 does not compute the resultant load 

directly to allow bridge designers to use the peak equivalent uniform load with a different 

analysis procedure if desired (i.e., frame analysis). 

 

 Equations 6.6 and 6.9 are on based airblast models with charges placed on 

the ground to achieve the worst case scenario for base shear. As a result, they do not 

allow the consideration of various heights-of-burst. Charges placed at vertical locations 

other than on the ground may produce a worse design case for flexure than that predicted 

by Equations 6.6 and 6.9. For example, a charge placed with a centrally-located 

detonation point at the midheight of a column will have a concentration of normalized net 
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resultant impulse around the midheight of the column. The vertical position of this 

normalized net resultant impulse concentration coincides with the region where the area 

under the normalized displaced shape for a simply-supported column is the greatest. In 

contrast, the normalized load curves developed for this research consider charges placed 

on the ground where the area under the normalized deflected shape for a simply-

supported column is the smallest of any position on the column. This threat scenario is 

selected because it maximizes the base shear on a column, which is the basis for the 

acceptability criteria in the design method outlined by Williamson et al. (2009) and 

Holland (2008). Therefore, charges placed at vertical locations other than on the ground 

will produce a more concentrated normalized net resultant impulse distribution in the 

region where the normalized displaced shape of a simply-supported member is the 

greatest, resulting in a greater normalized equivalent uniform impulse calculated by 

Equation 6.3 for use in a single-degree-of-freedom analysis (i.e., a more severe design 

case) than the case of a charge placed on the ground. Because a single-degree-of-freedom 

analysis is inherently a flexural analysis, the flexural design (i.e., not the shear design) of 

a column using Equations 6.6 and 6.9 with a single-degree-of-freedom analysis may be 

unconservative if the influence height-of-burst is not included. Therefore, an analyst may 

desire to apply the column shape factors directly to the equivalent uniform impulse 

generated by BEL to allow the consideration of the height-of-burst associated with 

different threat scenarios. This option would allow load predictions for differing heights-

of-burst and column heights based on spherical bursts, while still allowing for an 

appropriate load reduction based on the column shape factors. This option is the final 

recommendation for predicting blast loads for square and circular bridge columns. For 

this option, the BEL analysis should calculate pressure-time histories only on the 

centerline of the column (or as close as possible using the target area). The resulting 

equivalent uniform impulse is then multiplied by the appropriate column shape factor, 

and the equivalent uniform pressure provided by BEL and the resulting equivalent 

uniform impulse are used to determine the duration of an idealized triangular time-

varying load for use in the single-degree-of-freedom analysis. An example prediction of 
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blast loads for a bridge column showing the use of this procedure is outlined in the 

following section. 

 

Use of this final recommended procedure may generate very conservative designs 

for shear. As mentioned previously, the design and analysis procedure for bridge columns 

developed by Williamson et al. (2009) and explained by Holland (2008) provides 

acceptance criteria for base shear for use with the results of a single-degree-of-freedom 

analysis. This design procedure uses a uniform equivalent load to conduct a single-

degree-of-freedom analysis, and the ductility ratio and support rotation(s) from that 

analysis are checked against acceptability criteria that are based on failure being 

controlled by base shear resulting from a charge placed on the ground. As mentioned in 

the previous paragraph, this vertical location for the charge does not generate the worst 

case design scenario for flexure, as the equivalent uniform impulse computed by BEL 

reaches its maximum when the height-of-burst reaches the midheight of the column 

because this region has the largest area under the normalized displaced shape with which 

the equivalent uniform load is integrated using Equation 6.3. Therefore, designers may 

wish to consider the height-of-burst to ensure that sufficient flexural resistance is 

provided. A charge placed at the mid-height of a column does not produce the worst load 

case for shear, however, as shown in the analysis results presented in Section 6.3.1. In 

reality, base shear demand decreases (↓) and the flexural demand increases (↑) as the 

height of the charge relative to the height of the column increases (up to the mid-height 

location), whereas both base shear demand and flexural demand increase (↑) with the 

height of the charge when using the procedure developed by Williamson et al. (2009). 

Because the uniform equivalent load increases as the height-of-burst reaches the mid-

height of a column, the severity of the shear demand falsely increases as well when using 

the design procedure outlined by Williamson et al. (2009), and a very conservative design 

for base shear will result when the ductility ratio and support rotation from a single-

degree-of-freedom analysis are checked against acceptability criteria for base shear that 

are developed using uniform equivalent loads computed with charges on the ground. 
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While this issue does not pose a safety concern because the design will be very 

conservative, it does present an area of possible research to improve the current design 

procedure. 

 

6.2.6 Example Prediction of Blast Loads for a Bridge Column 

This section outlines each step of the method developed in this research to predict 

blast loads on bridge columns, and Appendix G contains a concise version of this 

example computation of blast loads on a bridge column. For security purposes, an 

arbitrary design threat is selected, and this example does not include response 

calculations to disassociate the charge weight and standoff distance with a certain level of 

column damage. Williamson et al. (2009) and Holland (2008) both include examples of 

response prediction for design and detailing using the acceptability criteria developed for 

base shear. The threat scenario selected for the current study is a charge weight of 500 lbs 

of TNT at standoff distance of 5 ft. with a height-of-burst of 5 ft., and the column is 

circular with a diameter of 3 ft. and a height of 20 ft.  

 

The first step of the load prediction procedure is to use BEL to calculate an 

equivalent uniform impulse. Figure 6.16 shows the graphical user interface for BEL with 

the input for the threat scenario in this example. The reflecting surface is selected with a 

height of 20 ft. and a width of 1.5 ft. on each side of the column centerline. As previously 

stated, the load prediction procedure developed in this research requires the uniform 

equivalent impulse on the centerline of the column. Therefore, the target area for this 

BEL analysis is selected as a very narrow strip along the centerline of the column. As 

shown in Figure 6.16, the height of the target area is selected as 20 ft., and the width of 

the target area on each side of the column centerline is 0.01 ft. As shown in the graphical 

depiction of the threat scenario in the BEL user interface, the target column is placed at the 

edge of the region corresponding to the deck, which actually corresponds to the ground 

surface for this scenario (i.e., deck reflections are not included, although they can be). 
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Accordingly, the x and y coordinates of the charge must be such that the standoff distance 

and angle of incidence matches that of the design threat scenario. In this case, the deck is 

a 50 ft. × 50 ft. square, with 25 ft. on each side of the x- and y-axes, and the target column 

is located at distance of 0 ft. along the x-axis and a distance of 25 ft. along the y-axis. The 

designer may change the deck dimensions if desired, but they are not important provided 

the charge is placed such that the standoff distance and angle of incidence is that of the 

threat scenario. Thus, for this threat scenario and deck width in BEL, the charge is placed 

at a distance of 0 ft. along the x-axis (Xc) and 20-ft. along the y-axis (Yc). This orientation 

of the charge results in a standoff distance of 5 ft. and an angle of incidence to the 

centerline of the column of 0°, both of which are consistent with the design threat 

scenario. In addition, the charge is placed 5 ft. above the ground (Zc), and 500 lbs of TNT 

is selected as the charge weight and type, all of which are also consistent with the design 

threat used for this example. As a visual check, the graphical user interface for BEL 

shows the location of the charge relative to the column. 

Figure 6.16 Computation of Equivalent Uniform Impulse and Pressure Using BEL 
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The target supports are selected as only top and bottom. This option is used by 

BEL to determine the normalized deflected shape when integrating the equivalent 

uniform load using Equation 6.3, and the selection of simply-supported boundary 

conditions (i.e., top and bottom supports) is the most appropriate option as explained in 

Section 6.2.3. The “Use BlastX” option is not chosen because BEL will not calculate a 

uniform equivalent load with this option. If an analyst desires to include the deck and 

consider both ground and deck reflections in the analysis, an option exists in the opening 

window of BEL to include the deck in the analysis. An analyst may then select the “Use 

BlastX” option, choose the number of pressure-time histories to save, and then manually 

construct the uniform equivalent impulse from those pressure-time histories. BEL will 

not automatically compute an equivalent uniform impulse while using the BlastX 

algorithm. The input for spall and breach is neglected because it is not necessary for this 

load prediction procedure. 

 

BEL then uses this input to calculate the equivalent uniform impulse and the 

equivalent uniform peak pressure. Figure 6.17 shows the results from BEL, and the two 

quantities of interest are outlined with a red box. BEL also computes several other 

quantities, but these values are not used in the load prediction procedure developed in this 

research. For the threat scenario considered in this example, BEL calculates an equivalent 

uniform impulse of 2582 psi-msec and an equivalent uniform peak pressure of 8391 psi. 

The equivalent uniform impulse must then be reduced by the column shape factor for a 

circular column, which is found using Equation 6.8. The application of Equation 6.8 to 

this load prediction example is illustrated by Equations 6.10 and 6.11.  
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The equivalent uniform impulse that is reduced by the column shape factor can 

then be used with the equivalent uniform peak pressure to determine an idealized 

triangular blast load to use as input for a single-degree-of-freedom analysis. The duration 

of the load is found by Equation 6.12. 

 

The load duration found by Equation 6.12 and the equivalent uniform peak pressure are 

then used to formulate an idealized triangular blast load to use as input for a single-

degree-of-freedom analysis as shown in Figure 6.18, thus completing the procedure by 

which blast loads can be predicted for the design of bridge columns. 

Figure 6.17 Results from BEL Analysis 
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6.2.7 Summary of Results for Airblast Models 

This research included sixteen sets of airblast models constructed using LS-

DYNA, and each set contained a circular column, a square column, and a wall subjected 

to the same standoff and charge weight. Each column model had 220 or 240 pressure 

tracers, depending on the column shape, to record pressure-time history data resulting 

from the airblasts. Therefore, the airblast models in LS-DYNA provided pressure-time 

history data for various threats acting on square and circular bridge columns. Structural 

loads on bridge columns subjected to airblast were characterized using this pressure-time 

history data. This characterization includes a single equation to predict normalized 

equivalent uniform impulses based on the normalized shape of the net resultant impulses 

acting on bridge columns. These load shapes are normalized to the peak reflected impulse 

on a wall using the same threat scenario as the column under consideration. The equation 

to predict normalized equivalent uniform impulses is valid for a wide range of column 

diameters, column heights, and threat scenarios. Specifically, the equation is valid within 

the range of scaled standoffs for which a dynamic analysis is required by the new design 

method developed by Williamson et al. (2009).  

 

Figure 6.18 Design Loads for Single-Degree-of-Freedom Analysis  
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Additionally, the data gathered from the airblast models constructed in LS-DYNA 

showed the influence of column cross-sectional shape on the impulses resulting from the 

nearby detonation of a high explosive. This information was converted into column shape 

factors that are normalized to the peak normal reflected impulse on a wall subjected to 

the same threat scenario as the column under consideration. These shape factors account 

for the reduced impulses experienced by slender square and circular columns as 

compared to those acting on a wall subjected to the same threat scenario. The dimensions 

of the walls are such that clearing does not influence the maximum recorded reflected 

impulse. Various physical phenomena of shock propagation contribute to the reduced 

impulses experienced by slender members, and these phenomena are discussed near the 

beginning of Section 6.2.4. 

 

These developments ultimately led to a simplified procedure to predict loads 

acting on bridge columns due to airblast. This procedure is based on the normalized load 

curves and column shape factors derived from the results of the airblast models 

developed using LS-DYNA. The resulting method can be carried out using hand 

calculations, or it can be incorporated into an automated software. Furthermore, it can 

utilize any commonly used and widely accepted blast load prediction technique, 

including the chart-based method (Department of the Army, 1990), BEL (U.S. Army 

Corps of Engineers, 2000), or BlastX (Science Applications International Corporation, 

2001). This procedure is significant because it provides bridge engineers with a 

simplified method to predict blast loads on bridge columns. Additionally, it characterizes 

the loads acting on slender circular and square members, for which no data previously 

existed. Finally, a recommendation is made for predicting blast loads that can be applied 

to bridge columns for the purposes of design. This procedure uses BEL and the column 

shape factors to derive loads acting on square and circular bridge columns subjected to 

airblast. 
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6.3 RESULTS OF GLOBAL RESPONSE MODELS OF COLUMNS IN LS-DYNA 

This research included parameter studies using column response models 

developed in LS-DYNA to simulate the Phase II blast tests. These investigations focused 

on blast-loaded reinforced concrete column response mechanisms observed during those 

experimental tests. Prior to conducting these studies, the numerical models were 

validated using qualitative and quantitative empirical data from the Phase II study as 

discussed in Chapter 5. 

 

Several investigations using variations of the Phase II numerical column models 

provided valuable insight into the behavior of blast-loaded reinforced concrete bridge 

columns, and the results of the analyses accomplished two objectives of this research. 

Two sets of analyses investigated the vertical location for a charge that creates the 

maximum base shear in reinforced concrete bridge columns. These results are presented 

in Section 6.3.1. Additionally, experimental observations from the Phase II blast tests 

showed that cover concrete spalls off the sides of reinforced concrete columns subjected 

to close-in blasts. While this behavior is similar to the spalling observed on the back face 

of walls loaded by high explosives (Department of the Army, 1990), no previous 

documentation exists showing spalling on the sides of any member during experimental 

blast tests. Numerical models of columns from the Phase II small standoff tests provide 

data that explain this behavior, and these numerical results are outlined in Section 6.3.2. 

 

6.3.1  Maximum Base Shear 

The Phase II blast tests on reinforced concrete columns utilized charges placed on 

the ground for several reasons (Holland, 2008; Williamson et al., 2009). First, this threat 

scenario was consistent with the charge orientation in the Phase I blast tests on non-

responding columns, and therefore both the Phase I and II test series allowed for a 

comparison between the experimental results from those tests and classical data for 

hemispherical bursts (Department of the Army, 1990). Second, placing the charge on the 
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ground provided the simplest test setup, and because these blast tests were the first of 

their kind on slender members, adding an additional variable by including the height-of-

burst in a limited test program would have complicated the understanding of the column 

response and is of secondary importance. Third, and most importantly, the threat 

scenarios selected were considered representative of real threats to bridge columns. 

Numerical and analytical studies carried out during a TxDOT pooled-fund study 

(Williamson and Winget, 2003) indicate that, of various “real” threat scenarios 

considered, the cases that are most severe and of most interest have failure mechanisms 

expected to be controlled by shear. Examples include a hand-placed charge near the base 

of a column and a vehicle bomb detonated next to a tall column. All of these factors 

contributed to the decision to place the charges on the ground in the Phase II test 

program. 

 

The observations from the Phase II experimental blast tests do, in fact, confirm 

that base shear is the controlling response mechanism for blast-loaded reinforced 

concrete columns (Williamson et al., 2009; Holland, 2008). While some columns did 

show cracking patterns indicative of a combined shear and flexural response, no columns 

failed in flexure. In contrast, all columns showed signs of shear cracking at a minimum 

and massive shear deformation or even shear failure at a maximum. Thus, the results of 

the Phase II experimental blast tests confirm the results of the simplified analyses 

conducted for the TxDOT pooled-fund study (Williamson and Winget, 2003) that 

indicate that shear is the dominate column response mechanism for small-standoff blast 

scenarios.  

 

Because the interaction between shock waves and structures is complicated, 

including complex reflections and pressure “hot spots”, the possibility exists that charges 

placed at vertical locations other than on the ground could generate higher base shears for 

reinforced concrete bridge columns than charges on the ground. Although it may seem 
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intuitive (i.e., based on a static analysis) that a charge placed on the ground generates the 

largest net impulses and hence the largest shear demand at the base of a column 

compared to other charge locations, it should not be assumed true for loads that vary with 

both time and space on a dynamically responding structure that experiences inelastic 

material response and the possibility of localized hinging or failure at one or more cross-

sections.  

 

The determination of the critical vertical position to maximize base shear is 

important because the case of a charge placed on the ground is assumed to be an upper-

bound worst case scenario for base shear, and the equations for normalized equivalent 

uniform impulse described in Section 6.2.3 and the acceptability criteria specified in the 

new design procedure (Williamson et al., 2009; Holland, 2008) are based on analyses that 

use that assumption. To address this issue, a set of column response analyses in LS-DYNA 

investigates the base shear recorded when a charge is placed on the ground, when the 

center of a charge is at a vertical elevation of one-quarter the column height, and when the 

center of a charge is at a vertical elevation of one-half the column height. While the 

selection of these threat positions may seem arbitrary, the vertical elevations of these 

charge locations (i.e., not necessarily the charge sizes) represent a wide range of potential 

threats, from a hand-placed charge near the base of a column to a vehicle-delivered (e.g., 

box truck or SUV) attack at about the mid-height of a typical overpass column. The critical 

charge elevation for base shear certainly could depend on the charge weight and standoff 

distance, but this study simply considers one scaled standoff to illustrate the effect of 

height-of-burst on base shear. Therefore, the only variable is the height of the charge, and 

this set considers similar circular and square columns (i.e., in this case, the term similar 

columns means the diameter of the circular column equals the edge width of the square 

column, and the transverse reinforcement spacing and bar size used in both cross-sections 

are identical). A charge weight of 9.8w' and a standoff of 3.1z' are used in each analysis 

with an arbitrarily assigned scale factor to separate the base shears recorded during these 

analyses from the charge weights and standoff distances used in the Phase II blast tests. 
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Another important issue is whether shear or flexure will govern for a particular 

column. Research findings demonstrate that the controlling mode of response is column 

and threat specific and depends on many factors, including the vertical location of the 

charge, horizontal distance from the face of a column to the center of the explosive, 

charge size and shape (i.e., not simply charge weight), potential reflecting surfaces, the 

longitudinal reinforcement ratio, the amount of transverse reinforcement in the column 

under consideration, and potentially other factors. Determination of the governing 

response mode can only be addressed by an analysis of the column and threat scenario 

under consideration using specific design details, and as stated earlier, the intent of this 

study is only to provide an example illustration of the effect of height-of-burst on base 

shear. 

 

Figures 6.19 and 6.20 show the time histories of the base shears recorded for the 

square column and circular column, respectively, and Table 6.2 shows the shear impulse 

recorded for each case. The shear impulse is defined as the area under the base shear 

versus time curve, and similarly to the relationship between pressure and impulse, the 

shear impulse has a greater influence on structural response than the maximum shear that 

occurs at a given moment in time. Numerical results from three different mesh densities 

are available, and all mesh densities produce values of shear impulse for a given threat 

scenario (i.e., column shape and charge height) that are within 4% of their statistical 

mean. Hence, all three mesh densities generate nearly identical results. For clarity, the 

curves shown in Figures 6.19 and 6.20 are example curves from a single mesh density, 

and the values shown in Table 6.4 are average values. 

 

The blast scenarios with the charge placed on the ground clearly produce the 

highest peak base shear for both columns. Of most importance, however, is the shear 

impulse recorded at the base of the column. For the charge size and column height 

selected for this study, the charge placed on the ground and the charge placed at the 
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quarter-height of the column are at nearly identical locations. The similarity between 

these two charge locations is due to the fact that the detonation point for all charges is 

assumed to be in the geometric center of the charge, and based on the charge height and 

column height selected for this study, those vertical locations are nearly identical for both 

the charge on the ground and the charge at the quarter-height of the column. Accordingly, 

nearly identical shear impulses are produced in this study for both the circular column 

and the square column when the charge is on the ground and at the quarter-point along 

the height of the column.  

 

This finding indicates that, for the threat and column scenario selected, either 

charges on the ground or charges at an elevation equal to the quarter-point of the column 

height will produce the maximum shear impulse for the cases considered in this research. 

Consequently, the results of these analyses reinforce the findings from the Phase II blast 

Figure 6.19 Base Shear for Square Columns with Charges Placed at Different Heights 
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tests (Williamson et al., 2009; Holland, 2008) and the TxDOT pooled-fund study 

(Williamson and Winget, 2003) by showing that a charge placed on the ground produces 

a base shear that is greater than or at least equal to that produced by other vertical 

locations possible for the charge. Additionally, they verify that the equivalent uniform 

impulse curves predicted by Equation 6.9 represent the worst load case for base shear, as 

the airblast models used to develop Equation 6.9 have the charges placed on the ground. 

Table 6.2 Base Shear Impulse for Circular and Square Columns 

Base - Circular

Base - Square

Quarter - Circular

Quarter - Square

Half - Circular

Half - Square

Column Case
Base Shear Impulse

(kip-msec)

1.83

1.27

1.80

1.79

1.82

1.26

Figure 6.20 Base Shear for Circular Columns with Charges Placed at Different Heights 
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 Though not an initial objective of this research, it is notable that the base shears 

experienced by the circular columns are nearly identical to those experienced by their 

square counterparts. This observation may initially appear to indicate that the net 

resultant impulse experienced by both columns is the same; however, the numerically-

generated data presented in the form of column shape factors in Figure 6.15 show 

otherwise. It is important to remember that the shear impulse recorded at the base of a 

column is not simply a function of the applied load, as is the base shear for a statically 

loaded system, but rather it is a function of both the applied load and the response of the 

column as a whole (i.e., the inertia of the column must be considered when computing the 

base shear). For example, the mass of a structure largely impacts its structural response 

(Biggs, 1964; Department of the Army, 1990; Tedesco, 1999). A simple analogy is a 

mass of any shape sitting on a flat surface. All else being equal, an applied impulse will 

accelerate a very massive object less than it will a very light object. Likewise, a very 

massive object will require less friction to stop its movement than will a light object. In a 

similar manner, a massive column will deform less and generate less base shear than will 

a light column for the same applied net impulse.  

 

 A square column is 27% more massive per unit height than a circular column of 

the same size (i.e., the edge width of the square column is equal to the diameter of the 

circular column). Accordingly, a square column must be subjected to a greater applied 

impulse than a circular column for the two to record the same base shear impulse. In the 

cases presented in Figures 6.19 and 6.20, the square column actually experiences more 

applied impulse than the circular column even though both record nearly identical base 

shear impulses, and this conclusion is consistent with the results of the airblast models 

presented in Section 6.2.4 that show square columns incur more net resultant impulse 

than circular columns for the same threat scenario. 

 

 To investigate this issue further, five additional sets of analyses explore the base 

shear impulses experienced by similar circular and square columns (i.e., the diameter of 
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the circular column equals the edge width of the square column, and the transverse 

reinforcement spacing and bar size are identical for both cross-sectional shapes) 

subjected to the same charge weight and standoff distance. Numerous factors contribute 

to the total base shear impulse experienced by a column, including the column mass per 

unit height, shear capacity of a cross-section, and level of shear response (i.e., elastic, 

plastic, severe degradation, etc.). A brief study that only includes five sets of columns 

cannot quantify the influence of each of these factors on total base shear incurred by a 

given column; therefore, the intent of this study is only to illustrate whether or not 

circular columns have less base shear impulse and thus are more desirable than square 

columns simply because they receive less applied impulse for the same threat scenario. 

 

 Table 6.3 shows the model parameters for this study in terms of unspecified 

parameters w' and z'. An arbitrarily selected scale factor is assigned to the pressure-time 

histories applied to the columns to disassociate the resulting base shear impulses from the 

charge weights and standoff distances used during the Phase II blast tests. As a result, the 

values for w' and z' presented in Table 6.3 do not have the same values as those used to 

describe the models that represent the Phase II tests. The model parameters in Table 6.3 

indicate that a wide range of charge weights, standoff distances, and scaled standoffs are 

represented in this study. Furthermore, the applied loads generate structural performance 

ranging from elastic response to severe shear deformation. Table 6.4 presents the base 

shear impulses recorded for each column set. In addition, the table provides ratios of the 

column shape factors for each set of columns as a relative indicator of the difference in 

net resultant impulse applied to each column.  

 

 Section 6.2.4 explains that the relative difference between net resultant impulses 

applied to square and circular columns by the same threat scenario varies significantly 

according to the charge size, charge weight, standoff distance, and column diameter, 

which is indicated by ratio of column shape factors in Table 6.4. Some threat scenarios 

generate net resultant impulses that differ only slightly for square and circular columns, 
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while the difference in the load imparted to the two cross-sections differ significantly for 

other cases. Nevertheless, in every case, the square columns receive greater net resultant 

impulse than the circular columns. In contrast, the square columns do not always 

experience greater base shear impulse than the circular columns. Sets 9, 11, and 15 all 

show nearly identical base shear impulses for the two cross-sections. In fact, for Set 11 in 

particular, the square column has a 31% greater net resultant impulse applied to its cross-

Table 6.4 Base Shear Impulse for Circular and Square Columns 

Circular

Square

Circular

Square

Circular

Square

Circular

Square

Circular

Square 16.0

1.5

4.0

Column Case
Base Shear Impulse

(kip-msec)

3.9

4.6

1.5

12.3
1.30

Ratio of Column 

Shape Factors

1.19

1.11

1.31
3.9

10.3
1.05

10.9

Set 16

Set 2

Set 9

Set 11

Set 15

Table 6.3 Threat Parameters for Base Shear Impulse Study 

Column ID

Column 

Diameter 

(ft.)

Column 

Height 

(ft.)

Column 

Type

1.0  w ' 5.0  z ' 5.0 z '/w '
1/3 2.5 11.25 Circular

1.0  w ' 5.0  z ' 5.0 z '/w '
1/3 2.5 11.25 Square

1.0  w ' 20.1  z ' 20.1 z '/w '
1/3 2.5 11.25 Circular

1.0  w ' 20.1  z ' 20.1 z '/w '
1/3 2.5 11.25 Square

2.0  w ' 14.3  z ' 7.1 z '/w '
1/3 2.5 11.25 Circular

2.0  w ' 14.3  z ' 7.1 z '/w '
1/3 2.5 11.25 Square

6.8  w ' 15.9  z ' 2.3 z '/w '
1/3 2.5 11.25 Circular

6.8  w ' 15.9  z ' 2.3 z '/w '
1/3 2.5 11.25 Square

16.0  w ' 25.3  z ' 1.6 z '/w '
1/3 2.5 11.25 Circular

16.0  w ' 25.3  z ' 1.6 z '/w '
1/3 2.5 11.25 Square

Set 15

Set 16

Set 11

Set 9

Set 2

Charge 

Weight
Standoff

Scaled 

Standoff
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section than the circular columns subjected to the same threat scenario, but the circular 

column has a slightly greater base shear impulse than the square column. Again, while 

these findings may seem counterintuitive, numerous factors contribute to the base shear a 

column experiences as a result of a given applied resultant impulse, including the column 

mass per unit height, shear capacity of the cross-section, and level of shear response (i.e., 

elastic, plastic, severe degradation, etc.). The influence of these factors cannot be 

quantified through a study that includes only five sets of analyses, and therefore the intent 

of this study is only to determine whether or not circular columns always experience less 

base shear impulse than square columns simply because of the difference in net resultant 

impulse applied to the two cross-sections. Each threat and column scenario is different, 

and the relative advantages of each cross-section must be evaluated during each design 

process. 

 

 Consequently, while the results of the airblast models constructed for this research 

show that circular columns experience less net resultant impulse than square columns 

under identical threat scenarios, circular columns do not always experience less base 

shear. Furthermore, square columns have a larger cross-sectional area than similarly sized 

circular columns with which to resist the base shear load. Therefore, for certain threats, 

square columns experience less base shear per unit area of cross-section than circular 

columns, and thus square columns may be more desirable for those threat scenarios if 

sufficient anchorage can be provided to prevent opening of discrete ties. As mentioned 

above, the intent of this investigation is only to illustrate that circular columns are not 

always preferable over square columns simply because they receive the least net resultant 

impulse of the two cross-sections. These findings may indicate that square columns have 

an intrinsic structural advantage over circular columns for resisting base shear for certain 

threat scenarios, although the results of this brief parametric study are not sufficient to 

substantiate a strong conclusion on this issue. Accordingly, further research is needed to 

draw clear conclusions regarding the advantages and disadvantages of square and circular 

cross-sections for resisting base shear.     
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6.3.2 Spalling of Concrete Cover on Reinforced Concrete Columns 

The final objective of this research is to explain the mechanism leading to spalling 

of cover concrete on the sides of reinforced concrete columns subjected to the nearby 

detonation of a high explosive. As discussed in Chapter 3, this behavior is observed in the 

performance of three of the columns tested in Phase II of this research. Two of the 

columns are 3A and 3-Blast, which exhibit loss of side cover resulting from charges 

placed at small scaled-standoffs. The third column is 2-Seismic, which shows spalling of 

side cover resulting from a charge placed very close to the column. While the literature 

documents spalling of cover concrete off the back faces of reinforced concrete wall 

panels (Department of the Army, 1990; ASCE, 1997), the literature does not report this 

behavior on the sides of a member. As discussed in Chapter 5, the Column 3A and 3-

Blast models show the same behavior as observed during the Phase II blast tests. 

Therefore, this section uses the results of the Column 3-Blast numerical model to explain 

the mechanism that causes concrete to spall off the sides of reinforced concrete columns. 

 

Figure 6.21 shows a schematic of the nodes and elements considered during this 

discussion of the results of the Column 3-Blast numerical model. The direction of loading 

and the line of column symmetry are shown for orientation purposes. The eight nodes and 

one element selected for discussion are located vertically in the middle of the region that 

shows spalling off the sides of the column. Therefore, the displacements and stresses 

recorded at these locations are indicative of the mechanism leading to that behavior. 

Nodes 1 and 7 and Nodes 2 and 8 are located on the front and back face lines of 

transverse reinforcement, respectively. The numerically-generated displacement data 

recorded from these nodes reveal the contraction and expansion of the core along the 

direction of loading. Nodes 4 and 6 provide numerical displacement data showing the 

expansion and contraction of the core perpendicular to the direction of loading. Nodes 3 

and 5 provide numerical displacement data that show the expansion of failed elements 

moving away from the column (i.e., spalling). Numerical data from the only element 

selected show the stress state at failure of the side cover concrete. The exact stress state at 



 248  

each location where spalling occurs varies significantly, and consequently the element 

selected shows only an example failure.  

 

Figure 6.22 shows the compilation of the numerically-generated nodal 

displacement data. The curves labeled “Node 8 - Node 7” and “Node 2 - Node 1” show 

the relative displacements between the front and back face transverse reinforcement at 

two different horizontal locations. It should be noted that these curves do not show global 

displacements. Rather, they show displacement differentials, and the displacement 

differential between two nodes can be zero while both nodes displace globally. The 

curves presented in Figure 6.22 show that the column undergoes an initial contraction in 

the direction of the applied loading. This contraction is due to the large impulse applied 

to the front face of the column. The duration of the core contraction shown in Figure 6.22 

indicates that this behavior occurs extremely early in time as the shock wave travels 

Figure 6.21 Location of Nodes and Element 
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through the cross-section of the column. For comparison purposes, Figure 5.15 in Section 

5.4.3 shows that it takes the global response of Column 3-Blast approximately 20 msec to 

stabilize, whereas the duration of core contraction in the direction of loading lasts 

approximately only 1.25 msec. The curves in the figure also indicate that the core 

contraction is greatest near the middle of the column where the applied impulse is the 

greatest.  

 

The curve labeled “Node 3 - Node 1” shows the displacement differential between 

those two nodes and gives an indication of concrete spalling on the back face of the 

column. As shown in Figure 6.22, this curve follows the curve labeled “Node 2 – Node 

1” until approximately 0.5 msec. After 0.5 msec, a slight deviation between the two 

curves is noticed, signifying a small amount of contraction between Nodes 2 and 3. These 

observations indicate that the contraction in the direction of loading is a wave traveling 

through the cross-section. The wave of contraction initially affects the two different 

Figure 6.22 Nodal Displacement Differentials for Column 3-Blast 
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displacement differentials (i.e., “Node 3 - Node 1” and “Node 2 - Node1”) nearly 

identically, and then it causes contraction between Nodes 2 and 3 when it reaches their 

location.  

 

After approximately 0.5 msec, both curves then show expansion between the front 

face and back faces of the column. After approximately 2.5 msec, the two curves begin to 

diverge considerably. The curve labeled “Node 2 - Node 1” begins to stabilize at a 

residual differential displacement of 0.97 in. at approximately 80 msec as shown in 

Figure 6.23, indicating permanent relative expansion of the core concrete in the direction 

of loading. In contrast, the curve labeled “Node 3 - Node 1” shows continued expansion 

throughout the duration of the analysis, indicating that Node 3 and others outside the 

transverse reinforcement continue to expand away from the column. This behavior is 

spalling of cover concrete off the back face of Column 3-Blast as observed during the 

Phase II blast tests, and it is a direct result of the shock wave traveling inside the column, 

causing contraction and then expansion of the cross-section in the direction of loading. 

Figure 6.23 Nodal Displacement Differentials for Column 3-Blast 

-0.25

0.00

0.25

0.50

0.75

1.00

0 10 20 30 40 50 60 70 80 90 100

Time (msec)

D
is
p
la
ce
m
e
n
t 
D
if
fe
r
en
ti
a
l 
(i
n
.)

Node 3 - Node 1 
Node 2 - Node 1 

Node 8 - Node 7 

Node 4 - Node 6 

Node 5 - Node 6 



 251  

This shock wave is similar to that described in the literature which causes spalling of 

cover concrete off the back face of reinforced concrete wall panels (Department of the 

Army, 1990; ASCE, 1997). Also interestingly, these displacement differentials show a 

permanent expansion in the column core in the direction of loading. Though there is no 

experimental data with which to either validate or refute this finding for this particular 

case, expansion of a concrete core under extreme loads has been discussion previously in 

the literature (Departments of the Army, Air Force, and Navy and the Defense Special 

Weapons Agency, 2002). 

 

Although delayed slightly relative to the contraction of the cross-section in the 

direction of loading, the curve labeled “Node 4 - Node 6” shows an expansion of the 

column core perpendicular to the direction of loading. This expansion is a direct result of 

Poisson’s Effect, which indicates that when a material contracts in one principle 

direction, it will expand (or sometimes contract) in the other two principle directions. The 

volumetric deformation resulting from this principle is governed by Equation 6.13. 

( )
L

L

V

V ∆
−=

∆
ν21    (6.13) 

 where  

  ∆V is the change in volume (ft.3) 

  V is the original volume (ft.3) 

  ∆L is the change in length in the direction of strain (ft.) 

  L is the original length in the direction of strain (ft.) 

  ν is Poisson’s Ratio and is material dependent (unitless) 

The dynamic application of Poisson’s Effect is difficult to describe in simple 

terms for two reasons. First, materials with real mass do not respond immediately to a 

dynamic load. Therefore, a contraction along one principle axis of a laterally unconfined 

specimen will not immediately result in the expansion along the second or third principle 
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axes. Lateral stresses will first build within the cross-section, and then the lateral 

expansion will follow. This behavior is observed by examining the delayed lateral 

expansion shown by the curves “Node 4 - Node 6” and “Node 5 - Node 6” as compared 

to the initial contraction shown by the curves “Node 2 - Node 1” and “Node 3 - Node 1”. 

Second, because objects with real mass do not respond immediately to a dynamic load, 

inertial confinement (defined in Section 2.2.3) will contribute to axial and lateral stresses 

in a column prior to lateral expansion. These stresses will contribute to the lateral 

expansion and will be relieved once that expansion occurs, and evidence of these stresses 

is discussed later in this section. This second issue is closely related to the first, as the 

delayed expansion is a result of these lateral and axial stresses.  

 

The purpose of this discussion, however, is not to derive and discuss the three-

dimensional stress-strain relationship based on Hooke’s Law. Rather, it is only to explain 

the cause of spalling off the sides of concrete columns, and this objective can be 

accomplished by simply conceptualizing the two-dimensional application of Poisson’s 

Effect governed by Equation 6.14. 

longtrans νεε −=     (6.14) 

 where 

  transε  is the strain in the direction perpendicular to applied strain or stress 

  ν is Poisson’s Ratio, which is material dependent 

longε  is the strain in the direction of applied strain or stress 

For the two-dimensional idealization to be valid, it must be assumed that strain along the 

height of a column (i.e., in the axial direction of a column) is restrained. This assumption 

is reasonable to conceptualize the cross-sectional behavior of the column response 

considered in this portion of the research. There is more mass along the height of a 

column than on the sides of a column, which results in inertial confinement along the 

vertical axis of a column. This inertial confinement, combined with the foundation 



 253  

support at the base of a column, can be conceptualized as fixed restraints for this 

discussion. Thus, the column cross-section contraction and expansion is idealized simply 

as a function of Poisson’s Ratio and Equation 6.14, and an initial contraction in the 

direction of loading will produce an expansion in the direction perpendicular to the 

direction of loading. The curves labeled “Node 3 - Node 1” and “Node 2 - Node 1” in 

Figure 6.22 show the initial contraction of the cross-section, which is followed by the 

lateral expansion of the cross-section shown by the curves labeled “Node 5 - Node 6” and 

“Node 4 - Node 6”. The lateral expansion exhibited by the cross-section is a direct result 

of the initial contraction and Poisson’s Effect. 

 

The nodal displacements shown by the curves labeled “Node 4 - Node 6” and 

“Node 5 - Node 6” in Figure 6.22 begin to diverge between 0.5 msec and 1.0 msec. Node 

4 is on the line of transverse reinforcement, and thus it is connected to an element located 

within the confined core of the column. The transverse reinforcement begins to slow and 

stop the lateral expansion of the column cross-section, as shown by the stabilization of 

the nodal displacement differential denoted by the curve labeled “Node 4 - Node 6”. In 

contrast, the cover concrete on the side of the column continues to separate and move 

away from the column as shown by the continued expansion of the nodal displacement 

differential marked by the curve labeled “Node 5 - Node 6”. Thus, as Node 4 begins to 

slow and stabilize, Node 5 continues to separate and move away from the column (i.e., 

the cover concrete continues to separate and move away from the column). The 

divergence of these nodal displacements is direct evidence of spalling of concrete cover 

off the side of Column 3-Blast, and the mechanism that leads to these displacements is 

the lateral expansion of the column cross-section resulting from Poisson’s Effect. 

 

While the above discussion explains the cross-sectional behavior that leads to the 

displacement differentials shown in Figure 6.22 and spalling of cover concrete off the 

sides of columns subjected to the nearby detonation of a high explosive, a complex state 
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of stress contributes to the actual failure at the face of the transverse reinforcement. 

Although commonly used design values for concrete strength are based on very simple 

laboratory tests, such as unconfined axial compression and unconfined axial tension, 

concrete does not typically fail as a result of such a simplified stress state in most real 

structures. In contrast, concrete fails when its three-dimensional stress state reaches a 

three-dimensional failure envelope. This failure envelope is a function of the concrete 

pressure and stress difference.  

 

The KCC concrete model used in this research approximates the failure envelope 

of concrete through the three-invariant procedure described below (Schwer and Malvar, 

2005; Malvar et al., 1997; Malvar et al., 2000). The concrete pressure (i.e., confining 

pressure) is defined as one-third of the first invariant of the stress tensor, I1, which is 

equal to the sum of the three principle stresses. Thus, the concrete pressure is calculated 

using Equation 6.15. 

( )
33

3211 σσσ ++
==

I
p    (6.15) 

 where 

  p is the concrete pressure (psi) 

  3,2,1σ  are the three principle stresses (psi) 

The stress difference is defined as the square root of three times the second invariant of 

the deviatoric stress tensor, which is found by Equation 6.16. 
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 where 

  σ∆  is the stress difference (psi) 

  3,2,1σ  are the three principle stresses (psi) 



 255  

An approximation of the real failure envelope for an idealized case of identical lateral 

stress (i.e., 32 σσ = ) in two-dimensions is shown in Figure 6.24. A characteristic feature 

of the curves shown in this figure is the pressure dependency of the failure envelope, 

which shows that concrete gains strength as the confining stress increases. The failure 

surfaces shown in Figure 6.24 are the approximations of the real surfaces implemented in 

the KCC model. These approximations are based on Equation 6.17. 

paa

p
a

21

0 +
+=∆σ    (6.17) 

where 

  σ∆  is the stress difference defined in Equation 6.16 (psi) 

  a0 (psi), a1 (unitless), a2 (1/psi) are constants determined experimentally 

This equation forms the basis for the shear failure meridians in Figure 6.24. Again, this 

figure shows the idealized case of equal confining stress (i.e., 32 σσ = ). The compression 

failure meridian is assumed to be in the positive σ∆  territory, and the extension meridian 

is in the negative σ∆  territory. Extension in this sense does not necessarily mean that the 

concrete is in tension. Extension only means that the axial strains are becoming less 

compressive for a given state of confining stress. Figure 6.24 shows that the compression 

and extension meridians are similar, with the only difference being that the magnitude of 

the extension meridian is less than that of the compression meridian when the concrete 

pressure is greater than '45.8 cf . Scale factors must be computed to appropriately reduce 

the extension meridian in this region (Malvar et al., 2000). Hence, at a given mean stress 

(i.e., pressure) less than '45.8 cf , concrete fails at lower levels of stress difference in 

extension than in compression.  

 

 The failure meridians shown in Figure 6.24 expand into three-dimensional failure 

envelopes as shown in Figure 6.25. The orientation of the failure envelopes shown 
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in Figure 6.25 depends on the third invariant to the deviatoric stress tensor and the Lode 

angle, which is the angular offset in the deviatoric plane of the considered stress point 

from the image of a positive (i.e., tensile) principle stress axis. The derivation of this 

projection of the two-dimensional failure meridians into three-dimensional space is rather 

complex, as it depends on the state of stress in the material at any given point in time. 

The explanation of the failure surfaces in two-dimensions is sufficient to understand the 

method by which the KCC model approximates the real shear failure envelope. 

Moreover, a discussion of the procedure needed to transform the two-dimensional failure 

curves into three dimensions is not necessary to understand the failure state of concrete 

spalling off the sides of columns, nor is it necessary to understand the cross-sectional 

behavior that leads to this failure. The derivation of the transformation of the two-

dimensional failure surface into the three-dimension failure surfaces can be found in a 

paper by Malvar et al. (2000). 
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 The exact state of stress at failure for various locations on the side cover concrete 

is, in general, different. Therefore, Figure 6.26 shows the state of stress for an example 

element. This element is located just outside the transverse reinforcement in the middle of 

the side of the column as shown in Figure 6.21. Its vertical location is in the middle of the 

region where spalling occurs in the Column 3-Blast model. The first principle stress is in 

the direction of loading (i.e., direction of initial contraction). The second principle stress 

is in the direction perpendicular to loading in the plane of the considered cross-section 

(i.e., direction of expansion). The third principle stress is in the direction parallel to the 

vertical axis of the column.  

 

 Figure 6.26 shows that compressive stresses in the direction of loading (i.e., 

direction of 1σ ) develop in this element at approximately 0.16 msec. The large 

compressive stress recorded in the first principle direction is a result of the contraction of 

the cross-the column cross-section in that direction. Also evident are the compressive 

stresses recorded in the other two principle directions that coincide with the arrival of the 

Figure 6.25 Three-Dimensional Projection of Failure Surfaces for KCC Concrete Model 
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compressive stress in the first principle direction. These compressive stresses in the 

second and third principle directions are a result of Poisson’s Effect and inertial 

confinement, which lead to the behavior depicted in Figure 6.22. The time at which these 

stresses begin to dissipate corresponds very well to the time when the column begins to 

expand laterally. Both occur at approximately 0.2 msec.  

 

Figure 6.26 also includes a plot of the effective plastic strain for this element. In 

the KCC model, the effective plastic strain is a normalized value that indicates the 

location of each state of stress relative to the shear failure surfaces. A normalized value of 

1.0 indicates that the element has reached its peak strength and is beginning to soften, and 

this point occurs at the time indicated by Line 1 in Figure 6.26. A normalized value of 2.0 

means the element has reached its residual strength, which is zero for the case of an 

unconfined element such as the one under consideration, and this point is reached at the 

Figure 6.26 Elemental Principle Stresses at Surface of Spalling Failure 
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time denoted by Line 2 in Figure 6.26. The location of Line 1 shows that the element 

reaches its peak strength after the third principle stress becomes tensile. Note that an 

element does not fail immediately in a dynamic analysis once it reaches its maximum 

failure surface. Stresses are a function of strain, and additional time is required for an 

element to deform to a strain at which the element reaches its residual strength. As such, 

an element can still incur additional stress in one of its principle stress directions after the 

element has reached its peak strength if at least one of the other principle stresses changes 

magnitude. Final failure is initiated in the element within the side cover region shown in 

Figure 6.21 when all three principle stresses become tensile before briefly oscillating 

back into positive territory. The sustained compression in the second principle stress 

direction (i.e., direction perpendicular to column loading) propels the element off the 

column in the direction of the lateral expansion. 

 

While the simple explanation for the failure of this element is that it spalls off the 

column in tension (or in a “tension-like” direction), the element actually reaches its peak 

strength in a three-dimensional state of stress well before the element separates from the 

structure. Moreover, this unconfined element reaches its peak strength surface prior to 

incurring tension in the principle stress direction corresponding to the direction of 

expansion and ultimately failure (i.e., 2σ ). The continued compression in that direction is 

the force that propels the element (i.e., cover concrete) off the column. Nevertheless, the 

mechanism that creates this state of stress is a shock wave that begins at the column face 

upon initial loading. This wave travels through the column, creating contraction of the 

cross-section in the direction of loading. This contraction creates compressive forces and 

expansion in the direction perpendicular to the direction of loading through Poisson’s 

Effect. It should be noted that, while the identification of the cross-sectional behavior that 

causes spalling of side cover concrete on blast-loaded reinforced bridge columns is of 

interest, it is not a major design concern provided the core remains intact during a blast 

event. The AASHTO LRFD design guidelines (AASHTO, 2007) do consider the role of 

cover in determining column capacity, however, and the loss of cover may slightly 
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influence the calculated design capacity of a bridge column according to the AASHTO 

design specifications. 

 

6.3.3  Summary  

The column response models developed for this research provide valuable 

information regarding the base shear experienced by columns subjected to airblast. The 

results from the numerical models show that columns experience the greatest base shear 

impulse when the charges are placed on the ground or at the vertical quarter-point of the 

column. This finding verifies the assumption made prior to the Phase II test program that 

charges placed on the ground produce the greatest base shear. Additionally, although the 

results of the airblast models discussed in Section 6.2.4 show that circular columns do 

incur less net resultant impulse than similarly sized square columns subjected to identical 

threat scenarios, circular columns do not always experience less base shear impulse than 

square columns. In contrast, base shear impulse is column design and threat scenario 

dependent. Therefore, square columns may have an inherent advantage over circular 

columns for resisting base shear if adequate anchorage can be provided to prevent the 

opening of the discrete ties; however, the results of the brief parameter study on base 

shear are not sufficient to draw a definite conclusion on that issue. 

 

A special investigation into the response of Column 3-Blast explains the 

mechanism behind the spalling of cover concrete off the sides of blast-loaded reinforced 

concrete columns. The impulses applied to the front face of the column send a shock 

wave through the column that squeezes the cross-section in the direction of loading. The 

compressive stresses that result in the direction of loading initially cause compressive 

stresses in the other two principle stress directions due to Poisson’s Effect and the inertia 

of the system. Shortly later in time, the cross-section perpendicular to the direction of 

loading undergoes expansion. This expansion relieves some of the stresses in the second 

and third principle directions, causing the concrete to ultimately fail when the third 

principle stress drops into tension. Ultimately, the compressive stresses in the second 
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principle stress direction (i.e., perpendicular to the direction of loading) and the resulting 

expansion of the cross-section propel the cover concrete off the side of the column 

perpendicular to the direction of loading. 

 

In summary, this research provides two important advancements in the 

understanding of blast-loaded bridge columns. The first is a procedure to predict blast 

loads on square and circular bridge columns for design purposes, and the second is a 

description of the cross-sectional behavior that causes spalling of side cover concrete on 

blast-loaded reinforced concrete bridge columns. The following chapter summarizes the 

results of this research and provides an overview of the work as a whole. 
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CHAPTER 7                                                         

Summary and Conclusions 

 

7.1  INTRODUCTION, BACKGROUND, AND OBJECTIVES 

Terrorism has been a serious threat to high occupancy civilian structures, 

government buildings, and military installations around the world for many years. For 

that reason, extensive research has been conducted to determine methods for designing 

structures that are capable of resisting extreme loads. Traditionally, the design manuals 

developed from that research and published in the public domain have focused entirely 

on buildings. Statistical data from past threats and terrorist attacks around the world, 

however, show that the bombing of an ordinary highway bridge is a realistic scenario, 

and recent threats to signature bridges in the United States have changed the perspective 

of many structural engineers. Given that many ordinary highway bridges in the United 

States support critical emergency evacuation routes, military transportation plans, and 

vital economic corridors, the loss of a key bridge could result in severe national security, 

economic, and socioeconomic consequences. Furthermore, recent accidental collapses of 

the I-35 bridge in Minneapolis, the Queen Isabella Causeway in Texas, and the Webber 

Falls Bridge in Oklahoma illustrate the massive economic and socioeconomic 

consequences of a catastrophic bridge failure. Bridge engineers therefore need guidelines 

to analyze, design, and detail bridges capable of resisting a terrorist threat.  

 

For that purpose, the intent of the National Cooperative Highway Research 

Program (NCHRP) Project 12-72 (“Blast-Resistant Bridges: Design and Detailing 

Guidelines”) was to develop blast-resistant design and detailing guidelines specifically 

for highway bridges. That research consisted of two parts. Phase I included small-scale 

experimental blast tests on extremely stiff (i.e., essentially non-responding) columns to 
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characterize blast loads on bridge columns, and Phase II focused on the response of 

reinforced concrete bridge columns subjected to blast loads. 

 

The experimental results of the Phase I study showed that cross-sectional shape 

plays an important role in determining structural loads on bridge columns. The results of 

those tests also demonstrated that classical methods and currently available software for 

predicting blast loads on flat surfaces overestimate blast loads on the centerline of 

columns, and this overestimation increases as the position along the height of the column 

increases (for threat scenarios with the charge placed close to or on the ground). While 

the experimental data generated by those tests provided general information on the 

structural loads acting on circular and square columns and benchmarks by which to 

validate numerical models, they only provided experimental data on the front, side, and 

back faces of the columns. As such, they did not provide sufficient data to develop a 

procedure to predict net resultant blast loads on bridge columns.  

 

Because bridge engineers desired a sound method to predict loads on columns 

subjected to airblast, the first objective of this research was to characterize blast loads on 

square and circular slender members (i.e., bridge columns) using computational fluid 

dynamics (CFD) analyses. The second objective of this research followed as the 

development of a simplified procedure to predict blast loads on bridge columns for 

design office use. Such a procedure was characterized as being acceptably accurate to 

yield the safe design of bridge columns for a given threat scenario, but was based on 

approximations that allow for efficient evaluation of column performance under various 

combinations of loads, column dimensions, and reinforcement schemes. 

 

The response of blast-loaded reinforced concrete bridge columns was examined in 

Phase II of NCHRP Project 12-72. Ten half-scale columns were designed and built 

according to standards gathered through a national survey, and these columns were tested 
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as propped-cantilevers in a specially designed and built reaction structure that provided a 

fixed restraint at the base of the columns and a pinned restraint at the top of the columns. 

Charges were placed and detonated on the ground in front of the columns, and strain, 

displacement, and cracking data were recorded. The majority of the specimens showed 

significant shear cracking, severe shear damage, or complete shear failure. A few 

columns had sufficient transverse reinforcement to initiate a flexural response and 

flexural cracking. Specimens that sustained only light damage during those tests were 

retested with charges placed in contact or at very small standoff distances to determine 

the spall and breach thresholds of the columns. Of particular interest, some columns 

showed signs of side cover concrete spalling during both sets of tests. Spalling of cover 

concrete off the back face of flat panel structures (i.e., walls) loaded by a shock wave had 

been noted in the literature, but the type of spalling observed during the Phase II tests had 

not been documented previously. Thus, the third objective of this research was to 

determine the mechanisms leading to spalling of side cover concrete during the Phase II 

experimental blast tests. 

 

The Phase II blast tests on reinforced concrete columns utilized charges placed on 

the ground for several reasons (Holland, 2008; Williamson et al., 2009). The most 

important reason was that the threat scenarios selected for those tests were considered 

representative of real threats to bridge columns, and numerical and analytical studies 

carried out during a TxDOT pooled-fund study (Williamson and Winget, 2003) indicated 

that, of various “real” threat scenarios considered, the cases that were most severe and of 

most interest had failure mechanisms expected to be controlled by shear. The 

experimental results of the Phase II blast tests did, in fact, confirm that base shear was the 

controlling response mechanism for the blast-loaded reinforced concrete columns 

(Williamson et al., 2009; Holland, 2008), as no columns failed in flexure and all columns 

showed signs of shear cracking at a minimum and massive shear deformation or even 

shear failure at a maximum. Because the interaction between shock waves and structures 

is complicated, including complex reflections and pressure “hot spots”, the possibility 
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existed that charges placed at vertical locations other than on the ground would generate 

higher base shears for reinforced concrete bridge columns than charges on the ground. 

Therefore, the fourth objective of this research was to determine the vertical location for 

a charge that generates the greatest base shear of any possible vertical location for a 

charge. 

 

7.2  AIRBLAST MODELS IN LS-DYNA 

To characterize structural loads acting on bridge columns due to airblast, 

computational fluid dynamics (CFD) models that employ Arbitrary Lagrangian-Eulerian 

(ALE) capabilities were constructed in LS-DYNA. Validation studies first assessed the 

fidelity of the LS-DYNA airblast models using spherical free-field (i.e., no reflecting 

surface) bursts. Three types of high explosives were selected for this comparison study: 

TNT, C-4, and Nitromethane. Pressure tracers, which are specified locations that track 

pressure variation with time (i.e., the numerical equivalent of pressure gauges), recorded 

numerical overpressure data in the free-field. The results of these analyses were 

compared to peak pressure and impulse data calculated by a chart-based method 

(Department of the Army, 1990) and pressure-time histories from BEL (U.S. Army Corps 

of Engineers, 2000), which is a limited distribution software that uses empirically based 

equations that relate charge weight and standoff distance to pressure and impulse values. 

These two load prediction techniques were chosen as a baseline by which to compare the 

LS-DYNA analyses because they are based on extensive experimental data. Additionally, 

the algorithms within BEL include the consideration of fundamentals of physics to 

consider reflections when desired. A comparison of the three load prediction techniques 

showed that LS-DYNA generates slightly low explosive yield relative to the chart-based 

and BEL solutions.  

 

The CFD models in LS-DYNA were also validated using experimental pressure 

and impulse data from the Phase I small-scale blast tests on non-responding columns. 
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Numerical models with cylindrical charges of Nitromethane were constructed in LS-

DYNA, and Figure 7.1 shows an example of one of these models. These verification 

analyses yielded several guidelines or best practices for modeling airblast both in general 

and specifically in LS-DYNA, and these guidelines are presented in Section 7.4.1.  

 

After the completion of the validation studies, sixteen sets of detonation models 

were constructed using cylindrical meshes. Each set contained models of a circular 

column, a square column, and a wall, and each of the Phase II tests was represented by an 

analysis set in this matrix. The airblast models constructed to represent the Phase II tests 

were identical in nature to the one shown in Figure 7.1, with symmetrical wedges, 

cylindrical charges, and stonewalls for columns. These detonation models provided 

Figure 7.1 Numerical Model of Phase I Blast Test in LS-DYNA 
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numerically-generated input data for column response analyses that represented the Phase 

II tests, and they also provided numerical data to calculate the different structural loads 

experienced by a circular column, a square column, and a wall subjected to the same 

threat scenario. Because the results of some of these analyses were used as inputs for 

column response models of the Phase II blast tests, the models that represent Phase II 

tests employed the exact dimensions of the ANFO charges used during those tests. 

Keeping the dimensions of the charge consistent with the experiments maintained the 

shape of the shock front observed during those tests. Each airblast model contained a 

rigid stonewall to represent the column. Moreover, an appropriate number and 

arrangement of pressure tracers were present on the columns to capture the numerically-

generated load data with sufficient accuracy and detail, and these tracers recorded 

overpressure on both the front and back faces of the analyzed columns. Explosive 

material properties for ANFO needed to characterize the detonation process were not 

available in the open literature, and therefore published material properties for TNT were 

used for all analyses of the Phase II tests. To account for the difference between the 

explosive material used in the tests and the one included in the LS-DYNA analyses, the 

pressure-time histories used as load input were scaled to represent the actual loads the 

ANFO charges generated during the Phase II tests, and that scaling procedure is 

summarized later in this section. 

 

7.3  COLUMN RESPONSE MODELS 

Nonlinear, three-dimensional, dynamic finite element analyses were constructed 

in LS-DYNA to represent the response of the blast-loaded columns tested during Phase II 

of NCHRP Project 12-72. Constant stress quadrilateral solid elements and multiple mesh 

densities were used for computational efficiency. The location of the transverse 

reinforcement restricted the number of elements along any characteristic length of a 

column. Therefore, these geometry constraints necessitated the use of H convergence, 

which is refining the accuracy of a finite element model using element size, rather than P 

convergence, which is using shape functions with higher-order polynomials (Kallivokas, 
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2005). Truss elements represented the reinforcing steel, and these elements connected 

directly to the nodes of the concrete elements. Truss elements were used because their 

displacement formulation matches that of the constant stress elements (i.e., displacement 

compatibility between elements is assured). The nodes of the longitudinal rebar elements 

passed through the exact location specified on the design drawings, and the transverse 

reinforcement of each model connected directly to the nodes of the longitudinal 

reinforcement. As such, the transverse reinforcement rested on a line (for the square 

columns) or a circumferential arc (for the circular columns) that was slightly closer to the 

center of the columns than as constructed or specified; however, this slight difference in 

geometry was not expected to affect the computed results significantly. The column 

response models utilized different approximations for the continuous spiral reinforcement 

and the discrete hoops and ties, and the results of these analyses identified the modeling 

schemes that best represented the observed performance of the transverse reinforcement 

in the experimental tests. The transverse reinforcement approximations and resulting 

behavior are discussed in Section 7.4.2. 

 

Five concrete constitutive models were evaluated for use in this research, and the 

Karagozian and Case Concrete (KCC) model was the one selected for this study. This 

selection was based on comparisons of qualitative and quantitative experimental and 

numerical data from concrete cylinder tests and an actual blast-loaded column scenario. 

Of those concrete constitutive formulations evaluated, the KCC model was best able to 

represent the nonlinear loading and unloading behavior characteristic of concrete 

undergoing an unconfined axial compression test, the volumetric expansion shown by 

concrete experimentally near its peak compressive strength during an unconfined 

compression test, and the widely accepted softening region after fracture in unconfined 

tension (Magallanes, 2008a). Moreover, the KCC formulation provided the best 

comparison between experimental data and numerical results of reinforced concrete 

column models loaded by actual experimental blast pressure-time history data 

(Magallanes, 2008a). Of the five concrete constitutive models evaluated, the KCC model 
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best captured the complex behavior exhibited by concrete because it is a three-invariant 

formulation that includes brittle and ductile damage, confinement effects, concrete 

failure, and strain-rate effects (LSTC, 2007; Schwer and Malvar, 2005; Malvar et al., 

2000; Magallanes, 2008a). 

 

Two material formulations available in LS-DYNA were evaluated for the 

reinforcing steel. These two models were the Plastic-Kinematic and the Johnson Cook 

models. Both consider strain-hardening and strain-rate effects. The Plastic-Kinematic 

formulation consists of a linear elastic range followed by a linear plastic range. The 

Johnson Cook model also has a linear elastic range, but the plastic range allows for a 

nonlinear variation of stress as a function of strain. The Johnson Cook model was used 

for the reinforcing steel in this research for two reasons. First, of the two models 

considered, the nonlinear behavior of the plastic phase in the Johnson Cook model 

provided the best qualitative representation of the stress-strain data recorded from tensile 

tests on the rebar used during the Phase II tests. Second, the strain rate formulation of the 

Johnson Cook model gave a good representation of the variation in rebar strength with 

strain rate shown by widely-accepted laboratory test data published by Malvar and 

Crawford (1998). 

 

The numerically-generated pressure-time data for all 220 or 240 tracers in the 

airblast models were loaded directly into the column response models using the tributary 

areas of the tracers. As discussed in Section 7.2, the pressure-time histories were from 

models that used charges with the same dimensions as those used in the Phase II tests to 

maintain the distribution of impulse along the height of the columns. Additionally, the 

explosive properties for TNT were used in the analyses because properties for ANFO 

were not available in the open literature. Therefore, the TNT charge weights used in the 

LS-DYNA models were significantly greater than the actual weights of ANFO used in 

the Phase II tests. The ANFO used in the Phase II tests was a granular material with 
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extensive voids, and the LS-DYNA analyses assumed the TNT charges were solid. As a 

result, the density of TNT used in the analyses was roughly twice that of the ANFO used 

in the Phase II tests. Because the container sizes used in the LS-DYNA analyses were the 

same as those used in the Phase II tests, the larger amount of explosive lead to 

significantly larger pressures and impulses on the column in the numerical models than 

the columns actually experienced during the experimental tests.  

 

To account for the differences between the explosive material properties used in 

the LS-DYNA models with those actually used in the experimental tests, the magnitude 

of the applied loads were scaled. Extensive experimental data in the literature show that 

explosive efficiency varies with charge weight, standoff distance, and atmospheric 

conditions. No experimental efficiency data existed for the standoff distance at the front 

face of the columns tested during Phase II of this research. Experimental efficiency data 

from the Phase II tests did exist for three larger standoff distances, however, and an 

appropriate value was extrapolated from that data. Therefore, the weight of TNT used in 

the calculation of the scale factors was the TNT-equivalent weight of the ANFO 

assuming an average extrapolated equivalency value of 1.10. Furthermore, to account for 

limitations in the airblast models used to predict loads on the columns, the magnitude of 

the applied impulse distribution was scaled by the ratio of the peak reflected impulse 

predicted by the chart-based procedure (Department of the Army, 1990) to the peak 

reflected impulse recorded on a wall subjected to the same charge weight and standoff 

distance in an LS-DYNA analysis. This scaling ensured that the predicted loads agreed 

well with measured experimental test data and accurately represented the loads acting on 

the columns during the Phase II tests. 

 

To assess the adequacy of the models, the numerical results from the Phase II 

column models were compared to qualitative and quantitative data from the 

corresponding experimental tests. Numerical values that rated the performance of the 
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column response shapes and cracking patterns were assigned subjectively by comparing 

the LS-DYNA numerical models to photographs of the Phase II blast tests. In general, the 

numerical results showed good relative correlation with the experimental data. Of most 

importance, the models for Column 3A and 3-Blast showed spalling of side cover 

concrete. The reproduction of this behavior was essential to accomplishing one of the 

objectives of this research. No attempt was made to match displacements exactly due to 

the many uncertainties introduced by the development of the numerically-generated load 

data, various modeling assumptions, and the material constitutive models.  

 

7.4  MODELING GUIDELINES 

The airblast and column response analyses conducted in LS-DYNA for this 

research did not explore all available modeling techniques. The analyses did, however, 

provide some valuable guidelines for modeling high explosive burn, shock propagation, 

various types of transverse reinforcement, and the dynamic response of blast-loaded 

reinforced concrete structures. This information is helpful for analysts desiring to model 

similar threat scenarios in any finite element or computational dynamics software, and 

this section outlines those “best practices”. 

 

7.4.1 Guidelines for Airblast Modeling 

The results of the literature search and verification studies provide important 

guidance for airblast modeling using computational fluid dynamics both in general and in 

LS-DYNA in particular. The mesh in the explosive region should always contain at least 

sixteen quadrilateral elements along each direction (i.e., length, width, or circumference) 

(Alia and Souli, 2006), and finer meshes in the target region increase accuracy when 

modeling reflections and clearing. Symmetrical wedges provide a good method for 

increasing the density of a mesh while remaining within the limits of available 

computational resources. Moreover, air meshes should be uniform and should share the 

same shape as the expected shock wave. Meshes that do not have these characteristics 
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may have difficulties maintaining pressure equilibrium perpendicular to the direction of 

shock propagation. Furthermore, models must have a balance among an increase in mesh 

density, a reduction in the angle of symmetry, and the resulting increase in computational 

demand of the analysis that results from additional elements and a reduced time step. 

Finally, increasing the initial internal energy of the explosive material properties can 

compensate for inefficient explosive yield in LS-DYNA, but adjusting this parameter will 

shift the times-of-arrival of the shock front at various points in a model and will not 

increase the accuracy of the overpressure histories recorded by tracers placed on targets. 

Analyses that fail to adhere to these general guidelines may generate erroneous results. 

Therefore, all airblast models conducted during this research strictly follow the guidelines 

outlined in the research literature and verification studies. 

 

7.4.2  Modeling Guidelines for Blast-Loaded Reinforced Concrete Columns 

In addition to the modeling guidelines for airblast and shock propagation, the 

literature review and numerical results from the column response models reveal several 

“best practices” for modeling blast-loaded reinforced concrete columns. Truss elements 

should be used to model reinforcing steel when constant stress elements are used for 

concrete. The combination of these two element formulations matches the linear 

displacement functions used by both element formulations. The two-dimensional truss 

elements can either connect directly to nodes of the concrete elements, or they can 

include springs to represent bar slip. 

 

The analyses conducted for this research employed various modeling assumptions 

for the transverse reinforcement to determine the best method to represent actual 

performance. Specifically, two approximations were used for the continuous spiral 

reinforcement as shown in Figure 5.12. One approximation consisted of truss elements 

angled at the pitch of the spiral reinforcement, and the other approximation was a series 

of continuous hoops of truss elements.  
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The results of this research show that achieving appropriate core confinement 

with angled truss elements representing the spiral reinforcement is extremely difficult. 

Full confinement requires that the truss elements attach to each vertical row of concrete 

elements as shown in Figure 5.19. The vertical mesh density required for this purpose is 

unacceptable for the resources available to most analysts. Moreover, the performance of 

the column models that use horizontally-aligned continuous hoops match well with 

experimental observations. Therefore, given the other modeling methods and 

assumptions used in this research, a vertical series of continuous hoops of truss elements 

is the best option for modeling the spiral transverse reinforcement used in the Phase II 

reinforced concrete columns because this modeling assumption essentially provides 

continuous reinforcement that is representative of the spiral reinforcement used in the test 

columns.  

 

Two modeling approximations for discrete ties were evaluated for use in this 

research. One approximation consisted of circular hoops that had two overlapping truss 

elements with anchorage to represent the overlapped hooks of the discrete ties, and the 

other used hoops of truss elements with an opening to represent the lack of definite 

continuity provided by discrete ties. These two modeling assumptions provided upper- 

and lower-bound numerical results for discrete ties. Both of these approximations are 

shown in Figure 5.13. Given the other modeling techniques and assumptions used in this 

research, the numerical results from the column response models showed that hoops of 

truss elements with an opening generate the best representation of behavior for the 

columns experimentally tested during the NCHRP 12-72 Phase II blast tests.  

 

The Phase II column response analyses in LS-DYNA also demonstrate the 

effectiveness of multiple modeling assumptions for column restraint. Care must be taken 

to ensure the boundary conditions in a finite element model are representative of the test 
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setup or design scenario, and springs (i.e., truss elements) may be arranged to prevent 

massive distortion observed from a single line of constrained nodes while still allowing 

member rotation to occur. In addition, fixed ends should not be constrained in all three 

transverse displacement directions. This type of restraint provides an over-constrained 

system. The inability to allow for out-of-plane expansion due to Poisson’s Effect will 

provide unrealistic confining stress for elements at the base of a column. This over-

restraint is especially detrimental when lateral expansion or shear deformation at the base 

is significant. Ideally, restraint should be provided only in the directions necessary to 

resist undesired rigid body motion. 

 

In evaluating the performance of column response simulations, numerical models 

may require some adjustments if spalling of cover concrete is observed or expected. To 

allow failed concrete to separate from the remainder of a column model, nodal constraints 

at the base of the model or at other appropriate locations should be released in the 

expected direction of failure. Additionally, the results of the analyses conducted during 

this research and advice from analysts experienced in the field of blast effects 

(Magallanes, 2008b) both indicate that erosion algorithms should be used with extreme 

caution only to visualize failure by removal of elements already showing a loss of 

cohesion.  

 

Some erosion algorithms are unpredictable and require estimates for failure limits. 

LS-DYNA includes an independent erosion algorithm that can compliment any 2D or 3D 

constitutive formulation. Because the KCC model does not erode failed elements, the 

independent erosion option in LS-DYNA is used in this research to remove failed 

concrete elements. This algorithm requires an arbitrarily large failure strain to remove 

elements from the analysis in an appropriate manner in this research. While it may be 

desirable to have a specified method to determine input values for failure criteria, the 

performance of the erosion algorithm in LS-DYNA is highly mesh, response, and failure 
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criteria dependent. A single limit value for a given failure mode and mesh density will 

not necessarily work for another failure mode and mesh density, nor will a limit value 

that is adequate for a single failure criterion work in the same mesh for the same failure 

mode if another failure criterion is also selected. Therefore, appropriate values for a 

failure strain will vary depending on the mesh density, the mode of response (i.e., shear, 

flexure, tension, breach, spall, etc.), and the selected failure criteria. The two models that 

use erosion in this research do not provide sufficient data to develop a procedure to 

determine limit values for failure strains based on those factors. Analysts who desire the 

use of erosion should first conduct an analysis without erosion to determine if the model 

captures failure in any elements. If the material constitutive formulation for concrete does 

indicate failure for a given scenario, appropriate failure criteria and limit values should be 

selected on a trial and error basis to allow the removal of already failed elements while 

not removing elements still providing resistance to the model. 

 

7.5  A METHOD TO PREDICT BLAST LOADS FOR BRIDGE COLUMNS 

The airblast models constructed for this research provide numerically-generated 

pressure-time data for the front and back faces of square and circular bridge columns 

subjected to various threat scenarios. These data are used to determine the net resultant 

impulse at several locations over the height of a column. These net resultant impulses are 

then used in two ways to predict blast loads on bridge columns. First, the net resultant 

impulses on the circular and square columns are normalized to the peak normal reflected 

impulse on a wall subjected to the same charge weight and standoff distance as the 

column cases. The resulting values are column shape factors, S, that relate the net 

resultant impulse experienced by a square or circular column to the known value of a 

peak reflected impulse on a wall.  

 

Second, the numerically-generated net resultant impulse data extracted from the 

airblast models lead to normalized load curves for a variety of threat scenarios. The threat 
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scenarios represented by these curves are the most severe charge locations for base shear. 

Each load curve is normalized to the peak reflected impulse on a wall subjected to the 

same charge weight and standoff distance as the column under consideration. Additional 

impulse distributions are constructed for four other column heights by conservatively 

extending the second normalized impulse value from the top of the analyzed columns 

over the remaining heights of taller columns. This assumption is acceptable because the 

numerical data show that the impulse records at the selected location are not influenced 

by clearing towards the top of the column, and it is conservative because it extends a 

constant value over a region where impulse values otherwise continue to diminish. 

Equation 7.1 is developed from those normalized load curves to compute equivalent 

uniform impulse values.  

( )baRWDI nm

ne +=    (7.1) 

where 

 Ine is the normalized equivalent uniform impulse (unitless) 

 D is the column diameter or edge width (ft.) 

 W is the TNT-equivalent charge weight (lbs) 

 R is the standoff distance (ft.) 

 a, b, m, and n are constants defined in Table 7.1 

 

Equation 7.1 is a valuable tool for bridge engineers because it provides a 

simplified method to predict blast loads on bridge columns. This equation, however, does 

not come without limitations. The airblast models used to derive this equation only 

consider charges placed on the ground. For the bridge column models studied, this charge 

location creates the greatest base shear impulse of any possible vertical location for the 

charge. Nonetheless, the equation does not consider various heights-of burst. Charges 

placed at vertical locations other than on the ground will produce a more concentrated 

normalized net resultant impulse distribution in the region where the normalized 
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displaced shape of a simply-supported member is the greatest, resulting in a greater 

normalized equivalent uniform impulse for use in a single-degree-of-freedom analysis 

(i.e., a more severe design case for flexure) than the case of a charge placed on the 

ground. Because a single-degree-of-freedom analysis is inherently a flexural analysis, the 

flexural design (i.e., not the shear design) of a column using Equation 7.1 with a single-

degree-of-freedom analysis may be unconservative if the influence height-of-burst is not 

included, and an analyst may desire to include the height-of-burst in the design scenario. 

Based on the numerical models constructed for this research and the experimental test 

data collected during the Phase II test program, however, direct shear at the base of a 

bridge column is expected to be the controlling failure mode in most cases.  

 

To allow bridge engineers flexibility in establishing blast loads for use in design, 

the final suggested analysis procedure utilizes the column shape factors developed during 

this research and BEL (U.S. Army Corps of Engineers, 2000) to predict an equivalent 

uniform impulse on a bridge column, and Equation 7.1 can be used in the absence of 

BEL. Although this particular software is limited distribution, it is widely used to predict 

structural loads on flat surfaces in the blast engineering community, and requests for 

access to this software can be made to the commandant of the Engineering Research and 

Development Center of the U.S. Army Corps of Engineers in Vicksburg, Mississippi. 

BEL predicts pressures and impulses at various locations within a user selected area on a 

flat surface. The user may select the use of a BlastX algorithm that will track pressure 

rays radiating from the blast source. This option will account for the presence of the 

ground and bridge deck by tracking pressure reflections off each surface, but then the 

Table 7.1 Constants for the Normalized Equivalent Uniform Impulse Equation 

Column 

Height (ft.)
a b m n

11.25 0.013 0.021 0.18 0.10

20 0.011 0.0036 0.29 0.03

30 0.012 0.0030 0.37 -0.02

40 0.013 0.0066 0.47 -0.06
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analyst must create the uniform equivalent impulse from numerous pressure-time 

histories saved by BEL. If the BlastX option is not desired, BEL will use an equation- 

and chart-based procedure from the U.S. Army Technical Manual 5-855-1 (Department 

of the Army, 1986). Use of this option will not consider reflections off the ground and 

deck, but it will automatically calculate an equivalent uniform impulse using a user 

selected response shape. 

 

While BEL does not include the effects of clearing on predicted pressures and 

impulses, the normalized column shape factors developed during this research account 

for the total net resultant impulse around the face of a column, which includes the 

influence of clearing, angle of incidence, and back face pressures. The shape factors are 

normalized to the maximum impulse on a flat surface at the centerline perpendicular to 

the explosive source, and thus the equivalent uniform impulse computed by BEL should 

be based only on the impulse distribution at the centerline of the target. Accordingly, a 

bridge engineer should choose a reflecting surface with a width and height equal to those 

of the column under consideration, and the target area should be a very narrow vertical 

strip on the centerline of the reflecting surface. Once BEL has computed an equivalent 

uniform impulse, this value should be reduced by the column shape factor for the 

standoff distance and column diameter under consideration. This final equivalent uniform 

impulse represents the upper bound load on the bridge column considering the influence 

of the cross-section shape (i.e., angle of incidence and standoff distance) and column 

slenderness (i.e., clearing and back-face pressures). The idealized triangular blast load 

shown in Figure 7.2 can then be found using Equation 7.2 and input into a single-degree-

of-freedom response analysis. This new method for determining blast loads is valuable 

because it provides bridge engineers with a simple and effective method to predict blast 

loads on bridge columns that includes the influence of cross-section shape and column 

slenderness. 
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 where 

ier is the equivalent uniform impulse calculated by BEL and reduced using 

a column shape factor 

pe is the equivalent peak pressure calculated by BEL 

te is the duration of the idealized triangular blast load  

 

As discussed in depth in Section 6.2.5, use of this final recommended procedure 

may generate very conservative designs for shear. In reality, base shear demand decreases 

and the flexural demand increases as the height of the charge relative to the height of the 

column increases, whereas both base shear demand and flexural demand increase with 

the height of the charge when using the procedure developed by Williamson et al. (2009). 

Because the uniform equivalent load increases as the height-of-burst reaches the 

midheight of a column, the severity of the shear demand falsely increases as well, and a 

very conservative design for base shear will result when the ductility ratio and support 

Figure 7.2 Design Loads for Single-Degree-of-Freedom Analysis 
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rotation from a single-degree-of-freedom analysis are checked against acceptability 

criteria for base shear that are developed using uniform equivalent loads computed with 

charges on the ground. While this issue does not pose a safety concern because the design 

will be very conservative, it does present an area of possible research to improve the 

current design procedure. 

 

7.6  COLUMN BASE SHEAR DUE TO AIRBLAST 

The Phase II blast tests on reinforced concrete columns utilized charges placed on 

the ground for several reasons (Holland, 2008; Williamson et al., 2009). The most 

important reason was that the threat scenarios selected are considered representative of 

real threats to bridge columns. Numerical and analytical studies carried out during a 

TxDOT pooled-fund study (Williamson and Winget, 2003) indicated that, of various 

“real” threat scenarios considered, the cases that were most severe and of most interest 

had failure mechanisms expected to be controlled by shear. The results of the Phase II 

experimental blast tests did, in fact, confirm that base shear was the controlling response 

mechanism for the blast-loaded reinforced concrete columns (Williamson et al., 2009; 

Holland, 2008). No columns failed in flexure, and all columns showed signs of shear 

cracking at a minimum and massive shear deformation or even shear failure at a 

maximum.  

 

Because the interaction between shock waves and structures is complicated, 

including complex reflections and pressure “hot spots”, the possibility exists that charges 

placed at vertical locations other than on the ground could generate higher base shears for 

reinforced concrete bridge columns than charges on the ground. Although it may seem 

intuitive (i.e., based on a static analysis) that a charge placed on the ground would 

generate the largest net impulses and hence the largest shear demand at the base of a 

column compared to other charge locations, it should not be assumed true for loads that 

vary with both time and space on a dynamically responding structure that experiences 
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multiple response stages (i.e., the term response stage refers to different boundary 

conditions that occur at the onset of a shear mechanism/ or the formation of flexural 

plastic hinges).  

 

To address this issue, a set of column response analyses constructed in LS-DYNA 

investigated the base shear recorded when the charge was placed on the ground, when the 

center of the charge was at a vertical elevation equal to one-fourth of the height of the 

column being analyzed, and when the center of the charge was at a vertical elevation 

equal to the mid-height of the column being analyzed. These charge locations were 

selected because they had the ability to represent a wide range of potential threats, from a 

hand-placed charge that could be positioned in various locations to a vehicle-delivered 

(e.g., box truck or SUV) attack that could be at approximately the mid-height of a typical 

overpass column. The only variable considered was the height of the charge, and this set 

of analyses considered similar circular and square columns (i.e., in this case, the term 

similar columns means the diameter of the circular column equaled the edge width of the 

square column, and the transverse reinforcement spacing and bar sizes used in both cross-

sections were identical).  

 

The numerical results from the column response models clearly show that, at least 

for the threat and column scenario selected, either charges on the ground or charges at an 

elevation equal to the quarter-point of the column height will produce the maximum 

shear impulse. Consequently, the results of these analyses reinforce the findings from the 

Phase II blast tests (Williamson et al., 2009; Holland, 2008) and the TxDOT pooled-fund 

study (Williamson and Winget, 2003) by showing that a charge placed on the ground 

produces a base shear that is greater than or at least equal to that produced by other 

vertical locations possible for the charge.  
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 It is notable that the base shears experienced by the circular columns are nearly 

identical to those experienced by their square counterparts. This observation may initially 

appear to indicate that the net resultant impulse experienced by both cross-section shapes 

is the same; however, the numerical data from the airblast models show otherwise. 

Though studying this issue was not an initial objective of this research, five additional 

sets of analyses explored the base shear impulses experienced by similar circular and 

square columns (i.e., the diameter of the circular column equaled the edge width of the 

square column, and the transverse reinforcement spacing and bar sizes were identical for 

both cross-sectional shapes) subjected to the same charge weight and standoff distance. 

The results of these analyses show that numerous factors contribute to the total base shear 

impulse experienced by a column, including the column mass per unit height, shear 

capacity of the cross-section, and level of shear response (i.e., elastic, plastic, severe 

degradation, etc.).  

 

 Though the results of the airblast models in LS-DYNA show that circular 

columns experience less net resultant impulse than square columns under identical threat 

scenarios, circular columns do not always experience less base shear demand. 

Furthermore, square columns have a larger cross-sectional area than similarly sized 

circular columns with which to resist the base shear load. Therefore, for certain threats, 

square columns experience less base shear per unit area of cross-section than circular 

columns, and thus square columns may be more desirable for those threat scenarios if 

sufficient anchorage can be provided to prevent opening of discrete ties. As mentioned 

above, the intent of this investigation is only to illustrate that circular columns are not 

always preferable over square columns simply because they receive the least net resultant 

impulse of the two cross-sections. These findings may indicate that square columns have 

an intrinsic structural advantage over circular columns for resisting base shear for certain 

threat scenarios, although the results of this brief parametric study are not sufficient to 

substantiate a strong conclusion on this issue. Accordingly, further research is needed to 
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draw clear conclusions regarding the advantages and disadvantages of square and circular 

cross-sections for resisting base shear. 

 

7.7  SPALLING OF CONCRETE COVER ON REINFORCED CONCRETE COLUMNS 

As mentioned previously, the results of NCHRP Project 12-72 provided design 

and detailing guidelines for blast-resistant bridges that were based on experimental blast 

tests on half-scale reinforced concrete bridge columns. Three of the columns considered 

during those tests exhibited spalling of side concrete cover (i.e., cover concrete facing 

perpendicular to the direction of loading).  Spalling of cover concrete off the back face of 

flat panel structures (i.e., walls) loaded by a shock wave had been observed and 

documented in several sources (Department of the Army, 1986; Department of the Army, 

1990; ASCE, 1997); however, spalling of concrete off the sides of blast-loaded members 

had not been documented previously, and one of the objectives of this research was to 

investigate and explain the mechanisms leading to this type of behavior. 

 

Two of the columns that showed spalling of side cover concrete during the Phase 

II tests were Column 3A and 3-Blast, and the numerical models of both of these columns 

replicated the same behavior. The constitutive formulation used to represent the concrete 

in those models captured three-dimensional concrete failure, and therefore the models 

exhibited loss of concrete cover on their side faces. An examination of the relative 

displacements between several nodes indicated the cause of this spalling behavior. 

Displacement differentials were considered between nodes on the front (i.e., blast side) 

face transverse reinforcement and the back face transverse reinforcement, between nodes 

on the front face transverse reinforcement and the back face, between nodes on the 

column centerline parallel to the direction of loading and the side face transverse 

reinforcement, and between nodes on the column centerline and the side face. 

Additionally, stresses were examined in a sample element located just outside the side 

face transverse reinforcement (i.e., in the concrete cover region).  
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The displacements and stresses indicate that the mechanism leading to spalling of 

side concrete cover on blast-loaded reinforced concrete columns is a wave that travels 

through a cross-section in the direction of loading. This wave initially causes contraction 

in the direction of loading, which in turn results in compressive stresses in the direction 

of loading and expansion of the cross-section in the direction perpendicular to the 

direction of loading due to Poisson’s Effect. The cover concrete ultimately fails in a 

three-dimensional state of stress when one of the three principle stresses becomes tensile, 

and the sustained compressive forces in the direction perpendicular to the loading propels 

the concrete cover off of a blast-loaded column. While identifying the cross-sectional 

behavior that causes spalling of side cover concrete off blast-loaded reinforced concrete 

columns is of interest, it is not a major design concern provided the core remains intact 

and is able to support the axial load for which it is designed. The AASHTO LRFD design 

guidelines (AASHTO, 2007) do consider the role of cover in determining column 

capacity, however, and the loss of cover may slightly influence the calculated design 

capacity of a bridge column according to the AASHTO design specifications. 

 

7.8  RECOMMENDATIONS FOR FUTURE RESEARCH 

This research provides a significant advancement in characterizing the influence 

of column shape on the net resultant impulse acting on bridge columns subjected to blast 

loads. Additionally, the column response models evaluated for this research allow an 

understanding of the cross-sectional behavior that leads to spalling of side cover concrete 

on blast-loaded reinforced concrete columns. This work also introduces areas where 

additional research can further advance the understanding of blast-resistant bridge design, 

and this section outlines several potential topics for future study.  

 

The reinforced concrete column designs tested during the Phase II blast tests 

include discrete ties and continuous spiral reinforcement to investigate the performance 
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of these types of transverse reinforcement configurations in blast-loaded columns. In the 

current study, various analyses are conducted to determine the most appropriate modeling 

approach for each column. While these modeling methods work well for the column 

analyses conducted for this research, of prime interest is verifying the most appropriate 

way to model discrete ties for a wide range of response levels and component types, 

including the failure and opening of these ties. Furthermore, an examination of other 

modeling approximations may provide guidelines for constructing models that perform 

better than those used in this research. Another potential modeling approximation is the 

use of springs to represent rebar slip during the opening of discrete ties during the 

experimental tests. Moreover, establishing improved concrete constitutive models will 

improve the fidelity of numerical models, and quantifying the true contribution of strain-

rate effects for concrete will provide an improved understanding of the response of 

members constructed with this material. In a similar manner, an investigation into the 

methods that can be used to model retrofits is desirable for analysis of the numerous 

existing bridges in the United States, but additional experimental blast tests would be 

needed to validate the findings. 

 

Further research is also needed to study the influence of charge shape on the 

column shape factors developed during the current project. While the column shape 

factors are not expected to change significantly from those developed using cylindrical 

charges, this hypothesis needs to be verified for other charge shapes of typical terrorist 

threats. Unlike the column shape factors, the normalized load curves will likely change 

with charge shape, and additional study should develop a set of equations for other 

charge shapes or seek to determine the worst case scenario among all probable cases. 

 

The analyses conducted for this research consider only one column height, and 

the load curves from those analyses are extended over the heights of taller columns to 

develop load equations for those cases. Extending the impulse distribution from one 
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column height to taller columns is conservative because the reflected impulse decreases 

as the position along the height of a column increases. While the resulting normalized 

equivalent uniform impulse values are conservative, additional research could refine the 

influence of column height on those values and include other charge shapes.  

 

Additionally, the presence of a bridge deck may significantly increase the 

normalized equivalent uniform impulse values for certain design scenarios. While 

reflections off the deck may seem insignificant for load curves based on the worst case 

base shear scenario, they may be significant for the flexural design of some columns. 

Furthermore, the design procedure for blast-resistant columns outlined by Williamson et 

al. (2009) and discussed by Holland (2008) requires a single-degree-of-freedom flexural 

analysis that uses acceptability criteria based on the worst case load scenario for base 

shear; however, the equivalent uniform impulse used in the single-degree-of-freedom 

analysis, and hence the severity of the column response, increases as the geometric center 

of the charge approaches the mid-height of a column. Therefore, the design load for base 

shear becomes more severe as the vertical elevation of the charge moves away from the 

position that actually creates the worst case load for base shear in reality (i.e., a charge on 

the ground). While this issue is not a safety concern, it may result in overly conservative 

designs for base shear for charge elevations other than on the ground, and additional 

research should refine this method further. 

 

Because the load prediction procedure developed during this research is based on 

a single-degree-of-freedom flexural analysis, additional research could develop a 

multiple-degree-of-freedom analysis procedure that considers shear response directly. 

This type of response procedure would allow more accurate equivalent load values and 

response predictions than those proposed in this study because a normalized deflected 

shape based on a shear hinge would align more closely with the shape of the load curves 

developed in this research. Therefore, the resulting analysis would better represent the 
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expected behavior. Moreover, because the load prediction method developed for this 

research is specifically intended for use with a single-degree-of-freedom analysis, 

additional work can develop a load prediction technique that does not rely on an 

equivalent impulse value. Rather, similarly to the charts available in TM 5-1300 

(Department of the Army, 1990) and TM 5-855-1 (Department of the Army, 1986), 

another technique to compute blast loads could address the reduction in reflected impulse 

solely as a function of peak incident overpressure, angle of incidence, or another related 

value. 

 

The airblast models considered for this research show pressure magnification 

resulting from reflected pressure waves clearing towards the top of a column and merging 

with the shock front yet to strike the front face of the column being analyzed. This type of 

behavior has not been documented previously in the literature, and the parameter study 

conducted for this research is not sufficient to fully characterize this behavior. Future 

work could address this phenomenon, specifically quantifying the effect of this 

magnification on the total net resultant impulse. 

 

7.9  SUMMARY 

This research used airblast models in LS-DYNA to characterize blast loads on 

slender square and circular bridge columns. A procedure to predict these blast loads was 

developed using the equivalent uniform pressures and impulses determined from the 

easy-to-use and fast running BEL software along with shape factors that account for the 

differences in clearing, angles of incidence, and standoff distances for various locations 

on square and circular columns. The resulting triangular blast load is intended for design 

office use in conjunction with a single-degree-of-freedom response analysis.  
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The numerical data extracted from the airblast analyses were also used as input 

for column response models in LS-DYNA. These column response models were used to 

investigate the base shear incurred by columns subjected to airblast. The results of these 

analyses show that charges placed on the ground produce the greatest base shear among 

all other possible vertical locations for charges. Moreover, although circular columns 

always receive less net resultant impulse than do square columns in the analyses 

conducted for this research, the resulting base shear is column and threat scenario 

dependent. In some cases, circular columns experience more base shear impulse than 

square columns subjected to the same threat scenario. Though this observation is not a 

result of one of the initial objectives of this research, it is an important finding because 

each bridge and corresponding threat scenario must be considered on a case-by-case basis 

when selecting the final design details for columns subjected to blast loads.  

 

The column response models were also used examine the cross-sectional behavior 

that leads to spalling of side cover concrete off blast-loaded reinforced concrete columns. 

The mechanism behind this behavior is a wave that travels through the cross-section in 

the direction of loading. This wave causes contraction in the direction of loading, which 

in turn results in compressive stresses and expansion of the cross-section in the direction 

perpendicular to the direction of loading due to Poisson’s Effect. The cover concrete 

ultimately fails in a three-dimensional state of stress when one of the three principle 

stresses becomes tensile, and the sustained compressive forces in the direction 

perpendicular to the direction of loading propels the concrete cover off of a blast-loaded 

column. 

 

As mentioned in Chapter 1, past attacks on and recent threats to bridges in the 

U.S. have caught the attention of the bridge engineering community. While past 

specifications for blast-resistant structures have focused primarily on bridges, engineers 

now desire methods to increase the blast resistance of transportation structures. To that 
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end, the experimental and analytical results of NCHRP 12-72 provide code-ready 

guidelines for the analysis, design, and detailing of blast-resistant bridge columns. The 

research presented in this dissertation compliments the work completed for NCHRP 12-

72 and advances the state-of-practice for increasing the blast-resistance of bridges by 

accomplishing the four main objectives outlined previously. Specifically, this work 

characterizes the different structural loads experienced by slender square and circular 

members subjected to blast loads, and it follows by providing a simplified procedure to 

predict blast loads acting on circular and square members. Furthermore, analyses 

conducted during this research identify the vertical location for a charge that generates 

the greatest design scenario for base shear, and they also illustrate the fact that circular 

columns cannot be assumed to experience less base shear impulse simply because they 

experience less net resultant impulse. Additionally, this work identifies and explains the 

mechanisms that lead to spalling of side cover concrete off blast-loaded reinforced 

concrete members. Therefore, the results of this research provide a greater understanding 

of the structural loads on and the resulting response of reinforced concrete bridge 

columns subjected to blast loads, and as such these contributions to the structural 

engineering community enhance the security of the U.S. transportation infrastructure. 

 

7.10  CONCLUSIONS 

The research presented in this dissertation was conducted in conjunction with 

work completed for NCHRP Project 12-72. The combination of experimental blast tests 

and numerical models representing those tests yielded experimental and numerical data 

that led to the development of code-ready guidelines for the analysis and design of bridge 

columns subjected to blast loads. Descriptions of those experimental tests, the detailing 

guidelines, and the design procedure are available in publications by Holland (2008) and 

Williamson et al. (2009). The analytical work presented in this dissertation directly 

compliments the research completed for NCHRP 12-72. The results of numerical models 

advance the understanding of the loads on and the resulting response of reinforced 

concrete columns subjected to airblast through the following conclusions: 
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- Numerically-generated pressure-time history data from finite element models 

demonstrate that circular columns incur less net load than square columns of the 

same size when both columns are subjected to the same charge weight acting at 

the same standoff distance from the center of the explosive to the target.  

- Blast loads on square and circular bridge columns were characterized through 

column shape factors. These factors were derived from pressure-time history data 

developed from numerical models during this research, and they specifically 

quantify blast loads acting on square and circular columns for design purposes.  

- Experimental and numerical results were used to formulate a simplified procedure 

to predict blast loads on square and circular bridge columns. This procedure 

utilizes basic equations developed from numerical models constructed for this 

research and state-of-the-practice blast load prediction software derived from 

extensive experimental data. 

- Spalling of side-cover concrete on blast-loaded reinforced concrete columns 

results from a rapid contraction of the cross-section in the direction of loading and 

a subsequent expansion of the cross-section perpendicular to the direction of 

loading. The expansion of the cross-section perpendicular to the direction of 

loading is due to Poisson’s Effect.  

- The cross-sectional behavior that leads to spalling of side cover concrete on blast-

loaded reinforced concrete columns occurs extremely early in time before the 

member as a whole has time to respond. Thus, the spalling is not a result of 

excessive member deformation. 

- For the cases evaluated during this research, numerical models show that an 

explosive placed on the ground generates the greatest base shear load of any 

possible vertical location for an explosive. 

- Base shear for a given charge weight and standoff distance is a function of the 

applied blast load, column weight per unit height, cross-sectional shear capacity, 

and level of shear response. Accordingly, design engineers should not 
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automatically assume that circular columns provide the best design solution 

simply because they incur less load than square columns for the same explosive 

weight and location. The suitability of each cross-section shape for a given design 

scenario must be examined on a case-by-case basis. 

- For some design cases, square columns with discrete ties could be advantageous 

over circular columns with continuous spiral reinforcement if the discrete ties in 

square columns have sufficient detailing and anchorage to prevent degradation 

during severe deformations. Guidelines for proper detailing of discrete ties in 

blast-loaded square columns were developed in close conjunction with this 

research and are available in publications by Holland (2008) and Williamson et al. 

(2009).  
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APPENDIX A: An Elementary Discussion of 

Airblast Modeling in LS-DYNA 

 

Several finite element codes have the Arbitrary Lagrangian-Eulerian (ALE) 

capabilities to perform airblast simulations. Previous chapters of this dissertation describe 

some of those codes and outline important principles of airblast modeling using finite 

element analysis methods. For the study presented in this dissertation, the ALE 

formulations within LS-DYNA were employed to compute both blast loads and structural 

response. While several techniques exist within LS-DYNA to model detonations, this 

appendix outlines an elementary implementation of an uncoupled, free-field airblast 

model in LS-DYNA, including a brief description of the required commands for 

modeling high explosives. A sample input file at the end of this appendix exhibits the use 

of all commands necessary for airblast modeling, with the exception of the model 

geometry not being included. The reader should note that this author does not necessarily 

endorse LS-DYNA nor guarantee the accuracy of any results obtained using LS-DYNA. 

Dependable airblast models require an analyst experienced with the theory of shock 

physics, the physical realities of high explosive detonations, and the capabilities and 

limitations of the finite element code of choice. This appendix is provided only as an 

example implementation of airblast modeling using a widely-available finite element 

program. 

 

An analyst should first construct the model geometry using quadrilateral 

elements. Each node represents a given location in 3-D space, and the reader can 

visualize each element as either a “compartment” of fluid (i.e., air in the case of airblast 

simulation) or a “brick” of explosive. Thus, the elements should form explicitly the 

geometry of the explosive. LS-DYNA then requires the definition of parts. The model 

should include a part for each independently responding component of the model, and 

each part should include the elements that form the component in the overall geometry it 



 293  

represents. In the case of airblast modeling in LS-DYNA, one part will be the explosive, 

and the other part will be the air. The elements that comprise the explosive elements and 

air do not overlap; they are separate, but connected elements. 

 

LS-DYNA requires the user to define the element formulation for all elements 

within a given part, and several keywords are available in the LS-DYNA user’s manual 

to define a wide variety of element formulations. The formulation used for this research 

is the one-point ALE multi-material element formulation, and the user may select this 

formulation by selecting option 11 under the ELFORM input slot in the 

*SECTION_SOLID_ALE keyword. This element formulation designates that more than 

one material is or will be present in the elements during the duration considered in the 

analysis. As such, it requires the definition of material groupings for interface 

reconstruction when multiple materials are present in the model, and the user must 

specify the *ALE_MULTI-MATERIAL_GROUP command for each material present in 

the model (i.e., the explosive and air). 

 

The keyword *MAT_HIGH_EXPLOSIVE_BURN allows the user to input the 

density, detonation velocity, and Chapman-Jouget pressure (Aloui and Souli, 2006) of the 

explosive under consideration. The user may also control the type of burn using this 

keyword. Successful implementation of a high explosive detonation also requires an 

equation-of-state to govern the relationship between the pressure and volume of the 

gaseous detonation products. The Jones-Wilkens-Lee (JWL) (Aloui and Souli, 2005) 

equation-of-state is the most common such equation, and LS-DYNA implements this 

equation through the *EOS_JWL keyword. The empirically-derived constants necessary 

for this equation are often restricted, and the values may change slightly depending on the 

deriving organization. The input file given at the end of this section uses commonly-

accepted JWL values for C-4 that are currently available in the open literature (Aloui and 

Souli, 2006). 
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  Atmospheric properties can vary significantly, and an analyst should select values 

that accurately reflect the conditions at the blast site at the time under consideration. LS-

DYNA has several ways an analysis can represent air. One such method is by defining a 

null material using the *MAT_NULL keyword. This material definition allows the user 

to assign a density in the RHO input slot, and an equation-of-state governs the 

relationship between pressure and volume. Two equations-of-state are common for air in 

LS-DYNA airblast models: the *EOS_IDEAL_GAS equation-of-state, which is based on 

the ideal gas law; and the *EOS_LINEAR_POLYNOMIAL equation-of-state, which 

allows the user to define the coefficients of a polynomial equation that is linear in internal 

energy. A special case of the linear polynomial equation will model an ideal gas. 

 

Several additional keywords are necessary to properly define a blast simulation in 

LS-DYNA once the input deck contains the geometry, parts, element formulations, and 

material properties. The *CONTROL_TERMINATION command is necessary for any 

transient analysis, including airblast simulations, and this keyword allows the user to 

input the termination time for the analysis in the ENDTIM input slot. An analyst will 

need to select an end time that will allow a sufficient duration for the shock front to pass 

the point of interest prior to completion of the analysis. LS-DYNA internally determines 

an “ideal” time step by calculating the smallest time it takes for a sound wave to travel 

across the shortest dimension of the smallest element considering all elements in the 

model, and then LS-DYNA uses a time step scale factor to reduce that internally-

computed time step. The default value is 0.9 for most applications; however, to ensure 

numerical stability, LS-DYNA uses 0.67 as the default when high explosives are present 

in the model, and the user may redefine the time step scale factor using the TSSFAC 

input slot in the *CONTROL_TIMESTEP keyword.  

 

All elements on “free-surfaces” (i.e., non-constrained surfaces) must have an 

applied surface pressure equal to the atmospheric pressure in the air mesh. The reader can 

visualize the importance of this surface pressure by considering the application of this 
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force as the restraint that prevents the fluid (i.e., air) from flowing out the open surfaces 

of the mesh. The *CONTROL_ALE keyword allows the user to apply such a surface 

pressure and to control other behaviors of the Arbitrary Lagrangian-Eulerian mesh. 

Several values in this keyword are important for an elementary airblast model. The input 

PREF specifies the pressure applied to all free surfaces of the mesh. 

 

All finite element models must have restraint to prevent rigid-body translation and 

rotation. The *CONSTRAINED_GLOBAL command can provide this restraint in an 

airblast model, while also serving as a perfect reflecting surface. As mentioned in 

Chapter 4, an analyst should always consider symmetry as a valuable resource to reduce 

mesh size and computational demand. All unconstrained “free” surfaces should use the 

*BOUNDARY_NON_REFLECTING boundary constraint using element sets. 

 

LS-DYNA requires a few commands if the user wishes to record overpressure 

histories during an analysis. The *DATABASE_TRACER command allows the user to 

specify the location of tracers (i.e., pressure gauges) to record pressure-time histories 

during an analysis. These tracers can remain at a specific location, or they can move with 

the fluid flow. The DT input slot under the *DATABASE_TRHIST keyword sets the 

time interval at which these tracers record data. Finally, the high explosive modeling 

requires the *INITIAL_DETONATION keyword to define the igniting time and x, y, and 

z locations of the detonation. 

 

The information presented above describes all commands required for basic 

explosive modeling in LS-DYNA. The following set of keywords is an example input file 

for an airblast simulation using C-4 that is based on the above discussion. Note that the 

“$” symbol designates a commented line, and some keywords shown below do not 

appear in the above discussion because they are general to most analyses run using LS-

DYNA. Moreover, different commands and formulations are possible for an elementary 

implementation of a free-field detonation depending on the desires of the analyst, and 
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additional commands are required if the user wishes to include additional explosives, 

mesh adaptation, coupling, or other advanced features. An analyst can find information 

regarding these and all keywords in the LS-DYNA keyword user’s manual. 

 

 

*KEYWORD 

$ 

*TITLE 

C-4 Explosive Model (units: cm, g, microsec, Mbar) 

$ 

*INCLUDE 

<input name of geometry file> 

$ 

*CONTROL_ALE 

$      dct      nadv      meth      afac      bfac      cfac      dvac      efac 

         2         1         2 -1.000000 

$    start       end     aafac     vfact      prit       ebc      pref   nsidebc 

     0.000     0.000     0.000     0.000     0.000         0 1.0000E-6         0 

$ 

*CONTROL_ENERGY 

$     hgen      rwen    slnten     rylen 

         1         1         1         1 

$ 

*CONTROL_TERMINATION 

$   endtim    endcyc     dtmin    endeng    endmas 

    1000.0 

$ 

*CONTROL_TIMESTEP 

$   dtinit    tssfac      isdo    tslimt     dt2ms      lctm     erode     ms1st 

     0.000  0.250000 

$   dt2msf   dt2mslc     imscl 

     0.000         0         0 

$ 

*DATABASE_GLSTAT 

$       dt    binary 

     1.000 

$ 

*DATABASE_TRHIST 

$       dt    binary 

     0.001 

$ 

*DATABASE_BINARY_D3PLOT 

$       dt      lcdt      beam     npltc 

      50.0 

$    ioopt 

         0 

$ 

*DATABASE_TRACER 

$ 

$     time     track         x         y         z 
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     0.000         1    100.00    100.00      0.00 

$ 

*DATABASE_EXTENT_BINARY 

$    neiph     neips    maxint    strflg    sigflg    epsflg    rltflg    engflg 

         0         0         0         0         0         0         0         0 

$   cmpflg    ieverp    beamip     dcomp      shge     stssz    n3thdt   ialemat 

         0         0         0         0         0         0         0         0 

$  nintsld   pkp_sen      sclp      null     msscl     therm 

         0         0     1.000 

$ 

*PART 

$  TNT 

$      pid     secid       mid     eosid      hgid      grav    adpopt      tmid 

         1         1         1         1         1 

$ 

*SECTION_SOLID_ALE 

$    secid    elform       aet 

         1        11 

$     afac      bfac      cfac      dfac      efac     start       end     aafac 

     0.000     0.000     0.000     0.000     0.000     0.000     0.000     0.000 

$ 

*MAT_HIGH_EXPLOSIVE_BURN 

$      mid        ro         d       pcj      beta         k         g      sigy 

         1     1.601     0.804     0.281 

$ 

*EOS_JWL 

$    eosid         a         b        r1        r2      omeg        e0        vO 

         1   5.98155   0.13750      4.50      1.50      0.32     0.087 

$ 

*HOURGLASS 

$     hgid       ihq        qm       ibq        q1        q2    qB/vdc        qw 

         1         0    1.0E-6         1 

$ 

*ALE_MULTI-MATERIAL_GROUP 

$      sid    idtype 

         1         1 

$ 

*PART 

$  AIR 

$      pid     secid       mid     eosid      hgid      grav    adpopt      tmid 

         2         2         2         2         2 

$ 

*SECTION_SOLID_ALE 

$    secid    elform       aet 

         2        11 

$     afac      bfac      cfac      dfac      efac     start       end     aafac 

     0.000     0.000     0.000     0.000     0.000     0.000     0.000     0.000 

$ 

*MAT_NULL 

$      mid        ro        pc        mu     terod     cerod        ym        pr 

         2  0.001293 

$ 
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*EOS_LINEAR_POLYNOMIAL 

$    eosid        c0        c1        c2        c3        c4        c5        c6 

         2     0.000     0.000     0.000     0.000  0.400000  0.400000     0.000 

$       e0        v0 

 2.5000E-6  1.000000 

$ 

*HOURGLASS 

$     hgid       ihq        qm       ibq        q1        q2    qB/vdc        qw 

         2         0    1.0E-6         1 

$ 

*ALE_MULTI-MATERIAL_GROUP 

$      sid    idtype 

         2         1 

$ 

*CONSTRAINED_GLOBAL 

$       tc        tc       dir         x         y         z 

         1                   1         0         0         0 

         2                   2         0         0         0 

         3                   3         0         0         0 

$ 

*BOUNDARY_NON_REFLECTING 

$     SSID        AD        AS 

       300       0.0       0.0 

$ 

*INITIAL_DETONATION 

$      pid         x         y         z        lt 

         0     0.000     0.000    10.000     0.000 

$ 

*END 
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APPENDIX B: Comparisons of Overpressure 

Curves from Spherical Air Burst Analyses 

 

Figure B.1 Small Scaled Standoff Pressure-Time Histories for TNT and C4 

Spherical Air Blasts 
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Table B.1 Large Scaled Standoff Pressures and Impulses for TNT and C4 Spherical 

Air Blasts 

Peak Pressure Error in Pressure Maximum Impulse Error in Impulse

(psi) (%) (psi-msec) (%)

1-lb C-4 638.9 29.5% 9.7 29.4%

1-lb C-4 (mesh adaptation) 798.1 11.9% 11.7 15.3%

1-lb C-4 (BEL) 906.0 0.0% 13.8 0.0%

1-lb TNT 491.1 36.5% 10.4 23.8%

1-lb TNT (mesh adaptation) 608.3 21.3% 10.5 22.6%

1-lb TNT (BEL) 773.0 0.0% 13.6 0.0%

Analysis Case
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Figure B.2 Small Scaled Standoff Pressure-Time Histories for Analysis with 

Adjusted JWL Equation-of-State Material Input Parameters for TNT 

0

100

200

300

400

500

600

700

800

900

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Time (msec)

P
re
ss
u
re
 (
p
si
)

Run 10 -- TNT -- regular input

Run 17 -- TNT -- increased d

Run 18 -- TNT -- increased pcj

Run 19 -- TNT -- increased a

Run 20 -- TNT -- increased b

Run 21 -- TNT -- increased r1

Run 22 -- TNT -- increased r2

Run 23 -- TNT -- increased  Ω

Run 24 -- TNT -- increased e0

BEL -- TNT spherical

E o

r 2

r 1

b

a

p cj

Increased V d

V d

Increased p cj

Increased a

Increased b

Increased r 1

Increased r 2

Increased Ω

Increased E o

Published Input

BEL

Table B.2 Small Scaled Standoff Pressures and Impulses for Analysis with Adjusted 

JWL Equation-of-State Material Input Parameters for TNT 

 
Peak Pressure Error in Pressure Maximum Impulse Error in Impulse

(psi) (%) (psi-msec) (%)

Run 10 -- TNT -- regular input 608.3 21.3% 10.5 22.6%

Run 17 -- TNT -- increased V d  (burn rate) 607.9 21.4% 10.7 21.0%

Run 18 -- TNT -- increased p cj 608.4 21.3% 10.5 22.7%

Run 19 -- TNT -- increased a 601.1 22.2% 10.4 23.6%

Run 20 -- TNT -- increased b 609.2 21.2% 10.2 25.0%

Run 21 -- TNT -- increased r 1 579.3 25.1% 11.0 19.2%

Run 22 -- TNT -- increased r 2 593.6 23.2% 10.7 21.1%

Run 23 -- TNT -- increased Ω 628.8 18.7% 10.2 24.8%

Run 24 -- TNT -- increased e o 771.1 0.2% 12.4 8.8%

BEL -- TNT spherical 773.0 0.0% 13.6 0.0%

Analysis Case
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APPENDIX C: Single Element Stress Analyses for 

Concrete and Steel Material Models 

 

 

 

Table C.1 Data for the Malvar Dynamic Increase Factor Equation and the Johnson 

Cook Material Model for #6 Deformed Rebar 

 

A 87.52 ksi f y 64.5 ksi

B 58.015 ksi a fy 0.031

n 0.4

c 0.0289

MalvarJohnson Cook

Figure C.1 Curve Fit between the Malvar Dynamic Increase Factor Equation and 

the Johnson Cook Material Model for #6 Deformed Rebar 
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Figure C.2 Curve Fit between the Malvar Dynamic Increase Factor Equation and 

the Johnson Cook Material Model for #4 Deformed Rebar 
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Table C.2 Data for the Malvar Dynamic Increase Factor Equation and the Johnson 

Cook Material Model for #4 Deformed Rebar 

 

A 75.13 ksi f y 50 ksi

B 54.39 ksi a fy 0.041

n 0.4

c 0.0368

MalvarJohnson Cook



 303  

 

Table C.3 Data for the Malvar Dynamic Increase Factor Equation and the Johnson 

Cook Material Model for #4 Smooth Rebar 

 

A 93.22 ksi f y 72.75 ksi

B 72.52 ksi a fy 0.026

n 0.4

c 0.0240

MalvarJohnson Cook

Figure C.3 Curve Fit between the Malvar Dynamic Increase Factor Equation and 

the Johnson Cook Material Model for #4 Smooth Rebar 
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APPENDIX D: Abbreviated Examples of           

LS-DYNA Keyword Input 

 
$ units = mm, metric tonne, sec, N 
$ 
*KEYWORD memory=30000000 
$ 
*TITLE 
Column -- 
$ 
*CONTROL_TERMINATION 
$   ENDTIM    ENDCYC     DTMIN    ENDENG    ENDMAS                               
   0.10000         0       0.0       0.0       0.0                               
$ 
*CONTROL_TIMESTEP 
$   DTINIT    TSSFAC      ISDO    TSLIMT     DT2MS      LCTM     ERODE     MS1ST 
       0.0   0.75000         0       0.0       0.0         0         0         0 
$ 
*DATABASE_BINARY_D3PLOT 
$  DT/CYCL   LCDT/NR      BEAM     NPLTC    PSETID                               
   0.00020 
$    IOOPT                                                                       
         0                                                                       
$ 
*HOURGLASS 
$     HGID       IHQ        QM       IBQ        Q1        Q2    QB/VDC        QW 
         1         3      0.10         1 
$ 
*CONSTRAINED_GLOBAL 
$       TC        RC       DIR         X         Y         Z                     
         2         7         2       0.0       0.0       0.0                     
         6         0         3       0.0       0.0       0.0                     
$ 
*DEFINE_COORDINATE_SYSTEM 
$      cid        xo        yo        zo        xl        yl        zl 
         1       0.0       0.0       0.0      10.0       0.0       0.0 
$       xp        yp        zp 
       0.0      10.0       0.0 
$ 
*BOUNDARY_SPC_SET_ID 
$       ID 
       200 
$     NSID       CID      DOFX      DOFY      DOFZ     DOFRX     DOFRY     DOFRZ 
       200         1         1         1         1         0         0         0 
$ 
*SET_NODE_LIST_TITLE 
Node set 200 
$      sid       da1       da2       da3       da4 
       200 
$     nid1      nid2      nid3      nid4      nid5      nid6      nid7      nid8 
     43471     43472     43473     43474     43475     43476     43477     43478 
     43479     43480     43481     43482     43483     43484     43485     43486 
     43487     43488     43489     43490     43491     43492     43493     43494 
- 
- 
- 
- 
$ 
$------------------------------------------------------------------------------- 
*Node 
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$    nid               x               y               z      tc      rc 
       1 -381.0000000000 0.0000000000000 0.0000000000000 
       2 -357.1875000000 0.0000000000000 0.0000000000000 
       3 -333.3750000000 0.0000000000000 0.0000000000000 
       4 -311.1500000000 0.0000000000000 0.0000000000000 
       5 -288.9250000000 0.0000000000000 0.0000000000000 
       6 -266.7000000000 0.0000000000000 0.0000000000000 
       7 -244.4750000000 0.0000000000000 0.0000000000000 
       8 -222.2500000000 0.0000000000000 0.0000000000000 
       9 -200.0250000000 0.0000000000000 0.0000000000000 
- 
- 
- 
- 
- 
$ 
$------------------------------------------------------------------------------- 
*ELEMENT_SOLID 
$    eid     pid      n1      n2      n3      n4      n5      n6      n7      n8 
       1       1       1       2      37      36     631     632     667     666 
       2       1       2       3      38      37     632     633     668     667 
       3       1       3       4      39      38     633     634     669     668 
       4       1       4       5      40      39     634     635     670     669 
       5       1       5       6      41      40     635     636     671     670 
       6       1       6       7      42      41     636     637     672     671 
       7       1       7       8      43      42     637     638     673     672 
       8       1       8       9      44      43     638     639     674     673 
       9       1       9      10      45      44     639     640     675     674 
      10       1      10      11      46      45     640     641     676     675 
      11       1      11      12      47      46     641     642     677     676 
      12       1      12      13      48      47     642     643     678     677 
      13       1      13      14      49      48     643     644     679     678 
      14       1      14      15      50      49     644     645     680     679 
      15       1      15      16      51      50     645     646     681     680 
- 
- 
- 
- 
- 
$------------------------------------------------------------------------------- 
*SET_SEGMENT_TITLE 
SEGMENT SET 500 
$      sid       da1       da2       da3       da4 
       500 
$       N1        N2        N3        N4 
         1       631       666        36 
        36       666       701        71 
        71       701       736       106 
       106       736       771       141 
       141       771       806       176 
       176       806       841       211 
       211       841       876       246 
- 
- 
- 
- 
- 
$ 
$------------------------------------------------------------------------------- 
*PART 
Concrete 
$      PID     SECID       MID     EOSID      HGID      GRAV    ADPPOT      TMID 
         1         1        72         0         1         0         0         0 
$ 
*PART 
Longitudinal reinforcement - #6 bars 
         2         2         2         0         0         0         0         0 
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$ 
*PART 
Longitudinal reinforcement - half #6 bars 
         4         4         4         0         0         0         0         0 
$ 
*PART 
Transverse reinforcement - #4 bars 
         6         6         6         0         0         0         0         0 
$ 
$------------------------------------------------------------------------------- 
*SECTION_SOLID 
$ 
$ Concrete 
$ 
$    SECID    ELFORM       AET 
         1         1 
$ 
*SECTION_BEAM 
$ 
$ longitudinal reinforcement - #6 bars 
$ 
$    SECID    ELFORM      SHRF   QR/IRID       CST     SCOOR       NSM 
         2         3 
$        A       ISS       ITT       IRR        SA 
   285.023 
$ 
*SECTION_BEAM 
$ 
$ longitudinal reinforcement - half #6 bars 
$ 
$    SECID    ELFORM      SHRF   QR/IRID       CST     SCOOR       NSM 
         4         3 
$        A       ISS       ITT       IRR        SA 
   142.511 
$ 
*SECTION_BEAM 
$ 
$ transverse reinforcement - #4 bars 
$ 
$    SECID    ELFORM      SHRF   QR/IRID       CST     SCOOR       NSM 
         6         3 
$        A       ISS       ITT       IRR        SA 
   126.677 
$ 
$------------------------------------------------------------------------------- 
*MAT_CONCRETE_DAMAGE_REL3 
$      MID        RO        PR 
        72 2.1625E-9 
$       FT        A0        A1        A2        B1     OMEGA       A1F 
             -27.579 
$   SLAMBA      NOUT     EDROP     RSIZE       UCF    LCRATE  LOCWIDTH      NPTS 
                                 0.03937     145.0 
$ 
$ LAMBDA01  LAMBDA02  LAMBDA03  LAMBDA04  LAMBDA05  LAMBDA06  LAMBDA07  LAMBDA08 
 
$ LAMBDA09  LAMBDA10  LAMBDA11  LAMBDA12  LAMBDA12        B3       A0Y       A1Y 
 
$      n01       n02       n03       n04       n05       n06       n07       n08 
 
$      n09       n10       n11       n12       n13        B2       A2F       A2Y 
 
$ 
*MAT_SIMPLIFIED_JOHNSON_COOK 
$  
$ #6 deformed reinforcing bar 
$ 
$      MID        RO         E        PR        VP 
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         2   7.85E-9     2.0E5   0.30000       0.0 
$        A         B         N         C    PSFAIL    SIGMAX    SIGSAT      EPSO 
   603.429     475.0       0.4    0.0289    0.1621 
$ 
*MAT_SIMPLIFIED_JOHNSON_COOK 
$  
$ #4 deformed reinforcing bar 
$ 
$      MID        RO         E        PR        VP 
         6   7.85E-9     2.0E5   0.30000       0.0 
$        A         B         N         C    PSFAIL    SIGMAX    SIGSAT      EPSO 
   518.003     375.0       0.4    0.0368   0.21017 
$ 
*MAT_SIMPLIFIED_JOHNSON_COOK 
$  
$ #4 smooth reinforcing bar 
$ 
$      MID        RO         E        PR        VP 
         6   7.85E-9     2.0E5   0.30000       0.0 
$        A         B         N         C    PSFAIL    SIGMAX    SIGSAT      EPSO 
   642.729     500.0       0.4     0.024   0.20000 
$ 
$------------------------------------------------------------------------------- 
*PART 
Spring elements for reaction structure 
         8         8         8         0         0         0         0         0 
$ 
$------------------------------------------------------------------------------- 
*SECTION_BEAM 
$    SECID    ELFORM      SHRF   QR/IRID       CST     SCOOR       NSM 
         8         3 
$        A       ISS       ITT       IRR        SA 
 5.2865750 
$ 
$------------------------------------------------------------------------------- 
*MAT_ELASTIC 
$      MID        RO         E        PR        DA        DB         K 
         8  7.849E-9   1.999E5   0.30000 
$ 
$------------------------------------------------------------------------------- 
*LOAD_SEGMENT_SET 
$     SSID      LCID        SF        AT 
         1         1     0.374       0.0 
$ 
$------------------------------------------------------------------------------- 
*DEFINE_CURVE 
$     LCID      SIDR       SFA       SFO      OFFA      OFFO    DATTYP 
         1         0     1.000     1.000       0.0       0.0         0           
$    ABSCISSA (TIME)    ORDINATE (VALUE) 
                 0.0                 0.0 
          2.8994E-07                 0.0 
        1.029994E-05             0.00016 
        2.031994E-05              0.0112 
        3.028994E-05             0.88513 
        4.033994E-05              13.059 
        5.033994E-05               34.99 
        6.029994E-05              52.535 
        7.031994E-05              70.566 
        8.029994E-05              84.111 
        9.033994E-05               111.9 
- 
- 
- 
- 
- 
$------------------------------------------------------------------------------- 
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APPENDIX E: Additional Results from 

Numerical Models of Phase II Blast Tests 

 

 

Figure E.2 Comparison of Response Shapes and Damage Patterns for Column 1B 

Figure E.1 Peak Displacements from Numerical Models Representing Column 1B 
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Figure E.4 Comparison of Response Shapes and Damage Patterns for Column 2A-2 

Figure E.3 Peak Displacements from Numerical Models Representing Column 2A-2 
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Figure E. 6 Comparison of Response Shapes and Damage Patterns for Column 2-Seismic 

Figure E.5 Peak Displacements for Numerical Models Representing Column 2-Seismic 
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Figure E.8 Comparison of Response Shapes and Damage Patterns for Column 2-Blast 

Figure E.7 Peak Displacements from Numerical Models Representing Column 2-Blast 
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Figure E.10 Comparison of Response Shapes and Damage Patterns for Column 3A 

Figure E.9 Peak Displacements for Numerical Models Representing Column 3A 
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APPENDIX F: Additional Correlations of Column 

Shape and Equivalent Load Factors 

 
 

 

Figure F.1 Normalized Equivalent Uniform Impulse, Ine versus Standoff Distance, R 
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Figure F.2 Normalized Equivalent Uniform Impulse, Ine/D
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Figure F.3 Normalized Equivalent Uniform Impulse, Ine versus (Dcolumn-Dcharge)/R 
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Figure F.4 Normalized Equivalent Uniform Impulse, Ine versus Standoff Distance 

/Column Diameter, R/D 
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Figure F.5 Equivalent Uniform Impulse, Ine versus Scaled Standoff, Z 
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Figure F.6 Normalized Equivalent Uniform Impulse, Ine versus Column Diameter/ 

Standoff Distance, D/R 
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Figure F.7 Column Shape Factor, S versus Scaled Standoff/Column Diameter, Z/D 
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Figure F.8 Column Shape Factor, S versus Column Diameter/Standoff Distance, 

D/R 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Column Diameter/Standoff Distance, D /R  (ft./ft.)

C
o
lu
m
n
 S
h
a
p
e 
F
a
c
to
r,
 S

Square

Circular



 321  

 

Figure F.9 Column Shape Factor, S versus (Dcolumn – Dcharge)/R 
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Figure F.10 Column Shape Factor, S versus Scaled Standoff, Z 
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Figure F.11 Column Shape Factor, S versus Standoff Distance, R 
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Figure F.12 Column Shape Factor, S versus Column Diameter, D 
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APPENDIX G: Example Calculation of Blast 

Loads on Bridge Column 

 

 

1) Design Assumptions: 
 
 Charge Weight:  500 lbs 
 Standoff Distance:  5 ft. 
 Height of Burst:  5 ft. 
 Column Shape:  Circular 
 Column Diameter: 3 ft. 
 Column Height:  20 ft. 
 
2) Calculate equivalent uniform pressure and equivalent uniform impulse using BEL. 
 
BEL User Interface: 
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42.0391.0
3

5
0189.0391.00189.0 =+








=+







=
ft

ft

D

R
SC

ft. 

ft. 

4) Calculate reduced equivalent uniform impulse: 

ier = SCiBEL = (0.42)(2582psi-msec) = 1091 psi-msec 

Equivalent uniform pressure: pBEL = 8391 psi 
Equivalent uniform impulse: iBEL = 2582 psi-msec 
 
 
 

3) Calculate column shape factor using equation for circular column: 
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5) Calculate duration to maintain equivalent impulse: 

( )( )
26.0

sec8391

sec109122
=








=








=

psim

psim

p

i
t

e

er

e

psi-msec 

psi-msec 
msec 

P
re
ss
u
re
 o
r 
L
o
ad
 

Time 

pe = 8391 psi or Ft = 839100 lbs 

te = 0.26 sec 

pe(t) or Ft(t) 

6) If required by the SDOF software of choice, calculate total resultant load: 

( )( )( ) 8391002058391 === ftftpsiDHpF et ft. psi ft. lbs 

7) Construct linearly-decaying pressure-time history using appropriate load quantity: 
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