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This report presents code-ready language containing general design guidance and a sim-
plified design procedure for blast-resistant reinforced concrete bridge columns. It provides
the results of experimental blast tests and analytical research on reinforced concrete bridge
columns intended to investigate the effectiveness of a variety of different design techniques.
The material in this report will be of immediate interest to bridge designers.

There is a need to protect the nation’s bridges from intentional or accidental explosions.
The impacts of these loads on buildings and military structures have been studied for many
years, but design for resistance to explosive effects is a new area for bridge engineers. Much
research and development has been done on the effectiveness of seismic strengthening
details for buildings and bridges, and it has been suggested that these or similar bridge
details, used in new construction or as a retrofit, may serve also to resist explosions and pro-
vide a predictable level of protection. There is a need to meld knowledge of seismic and
extreme-event design for new and existing structures with the equally well-known field of
blast-resistant design and the relatively new field of highway bridge blast-resistant design. 

Under NCHRP Project 12-72, the research team was selected to develop design and
detailing guidelines for improving the structural performance and resistance to explosive
effects for new and existing bridges.

This research was performed under NCHRP Project 12-72 by the University of Texas at
Austin with the assistance of Protection Engineering Consultants and Modjeski and Mas-
ters, Inc. The report fully documents the research leading to the developed design and
detailing guidelines for blast-resistant reinforced concrete bridge columns. 

F O R E W O R D

By Waseem Dekelbab
Staff Officer
Transportation Research Board
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1

The possibility of terrorism against our nation’s bridges is an ever-increasing threat in
today’s society. Data collected by the Mineta Transportation Institute indicate that at least
53 terrorist attacks worldwide specifically targeted bridges between 1980 and 2006, and 60%
of those attacks were bombings. Moreover, accidental collapses of bridges in the U.S. and
terrorist attacks against bridges in Iraq illustrate the large economic and socio-economic
consequences of catastrophic bridge failures. To help ensure the safety of bridges in the U.S.
and protect the nation’s infrastructure, there is a need for design and detailing guidelines for
blast-resistant highway bridges. To address this need, the National Cooperative Highway
Research Program (NCHRP) funded NCHRP Project 12-72 to investigate highway bridges
subjected to explosive loads.

Because bridge columns are integral to nearly all bridges regardless of the superstructure
type, and because the loss of a key column could compromise the integrity of most bridges,
the research team elected to focus its effort on reinforced concrete columns. The main goals
of the research were to:

• Investigate the response of concrete bridge columns subjected to blast loads,
• Develop blast-resistant design and detailing guidelines for highway bridge columns, and
• Develop analytical models of blast-load distribution and the resulting column response

that are validated by experimental data.

The research program consisted of two different phases of experimental testing, comple-
mented by computational and analytical modeling. Phase I of the experimental test program
included small-scale blast tests on square and round non-responding columns. These tests
were conducted by the Engineering Research and Development Center of the U.S. Army Corps
of Engineers at their test site in Vicksburg, Mississippi, and they were designed to determine
how shock waves interact with slender structural members so that variations in pressures and
impulses with both time and position along the height of a column could be studied. Phase II
of the experimental testing program included close-in blast tests on half-scale reinforced
concrete columns. These tests were conducted at a remote test site with help from Protec-
tion Engineering Consultants (PEC) and the Southwest Research Institute (SwRI). The test
matrix included ten half-scale columns with three designs: a base design that represented a
national survey of current bridge column specifications, a seismic design that reflected the
current seismic detailing practices, and a blast design that consisted of a very dense mesh of
transverse reinforcement. Along with these three designs, the five main parameters that were
varied during the Phase II tests were scaled standoff, column geometry, amount of trans-
verse reinforcement, type of transverse reinforcement, and splice location. The ten columns
were tested with charges placed at small standoffs, and these tests were designed to observe
the failure mode (i.e., shear or flexure) for the different column designs.

S U M M A R Y
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Each of the columns tested during the Phase II experimental program contained six strain
gauges, and the strain data gathered during the tests were used to verify boundary condi-
tions and blast-load distribution for each small standoff test. Three of the ten columns tested
during the small standoff tests experienced significant shear deformation at the base, and
the other seven columns displayed a combination of shear and flexural cracking. Six of
the columns were re-tested using close-in or contact charges, and the objective of these local
damage tests was to observe spall and breach patterns of blast-loaded concrete columns. Two
of the six columns tested during the local damage tests experienced significant breach, and
the other columns experienced spalling of concrete from their side and back faces. Compu-
tational and analytical research extended the knowledge gained from the experimental tests.
This work included the use of simplified methods for predicting loads and response as well
as detailed, nonlinear finite element analyses. The simplified models used widely available
analysis procedures, including empirical models for predicting blast loads and single-degree-
of-freedom models for computing response.

The experimental and analytical data gathered during this research program provided a
basis for developing detailing guidelines and a general design procedure for blast-resistant
bridge columns. These guidelines consist of three design categories, each of which contains
increasingly demanding design requirements that specify greater amounts of transverse
reinforcement as the design threat increases. Design Category A is the least restrictive of
the three, requiring no special consideration for design threats associated with blast loads.
Design Category B requires seismic detailing with the exceptions that larger than currently
specified embedment lengths on the hooks of transverse reinforcement be used and plastic
hinge detailing be used over the entire column height to account for uncertainties associ-
ated with the location of potential threat scenarios. Design Category C is for cases involving
the most severe threats. Columns in this category must have a transverse reinforcement ratio
that is 50% greater than that required for current seismic detailing and even larger embedment
lengths on the hooks of transverse reinforcement than those used for Design Category B.
Design Category C also requires a designer to conduct a single-degree-of-freedom dynamic
response analysis to ensure that the ductility ratio and support rotation are less than recom-
mended limits.

Test results indicate that measures other than structural hardening should be taken to
help mitigate design threats with very small scaled standoffs corresponding to contact (and
near-contact) charges because local damage failures such as breaching will begin to control
response for these cases. All of the columns tested during the small standoff tests in this
research fell into Design Category C, and the results of those tests, along with analytical
work, provided the basis by which the limits used to define each of the design categories
were established.

The following general guidelines are recommended for increasing the blast resistance of
reinforced concrete bridge columns:

• Column performance improves significantly as standoff increases, and one of the best
methods to reduce risk to a bridge is to increase the standoff. As such, the design cat-
egories allow a designer to capitalize on the fact that increasing standoff through the
use of bollards, security fences, or vehicle barriers is a safe, efficient, and cost-effective
alternative to increasing the design category and detailing requirements.

• Experimental and analytical data show that circular columns experience less net load
than square columns subjected to the same charge weight and standoff distance. There-
fore, bridge columns should employ circular cross sections whenever possible to reduce
the applied net load of any threat. It should be noted, however, that square columns can
be made blast resistant to an acceptable level with proper detailing and sizing.

• The cross-section size of a reinforced concrete column plays an important role on col-
umn performance, as this parameter controls the onset of breaching failure. As such,
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increasing cross-section size will generally improve column resistance to blast loads,
and a minimum column diameter of 30 in. is recommended for columns subjected to
close-in blasts.

• Continuous spiral reinforcement provides better confinement and produces better over-
all behavior than discrete hoops for small standoffs and close-in threats and is preferable
at all times. If design or construction constraints prevent the use of spiral reinforcement,
columns should use hoops with an embedment length larger than that typically used for
standard (i.e., gravity-controlled) and seismic designs.

• Increasing the transverse reinforcement ratio improves column response to blast loads.
Experimental observations show that the blast designs, which employed very dense
meshes of transverse reinforcement, performed better than the seismic designs, which in
turn performed better than the gravity-load-controlled designs. Accordingly, the mini-
mum amount of transverse reinforcement for a Category C column is now specified to
be 50% greater than that which is currently specified for seismic designs, and this trans-
verse reinforcement should extend over the entire height of the column to resist various
potential threat scenarios.

• If possible, splicing of longitudinal reinforcement should be avoided, and removing
splices from regions where charges may come into contact with a column can help min-
imize localized blast damage.

Finally, bridge engineers should remember that, while these design and detailing guide-
lines will increase the blast resistance of a bridge column, it is not possible to design a col-
umn to resist all possible threats. Bridge owners should conduct a thorough risk analysis to
determine the most probable threats and have their bridges designed accordingly. A certain
level of risk must be accepted for the extreme threat scenarios considered as part of this
research. Failure should be expected if a sufficiently large quantity of explosive is placed close
enough to any bridge column, regardless of the design and detailing.

3
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4

1.1 Overview

The events of September 11, 2001, dramatically illustrated
the catastrophic damage that terrorists can inflict on our civil
structures. The attacks against the World Trade Center and
Pentagon, unfortunately, were not isolated incidences of ter-
rorist actions taken against U.S. assets. Over the last several
decades there have been an increasing number of terrorist
attacks that have led to tremendous losses. As a result of these
events, the engineering community has become more aware of
the need to design structures that can better withstand the
effects of bomb blasts. For example, lessons learned from the
Oklahoma City bombing in 1995 and the embassy attacks in
Tanzania and Nairobi in 1998 have begun to shape current
design guidelines for the prevention of progressive collapse.

In the area of transportation security, approximately 60% of
terrorist attacks against highway infrastructure have consisted
primarily of explosive attacks (Jenkins and Gerston, 2001),
which highlights the need for blast-resistant structures. 
Although the chances of terrorist attacks directed against a
bridge are typically assumed to be very small, the economic
and socio-economic consequences can be extremely high.
The majority of the current state of knowledge for the design
of structures subjected to blast loads is based on and directed
toward the performance of military structures and civilian
buildings. There has been very little notable research on the
blast-resistant design of highway bridges. Thus, to implement
the design of bridges for security, experimental and analytical
research are needed to evaluate the effectiveness of current
blast-resistant design guidelines for buildings applied to bridges
or to develop new design and detailing guidelines.

Since September 11th, several major efforts focused specif-
ically on transportation security have been initiated. Nation-
ally, several high-level groups have been assembled to develop
recommendations and formulate both short- and long-term
strategies for dealing with terrorist threats to bridges and other
transportation assets. Among these efforts, the Blue Ribbon

Panel on Bridge and Tunnel Security, organized through a
joint effort of the FHWA and AASHTO, has been among the
most significant. Following the efforts of the Blue Ribbon
Panel, leading researchers at the FHWA developed both near-
term and long-range research priorities to address important
issues in the area of transportation security. A summary of the
recommendations that have come from these and other groups
can be found in the literature review presented in Chapter 2
of this report.

One of the first research projects initiated on bridge secu-
rity following the attacks on September 11th was directed
by the Texas Department of Transportation, along with fund-
ing from seven state DOTs and the FHWA. The focus of the
research was on the development of mitigation strategies to
improve the performance of a variety of different bridge types
to potential terrorist courses of action. This study investi-
gated cost-effective, unobtrusive design and retrofit options
for a variety of bridge components and bridge structural sys-
tems based on parametric studies carried out using simplified
analytical models (Winget et al., 2004). More recently, through
other pooled-funded projects, the Army Corps of Engineers
has looked at the performance of steel suspension bridge
towers subjected to very severe close-in blasts, and they have
also worked on a similar project for concrete towers for sus-
pension and cable-stay bridges. Other research has focused on
common bridge components, such as the multi-hazard pier
study conducted by researchers at SUNY Buffalo (Fujikura
et al., 2008), as well as the tests on prestressed girders coordi-
nated by the Corps of Engineers (Transportation Pooled Fund
Program, 2008). While these recent projects have provided
tremendous insight into the performance of bridges subjected
to explosions, this field is still quite new. Hence there is much
that still needs to be learned regarding the design of bridges
for security. An in-depth presentation on the current state of
practice and relevant research on this topic can be found in
Chapter 2 of this report.

C H A P T E R  1

Introduction
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5

1.2 Background and History

In order to develop an appreciation of the extent to which
terrorists have targeted U.S. assets, it is helpful to review some
previous incidents. The events highlighted below are not
intended to be an exhaustive list, but they do illustrate the
need for enhanced security.

On February 26, 1993, a bomb was detonated in the park-
ing garage of one of the World Trade Center towers. As 
a result of this attack, 6 people were killed and 1,042 were
injured. Damage was observed over seven floors, and prop-
erty damage was over one-half billion dollars. According to
the ASCE accident investigation (Wikipedia, 2008), the com-
partmentalized layout of the building structure was credited
with minimizing the propagation of damage and preventing
progressive collapse.

Two years after the bombing of the World Trade Center,
on April 19, 1995, the Alfred P. Murrah building in Oklahoma
City was attacked. The death toll from this event was much
larger than that from the 1993 event. As a result of a large truck
bomb, 169 people were killed, over 500 were injured, and
damages exceeded $100 million. From an engineering per-
spective, there was great concern over the structural config-
uration of the Murrah building. This nine-story structure
incorporated a transfer girder at the third floor that allowed
the column spacing from the floors above to be doubled from
20 feet to 40 feet on the bottom three stories. Because the
bomb blast likely caused the failure of three of the columns
that supported the transfer girder, the high loads from the
floors above could not be redistributed to the remaining
columns. As a result, the Murrah building failed due to pro-
gressive collapse. Because of this event, research into progres-
sive collapse has once again become a great concern to the
structural engineering community, and engineering guide-
lines to resist progressive collapse have been developed by
the Department of Defense (2005) and the General Services
Administration (2003).

These events that took place on U.S. soil are very familiar
to much of the population, yet several other events in recent
years have shown that U.S. assets all over the world are sus-
ceptible to terrorist attacks. Though it is not necessary to
describe all of these events in great detail, it is helpful to dis-
cuss the incidents that have implications related to structural
engineering. One such event includes the bombing of the
Khobar Towers in Saudi Arabia on June 25, 1996. This facil-
ity was used to house U.S. and allied forces. There were 19 fa-
talities and approximately 500 U.S. personnel wounded in
the attack. Other events that raised awareness of the need to
protect against terrorist activities took place on August 7,
1998. On this date, two U.S. embassy buildings were bombed
in Africa. As a result of these attacks, 11 Americans were killed
and over 30 were injured. The response of the two embassy

buildings differed greatly. The embassy building in Tanzania
fared quite well, and damage was limited. The Nairobi em-
bassy building, however, suffered severe damage and under-
went a partial collapse in a similar progressive fashion as the
Murrah building.

Transportation targets have not been exempt from these
types of attacks. In a 1997 report, Brian Jenkins describes over
550 terrorist attacks worldwide against transportation targets
between 1975 and 1997. He states:

We have seen an increase in attacks on public transportation
as terrorism has increased over the past quarter century and
more recently as terrorists have demonstrated greater willing-
ness to kill indiscriminately. The Irish Republican Army’s long-
running terrorist campaign in the United Kingdom has included
numerous attacks on rail lines, trains, subways, and stations.
Palestinian terrorists have carried out numerous attacks on 
Israeli buses and bus stations. Algerian extremists directed
their 1995 terrorist campaign in France against the subway and
rail system. The first large-scale terrorist use of chemical weapons
was carried out in Tokyo’s subways, an ideal environment for
chemical attack. Islamic extremists in New York planned to attack
the city’s bridges and tunnels in 1993 and its subways in 1997.
(Jenkins, 1997)

Recent events around the world support Jenkins’ position.
On March 11, 2004, ten bombs exploded on four trains in
three stations during the busy morning rush hour in Madrid,
Spain. The bombings killed 191 people and injured hundreds
of others. Results of the investigation following the attacks led
to the arrest of several militants believed to be affiliated with
al-Qaeda. More recently, public transportation in London
became the target of terrorist attacks. On July 7, 2005, terror-
ists carried out a coordinated series of suicide bombings dur-
ing the morning rush hour. In total, four different bombs
exploded on three subway trains and one commuter bus,
resulting in 52 deaths and approximately 700 people injured.
These bombings were the largest and deadliest attacks on the
transportation infrastructure ever to occur in London. Just
two weeks later, on July 21, 2005, four attempted bomb attacks
again disrupted London’s transportation network. This time,
however, authorities were able to prevent the attacks from
taking place, and all main bombing suspects were arrested
within a week of the incident.

In the aftermath of the events following September 11th,
the potential threat against highway bridges became more
pronounced to federal and state officials. While federal agen-
cies such as FEMA and the Center for Defense Information had
warned about highway structures being potential targets of ter-
rorist acts, few state agencies had the resources or the exper-
tise to implement any safety measures. Officials in California
learned first-hand that the threat of terrorist action can lead
to major disruptions in the transportation network. On
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November 1, 2001, Governor Gray Davis held a press con-
ference to announce that California had received intelli-
gence that several of the state’s bridges were threatened to
be destroyed between November 2 and November 7. In re-
sponse, security around the threatened bridges was sub-
stantially increased by assigning National Guard troops to
protect the bridges. While the threats against these bridges
were later determined to be non-credible, the disruption to
traffic and the expense involved in providing security per-
sonnel to protect the bridges was significant.

In June 2003, a man in Ohio suspected of being a member
of al-Qaeda was arrested for investigating the use of special-
ized equipment to sever the cables of one of the bridges in
New York. The person arrested (Mohammed Rauf) was a
truck driver who admitted he was an al-Qaeda agent who met
with Osama bin Laden and high-ranking al-Qaeda leaders at
an al-Qaeda terrorist training camp in Afghanistan. Rauf was
later convicted of plotting to sabotage the bridge and launch
a terrorist attack against the nation’s capital, including derail-
ing trains.

During our current conflict with Iraq, a self-proclaimed
“anti-American” group threatened to carry out terrorist 
attacks against diplomatic compounds, airlines, and public
transportation systems in eight U.S. allied countries (Fox
News, 2004). Furthermore, insurgents in Iraq have rou-
tinely targeted bridges, and several significant collapses have
occurred (which are detailed in Chapter 2 of this report).
Thus, despite the heightened public awareness of potential
terrorist acts, and despite the fact that more stringent security
measures are in place now than before September 11th, ter-
rorists appear to be as motivated as ever to attack U.S. targets.
In fact, even after September 11th, terrorist attacks against
American interests as a percentage of the total terrorist attacks
worldwide have steadily increased. This conclusion is also sup-
ported by data discussed in the AASHTO/FHWA Blue Ribbon
Panel Report (Blue Ribbon Panel on Bridge and Tunnel Secu-
rity, 2003) in which data from the FBI show that terrorism
against U.S. assets has been steadily increasing.

These events help illustrate that there is a growing need for
engineers to be able to design structures to help minimize the
consequences of a terrorist attack. Despite this awareness, the
engineering profession does not currently have any consistent
guidelines to help limit the effects of an attack. In the Octo-
ber 12, 1998, edition of Engineering News Record, Gene Corley,
one of the principal investigators of the Oklahoma City
bombing, commented that “while the military and federal
government have developed methods to improve the blast
resistance of their own buildings, they have not transferred
these methods to civilian engineers.” In fact, even today, more
than 13 years after the bombing of the Murrah building, such
guidelines are not readily available to the structural engineer-

ing community. In the November 7, 2001, issue of Engineer-
ing News Record, 90% of an estimated 3,000 architects that
were involved in a web-based seminar on security issues
“expressed frustration at the lack of risk assessment guide-
lines available to them for advising their clients.” In response
to these needs, at least for transportation assets, several orga-
nizations have begun to develop tools that engineers and plan-
ners can use to carry out vulnerability and threat assessments.
For example, Science Applications International Corporation’s
(SAIC) 2002 publication, A Guide to Highway Vulnerability
Assessment for Critical Asset Identification and Protection, was
prepared for the AASHTO Security Task Force and provides
a risk assessment procedure that is tailored specifically to the
transportation infrastructure. Several other publications have
appeared in the research literature offering procedures for
carrying out risk assessments of transportation infrastruc-
ture, and Chapter 2 of this report includes a review of the rel-
evant studies.

Although improvements have been made in recent years,
there is still a great need for the available information on ter-
rorist preparedness to be made accessible to structural engi-
neers. In particular, because bridge engineers have not typically
needed to consider structural integrity in response to a terror-
ist attack, current design guidelines do not consider the issue
of bridge security. As a result, there is a need to compile avail-
able research literature and provide this information to trans-
portation officials and highway bridge engineers. In fact, in
response to the terrorist attacks on September 11th, AASHTO
assembled a task force to consider transportation security, and
now a subcommittee is focused entirely on this issue. Other
professional organizations such as the Transportation Re-
search Board (TRB) and the American Society of Civil Engi-
neers (ASCE) have also established national committees to
address the topic of transportation security. The primary
charge of the AASHTO task force is to “establish guidance and
share practices that help state DOTs prepare vulnerability
assessments of their highway infrastructure assets, develop
deterrence/surveillance/protection plans, develop emergency
response plans and capabilities for handling traffic for major
incidents on and off the transportation system, and assess and
respond to military mobilization needs in each state.”

In response to the September 11th tragedy and the sub-
sequent events that suggested the vulnerability of our trans-
portation infrastructure, research efforts have been initiated
to address a large number of pressing needs. Due to the open-
ness and ease of access to transportation assets, the transporta-
tion community faces a challenge much greater than that of
individual building owners. Current priorities include port
security, inspection of hazardous cargo, tunnel security, and
bridge security. It is this last topic that is of relevance to the
current report and the focus of this document.
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1.3 Research Approach

The information included in this report summarizes 
the work completed for the National Cooperative Highway
Research Program’s (NCHRP) Project 12-72. The primary
objective of this research was to develop design guidance
for improving the structural performance and resistance to
explosive effects for bridges. In order to meet this objective, it
was essential to compile information on the response of struc-
tures subjected to blast loads. Limited information specifically
focused on bridges was available in the open literature during
the time that this research was conducted, but information on
the behavior of blast-loaded building components was found
to be useful in understanding the response of bridges sub-
jected to blast loads. In addition, a thorough assessment of
design principles and available technologies that are useful
in protecting bridges from other extreme loading conditions
such as earthquakes and vehicle crashes was made to determine
their potential for application in improving bridge response
to blast effects. This information has been compiled in the
background and literature review appearing in Chapter 2 of
this report.

Because of the great variety of bridges in the national inven-
tory, it was necessary to develop a research program that

addressed high priority needs in the design of bridges to resist
explosions. While there are many types of bridges and struc-
tural systems in use, it was important to focus the research
on areas that would yield critical information of national
importance. In the second half of Chapter 2, the focus of the
research project is explained, and details of the experimen-
tal and analytical testing programs are given in Chapters 3
and 4, respectively.

In Chapter 5, research findings are presented. This chapter
provides information on the results of a two-phase experi-
mental testing program and the corresponding analytical
research program. Using the results of the experimental
and analytical research, blast-resistant design guidelines are
given in Chapter 6. The information is assembled using the
AASHTO Load and Resistance Factor Design (LRFD) format
so that the procedures can be presented in a format that is
familiar to bridge engineers. Following these design guidelines,
Chapter 7 includes recommendations for analyzing bridges
subjected to blast loads. In this chapter, both simplified and
detailed modeling approaches are covered.

To illustrate the application of the proposed analysis and
design guidelines, detailed examples are provided in Chapter 8.
In Chapter 9, the main findings are summarized, and recom-
mendations for future research are given.

7
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2.1 Overview

The purpose of conducting the research described in this
report is to increase the security of the U.S. transportation in-
frastructure by providing the maximum possible contribu-
tion to the design and analysis of blast-resistant bridges given
the available resources. Although the issues associated with
various threats and the blast-resistant design of different bridge
components will require many years of study, this work makes
an important first step in the security of highway bridges by
focusing on the areas of greatest need. The final work plan
carefully considers information found in the literature, exten-
sive past experience with blast testing and explosive effects on
structures, and practical considerations concerning the im-
portance of certain design issues and individual bridge com-
ponents. This chapter describes the state of knowledge prior
to the start of the current work and outlines the basis for the
selected research plan.

2.2 Literature Review

While the field of blast-resistant bridges is relatively new,
information regarding the design of blast-resistant build-
ings does exist in the literature, and a few recent and current
studies do focus on bridges subjected to blast loads. Because
sound research typically advances the state of knowledge by
building on the foundation of the past, the literature review
conducted for this project provides comprehensive coverage
of basic blast-resistant design principles found in the litera-
ture and recent research related to both blast-resistant build-
ings and bridges, including an overview of seismic design and
detailing provisions as they may apply to blast-loaded bridges.
The review includes information regarding the analysis, design,
and retrofit of structures to resist blast loads, along with infor-
mation on the topics of bridge security, risk management,
and vulnerability assessment. This chapter provides a brief
summary of the most relevant information on a variety of

topics relative to such a threat. As with any structural design,
proper determination of the load and the resulting response
is essential. To that end, the following section focuses prima-
rily on airblast phenomenology and blast-wave propagation
as they interact with structures, followed by current blast-
resistant design guidelines and practices. Emphasis is given to
reinforced concrete structures to be consistent with the focus
of the test program.

2.2.1 Blast Loads and Shock Phenomena

Three principal effects of an explosion are important for
structural design: the total impulse, the peak pressure, and
fragments (velocity, distribution, and mass). While the first
two aspects of blast loading can usually be computed if the
explosive type, explosive weight, explosive shape, and standoff
distance are known, the load imparted to a structure by frag-
ments is often difficult to quantify because fragments are typ-
ically irregular in nature (Conrath et al., 1999). For terrorist
threat scenarios involving vehicle-delivered bombs, however,
fragment loads are negligible for structural design, though they
still pose a human injury risk, because typical casings for terror-
ist weapons (i.e., car or truck parts, sheet metal, and plastic)
are not massive (especially relative to cased military weapons)
(Conrath et al., 1999). Because the focus of this research is on
protecting bridge components subjected to blast effects asso-
ciated with terrorist events, this review focuses primarily on
airblast loading from uncased charges with no fragments.

The detonation of a high explosive is a high-rate chemical
reaction producing a localized sudden release of energy that
dissipates violently through a shock wave, which is a region of
highly compressed air that radiates spherically away from an
explosive source. This region of compressed air creates an over-
pressure and a dynamic pressure as it passes by a given point in
space. Idealized curves for overpressure and dynamic pressure
are shown in Figure 1. The overpressure is the pressure result-
ing from the explosion in excess of the ambient pressure, and

C H A P T E R  2
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the dynamic pressure is the pressure of the resulting air flow.
At the arrival of the 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 ar-
rival 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. Un-
like the overpressure, which is a measure of air pressure rela-
tive to the atmospheric pressure, the dynamic pressure always
remains positive. There are two reasons for this phenomenon.
The first 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 spherically from an explosion. This incident wave
will reflect off any surface in its path, and the term reflected
wave is used to describe the wave that reflects off a surface. The
reflected wave travels at a higher velocity than the incident wave
because it travels through air that has already been heated and
compressed. As a result, waves reflecting off rigid surfaces (e.g.,
the ground) can potentially catch up to and merge with the in-
cident wave to create a single wave front called a Mach front
(Figure 2). At any point prior to the joining of the incident and
reflected waves, two independent pressure peaks will occur,
each of which is smaller than that of the single Mach front 
pressure amplitude. The point at which the incident and re-
flected waves merge is known as the triple point. An example 
of the two independent pressure peaks prior to the formation
of the Mach front is shown in Figure 3. Figure 3a shows a
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pressure–time history of a shock wave after the reflected wave
and incident wave merge, forming a single incident wave, and
Figure 3b shows a pressure–time history before the two waves
merge, in which the separate incident and reflected waves are
visible. The degree to which a wave reflects depends on the ter-
rain over which the blast wave travels. Hilly land masses can in-
crease blast effects in some areas but decrease them in others.

All pressure–time histories, except those very close to the
detonation, have the same general assumed form shown in 
Figure 4, while the exact values that define the curve vary de-
pending on the size of the explosive charge and the location of
interest. For example, the peak pressure, Pso, decreases signifi-
cantly with standoff distance, while the positive phase dura-
tion, to, increases with standoff. By definition, the impulse is
equal to the area under the pressure–time history curve.

Different charge weights and standoff distances scale to cre-
ate similar shock waves. “Self-similar blast waves are produced
at identical scaled distances when two explosive charges of the

same explosive material with similar geometry but of different
weights are detonated in the same atmosphere” (Conrath et al.,
1999). Scaling equations relate the parameters needed to
define the curve in Figure 4, and the most common scaling
relationship is the Hopkinson-Cranz or “Cube-Root” scaling
law (Conrath et al., 1999), which is shown in Equation 1.

where:
Z = scaled standoff (ft/lb1/3)
R = standoff, distance between center of blast source

and target (ft)
WTNT = charge weight of explosive (lb equivalent TNT)

The charge weight, WTNT, is in terms of a TNT-equivalent
charge weight. TNT equivalencies relate the energy output
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of common explosives to that of TNT. In reality, a high ex-
plosive’s TNT equivalency varies as a function of standoff,
explosive geometry, target orientation, and atmospheric
conditions. For the purposes of design, however, a given
explosive’s TNT equivalency is treated as a constant, which is
the standard to which much of the available data have been
reported. The Hopkinson-Cranz scaling law presented above
has been verified experimentally using TNT equivalencies for
scaled distances greater than 0.4 ft/lb1/3 and may not be valid
below this value.

The Hopkinson-Cranz scaling law enables the prediction
of blast-load parameters for full-scale explosions using data
from smaller-scale tests, and an engineer can create an ideal-
ized pressure–time curve for a free-air explosion, shown in
Figure 4, with the TNT equivalent charge weight and stand-
off distance. A hemispherical burst on a perfect reflecting sur-
face will double the effective charge weight, while a reflection
factor of 1.8 is more realistic when significant ground cratering
is present (Conrath et al., 1999). Commonly used “standard”
airblast curves, often referred to as “spaghetti charts,” exist to
predict the parameters required to define an idealized blast
wave; Figure 5 shows one of these charts. A vast collection of
empirical data and theoretical predictions provides the basis
for these charts, and curves exist for both hemispherical and
spherical “free-field” bursts.

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 leading to significantly mag-
nified pressures and impulses. Figure 6 illustrates a blast wave
reflecting off a structure. The magnification of the reflected
pressure and 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
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Figure 4. Idealized pressure–time curve for free-air
explosion (Department of the Army, 1990).
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curves that provide the magnified values of the reflected pres-
sure and reflected impulse as functions of the peak incident
overpressure, the angle of incidence (i.e., the angle between a
shock wave’s direction of travel and a structure’s surface
normal vector), and charge weight.

Clearing effects on the front surface of a structure decrease
the reflected pressure near free edges. When clearing occurs,
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 the surface.
Therefore, the pressure differential between the free edge and
front face causes the pressure at point B in Figure 6 to dissi-
pate faster than at point A. According to TM 5-855-1 (Depart-
ment of the Army, 1986), the clearing time at a given point
on a reflective surface is the time required for the reflected
pressure to dissipate from that point, and that time is given
by Equation 2 (which is also known as the three-transits-to-
edge-rule).

where:
tc = clearing time(s)
Sx = distance from nearest free edge to point of interest (ft)
Us = shock front velocity (ft/s)

The type of blast load a structure must resist depends on
the design threat and the type of structure. 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 farther away, it
produces a lower-intensity, longer-duration uniform pres-
sure distribution over the entire structure. As the standoff
increases, the pressure distribution over the surface becomes

t
S

U
c

x

s

= 3
2( )

more uniform (Department of the Army, 1990). Because the
shape and intensity of the loading can vary depending on the
charge weight and standoff distance, three blast-loading cat-
egories exist: contact, close-in, and plane-wave. Figure 7 illus-
trates these categories (Department of the Army, 1990). A
contact blast load consists of a high-intensity, non-uniform
load where breaching is a typical response. Breach is defined
as the complete loss of concrete through the depth of a cross-
section. A close-in blast load is the result of a spherical shock
wave striking a structure to produce a non-uniform load and
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Figure 7. Blast-loading categories: a) contact, 
b) close-in, c) plane-wave (Departments of the 
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an impulse-dominated response. A plane-wave blast load is a
far-field explosion that produces essentially planar waves and
a uniform load on each surface when it reaches a structure.

Additional load categories include unconfined free air burst
(no immediate wave amplification), unconfined air burst
(amplification from ground reflections), unconfined surface
burst (amplification from ground reflections), confined fully
vented explosion (one or more surfaces open to atmosphere),
partially confined explosion (limited openings), and fully con-
fined explosions. Most bridge loads will be either an uncon-
fined air burst, unconfined surface burst, or a confined fully
vented explosion (e.g., under the deck between girders).

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 com-
munity, several observations from past incidents involving
the performance of buildings during terrorist attacks and
the response of bridges to cased military weapons can be
made regarding the general expected response of blast-loaded
bridges. Explosions located beneath a bridge deck will cause
large uplift forces, and pressure buildup between girders and
near the abutments can greatly amplify the applied load, as
shown in Figure 8. Detonations 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 cause damage to structural compo-
nents 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 addi-
tion, using hinge restrainers or extended column seats can
possibly prevent girders from falling off of 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 dur-
ing 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 obser-
vations from military operations indicate that most sub-
structures are generally large enough to withstand anticipated
above-deck explosions (Winget, 2003).

Columns will experience significant shear forces from
close-in charges for below-deck scenarios, and proper de-
sign requires enough transverse reinforcement to prevent
shear failure and force a flexural failure. “When an explo-
sion 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, con-
crete cratering and spalling from the blast-wave impact may
lead to significant losses of concrete, especially if the stand-
off 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. An exception
to this guideline would be for cases in which the axial load
is in excess of the balance point load and/or P-Δ (i.e., second-
order) effects are significant, as they can be in tall, slender
columns.

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 from high-intensity blast
pressures, back-face scabbing of concrete cover due to large
deflections, and post-failure fragments. While blasts directly
aimed at bridge structural members may be the first choice for
a terrorist attack, military records indicate that large explo-
sions 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 superstruc-
ture” (Bulson, 1997).

2.2.3 Dynamic Material Strength 
and Strain-Rate Effects

The materials used in reinforced concrete construction
have response characteristics that depend on the rate of load-
ing. Most of the data supporting this topic are experimental;
therefore, the physical cause is not completely understood.

Incident wave

Reflected wave

Figure 8. Blast-wave propagation during below-deck
explosion (Winget et al., 2005).
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The widely held belief is that crack propagation occurs at a
limiting velocity and cannot crack fast enough to keep up with
a high rate of loading, and thus concrete exhibits a strain-rate
threshold where concrete strength increases significantly above
that value (Tedesco, 1999). Figure 9 shows the relationship
between strain rate and concrete strength for tension and
compression. The strain-rate threshold for concrete response
in tension is approximately 1 to 10 per second, and the strain-
rate threshold for compression is approximately 50 to 80 per
second. Above these threshold values, concrete demonstrates
significantly higher strengths than under static loading con-
ditions. 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 (Tedesco, 1999).

High rates of loading also affect the mechanical properties
of ductile metals, as they also cannot deform fast enough to
keep up with extreme loads. Therefore, ductile metals, like
steel, have a limiting deformation velocity that results in 
material strength increases with increasing strain rates. This
limiting velocity occurs at a much higher strain rate than 
concrete, and various relationships between strain rate and
strength for unspecified metals are shown in Figure 10
(Tedesco, 1999). The yield strength and ultimate tensile
strength increase substantially, while the modulus and the
elongation at rupture largely do not change (Tedesco, 1999).

Techniques exist to calculate the strength increase for both
concrete and steel at a given strain rate. Dynamic increase fac-
tors (DIFs), which are defined as the ratio of dynamic material
strength to static material strength, are used to account for
the high strain rates present in blast events. Table 1 lists DIFs
for reinforced concrete design, which are dependent on the

Figure 9. Concrete strain-rate effects on strength 
(Tedesco, 1999).

Figure 10. Effects of strain rate on yield stress for
various metals (Tedesco, 1999).

type of stress (i.e., flexure or shear). These dynamic increase
factors are used to increase material strengths over those
that are measured under standard static testing protocols to
account for the actual strength expected to be present under
various blast scenarios. These values have been derived empir-
ically from blast-test experiments (Department of the Army,
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1990). For design, DIFs are typically assumed to be constant,
even though they vary with strain rate.

Strength and age increase factors are used to determine
realistic material properties under dynamic loads if the 
actual material strengths are unknown. Strength increase
factors (SIFs) are used to account for actual material (con-
crete and steel) strengths in excess of the specified design
values, as shown in Table 2. In addition, age increase factors
are used with concrete to account for strength gains beyond
28 days. From empirical data collected by the Department
of the Army (1986), an age increase factor of 1.1 is specified
for concrete less than six months old, and a value of 1.15 is
specified otherwise.

2.2.4 Application of Seismic Design 
to Blast-Loaded Bridges

Seismic loads are similar to blast loads in that both produce
dynamic structural response and often lead to large deforma-
tions with inelastic material response. The subsections below
compare blast and seismic loads and response characteris-
tics to determine relevant design concepts. A summary of
current seismic design practice and research to investigate
whether or not seismic design principles can provide ade-
quate structural resistance for blast-loaded structures is also
provided.

2.2.4.1 Comparison of Blast and Seismic Designs

Seismic and blast loads are both time dependent, and both
induce a dynamic structural response that generally results
in inelastic behavior. While the allowable damage to both
structural and nonstructural components depends on the
structure’s purpose for both blast and seismic loads, life safety
is usually more important than the prevention of structural
damage for most designs. Designs for both seismic and blast
loads allow large inelastic deformations to help dissipate en-
ergy, and improving strength, ductility, redundancy, and con-
nection capacity in any structure can improve the performance
under both seismic and blast loads.

Blast and seismic loads, however, have fundamental dif-
ferences that prohibit the direct application of all seismic
detailing and design requirements to blast-loaded struc-
tures. Blast loads have a higher amplitude and shorter dura-
tion than seismic events. Blast-load duration is measured in
milliseconds, approximately one thousand times shorter
than that of an earthquake (Conrath et al., 1999). Due to
the uncertainty associated with selecting an appropriate 
design threat, the magnitude of a blast load is more difficult
to predict than seismic loads and is independent of geograph-
ical location, unlike earthquakes, as shown in Figure 11. A
blast load radiates in all directions from the source, creating
a complex pressure–time history that varies according to the
location of a structure, while lateral load effects will domi-
nate a structure experiencing a seismic event. Also, an earth-
quake is a widespread event, while blast effects typically 
remain local. Therefore, seismic design and detailing should
not be assumed to provide adequate protection for blast-
loaded structures. According to the National Research
Council report ISC Security Design Criteria for New Federal
Office Buildings and Major Renovations (2003), “Although
design for seismic resistance and design for blast resistance
share some common principles, the two types of design
must not be mistakenly viewed as redundant.” The report
also states, “Attempts to link seismic and blast design re-
quirements by simply comparing the lateral or shear forces
on a structure produced by these events (an equivalent seis-

Concrete Concrete
fdu/fufdu/fufdy /fy fdy /fy f'dc/f'cf'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

*Far Design Range: Z  2.5 ft/lb1/3

†Close-in Design Range: Z  < 1.0 ft/lb1/3

Source: Department of the Army, 1990

Stress Type
Far Design Range* Close-in Design Range†

Reinforcing Bars Reinforcing Bars

Table 1. Dynamic increase factors.

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

* The results of compression tests are usually well
above the specified concrete strengths and may be
used in lieu of the above factor. Some conservatism
may be warranted because concrete strengths have
more influence on shear design than bending
capacity. TM 5-1300 specifies a SIF of 1.10.

Source: American Society of Civil Engineers, 1997

Table 2. Strength increase factors.
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mic base shear) perpetuate the erroneous impression that
seismic design is an umbrella for blast resistance.”

2.2.4.2 Seismic Design Guidelines

The AASHTO LRFD Bridge Design Specifications (AASHTO,
2007) specify seismic design and detailing provisions for
bridges. The Caltrans Seismic Design Criteria (Caltrans, 2003)
and Bridge Design Specifications (Caltrans, 2006) are addi-
tional resources for design and detailing requirements. The
essential requirement for a reinforced concrete column sub-
jected to a strong ground motion is that it retain a substantial
portion of its strength as it experiences severe loading rever-
sals into the nonlinear range of response (Pujol et al., 2000).
Current seismic design procedures specify a “performance-
based” or “limit-state” design. In general, structural per-
formance criteria are available for not only the traditional
life-safety level but also for more restrictive design levels, such
as serviceability and damage control. Quantitatively, “service-
ability” implies that a structure will not need repair after an
earthquake, while “damage control” implies that only re-
pairable damage occurs (Kowalsky, 2000). In general, “it is
uneconomical to design structures to withstand lateral forces
corresponding to full elastic response to design-level earth-
quakes. The alternative, and widely accepted approach, is to
design for a lower force level and detail structure for ductil-
ity” to ensure that it can sustain the inelastic displacements
associated with seismic loads without significant strength
degradation (Priestley and Park, 1987).

Recognizing the difficulty in determining the actual maxi-
mum shear that a critical column may experience during an
earthquake, AASHTO LRFD recommends a plastic hinge
analysis for seismic design. A plastic hinge analysis considers

all potential plastic hinge locations to determine the maxi-
mum possible shear demand. A typical seismic column with
fixed supports and a displacement at one end due to a later-
ally applied force will form two plastic hinges, as shown in
Figure 12. This concept, which ensures that a member will have
sufficient shear capacity to allow a ductile flexural failure mech-
anism to form, is one that applies equally well to structures sub-
jected to blast loads. Therefore, a plastic hinge analysis using
a blast-load distribution is an ideal method to determine the
maximum shear demand in blast-resistant design.

2.2.4.3 Seismic Detailing Guidelines

The ACI Building Code (2005) and AASHTO LRFD Spec-
ifications (2007) provide extensive detailing guidelines for
seismically loaded concrete members in buildings and bridges.
According to Sezen and Moehle (2006), “surveys of reinforced
concrete building collapses in past earthquakes identify
column failures as the primary cause. Such failures are com-
monly attributed to widely spaced and poorly anchored trans-
verse reinforcement.” Therefore, the amount and anchorage
of transverse reinforcement in seismically loaded columns
requires further research to determine their applicability to
blast-resistant design.

“Earthquakes and laboratory experience show that columns
with inadequate transverse reinforcement are vulnerable to
damage including shear and axial load failure” (Sezen and
Moehle, 2006). Sezen tested four full-scale reinforced concrete
columns with light transverse reinforcement to collapse
under a simulated seismic loading. Figure 13 shows the crack
pattern of one of the specimens, which illustrates the forma-
tion of plastic hinges at the top and bottom of the column as load
increased. After the flexural strength was reached, deterioration
of the cross-section due to a lack of sufficient transverse re-
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Figure 11. Seismic hazard map: peak ground acceleration (USGS, 2008).
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inforcement triggered a shear failure, as shown in Figure 14.
Equations 3, 4, and 5, from the AASHTO LRFD Specifications
(2007) seismic provisions, specify a minimum volumetric
reinforcement ratio and minimum area of transverse re-
inforcement to help provide adequate core confinement for
circular and rectangular columns, respectively.

A sh
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where:
f ′c = specified compressive strength of concrete at 28 days

(psi)
fy = yield strength of reinforcing bars (psi)
s = vertical spacing of hoops, not exceeding 4 in. (in.)

hc = core dimension of column in the direction under con-
sideration (in.)

Ag = gross cross-sectional area (in.2)
Ac = area of concrete core (in.2)
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Figure 12. Plastic hinge analysis for seismic column: a) deflected shape, 
b) plastic hinge locations, c) plastic moment.

Figure 13. Crack pattern for specimen 1 (Sezen and Moehle, 2006).
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The seismic provisions require more transverse reinforce-
ment than a typical gravity-loaded column “to ensure that
the axial load carried by the column after spalling of the con-
crete cover will at least equal the load carried before spalling
and to ensure that buckling of the longitudinal reinforcement
is prevented” (AASHTO, 2007). Thus, the spacing of trans-
verse reinforcement is important for shear resistance and core
confinement in the plastic hinge regions of a seismically loaded
column. Likewise, blast-loaded columns may require increased
transverse reinforcement to ensure ductile behavior.

Recent work by Bae and Bayrak (2008) on the seismic per-
formance of full-scale, reinforced concrete columns is the
first to demonstrate the opening of seismic discrete ties using
hooks with a 135°-bend, plus an extension of 8.0 db, as shown
in Figure 15. AASHTO LRFD Section 5.10.2.2 defines seismic
hooks as a “135°-bend, plus an extension of not less than the
larger of 6.0 db or 3 in.” According to the researchers, “unlike
the full-scale concrete columns, the hooked anchorages often
reach close to the center of the core concrete in scaled column
specimens.” The remaining specimens in the research study
used a minimum hook length of 15.0 db to prevent the open-
ing of hoops. The larger “hook length proved to be very effec-
tive, and opening of the 135° hooked anchorages of the ties
was not observed in the other tests.” To avoid anchorage pull-
outs and to improve the performance of seismically loaded
(and blast-loaded) columns with discrete hoops or ties, longer
hook lengths than currently specified should be used.

2.2.5 Design Issues

The structural engineering community has gained much
ground in the field of blast-resistant structural design. Despite
this progress, however, the bridge engineering community
still lacks design guidelines specific to blast-resistant highway
bridges. The probability for a specific type of attack against a
specific bridge is usually very low; however, “a low probabil-

(a) (b)

Figure 14. Damage after failure: a) specimen 1, b) specimen 3 (Sezen and
Moehle, 2006).

Figure 15. Opening of discrete ties (Bae and Bayrak,
2008).
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ity of occurrence does not justify minimizing our efforts to
manage the potential adverse effects of a catastrophic event”
(Williamson and Winget, 2005). Several papers have been writ-
ten regarding the risk management, analysis, and design of crit-
ical bridges subjected to blast loads. The findings from these
papers have been summarized in this section and can provide
guidance for those officials considering the blast-resistant
design of highway bridges.

An important aspect of designing bridges for security in an
economically feasible way is to have in place plans for evalu-
ating the criticality of any one structure on the transportation
network. Thus, in deciding how to allocate resources, bridges
considered more essential to the transportation infrastructure,
or those thought to be at higher risk for a terrorist attack,
should be given priority in the implementation of protective
measures over other, less critical bridges. The references
contained in this section of the review describe methods of
carrying out threat and vulnerability analyses and risk assess-
ments. Once the risks to a given bridge have been assessed,
measures may need to be taken to mitigate these risks if they
are deemed unacceptable. These measures generally attempt
to deter an attack by increasing surveillance or limiting access,
but they can also include actions to limit the effects of blast
loads or procedures to aid in rescue and recovery. Usually,
deterrence and prevention measures will provide the least
expensive solution to mitigate risk initially. Therefore, a risk
manager should consider implementing these measures for
short-term risks before hardening a structure is specified.
Deterrence and prevention, however, may not always provide
the most cost-effective solution for long-term risks when con-
sidering lifetime costs, such as maintenance, replacement,
personnel, and surveillance costs.

2.2.5.1 Risk Assessment

Designing or retrofitting all bridges to resist extreme loads
is cost prohibitive, and engineers need a method to identify
credible threats, prioritize assets, and manage risk. Although
blast-resistant bridge design is a relatively new topic in the
field of structural engineering, many state agencies and re-
search organizations already have strategies for risk assess-
ment and management. While each approach differs slightly
in implementation, all sources provide the same general guid-
ance. This section outlines a risk assessment strategy based on
a compilation of relevant sources, and the following section
provides a risk management method based on a comprehen-
sive literature review.

Publications by Abramson et al. (1999), Rummel et al.
(2002), and SAIC (2002) provide valuable information 
regarding risk assessment and management. A report by
Williamson and Winget (2005) outlines a comprehensive
approach to risk assessment, and the method they propose

is a compilation of the best practices found in the literature.
Step one of the risk assessment process is to identify all criti-
cal assets within a jurisdiction and determine the criticality of
these assets based on function, average daily traffic, access to
populated areas, access to emergency and medical facilities,
military importance (Strategic Highway Network), impor-
tance to commerce, international border access, symbolic
importance, availability of detours, presence of utility lines,
and estimated repair time. The risk assessor should weight
each criterion separately to reflect its importance within the
jurisdiction, while not double counting for related criteria
(e.g., average daily traffic may relate to major trade routes or
availability of detours). This criticality score represents the
importance of a bridge and indirectly captures the conse-
quences of a potential attack (i.e., the consequences of an
attack on a very important bridge likely will be great), and it
is important to note that it should not include vulnerabilities
to an attack or specific structural weaknesses because a later
step considers these issues. Additionally, certain criteria may
warrant a bridge’s placement in a higher importance category
despite its overall criticality score. Examples include signature
bridges whose failure may cause great socio-economic harm
and bridges with significant military importance that have no
detour capable of carrying the required traffic.

Step two consists of identifying all possible internal and
external threats to the critical bridges identified in step one.
Internal and external threats can be a variety of actions such
as the threat of earthquakes, high winds, or fire; however, the
proposed risk assessment process only considers terrorist
actions. Examples of potential attacks include, but are not
limited to, a vehicle-delivered bomb on a superstructure, 
a vehicle- or maritime vessel-delivered impact and bomb
against a column, hand-placed explosives between girders or
inside box girders, or a series of timed events incorporating
some or all of the above. As previously mentioned, designing
a bridge to resist all possible threats is not feasible, and the
risk manager should identify the most likely threat scenarios.
Although terrorist activity is uncertain, a threat-point-of-
view analysis can provide insight on the most likely terrorist
threats. This analysis considers factors such as the terrorists’
potential objectives, available resources, availability of targets,
and the impact of a successful attack. Once all possible terror-
ist actions have been determined assuming that a terrorist has
no limitations, each action should receive a score that indicates
the relative probability of that action occurring compared to
other actions. A multiplication decision matrix is best for this
process, and the risk manager should conservatively assume
that terrorists are experts in demolition, have structural engi-
neering experience, and will encounter no resistance.

In step three, the risk manager formulates the potential
scenarios by pairing critical assets identified in step one with
potential threats identified in step two. Once scenarios are
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formulated, the process includes determining the probability
of each event and assessing the vulnerability of assets with each
scenario. Step four consists of assessing the consequences of
each attack scenario, and the risk manager should assume the
worst-case consequences of an attack not considering poten-
tial mitigation measures. Potential consequences include, but
are not limited to, loss of life, severe injuries, loss of bridge
function due to structural damage, and financial losses. Once
each scenario (i.e., combination of threat and asset) is identi-
fied, a risk manager should categorize each scenario according
to the probability of successful occurrence and the severity of
impact. The probability of occurrence is subjective and comes
from the threat-point-of-view analysis, and the criticality score
is the basis for the severity of impact. All information is then
combined in tabular format to determine which scenarios have
the greatest risk and therefore require the most attention. An
example of this table can be seen in Figure 16. Each scenario
can be placed in one of the boxes based on severity of impact
and probability of successful occurrence. Those bridges that
fall in the severe and high range will receive the most attention.

2.2.5.2 Risk Management

Once the risks are assessed, measures must be taken through
a risk-management process to mitigate the risks to a level that
is appropriate and economically feasible. The first step of risk

management is to identify potential countermeasures avail-
able to mitigate the risks previously identified. Such counter-
measures as deterrence, detection, or defense can reduce the
probability of occurrence, while others can lessen the sever-
ity of the consequences through methods such as structural
hardening, warning devices that indicate failure, or emergency
operations planning. Additional considerations for selecting
countermeasures include resource availability, implementa-
tion difficulty, level of inconvenience, adverse environmental
effects, adverse effects on serviceability, or usefulness.

The second step of the risk-management phase is to deter-
mine the costs for each countermeasure considered. Cost
considerations should include initial purchase, installation,
maintenance, replacement, and service life. Step three consists
of a cost–benefit analysis to determine which countermeasures
would be the most effective and efficient. Williamson and
Winget (2005) recommend that the benefits be in terms of
risk mitigation achieved and that a countermeasure summary
sheet be used. An example of a countermeasure summary sheet
can be seen in Figure 17. Because some countermeasures may
also reduce other risks [e.g., fiber reinforced polymer (FRP)
wrapping can reduce the risk of failure due to both seismic
and blast events], the countermeasure benefits should be con-
sidered during the design process for all risks associated with
the bridge under consideration in order to get a complete
picture. The goal of step three is to ensure the maximum pro-
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Figure 16. Threat scenario categories (Williamson and
Winget, 2005).
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tection for all assets or the asset under consideration given the
available resources. Prioritizing bridge importance may assist
in allocating scarce resources among bridges. Step four consists
of implementing the countermeasures and reassessing the risk
with the countermeasures in place. If the countermeasures do
not reduce the risk to an acceptable level, the scenario may re-
quire additional countermeasures, or senior managers will
need to accept the risk to an asset until additional resources are
available. It is important to note that no level of mitigation will
completely eliminate all risk, and officials will need to deter-
mine the amount of risk they are willing to accept. The fifth and
final step of risk management is monitoring the effectiveness
of the countermeasure(s) for future decisions and using this
information to guide future risk-management decisions.

2.2.5.3 Characterization of 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 sys-
tems of equations based on the basic laws of physics. Accurate
predictions of blast load and response can be obtained with
these methods if the equations are solved 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 compli-
cated by such things as atmospheric conditions, boundary

effects, explosive material inhomogeneities and rates of re-
action, as 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 accu-
rate 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 ana-
lyst using first-principle methods to compute behavior should
validate any predictions with actual experimental results to
ensure that the methods are being implemented correctly. It
can be very difficult, however, to find validated first-principle
models due to a lack of experimental data available in the pub-
lic domain, and any validation applies only to the specific sce-
narios that were experimentally considered (National Research
Council, 1995). Despite these limitations, response predic-
tions based on first-principle results can be developed when
a lack of applicable data exist, but interpretation of the results
requires engineering judgment and experience.

Semi-empirical models, in contrast to first-principle mod-
els, utilize 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 responses to blast loads
exists in the public domain and because semi-empirical pro-
grams are only slowly becoming available to the general engi-
neering community, structural engineers must often rely on
first-principle methods and good engineering judgment to
determine blast effects (National Research Council, 1995).
In addition, semi-empirical models are often valid only for
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2005).
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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.
In fact, because of their efficiency over first-principle models
for such cases, semi-empirical models are much better for
design. For those cases in which the scenario in question 
relies on extrapolation of test data, or for cases where data
are not available, first-principle models should be used by
themselves, preferably after validation against experimental
data or semi-empirical models for known cases, to predict
blast loading and response. While the suggestions presented
throughout this document address both first-principle and
semi-empirical analysis methods, semi-empirical methods
should be used whenever possible.

Some methods utilize both first-principle and semi-
empirical procedures (Winget, 2003). Equations first cal-
culate blast-wave propagation and structural response, and
the results are then compared to, and corrected by, empiri-
cal 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.
Given that possibility, the guidelines presented in this doc-
ument emphasize pure first-principle structural analysis
methods over combined procedures, but an analyst should
understand that legitimate techniques based on, or corrected
by, legitimate empirical data are preferable over pure first-
principle methods at all times.

Most blast-analysis programs separate the calculation of
blast-wave propagation effects from the determination of
structural response. Thus, loads resulting from the chosen
blast source are first calculated, and then they are applied to
the structure using a separate response analysis method. Such
separated methods are considered “uncoupled,” and they
typically provide conservative predictions of loads acting on
structural components. Because the analysis typically assumes
the structure is rigid during load calculations, structural de-
flections and localized member failures, which can vent and
redistribute pressure, are neglected, and the analysis typically
overestimates blast pressures and forces in unfailing members.
Accordingly, use of uncoupled methods often provides con-
servative load values for designing structural members.

Coupled analysis methods, unlike uncoupled analyses, con-
sider blast-wave propagation and structural response together
as they interact over time. Thus, a structure can vent pressure

through localized failure, and the forces resulting in many
members will be smaller and more realistic than those pre-
dicted by uncoupled analysis approaches. For scenarios in
which local failure or large deformations result, coupled
analysis techniques may be necessary. Although coupled pro-
grams 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 experi-
ence needed to create a model and interpret the output, and
the computational resources and time required to compute
results. Because uncoupled analysis methods usually provide
conservative blast propagation and structural response predic-
tions, most design cases do not require the increased costs
associated with coupled analysis methods.

Uncoupled and coupled analytical programs belong in two
further subdivided groups based on the characteristics of the
analytical methods employed. Uncoupled analysis methods
have 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. Figure 18 and the following sections describe these
divisions. It is important to note that the level of accuracy,
computational time and cost, and complexity of analysis
increase when moving from left to right in the figure. The next
section describes further details, applications, and limitations
of these methods.

2.2.5.3.1 Uncoupled Static Analyses. A static analysis
for a blast scenario consists of an “equivalent wind design”
(ASCE, 1997; Bounds, 1998), which is similar to the equiva-
lent static procedure used for seismic design. Such an analysis
can compute response for both single- and multiple-degree-
of-freedom systems. The approximated blast pressure under
consideration is a static force applied to the structure being
analyzed, and the analysis does not account for inertial effects.
Because this method is very general, no program specifically
exists for equivalent static blast analyses; however, those pro-
grams currently used for ordinary structural analysis can be
used for this purpose. Although this method is relatively
simple, its main weakness is accuracy. Unlike seismic events,
vehicle impact incidents, or vessel impact scenarios, blast-
loading characteristics 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 explo-
sive, the location of 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 addi-
tion, no general equation exists to determine a conserva-
tive static load (Bounds, 1998), which makes determining an
appropriate load for design difficult (ASCE, 1997). Thus, 
accuracy is limited (ASCE, 1997; Bounds, 1998), and bridge
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designers should not use an equivalent static design for any
purpose.

2.2.5.3.2 Uncoupled Dynamic Analyses. Dynamic un-
coupled analyses vary from simple SDOF systems to more com-
plex MDOF systems. SDOF dynamic analysis methods are
relatively simple, and design engineers commonly use them to
determine individual member response. The mathematical
procedure required to derive the properties of the equivalent
SDOF system is similar to that of a modal analysis used for
seismic-resistant design. A separate load determination
method can calculate the time-varying blast loading under
consideration, and the SDOF analysis assumes a deflected
shape for the response of the member being analyzed, often
using a 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 the member with the actual mass and force to de-
termine an equivalent mass and force for the dynamic system,
and a simple spring-mass-damper system is then assumed
and analyzed. The resistance used for the spring corre-
sponds to the pattern of deformation for the member being
analyzed. 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 in-
clude 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 19. Such analyses

can be solved in closed-form, but they often employ numer-
ical solutions to allow for a wide range of loading histories
and nonlinear material behavior.

Uncoupled dynamic analyses of MDOF systems can range
from simple, dynamic 2-D frame analyses to very sophisticated
3-D finite element analyses. Models of the structural systems
under consideration are constructed in commonly used analy-
sis software, and the time-varying load for the analysis comes
from a separate load determination method. Because a cate-
gory containing uncoupled dynamic MDOF analyses can rep-
resent a wide range of methods with varying capabilities, this
document considers MDOF frame analyses and detailed finite
element analyses separately.

First Principle and Empirical Models

Uncoupled 
Analysis

Coupled 
Analysis

Dynamic
Analysis

Dynamic 
Analysis

Static Analysis

SDOF MDOF SDOF MDOF SDOF MDOF

Increasing accuracy, complexity, and cost 

Figure 18. Flowchart of possible analysis methods (Winget, 2003).

Elastic

Elastic-Plastic

Plastic

Plastic
hinge 

Plastic
hinges

Figure 19. Stages of beam
response (Biggs, 1964).
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2.2.5.3.3 Coupled Dynamic Analyses. Coupled analy-
ses are intrinsically dynamic because they “couple” blast pres-
sures with response to consider how the loading and structure
interact over time. Sophisticated software currently avail-
able can model such complex fluid–solid interaction. When
modeling MDOF systems, these programs allow the engineer
to investigate global changes in response due to failure or
large deformations of individual components. Although these
methods can provide significant increases in accuracy over
uncoupled analyses, they require a considerable amount of
time to input the many variables needed to define such com-
plex systems and perform the analyses. Furthermore, these
analyses require a very experienced engineer to interpret the
results. In addition, many codes claim to be coupled, but only
a limited number of codes truly have the capability to couple
blast pressures with structural response. For the vast majority
of design scenarios involving blast loads acting on bridges,
this level of accuracy is usually not necessary due to uncer-
tainties that exist with blast loadings, and simpler analytical
methods can often provide conservative and reasonably accu-
rate results at a fraction of the cost (Winget, 2003).

Although conducting coupled SDOF analyses may be tech-
nically possible, doing so would not be practical because the
results would not be very useful. If a model of a structural sys-
tem and blast scenario requires a coupled analysis to account
for expected load changes due to events such as venting from
localized failures or large deformations, more than one degree
of freedom would be necessary to investigate the change in
response of one component due to the behavior of another
component. Therefore, for all practical purposes, coupled
analyses are useful only for MDOF models.

2.3 Research Needs

Only a limited amount of information regarding blast-
resistant design of bridges is available in the open literature.
While it is likely that the military has extensive classified re-
search on the topic, nearly all publicly available references on
the blast response of structures focus on buildings. Bridge
engineers can access design guidelines for military and petro-
chemical building structures when considering blast-resistant
bridges, although the applicability of the principles developed
for buildings to bridges is uncertain. Thus, there is a need
to develop an understanding of the principles of blast-wave
propagation, the potential effects of blast loads on bridges,
and the resulting response and potential failure mechanisms
of bridge members. The research presented in this report
focuses primarily on columns because they are integral parts
of most bridges. Loss of a single column could result in the
collapse of multiple spans or the loss of multiple bridges in the
case of multi-level interstate exchanges. In addition, bridge
columns are especially vulnerable because military records

show that it can be easier to destroy a bridge by shaking down
the columns with large, nearby explosions than shooting up
the superstructure (Bulson, 1997). While past research and
currently available guidelines may not directly apply to the
case of bridges, they do provide a valuable foundation for ad-
vancing the field of blast-resistant bridge design. Therefore,
the following sections describe the information currently
available in the literature.

2.3.1 Research Needs and Focus 
of Current Study

Several publications on weapons effects and structural re-
sponse to blasts are available, and information included in
these references provides useful information for the design of
bridge components to resist blast loads. One such military
document is TM 5-1300, Structures to Resist the Effects of Ac-
cidental Explosions (Department of the Army, 1990), which is
the technical manual for design against accidental explosions.
According to the introduction, “The purpose of TM 5-1300
is to present methods of design for protective construction
used in facilities for development, testing, production, storage,
maintenance, modification, inspection, demilitarization, and
disposal of explosive materials” (Department of the Army,
1990). The manual establishes blast-resistant design proce-
dures and construction techniques to provide protection for
personnel and valuable equipment. For the purposes of the
current study, TM 5-1300 provides allowable design response
limits for structural elements in terms of support rotations.
The manual also requires the uniform distribution of shear
reinforcement throughout a member, and it provides dynamic
increase factors and strength increase factors for different
materials. This manual recommends Grade 60 reinforcement
and a minimum of 4,000 psi concrete to provide sufficient
reinforcement ductility and concrete strength for structures
that need blast resistance, and it does not permit high-strength
concrete unless laboratory testing can demonstrate that it has
sufficient toughness.

Fundamentals of Protective Design for Conventional Weapons
provides engineers with useful information regarding the
design of hardened structures. Conventional weapons can
range from an airblast alone to direct hits from precision-
guided cased bombs, and a hardened structure’s primary task
is full functionality after a wartime attack. As it relates to the
current study, this manual provides response limit criteria
based on support rotations. UFC 3-340-01 (Departments of
the Army, Air Force, Navy, and the Defense Special Weapons
Agency, 2002) supersedes TM 5-855-1 and carries the title
Design and Analysis of Hardened Structures to Conventional
Weapon Effects. Both of these manuals are available only to
federal contractors and are not approved for general pub-
lic release.
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Structural Design for Physical Security: State of Practice
(Conrath et al., 1999) is a commonly used non-governmental
blast-resistant design guideline for buildings. The purpose
of this reference is to “provide methods, guidance, and refer-
ences for structural engineers challenged with a physical secu-
rity problem” for a civilian facility. This book introduces
general concepts of structural response and behavior under
the effects of severe short-duration dynamic loads and a design
philosophy that can be adopted to enhance safety. This design
philosophy is “simpler is better,” recommending the use of
simple geometries with minimal ornamentation, which can
become airborne during explosions. Ductility and redun-
dancy are two important considerations when trying to pro-
vide designs that localize and isolate failures. Specific infor-
mation that may be relevant for the current research is the
specified ductility limits based on typical structural members’
observed level of damage under blast loads for a given defor-
mation, as shown in Table 3. In flexure, the formation of a
plastic hinge requires that the hinge size be approximately
equal to a member’s depth. Detailing plays an important role
in achieving these levels of ductility, and the book recom-
mends design approaches that improve the bending and
shear strength of columns under blast loads. For reinforced
concrete, this philosophy includes using adequate confining
steel to ensure ductile behavior and sufficient development of
reinforcement.

Design of Blast Resistant Buildings in Petrochemical Facili-
ties (ASCE, 1997) contains civilian blast-resistant design
guidelines primarily intended for petrochemical facilities.
The book focuses on the structural aspects of designing build-
ings for blast resistance, and it details equations for several
parameters needed to define the blast wave shown in Fig-
ure 4. Additionally, the text also recommends modifications
to the current concrete and steel design codes (ACI, 2005 and
AISC, 2006, respectively) to increase structural blast resis-
tance. Designs for structures needing full functionality after a

blast event should provide for elastic response under the pre-
dicted loads. In most cases, however, inelastic structural re-
sponse is allowed and provides a means to dissipate the energy
of a blast. This document also provides a design approach
based on evaluating the ductility and hinge rotations of each
member. Much of the information in this book is relevant to
the current research.

2.3.2 Blast-Resistant Design: 
Buildings versus Bridges

The design approach and guidelines presented in the pre-
vious section are primarily for the blast-resistant design of
buildings. There are several main differences between the de-
signs of buildings and bridges to resist blast loads. Figure 20
illustrates a typical building and a highway overpass in
Austin, Texas. Buildings, such as the UT Performing Arts
Center, are able to create a large standoff to structural mem-
bers through landscaping and site layout. In contrast, a high-
way overpass is a bridge that crosses over another road or
railway, and these structures commonly have extensive access
below the deck and near columns via parking areas, traffic
lanes, sidewalks, or other general unobstructed areas. There-
fore, gaining access to structural members is much easier for
bridges than buildings, creating the possibility of a design
threat with a significantly smaller standoff distance. Also,
structural members in buildings, such as columns and beams,
are usually behind a façade and are only indirectly loaded by
a blast wave, while bridge supports, such as columns, are di-
rectly exposed to blast waves. Additionally, blast loads on flat
walls and their resulting response have been experimentally
verified and are well understood. However, very little is
known about shock-wave interaction with slender structural
members. Therefore, additional research should determine if
current design guidelines for buildings are directly applicable
to bridges.

Light Moderate Severe
Global Bending/ 

Membrane Response
/L 4 8 15

Shear v 1 2 3
Bending/Membrane /L 4 8 15

Shear v 1 2 3
Columns Compression Shortening/Height 1 2 4
Load-Bearing Walls Compression Shortening/Height 1 2 4

Shear Walls Shear v 1 2 3

* /L  = Ratio of Centerline Deflection to Span
† v = Average Shear Strain Across Section
‡ For Reinforced Concrete with ρ > 0.5% per face

Slabs

Element Type‡ Type of Failure Criteria*† Damage Level (%)

Beams

Source: Conrath, 1999 

Table 3. Typical failure criteria for structural elements (Conrath et al., 1999).
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2.3.3 Current and Past Research 
on Highway Bridges

Although the field of bridges subjected to blast loads is
relatively new, some past and current research focuses on
the development of design guidelines and analytical models
for various bridge components subjected to these types of
loads. While this effort within the open structural engineer-
ing community is in its infancy, these studies provide a good
foundation on which to base the work presented in this report.
This section summarizes the findings from these studies to il-
lustrate the progress made in the field of blast-resistant bridge
design.

Researchers at Florida State University analyzed the re-
sponse of typical AASHTO girder bridges using STAAD.Pro,
a commonly used finite element program. The researchers
applied the peak pressures computed from the defined threat
to the bridge as a static load. The model bridge failed under
the applied loads above and below the bridge deck. The au-
thors specifically claim that the AASHTO girders, pier caps,
and columns were not resistant to typical blast loads (Islam,
2005). While these results may be quite alarming, they are
extremely conservative and unrepresentative of the expected
behavior of a bridge to dynamic blast loads. The study uti-
lized a static analysis, and analysis of a structure subjected to
blast loads should always be conducted dynamically. Peak
pressures produced by a shock wave are often very high, but
they dissipate within milliseconds. As a result, the impulse
governs the response of most structures for a typical blast
load. Additionally, this study did not use material increase
factors in the analysis, which is not representative of real
blast scenarios.

Researchers at the University of California at Berkeley
studied the response of single-cell and multi-cell steel and
composite bridge columns loaded with “simulated effects of
car bomb explosions” using finite element analyses (Rutner
et al., 2005). While the conclusions included general obser-
vations about response mechanisms of these columns based
on analytical results, they did not provide any design guide-
lines. Researchers at the New York State Department of
Transportation and City College of New York plan to de-
velop high-precision analytical models and design guidelines
for blast effects on highway bridge components based on ex-
isting seismic guidelines (Agrawal, 2007). This study is cur-
rently ongoing, and limited information is available in the
literature.

Winget et al. (2004) carried out parameter studies with
SDOF analyses to “evaluate the effectiveness of structural
retrofits, refine the performance-based standards, and develop
general blast-resistant guidelines specifically for bridges.” The
researchers analyzed a reinforced concrete bridge with three-
column bents, changing the pier diameter, pier shape, and
concrete strength. The study considered two terrorist threat
scenarios: a vehicle bomb below the deck and hand-placed
charges in contact with the pier. “It was expected that the
vehicle bomb possesses the potential to produce large lateral
blast pressures, resulting in localized breaching damage of
the concrete and causing a flexural failure of the pier” (Winget
et al., 2004). The contact charge was thought to “possess the
potential to breach enough of the pier to render it incapable
of supporting the dead loads” (Winget et al., 2004).

The researchers used BlastX version 4.2.3.0 (SAIC, 2001) to
generate loads for all cases considered, and ConWep V. 2.0.6.0
(U.S. Army Corps of Engineers, 2001) provided predictions

courtesy of http://www.utpac.org courtesy of Kim Talley

(a) (b)

Figure 20. Differences between blast-resistant building and bridge design: a) UT Performing Arts Center, 
b) I-35 bridge near Town Lake.
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for the reduced area of the piers due to breaching from local
blast damage. Winget et al. (2004) state that “the pressure dis-
tribution varied significantly along the height of the pier at any
given time. This phenomenon was due to the reflected pres-
sures off the ground and the reflected pressure buildup be-
tween the girders under the deck.” Calculations for loads on
the curved column surface included a reduction of the re-
flected pressure based on the changing angle of incidence.
Additionally, recent parameter studies conducted by Winget
et al. (2005) assumed blast loads to be directed laterally for col-
umn design, and that work provided a preliminary approach
for estimating blast loads on slender square and circular mem-
bers; however, the design loads for these scenarios are still
unclear, and additional work is needed to develop a method
to predict accurate blast loads on bridge columns.

Winget et al. (2004) utilized SPAn32 (U.S. Army Corps of
Engineers, 2002) to calculate the flexural response of the piers
subjected to the vehicle blast loads. A plastic analysis yielded
the ultimate resistance, which was adjusted during the re-
sponse predictions using dynamic increase factors to modify
material strengths based on the instantaneously calculated
strain rate. The analyses modeled the pier as an SDOF flex-
ural member fixed at both ends and considered the effects of
nonlinearity due to material behavior. Winget et al. (2004)
reported that, for simplicity, “when determining the flexural
response of the piers due to the blast pressure and reduced
cross-sectional area from local damage, it was conservatively
assumed that the cross-sectional area along the entire height
of the pier was reduced to its minimum predicted diameter at
the location of maximum breaching.” Winget et al. (2004)
then predicted damage levels using deformation-based em-

pirical data derived primarily from building members for
concrete beam elements in flexure. For the piers, the maxi-
mum support rotation corresponded to 1.3 degrees for slight
to moderate damage and 2 degrees for moderate to heavy
damage. The analysis assumed that the pier lost structural
integrity at 3 degrees of rotation. Significant for the current
study, Winget et al. (2004) also noted that the support rotation
values used in this study may require adjustment based on
future experimental data specifically for bridge piers.

Research completed by Bruneau et al. (2006) at the Univer-
sity of Buffalo aimed to develop “a multi-hazard bridge pier
concept capable of providing adequate protection against col-
lapse under both seismic and blast loading.” Quarter-scale
concrete-filled circular steel columns (CFCSC) linked by a
fiber-reinforced concrete cap beam and foundation beam
were subjected to blast loads. The assumed threat was a small
vehicle bomb below the deck at a close standoff distance.
“The CFCSC exhibited a ductile behavior under blast loads
and no significant damage was suffered by the fiber reinforced
concrete cap-beam” (Bruneau et al., 2006). Observations
included permanent deformations halfway up the height of
the column and shear at the column base, including fracture
of the steel tube halfway around the perimeter from the front,
as illustrated in Figure 21.

Current experimental research on blast-resistant bridges
includes an FHWA and state pool-funded project consisting
of analytical studies and large-scale experimental blast tests
on steel bridge towers subjected to blast loads (Ray, 2006).
The University of Washington is also performing experimen-
tal blast tests on two full-scale prestressed girders and two
full-scale girder and deck structures. These studies are cur-

(a) (b)

Figure 21. Concrete-filled steel tube subjected to blast loads: a) ductile
response, b) shear response (Bruneau et al., 2007).
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rently under way, and limited or no information is available
in the literature.

2.3.4 Summary

This literature review provides an overview of the princi-
ples of shock propagation in free-field and reflected condi-
tions, the computation of blast loads, general observations of
blast effects on structures, and basic analytical procedures
for predicting the response of structures to dynamic loads.
Although this review does not provide a comprehensive dis-
cussion of every available source related to explosive effects
on bridges, it does provide the basic design knowledge a
bridge engineer needs to predict blast loads and the resulting
response of structures, and it outlines the background for the
current research. The information discussed above, along
with more in-depth coverage, can be found in numerous
additional sources in the open literature that exists on the
topics of munitions and blast effects on structures.

2.4 Focus of Current Work

Recent increases in the frequency and intensity of terrorist
attacks on transportation infrastructure highlight the need for
blast-resistant design guidelines for bridges. Most currently
available blast-resistant design and detailing requirements
focus only on buildings, and additional research should deter-
mine if these methods and requirements, as well as seismic
guidelines, are applicable to blast-resistant bridge design.
“Signature” bridges (suspension bridges, cable-stay bridges,
tied arches, etc.) sometimes receive priority over other bridge
types for blast-resistant research and design for two reasons.
First, many in the bridge engineering community believe that
an attack against a signature bridge is more likely than an
attack against a regular highway bridge, and second, an attack
against a high-profile bridge target seems to carry a greater
perceived socio-economic impact than an attack on a regular
highway bridge. However, past experience does not necessar-
ily support either of these beliefs as historical data show that
terrorists desire to attack ordinary bridges even in industrial-
ized nations that have high-profile signature bridges, and
recent bridge collapses in the U.S. have shown that the failure
of a typical highway structure can have a devastating socio-
economic impact. A report from the Mineta Transportation
Institute (Jenkins and Gersten, 2001) includes the analysis of
53 terrorist attacks that specifically targeted bridges between
1980 and 2006, and the report notes that 58% of bridges tar-
geted worldwide and 35% of bridges targeted in industrial-
ized nations during that time were highway bridges other
than signature bridges. Considering that 60% of attacks on all
transportation targets during that same time were bombings,
a bombing of an ordinary highway bridge is a realistic scenario.

Furthermore, the recent accidental collapses of the Oklahoma
Weber Falls I-40 bridge (Blue Ribbon Panel, 2003), the Queen
Isabella Causeway in Texas (Texas Office of the Governor,
2001), and the I-35 interstate bridge in Minnesota (Minnesota
Department of Transportation, 2007) show the great socio-
economic harm and fear that can result from the failure of
one of these typical highway bridges. Moreover, an Al-Qaeda
training manual specifically reinforces the threat to ordinary
bridges by stating that a main goal of terrorism is “blasting
and destroying bridges leading into and out of the city” to
“strike terror into the enemies” (“Military Studies in the Jihad
against the Tyrants,” 1995), and regular attacks on ordinary
bridges during the war in Iraq illustrate the success of these
goals. Therefore, a bombing of a regular highway bridge in
the U.S. is in fact a realistic scenario, and bridge engineers
need guidelines for designing blast-resistant “ordinary” high-
way bridge structures.

Focusing the current research on typical highway bridge
structures provides the most effective use of available proj-
ect funds. Although understanding the effects of blast loads
on signature bridges undoubtedly is an important research
need, these structures are often complex, requiring special-
ized design provisions even for typical gravity and wind loads,
and research on such bridges likely will provide results appli-
cable only to the specific bridges considered. Additionally,
while a significant number of existing critical bridges in the
U.S. may require retrofits to resist blast loads, each of these
bridges is different, with various types of structural systems in
various states of disrepair. In-depth research on existing crit-
ical bridges would produce results applicable only to a lim-
ited number of scenarios. Focusing on the future design of
typical highway bridge structures, however, will maximize the
return on allocated research funds, as the results can guide
designs for future typical highway bridges and spawn addi-
tional research on other types of bridge structures and retro-
fits of existing highway bridges. Therefore, the focus of the
current research is on the blast-resistant design of new, typi-
cal highway bridges, and the primary objective is to develop
blast-resistant design guidelines that can be easily incorpo-
rated into the AASHTO bridge design specifications.

While highway bridges have several structural components
with blast resistance worthy of investigation, bridge columns
are arguably the most important, and they appear to be the
most vulnerable to direct attack. Most bridges intrinsically have
open access to substructure members for either hand-placed or
vehicle-delivered explosives in the form of traffic lanes, side-
walks, waterways, or other unrestricted areas. Although super-
structure traffic also has unrestricted access to the deck, the
type of superstructure can vary significantly from one bridge
to another, while concrete bridge columns are integral to
an overwhelming percentage of bridges. Thus, focusing on
a particular superstructure type would not provide the same
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comprehensive benefit as focusing on bridge columns. More-
over, while a successful attack against a superstructure likely
will mean the loss of only one span, the failure of a critical
bridge column likely will mean the collapse of at least two
spans, and failure of a bridge column in an extensive inter-
state highway interchange may cause the progressive col-
lapse of numerous spans as superstructures collapse onto
one another.

Two aspects are necessary for any sound design: a thor-
ough understanding of the load, and a good prediction of
the expected response. As stated previously, most past studies
of blast loads acting on structures involve flat surfaces (i.e.,

walls and building façades), and little is known about the
interaction of a shock wave with a slender square or circular
member (i.e., column). Furthermore, experts in the field of
blast-resistant design are uncertain as to whether the observa-
tions regarding the response of building components to blast
loads also apply to bridges. Therefore, this study includes two
parts: Phase I aims to characterize the structural loads acting
on square and circular bridge columns due to airblast, and
Phase II investigates the response of half-scale bridge columns
to blast loads, specifically focusing on various design param-
eters that may increase blast resistance. The following chap-
ters provide details of both parts of this research program.
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3.1 Overview

The experimental test programs for Phases I and II are
presented in this chapter. Phase I included small-scale non-
responding columns tested in Vicksburg, MS, by the U.S.
Army Corps of Engineers. Phase II involved designing and
testing half-scale reinforced concrete bridge columns. All of
the instrumentation, construction, and testing for Phase II
were completed at the Southwest Research Institute (SwRI)
test site in Yancey, TX.

3.2 Phase I Load 
Characterization Study

The test program for small-scale non-responding columns
tested during Phase I of this experimental research program,
the data acquisition and instrumentation plan, and the exper-
imental test setup are presented in this section. All instrumen-
tation, construction, and testing were completed at the Big
Black Test Site (BBTS) at the Engineering Research and Devel-
opment Center (ERDC) of the U.S. Army Corps of Engineers
in Vicksburg, MS.

The Phase I test program included eight small-scale blast
tests at four sets of standoff. The objective of the small-scale
tests was to characterize the structural loads on square and
round bridge columns due to blast pressures. The experi-
mental observations indicate how cross-sectional shape,
standoff, and geometry between the charge and column po-
sitions influence blast pressures on the front, side, and back
faces of bridge columns. The data gathered from these tests
also allow the assessment of classical methods used to pre-
dict blast loads and a proposed method to modify pressures
on the front face of a square column to obtain structural
loads on a circular column. Although the blast loads acting
on large flat panels such as walls and slabs are well charac-
terized from past testing performed by the military and
others, little is known about how blast pressures interact

and engulf slender structural components such as bridge
columns.

3.2.1 Experimental Setup

Classical scaling laws were used to design model tests that
met the research objectives and remained within practical ex-
perimental limits of precision and accuracy. Phase I blast tests
consisted of charges detonated on the ground surface to gen-
erate a regular Mach front air blast load on the columns. A
scaled standoff of three was selected for each test to minimize
the fireball and detonation products loading on the non-
hardened pressure gauges, while a scale factor of eight al-
lowed the explosive charge to be within the BBTS air burst
safety and noise limits. The three main test variables included
the charge weight, standoff, and cross-sectional shape. Thus,
while the scaled standoff was held constant at three, the ac-
tual charge weight and physical standoff were varied in the
test program. Table 4 lists the dimensions of each small-scale
column.

The test setup for the Phase I non-responding columns is
illustrated schematically in Figure 22. Figure 23 shows the
test site prior to one of the detonations. The test setup foun-
dation consisted of a 20-ft × 6-ft × 6-in. smooth-surfaced
polymer-fiber reinforced concrete slab reinforced with a 2-ft ×
2-ft × 1-in. replaceable steel plate at the charge location (mid-
way between the columns). The columns were anchored by
flange plates cast directly into the slab on either side of the
charge.

Sensitized nitromethane was used as the high explosive
material, and non-fragmenting plastic cylindrical containers
with a charge diameter-to-height ratio of 1:1 approximated a
spherical detonation. Two free-field pressure gauge mounts
were also cast into the slab at each standoff on either side of
the charge. PVC pipe cast into and underneath the slab pro-
tected the instrument cables from the blast. The test setup
allowed both columns to be loaded simultaneously with the

C H A P T E R  3
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same explosive charge, which increases the accuracy of the
comparison between round and square column loadings.

3.2.2 Data Acquisition and 
Instrumentation Plan

Each non-responding column was instrumented with nine
structure-mounted pressure gauges or instruments (SMI).
Two free-field overpressure gauges were used during each test
at the same standoff as the test column, one on either side of
the charge. The locations of each gauge are shown in Table 5.
The pressure gauge layout for a round and square column are
illustrated in Figure 24. ERDC performed an extensive set of

pre-test peak pressure analytical predictions to select pressure
gauge sizes and ranges. High range Kulite HKS pressure gauges
were specified.

3.3 Phase II Response Test

The design of reinforced concrete columns tested during
Phase II of this experimental research program, the instru-
mentation and construction of each test specimen, and the
experimental test setup are presented in this section. All of
the instrumentation, construction, and testing were com-
pleted at the Southwest Research Institute test site in Yancey,
Texas.

Table 4. Phase I column design.

Column Type
Cross-Sectional
Dimension (in.)

Wall Thickness
(in.)

Area
(in.2) Zx (in.3)Ix (in.4) S (in.3)

Round Pipe 4.5
4.5

0.674 8.1 15.3
21.7

6.79
9.63

9.97
Structural Tube* 0.500 8.0 12.1

* Shop Fabricated

. . . 

. . . 

. . . 
Fiber Reinforced 
Concrete

Round
Model

Square Model

Charge

Steel Plate 
2'x2'x1" 

Compacted Sand Sub-grade, Loess 

Mounting
Flange

PLAN

ELEVATION

20'

6"

Free-Field
Pressure Gauge 

6'

8.25"
24.75"  

16.5"
Pressure
Gauges

.. .

.. .

.. .

Figure 22. Phase I test setup schematic.

Round Column Square Column
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Figure 23. Phase I test setup.
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The test program included ten half-scale, small standoff
tests and six half-scale, local damage blast tests, as shown in
Table 6. The goal of the small standoff tests was to observe
the mode of failure (i.e., flexure or shear) for eight different
column designs. In a local damage test, charges were placed
very close to or in direct contact with the test column. The
objective of the local damage tests was to observe the spall
and breach patterns of blast-loaded concrete columns. 
Experimental observations were used to evaluate the perfor-
mance of several design parameters and to determine the

Table 5. Phase I pressure gauge locations.

Type of Pressure Gauge*† Notes

SMI Face-On, 0° 8.25
8.25

16.5 24.75
SMI Side-On, 90° 16.5 24.75
SMI Back-Side, 180° 8.25 16.5 24.75

Free-Field‡ 0 -  - 
Normal to

ground plane

*Pressure gauge layout for one pier
†SMI = Structure Mounted Instrument (relative to blast source)
‡Free-field pressure gauge at range of front face of pier

Height Above Ground (in.)

Normal to Face

(a)

(b)

Gauge  20 : Free -f ield   
ov erpressure gauge located   
at standoff  equal to that at t he  
base  of  the fr ont  of  co lu mn  

1 7  

Gage Orientat io n 
(Plan View )  Si de Gauges 

Rear Gau ges Front Gauges 

4.5" 

16.5" 

8.25" 

33" 

Gauge  Num bers  

24.75" 

Concrete Surface   

Al l  charges  by   tota l  weight   ar e  NitroMethane 
(NM)  sitting  on  surfa ce  wi th  the  detonatio n  poin t 
at charge center  of m ass.  

Standoff =  λ  = 3  

MODEL ROUND COLUMN  

4 

2 8 

3 9 

5 

6 

Gauge  20 : Free -f ield   
ov erpressure gauge located   
at standoff  equal to that at t he  
base  of  the fr ont  of  co lu mn  

1 7  

Gage Orientat io n 
(Plan View )  Si de Gauges 

Rear Gau ges Front Gauges 

4.5" 

16.5" 

8.25" 

33" 

Gauge  Num bers  

24.75" 

Concrete Surface   

Al l  charges  by   tota l  weight   ar e  NitroMethane 
(NM)  sitting  on  surfa ce  wi th  the  detonatio n  point 
at charge center  of m ass.  

Standoff =  λ  = 3  

MODEL SQUARE COLUMN   

4 

2 8 

3 9 

5 

6 

Figure 24. Phase I pressure gauge layout: a) round column, 
b) square column.
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capacity and failure limit states of concrete highway bridge
columns.

3.3.1 Background on Parameters 
Selected for Testing

The test specimens designed for this program incorporated
design and detailing standards commonly used in practice
in various regions of the country. A survey of several states’
department of transportation (DOT) design and detailing
standards is summarized below to provide the reader with
a better understanding of each state’s design philosophy.
The national DOT design survey and background theory on
blast-resistant column design were used to determine the eight
different column designs with five main test variables. A sum-
mary of each column design is presented below to indicate
how each design represents current national standards.

3.3.1.1 State Department of Transportation 
Design Survey

The goal of the state DOT design summary is to illustrate
similarities and differences among states’ design and detail-
ing standards. Each state’s DOT maintains a bridge and high-
way design manual or similar document that provides design
standards for that state. The standards pertaining to concrete
column design are summarized in Table 7. At a minimum,
each state’s standards are designed to meet the AASHTO LRFD
Bridge Design Specifications. However, the state standards
are commonly more stringent than the AASHTO require-

ments due to local design issues, such as earthquakes or highly
corrosive environments.

Parameters that were not varied in this test program were
found to be consistent among state DOT design standards,
such as concrete strength, concrete class, concrete clear cover,
and reinforcement grade. The longitudinal reinforcement
ratio can be calculated according to AASHTO specifications.
This value was held constant at 1.0% for the test program,
which is typical for current bridge column design.

3.3.1.2 Close-in, Blast-Resistant Column Design 
and Detailing

Building components subjected to blast loads are designed
to ensure adequate shear strength so that flexure is the control-
ling mode of failure. In flexure, reinforced concrete structural
components that are properly detailed possess good ductility,
while in shear, failures occur in a brittle manner. Thus, it is de-
sirable to have flexure be the controlling mode of failure. A
plastic hinge analysis on a blast-loaded component considers
all potential plastic hinge locations to ensure the maximum
possible shear demand. A basic component design includes a
nonlinear SDOF analysis that considers each stage of response.
Figure 19 illustrates a beam that goes through three stages of
deformation: purely elastic, a combination of elastic and plas-
tic, and purely plastic. Typically in blast-resistant design, large
inelastic deformations are allowed and play an important role
in a component’s dissipation of energy. Due to the large uncer-
tainty associated with determining blast loads, an SDOF analy-
sis usually provides adequate results for design.
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Test No.
Column 

Designation
Column 
Design

Scaled 
Standoff 

(ft/lb1/3)
Instrumentation Test Objectives/Notes

Small Standoff Tests

1 1A1 gravity R/W 1/3 < 3

2 1A2 gravity R/W 1/3 < 3

3 2A1 gravity R/W 1/3 < 3

4 2A2 gravity R/W 1/3 < 3

5 1B gravity R/W 1/3 < 3

6 2B gravity R/W 1/3 < 3

7 2-seismic seismic R/W 1/3 < 3

8 2-blast blast R/W 1/3 < 3

9 3A gravity R/W 1/3 < 3

10 3-blast blast R/W 1/3 < 3
Local Damage Tests

1 2A2 gravity R/W 1/3 < 1

2 2A1 gravity R/W 1/3 < 1

3 1A1 gravity R/W 1/3 < 1

4 2B gravity R/W 1/3 < 1

5 2-blast blast R/W 1/3 < 1

6 3A gravity R/W 1/3 < 1

3 free-field pressure 
gages for explosive 

yield validation, 6 strain 
gages per specimen, and 

high speed camera

To determine flexural 
response shapes and 

shear/flexure interaction for
large round & square 

columns under blast loads, 
including seismic detailing

and sections designed 
specifically to resist blast

High speed camera and 
post-test measurement 

only

To quantify spall/breach 
thresholds for round & 

square columns; to quantify
extent of local damage

Table 6. Phase II test matrix.
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While design guidance exists for blast-loaded building
columns, there are currently no standards on how to design and
detail a bridge column to resist blast loads. Bridge columns
behave differently than building columns exposed to blast
loads, preventing the direct application of current design guide-
lines for buildings. For example, bridge columns are easier to
access than most building columns, which drastically changes
the blast loads used in design. Typically, building columns are
designed for the reactions from blast-loaded exterior walls or
beams, while bridge columns are the primary members resist-
ing blast loads. In addition, the applied axial load magnitude
relative to the axial load capacity is usually much greater in
building columns than in bridge columns, which affects the
location on the axial force-bending moment interaction 
diagram and hence the behavior under laterally applied loads.
There is little research on the blast-wave propagation around
exposed structural members such as slender bridge columns.
Therefore, all existing design guidelines need to be revisited

for bridges specifically. However, many of the design principles
used for blast-resistant building design should apply equally
well to bridges. Current design and detailing requirements for
petrochemical facilities subjected to blast loads emphasize the
importance of ductility, which is similar to seismic design
(ASCE, 1997). Accordingly, some general blast-resistant design
concepts may still be helpful for designing blast-loaded bridge
columns, and detailing requirements should focus on provid-
ing adequate reinforcement for the formation of plastic hinges.

3.3.1.3 Test Variables

For variables in Table 7 that show a range in design values
depending on location within the United States, priority for
the test program was given to those design details that were
believed to be the most critical to reinforced concrete column
performance when subjected to blast loads. The following five
test program variables are discussed below: cross-sectional

Bent  
Type 

Shape 
Min. Diam.  

D (f t.) 
f' c (psi) Clas s 

Cover      
c (in.) 

Fo oting  
(bottom ) 

Be nt Cap  
(top ) 

CA Sing le O/ Re 3600 2 f  ixed fixe d S  eism ic 
CO   -    -  3 4000 2 f  ix ed Durability 
CT S/ M R  ound 3 4000 F 3  fixe d 
DE Multi Round 3 4500 D 2  fixe d f  ixed Seism ic 
FL S/ M R  o/Re 3 3 f  ix ed 
IL Multi Ro/Re 2. 5 2 f  ix ed hing e 
ND S/ M R  o/Re 2 3000 AE fixe d 
NJ S/ M R  ound 3 A 2  fixe d 
NY Multi Ro/Re HP/  A 2  fixe d f  ixed 
SC Sing le O/Ro 3 4000 2 f  ix ed fixed Seism ic 
TX Multi Ro/Re 1.5 3600 C 3 f  ix ed prop 

AASHTO 4000 A 3  

Grade      
f y  (ksi) Size Min . 

Min # Long.  
Bars 

Rei nf . Rati o  

L % Type 
Gr ade      

f yh  (ksi) Size Min. 
Pitch     

ma x  (in. ) 
CA 60 5 6  BW H 6  0 5  3.75 mi d hei ght 
CO 60 4 H  oops 60 4 3  
CT 60 4 S  piral 60 4 
DE 60 5 S  piral 60 5 mi d hei ght 
FL 60 Hoop s 60 4 
IL 60 7 S/ H 60 

60 ND 60 5 
NJ 60 Spiral 60 5 3  .5 mi d hei ght 
NY 60 S/ H 60 4 1  2 mi d hei ght 
SC 60 8 6  BW H 60 6 1  2 mi d hei ght 
TX 40 6 6  1 S/ H 40 † 3 6  

AASHTO 60 5 6  S/ H 60 3 1  2 bottom 

S/M = Single or Multi O = Oblong  
S/H = Spiral or Hoop Ro = Round 

Re = Rectangular BWH = butt welded hoops 
All fields left blank are controlled by AASHTO Specifications
† Longitudinal Bars may be designed as Gr. 40 to reduce splice lengths 

Stat e 

Stat e 
De sign   

Concerns 

Column Geometry Concrete Standards Col. Connection 

Long. Reinf . Standards Shear Reinf . Standards 
Splice  

Location 

Table 7. State DOT column design summary.
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shape, length-to-depth (L/D) ratio, type of transverse rein-
forcement, volumetric reinforcement ratio, and splice loca-
tion. These design parameters were varied in the test program
to provide a broad representation of current bridge column
designs nationwide.

3.3.1.3.1 Cross-Sectional Shape. There are three shapes
typically used in bridge column design: circular, rectangular,
and oblong. Circular columns are the most economical and
commonly used cross-sectional shape, as shown in Table 7.
Circular columns require less formwork and provide a greater
ease of construction than other shapes. Rectangular-shaped
columns, however, are also regularly used in six of the eleven
states listed in Table 7.

There is currently little research on how blast loads inter-
act with bridge columns or slender members of any shape.
Circular and square cross-sections were selected as test vari-
ables to better understand how blast loads interact with slen-
der members with different reflecting surfaces because load
characterization is an important step the blast-resistant de-
sign and detailing process.

3.3.1.3.2 Length-to-Depth Ratio. Another important
design parameter for blast-loaded columns is the L/D ratio.
The L/D ratio can be varied by changing the column cross-

sectional depth while holding the length or height constant.
The depth of the cross-section is directly proportional to the
shear strength of a concrete column, as shown in Equation 6
(AASHTO, 2007), which is important in blast-resistant design.

where:
f ′c = specified compressive strength of concrete at 28 days

(psi)
fy = yield strength of reinforcing bars (psi)
d = effective depth of cross-section (in.)
b = effective width of cross-section (in.)
s = spacing of stirrups (in.)

Av = area of shear reinforcement with a distance s (in.)

The minimum column dimension in Table 7 varies among
the states depending on column type and shape. Most DOTs
have adopted conservative minimum column dimension spec-
ifications to allow design redundancy and safety against vehic-
ular collisions with substructures, which are not considered
explicitly in most cases. For example, TxDOT provides a table of
minimum steel requirements for round columns with diameters
between 18 in. and 60 in. for designers, as shown in Figure 25.

V V V f bd
A f d

s
N c s c

v y= + = ′ +2 6( )
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 Bars T Height
No. of 
Bars

Size %
Size & 
Pitch

"Y" 
Maximum

18"ϕ 6 #6 1.04 #3 @ 6" 18'
24"ϕ 8 #7 1.06 #3 @ 6" 24'
30"ϕ 8 #9 1.13 #3 @ 6" 30'
36"ϕ 10 #9 0.98 #3 @ 6" 36'
42"ϕ 14 #9 1.00 #3 @ 6" 42'
48"ϕ 18 #9 0.99 #3 @ 6" 48'
54"ϕ 18 #10 1.00 #4 @ 9" 54'
60"ϕ 22 #10 0.99 #4 @ 9" 60'

Column 
Diameter

Vertical Steel Bars V

T Bars 

Column Section

V BARS

T BARS

C
O

L
U
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Figure 25. Minimum column steel requirements for round columns
(TxDOT, 2001).
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There are four main column types: solid wall, single-
column, multi-column, and pile bents, as shown in Figure 26.
The two most common column configurations, single-column
and multi-column, were represented in this test program with
two different column dimensions. A single-column configu-
ration consists of either a hammerhead or tee-shape capbeam
overhanging each side of a large column that supports the
superstructure as a whole. With increasing column height
and narrow superstructures, the single-column configuration
becomes more economical than the multi-column config-
uration by reducing the required amounts of material and
formwork. Therefore, lower L/D ratios (i.e., larger column
diameters) represent single-column configurations.

A multi-column configuration consists of two or more
columns connected by a capbeam that supports the super-
structure at points between the columns. A multi-column
bent is the best choice for wide superstructures. Therefore,
higher L/D ratios (smaller column diameters) represent multi-
column configurations.

3.3.1.3.3 Type of Transverse Reinforcement. The type
of transverse reinforcement also varies from state to state. The
majority of DOT manuals prefer discrete hoop reinforcement
over continuous spiral reinforcement due to ease of construc-
tion. However, spiral reinforcement increases confinement
and rebar cage stability relative to the case of discrete hoops,
which is critical to seismic designs that depend on this extra
ductility. The use of spirals could also be helpful in blast-
resistant design.

The use of continuous spiral reinforcement requires fewer
anchorages than the use of discrete hoops, which minimizes
the probability of pullout failures. The use of discrete hoops

or ties requires proper anchorage depending on the type of
loading: typical or seismic. A typical load consists of tradi-
tional gravity loads (dead and live load) plus wind load, which
require the use of standard hooks. Section 5.10.2.1 of the
AASHTO LRFD (2007) defines standard hooks for transverse
reinforcement as one of the following:

• No. 5 bar and smaller: 90° bend, plus a 6.0 db extension at
the free end of the bar

• No. 6, No. 7, and No. 8 bars: 90° bend, plus a 12.0 db exten-
sion at the free end of the bar

• No. 8 bar and larger: 135° bend, plus a 6.0 db extension at
the free end of the bar

where:
db = nominal diameter of the reinforcing bar (in.)

Recent work by Bae and Bayrak (2008) on the seismic per-
formance of full-scale, reinforced concrete columns demon-
strated the opening of seismic discrete ties using hooks with a
135° bend, plus an extension of 8.0 db. The AASHTO LRFD
Section 5.10.2.2 defines seismic hooks as a “135° bend, plus an
extension of not less than the larger of 6.0 db or 3 in.” Bae and
Bayrak noted that, unlike the “full-scale concrete columns, the
hooked anchorages often reach close to the center of the core
concrete in small-scale column specimens.” Bae and Bayrak
used a minimum hook length of 15.0 db for the remaining tests
to prevent anchorage failures. The larger “hook length proved
to be very effective, and opening of the 135° hooked anchor-
ages of the ties was not observed in the other tests.” To avoid
similar anchorage failures with the half-scale test columns
constructed for the current research, specified hook lengths
for the blast-loaded column designs were longer than those
used successfully in the seismic tests by Bae and Bayrak. These
“blast” hooks were specified to consist of a 135° bend with a
20.0 db extension at one free end of the bar, reversing direc-
tions each spacing. Additionally, for the purposes of the test
program, there was a desire to represent current national prac-
tices while still taking into consideration recent research find-
ings. Accordingly, both spiral reinforcement and discrete
hoops or ties with standard and blast hooks were included as
variables in the experimental program.

3.3.1.3.4 Volumetric Reinforcement Ratio. The volu-
metric reinforcement ratio varies depending on the governing
loading condition: typical or seismic. Equation 7 (AASHTO,
2007) specifies the minimum volumetric reinforcement ratio,
ρs, for typical, gravity-loaded columns. For the states included
in Table 7, seismic loads usually govern column design and
detailing requirements in California and South Carolina.
Equation 8, from the AASHTO LRFD seismic provisions,
specifies a more stringent minimum volumetric reinforcement
ratio than for gravity-loaded columns.

(a) (b)

(c)

(d)

Figure 26. Typical column types: a) solid, b) single-
column, c) multi-column, d) pile bent (NYSDOT, 2006).
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where:
f ′c = specified compressive strength of concrete at 28 days

(psi)
fy = yield strength of reinforcing bars (psi)

Ag = gross area of column (in.2)
Ac = area of concrete core (in.2)

The seismic provisions require sufficient transverse rein-
forcement “to ensure that the axial load carried by the column
after spalling of the concrete cover will at least equal the load
carried before spalling and to ensure that buckling of the
longitudinal reinforcement is prevented” (AASHTO, 2007).
Thus, the spacing of transverse reinforcement is important for
shear resistance and confinement in the plastic hinge regions
(typically, the top and bottom) of a seismically loaded column.
Shear resistance and confinement in plastic hinge regions are
also important for blast-loaded columns. The minimum vol-
umetric reinforcement ratio shown in Equation 9 was used
for blast-loaded column designs in this test program.

where:
f ′c = specified compressive strength of concrete at 28 days

(psi)
fy = yield strength of reinforcing bars (psi)

Ag = gross area of column (in.2)
Ac = area of concrete core (in.2)

The above equations apply to circular columns. For a rectan-
gular column, the minimum total gross sectional area, Ash, of
hoop reinforcement is specified in Equations 10 and 11 for seis-
mic columns in the AASHTO LRFD seismic provisions (2007)
and blast-loaded columns in this test program, respectively.

where:
f ′c = specified compressive strength of concrete at 28 days

(psi)

A sh
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fy = yield strength of reinforcing bars (psi)
s = vertical spacing of hoops, not exceeding 4 in. (in.)

hc = core dimension of column in the direction under
consideration (in.)

Essentially, 50% more confinement steel was specified in
the design of blast-loaded columns over current seismic pro-
visions to further investigate the benefits of additional trans-
verse reinforcement to column strength, ductility, and energy
dissipation. Therefore, a different volumetric reinforcement
ratio for each type of loading (typical, seismic, and blast) was
considered in the test program.

3.3.1.3.5 Splice Location. Another important design
parameter is the splice location of longitudinal reinforcement.
Ideally, splice zones of longitudinal steel should occur at a
point in a member where the bending moment is equal to zero
or is very small. The moment is zero at the inflection point of
the bending moment diagram; therefore, a natural place to
splice longitudinal reinforcement is near that point.

The location of the inflection point depends directly on
the assumed boundary conditions and load distribution,
which varies for typical, seismic, and blast loads. Figure 27
illustrates the moment diagram and inflection points for
each load case assuming fixed supports. Columns designed
for gravity loads, including a horizontal wind load, have an
inflection point near 0.2L from each column support. Wind
load, however, does not typically control a gravity-loaded
column design, and the typical splice near the column base
allows for ease of construction. Seismic loads induce a high
lateral displacement between the column supports, creat-
ing an inflection point near mid-height (0.5L). Therefore,
seismic column design restricts splices within 1.5D of each
support to provide sufficient rebar cage stability and column
ductility within these plastic hinge regions. A column exposed
to a blast wave approximated with a uniform load results in
inflection points near 0.2L from each support for an elastic
column response. However, a blast-loaded column is expected
to behave inelastically, causing the deformed shape and 
effective support conditions to change as a function of
time. For example, the inflection points for a uniformly
loaded inelastic column that is initially fixed at both ends
occur around 0.15L from each support. To investigate the
effects of splice location on the performance of blast-loaded
bridge columns, the test program included two different
splice configurations: near the base for a typical column or
no splice to represent seismic columns.

3.3.2 Column Design

The typical and seismic column designs used in the test
program were based on current state DOT standards and
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(a) (b) (c)

Figure 27. Moment diagram and deflected shape for each load case: a) typical, b) seismic, c) blast.

Figure 28. Plastic hinge analysis for blast-loaded column.

the AASHTO LRFD specifications. To reduce the chances
of a potential shear failure resulting from a small standoff
test, blast-loaded columns were designed using a plastic hinge
analysis similarly to current seismic design provisions and as
illustrated in Figure 28. The boundary conditions correspond-

ing to a propped-cantilever condition shown in the figure are
consistent with the research objectives and with the reaction
structure used in the test program. Additional information
on the assumed boundary conditions and reaction structure
design is given in the following subsections.
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3.3.2.1 Blast-Column Design

A blast-loaded column design considers all potential plas-
tic hinge locations to determine the maximum possible shear
demand on the column. The maximum shear demand is a
function of the boundary conditions and load distribution.
Boundary conditions depend on the assumed threat scenario
and the position of the center of detonation relative to the
orientation of the bridge under consideration. A propped-
cantilever was assumed for this test program in accordance
with Table 7 for two reasons. First, this condition is consis-
tent with the design details used by various state DOTs, and
second, because this assumption will usually result in a con-
servative estimate of shear demand for a blast-loaded bridge
column, which was expected to be the controlling mode of
failure. A propped-cantilever is a conservative assumption for
the experimental tests and most design scenarios because
these boundary conditions lead to the largest shear demand
at the base for all probable cases, except that of a cantilever, 

which is an unlikely configuration for a bridge column.
Thus, when considering a uniformly loaded column, propped-
cantilever boundary conditions produce a larger shear demand
at the base of the column than that produced by the cases of
simply supported and fixed–fixed columns. Accordingly, the
reaction structure was designed to provide these support
conditions. The reaction structure design and details are pre-
sented in Section 3.3.3.

Blast-load distribution on a column is a function of stand-
off. As shown in Figure 29, columns with a large standoff can
be approximated by a uniform load; however, columns with
a small standoff are better approximated with a varying load
in most cases because, as the blast wave propagates away
from the blast source, the base of the column will be loaded
first (assuming the center of detonation is near the ground,
which is a common assumption for blast scenarios involving
a vehicle-delivered explosive). For this research, a linearly
varying blast load was assumed for the plastic hinge analysis.
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Figure 29. Blast load distribution versus standoff.
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The required pitch of transverse reinforcement can be
determined by setting the maximum shear demand deter-
mined in the plastic hinge analysis equal to the shear design
equations from the AASHTO LRFD, modified to account for
strain rate effects (ASCE, 1997), and solving for the spacing.
The plastic moment (Mp), which is equal to the flexural capac-
ity of the cross-section (MN), also accounts for the dynamic
material strength, with dynamic increase factors for strain rate
effects. Again, the maximum shear demand was used to deter-
mine the required volumetric reinforcement ratio to ensure
that adequate shear capacity was provided and to force the for-
mation of plastic hinges (a flexural failure).

3.3.2.2 Column Design Summary

Ten columns with eight different column designs were
tested in Phase II of the experimental program. Typical designs
for concrete columns designed in areas of high seismicity
(designated Seismic) as well as those located in areas with a
low seismic threat (designated A or B) were considered. In ad-
dition, two columns designed specifically for the case of blast
loads (designated Blast) were also included in the test matrix.
Test variables for each column design are summarized in
Table 8 and illustrated in Figure 30. Constants specified in this
test program include 4000 psi, Type-A concrete, 1 in. concrete

40

Long. Reinf.

Shape Size (in.)
Splice 

Location
Pitch/ Space 

(in.)
Type

Vol. Ratio

s  %
1 1A1 Round 18 0.25L 6.0 Hoops 0.82
2 1A2 Round 18 0.25L 6.0 Hoops 0.82
3 1B Round 18 0.25L 6.0 Spiral 0.82
4 2A1 Round 30 0.25L 6.0 Hoops 0.47
5 2A2 Round 30 0.25L 6.0 Hoops 0.47
6 2B Round 30 none 6.0 Spiral 0.47
7 2-seismic Round 30 none 3.5 Spiral 0.80
8 2-blast Round 30 0.25L 2.0 Spiral 1.40
9 3A Square 30 0.25L 6.0 Ties 0.47

10 3-blast Square 30 0.25L 2.0 Ties 1.40

Small 
Standoff 
Test No.

Column 
Designation

Column Geometry Transverse Reinf.

Table 8. Test variable summary.

Figure 30. Column cross-sections.
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clear cover (which corresponds to 2 in. of clear cover in full-
scale columns), GR 60 steel reinforcing bars, 1.0% longitu-
dinal reinforcement ratio, and propped-cantilever boundary
conditions.

3.3.2.3 Material Properties

The concrete and steel specified in this project were selected
to represent that which is typically used in the construction of
reinforced concrete highway bridge columns. Due to the vari-
ety of concrete strengths and types used in different states, the
values specified by the AASHTO LRFD were selected for the
test program. Concrete of 4000 psi strength and composed
of Type-A cement with a maximum aggregate size of 3⁄8 in. (to
accommodate the small rebar spacing) was selected for this
test program. Also, standard deformed, uncoated, Grade 60
reinforcing bars were specified for all reinforcement except the
continuous spirals that allow the use of a smooth bar (accord-
ing to the AASHTO LRFD).

3.3.2.4 Axial Load

Most bridge columns have much greater axial load capac-
ity than axial load demand from gravity loads, and thus they
typically experience service compressive loads that are well
below the balance point of the column. Therefore, including
a compressive axial load in the test setup would only increase
both flexural and shear resistance of the specimens. Further-
more, the construction of a test frame able to maintain an
axial load on column specimens while surviving multiple
blast tests was impractical and cost-prohibitive given the 
allocated funds. Consequently, given the expected increase in
capacity an axial load would contribute, coupled with the cost
of developing a test setup capable of applying an axial load
over the entire test program, the experimental tests con-
ducted for this research neglected the effect of a compressive
axial load.

Furthermore, while it may be possible for a scenario to exist
in which a column will experience tensile forces due to uplift
on the deck prior to experiencing peak flexural response, a
survey of DOT design details showed that the majority of
states use a configuration with the superstructure resting on
a bent cap, which would not allow a column to experience
tensile forces. Even for bridge configurations in which the
superstructure is directly connected to a column, a column
will reach its peak shear and flexural responses very early in
time for the attack scenarios creating the most severe lateral
loading conditions (i.e., small standoffs). The best use of allo-
cated funds was to consider an experimental testing program
that represented the most probable design threats combined
with the most common bridge column configurations, and
thus the Phase II experimental test program did not consider

blast-loaded bridge columns with a tensile or compressive
axial load.

3.3.3 Reaction Structure Design

The steel reaction structure and reinforced concrete slab for
the small standoff tests were designed by Protection Engineer-
ing Consultants (PEC). The reaction structure was designed
to be pre-fabricated offsite and delivered in one piece, while
the slab was constructed onsite. The design and detailing of
the reaction structure and slab are described below.

3.3.3.1 Steel Reaction Structure Design

The steel reaction structure was designed to resist dynamic
blast loads. A single-degree-of-freedom analysis was com-
pleted for each frame member using SBEDS (U.S. Army Corps
of Engineers, 2007) and assumed fixed end conditions. SBEDS
(Single-degree-of-freedom Blast Effects Design Spreadsheet)
is a commonly used program in the blast-resistant design
community.

The reaction structure consisted of HSS 8 × 8 × 5⁄8 mem-
bers, 1⁄2-in. ϕ steel rods, and W10 × 88 anchor beams, as
shown in Figure 31. The HSS shapes were A500 Gr B steel,
while all other steels were specified to have a minimum yield
strength of 50 ksi. All connections were welded with 1⁄2-in.
fillet welds at perpendicular joints or 5⁄8-in. flared groove
welds otherwise, as shown in Figure 32.

3.3.3.2 Reinforced Concrete Slab Design

The reinforced concrete slab was also designed for dynamic
blast loads. The majority of the slab was 2-ft deep, but it 
increased to a depth of 2 ft 6 in. around the 5-ft × 7-ft hole for
the column footing, as shown in Figure 33. The slab thickness
increased near the column footing to account for the large
reaction forces expected there from the column and reaction
structure. Figure 33 also illustrates the extensive reinforce-
ment that is used throughout the slab. Casting of the slab took
place onsite using a regular concrete truck.

3.3.4 Data Acquisition and 
Instrumentation Plan

The test specimen and instrumentation in a blast test are
subjected to extreme loading conditions (temperature and
pressure). The type and location of instrumentation must be
able to endure these conditions. This test program specified
the use of strain gauges on reinforcing bars, free-field pres-
sure gauges, and high-speed video cameras to gather experi-
mental data and observations. All wires or cables within close
proximity of a test specimen were bundled and buried under-
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ground to prevent damage. Post-test measurements and pic-
tures were taken to document damage conditions following
each test.

3.3.4.1 Strain Gauge Installation on Reinforcing Bars

Each column was instrumented with at least eight strain
gauges. Data were collected from six of the strain gauges
during each small standoff test. The installation of eight
strain gauges provided redundancy in case any strain gauges
were damaged during construction and allowed the use of
all six channels provided by the data acquisition system. As
shown in Figure 34, the gauges were located on transverse
and longitudinal bars to measure the strain near the base of
the column, represented by triangles and circles, respec-
tively, in the figure. (Note that the column in Figure 34 was
straightened prior to casting.) The strain gauges used in this

research project were TML Strain Gauges from Tokyo Sokki
Kenkyujo Co., Ltd., Type FLA-5-11-15LT, with a gauge
length of 5 mm.

3.3.4.2 Free-Field Pressure Gauge Locations

Three free-field pressure gauges were used during each
small standoff test. Pressure gauges were located at 37 ft, 
51 ft 8 in., and 76 ft from each charge. The free-field pressure
gauges needed to be placed at least 30 ft from the test spec-
imen to ensure the survival of the gauges over the ten tests.
Free-field pressure gauges measure the side-on (i.e., free-
field) pressure as the shock front passes the gauge. The aver-
age free-field pressure and impulse were used to calculate TNT
equivalency and efficiency for each blast test.
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Figure 31. Reaction structure.

Figure 32. Welded connections for the reaction structure.

Figure 33. Slab reinforcement.
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3.3.4.3 High-Speed Video Cameras

One or two high-speed video cameras were used for each
small standoff and close-in test. Video provided by these
cameras was useful in observing aspects of behavior that
were difficult to discern from the strain gauge data and other
instrumentation. Often, however, the “fireball” from an 
explosion obscured the specimen response, and the high-
speed video was of limited benefit.

3.3.5 Column Construction

The construction of all columns and footings took place
at the test site. A summary of the entire construction process
and column fabrication is provided below.

3.3.5.1 General

The construction process began with the delivery of materi-
als to the test site. First, the formwork and rebar cage for each
column footing were constructed. Figure 35 illustrates the
reinforcement used in each footing, including a mat of #8
bars top and bottom, #4 closed stirrups in each direction, and
#6 longitudinal bars anchored into the bottom steel mat.
Essentially, a box of steel was provided in each 5-ft square-, 2-ft
6-in.-deep concrete footing. The footings were designed with
sufficient capacity to ensure that failure would occur in the
column for all blast tests.

Next, the longitudinal and transverse reinforcements for
each column were placed vertically into the footing cages, as
shown in Figure 35. To decrease variability in the spacing of
transverse reinforcement, wooden spacers were used, as
shown in Figure 36. After each cage was completed, speci-
fied bars were instrumented. After instrumentation, the

footings were cast and allowed to cure for several days (Fig-
ure 37) before formwork was placed around the column
rebar cages. The columns were then cast in a second lift with
a concrete pump truck and consolidated with a hand vibra-
tor, as shown in Figure 38. The construction timeline allowed
at least 22 days for the concrete to cure prior to testing, and
concrete strength based on cylinder tests had reached 97% of
the specified compressive strength at the start of the blast
testing.

3.3.5.2 Column Constructability

Column constructability was not an issue for the typical
gravity-loaded column designs. The construction process was
considerably more difficult, however, for the seismic-loaded
and blast-loaded column designs due to the increased volume
of transverse reinforcement and smaller spacing or pitch. The
reinforcing cage for the square blast column shown in Fig-
ure 37 was more difficult to construct than the round typical
column, though clearly not impossible. Also, special care was
taken when vibrating the tightly spaced rebar cages to ensure
proper consolidation of the concrete.

3.3.6 Small Standoff Test Setup

As stated previously, the desired boundary conditions
for the Phase II close-in blast tests were those of a propped-
cantilever column. Figure 39 shows an actual column placed
into the test setup to illustrate the assumed boundary con-
ditions. To create a fixed connection at the base, the large
column footing was placed into the slab opening and grouted
into place to help prevent rotation. The steel collar that
wrapped around the top of the concrete column was then
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Figure 34. Strain gauge layout (Column 3A).
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bolted to the reaction structure to provide the pinned con-
nection near the top of the column. It should be noted that over
the course of the test program the slab of the reaction structure
experienced significant damage and may have allowed some
rotation to occur at the base so that the assumed boundary
conditions were not fully realized. To address this concern,
the analysis of the test data and evaluation of column response
considered the effect of rotation at the base. Analysis of the
data and evaluation of column behavior during the test pro-
gram are described in Chapter 5.

3.3.7 Spall/Breach Test Setup

The goal of the local damage tests was to observe the spall
and breach patterns of columns subjected to close-in blasts.
Therefore, end restraints against displacement or rotation were
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(a) (b)

Figure 35. Column footing and column rebar cage: a) column 1B, b) column 3-blast.

Figure 36. Wooden spacers. Figure 37. Column rebar cage.
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3.4 Summary

This chapter presented the design and instrumentation of
columns tested during Phases I and II of this experimental re-
search program. The small-scale, non-responding blast test
setup was summarized. All of the instrumentation, construc-
tion, and testing for Phase I was completed in Vicksburg, MS,
by the U.S. Army Engineer Research and Development Center.
The setups for the Phase II small standoff and local damage
blast tests were also summarized. All Phase II instrumentation,
construction, and testing was completed at the Southwest
Research Institute test site in Yancey, Texas. The following
chapter presents the analytical research program.

45

Figure 38. Column casting.

Figure 39. Phase II: Small standoff test setup.

Figure 40. Phase II: Local damage test setup.

not needed because only local damage was being observed. The
local damage test setup consisted of a standalone column sub-
jected to a close-in blast load in a clearing. The base and top
were not supported or restrained from any rotation. Figure 40
illustrates a column just prior testing.
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4.1 Overview

While bridge engineers can adapt many currently available
methods to predict blast loads and the response of building
components for use with bridges, there is a need for bridge-
specific, simple models that provide quick and accurate results
because such models facilitate an efficient design process. In
addition, the most sophisticated techniques are not always
necessary because these methods often require large compu-
tational demands and time commitments, while providing a
level of accuracy that may not be warranted given the uncer-
tainty associated with identifying threat scenarios and cor-
responding blast loads. Simple models, however, may not
be appropriate for every case due to the complexity of blast
loadings and associated responses. The following sections
outline characteristics and capabilities of various analysis
methods and software, along with guidelines for the selection
of the appropriate analysis technique for a given scenario.
Load determination programs and response determination
programs are typically independent software packages, and
thus the information in this chapter is divided accordingly.
Because designers benefit from analytical methods that con-
tribute simplicity, efficiency, and accuracy to the design process,
information is provided to aid in the selection of the sim-
plest and most appropriate analysis techniques for a particu-
lar case. Therefore, characteristics, advantages, limitations,
and current uses are provided for each analysis level, and a
brief description of commonly used analysis software is given.

While the capabilities of some of the software discussed
have been verified by past research found in the literature, the
assertions of other programs have not been verified. More-
over, the authors do not endorse any particular software or
program, and the codes listed below are simply examples of
applications one could use to predict loading and response. In
all cases, predicting blast loads and response requires the dis-
cretion of an engineer experienced in the field of blast analy-
sis, and analysis methods that are based on or corrected by

empirical data are preferable when available due to their accu-
racy and efficiency. These semi-empirical programs, how-
ever, are often not available due to a lack of existing data or
because they have limited distributions and are available only
to government contractors.

4.2 Current State-of-Practice: SDOF

A single-degree-of-freedom analysis is standard practice
for most blast-resistant designs. While an analyst could employ
complex three-dimensional finite element analyses, the uncer-
tainty associated with the threat size and location in blast sce-
narios typically does not justify such a detailed analysis. “It
is a waste of time to employ methods having precision much
greater than that of the input of the analysis” (Biggs, 1964).
Furthermore, unlike traditional design loads, most blast
designs allow significant nonlinear behavior to dissipate the
energy associated with dynamic blast loads, and SDOF results
compare well with experimental test data when members
experience considerable plastic deformation (Department
of the Army, 1990). Additionally, consideration of multi-
member coupling is not necessary if the natural frequencies of
connected elements differ by a factor of two or more (Biggs,
1964). Therefore, a member-by-member SDOF analysis ap-
proach is applicable for most blast design scenarios and repre-
sents the current state-of-practice for blast-resistant structural
design.

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, and this section summarizes SDOF
analysis concepts pertaining to blast-loaded structures. Fig-
ure 41 illustrates an SDOF system comprised of a simply sup-
ported beam with a uniformly distributed load on half the
beam and a corresponding deformed shape, Δ(x). Shown in
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the figure is the idealized spring-mass system with an equiv-
alent mass, Me, that goes through a displacement, δ, against
the resistance of an equivalent stiffness, ke, under the appli-
cation of an equivalent force, Fe. An engineer can transform
the real system into the idealized system and obtain equiva-
lent system properties by applying work and energy princi-
ples to the real beam using an assumed normalized displaced
shape. In the SDOF method, each stage of response has a dif-
ferent mode or characteristic displaced shape that requires
the computation of unique equivalent beam properties. Fig-
ure 42 illustrates the deflected shapes and resistance diagrams
of a fixed–fixed beam that undergoes three stages of deforma-
tion: 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). While the total response of a continuous member the-
oretically 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 one mode dominates the

response, as is often the case for blast-loaded components.
Most designs of structures to resist blast allow significant in-
elastic deformation, and the displaced shape associated with
the plastic mechanism ultimately dominates the response.
While the analysis could use one of the modal shapes that cor-
respond to a vibration mode during each stage of response of
the structural component, the SDOF method typically uses
the displaced shape resulting from the application of a static
load that has the same form as the assumed blast load. The
value of δ for the real beam in Figure 41 is equal to the displace-
ment 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 for many structural members
it is too difficult to determine mode shapes exactly, and for
most practical applications, this assumption provides more
accurate results than using only the displaced shape that cor-
responds 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 transformation factors based on work-equivalency
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Figure 41. Idealized SDOF system.
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principles or use factors for known scenarios. Transforma-
tion factors for known scenarios can be found in Introduction
to Structural Dynamics by Biggs (1964) and the U.S. Army’s
TM 5-1300 Structures to Resist the Effects of Accidental Explo-
sions (Department of the Army, 1990).

Blast-resistant designs typically allow inelastic (i.e., perma-
nent) deformations to dissipate energy, and SDOF analyses
also include this behavior. “Although plastic behavior is
not generally permissible under continuous operating condi-
tions, it is quite appropriate for design when the structure is
subjected to a severe dynamic loading only once or at most a
few times during its life. Among other examples which might
be cited, plastic behavior is normally anticipated in the design
of blast-resistant structures and at least implied in the design
of structures for earthquake” (Biggs, 1964). Plastic hinges and
mechanisms can form during a blast scenario, allowing a struc-
ture to dissipate energy through large plastic deformations and
rotations. This plastic deformation is important in structural
design for dynamic loads because allowing a structure to dis-
sipate energy creates the most economical design possible
(ASCE, 1997).

“The primary method for evaluation of structure response
is evaluation of the ductility ratio and hinge rotations” (ASCE,
1997). Structures to Resist the Effects of Accidental Explosions
(Department of the Army, 1990) and Design of Blast Resis-
tant Buildings in Petrochemical Facilities (ASCE, 1997) pro-
vide allowable rotation limits for various types of structural
members. For the case of blast design, hinge rotation refers
to a support rotation and indicates the degree of deformation
present in critical areas of a member. Equation 12 defines a
ductility ratio that measures the overall inelastic response of
a structural component.

where:
µ = ductility ratio

Δmax = maximum displacement of a member (in.)
Δelastic = displacement at the elastic limit (in.)

The ductility ratio and hinge rotations should not exceed
allowable response limits from current blast guidelines
(ASCE, 1997). Existing guidelines, however, are applicable
to building components, and the limiting values will likely
require adjustment as test data on the response of bridges
subjected to blast loads become available (see Chapters 6
and 8). Hinge rotations are separated into three levels of 
response: low, medium, and high. A low level of response
includes localized structure or component damage. The
main structural components do not need repair, while non-
structural components require moderate repairs. A medium

μ = Δ
Δ

max

elastic

( )12

level of response entails extensive structure or component dam-
age. In the case of a medium level of response, the structure
cannot sustain normal loads until repairs are complete, and
the total cost of those repairs is significant. A high level of re-
sponse includes a structure or component that does not re-
tain structural integrity, and this structure or member may
collapse under minor loads from environmental conditions
(e.g., wind, snow, rain). The total cost of repairs for a high level
of response approaches the replacement cost of the structure
(ASCE, 1997).

In general, the shear reinforcement detailing and the con-
trolling stress states influence the response limits for reinforced
concrete members. The allowable deformations are very low
for elements with significant shear or compression demands,
while large deflections are permitted when a member has ade-
quate shear capacity. As shown in Table 9, hinge rotations
alone are specified for concrete elements in flexure because the
relatively stiff nature of concrete members produces very high
ductility ratios for members with low maximum deformations,
indicating that the use of a ductility ratio is inappropriate for
these conditions. Elements responding primarily in shear are
subject to brittle failures at low support rotations; therefore, the
ductility ratio is the main design criterion for these elements
(ASCE, 1997).

For blast-resistant structural design, shear demand is typ-
ically calculated based on the flexural capacity associated with
an SDOF analysis. Both direct shear and diagonal shear are
important for blast-loaded components, and structural mem-
bers should contain enough capacity through a combination
of transverse reinforcement and longitudinal reinforcement
dowel action to prevent a shear failure and force a flexurally
dominated response. While a member-by-member analysis
uses the loads that result from the reaction forces and applied
load of an SDOF analysis to load a supporting member, the
shear design should not consider these loads because the
deflected shapes assumed for those analyses do not match
the actual deflected shape of a component early in time when
shear dominates the response. Rather, designing a member to
have enough shear capacity to prevent shear failure and allow
a flexurally dominated response will provide satisfactory
behavior. Thus, a designer should consider the available shear
capacity of a member only after it has sufficient flexural capac-
ity to resist the assumed blast loads, and a plastic analysis
using the assumed load distribution and the plastic moment
of the final section provides the maximum distributed load
the member must sustain prior to forming a mechanism
leading to flexural failure. The shear demand resulting from
this analysis is the theoretical maximum shear a member will
experience during an event that loads a component with the
assumed load shape, and thus it is the shear demand a mem-
ber must resist. The U.S. Army Technical Manual 5-1300
Structures to Resist the Effects of Accidental Explosions contains
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information on computing the shear demand and capacity for
structural components, and the ACI and AISC design manuals
contain additional information needed to calculate the shear
capacity of concrete and steel members, respectively.

4.3 Simplified Modeling 
and Software

Blast design specialists have a large number of options when
choosing a technique or software to compute blast loads and
structural response, and these methods vary widely in both
cost and accuracy. While an analyst may desire results from
high-level finite element analyses, the exact location and mag-
nitude of a threat typically remains unknown, and the uncer-
tainty surrounding load prediction typically does not justify
the cost of such high level analyses. As a result, several simpli-
fied methods for both blast load and response prediction are
available to bridge engineers. This section describes the capa-
bilities and limitations of several such procedures.

4.3.1 Load Prediction Techniques

Simplified load prediction techniques fall into two groups.
The first group contains the methods that utilize blast phe-
nomenology from basic equations and curves developed em-
pirically from “ideal explosions” in free air. The second group

of load determination methods, which is described in the fol-
lowing subsection, includes those that consider multiple reflec-
tions and pressure magnification, while not strictly employing
computational fluid mechanics techniques. The following two
subsections describe both types of load prediction techniques.

4.3.1.1 Free-Field Load Prediction Techniques

Ideal explosions include bare spherical charges in air or
hemispherical charges on the ground. Many researchers have
conducted controlled experiments using ideal explosives over
many years, and several curve fits allow engineers to quickly
determine basic blast load parameters, such as peak over-
pressure, peak reflected pressure, positive phase duration,
negative phase duration, time of arrival, and impulse. From
these parameters, a designer can construct an elementary
pressure–time history. 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 Unified Facilities Criteria (2002), and Con-
Wep (U.S. Army Corps of Engineers, 2001), which is a widely
used 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. As
they are based on explosions in free air, these methods cannot
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Table 9. Response criteria for reinforced concrete.
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represent reflections off and interactions with structures, and
any user must clearly understand the limitations of the selected
method before applying it to a specific loading case.

While simplified analyses using available equations and
curves are useful for relatively large-standoff problems (i.e.,
where the center of detonation is greater than a scaled range
of three or more from the structure under study), they typi-
cally do not provide good results for small-standoff problems
because the accuracy of the empirical data decreases at close
ranges. The definition of scaled range (i.e., scaled standoff) is
the actual distance from the center of an explosive to the tar-
get, divided by the equivalent TNT charge weight raised to the
1⁄3 power (i.e., Z = R/W1/3). The analyst must remember that
the data included in these simplified load prediction methods
are from actual field measurements during detonation events,
and very close-in data have been, and still remain, very diffi-
cult to measure due to extremely high temperatures and pres-
sures in the immediate vicinity of an explosive source. Because
most critical threats associated with bridge-related blast prob-
lems will likely involve very close-in detonations with scaled
standoffs much less than 1 ft/lbs1/3, analysts should consider
the limitations in using simplified load prediction techniques
for computing blast-load parameters for such 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 par-
tially confined explosions cannot dissipate as quickly as un-
confined explosions, and as a result, they can produce much
higher impulses on a structure (Ray et al., 2003). Magnifica-
tion factors exist, though, to adjust incident blast pressures
for varying levels of confinement, and one can choose values
conservatively with success (Gannon, 2004).

Because of the associated limitations, methods that utilize
blast phenomenology from basic equations and curves developed
empirically from “ideal explosions” in free air may not be ade-
quate for determining design blast-load parameters for many
applications. They may be useful and adequate, however, for
cases when only one reflection is significant (e.g., above-deck
blasts). These techniques also provide a useful and expedient
“sanity check” for high-level blast prediction software pack-
ages (i.e., nonlinear finite element analyses employing compu-
tational fluid dynamics). While such advanced programs can
produce impressive graphical results, the analyst should always
study the results to ensure against the “garbage-in-garbage-
out” possibilities of large, data-intensive calculations.

4.3.1.2 Load Prediction Techniques That Consider
Confinement and Reflections

The most widely used application in this group is BlastX
(SAIC, 1994). The BEL code (U.S. Army Corps of Engineers,

2000) is an open-distribution version of BlastX that includes
a bridge-specific graphical user interface. Although some of
these load determination techniques are intended to model
blast propagation through enclosed areas such as buildings,
they can be adapted for use with bridges. These methods track
pressure values as they radiate from an explosion source and
as they reflect off surfaces through basic first-order principles
of wave reflection. In addition, they can include correction
factors to account for differing wave magnitudes reflecting off
various surfaces. As a result, they provide higher accuracy
than those load determination methods that do not consider
confinement and reflections. In addition, a recent study inves-
tigated the use of BlastX for modeling a blast below a bridge
deck, and the results showed that BlastX has the ability to pro-
vide conservative but reasonably accurate results for this case
(Ray et al., 2003). The authors of this report caution, however,
that results from these codes require additional adjustments
for some scenarios. For example, software such as BlastX and
BEL are not capable of modeling round geometries such as
columns of bridge piers, and experimental and analytical
research described in this report show that these codes sig-
nificantly overestimate loads on slender square and circular
members (i.e., bridge columns) subjected to blast loads.

This second group of load determination analysis methods
is recommended for use in bridge design because they con-
sider reflections and pressure magnification. For most cases,
the result is an acceptably accurate but conservative loading
obtained at a modest computational cost, although inaccura-
cies incurred when modeling explosions against slender flat
or curved members (i.e., bridge columns) were overly conser-
vative in some cases. This method should not be employed for
contact charges as it does not predict internal detonation pres-
sures (i.e., pressures that have not gone through the explosive
detonation product–air interface). Its use for very complex envi-
ronments with many varied reflecting surfaces should also be
carefully considered, and, if possible, a fluid-mechanics or empir-
ically based model should be used instead. The capabilities and
limitations of load prediction methods based on fluid mechan-
ics are discussed later in this document.

4.3.2 Response Prediction

Engineers may choose from a wide variety of methods when
analyzing the responses of structures subjected to blast loads,
ranging from simple and easy-to-use SDOF analyses to highly
complex, 3D nonlinear finite element analyses. While ad-
vanced finite element codes are advantageous for specialized
design, research, and post-event scenarios, the uncertainty in
the load prediction does not usually justify this level of effort
for most design problems. Additionally, simplified methods
for response prediction are extremely useful for providing a
baseline by which to validate the results of high-level finite
element analyses. Thus, all engineers analyzing structures
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subjected to blast should be familiar with the advantages, uses,
and inadequacies of simplified analysis methods. This section
describes two levels of analyses for predicting structural re-
sponse due to blast and includes examples of commonly ac-
cepted and used software.

4.3.2.1 Single-Degree-of-Freedom Systems

The simplest response determination methods are those
based on SDOF mass-spring-damper systems. The vast major-
ity of currently available design procedures for blasts utilize
these approximate 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 determining
response to blast loads throughout the structural engineer-
ing community. For example, engineers frequently use these
methods in the design of structural members for sensitive
control rooms (Barker and Whitney, 1992), and investigators
used an SDOF method to analyze the response of the blast-
loaded columns and slabs in the Alfred P. Murrah federal build-
ing (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 it may seem that higher resolution techniques
are preferable because blast loadings and the resulting re-
sponses are often very complicated, such accuracy is not
necessarily warranted. Many uncertainties exist in blast
loadings, including the location of the explosive, the mag-
nitude of the explosive, and the type of explosive. Unless a
very specific threat is expected, 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 analy-
ses for response to blast loads and whose work provides the
basis for most blast-resistant design and analysis procedures
currently used (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 dynam-
ics 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 local-
ized changes in material behavior through the depth of a cross-

section may significantly affect member resistance. Because
this approach considers composite material behavior and
changes in constitutive properties through the depth of a
cross-section, it 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 this procedure 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, and en-
gineers should study the results carefully before implementing
this procedure as common design practice.

It is possible to use hand calculations with simple formu-
las for SDOF response determination, and 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 ele-
ments. In addition, many easy-to-use programs, such as SBEDS
(U.S. Army Corps of Engineers, 2007) and SPAn32 (U.S. Army
Corps of Engineers, 2002), exist for this purpose. 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, and
then SDOF models determine the response of structural
members. The models, however, include input coefficients
that relate to the specific design scenario. These values come
from extensive data and adjust the response obtained by the
SDOF analysis to provide more accurate results than might
be computed without such adjustments. As indicated earlier,
any model that is accurately adjusted or has been accurately val-
idated using empirical data should be used when available.

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 Engi-
neers, 1997; Biggs, 1964; Conrath et al., 1999; Department of
the Army et al., 2002). Parameter studies with high-level mod-
els, such as with MDOF models, may not be practical due to
the large number of input requirements. Moreover, 3D non-
linear general-purpose finite element analyses are not con-
ducive 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 meth-
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ods may be useful to size individual members before using a
high-level model to verify the global response of the structural
system. Practicing blast engineers sometimes use this type of
procedure involving a progression of analyses (Hinman, 1998).

SDOF models are valuable because they can provide rea-
sonably accurate predictions of response for a wide range of
structural components. This accuracy is in large part 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, in-
cluding tensile and compression membrane effects and mem-
ber instabilities. Because blast scenarios are unpredictable,
detailed response analyses of attack scenarios are often not
necessary. Rather, understanding the response of a member
due to a general threat is sufficient for designing blast-resistant
structural components. Many components, whose end re-
straints 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, piers, 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), com-
posite sections can be modeled as responding as a single ele-
ment so that bridge decks and entire superstructures may also
be analyzed using SDOF techniques. Such an approach may
not always be appropriate, however, and guidance concern-
ing the limitations of SDOF analyses is provided below.

When appropriate assumptions for end restraints are un-
clear, boundary conditions can be assumed and then varied
to maximize the response quantity of interest. For example, a
propped-cantilever or two fixed ends can be conservatively
assumed for shear calculations because design criteria are based
on maximum forces at the supports, and the stiff end restraints
associated with the fixed support condition will lead to con-
servative estimates of the required shear capacity. For flexural
calculations, because maximum deformation controls the
design, simply supported ends can be conservatively assumed
(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 resis-
tance diagrams can be approximated by straight lines.

For the reasons mentioned above, use of an SDOF analysis
is the most appropriate choice for the design of most individ-
ual bridge components and systems, including those often
designed for non-blast loads using MDOF frame analysis
procedures. 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; Department of the Army et al.,

2002). This approach has been shown to provide acceptably
accurate predictions of structural performance when the
ratio of the natural period of the connected components is
larger than or equal to two (American Society of Civil Engi-
neers, 1997; Conrath et al., 1999; Department of the Army
et al., 2002).

Although SDOF methods can be used for most structural
members, discretion should be used when choosing the most
appropriate analysis method. For example, the designs of
some bridges, including suspension and cable-stayed bridges,
do not ordinarily receive guidance from AASHTO specifica-
tions because they require extensive experience or high-level
analyses even for “ordinary” loadings, such as dead loads, live
loads, wind loads, and seismic loads. The designs of the sys-
tems and components of these bridges often require spe-
cialized engineering firms that use high-level finite element
analysis software such as that described in Section 4.3.3. For
those bridges, the choice of analysis methods when designing
for blast loads should reflect the same considerations that re-
quire advanced analysis procedures or experience to design
for “ordinary” loads. As mentioned above, it is important to
remember that, although some structures require sophisti-
cated analysis procedures, SDOF methods are well-suited for
the preliminary sizing of most components and the complete
design of many bridge members, including those bridges
often designed using MDOF frame analysis codes.

Because SDOF analyses provide acceptable results while min-
imizing costs, they should be used whenever possible. Some lim-
itations for their use do exist, however, and such methods should
not be used for all purposes. In general, SDOF analyses can and
should be used for any and all structural components that are
not included in the following cases:

• Cases when conservative load values are not acceptable.
Because SDOF procedures are uncoupled, blast loads com-
puted from load determination methods may be inaccurate
if significant localized failure and venting occurs, such as
when trying to use only an SDOF analysis to model an en-
tire bridge superstructure that may experience load relief if
part of the deck fails and vents pressure. If the use of con-
servative loads that do not account for pressure relief due
to localized structural failure within the component being
analyzed is not acceptable, the analyst should use an alternate
modeling approach in which connected components (e.g.,
bridge deck and girders) are treated as individual SDOF sys-
tems where the reactions from the directly loaded compo-
nent act as the load input to the supporting component. The
vast majority of cases do not require coupled analyses. SDOF
analyses typically can account for the effects of localized fail-
ure and venting through modification of system properties
much more readily than performing a coupled analysis.

• Cases when localized failure may occur. Examples of
such localized failures include spall and breach for concrete
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members and local buckling and fracture for steel mem-
bers. These failures often result from close-in or contact
blasts, but they are not necessarily limited to such attacks.
Although it is possible to use reduced cross-sections, espe-
cially for concrete members, to alter existing SDOF methods
to account for such events, it requires extensive experience
and knowledge of the failure mode. Some empirical methods
exist for concrete members to determine response involv-
ing localized failure, but they are often not publicly avail-
able and are applicable only to specific cases. Because such
failures often can be unpredictable, varying widely accord-
ing to both blast and component characteristics, scenarios
with the potential for localized failure should be analyzed
with care, and SDOF methods should not be used for all
members and all standoffs.

• Cases when the failure mode is uncertain. Although
SDOF methods may be able to determine structural re-
sponse up to failure for individual members within a sys-
tem, they cannot predict global response when the failure
mode is uncertain, such as with highly confined blasts,
when potential structural instabilities exist, or when local-
ized material or member failure may occur. Examples po-
tentially include blasts at abutments, within double-decked
bridges, within or close to hollow piers, within or close to
segmental box sections, in contact with a structure, and
with significant fragmentation.

• Cases when P-� effects may contribute to failure.
Although axial-flexural interaction diagrams can be used to
alter member resistance to account for changes in moment
capacity due to axial loads, typical SDOF analyses generally
do not consider P-Δ effects. It may be possible, however,
to incorporate an iterative technique that accounts for geo-
metric nonlinearity within SDOF calculations. Such tech-
niques are not common, and inexperienced analysts should
not use SDOF methods to analyze long, slender, axially
loaded members that may experience P-Δ effects. Tall bridge
piers loaded by large surface blasts are examples of such
members. The terms “tall bridge piers” and “large surface
blasts” are intentionally vague because each design scenario
will be unique, and an experienced engineer will need to de-
termine whether or not P-Δ effects will be significant.

• Cases when the member under consideration is not suf-
ficiently slender. Most currently available SDOF methods
neglect rotational inertia and shear effects by default. There-
fore, analysts should be careful when using SDOF methods
to analyze deep members. Examples of such non-slender
members include concrete anchors for suspension bridge
cables, short columns, most pier caps, and deep beams. It is
important to point out, however, that the resistance function
and stiffness can be modified to account for shear defor-
mation and rotational inertia if these effects are considered
to be important for the problem under consideration.

• Cases when loading exists on more than one principal
axis. Loading on more than one principal axis may result
in biaxial bending or torsion. Current SDOF methods
cannot determine such responses, and constructing a new
code for such purposes would be difficult due to the essen-
tially infinite number of various structural members that
can respond in any direction. An example is a bridge super-
structure loaded by a vehicle bomb detonating at an angle
to the superstructure.

• Cases when the loading is not centered on the primary
axis (i.e., not centered along the width) of the mem-
ber considered. Off-centered loading can create biaxial
bending and torsion, and, as mentioned previously, SDOF
methods cannot easily determine these types of responses.
An example is a bridge superstructure loaded by a vehicle
bomb at a widthwise edge of a bridge (i.e., near the railing).

• Cases when more than one mode shape may contribute
to the response. Although a distributed-mass modal analy-
sis can accurately determine such responses, pure SDOF
methods cannot because they assume the response to be
characterized by a single mode shape, which is approxi-
mated by a characteristic deflected shape. Examples in
which SDOF methods may not be accurate include cables
and very long superstructures as well as structures in which
the response is primarily elastic.

• Cases when the blast load cannot be easily approximated
over the entire affected area as a function of time. If signif-
icant load variations occur over the length of the structure
being analyzed (i.e., blast pressures arrive at significantly
different times or structural geometry prevents easy approx-
imation of the pressure distribution), the load will not be
adequately represented by a simple time function, and a
more substantial analysis may be required. Examples may
include close-in blasts and blasts against unusual structural
geometries involving multiple corners and steps.

• Cases when the rebound response will be significant, pos-
sibly causing failure in the reverse direction. Although
SDOF analyses can predict rebound of members, the accu-
racy of these calculations is uncertain. Damage incurred
during the initial response may alter the resistance capac-
ity for the rebound response. No specific examples of these
cases are available because the significance of the rebound
phase depends solely on the characteristics of each mem-
ber and loading considered.

• Cases when more than one member contributes to the re-
sponse. SDOF methods intrinsically lend themselves to
the analysis of only one member or component. Thus, any
component that receives significant structural contribu-
tions from an attached system should not be analyzed using
SDOF models. Examples include entire superstructures
when the determination of individual member failure is
desired and piers when knowledge of the contribution of
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the superstructure is desired. In most cases, however, as-
sumptions can be made for the end restraints in order to
use SDOF analyses to obtain conservative results.

• Cases when changes in material behavior that varies
through the depth of a cross-section may influence re-
sponse, preventing easy approximation of an effective
resistance diagram based on static loading. Examples of
such localized material behavior that may affect response
include local plastic deformation, failure of extreme fibers,
strain-hardening, localized strain-rate effects, or strain-
hardening induced material changes. Because typical SDOF
analyses use approximate resistance diagrams based on a
static load-deflection curve, they typically do not include
the effects of localized changes in material behavior. As-
suming a direct transition from linear response to a plastic
hinge for cross-sectional behavior may not adequately rep-
resent material behavior. In addition, when the loading
varies significantly across the length of a member, idealized
hinging may not be appropriate. In these cases, MDOF
frame analyses may be necessary

4.3.2.2 Multiple-Degree-of-Freedom Systems

In some cases, engineers may need to use response tech-
niques consisting of 2D or 3D MDOF structural analysis soft-
ware 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 techniques
have several advantages that, for many cases, provide more
accurate and reliable results than simplified response determi-
nation methods such as SDOF analyses. For example, MDOF
2D and 3D structural analysis software can determine the
interaction among the individual responses of multiple mem-
bers within a structural system, providing a better understand-
ing of global behavior than can a combination of individual
SDOF analyses. In addition, MDOF frame analysis methods
can investigate member response that is governed by more
than one mode shape, and they can also predict response due
to P-Δ effects. Furthermore, while MDOF systems provide
these advantages over SDOF analyses, MDOF frame analy-
sis software packages are 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 ex-
change increased accuracy of response calculations with more
complex loading input demands. Because a blast may load
multiple members within a structural system, the analyst may
need to calculate and output several complex load histories

with differing pressure magnitudes and time variations for a
large number of targets and then input these values into the
analysis model. Because of the given structural geometry and
the need to account for interaction among various structural
components that lead to the need for an MDOF analysis, it is
expected that at least a load determination method that con-
siders reflections and confinement, which may be difficult to
obtain without proper authorization, would be necessary in
order to track and record blast pressures at this level of detail.
Even with such methods, the initial geometry of the structure
would provide the framework for the loading, and, because
the loading would not reflect localized failure of members
that may occur within a model, an inaccurate prediction of
behavior may still result. On the contrary, when SDOF analy-
sis methods are used individually on members within a struc-
tural system, the reaction forces of the first member loaded
become the loading on the members supporting the first
member. Thus, the reaction forces that pass from one mem-
ber to another reflect the load reduction observed in some
members due to the occurrence of individual member failure.

Although the increased accuracy provided by MDOF frame
analysis methods can be very useful for some design situa-
tions, it is important to understand that this level of accuracy
is not always warranted. For example, the interaction of struc-
tural members is only important when the natural periods
of the interacting members differ by a factor less than two
(American Society of Civil Engineers, 1997; Biggs, 1964; Con-
rath et al.; Department of the Army et al., 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 analytical
methods, which have minimal input requirements, MDOF
frame analysis methods require greater time and effort for
conducting parameter studies. Thus, the analyst may desire
SDOF methods for the initial sizing of members.

It is important to note that MDOF analyses may not be suf-
ficient for all purposes. While SDOF analyses can provide ac-
curate representations of blast-loaded components because
spring resistance functions can account for complex modes of
deformation, incorporating such features as large deforma-
tions 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 analy-
ses. The ability of MDOF models to provide reasonable pre-
dictions of structural response to blast loads will depend on
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 on
the methods used to model a structure, including the num-
ber of elements selected to represent a particular structural
component, location of the nodes, and so on. As mentioned
above, SDOF analyses may reveal the effects of individual
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member failure on response that MDOF frame analysis
methods may fail to capture. Moreover, because MDOF analy-
sis methods are not coupled (at least in the context in which
they are being described in this section), they cannot deter-
mine load changes due to structural response, and, accord-
ingly, they incorporate overestimated blast loads, which can
result in structural members being overdesigned. In addition,
MDOF methods cannot predict spall and breach without sig-
nificant adjustments that require a very experienced engineer.
Thus, a high-level model and a specialist are required for such
predictions (Conrath et al., 1999).

Although MDOF frame analysis methods can be very useful
for determining the response of complex structural systems in-
volving the interaction of multiple members, contributions from
multiple modes, and the influence of P-Δ effects, they are not ap-
propriate for the following cases:

• Cases when localized failure or large localized deforma-
tions may affect response. Although MDOF frame analy-
sis methods can determine the effect of individual member
response on the global response of structural systems, they
cannot take into account the effects of member material
loss due to localized failure such as breaching or spalling.
If such damage is likely, the problem will require a more
sophisticated analysis and a very experienced analyst. Ex-
amples of such cases include blasts against hollow piers and
close-in or contact blasts against any member.

• Cases when localized failure is expected to affect loading.
Because MDOF frame analysis methods are uncoupled,
they cannot determine changes in loading due to localized
failure or large deformations, which can result in venting.
In some cases, such as with blast pressure on a bridge deck,
venting can reduce loads on other structural members (e.g.,
the girders), affecting global response and reducing the
required resistance of structural components in the system.
In other cases, such as with blast pressure against hollow
piers, failure of a wall can cause blast pressures to vent into
the interior of the pier. Neglecting the effects of venting by
using MDOF frame analysis methods may greatly affect
both loading and response. Examples of cases when the
design may be significantly influenced by localized failure
include blasts at abutments, within or close to hollow piers,
within or close to box-like sections (e.g., box girders, towers
of cable-stayed bridges), in contact with a structure, and
with significant fragmentation.

4.3.3 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 re-

sponse that SDOF and MDOF frame analysis methods do not
provide. Examples include blasts against slender or curved
members, explosions within confined regions, venting due to
localized failure, and cases in which localized large deforma-
tion 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. While these methods
can produce more accurate results than simplified models
and depict behavior not captured by SDOF and MDOF sys-
tems, they can also generate highly misleading and erroneous
results, and only analysts experienced with both blast phe-
nomena 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.

4.3.3.1 Explicit versus Implicit Analysis Methods

All computationally based analysis methods employ either
an implicit solution technique or an explicit solution tech-
nique to solve the governing equations of motion for the
system under consideration. 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 pre-
dictions of structural response at time steps that are larger
than those used with explicit methods. A drawback with im-
plicit methods, however, is that they require the factorization
of the stiffness matrix (i.e., inverting the stiffness matrix) for
each time step, and this requirement greatly increases com-
putation 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 com-
putation time is the result of a costly iteration at each time
step to determine equilibrium, and each iteration step requires
the reformulation and refactorization of a new stiffness matrix
that reflects adjustments based on the nonlinearity of the sys-
tem at that iteration step.

An explicit solution technique, unlike an implicit method,
determines response values at each time step based on equi-
librium at the previous time step. One outcome of such a for-
mulation 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
require more time steps than implicit methods to converge to
the same solution. Depending on the case being considered,
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this fact may make explicit solutions less efficient than im-
plicit solutions.

It is important to note that the solution technique employed
by an analysis method varies with each individual program,
even within the levels of analysis defined within this document.
Thus, it is the responsibility of the analyst to understand how
the solution procedure employed by the selected software will
influence the computed results. Although many factors must
be considered when choosing an appropriate solution tech-
nique, 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, allowing for failure and removal of ele-
ments from an analysis model is readily achieved with an
explicit code, while such a scenario poses a significant com-
putational challenge for implicit codes. Alternatively, for
simple analyses, involving only one member or a system ex-
periencing only elastic response, an implicit analysis may
be appropriate.

4.3.3.2 Load Prediction

The most sophisticated level of load determination is 
defined as one that employs fluid mechanics computations.
Examples include SHAMRC (Applied Research Associates
Inc., 2005), which is available only to government contrac-
tors, and LS-DYNA (LSTC, 2007). These load determination
methods are “high resolution” models that use the mechan-
ics and characteristics of fluids (i.e., air in the case of blast)
and fluid flow to calculate variations in pressure, density,
velocity, and so on as a function of time and position. As a
result, they have the ability to consider multiple reflections,
pressure magnification, turbulence, pressure buildups, and
“hot spots” (i.e., localized areas of large pressure buildup).
Thus, very accurate predictions of blast loads can be obtained
using these methods. Due to the increased resolution, how-
ever, these methods are very computationally intensive, and
significantly more personnel time and experience is needed
to correctly input required analysis parameters over that re-
quired for lower level analyses. In addition, close-in blasts
require response calculation (i.e., coupling) 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) and
because the specifics of future attacks are generally uncertain,
the level of accuracy provided by high resolution models is
not warranted for most design cases. The decision to use a
highly accurate and likewise expensive computational pro-
cedure must be on the basis of a cost–benefit analysis. The
expense may be well warranted on a large project where the
removal of even small degrees of conservatism could poten-

tially save large amounts of money. In general, however, analy-
ses employing computational fluid dynamics are primarily
suggested for research environments and for analyzing past
events when a specific attack scenario is known.

4.3.3.3 Response Prediction

Advanced design scenarios, research problems, and post-
event evaluations often require general-purpose, uncoupled,
nonlinear finite element software packages. The primary dis-
tinction that differentiates these analyses from MDOF frame
analyses is that the higher level of analysis allows for the dis-
cretization of general-shaped geometries using a large num-
ber of small elements consisting of solids, plates, shells, beams,
and so on. Examples of analysis software with these capabili-
ties include ABAQUS (ABAQUS Inc., 2004), ANSYS (ANSYS
Inc., 2004), and LS-DYNA3D (FEA Information Inc., 2006).
Among these software packages, LS-DYNA3D is frequently
used for predicting the response of structures subjected to
blast loads. Finite element analyses make use of a large num-
ber of degrees of freedom that interact together, and the model
is then 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 models are often
very complex, however, involving large personnel time re-
quirements to construct a model and input system parameters.
In addition, significantly more time is often necessary to ana-
lyze a model and to ensure that the results converge to a stable
and accurate solution. Because engineers with limited experi-
ence can easily input and analyze details of a physical system,
unsubstantiated confidence can often be obtained in the valid-
ity of the results. Some programs are so complex that they are
accurately used only by the developing organization (National
Research Council, 1995). Hence, only highly trained person-
nel should use 3D nonlinear general-purpose finite element
methods when absolutely necessary.

Additionally, as analysis techniques become more sophisti-
cated, they move further away from the quantities desired for
design. For example, rather than providing bending moment
acting at a given cross-section in a beam, nonlinear general-
purpose finite element methods typically only give stress,
strain, and displacement values at discrete locations. The
analyst must take this information and determine bending
moment through post-processing of 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 members. If nonlinear general-purpose
finite element techniques are desired for design, the process
may be expedited by using lower level analysis methods to
size members initially before using these higher level response
determination techniques to verify the final design.
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Despite the increase in cost, nonlinear general-purpose
finite element methods can be valuable because they can pro-
vide detailed information regarding failure modes and the
effects of localized failure. “Meshes,” or grids containing the
“finite elements,” model the physical system and allow com-
putation of localized effects. Accordingly, these models can
be very useful for predicting structural response for scenarios
that lower resolution techniques do not easily model. Exam-
ples 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.

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 existing concrete
constitutive models struggle to capture 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 (Department of the Army
et al., 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).

It is also important to note that uncoupled nonlinear general-
purpose finite element methods may be very useful for pre-
dicting a response that involves localized failure and large
deformations, but they cannot include the effect local failure
has on loading, nor can they determine how the resulting load-
ing and response interact over time. This “coupling” of the re-
sponse 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. Thus, for most prac-
tical design applications, uncoupled nonlinear general-purpose
finite element methods provide the highest level of resolution
needed. In some situations, however, it may be appropriate
to consider coupling, and those cases are as follows:

• Cases when localized failure is expected to affect load-
ing. Uncoupled nonlinear general-purpose finite element
method response techniques cannot determine changes in
loading resulting from venting due to localized failures or
large deformations. In some cases, such as blast pressure
on a bridge deck, venting can reduce loads on other struc-
tural members, affecting global response and reducing the
required resistance of some components. In other cases,
such as with blast pressure against a hollow pier, failure of
a wall can allow pressure to vent into the interior of the pier,
complicating both loading and response. For an optimum

design, the analysis assumptions should not neglect the
effects of venting, thus requiring a coupled analysis.

4.3.3.4 Coupled Analyses

The highest level of response computation techniques con-
sists 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 load-
ing and response over time. Thus, this highest level of analy-
sis 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 ap-
plicability, coupled 3D nonlinear general-purpose finite ele-
ment techniques are valid for any purpose because they are
the highest resolution procedures currently available. 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
three of the few programs that are truly capable of coupling
blast pressures with structural response. In addition, ensur-
ing the accuracy of results can be very difficult due to the large
number of inputs needed. Successful operation requires exten-
sive 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 spe-
cific case under consideration. Furthermore, as with uncou-
pled general-purpose finite element analysis methods, coupled
general-purpose finite element methods do not directly gen-
erate 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. It is also impor-
tant 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 mod-
els often struggle to accurately predict dynamic behavior and
failure due to the many uncertainties intrinsically character-
istic to concrete (Department of the Army et al., 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
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analyses (National Research Council, 1995). Thus, coupled 3D
nonlinear general-purpose finite element analysis methods are
useful only for specialized cases to conduct research, to ana-
lyze past attacks when the specifics of the blast and structural
response are known, and to investigate specific design concerns
for which uncoupled methods have been deemed unsuitable.
Design scenarios that may benefit from this highest level of
response prediction include optimizing walls of hollow tow-
ers for blast loads and sizing superstructure members to allow
for the failure of bridge decks to vent blast loads. In general,
as stated earlier, the decision to use a highly accurate and like-
wise expensive computational procedure must be on the basis
of a cost–benefit analysis. 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.
Nonetheless, increasingly complex analyses often can pro-
duce highly erroneous results, and only analysts experienced
with predicting blast loading and response should undertake
this option.

4.3.3.5 Combining Load Prediction Techniques
with Response Prediction Techniques

Most response determination programs are uncoupled,
meaning that load determination is separate from response
determination. As such, an engineer must first predict struc-
tural loads due to blast, output the results, and then input the
load data into the response analysis model. The combination
of load determination and response determination techniques
for a given scenario is the choice of the designer, and prac-
tical limitations for the combinations of load and response
methods are important factors in that decision. Low-level
load analyses do not easily provide information needed for
high-level response analyses, and low-level response determi-
nation methods do not warrant the increased accuracy and ex-
pense associated with high-level load determination methods.
In order to maximize efficiency and accuracy, a designer must
choose appropriate analysis combinations based on the output
limitations of load determination techniques and the input
requirements of response determination techniques.

Although the outputs obtained from different load analy-
ses vary even within the analysis levels described in this doc-
ument, the analyst should note some general observations.
Typically, load prediction methods based on blast phenome-
nology from basic equations and curves developed empiri-
cally from “ideal explosions” in free air are able to provide,
for example, a time–pressure history acting over a given tar-
get area or a time-varying equivalent uniform load acting on
a single structural component. As noted earlier, however, the
loads computed by those methods do not account for the ef-
fects of multiple reflections, confinement, and other impor-
tant factors that influence the actual blast loads that can act

on bridges. The load prediction methods account for con-
finement and reflections typically produce a time-dependent
load history for a user-specified number of “targets.” The
targets are defined within a three-dimensional space and are
defined as individual points on planar surfaces. Load analy-
ses that employ computational fluid dynamics have the capa-
bility to calculate time-varying pressure histories on various
planes in three dimensions.

The input requirements of response determination tech-
niques also vary within a given level of analysis, but, as with
load analyses, some general observations can provide guid-
ance when choosing an appropriate combination of load
and response analyses. SDOF response analyses need one-
dimensional loading data for a single member, such as an
equivalent uniform load, a pressure distribution along a
member, or a pressure history for selected points. In contrast,
MDOF frame analysis methods and 3D nonlinear general-
purpose finite element methods require that the analyst input
load histories for a variety of points on a structure. This load-
ing data must usually be specified in three dimensions. For
example, to utilize a load analysis that adjusts blast phenom-
enology based on empirical data to consider reflections and
confinement in conjunction with an MDOF frame analysis,
the analyst must input loading data that acts over various
faces and members of an individual bridge. Thus, consid-
ering the case of a below-deck blast scenario against a girder
bridge, the analyst would need to specify individual loads
acting at a suitable number of points to accurately capture
its variation in time and space on the columns in the pier,
the girders, and the deck.

The discussion above does not address all possible scenarios,
but it illustrates the important fact that, although it may be
possible to combine all levels of load analyses with all levels of
response analyses, it is not appropriate to do so. Based on the
characteristics of available analysis methods, some general
guidance can be developed to aid in the selection of appropri-
ate load and response analysis combinations. For example,
depending on the level of accuracy desired and the geometric
properties of the structure under consideration, load data
required for an SDOF analysis is easily extractable from the
output of a load analysis that uses blast phenomenology based
on empirical data with or without consideration of confine-
ment and reflections, and it is appropriate to use at least a load
analysis that considers reflections and confinement to predict
loads for an MDOF frame analysis or a 3D nonlinear general-
purpose finite element analysis.

4.3.3.6 Summary

This chapter outlines the capabilities and limitations of sev-
eral levels of analysis programs available to blast engineers.
Not all levels of load and response prediction techniques
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are appropriate for all cases, and similarly not all levels of
load prediction techniques are compatible with all levels of
response prediction methods. An engineer should take care
to select analysis methods that are suitable for the resources
available, the goals of the project team, and the specific sce-
nario being considered. Use of inappropriate methods may

produce results that are not conservative enough or are overly
conservative, or may be a waste of resources. The informa-
tion provided in the previous subsections provides guide-
lines to assist engineers in selecting the most appropriate
combination of load and response analyses for the scenario
under consideration.

59

Blast-Resistant Highway Bridges: Design and Detailing Guidelines

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22971


60

5.1 Overview

Observations from analytical research and experimental
test programs are presented in this chapter. The experimental
research was divided into two phases. The first phase focused
on determining the blast-load variation as a function of time
and position for scaled round and square non-responding
columns. In the second phase of experimental testing, half-
scale reinforced concrete columns were tested under close-in
blast loads. Both Phase I and Phase II test programs are
described below.

5.1.1 Phase I Tests

The observations from each blast test on the small-scale,
non-responding columns tested in Phase I of this experimental
research program are summarized in this section. The entire
Phase I test program and all data processing were completed in
December 2006 at the U.S. Army Corps of Engineers’ Engineer-
ing Research and Development Center in Vicksburg, MS.

The Phase I test program included eight small-scale blast
tests at four sets of standoff distances. The same scaled stand-
off was used for all tests. The objective of the small-scale
tests was to characterize the structural loads on square and
round bridge columns due to blast pressures. The experimen-
tal observations indicate how cross-sectional shape, standoff,
and geometry between the charge and column positions
influence blast pressures on the front, side, and back faces of
bridge columns. The data gathered from these tests also allow
the assessment of the accuracy of classical methods used to
predict blast loads on slender structural components such as
bridge columns. Prior to these tests, the majority of the data
used to develop empirical blast-load models came from free-
field blast tests as well as blasts against large, flat panels. Thus,
the focus of the Phase I tests was to study blast-load variation
as a function of time and position on slender components for
which there were limited data available.

5.1.1.1 Characterization of Blast Loads on Columns

ERDC recorded 160 channels of pressure–time history data
during the Phase I blast tests. Figure 43 shows an example of
the pressure–time and impulse–time history for one of the
test series. For each test, the results from a free-field pressure
gauge on each side of the charge were compared to ensure that
a similar amount of blast energy was directed toward each
specimen. The percent difference in free-field impulse ranged
from 6% to 35% and were very reasonable for tests at such a
small scale. For any given test, the data show that the pres-
sures and impulses at the bottom of a column are significantly
higher and arrive much earlier in time than those at the top
of the same column. Figure 44 shows the difference in pres-
sure and arrival time along the height of a column. This dif-
ference becomes significantly more prominent as the physical
standoff decreases, and this finding suggests that shear will
likely be the dominating mode of response for blast scenarios
with similar scaled standoffs and heights-of-burst as those
considered in the Phase I tests. Furthermore, given that pres-
sures and impulses at the bottom of a column are greater and
arrive sooner than those at the top of the column, shock waves
reflecting off the deck will not likely control the response of
a typical bridge column because a typical column will reach
its peak response very early in time for the most serious design
threats.

Scenarios with smaller standoff distances tend to produce
lower pressures and impulses at the top of columns than do
scenarios of the same scaled standoff but with larger physical
standoff distances. For a 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. Additionally,
for a given scaled standoff, the angle at which the shock front
strikes elevated gauges on a column increases as the standoff
decreases. For the geometries considered in the Phase I test
program, the reflected pressure decreases as the angle at which
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the shock front strikes the column increases, resulting in sig-
nificantly decreased pressure and impulse near the top of the
column as the standoff distance decreases. Figure 45 shows
the difference in geometry for two different standoff distances
with the same scaled standoff, and one can see that the ratio
R′2/R′1 is significantly greater than the ratio R′2/R′1.

Bridge Explosive Loading (BEL) (U.S. Army Corps of
Engineers, 2000) and BlastX (SAIC, 2001) are two programs

that can predict 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. Figures 46
and 47 show comparisons between the predictions obtained
using BEL and experimental pressures and impulses for the
front gauges of the square columns for a representative test in
the Phase I program. The BEL predictions overestimate the

61

Figure 43. Example plots of pressure and impulse for the middle front gauge.

Figure 44. Front gauge pressure–time histories.
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peak pressure and impulse for all three of the front gauges, and
the overestimation increases along the height of the column.

Initially, the case of a shock wave striking a column may
seem similar to that of a shock wave striking a wall; however,
the fact that BEL and BlastX increasingly over-predict pressure
and impulse as the distance from the column base increases
may be evidence that clearing for a column is more complex
than previously thought. Because columns are significantly
more slender than walls, the empirically derived three-transits-
to-the-edge rule, defined in Section 2.2.1 (Departments of the
Army, Air Force, and Navy and the Defense Special Weapons
Agency, 2002), may prove to be inaccurate for such slender
members. Moreover, additional clearing at the free surfaces at

the tops of these columns may contribute to the fact that BEL
and BlastX increasingly over-predict pressures and impulses
as the location along the height of the column increases.

The 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 48 shows a plot of the net
impulses on the circular and square columns for one of the
tests, and the differences between the pressures and impulses
along the height of the columns in these tests are clear. In gen-
eral, the pressures and impulses acting on the circular column
are less than those acting on the square column. This differ-
ence can be 3%–34% for a series of cases with the same scaled
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Figure 45. Schematic of geometry differences between two
scenarios with the same scaled standoff but different actual
standoff distances.
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Figure 46. Front-gauge experimental and BEL-predicted pressure comparison.
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standoff, and this difference depends on the actual standoff
distance and the location of interest along the height of the
column. In some cases, the pressures and impulses at the bot-
tom gauge of the circular column are equal to or greater than
their corresponding values for the square column. Caution

must be exercised, however, when examining the Phase I data
because small-scale tests can have a large relative error that
makes direct comparisons between data sets difficult, and the
small scale of the Phase I tests may have magnified very small
inaccuracies in measurements to gauge locations and stand-

63

Figure 47. Front-gauge experimental and BEL-predicted impulse comparison.

Figure 48. Net impulse comparison.
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off distances, resulting in pressure–time histories that are dif-
ficult to compare directly. Nevertheless, these observations
are interesting and merit additional investigation, and future
work should address these issues.

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. Figure 48 shows a comparison between the net
impulses for the circular and square columns of a repre-
sentative test, where the net impulse is defined as the differ-
ence between the front- and back-face impulses at a given
elevation.

Typically, the net pressures and impulses on the circular
columns of the Phase I tests are less than those on the cor-
responding square columns; however, as was the case with
front-face pressure–time histories, the results of some tests
show that the net pressures and net impulses at the bottom
gauges are greater for the circular columns than the square
columns. Ultimately, based on a study of the collected test data
and detailed analytical models, the researchers believe that
several factors 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 col-
umn and to the edge of the same column, the diameter of a
column, the angle of the reflected pressure around the circum-
ference of a circular column, and the difference in the clearing
times for circular and square columns.

In general, circular columns will experience less net load
than square columns with the same projected area (i.e., when
the edge width of the square column equals the diameter of the
circular column). Several factors may influence the difference
in pressures and impulses along the heights of square and
circular columns that contribute to this difference in net
loads. Reflected pressures, and more importantly reflected
impulses, are functions of the angle of incidence and peak
incident overpressure. The angle of incidence at a given loca-
tion around the front face of a circular column is greater than
that of a similar position along the front face of a square col-
umn (i.e., locations with the same horizontal distance per-
pendicular to the column centerline). Furthermore, 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. This reduction in peak
incident overpressure is 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 pressure and impulse. Therefore, 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, the physics of clearing for
circular columns is not well understood, and researchers do
not know whether the shock wave clears from or simply flows
around the front face of a circular column. Considering that
circular columns do not have a flat edge to directly reflect a
shock wave, one can safely assume that the reduction in load
due to clearing will be greater for circular columns than for
square columns, and the three-transits-to-the edge rule
(Departments of the Army, Air Force, and Navy and the
Defense Special Weapons Agency, 2002) may not be appli-
cable to the case of a circular column. Finally, a shock wave
will engulf a circular column more easily than a square col-
umn, making the resultant impulse on the back face of a cir-
cular column greater than that of a square column, further
reducing the net resultant load a circular column must resist
relative to a square column. While the exact relative contri-
bution of all these factors is still unknown, experimental tests
and fluid dynamics analyses confirm that the reflected pres-
sures and impulses are less for circular cross-sections than for
square cross-sections.

5.1.1.2 Methods to Predict Loads 
on Square and Circular Columns

The data obtained during the Phase I blast tests provide a
basis on which to evaluate a proposed method for predicting
structural loads on square and circular columns. This method
is outlined in a 2005 paper by Winget et al. The experimental
data from Phase I of this research show that the method pro-
posed by Winget et al. (2005) to adapt blast pressures on flat
surfaces to predict blast pressures on circular columns is rea-
sonably accurate in some cases; however, the method often
yields erratic and erroneous results because it is very sensi-
tive to several parameters that are difficult to define. For
example, the current data show that pressures near the top
of a column are significantly lower than those predicted by
the proposed method. Furthermore, the current data also
show that pressures at the bottom of a column are much
higher and arrive earlier in time than pressures at the top of
a column. This observation is expected due to the previously
explained cross-sectional properties of a column and the
geometry of the column location relative to the explosive
charge. The proposed method, however, does not capture
this behavior.

Several factors may contribute to the inaccuracies intro-
duced by the previously proposed method to predict struc-
tural blast loads. The method proposed by Winget et al. (2005)
uses the pressure predicted by BEL for several points along
the height of a column to create a pressure–time history that
varies with position along the height of a column but does
not vary with time along the height of a column. The load-
ing produced by this method would most likely result in a
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flexural response of the column, whereas the loading due to
the pressures recorded during the Phase I tests would most
likely result in a shear-dominated behavior early in time.
Moreover, because BEL increasingly over-predicts pressures
as the height of the location of interest on a column increases,
the error of the proposed method will also increase with the
height of the location of interest on a column. Additionally,
the method is very sensitive to the positive phase duration,
which can be difficult to accurately define. The proposed
method also relies on the three-transits-to-the-edge rule,
which is likely not valid for circular and very slender mem-
bers. Reflections along the front face of a circular column are
not directly perpendicular to the blast source, and it is not yet
clear how to calculate the clearing time for a circular column.
Also, unlike square columns, the effective standoff distance
and angle of incidence to positions along the circumference
of a circular column varies. This difference is likely to be
important for large columns subjected to explosive charges at
small standoff distances. Although the previously outlined
method can provide a good first approximation of structural
loads on bridge columns, the current data do not support the
accuracy of that method for the cases investigated in this
study.

5.1.2 Phase II Tests

The observations from each blast test on the half-scale,
reinforced concrete bridge columns tested in Phase II of
this experimental research program are summarized in this
section. The entire Phase II test program was completed in
October 2007 at the Southwest Research Institute test site in
Yancey, Texas, and data processing was done by researchers
at Protection Engineering Consultants and the University
of Texas at Austin.

The Phase II test program included ten half-scale, small
standoff and six half-scale, local damage blast tests. Actual
material properties for concrete and steel were determined
from standard laboratory tests. Pressure and impulse data
were used to determine equivalent TNT charge weights for
consistent comparisons among the tests. The experimental
observations were used to develop design and detailing
guidelines for concrete highway bridge columns and analyt-
ical tools to predict blast-load distribution and resulting col-
umn response.

5.1.2.1 Material Properties

The concrete and steel specified in this project were selected
to represent that which is typically used in the construction of
reinforced concrete highway bridge columns. Actual material
properties were measured to improve calculations and analy-
ses of the experimental test data.

5.1.2.1.1 Concrete Properties. Due to the variety of
concrete strengths and types used in different states, the val-
ues specified by the AASHTO LRFD were selected for the test
program. Concrete with a strength of 4000 psi composed of
Type-A cement and a maximum aggregate size of 3⁄8 in. was
specified to accommodate the small rebar spacing used in sev-
eral of the specimens.

To verify that the concrete columns attained the specified
strength, cylinder tests were conducted at various times to
determine the compressive strength. The cylinder tests were
performed using the Forney universal cylinder test machine
according to ASTM C39 Standard Test Method for Com-
pressive Strength of Cylindrical Concrete Specimens. Stan-
dard 4-in. × 8-in. cylinders were capped with neoprene bearing
pads and steel retaining rings before testing. For each age, a
minimum of three compressive capacities were recorded and
averaged, and the compressive strength was calculated using
Equation 13. Table 10 lists the average compressive strength
for the concrete columns, footings, and slab.

where:
f ′c = cylinder compressive strength (psi)
P = applied load (lbs)
D = diameter of cylinder (in.)

5.1.2.1.2. Mechanical Properties of Steel Reinforcement.
This section presents the measured stress–strain properties of
the reinforcing steel (rebar) used in this test program. All rein-
forcement specified and used was uncoated steel bar. Standard
deformed, Grade 60 reinforcing bars were specified for all rein-
forcement except the continuous spirals that allowed the use of
a smooth bar (AASHTO LRFD, 2007).

To verify the actual yield strength, tension tests were per-
formed in a 600-kip, hydraulically actuated, universal testing
machine. Three different types of reinforcing bars were tested:
#6 deformed longitudinal bars, #4 smooth spiral reinforce-
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Column Footing Slab
0 000

14 3550 3600 4000
22 3900 4650 5250
23 3850
28 4150
35 4050
36 4100
38 4100

Specified 4000 4000 5000

Compressive Strength (psi)
Days

Table 10. Concrete compressive
strength.
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ment, and #4 deformed discrete ties and hoops. The stress–
strain plot for each bar type is illustrated in Figure 49. The
average yield strength for the deformed #6 reinforcement
was 65 ksi, with an ultimate strength of 90 ksi. Testing of the
smooth reinforcement was performed on straight pieces of the
spiral reinforcement sent directly from the steel distributor.
The smooth reinforcement had an average yield strength of
70 ksi and an ultimate strength of 98 ksi. The discrete hoops
and ties consisting of #4 deformed rebar had an average yield
strength of 50 ksi and an ultimate strength of 72 ksi. Thus, the
#4 deformed bars had a lower strength than specified. For all
subsequent calculations, the actual material properties were
used. On average, all bars had a modulus of elasticity of
29,000 ksi. While Figure 49 shows a modulus for the smooth
rebar that is slightly lower than the deformed bars, past tests
have shown that it is not uncommon for the modulus to
change slightly when a bar that was initially curved is straight-
ened for the purposes of carrying out tension tests. Thus, it
was assumed to have the same modulus as the other reinforc-
ing bars.

5.1.2.1.3 Dynamic Strength Increase. The material
properties described above were determined from standard
laboratory tests using very slow loading rates, which are appro-
priate for typical loads. Concrete and steel subjected to rap-

idly applied blast loads, however, exhibit an increase in
strength under the short duration loading. According to the
ASCE (1997) document Design of Blast Resistant Buildings in
Petrochemical Facilities, “These materials cannot respond at
the same rate at which the load is applied. Thus, the yield
strength increases and less plastic deformation will occur. 
At a fast strain rate, a greater load is required to produce
the same deformation than at a lower rate.” Therefore, to
account for this increase in strength, material properties
were multiplied by the dynamic increase factors, as discussed
in Section 2.2.3. The DIF amplifies the measured static mat-
erial strength to account for high strain rates present in blast
loading.

5.1.2.2 TNT Equivalency

TNT equivalency is the ratio of the weight of an explosive
to an equivalent weight of TNT. TNT equivalencies are used
in the majority of research on blast effects to relate the energy
output of common explosives to that of TNT. Table 11 sum-
marizes the averaged free-air equivalent weights for different
explosives based on peak pressure and impulse (Tedesco, 1999;
Department of the Army, 1990).

In this research program, a combination of ammonium
nitrate and fuel oil (ANFO) was used as the explosive, and it
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required a booster (a small quantity of C-4) to ensure reliable
detonation. ANFO is commonly used in improvised explo-
sive devices (IEDs) known as fertilizer bombs. Table 11 shows
that ANFO is on average 82% as efficient as TNT.

The actual TNT equivalency for each small standoff blast
test was determined using the recorded free-field pressure and
impulse data. While the equivalency factors listed in Table 11
are average values that are suitable for design, the actual equiv-

alency varies as a function of explosive geometry, target ori-
entation, and atmospheric conditions. Accordingly, to accu-
rately capture the effective TNT equivalency from each blast
test, a detailed investigation of the measured pressures and
impulses was needed. Available literature and methods for
predicting loads are based on TNT equivalency; therefore,
TNT equivalency is used to ensure comparability of results
with previous data and research projects.

Each small standoff test employed three free-field pressure
gauges at known distances away from the charge to determine
the TNT equivalency for each test. First, the maximum side-on
pressure, Pso, and impulse, is, were recorded from each pressure
gauge. The impulse was calculated from the pressure data as
the area under the pressure–time history curve. Next, know-
ing the standoff, R (distance between the blast source and
each gauge), the “spaghetti” charts and corresponding equa-
tions from the U.S. Army’s TM 5-1300 Structures to Resist
the Effects of Accidental Explosions were used to determine the
charge weight, W, in pounds of TNT. Figure 5 illustrates the
“spaghetti” chart for a hemispherical surface burst used in
this test program. This chart, which is based on experimen-
tal data, provides valuable information about blast loading
parameters in a convenient, non-dimensional format. The
ratio of the weight of ANFO to TNT was then calculated for
each pressure and impulse to determine the efficiency, as
shown in Table 12. The efficiencies at each free-field gauge
location were then averaged together to determine the average
efficiency of each blast test. The average efficiencies ranged
from 72% to 94% for pressure and 40% to 66% for impulse.
This wide range in efficiencies among different tests with the
same explosive can be accounted for by considering the vari-
ability in the composition of the ANFO, the exact location of
the booster, the atmospheric conditions, and so on.

Due to the lack of pressure gauges during the local damage
tests, it was difficult to determine the efficiency for each of
those tests. Atmospheric conditions should not have played
a major role in the local damage tests because of the close
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Table 11. Averaged free-air equivalent weights.

Explosive

Equivalent 
Weight,
Pressure 
(lbm*)

Equivalent 
Weight, 
Impulse
(lbm*)

Pressure
Range   (psi†)

ANFO 0.82  -- 1 - 100
Composition A-3 1.09 1.067  5 - 50 

1.11 0.98  5 - 50 
1.20 1.30 100 - 1000

Composition C-4 1.37 1.19 10 - 100
Cyclotol (70/30) 1.14 1.09  5 - 50 
HBX-1 1.17 1.16  5 - 20 
HBX-3 1.14 0.97  5 - 25 
H-6 1.38 5 - 100 
Minol II 1.20 1.11

1.15
 3 - 20 

Octol (70/30, 75,25) 1.06  -- E
1.13  --  5 - 30 
1.70 1.20 100 - 1000

PBX - 9010 1.29 --  5 - 30 
PETN 1.27  --  5 - 100 

1.42 1.00  5 - 100 
1.38 1.14  5 - 600 
1.50 1.00 100 - 1000

Picratol 0.90 0.93  -- 
Tetryl 1.07  --  3 - 20 
Tetrytol (Tetryl/TNT) (75/25,
70/30, 65/35)

1.06  -- E

TNETB 1.36 1.10  5 - 100 
TNT 1.00 1.00 Standard
TRITONAL 1.07 0.96 5 - 100 

*To Convert pounds (mass) to kilograms, multiply by 0.454
†To Convert pounds (force) per square inch to kilopascals, multiply by 6.89
Source: Department of the Army, 1990

Composition B

PBX - 9404

Pentolite

Table 12. Efficiency of ANFO.

Pressure Impulse Pressure Impulse Pressure Impulse Pressure Impulse
1A1  --  --  --  -- 0.84 0.43 84 43
1A2 0.93 0.38 0.76 0.54 0.78 0.48 82 47
1B 0.90 0.41 0.86 0.63 0.81 0.94 86 66

2A1 0.87 0.31 0.78 0.55 0.77 0.52 81 46
2A2 1.00 0.40 0.87 0.64 0.86 0.66 91 57
2B 1.00 0.39 0.84 0.66 0.98 0.67 94 57

2-Seismic 0.95 0.41 0.94 0.64 0.91 0.62 93 56
2-Blast 0.83 0.25 0.78 0.59 0.92 0.68 84 51

3A 0.93 0.37 0.76 0.65  --  -- 85 51
3-Blast 0.75 0.26 0.69 0.54  --  -- 72 40

Average % 91 35 81 60 86 62 85 51

Column
Efficiency

Gauge 1 Gauge 2 Gauge 3 Average %
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proximity of the charge to the specimen. Also, the data in
Table 12 suggests that as the charge gets closer to the target,
efficiency increases in terms of pressure and decreases in terms
of impulse. Therefore, due to the lack of pressure gauges and
conflicting Gauge 1 efficiencies in terms of pressure and
impulse, the ANFO efficiency for the local damage tests was
assumed to be 82% as specified in Table 11. A constant effi-
ciency is consistent with the decrease in variability due to
atmospheric conditions.

The average equivalent weight of TNT and standoff was then
used to determine the scaled standoff, Z, with Equation 1. The
scaled standoff is an indication of the intensity of the blast
loading and enabled the comparison of different blast test
results with previous testing on the response of structures
subjected to blast effects.

5.1.2.3 Small Standoff Test Results

The goal of the small standoff tests was to observe the
mode of failure (i.e., flexure or shear) for ten columns with
eight different column designs to aide in the development
of blast-resistant design and detailing guidelines. The scaled
standoff, Z, was varied depending on the column type to
ensure that a failure was observed. Observations from each
small standoff test are presented below. The high-speed video
cameras were extremely helpful in capturing the blast front
caused by each explosion, as shown in Figure 50. However,
column response was hard to observe directly from the
video due to the explosive “fireball” and large dust and
smoke clouds caused by each test. Therefore, to record the
column response after each test, pictures and post-test mea-
surements were taken of each column.

Overall, seven of the ten columns experienced a combination
of shear and flexural cracking, while three columns sustained
severe shear damage. Table 13 summarizes the column design,
scaled standoff, and damage level for each small standoff test.

Superficial damage entails surface cracking. Minor damage
includes widespread surface cracking and some spall of concrete
cover. Extensive damage is defined as significant deformation
and spalling of concrete cover, though the majority of the con-
crete core is still intact and able to carry some axial load. Failure,
in this case, means that a shear failure occurred at the base.
Specific charge weights and standoffs are not provided for
security reasons. Therefore, the charge weight and standoff are
shown in terms of the parameters w and z, respectively.

5.1.2.3.1 Column 1A1. The first small standoff test was
completed on October 10, 2007. Column 1A1, an 18-in.
diameter gravity design column with discrete hoops at 6 in.
on center, was tested at a charge weight of 2.8w and the largest
standoff, 5.8z, to determine the damage threshold for an 18-in.
diameter column. Figure 51 illustrates the combination of
shear and flexural cracking experienced by Column 1A1.
Flexural cracking was observed at mid-height, while diago-
nal shear cracking was seen near the column base. Cracking
due to rebound of the specimen responding dynamically
was expected for the blast loads; however, no cracks were
noted on the front face of the column. Therefore, the column
did not rebound far enough to produce tension and cracking
on the front face. Overall, the column performed well at this
scaled standoff and sustained only superficial damage (sur-
face cracking).

5.1.2.3.2 Column 1A2. Column 1A2, with an identical
design as Column 1A1, was the second column tested in the
experimental research program. The previous test was used
as a guide to determine the onset of inelastic deformation.
Based on this analysis and due to a desire to understand col-
umn response with large inelastic deformations, a 45% smaller
standoff than on Column 1A1 was used for Column 1A2.
During this test, a similar size charge at a location close to the
column, 3.2z, was used to exceed the elastic response limit.
The blast resulted in a direct shear failure at the base of
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Figure 50. Blast-wave propagation during small
standoff test.

Table 13. Small standoff tests.

1A1

8.5 w 2.6 z

superficial
1A2

gravity
gravity

gravity
gravity

failure
1B gravity w/ spiral minor

2A1 superficial
2A2 minor
2B gravity w/ spiral superficial

2-Seismic seismic superficial
2-Blast blast

blast

minor
3A gravity extensive

3-Blast

2.8 w 5.8 z
2.9 w 3.2 z
3.4 w 2.6 z
2.8 w 3.9 z
3.3 w 2.4 z
3.4 w 2.4 z
3.3 w 2.4 z
9.0 w 3.4 z
9.1 w 3.4 z

extensive

*w = charge weight parameter
†z = standoff distance parameter

Column Design
Charge 

Weight*, W
Standoff†,

R
Level of
Damage
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Column 1A2, as seen in Figure 52. A permanent deflection
of 5 in. at a height of 21 in. above the ground was noted. Also,
spall of the concrete cover was observed on the bottom 16 in.
of the column. The brittle shear failure occurred due to the
opening of three discrete hoops with standard hooks within
the bottom 16 in. After the loss of concrete cover, the stan-
dard hooks experienced an anchorage failure, resulting in
the loss of core confinement and overall column integrity.
The development of the failure zone prevented the column
from fully rebounding and forming tensile cracks on the
front face.

5.1.2.3.3 Column 1B. Column 1B, an 18-in. diameter
gravity design column with a continuous spiral at a 6-in.
pitch, was tested at a 17% larger charge weight, 3.4w, and 19%
smaller standoff, 2.6z, than Column 1A2. A more intense
loading than Column 1A2 was used to evaluate the benefit
of spiral reinforcement over discrete ties. A combination 
of shear and flexural cracking is illustrated in Figure 53.
Flexural cracking at mid-height was observed around the
entire column, and shear cracking was observed at the base.
The flexural cracking at mid-height on the front face of the
column is most likely attributable to full rebound of the col-
umn due to the intense blast load. Spall of the concrete
cover at the base on the side closest to the blast was also
noted. Overall, Column 1B performed well with minor
damage noted, including widely distributed cracking and
some spall.
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Figure 51. Small standoff blast damage: Column 1A1.

Figure 52. Small standoff blast damage: Column 1A2.
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5.1.2.3.4 Column 2A1. The first 30-in. diameter col-
umn was tested on October 15, 2007. Column 2A1, a grav-
ity design column with discrete hoops at 6 in. on-center, was
tested with a charge size of 2.8w at a large standoff, 3.9z, to
determine the inelastic response threshold for a 30-in.
diameter column. The standoff was 32% smaller than the
standoff used on Column 1A1. Figure 54 illustrates the
combination of shear and flexural cracking experienced 
by Column 2A1. Flexural cracking was observed at mid-
height, while diagonal shear cracking was seen near the col-
umn base. Rebound was illustrated by flexural cracking at
mid-height on the front face of the column. Overall, the
column performed well at this scaled standoff and only sus-
tained superficial damage with cracking limited to the cover
concrete.

5.1.2.3.5 Column 2A2. Column 2A2, with an identical
design as Column 2A1, was tested with a 20% larger charge
weight at a 38% smaller standoff than Column 2A1 to study
the inelastic behavior of the column. A 3.3w size charge at a
standoff of 2.4z was used. The column response was similar to
that of Column 2A1, illustrating the robustness of the larger
diameter columns exposed to a more intense blast loading.
Flexural cracking was observed at mid-height, and diagonal

shear cracking was observed at the column base, as seen in
Figure 55. Rebound response was noted with flexural cracks
on the front face of the column. Spall of the concrete cover
closest to the blast at the column base was also observed.
Overall, the column sustained minor damage, including wide-
spread cracking and some spall.

5.1.2.3.6 Column 2B. Column 2B, a 30-in. diameter grav-
ity design column with continuous spiral reinforcement at 
a 6-in. pitch, was tested at a similar size charge and stand-
off as Column 2A2. A 3.4w size charge was placed close 
to the column at a standoff of 2.4z. A combination of shear
and flexural cracking was noted, as shown in Figure 56.
Flexural cracking at mid-height was observed on the front
and back face of the column, indicating that significant
rebound had occurred. Diagonal shear cracks were also
observed at the base. Overall, Column 2B performed well
with only superficial damage noted, including cracking of
the concrete cover.

5.1.2.3.7 Column 2-Seismic. Column 2-Seismic, a 30-in.
diameter seismic design column with a continuous spiral at
a 3.5-in. pitch, was tested at the same charge weight and
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Figure 53. Small standoff blast damage: Column 1B.
Figure 54. Small standoff blast damage: Column 2A1.
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standoff as Column 2A2. Again, a 3.3w size charge was
placed near the column at a standoff of 2.4z. A combination
of shear and flexural cracking was noted, as shown in Fig-
ure 57. Flexural cracking at mid-height was observed on the
front and back face of the column, indicating that rebound
had occurred. Diagonal shear cracks were also noted at the
base. Overall, Column 2-Seismic performed well, with only
superficial damage noted, primarily cracking of the concrete
cover.

5.1.2.3.8 Column 2-Blast. Column 2-Blast, a 30-in. di-
ameter blast design column with a continuous spiral at a 2-in.
pitch, was tested with a 2.7-times larger size charge and 
1.4-times larger standoff than Column 2-Seismic. During this
test, a 9.0w size charge at a physical standoff of 3.4z was used
to create the large blast load. Thus, despite having a similar
scaled standoff as Column 2-Seismic, the actual loading sce-
nario involved a much higher quantity of explosives than the
previous tests, thereby allowing for an evaluation of the use
of scaled standoff as a design parameter for close-in blast tests
on bridge columns. A combination of shear and flexural
cracking was noted, as shown in Figure 58. Flexural cracking
at mid-height was observed, as well as diagonal shear cracks
at the base. Spall of the concrete cover occurred at the column
base and at mid-height on the blast side of the column, indi-
cating rebound of the column. Overall, Column 2-Blast per-
formed well with minor damage noted, including widespread
cracking and some spall.
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Figure 55. Small standoff blast damage: Column 2A2.

Figure 56. Small standoff blast damage: Column 2B.
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5.1.2.3.9 Column 3A. Column 3A, a 30-in. square
gravity design column with discrete ties at 6 in. on-center, was
tested at a charge weight and standoff similar to Column 
2-Blast. The column was tested with a 9.1w size charge at a
standoff of 3.4z. The blast resulted in significant deformation
due to shear at the base of Column 3A, as seen in Figure 59. A
permanent deflection of 3 in. at a height of 9 in. above the
ground was noted. Observations included complete spall of the
bottom 17 in. of concrete cover and flexural cracking at mid-
height on the front and back face of the column. Overall, the
concrete core was still intact even though the column sustained
extensive damage at the base.

5.1.2.3.10 Column 3-Blast. Column 3-Blast, a 30-in.
square blast design column with discrete ties at 2 in. on-center,
was tested at a 7% smaller charge weight and 24% smaller
standoff than Column 3A. The small scaled standoff was com-
prised of a charge size of 8.5w placed very close to the column
at a standoff of 2.6z. Accounting for the actual charge weight
and standoff distance, Column 3-Blast was subjected to the
most severe loading of all the columns tested in the small
standoff tests. The blast resulted in significant deformation due
to shear at the base of Column 3-Blast, as seen in Figure 60. A
permanent deflection of 6.5 in. at a height of 13 in. above the
ground was noted. Also, complete spall of the bottom 16 in.
of concrete cover and flexural cracking at mid-height was
observed. Overall, the concrete core was still intact even though
the column sustained extensive damage at the base, includ-
ing significant deformation and spalling of cover concrete.
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Figure 57. Small standoff blast damage: 
Column 2-Seismic.

Figure 58. Small standoff blast damage: Column 2-Blast.
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5.1.2.3.11 Summary of Column Failures. The small
standoff tests enabled the observation of the mode of fail-
ure for ten concrete columns with eight different column
designs over a range of different scaled standoffs (i.e., blast
scenarios). During the small standoff testing, three columns
exhibited significant shear deformations at the base, includ-
ing Columns 1A2, 3A, and 3-Blast, as the result of severe blast
loadings. The other seven columns experienced a combina-
tion of shear and flexural cracking and an overall less brittle
response than the other three columns. The column design,
standoff, charge weight, and damage level for each column
are summarized in Table 13. The most common mode of fail-
ure was shear; however, the majority of columns had ade-
quate shear capacity to resist the applied loads, experienced
limited spall of concrete cover and essentially no column
breach, and were very robust. The blast columns were exposed
to a more intense loading than their less reinforced counter-
parts while experiencing similar responses. Thus, given the
same blast loading scenario, the blast columns are expected
to perform better than the respective gravity or seismic
columns.

5.1.2.4 Local Damage Test Results

In a local damage test, charges were placed very close to or
in contact with the test column. The objective of the local
damage tests was to observe the spall and breach patterns of
blast-loaded concrete columns. Breach is defined as the com-
plete loss of concrete through the depth of a given cross-
section along the height of a column (i.e., a localized loss of
cross-section). In most cases, columns with superficial or
minor damage from the small standoff tests were re-used in
the local damage tests. Table 14 summarizes the column
design, blast load, and damage level of each local damage test.
Pictures of each column illustrate the damage incurred by
each blast.

5.1.2.4.1 Test 1. The first local damage test was conducted
on October 17, 2007, on Column 2A2. Column 2A2 was a
30-in. diameter gravity design column with discrete hoops at
6 in. on-center that sustained minor damage from the small
standoff tests. For the local damage experiment, the column
was tested with a 3.7w size charge at a standoff of 0.4z.
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Figure 59. Small standoff blast damage: Column 3A. Figure 60. Small standoff blast damage: 
Column 3-Blast.
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below the blast location resulted in significant permanent
deformation and imminent failure of the column.

5.1.2.4.3 Test 3. The third local damage test was on
Column 1A1, an 18-in. diameter gravity design column with
discrete hoops at 6 in. on-center that sustained superficial dam-
age from the small standoff tests. Column 1A1 was tested at the
same charge weight and standoff as Test 2. Figure 63 illustrates 
the complete breach of Column 1A1. A 100% loss of the con-
crete core at least one column diameter above and below the
blast location resulted in column failure. The concrete core
within the splice overlap was completely rubblized, which led to
the loss of column (concrete or steel) continuity in that region.

5.1.2.4.4 Test 4. The fourth local damage test was on
Column 2B, a 30-in. diameter gravity design column with
continuous spiral reinforcement at a 6-in. pitch that sustained
superficial damage from the small standoff tests. For the local
damage test, the column was tested with a 1.1w size charge at
a standoff of 0.4z, identical to Tests 2 and 3. Figure 64 illus-
trates the partial breach of Column 2B. The spiral was severed
in two locations near the blast source, and the column lost
approximately 90% of the concrete core at least one column
diameter above the blast location. The continuous longitudi-
nal reinforcement used in Column 2B remained in one piece;
however, the longitudinal reinforcement sustained permanent
deformation at the location of the blast.

5.1.2.4.5 Test 5. The last local damage test was conducted
on Column 2-Blast and Column 3A simultaneously. Column
2-Blast was a 30-in. diameter blast design column with a con-
tinuous spiral at a 2-in. pitch that sustained minor damage
after the small standoff tests. Column 3A was a 30-in. square
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Table 14. Local damage test summary.

2A2 gravity 0.0 w 0.0 x complete
2A1 gravity 2.8 w 5.8 x partial 
1A1 gravity 2.9 w 3.2 x complete
2B gravity w/ spiral 3.4 w 2.6 x partial 

2-Blast blast 2.8 w 3.9 x cover spall
3A gravity 3.3 w 2.4 x cover spall

*w = charge weight parameter
†x = standoff distance parameter
‡Assuming 82% efficiency of ANFO

Column Design
Charge 

Weight*, W
Standoff†,

R
Level of
Breach

Figure 61. Local damage Test 1: Column 2A2.

Figure 61 illustrates the complete breach of Column 2A2.
The complete breach occurred in a very brittle manner. Loss
of 100% of the concrete core at least one column diameter
above and below the splice location resulted in the column
failure. Therefore, Test 1 on Column 2A2 illustrates that a
large charge placed sufficiently close will fail the column,
reinforcing the idea that not all columns can be protected for
all possible threat scenarios (Winget, 2003).

5.1.2.4.2 Test 2. The second local damage test was on
Column 2A1, a 30-in. diameter gravity design column with
discrete hoops at 6 in. on-center that sustained superficial
damage from the small standoff tests. Noting the failure of
Column 2A2 in the first local damage test, Column 2A1 was
tested with a much smaller charge weight to determine the
onset of localized damage or breaching. Figure 62 illustrates
the partial breach of Column 2A1. A combination of three
severed discrete hoops and the loss of approximately 70% of
the concrete core at least one column diameter above and
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gravity design column with discrete ties at 6 in. on-center that
sustained extensive damage from the small standoff tests.
Column 3A was chosen to allow the evaluation of column
geometry during the local damage tests. The columns were
tested with a 0.7w size charge at a standoff of 0.7z.
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Figure 62. Local damage Test 2: Column 2A1.

Figure 63. Local damage Test 3: Column 1A1.

Figure 64. Local damage Test 4: Column 2B.

Figure 65 illustrates the local blast damage on Column 
2-Blast. The spall of concrete cover was noted on the column
sides only, enabling the concrete core to stay intact. Widen-
ing of previous cracks from the small standoff test was also
observed.

Figure 66 illustrates the local blast damage and final posi-
tion of Column 3A. Additional spalling of concrete cover in
the vicinity of the blast location was noted on the column
sides only, while the back cover remained intact, enabling the
concrete core to stay intact. Widening of previous cracks from
the small standoff test was also observed. It is important to
note that Column 3A would likely not have toppled over if
the base was restrained.

5.1.2.4.6 Summary of Column Failures. The local dam-
age tests allowed the observation of spall and breach pat-
terns for blast-loaded concrete columns. Only two of the
six columns (1A1 and 2A2) experienced a complete breach.
Columns 2A1 and 2B experienced a significant loss of the
concrete core, while the remaining two columns stayed
intact. Column 2-Blast and 3A exhibited spalling of the side
concrete cover. Table 14 summarizes the observations made
during the local damage tests.

Blast-Resistant Highway Bridges: Design and Detailing Guidelines

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22971


5.1.2.5 Discussion of Test Variables

The test program included ten half-scale, small standoff and
six half-scale, local damage blast tests on eight different col-
umn designs. Column specimens were constructed with con-
sideration given to five main test variables, including scaled

standoff, column geometry, amount of transverse reinforce-
ment, type of transverse reinforcement, and splice location.
This section relates each test variable to the experimental
observations and data to determine design and detailing rec-
ommendations for concrete highway bridge columns.

5.1.2.5.1 Scaled Standoff. One of the best ways to
improve the performance of blast-loaded reinforced con-
crete highway bridge columns is to increase the standoff
distance. Increasing the design scaled standoff will decrease
the effects of blast loads on columns. Figure 67 compares two
identical 18-in. columns tested at different standoffs. The
gravity-designed columns used standard hooks, which are a
poor detail for blast-loaded columns (see Section 5.1.2.5.4);
however, when the standoff is sufficiently increased, detail-
ing becomes less significant in controlling response.

If only vehicle standoff is limited, small charges may still
be placed in direct contact with a column, potentially causing
localized damage or breaching of the concrete core. Results
from local damage tests, shown in Figure 68, illustrate that
increasing the standoff from the face of the structural col-
umn by a small amount (on the order of inches) can increase
a column’s chance of survival substantially in a situation
involving close-in blast loads. Aside from physical barriers,
standoff from a structural member can be increased by adding
an architectural feature around the structural column.

5.1.2.5.2 Column Geometry. Column cross-sectional
shape affects how a blast load interacts with a column. The use
of a circular column is an effective way of decreasing the blast
pressure and impulse on a column relative to a square col-
umn of the same size. Therefore, the use of a circular column
cross-section over a square cross-section is recommended. A
square column provides a flat surface that reflects the over-
pressure directly back toward the source, creating a large
reflected pressure. The increase of reflected pressure on a
circular column is not as significant as on a square column
because the pressure around the perimeter of a circular column
is reflected at an angle (with the exception of the centerline
position) relative to the direction of shock wave propaga-
tion from the blast source. Also, pressures do not clear
around the edges of a square column as quickly as they wrap
around and fill in behind a circular column. Therefore, a
blast load interacting with a circular column will produce a
less severe loading than one acting on a similarly sized rec-
tangular or square column. Figure 69 illustrates the results
of a blast wave propagating around a circular and square col-
umn with the same cross-sectional dimension at the same
scaled standoff. The square column was pushed over by the
blast load, while the circular column remained standing,
demonstrating the decrease in load on a circular column due
to clearing. Clearing is the process by which a high reflected
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Figure 65. Local damage Test 5: Column 2-Blast.

Figure 66. Local damage Test 6: Column 3A.
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pressure seeks relief toward lower pressure regions (free
edges) through a rarefaction (or relief) wave that propagates
from the low to the high-pressure region.

Using a circular column cross-section over a square cross-
section can lead to a decrease in the net resultant impulse the
column must resist, as shown in Figure 70. Section 5.1.1.1
discusses the physical phenomena that contribute to the
reduction in impulse experienced by a circular column as
compared to that of a square column, and limited test data

suggest that the reduction in impulse can be as much as
34% at certain locations for small standoffs. Although addi-
tional testing is needed to validate these findings, a circular
column with the same design and detailing requirements as
a square column is expected to have less damage for a threat
with the same scaled standoff.

If the standoff distance cannot be increased to sufficiently
decrease the effects of blast loads on columns, then the fol-
lowing design and detailing provisions are recommended:
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(a) (b)

Figure 67. Importance of scaled standoff: a) large standoff (Column 1A1), 
b) small standoff (Column 1A2).

(a) (b)

Figure 68. Effectiveness of small-scaled standoff: a) Test 4, b) Test 5.
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increasing the amount of transverse reinforcement, requiring
continuous spiral reinforcement or discrete hoops with suffi-
cient anchorage, and avoiding splices. These design provisions
are covered in detail in the following sections.

5.1.2.5.3 Amount of Transverse Reinforcement. Experi-
mental observations show that increasing the volumetric
reinforcement ratio is beneficial to the response of blast-
loaded columns because it increases the column ductility
and shear capacity. Direct shear is a major concern for blast-
loaded columns, as shown in Figure 71. To reduce the chances
of a potential shear failure, the “blast” columns (specimens
2-Blast and 3-Blast) were designed to force the formation of
plastic hinges (a flexural failure). Similarly to seismic design,
all potential plastic hinge locations were considered to ensure
the maximum possible shear demand. During the design
process, a propped-cantilever column with a triangular load,
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Figure 69. Clearing around a square and circular 
column (side view).

IcircularIsquare

(a) (b)

Figure 70. Relative net impulse on column cross-section: a) square
column, b) circular column.

(a) (b)

Figure 71. Shear deformation of blast-loaded columns: a) 18-in. round 
column (1A1), b) 30-in. square column (3A).
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shown in Figure 72, was assumed to form two hinges before
failure. The plastic hinge analysis determined a maximum
shear of:

where:
MP = plastic moment capacity (kip-ft)

L = height of column (ft)

In comparison, a typical seismic column (shown in Fig-
ure 73) that is fixed–fixed with a displacement at one end due
to a laterally applied force will also form two plastic hinges.
The maximum shear from a plastic hinge analysis is:

where:
MP = plastic moment capacity (kip-ft)

L = height of column (ft)

These plastic hinge analyses clearly demonstrate the large
shear demand on blast-loaded columns, which can be greater
than four times the shear demand from seismic loads.

V
M

L
base

P= 2
15( )

V
M

L
base

P= 9
14( )

Using the shear equations given above, a required pitch of
transverse reinforcement was determined by setting Equa-
tions 14 and 15 equal to the shear design equations from the
AASHTO LRFD (2007), modified to account for strain rate
effects (ASCE, 1997), and solving for the spacing (Table 15).
The plastic moment (MP), which is equal to the flexural capac-
ity of the cross-section (Mn), should also account for the
dynamic material strength, with dynamic increase factors
for strain rate effects.

Section 5.7.4.6 of the AASHTO LRFD (2007) requires a
minimum transverse reinforcement ratio for a circular gravity-
loaded column of:

where:
f ′c = specified compressive strength of concrete at 28 days

(psi)
fy = yield strength of reinforcing bars (psi)

Ag = gross area of column (in.2)
Ac = area of concrete core (in.2)

Section 5.10.11.4.1(d) of the AASHTO LRFD (2007)
requires a minimum transverse reinforcement ratio for a
circular seismic column and minimum area of transverse
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Figure 72. Plastic hinge analysis for blast-loaded column: a) deflected shape, 
b) plastic hinge locations, c) plastic moment.
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Table 15. Pitch of transverse reinforcement.

End Condition Scale
M N =M P

(kip-ft)
V u,base 

(kip)
V c

(kip) 
V c  = 0  V c > 0

Pin-Fixed (blast) 1 : 2 584 592 90 0.9 1.0
Fixed-Fixed (seismic) 1 : 2 584 104 90 5.0 37.8

Seismic Column Capacity Pitch (in.)

reinforcement for a rectangular seismic column, respec-
tively, of:

where:
f ′c = specified compressive strength of concrete at 28 days

(psi)
fy = yield strength of reinforcing bars (psi)
s = vertical spacing of hoops, not exceeding 4 in. (in.)

hc = core dimension of column in the direction under con-
sideration (in.)

A sh
f

f
sh c

c

y

≥ ′
0 12 18. ( )

ρs
c

y

f

f
≥ ′

0 12 17. ( )

Equation 16 controlled the transverse reinforcement design
of all gravity-designed columns (Type-A and Type-B), while
Equations 17 and 18 controlled the design of all seismic- and
blast-designed columns. Though not initially anticipated, it
is important to note that the Type-A columns did not meet the
requirements of the AASHTO LRFD (2007) Article 5.7.4.6
as they were constructed because the actual steel strength
(fy = 50ksi) was lower than the specified strength used for
design, 60 ksi.

Equation 17, with a coefficient of 0.18, is recommended as
the minimum transverse reinforcement ratio for all circular
blast-designed columns, while Equation 18, with a coefficient
of 0.18, is recommended as the minimum area of transverse
reinforcement for all rectangular blast-designed columns.
Columns meeting these minimums tested at a small standoff
sustained minor and extensive damage (see Figure 74); how-
ever, the core still remained intact and the column could
still carry load. Essentially, 50% more confinement is rec-
ommended for blast-designed columns over current seismic
provisions to improve the ductility, energy absorption, and
dissipation capacity of the cross-section.

Using the experimental test observations and data, a new
minimum transverse reinforcement ratio and area of transverse
reinforcement is recommended, with the following equations
for a circular and rectangular blast-loaded column, respectively.

(a) (b) (c)
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Figure 73. Plastic hinge analysis for seismic column: a) deflected shape,
b) plastic hinge locations, c) plastic moment.
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where:
f ′c = specified compressive strength of concrete at 28 days

(psi)
fy = yield strength of reinforcing bars (psi)
s = vertical spacing of hoops, not exceeding 4 in. (in.)

hc = core dimension of column in the direction under con-
sideration (in.)

A sh
f

f
ssh c

c

y

≥ ′
0 18 20. ( )

ρs
c

y

f

f
≥ ′

0 18 19. ( )
5.1.2.5.4 Type of Transverse Reinforcement and Dis-

crete Tie Anchorage. Experimental observations show
that continuous spiral reinforcement performs better than
discrete hoops for small standoff tests. Figure 75 compares
two 18-in. columns tested at a similar standoff, with the
only variable being the type of transverse reinforcement.
Figure 75 illustrates the benefit of spiral reinforcement in
the response of blast-loaded columns. The continuous
reinforcement better confines the core at the base where a
shear failure is most likely to occur. Therefore, continuous
spiral reinforcement is recommended for blast-loaded
columns.

Performance of discrete hoops can be improved to a level
equivalent to that of the continuous spiral reinforcement
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(a) (b)

Figure 74. Columns meeting minimum transverse reinforcement require-
ments: a) minor damage (2-Blast), b) extensive damage (3-Blast).

(a) (b)

Figure 75. Importance of continuous transverse reinforcement: a) discrete
hoops (Column 1A2), b) continuous spiral (Column 1B).
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with better anchorage into the concrete core. The column
with discrete hoops in Figure 75 experienced a shear failure at
the column base because the bottom three hoops were pulled
open. The discrete hoop anchorage was designed in accor-
dance with Section 5.10.2.1 of the AASHTO LRFD Bridge
Design Specifications (2007) and used standard hooks with
a “90° bend, plus a 6.0 db extension at the free end of the bar.”
Section 5.10.2.1 defines standard hooks for transverse rein-
forcement as one of the following:

a) No. 5 bar and smaller: 90° bend, plus a 6.0 db extension at
the free end of the bar

b) No. 6, No. 7, and No. 8 bars: 90° bend, plus a 12.0 db exten-
sion at the free end of the bar

c) No. 8 bar and smaller: 135° bend, plus a 6.0 db extension
at the free end of the bar

where:
db = nominal diameter of the reinforcing bar (in.)

The standard hooks shown in Figure 76 do not suffi-
ciently anchor the discrete hoops into the concrete core of a
half-scale, blast-loaded column. Recent work by Bae and
Bayrak (2008) on the seismic performance of full-scale,
reinforced concrete columns demonstrated the opening of
seismic discrete ties using hooks with a 135° bend, plus an
extension of 8.0 db. The AASHTO LRFD (2007) Section 5.10.2
defines seismic hooks as a “135°-bend, plus an extension of
not less than the larger of 6.0 db or 3 in.” Bae and Bayrak
(2008) noted that, “unlike the full-scale concrete columns,
the hooked anchorages often reach close to the center of the
core concrete in scaled column specimens.” Similar obser-

vations apply to the half-scale specimens used in this research
program. Bae and Bayrak (2008) used a minimum hook
length of 15.0 db for the remaining full-scale tests to prevent
the opening of hoops. The researchers stated that the larger
“hook length proved to be very effective, and opening of the
135° hooked anchorages of the ties was not observed in the
other tests.” The blast-loaded column in Figure 77 also used
discrete ties with a larger hook length than required by the
current AASHTO provisions and did not experience any
anchorage issues; however, construction of the specimen
was challenging. The square column in the figure utilized
sufficient transverse reinforcement and hooks with a 135°
bend, plus a 20.0 db extension at one free end of the bar,
reversing directions each spacing. To avoid anchorage pull-
outs and to improve the performance of blast-loaded (and
seismically loaded) columns with discrete hoops or ties,
longer hook lengths than currently specified are recom-
mended. Properly anchored hooks for blast loads should
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6db

(a) (b)

Figure 76. Discrete hoop with standard
hook (Column 1A2): a) before test, 
b) anchorage pullout.
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Figure 77. Sufficiently anchored discrete ties (Column 3-Blast):
a) discrete ties, b) discrete tie diagram.
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consist of a 135° bend, plus an extension of not less than the
larger of 20.0 db or 10 in.

5.1.2.5.5 Location of Longitudinal Splices. If the splice
location is at or near the blast location, there is a possibility of
breaching at the splice for cases of very small scaled standoffs.
Breach is defined as the complete loss of concrete through the
depth of a cross-section. Specific observations regarding the
performance of longitudinal splices are not provided due to
the limited data collected from these tests during the test pro-
gram. Additional research is needed to fully characterize
splice behavior at locations very close to applied blasts.

5.2 Observations from 
Analytical Programs

Analytical models for load and response were used to sim-
ulate the tests carried out during the Phase I and Phase II test
programs and to carry out parametric studies. Results from
these efforts are described in this section.

Experimental observations show that direct shear early in
time is a prominent failure mode for columns without ade-
quate shear reinforcement, as seen in Figure 78. A simplified
SDOF analysis was used to determine the shear reinforce-
ment needed for each column to force a flexural mode of
response. Strain data from the small standoff tests and data
processing are presented below. The strain data were used to
determine the actual boundary conditions and load distribu-
tion of each small standoff test.

5.2.1 Strain Data

Strain gauge data were collected from each small standoff test
at six different locations. The strain gauge data were filtered

manually by removing all outliers from the data set to deter-
mine the maximum strain and time of occurrence. An outlier
was defined in two ways: as a strain value exceeding the strain
gauge capacity (30,000 µStrain) or as a maximum or minimum
strain value with less than two points leading up to it. Other fil-
tration methods, such as a low pass filter in Matlab (Mathworks,
2008) and DPLOT (HydeSoft, 2008), were evaluated to help
smooth the data; however, these methods altered the data too
significantly, cutting out multiple peaks. Therefore, the data
were manually filtered as illustrated in Figure 79, which was
more appropriate when focusing on the maximum strain val-
ues of the strain–time history.

To check the maximum values obtained in the manual fil-
ter process, project researchers calculated likely times at
which the maximum flexural response would occur, and it
was apparent by the lack of data at those times that many of
the gauges failed prior to a flexural response, indicating an
early gauge failure. Tests on Columns 1A1, 2A1, 2A2 and 2B
survived long enough and had readings that lasted through
the calculated flexural response time to provide sufficient
data for the evaluation of flexural response. Large early time
responses were also noted near the time of arrival of the blast
wave, before the pier had enough time to react to the impulse
load. These early time responses were most likely gauge
wire responses to the initial shock transmission through 
the columns. The early peak strain times were practically
identical for all gauge locations because the strain gauge wires
were bundled as they ran through the column base and were
all excited at the same time as the shock crossed the bundle.
Thus, the early time responses were essentially an indication
of the time of arrival for the direct shock transmission and
were not used in determining the peak strain.

Flexural strain data from four of the small standoff tests
(1A1, 2A1, 2A2, 2B) were used to evaluate the actual bound-
ary conditions and load distribution. Filtered flexural strain
data are shown in Figure 80; to better show the data trend, the
rolling average over five points is also shown. The other six
tests experienced early gauge failure and typically recorded a
peak in less than one millisecond of starting data collection,
as illustrated by Figure 81. The majority of the columns with
early gauge failures experienced a shear failure at the base.
Thus, a flexural response was not able to be developed within
this millisecond time period of data collection before the
shear failure occurred.

5.2.2 Actual Boundary Conditions

Before completing the SDOF analyses to determine the
shear capacity of each column, the experimental data were
used to assess the actual boundary conditions experienced
by each column during the blast tests. For design, a propped-
cantilever was assumed as the boundary conditions for each
column. To verify the actual boundary conditions developed
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Figure 78. Direct shear failure.
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Figure 79. Filtered longitudinal reinforcement (flexural) strain data.
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Figure 81. Longitudinal reinforcement (flexural) strain data: early gauge failure.

by the test frame, flexural strain data from four of the small
standoff tests (1A1, 2A1, 2A2, 2B) were used.

The peak flexural strain was recorded for each strain gauge
on the longitudinal reinforcement. At the same time, a 
moment–curvature plot for each column, which depends
upon the column shape, the cross-sectional dimension, and
the amount of transverse reinforcement, was calculated using
Response 1990 (Collins and Bentz, 1990). Actual material
properties multiplied by dynamic increase factors for strain
rate effects were used to develop each moment–curvature
diagram. From the moment–curvature plots, the moment
corresponding to the peak flexure strain data and the plastic
moment capacity were determined.

The columns were originally designed as propped-
cantilevers; however, the measured strain data did not support
this assumption. Figure 82 illustrates the moment diagram cor-
responding to a linear load distribution acting on a propped-
cantilever and a simply supported column. All of the measured
flexural peak strain data were positive, resulting in only positive
moments. A propped-cantilever column, however, creates a
negative moment at the fixed end (i.e., compression on the back
face of the column). From these data, it can be concluded that
insufficient fixity was provided at the base to provide the
propped-cantilever boundary conditions assumed for design.
While some partial fixity was likely, it has been assumed for the
purposes of analysis that the column behaved as though it were
simply supported because rotation could occur at the base. This
assumption greatly simplifies the response analyses and agrees

well with the recorded data. For each column, the shape of the
moment diagram was approximated using the location of the
strain gauges and moments corresponding to the measured
strains from the moment–curvature plots.

5.2.3 Actual Load Distribution

The experimental data were also used to determine the
actual load distribution experienced by each column during
the blast tests. As indicated in the previous section, the
boundary conditions for each column can be reasonably
approximated with simple supports. Flexural strain data
from four of the small standoff tests (1A1, 2A1, 2A2, 2B)
were used to determine the approximate load distribution.
The deformed shape from the static application of the
assumed load profile is the primary deflected shape that the
column is expected to experience during its dynamic response
(Biggs, 1964). According to Biggs (1964), the mode shape cor-
responding to the static application of the load is expected to
be the dominant one for members that experience an inelas-
tic response, which was true for all the columns tested during
this project.

To verify the actual load distribution developed by the
blast-wave propagation, each column was analyzed using a
uniform and triangular load distribution. Figure 83 illustrates
the deflected shape and maximum moment for a simply sup-
ported column with each load distribution. The type of
load distribution affects the location of maximum moment.
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Figure 82. Moment diagram vs. boundary condition: a) propped-cantilever, b) simply supported.
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Figure 83. Blast-load distribution: a) triangular, b) uniform.
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The magnitude of the maximum moment was assumed to
be equal to the plastic moment or column capacity from the
moment–curvature plots. The moment at each strain gauge
was then calculated using the gauge location and assumed
moment diagram. The percent difference between the exper-
imental moment and calculated moment for each support
condition and load distribution were compared to determine
the best match.

Overall, a simply supported column best represents the
boundary conditions in this test program. The load distribu-
tion depends on the scaled standoff. For a large scaled stand-
off (Z ≥ 2.0 ft/lb1/3, Column 1A1), a uniform load best
approximates the blast load distribution; however, for a small
scaled standoff (Column 2A1, 2A2, and 2B), a load that varies
linearly from zero to wo, the maximum magnitude of an
assumed load curve, along the height of the column is a bet-
ter approximation than the uniform case.

5.3 Summary

In this chapter, primary observations made from analytical
studies and the experimental test programs were presented.

The variation in blast loads on square and circular bridge
columns were described and compared with predictions devel-
oped from empirical relationships and available software. In
general, it was found that the actual pressures and impulses
experienced by blast-loaded columns were less than those
predicted by available methods, particularly near the top of
the columns studied. Furthermore, the test data suggest that
the clearing of shock waves around slender components is a
complicated process, and additional research is needed to
better characterize these effects.

Results from the Phase II experimental program were also
presented in this chapter. The significance of each test vari-
able, based on results from each small standoff and local
damage blast test, was presented, and a description of dam-
age observed from each test was given. The flexural strain
data from the small standoff tests was presented and used
to determine the actual boundary conditions and blast-load
distributions that occurred during the test program. Based on
the observations from the testing and analytical research,
blast-resistant design and detailing guidelines for reinforced
concrete highway bridge columns are presented in the next
chapter.
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6.1 Overview

The Phase I test program included eight small-scale blast tests at four sets of standoff. The experimental observations and ana-
lytical models indicate how cross-sectional shape, standoff, and geometry between the charge and column positions influence blast
pressures on the front, side, and back faces of bridge columns. Phase II of the experimental testing program included ten half-scale,
small standoff and six half-scale, local damage blast tests on eight different column designs. Column specimens were constructed
with consideration given to five main test variables, including scaled standoff, column geometry, amount of transverse reinforce-
ment, type of transverse reinforcement, and splice location. The following design and detailing recommendations have been devel-
oped from the experimental observations, test data, and corresponding analytical models.

6.2 Risk Assessment Guidelines for Bridges

Section 2.7 of the AASHTO LRFD guidelines, given below, focuses on risk assessment and design demand. Type, geometry,
and importance of a bridge should be considered when completing a vulnerability assessment.

C H A P T E R  6

Design and Detailing Guidelines

2.7 BRIDGE SECURITY

2.7.1 General

An assessment of the importance of a bridge should be
conducted during the planning of new bridges and/or during
rehabilitation of existing bridges. This should take into ac-
count the social/economic impact of the loss of the bridge,
the availability of alternate routes, and the effect of closing the
bridge on the security/defense of the region.

For bridges deemed important, a formal vulnerability study
should be conducted, and measures to mitigate the vulnera-
bilities should be considered for incorporation into the design.

C2.7.1

At the time of this writing (Winter 2008), there are no uni-
form procedures for assessing the importance of a bridge to the
social/economic and defense/security of a region. Work is being
done to produce a uniform procedure to prioritize bridges for
security.

In the absence of uniform procedures, some states have de-
veloped procedures that incorporate their own security pri-
oritization methods which, while similar, differ in details. In
addition, procedures to assess bridge importance were devel-
oped by departments of transportation in some states to 
assist in prioritizing seismic rehabilitation. The procedures
established for assessing bridge importance may also be used
in conjunction with security considerations.

Guidance on security strategies and risk reduction may be
found in the following documents: Science Applications In-
ternational Corporation (2002), The Blue Ribbon Panel on
Bridge and Tunnel Security (2003), Winget (2003), Jenkins
(2001), Abramson (1999), and Williamson (2009).
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6.3 Blast-Load Guidelines

After the completion of a risk and vulnerability assessment, a bridge component should be designed for the appropriate blast
load. The following section defines important blast load variables.

C2.7.2

It is not possible to protect a bridge from every conceivable
threat. The most likely threat scenarios should be determined
based on the bridge structural system and geometry and the
identified vulnerabilities. The most likely attack scenarios will
minimize the attacker’s required time on target, possess sim-
plicity in planning and execution, and have a high probabil-
ity of achieving maximum damage.

The level of acceptable damage should be proportionate to
the size of the attack. For example, linear behavior and/or local
damage should be expected under a small-size attack, while 
significant permanent deformations and significant damage
and/or partial failure of some components should be accept-
able under larger size attacks.

The level of threat and the importance of the bridge should
be taken into account when determining the level of analysis
to be used in determining the demands. Approximate meth-
ods may be used for low-force, low-importance bridges, while
more sophisticated analyses should be used for high-force
threats to important bridges.

2.7.2 Design Demand

Bridge owners should establish criteria for the size and loca-
tion of the threats to be considered in the analysis of bridges for
security. These criteria should take into account the type,
geometry, and importance of the structure being considered.
The criteria should also consider multi-tier threat sizes and de-
fine the associated level of structural performance for each tier.

Design demands should be determined from analysis of a
given size design threat, taking into account the associated per-
formance levels. Given the demands, a design strategy should
be developed and approved by the bridge owner.

3.15 BLAST LOADING

3.15.1 Introduction

Where it has been determined that a bridge or a bridge
component should be designed for intentional or uninten-
tional blast force, the following should be considered:

• Size of explosive charge,
• Shape of explosive charge,
• Type of explosive,
• Standoff distance,
• Location of the charge,
• Possible modes of delivery and associated capacities (e.g.,

maximum charge weight will depend upon vehicle type
and can include cars, trucks, ships, etc.), and

• Fragmentation associated with vehicle-delivered explosives.

C3.15.1

The size, shape, location, and type of an explosive charge
determine the intensity of the blast force produced by an ex-
plosion. For comparison purposes, all explosive charges are
typically converted to their equivalent TNT charge weights.

Standoff refers to the distance between the center of an ex-
plosive charge and a target. Due to the dispersion of blast
waves in the atmosphere, increasing standoff causes the peak
pressure on a target to drop as a cubic function of the distance
(i.e., for a given quantity of explosives, doubling the standoff
distance causes the peak pressure to drop by a factor of eight).
The location of the charge determines the amplifying effects
of the blast wave reflecting from the ground surface or from
the surfaces of surrounding structural elements. The location
of the charge also determines the severity of damage caused
by fragments from the components closest to the blast trav-
eling away from the blast center.

Information on the analysis of blast loads and their effects
on structures may be found in Biggs (1964), Baker et al. (1983),
Department of the Army (1990), Bulson (1997), and Depart-
ment of the Army (1986).

Section 3.4.1 of the AASHTO LRFD considers blast loading as an extreme event. Bridge scour associated with normal flow only
needs to be considered in combination with blast loads.
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2.6.4.4.2 Bridge Scour

As required by Article 3.7.5, scour at bridge foundations is
investigated for two conditions . . .

When combined with blast loading, only the scour associ-
ated with normal flow should be considered.

C2.6.4.4.2

A majority of bridge failures in the United States and else-
where are the result of scour . . .

The probability of blast loading taking place at the time the
scour associated with the design or check floods exists is 
assumed to be quite small. For this reason, only the scour 
associated with normal flow needs to be considered when 
investigating the effects of blast loading.

6.4 Design and Detailing Guidelines for Columns

After the completion of a risk assessment, the design category for a blast-loaded, reinforced concrete bridge column can be
established. Recommended guidelines for Section 4.7.6.2 of the AASHTO LRFD given below define each blast design category
as a function of the scaled standoff, Z. Design and detailing guidelines for each category are further described below.

4.7.6.2 Substructure Blast Design Categories

For the purpose of designing substructure components for
blast loads, the substructures shall be classified as Blast Design
Category A, B or C based on the value of the scaled standoff,
Z, as follows:

• For Blast Design Category A:
Z > 3

• For Blast Design Category B:
3 ≥ Z > 1.5

• For Blast Design Category C:
Z ≤ 1.5

in which:

(4.7.6.2-1)

where:
Z = Scaled standoff (ft/lb1/3)
R = Owner-specified standoff distance (ft)
W = Owner-specified charge Weight (lbs TNT equivalent)

Detailing of the transverse reinforcement for blast loading
shall satisfy:

• For Blast Design Category A: No additional requirements
beyond those for other applicable loads.

• For Blast Design Category B: All requirements for Seismic
Zones 3 and 4 as specified in Articles 5.10.11.4.1c,
5.10.11.4.1d and 5.10.11.4.1e. The provisions of Article
5.10.2.3 shall also apply.

• For Blast Design Category C: All requirements for Seis-
mic Zones 3 and 4 as specified in Articles 5.10.11.4.1c,

Z
R

W
=

1 3/

C4.7.6.2

The value of the scaled standoff, Z, is an indication of the
intensity of the blast loading. In general, the higher the value
of this parameter, the lower the expected intensity of blast
loading and the less stringent the detailing requirements need
to be for concrete columns.

Physical measures to increase the standoff distance are
good design practice.

Bridge owners should establish criteria for the size and 
location of the threats to be considered in the analysis of
bridges for security as specified in Article 2.7.2. These criteria
should take into account the type, geometry, and importance
of the structure being considered.

TNT equivalency is the ratio of the weight of an explosive
to an equivalent weight of TNT. TNT equivalencies are used
in the majority of research on blast effects to relate the energy
output of common explosives to that of TNT. A table of av-
eraged free-air equivalent weights for different explosives is
provided in Tedesco (1999) or the U.S. Army’s Structures to
Resist the Effects of Accidental Explosions (Department of the
Army, 1990).

Columns tested in Design Category C experienced a range
of damage levels depending on the scaled standoff, Z
(Williamson, 2009). Columns with a small scaled standoff
were exposed to a severe blast load that resulted in the forma-
tion of plastic hinges, spalling of concrete cover, and, in some
cases, total breach of the column (breach is defined as com-
plete loss of concrete through the depth of the cross-section).
Typically for Z < 0.5, local damage failures such as breaching
control (Williamson, 2009). Columns with a large scaled stand-
off within Design Category C experienced a combination of
shear and flexural cracking. Columns in Design Categories A
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5.10.11.4.1d and 5.10.11.4.1e and as modified by Article
5.10.12.3. The provisions of Article 5.10.2.3 shall also
apply.

4.7.6.3 Substructure Columns Blast Design 
Shear Force

Where substructure columns satisfy the requirements for
Blast Design Categories A and B, as specified in Article 4.7.6.2,
specific blast loading magnitudes and distributions need not
be considered in the design and detailing. Detailing require-
ments of Article 5.10.12 shall apply.

Where the transverse reinforcement of substructure
columns is designed and detailed for Blast Design Category C,
as specified in Article 4.7.6.2, they shall be designed and de-
tailed to resist the shear force and moment resulting from a
plastic analysis of the substructure column. Sufficient shear
capacity shall be provided to assure that flexure controls.

and B will be required to withstand less intense loadings than
those in Category C, and the design requirements for blast are
reduced accordingly. Under these conditions, less stringent
detailing requirements are needed to achieve acceptable per-
formance.

C4.7.6.3

Substructure columns subjected to significant blast 
loads are expected to develop a plastic failure mechanism
and, hence, plastic analysis of the substructure units is 
appropriate.

Using the base shear force from the static application of the
load, the required pitch of transverse reinforcement can be
determined by modifying the shear design equations to ac-
count for strain rate effects (ASCE, 1997), and solving for the
spacing. The plastic moment, Mp, which is equal to the flex-
ural resistance of the cross-section, Mn, should also account
for the dynamic material strength, with dynamic increase 
factors for strain rate effects. Dynamic increase factors can 
be found in the U.S. Army’s Structures to Resist the Effects of 
Accidental Explosions (Department of the Army, 1990) and
ASCE (1997).

The maximum shear demand on a substructure column
is a function of the boundary conditions and load distribu-
tion. Boundary conditions should be determined to corre-
spond to the geometry of the column in question and its
connections to adjacent components. Blast load distribu-
tion is a function of the standoff distance and the cross sec-
tion of the column.

The expected failure mechanism and the estimated load
distribution shall be taken into account when determining
the shear demand on substructure columns.

The intent of the design categories is to provide adequate detailing for bridge columns as the structural demand and design
threat increases. Decreasing the design threat by providing sufficient standoff distance from bridge columns is a safe alternative
to increasing the design category and detailing requirements. In general, a higher scaled standoff requires less stringent detail-
ing requirements because of the lower intensity of the blast loading.

All columns tested during the experimental program fell into Design Category C and experienced a range of damage levels 
depending on the scaled standoff. Columns with a small scaled standoff were exposed to a severe blast load that resulted in the
formation of plastic hinges, spalling of concrete cover, and in some cases total breach of the column. Columns with a large scaled
standoff but still within Design Category C experienced a combination of shear and flexural cracking. Columns in Design Cat-
egories A and B will be exposed to less intense loadings than those in Category C; thus, the design requirements for blast are 
reduced accordingly.

6.4.1 Design Category A

Highway bridge columns in Design Category A do not require any design modifications for blast resistance and should follow
the design and detailing provisions required by the AASHTO LRFD Bridge Design Specifications (2007) for the normally antici-
pated loading conditions. Therefore, Category A columns should be designed ignoring blast loads.
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5.10.12.2 Blast Design Category A

Blast loads should not be considered in the design and de-
tailing of substructure columns designed for Blast Design
Category A, as specified in Article 4.7.6.2.

C5.10.12.2

Due to the low intensity of the blast loading on substruc-
ture columns classified as Blast Design Category A, such
columns are expected to perform satisfactorily when de-
signed and detailed for other applicable loads without direct
consideration of blast effects.

6.4.2 Design Category B

The design of highway bridge columns in Category B is based on the seismic design and detailing provisions of the AASHTO
LRFD Bridge Design Specifications (2007), though there are some notable differences. The Caltrans Seismic Design Criteria
(Caltrans, 2006) and Bridge Design Specifications (Caltrans, 2003) are additional resources for design and detailing require-
ments. There are only two exceptions to the above documents. First, a more stringent extension length of hooks when using
discrete ties or hoops (see Chapter 5) is recommended. Hooks should consist of a 135° bend, plus an extension of not less
than the larger of 15.0 db or 7.5 in. Second, transverse reinforcement detailing for the plastic hinge region should be applied
over the entire column height. The additional transverse reinforcement over the entire column height results from the 
uncertainty associated with potential blast locations. Both of these exceptions are noted in Section 5.10.2.3 of the proposed
design guidelines.

The more stringent hook length requirement performed satisfactorily when tested for seismic loading by Bae and Bayrak
(2008) on full-scale concrete columns, where the opening of seismic discrete ties using hooks with a 135° bend, plus an exten-
sion of 8.0 db, was first demonstrated. Blast and seismic loads are both dynamic loads that induce dynamic structural responses
and inelastic behavior. To allow the formation of plastic hinges and achieve a favorable mode of failure (flexure), adequate 
anchorage into the core concrete must be provided over the entire column height.

6.4.3 Design Category C

Highway bridge columns in Category C should, as a minimum, meet the design requirements for Category B columns. The
following requirements place more stringent design and detailing guidelines on blast-loaded columns to further improve col-
umn survivability. The guidelines should be implemented in the following order of effectiveness: standoff, column geometry,
amount of transverse reinforcement, type of transverse reinforcement and anchorage, and splice location.

6.4.3.1 Increase Standoff

One of the best ways to improve the performance of blast-loaded, reinforced concrete highway bridge columns is to increase
the standoff distance with physical deterrents such as bollards, security fences, and vehicle barriers. If access to the columns is
sufficiently limited, the design standoff distance can be increased, which will decrease the effects of blast loads on columns and
the associated design category.

If only vehicle standoff is limited, small charges may still be placed in direct contact with a column, potentially causing local-
ized damage or breaching of the concrete core. Results from local damage tests illustrate that increasing the standoff from the
face of the structural column by as little as a few inches can increase a column’s chance of survival substantially in a situation in-
volving close-in blast loads. Aside from physical barriers, standoff from a structural member can be increased by adding a sac-
rificial cover or architectural feature around the structural column.

6.4.3.2 Column Geometry

The following recommendations regarding cross-sectional shape and dimension can improve the response of reinforced con-
crete columns subjected to blast loads.

6.4.3.2.1 Cross-Sectional Shape. To the extent practical, the cross-sectional shape of a blast-loaded column should be se-
lected to minimize the intensity of the blast load. Cross-sectional shape affects how a blast load interacts with a column. The
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use of a circular column is an effective way of decreasing the blast pressure and impulse on a column relative to a square or
rectangular column of the same size, and the decrease in impulse can be up to 34% for small scaled standoffs (see Chapter 5).
Therefore, the use of a circular column cross-section over a square cross-section is recommended, as stated in Section 2.7.3
of the AASHTO LRFD recommended guidelines.

Figure 84. Importance of cross-sectional dimension: a) 18-in. diameter (Column 1A2), b) 30-in. diameter 
(Column 2A2).

2.7.3 Selection of Component Geometry

To the extent practical, the cross-sectional shape of the
components subjected to blast loading should be selected to
minimize the effects of the blast load.

C2.7.3

For components of the same width exposed to the same
blast conditions, i.e., same charge weight and standoff dis-
tance, the intensity of blast loading may differ depending on
the cross-sectional shape of the component (Williamson,
2009). For example, the blast pressure on square and rectan-
gular columns is higher than on circular columns of the same
width. The decrease in impulse on circular columns relative
to square columns can be up to 34% for small scaled stand-
offs. Selecting shapes that result in reduced blast load will
minimize the damage.

6.4.3.2.2 Cross-Sectional Dimension. Cross-sectional dimension also affects blast-wave propagation and the resulting spall
patterns. Figure 84 illustrates two identically detailed columns with the only variables being column diameter and standoff.
Column 2A2 was tested with a similar charge weight at a smaller standoff distance than Column 1A2, and despite the smaller
scaled standoff, it sustained less damage. Therefore, increasing the column diameter improves the shear capacity of the col-
umn, minimizing the effects of detailing. A minimum cross-sectional dimension of 30 in. is recommended to improve the re-
sponse of columns subjected to close-in blast loads.

(a) (b)
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6.4.3.3 Detailing and Design

If the standoff distance cannot be increased to decrease the effects of blast loads on columns sufficiently, the following design
and detailing provisions are recommended: increasing the amount of transverse reinforcement, requiring continuous spiral 
reinforcement or discrete hoops with sufficient anchorage, and avoiding splices. Additional details for these design provisions
are given below.

6.4.3.3.1 Amount of Transverse Reinforcement. Experimental observations show that increasing the volumetric reinforce-
ment ratio is beneficial to the response of blast-loaded columns because it increases the column ductility and shear capacity. Di-
rect shear is a major concern for blast-loaded columns, and adequate shear capacity is needed to ensure that columns fail in a
ductile manner (see Chapter 5). Accordingly, to meet the high shear demands placed on a blast-loaded column in Category C,
more stringent transverse reinforcement requirements than those used for seismic design are needed (see Chapter 5).

Equation 21 is recommended as the minimum transverse reinforcement ratio for all circular blast-designed columns, while
Equation 22 is recommended as the minimum area of transverse reinforcement for all rectangular blast-designed columns.
Columns meeting these minimums tested at a small standoff sustained minor and extensive damage; however, the core still 
remained intact and the column could still carry load. Essentially, 50% more confinement is recommended for blast-designed
columns over current seismic provisions to improve the ductility and energy dissipation capacity of the cross-section.

(21)

(22)

where:
f ′c = specified compressive strength of concrete at 28 days (psi)
fy = yield strength of reinforcing bars (psi)
s = vertical spacing of hoops, not exceeding 4 in. (in.)

hc = core dimension of column in the direction under consideration (in.)

This new minimum amount of transverse reinforcement should be applied over the entire column height to account for the
uncertainty associated with potential blast locations. The proposed Section 5.10.12.3 of the AASHTO LRFD specifies these new
minimum transverse reinforcement ratios.
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5.10.12.3 Blast Design Category B and C

Where columns are designed and detailed for Blast Design
Categories B and C, as specified in Article 4.7.6.2, transverse
reinforcement shall be designed to satisfy all detailing re-
quirements for Seismic Zones 3 and 4 as specified in Articles
5.10.11.4.1c, 5.10.11.4.1d and 5.10.11.4.1e except that:

• the requirements of Article 5.10.2.3 shall also apply
• the length of the intermediate plastic hinges shall be taken

equal to twice the length of the end region specified in Ar-
ticle 5.10.11.4.1c

In addition, for substructure columns designed for Blast
Design Category C:

• the volumetric ratio of spiral or seismic hoop reinforce-
ment, ρs, for circular columns specified in Equation
5.10.11.4.1d-1 shall be increased by 50%, and

C5.10.12.3

In Seismic Zones 3 and 4, it is assumed that plastic hinges
will form directly above the footing and, in multi column
bents, directly below the cap beam. The length of the end re-
gion in Article 5.10.11.4.1c is based on these assumed locations.

For bridges subjected to blast loading, the column may de-
velop intermediate plastic hinges. It is assumed that the plas-
tic hinge region will extend for a distance equal to the length
of the end region on either side of the intermediate plastic
hinge location. This assumes that the length from the point
of maximum moment to the end of the plastic hinge is inde-
pendent of the type of loading and the location of the plastic
hinge. The theoretical location of the intermediate plastic
hinge can be computed from a plastic analysis.

The determination of an intermediate plastic hinge location
can be uncertain because the blast loads vary significantly with
both time and position along the height of a column. Accord-
ingly, in most cases, the increased transverse reinforcement
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specified by Article 5.10.12.3 should be placed throughout the
entire height of the column.

The minimum amount of confinement reinforcement is
increased to improve ductility and energy dissipation capac-
ity of potential plastic hinges.

• the total gross sectional area, Ash, of rectangular hoop rein-
forcement specified for rectangular columns in Equations
5.10.11.4.1d-2 and 5.10.11.4.1d-3 shall be increased by 50%

6.4.3.3.2 Type of Transverse Reinforcement and Sufficient Discrete Tie Anchorage. Experimental observations show that
continuous spiral reinforcement performs better than discrete hoops for small standoff tests. The continuous reinforcement bet-
ter confines the core at the base where a shear failure is most likely to occur. Therefore, continuous spiral reinforcement is rec-
ommended for blast-loaded columns.

Performance of discrete hoops can be improved by providing adequate anchorage into the concrete core. To avoid anchorage
pullouts and to improve the performance of blast-loaded (and seismically loaded) columns with discrete hoops or ties, longer
hook lengths than currently specified are recommended. Properly anchored hooks for blast loads should consist of a 135° bend,
plus an extension of not less than the larger of 20.0 db or 10 in. Figure 85 illustrates the proper anchorage for each design category.

a) b) c)

20
d

13
5°

b

6d

90
°

b 13
5°

15
d b

Figure 85. Discrete tie anchorage:
a) Design Category A, b) Design
Category B, c) Design Category C.

5.10.2.3 Hooks for Blast-Resistant Columns

Where columns are designed and detailed for Blast Design
Categories B and C, as specified in Article 4.7.6.2, hooks in the
transverse reinforcement specified in Articles 5.10.11.4.1c
and 5.10.12.3 shall consist of a 135°-bend, plus an extension
of not less than:

• For columns designed and detailed for Design Category B:
the larger of 15 db or 7.5 in.

• For columns designed and detailed for Design Category C:
the larger of 20 db or 10 in.

C5.10.2.3

Half-scale models of bridge substructure columns subject
to blast loading indicated that columns constructed using
transverse reinforcement utilizing 90 degree standard hooks
with an extension length equal to 6 db did not perform satis-
factorily. The deformation of the hooks caused the loss of
core confinement and resulted in severe damage to the
columns as shown in Figure C1.

Bae and Bayrak (2008) demonstrated the opening of seis-
mic discrete ties using hooks with a 135°-bend, plus an exten-
sion of 8.0 db on full-scale concrete columns. Blast and seismic

6db

(a) Before Test (b) Anchorage Pullout

Figure C1. Unacceptable failure of discrete
hoops with Standard Hooks when subjected
to severe blast loading.
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loads are both dynamic loads that induce dynamic structural
responses and inelastic behavior. To allow the formation of
plastic hinges and achieve a favorable mode of failure (flex-
ure), adequate anchorage into the core concrete must be pro-
vided. Full-scale columns constructed using the 135°-bend
with an extension equal to the larger of 15 db or 7.5 in. per-
formed satisfactorily when tested for seismic loading (Bae and
Bayrak, 2008). Such hooks are specified herein for columns
designed and detailed for Design Category B.

Square columns constructed using the 135°-bend with an
extension equal to the larger of 20 db or 10 in. performed sat-
isfactorily during severe blast testing (Williamson, 2009). The
core of such columns remained intact, and the column could
still carry load even after sustaining extensive blast damage.
This article extends the use of the longer extensions to all
columns in Design Category C.

For all columns in Design Categories B and C, the in-
creased level of detailing should be provided over the entire
column height as recommended in Article C5.10.12.3

Further research is needed to evaluate the performance of
welded hoops and other transverse reinforcement layouts.

Where columns are designed and detailed for Blast Design
Categories B and C, hooks in the transverse reinforcement
and their required locations shall be detailed in the contract
documents.

6.4.3.3.3  Location of Longitudinal Splices. If the splice location is at or near the blast location, there is a possibility of
breaching at the splice. Breach is defined as the complete loss of concrete through the depth of a cross-section. Local damage
tests demonstrated that columns with a splice can experience significant damage over the majority of the column height and col-
umn failure due to lack of member continuity (concrete and steel) if breach occurs in the splice region. Columns without a splice
contained the localized damage to about one column diameter above and below the blast location. Therefore, locating splices
away from contact charges helps minimize localized blast damage. However, column survivability also depends on the amount
and type of transverse reinforcement, cover depth, and cross-section size. Experimental data are lacking to determine column
capacity in a blast-damaged state.

To improve the blast performance of columns that fall into Design Category C, splicing of longitudinal reinforcement should
be avoided when feasible. If the use of a splice is necessary, the splice location should follow Section 5.12.13.4 from the AASHTO
LRFD proposed guidelines.

5.12.13.4 Splices in longitudinal Reinforcement of
columns in Design Category B and C

The provisions of Article 5.10.11.4.1f shall apply.
Where columns are designed and detailed for Blast Design

Categories B and C, as specified in Article 4.7.6.2, the entire
length of splices in longitudinal bars of substructure columns
subject to blast loading shall be located:

• outside the end plastic hinge region specified in Article
5.10.11.4.1c,

• outside the column region that extends for a distance equal
to the length of the end region, as specified in Article
5.10.11.4.1c, on either side of the expected location of in-
termediate plastic hinges, and;

• no less than 12 ft above the ground surface (or the lower
deck in the case of a double-deck bridge) in the vicinity of
the column.

C5.12.13.4

There is a possibility of breaching at the splice, if the splice
location is at or near the blast location. The local damage tests
on half-scale bridge columns (Williamson, 2009) illustrated
that a column with a splice at a quarter of the column height
from the base (0.25L) can experience significant local damage
over the majority of the column height and column failure
due to lack of member continuity (concrete and steel) in the
splice region. Columns without a splice contained the local-
ized damage to about one column diameter above and below
the blast location. The intent of the requirements of this arti-
cle is to locate splices away from plastic hinge locations and
away from contact charges to help minimize localized blast
damage. Locating the entire length of the splices at least 12 ft
above the ground surface (or lower deck in the case of a double-
deck bridge) is based on considering truck bombs to be located
6 ft above the ground (deck) surface.
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At the time of this writing (winter 2008), experimental data
to determine the column load resistance in the damaged state
are not available.

Locating the entire length of the splices at least 12 ft above the ground surface (or the lower deck surface in the case of a double-
deck bridge) is based on considering truck bombs to be located 6 ft above the ground (deck) surface. The intent of the above
guidelines is to locate splices away from contact charges to help minimize localized blast damage. Additional research is needed
to fully characterize splice behavior at locations very close to applied blasts.

6.5 Analysis Guidelines for Columns

To design for blast loads in Design Category C, a dynamic analysis should be completed.

4.7.6 Analysis of Blast Effects

4.7.6.1 General

As a minimum, bridge components analyzed for blast
forces should be designed for the dynamic effects resulting
from the blast pressure on the structure. The results of an
equivalent static analysis shall not be used for this purpose.

C4.7.6.1

Localized spall and breach damage should be accounted for
when designing bridge components for blast forces. Data avail-
able at the time these provisions were developed (winter 2008)
are not sufficient to develop expressions for estimating the ex-
tent of spall/breach in concrete columns; however, spall and
breach damage can be estimated for other types of components
using guidelines found in Department of the Army (1990).

Due to the uncertainties that exist when considering likely
attack scenarios and associated blast loads, an appropriate
equivalent static load cannot be used for design. Moreover, the
highly impulsive nature of blast loads warrants the considera-
tion of inertial effects during the analysis of a structural compo-
nent. Therefore, an equivalent static analysis is not acceptable
for the design of any structural member subjected to blast
loads. Information on designing structures to resist blast loads
may be found in ASCE (1997), Department of the Army
(1990), Conrath et al. (1999), Biggs (1964), and Bounds (1998).

Section 4.7.6.3 outlines a procedure that checks the flexural capacity of a column exposed to a close-in blast load using a single-
degree-of-freedom analysis.

4.7.6.3 Blast Analysis Procedure for Highway Bridge
Columns

To evaluate the capacity of a blast-loaded column, a flex-
ural analysis that calculates rotation and flexural ductility
shall be completed.

In lieu of a refined analysis of blast loading, an equivalent
blast load based on the scaled standoff is adequate. Software
such as BEL or BlastX can be used to determine the equiva-
lent blast load in terms of uniform pressure and impulse. A
single-degree-of-freedom analysis using the equivalent loads
shall be completed to calculate rotation and flexural ductility.
The design limits are specified as follows:

θ ≤ 1.0°
μ ≤ 15

C4.7.6.3

This analysis uses flexural response as an indicator for shear
response, and shear is not directly calculated. Direct shear 
capacity, per UFC 3-340-01, is not necessarily indicative of
shear performance (Williamson, 2009). Shear checks are di-
rectly built into the design limits of the flexural analysis.

The design limits, rotation and flexural ductility, are based
on large-scale test data (Williamson, 2009). Columns tested
with slight to moderate damage without significant shear dam-
age were used to select these limits. These limits help ensure
that a shear mechanism does not form as a result of the large
shear demand caused by close-in blast loads (Williamson,
2009). The flexural performance of a column can be improved
by increasing the column cross-sectional size and the amount
of longitudinal reinforcement.
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where:
θ = Rotation (degrees)
μ = Flexural Ductility

These limits ensure that column damage is limited to allow
continued service following an extreme event.

In general, the blast analysis procedure for highway bridge
columns includes the following steps.

1) First, determine the design threat in terms of standoff and
charge weight (reference Articles 2.7.2 and 3.15.1) to cal-
culate the scaled standoff and design category (reference
Article 4.7.6.2).

2) Detail the column according to the design category required
by the design charge weight and standoff distance specified
in step 1), and conduct a dynamic analysis using steps 3)-5)
if required. Article 4.7.6.2 provides references to the detail-
ing and design guidelines required for each design category.

3) Using the charge weight and standoff distance specified in
step 1), use an acceptable load prediction method to deter-
mine an equivalent uniform pressure and impulse. At a 
minimum, the load prediction technique employed for this 
purpose should account for the increase in pressure and im-
pulse due to reflections off the front face of the column and
ground/deck surface. BEL and BlastX are two examples of
load prediction software that are acceptable for this purpose.

4) Determine the mass of the column, and using a uniform
load shape, calculate the maximum flexural resistance and
stiffness for each stage of response of the column to create
a resistance diagram. The boundary conditions used to de-
termine the resistance diagram should correspond to those
in the actual structure. If the exact boundary conditions in
the actual structure are uncertain (i.e., if a boundary is
neither pinned nor fixed but has some unknown restraint),
two analyses assuming an upper and lower bound for the
unknown boundary conditions will provide an adequate
range of response prediction for design purposes.

5) Using appropriate load-mass factors to compute the equiv-
alent load, mass, and stiffness of the column, employ a 
single-degree-of-freedom analysis method of choice to 
determine the peak displacement and support rotation of
the column The load-mass factors for a uniformly-loaded
column are as follows:

Simply-Supported

KLM.elastic = 0.78
KLM.plastic = 0.66

Propped-Cantilever
KLM.elastic = 0.77
KLM.elastic-plastic = 0.79
KLM.plastic = 0.67

Fixed-Fixed
KLM.elastic = 0.77
KLM.elastic-plastic = 0.79
KLM.plastic = 0.66
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The time varying load should be a triangular load with a
magnitude equal to the peak pressure calculated in step 3),
and the triangular load curve should preserve the total im-
pulse. Therefore, the duration of the triangular load
should be equal to 0.5 × impulse / peak pressure.

6) Compare the computed peak displacement and support
rotations to the allowable limits for member ductility and
support rotation specified in section 4.7.6.3, and redesign
if necessary

Further details of the single-degree-of-freedom analysis
procedure can be found in Bigg’s Introduction to Structural
Dynamics (1964), Tedesco’s Structural Dynamics: Theory and
Application (1999), and the Department of the Army’s Struc-
tures to Resist the Effects of Accidental Explosions (TM 5-1300)
(1990). Note that load factors are not specified in blast-resistant
design due to the inherent uncertainty associated with blast
loads; however, dynamic increase factors and strength increase
factors are used to better estimate actual design strength and
reduce design conservatism for an extreme load event. Dy-
namic and strength increase factors can be found in ASCE
(1997) and Department of the Army (1990). Additionally, the
single-degree-of-freedom procedure does not necessarily re-
quire the use of an equivalent uniform load. If the results of
an acceptable load prediction technique produce the data
necessary to develop and apply a non-uniform load distribu-
tion to the column, a designer may elect to use this more refined
load distribution in lieu of an equivalent uniform load. If this
option is selected, however, the designer is required to use
this more refined load distribution to calculate the appropri-
ate stiffness, maximum resistance, and load-mass factors for
each stage of response. The three references cited above pro-
vide the information necessary to compute these values using
the applied load distribution.

Design examples in Chapter 8 provide detailed calculations required to evaluate performance of bridge columns subjected to
blast.

6.6 Summary

Blast-resistant design and detailing guidelines for reinforced concrete highway bridge columns, based on experimental obser-
vations and data, were proposed in this chapter. This information was provided in a manner that is consistent with the AASHTO
LRFD Specifications (2007) so that bridge engineers can readily use the results of this research. The following chapter summa-
rizes guidelines for analytical modeling of blast-loaded bridge columns.
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7.1 Overview

The advantages, capabilities, limitations, and uses of 
several levels of load and response analysis techniques have
been outlined in previous sections of this report. In the sections
below, application of both simplified analysis techniques and
detailed finite element modeling for the case of blast-loaded
bridge columns are illustrated. Although the procedures
described below provide a starting point for engineers who
wish to learn the intricacies of modeling blasts acting on bridge
columns, they should not be taken as a comprehensive lesson
in analytical modeling of structures subjected to blast loads,
and it is recommended that only analysts experienced in both
blast phenomenology and analytical modeling predict struc-
tural response to blast loads.

7.2 Simplified Analyses Guidelines

Design procedures based on the results of a single-degree-
of-freedom analysis are those most commonly used for blast-
resistant design. Although engineers increasingly feel the need
to use highly complex finite element analyses for design, the
majority of design cases do not warrant such highly detailed
analyses due to the many uncertainties associated with blast
loads, such as the exact charge weight, shape of the charge, type
of explosive material, and standoff distance. Additionally,
blast-resistant designs typically allow significant nonlinear
behavior to expend the energy associated with dynamic
blast loads, and SDOF analyses have been shown to provide
acceptable results when structural components undergo
large inelastic deformations (Department of the Army, 1990).
The theory behind and justification for the SDOF design pro-
cedure is presented in Section 4.2 of this report and several
publicly available texts, such as Structural Dynamics: Theory
and Application by Joseph Tedesco (1999) and Introduction to
Structural Dynamics by John Biggs (1964). Additionally, the
U.S. Army Technical Manual TM 5-1300, Structures to Resist the

Effects of Accidental Explosions (Department of the Army, 1990),
contains the procedure most commonly applied to the blast-
resistant design of building components. The design procedure
for reinforced concrete bridge columns outlined in this section
closely adheres to the widely accepted and trusted procedure
from TM 5-1300 with special considerations for bridge columns
derived from the experimental portion of this research.

Bridge columns should be designed using an SDOF analysis
procedure, which initially requires the computation of a few
basic column properties such as the plastic moment capacity,
Mp, the total mass of the member, M, and the moment of
inertia, Iz. The material strengths used in the calculation of
the plastic moment capacity should include a strength increase
factor to account for the presumed actual material strengths
and dynamic increase factors to account for strength increases
due to strain-rate effects. The dynamic increase factors are
material specific, and they should be applied to the material
properties prior to calculating the section capacity. Table 16
shows common strength increase factors for concrete, and
Table 17 shows common dynamic increase factors for con-
crete and steel. Increasing material strengths for design may
seem counter-intuitive relative to normal design procedures;
however, a typical bridge structure is not expected to experience
repeated blast loadings over its lifespan, and typical design
objectives are to sacrifice the structure to protect life, provide
egress, and, in the case of bridge columns, allow motorists
and pedestrians to flee the bridge. Therefore, the blast-resistant
design of bridge columns should use the entire available 
capacity of a column to resist these extreme loads.

The SDOF-based design procedure also requires an engineer
to predict the magnitude, distribution, and time-history of the
blast load applied to a member. Available load prediction
techniques, such as the charts or empirical equations provided
in the U.S. Army’s TM 5-1300 or software developed to pre-
dict loads on structures based on first-principal or empirical
data, such as ConWep, BlastX, or BEL, are valuable tools
for this purpose. Although load cases for typical design 
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scenarios include load factors that conservatively account for
uncertainties in the assumed loads, these factors should not
be used when designing bridge columns to resist blast loads.
Regardless of the load prediction technique selected, the 
result should be a distributed load that varies only with time and
approximates the predicted load as it varies in both time and
position. Figure 86 shows an example load shape for a hypo-
thetical bridge column and blast scenario. This assumed load
distribution is necessary to conduct a plastic collapse analysis
of a member to calculate the maximum resistances and hinge
locations for each stage of response. Figure 19 shows the
three stages of response for a beam with two fixed ends and
a uniformly distributed blast load. The hinge locations will
provide the boundary conditions needed to determine the
normalized deflected shapes that result during each stage of
response from the application of the assumed load shape.
These normalized deflected shapes allow the computation of
the equivalent load, equivalent mass, and system stiffness that
equate the single-degree-of-freedom system to the real system
for each stage of response. The visual relationship between
the single-degree-of-freedom system and the real system is
shown for the elastic stage of response for a simply supported
beam in Figure 87. The calculation for the equivalent load is
based on the work done by the assumed distributed load as the
member undergoes a unit deflection at the point of maximum

deflection, and the equivalent mass represents the inertia
contributed to the system by the mass distributed along the
length of the member as the member undergoes a unit deflec-
tion at the point of maximum deflection. While the intent of
this section is to describe the blast-resistant design process
for bridge columns, it is not meant to provide a tutorial on
developing the SDOF analysis procedure, and Bigg’s Intro-
duction to Structural Dynamics (1964) and the U.S. Army’s
TM 5-1300 Structures to Resist the Effects of Accidental Explosions
(Department of the Army, 1990) provide charts that contain
factors to quickly convert the total load and total mass into
SDOF-equivalent values for common loading scenarios and
boundary conditions and the equations needed to calculate
these equivalent properties for other cases. The determination
of equivalent system properties for this analysis and design
procedure should assume a single load distribution that does
not vary with position along the member. Real structural
systems do not experience loads in this manner, as the shock
wave will propagate along the length of a member, applying
the load at different locations along the member at different
points in time. While it technically may be possible to vary the
load distribution along the length of the member during an
SDOF analysis by updating the equivalent load and mass

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

* The results of compression tests are usually well
above the specified concrete strengths and may be
used in lieu of the above factor. Some conservatism
may be warranted because concrete strengths have
more influence on shear design than bending capacity.
TM 5-1300 specifies a SIF of 1.10.

Source: American Society of Civil Engineers, 1997

Table 16. Strength increase factors.

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

*Far Design Range: Z  2.5 ft/lb1/3

†Close-in Design Range: Z < 1.0 ft/lb1/3

Source: Department of the Army, 1990

Stress Type
Far Design Range* Close-in Design Range†

Reinforcing Bars Reinforcing Bars

Table 17. Dynamic increase factors.

wo

Figure 86. Example of hypothetical assumed 
load shape for an SDOF analysis.
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factors with each time step, most analyses should not include
this additional complexity because the uncertainty in the loads
does not justify this effort, and to the knowledge of the authors,
no currently available SDOF software has this capability.
Additionally, as mentioned above, the current procedure for
building components has shown good correlation to experi-
mental results with the selection of appropriate assumed load
distributions.

Once the equivalent SDOF system properties are known, an
SDOF analysis should be used to determine the peak deflec-
tion and maximum support rotations of the bridge column
being analyzed. User-friendly software packages are available
for this purpose, or the bridge designer may wish to create an
SDOF analysis tool using the basic mechanics of structural
dynamics. In either case, the results of an SDOF analysis should
be compared to allowable ductility ratios and rotation limits.
Based on the results of the experimental portion of this 
research program, acceptability criteria for blast-resistant
concrete bridge columns are a maximum support rotation
of 1.0 degree and a maximum ductility ratio of 15.0, and the
U.S. Army TM 5-1300 Structures to Resist the Effects of Acci-
dental Explosions (Department of the Army, 1990) contains
similar values for building components. A designer should
resize a member and repeat the analysis process if the SDOF
analysis results in a ductility ratio or support rotation that
exceeds the allowable limits.

Both direct shear and diagonal shear are important for
blast-resistant design, and a bridge column design should
contain enough capacity through a combination of transverse
reinforcement and longitudinal reinforcement dowel action
to prevent a shear failure and force a flexurally dominated
response. An important and notable difference between the
design of blast-loaded bridge columns and blast-loaded build-
ing columns that is captured in the design procedure developed
under this research project is the manner in which diagonal
shear and direct shear at the base of a bridge column are
handled. In the design procedure proposed for bridge columns,
transverse steel detailing requirements and flexural response
limits have been selected to ensure that corresponding shear

deformations remain within acceptable limits. Accordingly,
design for direct shear at the base of a blast-loaded bridge
column is inherently included in the SDOF design procedure
and is not checked using the same procedure as is used for
blast-loaded building columns. Furthermore, the design
guidelines presented in the previous chapter outline prescrip-
tive requirements for the minimum allowable volumetric
reinforcement ratio. Additional details and a demonstration
of how the design procedure is implemented can be found in
Chapters 6 and 8, which provide specification-ready design
guidelines and detailed design examples, respectively. As
described above for the calculations for flexural capacity, the
shear design should consider strength and dynamic increase
factors and no load factors.

The simplified design and analysis procedure described
in this section is based on the widely accepted and trusted
procedure presented in the U.S. Army’s TM 5-1300 Structures
to Resist the Effects of Accidental Explosions (Department of the
Army, 1990) with specific modifications for bridge columns
based on the results of the experimental portion of this research.
As such, this procedure should provide a reasonable yet
conservative design at a minimal cost, and it is recommended
for bridge columns when a simplified analysis procedure is
appropriate, as described in Chapter 5. Additional informa-
tion regarding this procedure and its applicability to building
components can be found in various sources, including Struc-
tural Dynamics: Theory and Application (Tedesco, 1999) and
Introduction to Structural Dynamics (Biggs, 1964).

7.3 Airblast Modeling Using
Computation Fluid Dynamics

Finite element codes employing computational fluid 
dynamics are valuable tools for predicting blast loads for
situations involving complex designs, research problems, and
post-event evaluations because they can include phenomena
not captured by simplified analysis procedures, such as multi-
ple reflections off complicated geometries, localized member
failure, and blast loads coupled with structural response.

wo(x) assumed distributed load 
mo(x) mass per unit length 
δ maximum deflection of member 

Fe equivalent load 
Me equivalent mass 
ke equivalent stiffness 
δ maximum deflection of member 

Fe

Me

ke

δ
δ

mo(x) 

wo

Figure 87. Relationship between real system and equivalent
SDOF system.
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While some finite element implementations of high-explosive
modeling have user-friendly graphical user interfaces (GUIs),
many general-purpose finite element codes require a user to
manually specify a wide range of parameters, including the
geometry, material properties, and mesh characteristics. While
these codes can produce reliable results for a wide range of com-
plex airblast scenarios, they also can generate highly misleading
and erroneous solutions. These models are highly mesh-
dependent, and several variables greatly influence the result-
ing load predictions, such as the explosive and air material
properties, the size and shape of the elements in the explosive
region, and the density and shape of the air mesh. Successful
airblast modeling using computational fluid dynamics codes
requires an analyst experienced in theoretical shock physics,
realistic physical behavior of high-explosive detonations,
and the capabilities and limitations of the selected finite 
element code.

Various general-purpose finite element codes with com-
putational fluid dynamics capabilities implement the detona-
tion of high explosives differently, and multiple methods exist
even within the same finite element code. It is important to
refer to the user’s manual of the selected software to deter-
mine the most appropriate method for the scenario under
consideration. Most implementations require separate defi-
nitions for the explosive and the air, and this separation can be
defined in at least two ways. One way to separate the explosive
and air is to have regions of elements that represent both
materials. In this case, the elements in each region have the
property definitions of the material they represent, and the
regions share common nodes on their boundaries. The other
approach to separate the explosive and the air is a volume
fraction technique, which requires the user to create a single
mesh and then define the volumes within that mesh that
contain the individual materials. Both of these methods will
produce similar results if implemented correctly because the
Arbitrary-Lagrangian-Eulerian (ALE) elements that define
both the explosive and the air allow multiple materials within
each element over the duration of an analysis. Using this analy-
sis technique, general-purpose finite element codes generally
require the user to allow the ALE mesh to contain multiple
fluid definitions within the same elements. Regardless of
the approach selected to separate the materials, efficient and
reliable analyses have different mesh requirements for the
explosive and air regions. These requirements are described
further below.

As with any finite element analysis, the mesh shape and
size greatly influence the fidelity of the results. The literature
documents the influence of mesh size on analytical results, and
the work completed for this research reinforces its importance.
Pressure and impulse predictions improve significantly as the
air mesh becomes progressively finer (Cendon et al., 2004;
Knight et al., 2004; Luccioni et al., 2006), and airblast models

lacking sufficiently small elements throughout the mesh will
generate inaccurately low pressures and impulses. Therefore,
the analyst should always conduct a thorough sensitivity study
comparing analytical results with known empirical results to
determine the minimum mesh density required for the scenario
under consideration. Additionally, the mesh size specifically
in the explosive region is very important. The explosive mesh
should be as uniform as possible, with elements of roughly
the same dimensions, and no less than 16 elements along each
edge of the explosive region is sufficient to allow the explosive
to burn completely (Alia and Souli, 2006). Accordingly, the
analyst should avoid using cylindrical or spherical meshes in
the explosive region (i.e., a combination of wedge or conical
elements with quadrilateral elements). The elements closest
to the origin in these meshes will have disproportional edge
lengths, and the analyses will produce lower peak pressures and
impulses at a much larger computational cost than a model
with only quadrilateral elements in the explosive region.

Computational fluid dynamics analyses often employ
“tracers,” which are the analytical equivalent of pressure
gauges, to track variations in pressure over the duration of
an analysis, and the mesh dimensions and fineness around
these tracers greatly influence the computed results. Thus, in
addition to mesh requirements for the explosive region and
for the model as a whole, 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 the blast wave will
reflect off a target, the 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, if the mesh is too coarse
around tracers located on a target, two different tracers at dif-
ferent locations on the same target with different clearing times
and angles of incidence may record identical pressure–time
histories because they reside within the same element. In fact,
a simulation may not be able to detect the difference between,
for example, a square column and a circular column at the
same standoff when the element edge length at the face of the
columns is greater than the width of the columns (i.e., the front
faces of the columns completely reside within the width of
one element). Thus, an airblast model needs a very fine mesh
in the target region when tracers are present, with several
elements across the width and along the length of a target, to
accurately capture clearing effects and the differences in pres-
sure along the face of a target.

While the mesh size is a well-established and documented
variable that influences the accuracy of an explosion simula-
tion, the mesh shape alone also plays an important role. 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 spherical mesh is most
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appropriate for a spherical burst, and likewise, a cylindrical
mesh is most appropriate for a cylindrical burst. A non-uniform
mesh may not allow the pressure to equilibrate perpendicular
to the shock front, and a pressure differential can occur between
elements as shown in Figures 88 and 89. These two simula-
tions represent similar explosions while using two different
meshes. The mesh in Figure 88 is a symmetrical wedge from
a uniform cylindrical mesh, and the mesh in Figure 89 is a
symmetrical wedge with a mesh that has a transition to main-
tain a finer mesh in the region around a target. (The target is
not shown in the figure.) The different shades represent pres-
sure 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 88 shows a uniform spherical blast wave,

and the pressure in this model is in equilibrium perpendicular
to the direction of flow. Figure 89 shows distortion in the blast
wave perpendicular to the direction of flow, and this distortion
is evident in the variation in shading seen in the shock front.
The concentration of darker shading 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 has to distribute fluid among uneven element widths,
and as a result, coarse mesh regions lose pressure and do not
have accurate results. 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 in computing pressure and energy

Figure 88. Isosurfaces of blast pressures in a uniform mesh.

Figure 89. Isosurfaces of blast pressures in a non-uniform mesh.
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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. 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 region should employ only quadrilateral elements
with similar proportions, even if the air mesh is cylindrical
or spherical.

The selected time step is another important parameter that
the analyst must specify. While the results of this research do
not necessarily show that continually decreasing the time step
will always increase the accuracy of a model, the literature
states that smaller time steps generally lead to more accurate
results than models with larger time steps, albeit while com-
promising computational efficiency (Knight et al., 2004). The
analyst should always conduct a study to determine the sen-
sitivity of an analysis to the time step, and the optimum time
step should be used.

Strategies do exist to achieve adequate mesh fineness while
eliminating the need to construct cost-prohibitive model
geometries. One such method is an adaptive mesh, which
automatically contracts in regions of high pressure gradients,
such as around a shock front. While this method can prevent
costly mesh geometries by allowing a coarse mesh to auto-
matically subdivide into a fine mesh in regions where cal-
culations are important, the adaptive mesh algorithm can
significantly increase the computational time of the analysis.
Accordingly, there is a trade-off in efficiency between using an
adequately fine mesh that is uniform with one that employs an
initially coarse mesh and mesh refinement. The appropriate
alternative will depend on the specifics of the model being
solved. Symmetry is another strategy to achieve adequate mesh
fineness without compromising cost. Symmetry in an airblast
model can mean cubic, cylindrical, or spherical fractions as
appropriate, and an example of cylindrical symmetry is shown
in Figure 88. Regardless of the mesh shape and size chosen
for a given application, the analyst should always consider
symmetry as a useful resource to reduce computational cost.
While employing symmetry is commonly used whenever
possible, perfect reflecting surfaces do not exist in real scenarios,
and an analysis that employs symmetry may produce results
that do not compare well to high-explosive detonations on or
near deformable surfaces (e.g., the earth).

The term “explosive burn” commonly refers to the procedure
of analytically simulating the burning of a high-explosive
material to produce high-pressure gaseous detonation prod-
ucts. While the explosive burn modeling technique varies
depending on the finite element code of choice, a common
implementation involves one or more mathematical equations
that essentially expand the explosive material at a high rate to

the pressure, volume, and density of the gaseous detonation
products. The explosive burn is the most computationally
demanding aspect of a free-field airblast simulation because the
mesh in the explosive region needs to be very fine for suitably
accurate results, and a strategy to reduce the computational
demand of a model is to eliminate the need to repetitively burn
the explosive material during an analysis. To that end, it is
possible in some cases to burn the explosive with one model
and then remap the shock front onto a separate mesh. While
this approach may cost the analyst some additional preparation
time, it can prevent the analyst from rerunning computation-
ally demanding detonation simulations.

While these guidelines will improve the efficiency and
accuracy of modeling high-explosive detonations in finite
element codes, obtaining reliable load predictions from high-
level analyses is challenging. Reproducing experimental results
can be especially challenging, as in many cases it is difficult to
know the exact atmospheric conditions, explosive material
properties, and locations of pressure gauges. Moreover, some
codes may have inherent deficiencies and simplifying assump-
tions built into their calculations, and these deficiencies can
compound during repetitive calculations over numerous time
steps. Thus, prior to endorsing any structural loads obtained
from a finite element analysis, the analyst should always verify
the accuracy of the computational fluid dynamics (CFD)
capabilities within the code of choice by checking free-field
overpressures at a few locations in a model against verifiable
empirical results. The analyst should adjust model variables to
reflect reality as needed, and as a last resort, one can overcome
certain deficiencies and inaccuracies by artificially adjusting
the explosive properties and specifically calibrating the model
to match experimental results. Only analysts with a firm grasp
of high-explosive theory and realistic behavior should attempt
this approach, and those interpreting the results should exer-
cise extreme caution. While adjusted explosive properties may
reproduce accurately part or all aspects of a pressure–time
history at a given point in space and time, altering model input
can compromise the results at other locations within a model,
and the net load throughout the structure being modeled may
not represent reality nor satisfy the intent of the analysis being
performed.

7.4 Concrete Modeling

Several options exist in most finite element codes for
modeling concrete material behavior, and the performance of
each varies depending on the accuracy of the material model,
the implementation within the finite element code, and the
experience of the analyst. Concrete constitutive models used in
finite element analyses should employ at least a two-invariant
formulation and a nonlinear equation-of-state to capture the
nonlinear hardening and softening behavior characteristic of
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concrete, and three-invariant formulations are preferable when
available to correctly model volumetric expansion (Magallanes,
2008). Additionally, past research shows that constant-stress
solid elements produce good results for both static and impact
analyses (Schwer and Malvar, 2005; Gokani, 2006). Regard-
less of the concrete model and element formulation chosen,
however, an analyst should verify the fidelity of that model
by comparing the results of a single element stress analysis to
known theoretical or experimental behavior of the selected
concrete (Magallanes, 2008), and the results from a model of
a complete reinforced concrete structure should show good
correlation with known experimental results prior to trusting
analytical results.

Most concrete structures contain reinforcement, and finite
element models should include the concrete and reinforcing
steel explicitly. Models should employ solid and beam ele-
ments that have displacement functions of the same order.
For example, truss elements are best for rebar when a model
employs constant-stress solid elements for concrete because
both element formulations have linear displacement functions,
thereby guaranteeing displacement compatibility along the
shared element edges. The simplest approach to modeling rebar
is to connect the rebar elements to the concrete elements at
common nodes. Although this method is a simplification
of reality in which potential slip between rebar elements
and concrete elements is ignored, analysts typically choose
this approach because it provides reasonable results for the
preparation time required. This simplification may not be
appropriate in some cases, and models can incorporate addi-
tional aspects of concrete behavior, such as bar slip and rebar
buckling, by using beam element formulations for rebar or
connecting rebar elements to concrete elements using springs.
While including such features may be more representative
of actual behavior, this increase in accuracy comes at a large
preparation and computational cost. In some cases, however,
the flexural resistance of rebar can contribute significantly to
structural response, as when significant spall and breach de-
grades a member cross-section. Finite element models should
include rebar elements with a beam element formulation rather
than a truss element formulation for these cases. In general,
the analyst should first try an analysis with truss elements to
determine if section loss and the flexural resistance of the
reinforcing steel are important.

As with concrete, all steel material property definitions
should consider strain-rate dependent properties when pre-
dicting response to airblast, and two procedures are available
for this purpose. As outlined in Section 2.2.4, the first method
to consider the effect of strain rate on reinforcement properties
involves increasing the yield and ultimate strengths of the
reinforcing steel by applying constant dynamic increase factors
such as those shown in Table 17. While this method is often
acceptable for design because it quickly and easily allows the

computation of conservative material properties for most air-
blast cases, it does not allow an accurate comparison between
member stresses at a given time step and material proper-
ties computed using the strain rate from the same time step.
Therefore, simply applying constant dynamic increase factors
may not be appropriate for some analysis cases. Experimental
studies show that actual material properties vary significantly
with strain rate and continue to increase as the strain rate
increases (Department of the Army, 1990; Tedesco, 1999),
and finite element analyses that include erosion (i.e., removal
of failed elements) need accurate material properties during
each time step to assess the adequacy of each element. Because
both member stresses and actual material properties vary
significantly during an analysis, the application of constant
dynamic increase factors could result in premature or delayed
erosion of some elements. Most general-purpose finite ele-
ment software includes strain-rate dependent material defi-
nitions that are applicable to reinforcing steel, and two of these
are the Johnson-Cook and Cowper-Symonds relationships
(LSTC, 2007). Several recent and past studies illustrate the
use of these relationships for scenarios involving structures
subjected to blast and impact loads (Karagiozova and Jones,
2000; Raftenberg, 1997; Rusinek, 2008; Rushton et al., 2008;
Turhan et al., 2008).

7.5 Coupled Analyses

Coupled analyses are very complex, involving the inter-
action of an Eulerian mesh and a Lagrangian mesh, and the
results can vary widely depending on the user-selected inputs.
To run a coupled analysis, the user must build a model with
a Lagrangian mesh (i.e., typically the structure) overlapping
(but not connected to) an Eulerian mesh (i.e., typically the
fluid) before evacuating the fluid from the Lagrangian mesh.
When the fluid in the Eulerian mesh (i.e., the shock front as
it travels through air in the case of airblast) penetrates the
surface of a Lagrangian structure during a simulation, the
finite element code will move the fluid back to the surface of
the Lagrangian structure and apply a reaction force to the fluid
normal to the surface of the Lagrangian structure. Because
some codes allow modeling of porous surfaces, a user-defined
penalty factor or penalty curve typically governs the amount
of fluid that will leak through the surface of the Lagrangian
mesh, and it also defines the relationship between the depth of
fluid penetration and the resulting force applied to the fluid.
This concept is similar to Hooke’s Law, where the force is equal
to the stiffness multiplied by the displacement. The stiffness
of the coupled surface can be constant or vary linearly, and a
user can increase or decrease the “stiffness” of the coupled
surface by adjusting the penalty factor or penalty curve;
therefore, the solution can vary widely depending on the user
selected inputs. For example, if the analyst sets the penalty

Blast-Resistant Highway Bridges: Design and Detailing Guidelines

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22971


factor too high, the coupled surface can be too “stiff,” and the
shock front will bounce off the Lagrangian surface with too
much momentum (Knight et al., 2004). A penalty factor set
too “low” can result in a large amount of fluid leaking through
the coupled surface. The analyst bears the responsibility of
defining an appropriate penalty factor or penalty curve, and
many models may require calibration with experimental data.
As a result, these problems can be very complex, requiring a
very experienced analyst and reliable empirical data. Thus,
using these models is not advisable unless structural response
will significantly change the flow of the shock front. Detailed
information on coupled analyses is beyond the scope of this
report, as the intention of this chapter is not to provide a tuto-
rial on finite element modeling for such cases. If more detailed
information is desired, the reader should consult the research
literature and the user’s manual of the software being used.

7.6 Summary

This chapter outlines available methods to predict blast loads
on and the resulting response of bridge columns. Methods
that employ single-degree-of-freedom analyses, such as the one
described in this chapter, are valuable for design scenarios
because they yield acceptable accuracy given the uncertainty

of the loads. As a result, they are commonly used by blast
engineers. While these simplified methods are often useful
and desirable, they may not always be appropriate, and the
analyst may wish to use a more advanced procedure. As 
described above, several general-purpose finite element soft-
ware packages have the ability to conduct high-level airblast
and structural response analyses, and the implementation of
explosive modeling, the availability of material constitutive
models, and the analysis procedure employed are different for
each. Thus, while the above sections give general principles for
modeling high-explosive detonation, shock propagation, and
structural response using these codes, the analyst should be
familiar with the capabilities, requirements, and limitations
of the selected software. With proper knowledge and experi-
ence, general-purpose finite element software is a valuable
tool for predicting blast loads and response in advanced design
or research environments. Such load scenarios include cases
with complex geometries, structures for which venting due to
localized failure may drastically reduce loads, and situations
for which the charge weight, explosive properties, and struc-
ture parameters are known or can be reasonably well estimated.
Applicable response scenarios include cases in which localized
failure (i.e., spall or breach) may affect the loading or the global
response of a structure.
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8.1 Overview

This chapter aims to illustrate the design process for rein-
forced concrete highway bridge columns subjected to blast
loads. Each design example combines the prescriptive design
guidelines presented in Chapter 6 and the simplified analysis
guidelines presented in Chapter 7. A design example for a col-
umn in each design category is provided.

8.2 Design Examples

Standard column designs and material properties were se-
lected for the design examples to illustrate the recommended
analysis and design requirements for typical highway bridge
columns exposed to blast loads. The requirements vary depend-
ing on the given threat scenario (scaled standoff) and associ-
ated Design Category A, B, or C.

Columns within Design Category A have a small enough
threat scenario that no additional design checks are required to
withstand the associated blast loads. For columns in Design
Categories B and C, the additional prescriptive design require-
ments include checks on the minimum transverse reinforce-
ment ratio, the location of longitudinal splices, and the type of
anchorage for transverse reinforcement. Additionally, columns
with a threat scenario within Design Category C require a flex-
ural capacity check using a single-degree-of-freedom analysis.
The flexural analysis specifies ductility and flexural rotation
design limits based on the large-scale columns tested during
Phase II of this research program. Specifically, columns with
slight to moderate damage without significant shear damage

were used to select these design limits. Assuming the columns
are at the onset of shear-dominated response, they should have
significant reserve shear capacity beyond these limits. If these
design limits are not met, column performance can be im-
proved by increasing the column size (diameter or width) and
the amount of longitudinal reinforcement.

The analysis procedure for Category C columns uses flex-
ural response as an indicator of shear response, and shear is
not directly calculated. The Phase II tests found that direct
shear capacity (per current codes, i.e., UFC 3-340-01) are not
necessarily indicative of shear performance. Therefore, the
shear check is directly built into the prescriptive design re-
quirements and flexural analysis by the minimum transverse
reinforcement ratio and flexural design limits, respectively.
These limits help ensure that a shear mechanism does not
form at the column base as a result of the large shear demand
caused by close-in blast loads.

For the examples that follow, columns are assumed to be-
have as propped-cantilevers. Actual boundary conditions will
depend on how a column is detailed and connected to the
cap beam or superstructure. Accordingly, expected boundary
conditions should be used for design, and design threat sce-
narios should account for the orientation of the blast relative
to the bridge. If appropriate assumptions for boundary con-
ditions are unclear, end restraints should be assumed and
varied to maximize the response of interest. For the flexural
calculations in the design examples, simple supports can be
conservatively assumed because maximum deformation con-
trols the design.

C H A P T E R  8

Design Examples
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Height  of Burst

Standoff, R

Charge Weight, WTNT

Column

Bent

Given:

Design Threat: (AASHTO LRFD Sections 2.7.2 and 3.15.1)

Hemispherical burst near the ground

Standoff: Rx = 6 ft

Charge Weight (lb TNT): WTNT = 160 lb TNT

Column Parameters:

Non-seismic region

Exterior column of multi-column bent

Support Conditions: Propped Cantilever

Column Cross-Sectional Shape: Shape = “circular” (AASHTO LRFD
Section 2.7.3)

Column Height (between supports): Lo = 18 ft

8.2.1 Design Example 1: Design 
Category C Column

Design Example 1 illustrates the design process for a re-
inforced concrete bridge column in Design Category C. This
example shows a column that must meet all of the proposed 

analysis and design requirements. It details the design pro-
cedure for concrete highway bridge columns exposed to
close-in blast loads according to the AASHTO LRFD guide-
lines recommended in this report. When a threat is given
for a column in a non-seismic region, design the column
accordingly.
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Material Properties:

Concrete Strength: f'c = 4000 psi

Concrete Unit weight: γc = 150 pcf

Concrete Age: Cage = 2 months

Grade 60 Reinforcement

Rebar Modulus of Elasticity: Es = 29000 ksi

Yield Strength: fy = 60 ksi

Dynamic and Material Increase Factors:
(AASHTO LRFD C4.7.6.3)

Strength Increase Factor: KE = 1.10 for concrete and rebar

Age Increase Factor:
KA = 1.15 if Cage ≥ 6

1.10 if 6 > Cage ≥ 0

KA = 1.1

Dynamic Increase Factors:

Stress Type Reinforcing Bars Concrete 

Flexure DIFfl.st = 1.17 DIFfl.con = 1.19

Dynamic Ultimate Compressive Stress for Flexure:

Concrete: f'dc.fl = f'c KA KE DIFfl.con f'dc.fl = 5759.6 psi

Steel: fdy.fl = fy KE DIFfl.st fdy.fl = 77.2 ksi

Determine Design Category for design requirements. (AASHTO LRFD Section 4.7.6.2)

Scaled Standoff:
(Eqn 4.7.6.2-1)

Z =
Rx

WTNT

1

3

Z = 1.1 ft/lb1/3

DesignCategory “A” if Z > 3

“B” if 1.5 < Z ≤ 3

“C” if 0.5 < Z ≤ 1.5

“not recommended” if Z ≤ 0.5

= DesignCategory = “C”

According to the Section 4.7.6.2 of the design guidelines, columns in Design Category C need
to follow the prescriptive detailing and design requirements in Sections 5.10.11.4.1c - e,
5.10.12.3, and 5.10.2.3.
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Column Parameters:

Column Diameter: D = 36 in.

Concrete Clear Cover: cover = 2 in.

Area of Longitudinal Reinf.: 10 #9 bars dl.b = 1.128 in.

As = 10 1.00 in.2 As = 10 in.2

Type of Transverse Reinf.: #6 bars dv.b = 0.75 in.

Type = “hoops”

Spacing/pitch of Transverse Reinf.: scc = 4 in.

Area of Shear Reinf. Bar: Av.bar = 0.44 in.2

Cross-Section Properties:

Gross Column Area: Ag = π
D

2

2

Ag = 1017.9 in.2 

Area of Column Core:
Ac = π

D − 2 cover

2

2

Ac = 804.2 in.2 

Effective depth: deff = 0.8 D deff =  28.8 in. 

Longitudinal Reinforcement Ratio: ρL = 
As

Ag

Volumetric Reinforcement Ratio: ρs = 
4 Av.bar

scc (D − 2 cover)

ρL = 0.982% 

ρs = 1.375% 

Determine Moment Capacity of Column:
(AASHTO LRFD 5.8.2.9)

Diameter of circle passing through longitudinal reinforcement:

Dr = D − 2 cover − 2 dv.b − dl.b Dr = 29.4 in.

Effective moment arm: dv = max 0.72 D, 0.9
D

2

Dr

π
+ dv = 25.9 in.

Moment Capacity: Mn =
As

2
fdy.fl dv Mn = 834 kip ft
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Check AASHTO LRFD Design and Detailing Requirements:

Minimum Transverse Reinforcement Ratio:
(AASHTO LRFD 5.10.12.3)

ρs.min = 0.45
Ag

Ac
1−

f'c

fy
if DesignCategory = “A”

0.12
f'c

fy
if DesignCategory = “B”

1.5 0.12
f'c

fy
if DesignCategory = “C”

ρs.min = 1.2%

RatioCheck = “Transverse Reinf. okay” if ρs ≥ ρs.min

“increase amount transverse reinf.” if ρs < ρs.min

RatioCheck = “Transverse Reinf. okay”

Longitudinal Splice Location: 
(AASHTO LRFD 5.12.13.4)

End Region: 
(AASHTO LRFD 5.10.11.4.1c) EndRegion = max D, 

1

6
Lo, 18 in. EndRegion = 36 in.

Minimum Height of Longitudinal Splices above the ground or lower deck:

SpliceHeight = “no requirements” if DesignCategory = “A”

EndRegion if DesignCategory = “B”

max (12 ft, EndRegion) if DesignCategory = “C”

SpliceHeight = 12 ft

Type of Transverse Reinforcement:

According to AASHTO LRFD 5.10.2.3, transverse reinforcement should consist of
continuous spiral reinforcement or discrete hoops with adequate anchorage.

Anchorage = “Typical Hook” if DesignCategory = “A”

“Seismic Hook” if DesignCategory = “B”

“Blast Hook” if DesignCategory = “C”

Anchorage = “Blast Hook”

6db

Typical Hook Seismic Hook Blast Hook
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Flexural Capacity Check: (AASHTO LRFD 4.7.6.3)

Use BEL to determine equivalent uniform pressure, equivalent impulse and duration for given
threat scenario.

Assumptions for BEL analysis:
- Airblast on Columns
- Do not use BlastX
- Target size equal column size
- Charge is on the ground
- Target is supported on Top & Bottom

BEL Equivalent Pressure: PBEL = 1784 psi

BEL Equivalent Impulse: IBEL = 466.5 psi ms

BEL Duration: tBEL =
2IBEL

PBEL
tBEL = 0.523 ms

Use Single-Degree-of-Freedom Analysis (SBEDS) to determine rotation and ductility.

The column will be designed as an independent uncoupled member.

SBED assumptions:
- Concrete Beam-Column Analysis
- Propped Cantilever Supports, uniform load, flexure only
- Column Spacing = effective diameter
- Use equivalent pressure and duration from BEL
- 2% damping
- use dynamic material strengths

SBEDS Rotation: θSBEDS = 0.14 deg

SBEDS Ductility: μSBEDS = 1.6

RotationCheck = “rotation okay” if θSBEDS ≤ 1.0 deg

“increase column size” if θSBEDS > 1.0 deg

DuctilityCheck = “ductility okay” if μSBEDS ≤ 15

“increase area of long. reinf.” if μSBEDS > 15

RotationCheck = “rotation okay”

DuctilityCheck = “ductility okay”
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Example 1 Design Summary:

Design Threat:

Standoff: Rx = 6 ft

Charge Weight (lb TNT): WTNT = 160 lb TNT

Scaled Standoff: Z = 1.1  ft/lb1/3

DesignCategory = “C”

Column Parameters:

Non-seismic region

Support Conditions: Propped Cantilever

Column Cross-Sectional Shape: Shape = “circular”

Column Height (between supports): LO = 18 ft

Column Diameter: D = 36 in.

Concrete Clear Cover: cover = 2 in.

Material Properties:

Concrete Strength: f'c = 4000 psi

Yield Strength: fy = 60 ksi

Longitudinal Reinforcement:

Area of Longitudinal Reinf.: 10 #9 bars

Longitudinal Reinforcement Ratio: ρL = 0.982%

Minimum Height Long. Splice: SpliceHeight = 12 ft

Transverse Reinforcement:

Type of Transverse Reinf.: #6 bars Type = “hoops”

Anchorage = “Blast Hook”

Spacing/pitch of Transverse Reinf.: scc = 4 in.

Volumetric Reinforcement Ratio: ρs = 1.375%

RatioCheck = “Transverse Reinf. okay”
Flexural Capacity Check:

RotationCheck = “rotation okay”

DuctilityCheck = “ductility okay”
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Height  of Burst

Standoff, R

Charge Weight, WTNT

Column

Bent

Given:

Design Threat: (AASHTO LRFD Sections 2.7.2 and 3.15.1)

Hemispherical burst near the ground

Standoff: Rx = 15 ft

Charge Weight (lb TNT): WTNT = 5000 lb TNT

Column Parameters:

Non-seismic region

Exterior column of multi-column bent

Support Conditions: Propped Cantilever

Column Cross-Sectional Shape: Shape = “circular” (AASHTO LRFD
Section 2.7.3)

Column Height (between supports): Lo = 18 ft

8.2.2 Design Example 2: Design 
Category C Column

Design Example 2 takes into consideration the response of
the reinforced concrete bridge column in Design Example 1
for a larger threat within Design Category C. For the condi-
tions assumed, the column must be redesigned to meet all 

applicable criteria. This example illustrates a column that
must meet all of the proposed analysis and design require-
ments for a large charge weight. It details the design proce-
dure for concrete highway bridge columns exposed to close-
in blast loads according to the AASHTO LRFD guidelines
recommended in this report. Redesign the column in Design
Example 1 for a larger threat.
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Material Properties:

Concrete Strength: f'c = 4000 psi

Concrete Unit weight: γc = 150 pcf

Concrete Age: Cage = 2 months

Grade 60 Reinforcement

Rebar Modulus of Elasticity: Es = 29000 ksi

Yield Strength: fy = 60 ksi

Dynamic and Material Increase Factors:
(AASHTO LRFD C4.7.6.3)

Strength Increase Factor: KE = 1.10 for concrete and rebar

Age Increase Factor:
KA = 1.15 if Cage ≥ 6

1.10 if 6 > Cage ≥ 0

KA = 1.1

Dynamic Increase Factors:

Stress Type Reinforcing Bars Concrete 

Flexure DIFfl.st = 1.17 DIFfl.con = 1.19

Dynamic Ultimate Compressive Stress for Flexure:

Concrete: f'dc.fl = f'c KA KE DIFfl.con f'dc.fl = 5759.6 psi

Steel: fdy.fl = fy KE DIFfl.st fdy.fl = 77.2 ksi

Determine Design Category for design requirements. (AASHTO LRFD Section 4.7.6.2)

Scaled Standoff:
(Eqn 4.7.6.2-1)

Z =
Rx

WTNT

1

3

Z = 1.1 ft/lb1/3

DesignCategory “A” if Z > 3

“B” if 1.5 < Z ≤ 3

“C” if 0.5 < Z ≤ 1.5

“not recommended” if Z ≤ 0.5

= DesignCategory = “C”

According to the Section 4.7.6.2 of the design guidelines, columns in Design Category C need
to follow the prescriptive detailing and design requirements in Sections 5.10.11.4.1c - e,
5.10.12.3, and 5.10.2.3.
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Column Parameters:

Column Diameter: D = 36 in.

Concrete Clear Cover: cover = 2 in.

Area of Longitudinal Reinf.: 10 #9 bars dl.b = 1.128 in.

As = 10 1.00 in.2 As = 10 in.2

Type of Transverse Reinf.: #6 bars dv.b = 0.75 in.

Type = “hoops”

Spacing/pitch of Transverse Reinf.: scc = 4 in.

Area of Shear Reinf. Bar: Av.bar = 0.44 in.2

Cross-Section Properties:

Gross Column Area: Ag = π
D

2

2

Ag = 1017.9 in.2 

Area of Column Core:
Ac = π

D − 2 cover

2

2

Ac = 804.2 in.2 

Effective depth: deff = 0.8 D deff =  28.8 in. 

Longitudinal Reinforcement Ratio: ρL = 
As

Ag

Volumetric Reinforcement Ratio: ρs = 
4 Av.bar

scc (D − 2 cover)

ρL = 0.982% 

ρs = 1.375% 

Determine Moment Capacity of Column:
(AASHTO LRFD 5.8.2.9)

Diameter of circle passing through longitudinal reinforcement:

Dr = D − 2 cover − 2 dv.b − dl.b Dr = 29.4 in.

Effective moment arm: dv = max 0.72 D, 0.9
D

2

Dr

π
+ dv = 25.9 in.

Moment Capacity: Mn =
As

2
fdy.fl dv Mn = 834 kip ft
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Check AASHTO LRFD Design and Detailing Requirements:

Minimum Transverse Reinforcement Ratio:
(AASHTO LRFD 5.10.12.3)

ρs.min = 0.45
Ag

Ac
1−

f'c

fy
if DesignCategory = “A”

0.12
f'c

fy
if DesignCategory = “B”

1.5 0.12
f'c

fy
if DesignCategory = “C”

ρs.min = 1.2%

RatioCheck = “Transverse Reinf. okay” if ρs ≥ ρs.min

“increase amount transverse reinf.” if ρs < ρs.min

RatioCheck = “Transverse Reinf. okay”

Longitudinal Splice Location: 
(AASHTO LRFD 5.12.13.4)

End Region: 
(AASHTO LRFD 5.10.11.4.1c) EndRegion = max D, 

1

6
Lo, 18 in. EndRegion = 36 in.

Minimum Height of Longitudinal Splices above the ground or lower deck:

SpliceHeight = “no requirements” if DesignCategory = “A”

EndRegion if DesignCategory = “B”

max (12 ft, EndRegion) if DesignCategory = “C”

SpliceHeight = 12 ft

Type of Transverse Reinforcement:

According to AASHTO LRFD 5.10.2.3, transverse reinforcement should consist of
continuous spiral reinforcement or discrete hoops with adequate anchorage.

Anchorage = “Typical Hook” if DesignCategory = “A”

“Seismic Hook” if DesignCategory = “B”

“Blast Hook” if DesignCategory = “C”

Anchorage = “Blast Hook”

6db

Typical Hook Seismic Hook Blast Hook
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Flexural Capacity Check: (AASHTO LRFD 4.7.6.3)

Use BEL to determine equivalent uniform pressure, equivalent impulse and duration for given
threat scenario.

Assumptions for BEL analysis:
- Airblast on Columns
- Do not use BlastX
- Target size equal column size
- Charge is on the ground
- Target is supported on Top & Bottom

BEL Equivalent Pressure: PBEL = 6816 psi

BEL Equivalent Impulse: IBEL = 4789 psi ms

BEL Duration: tBEL =
2IBEL

PBEL
tBEL = 1.405 ms

Use Single-Degree-of-Freedom Analysis (SBEDS) to determine rotation and ductility.

The column will be designed as an independent uncoupled member.

SBED assumptions:
- Concrete Beam-Column Analysis
- Propped Cantilever Supports, uniform load, flexure only
- Column Spacing = effective diameter
- Use equivalent pressure and duration from BEL
- 2% damping
- use dynamic material strengths

SBEDS Rotation: θSBEDS = 9.71 deg

SBEDS Ductility: μSBEDS = 108

RotationCheck = “rotation okay” if θSBEDS ≤ 1.0 deg

“increase column size” if θSBEDS > 1.0 deg

DuctilityCheck = “ductility okay” if μSBEDS ≤ 15

“increase area of long. reinf.” if μSBEDS > 15

RotationCheck = “rotation okay”

DuctilityCheck = “ductility okay”
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Try new column: Note: Only redefined variables are shown below.

Column Parameters:

Column Diameter: D = 60 in.

Area of Longitudinal Reinf.: 26 #14 bars dl.b = 1.693 in.

As = 26 2.25 in.2 As = 58.5 in.2

Cross-Section Properties:

Gross Column Area: Ag = π
D

2

2

Ag = 2827.4 in.2 

Area of Column Core:
Ac = π

D − 2 cover

2

2

Ac = 2463 in.2 

Effective depth: deff = 0.8 D deff =  48 in. 

Longitudinal Reinforcement Ratio: ρL = 
As

Ag
ρL = 2.07 % 

Determine Moment Capacity of Column:
(AASHTO LRFD 5.8.2.9)

Diameter of circle passing through longitudinal reinforcement:

Dr = D − 2 cover − 2 dv.b − dl.b Dr = 52.8 in.

Effective moment arm: dv = max 0.72 D, 0.9
D

2

Dr

π
+ dv = 43.2 in.

Moment Capacity: Mn =
As

2
fdy.fl dv Mn = 8131 kip ft

Flexural Capacity Check: (AASHTO LRFD 4.7.6.3)

Use BEL to determine equivalent uniform pressure, equivalent impulse and duration for given
threat scenario.

BEL Equivalent Pressure: PBEL = 6774 psi

BEL Equivalent Impulse: IBEL = 4752 psi ms

BEL Duration: tBEL =
2IBEL

PBEL
tBEL = 1.403 ms

Use Single-Degree-of-Freedom Analysis (SBEDS) to determine rotation and ductility.

SBEDS Rotation: θSBEDS = 1.0 deg

SBEDS Ductility: μSBEDS = 10.51
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Check AASHTO LRFD Design and Detailing Requirements: 

Minimum Transverse Reinforcement Ratio: 
(AASHTO LRFD 5.10.12.3) 

ρs.min = 0.45 
Ag 

Ac 
1 − 

f'c 

fy 
if DesignCategory = “A” 

0.12 
f'c 

fy 
if DesignCategory = “B” 

1.5 0.12 
f'c 

fy 
if DesignCategory = “C” 

ρs.min = 1.2%

RatioCheck = “Transverse Reinf. okay” if ρs ≥ ρs.min 

“increase amount transverse reinf.” if ρs < ρs.min 

RatioCheck = “Transverse Reinf. okay” 

Recheck Transverse Reinforcement: 

Type of Transverse Reinf.: #7 bars 

Type = “spiral” 

Spacing/pitch of Transverse Reinf.: scc = 3.5 in. 

Area of Shear Reinf. Bar : Av.bar = 0.6 in.2 

Volumetric Reinforcement Ratio : ρs =  
4 Av.bar 

scc (D − 2 cover) 
ρs = 1.22% 

RotationCheck = “rotation okay” if θSBEDS ≤ 1.0 deg 

“increase column size” if θSBEDS > 1.0 deg 

DuctilityCheck = “ductility okay” if μSBEDS ≤ 15 

“increase area of long. reinf.” if μSBEDS > 15 

RotationCheck = “rotation okay” 

DuctilityCheck = “ductility okay” 

dv.b = 0.875 in. 
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Design Summary:

Design Threat:

Standoff: Rx = 15 ft

Charge Weight (lb TNT): WTNT = 5000 lb TNT

Scaled Standoff: Z = 0.88  ft/lb1/3

DesignCategory = “C”

Column Parameters:

Non-seismic region

Support Conditions: Propped Cantilever

Column Cross-Sectional Shape: Shape = “circular”

Column Height (between supports): LO = 18 ft

Column Diameter: D = 60 in.

Concrete Clear Cover: cover = 2 in.

Material Properties:

Concrete Strength: f'c = 4000 psi

Yield Strength: fy = 60 ksi

Longitudinal Reinforcement:

Area of Longitudinal Reinf.: 26 #14 bars

Longitudinal Reinforcement Ratio: ρL = 2.07%

Minimum Height Long. Splice: SpliceHeight = 12 ft

Transverse Reinforcement:

Type of Transverse Reinf.: #7 bars Type = “spiral”

Anchorage = “Blast Hook”

Spacing/pitch of Transverse Reinf.: scc = 3.5 in.

Volumetric Reinforcement Ratio: ρs = 1.224%

RatioCheck = “Transverse Reinf. okay”
Flexural Capacity Check:

RotationCheck = “rotation okay”

DuctilityCheck = “ductility okay”
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8.2.3 Design Example 3: Design 
Category B Column

Design Example 3 illustrates the design changes required
for a column in Design Category B. In this case, the column
design must meet current seismic AASHTO LRFD design
requirements as well as the prescriptive blast design re-
quirements shown. Only the portion of the column design
dealing with blast loads is provided below. Seismic design
requirements need to be checked separately. A single-degree-
of-freedom analysis does not need to be performed for blast-

loaded columns in Category B. Note that the column moment
capacity is computed accounting for dynamic and material
increase factors. While this value would be appropriate for
estimating column capacity for blast loads, it should not be
used to design columns for the controlling seismic loads. It
details the design procedure for concrete highway bridge
columns exposed to close-in blast loads according to the
AASHTO LRFD guidelines recommended in this report. When
a threat is given for a column in a high-seismic region, de-
sign the column accordingly.

Height  of Burst

Standoff, R

Charge Weight, WTNT

Column

Bent

Given:

Design Threat: (AASHTO LRFD Sections 2.7.2 and 3.15.1)

Hemispherical burst near the ground

Standoff: Rx = 10 ft

Charge Weight (lb TNT): WTNT = 275 lb TNT
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Column Parameters:

High-seismic region

Exterior column of multi-column bent

Support Conditions: Propped Cantilever

Column Cross-Sectional Shape: Shape = “circular” (AASHTO LRFD
Section 2.7.3)

Column Height (between supports): Lo = 24 ft

Material Properties:

Concrete Strength: f'c = 4000 psi

Concrete Unit weight: γc = 150 pcf

Concrete Age: Cage = 2 months

Grade 60 Reinforcement

Rebar Modulus of Elasticity: Es = 29000 ksi

Yield Strength: fy = 60 ksi

Dynamic and Material Increase Factors:
(AASHTO LRFD C4.7.6.3)

Strength Increase Factor: KE = 1.10 for concrete and rebar

Age Increase Factor:
KA = 1.15 if Cage ≥ 6

1.10 if 6 > Cage ≥ 0

KA = 1.1

Dynamic Increase Factors:

Stress Type Reinforcing Bars Concrete 

Flexure DIFfl.st = 1.17 DIFfl.con = 1.19

Dynamic Ultimate Compressive Stress for Flexure:

Concrete: f'dc.fl = f'c KA KE DIFfl.con f'dc.fl = 5759.6 psi

Steel: fdy.fl = fy KE DIFfl.st fdy.fl = 77.2 ksi
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Column Parameters:

Column Diameter: D = 36 in.

Concrete Clear Cover: cover = 2 in.

Area of Longitudinal Reinf.: 12 #9 bars dl.b = 1.128 in.

As = 12 1.00 in.2 As = 12 in.2

Type of Transverse Reinf.: #6 bars dv.b = 0.75 in.

Type = “spiral”

Spacing/pitch of Transverse Reinf.: scc = 6 in.

Area of Shear Reinf. Bar: Av.bar = 0.44 in.2

Determine Design Category for design requirements. (AASHTO LRFD Section 4.7.6.2)

Scaled Standoff:
(Eqn 4.7.6.2-1)

Z =
Rx

WTNT

1

3

Z = 1.54 ft/lb1/3

DesignCategory “A” if Z > 3

“B” if 1.5 < Z ≤ 3

“C” if 0.5 < Z ≤ 1.5

“not recommended” if Z ≤ 0.5

= DesignCategory = “B”

According to the Section 4.7.6.2 of the design guidelines, columns in Design Category C need
to follow the prescriptive detailing and design requirements in Sections 5.10.11.4.1c - e, and 
5.10.2.3.
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Cross-Section Properties: 

Gross Column Area: Ag = π 
D 

2 

2 

Ag = 1017.9 in.2  

Area of Column Core: 
Ac = π 

D − 2 cover 

2 

2 

Ac = 804.2 in.2  

Effective depth: deff = 0.8 D deff =  28.8 in.  

Longitudinal Reinforcement Ratio : ρL =  
As 

Ag 

Volumetric Reinforcement Ratio : ρs =  
4 Av.bar 

scc (D − 2 cover) 

ρL = 1.18 %  

ρs = 0.917% 

Determine Moment Capacity of Column: 
(AASHTO LRFD 5.8.2.9) 

Diameter of circle passing through longitudinal reinforcement : 

Dr = D − 2 cover − 2 dv.b − dl.b Dr = 29.4 in. 

Effective moment arm: dv = max 0.72 D, 0.9 
D 

2 

Dr 

π 
+ dv = 25.9 in. 

Moment Capacity : Mn = 
As 

2 
fdy.fl dv M n = 1001 kip ft
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Check AASHTO LRFD Design and Detailing Requirements:

Minimum Transverse Reinforcement Ratio:
(AASHTO LRFD 5.10.12.3)

ρs.min = 0.45
Ag

Ac
1−

f'c

fy
if DesignCategory = “A”

0.12
f'c

fy
if DesignCategory = “B”

1.5 0.12
f'c

fy
if DesignCategory = “C”

ρs.min = 0.8%

RatioCheck = “Transverse Reinf. okay” if ρs ≥ ρs.min

“increase amount transverse reinf.” if ρs < ρs.min

RatioCheck = “Transverse Reinf. okay”

Longitudinal Splice Location: 
(AASHTO LRFD 5.12.13.4)

End Region: 
(AASHTO LRFD 5.10.11.4.1c) EndRegion = max D, 

1

6
Lo, 18 in. EndRegion = 48 in.

Minimum Height of Longitudinal Splices above the ground or lower deck:

SpliceHeight = “no requirements” if DesignCategory = “A”

EndRegion if DesignCategory = “B”

max (12 ft, EndRegion) if DesignCategory = “C”

SpliceHeight = 4 ft

Type of Transverse Reinforcement:

According to AASHTO LRFD 5.10.2.3, transverse reinforcement should consist of
continuous spiral reinforcement or discrete hoops with adequate anchorage.

Anchorage = “Typical Hook” if DesignCategory = “A”

“Seismic Hook” if DesignCategory = “B”

“Blast Hook” if DesignCategory = “C”

Anchorage = “Blast Hook”

6db

Typical Hook Seismic Hook Blast Hook
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Example 3 Design Summary:

Design Threat:

Standoff: Rx = 10 ft

Charge Weight (lb TNT): WTNT = 275 lb TNT

Scaled Standoff: Z = 1.54 ft/lb1/3

DesignCategory = “B”

Column Parameters:

Non-seismic region

Support Conditions: Propped Cantilever

Column Cross-Sectional Shape: Shape = “circular”

Column Height (between supports): LO = 24 ft

Column Diameter: D = 36 in.

Concrete Clear Cover: cover = 2 in.

Material Properties:

Concrete Strength: f'c = 4000 psi

Yield Strength: fy = 60 ksi

Longitudinal Reinforcement:

Area of Longitudinal Reinf.: 12 #9 bars

Longitudinal Reinforcement Ratio: ρL = 1.18%

Minimum Height Long. Splice: SpliceHeight = 4 ft

Transverse Reinforcement:

Type of Transverse Reinf.: #6 bars Type = “spiral”

Anchorage = “Seismic Hook”

Spacing/pitch of Transverse Reinf.: scc = 6 in.

Volumetric Reinforcement Ratio: ρs = 0.917%

RatioCheck = “Transverse Reinf. okay”
Flexural Capacity Check:

SDOF Analysis is not required for Design Category B
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8.2.4 Design Example 4: Design 
Category A Column

Design Example 4 illustrates a column in Design Cate-
gory A; therefore, no special design or analysis guidelines are
required. A column designed for the current AASHTO LRFD 

(2007) is sufficient for the given threat scenario. It details
the design procedure for concrete highway bridge columns
exposed to close-in blast loads according to the AASHTO
LRFD guidelines recommended in this report. When a threat
is given for a column in a non-seismic region, design the col-
umn accordingly.

Height  of Burst

Standoff, R

Charge Weight, WTNT

Column

Bent

Given:

Design Threat: (AASHTO LRFD Sections 2.7.2 and 3.15.1)

Hemispherical burst near the ground

Standoff: Rx = 15 ft

Charge Weight (lb TNT): WTNT = 100 lb TNT

Column Parameters:

Non-seismic region

Exterior column of multi-column bent

Support Conditions: Propped Cantilever

Column Cross-Sectional Shape: Shape = “circular” (AASHTO LRFD
Section 2.7.3)

Column Height (between supports): Lo = 18 ft
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Material Properties:

Concrete Strength: f'c = 4000 psi

Concrete Unit weight: γc = 150 pcf

Concrete Age: Cage = 2 months

Grade 60 Reinforcement

Rebar Modulus of Elasticity: Es = 29000 ksi

Yield Strength: fy = 60 ksi

Dynamic and Material Increase Factors:
(AASHTO LRFD C4.7.6.3)

Strength Increase Factor: KE = 1.10 for concrete and rebar

Age Increase Factor:
KA = 1.15 if Cage ≥ 6

1.10 if 6 > Cage ≥ 0

KA = 1.1

Dynamic Increase Factors:

Stress Type Reinforcing Bars Concrete 

Flexure DIFfl.st = 1.17 DIFfl.con = 1.19

Dynamic Ultimate Compressive Stress for Flexure:

Concrete: f'dc.fl = f'c KA KE DIFfl.con f'dc.fl = 5759.6 psi

Steel: fdy.fl = fy KE DIFfl.st fdy.fl = 77.2 ksi

Determine Design Category for design requirements. (AASHTO LRFD Section 4.7.6.2)

Scaled Standoff:
(Eqn 4.7.6.2-1)

Z =
Rx

WTNT

1

3

Z = 3.23 ft/lb1/3

DesignCategory = “A” if Z > 3

“B” if 1.5 < Z ≤ 3

“C” if 0.5 < Z ≤ 1.5

“not recommended” if Z ≤ 0.5

DesignCategory = “A”

According to the Section 4.7.6.2 of the design guidelines, columns in Design Category A
do not need to follow any additional guidelines for blast.
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Column Parameters:

Column Diameter: D = 36 in.

Concrete Clear Cover: cover = 2 in.

Area of Longitudinal Reinf.: 10 #9 bars dl.b = 1.128 in.

As = 10 1.00 in.2 As = 10 in.2

Type of Transverse Reinf.: #6 bars dv.b = 0.75 in.

Type = “hoops”

Spacing/pitch of Transverse Reinf.: scc = 6 in.

Area of Shear Reinf. Bar: Av.bar = 0.44 in.2 Av.bar = 0.44 in.2

Cross-Section Properties:

Gross Column Area: Ag = π
D

2

2

Ag = 1017.9 in.2 

Area of Column Core:
Ac = π

D − 2 cover

2

2

Ac = 804.2 in.2 

Effective depth: deff = 0.8 D deff =  28.8 in. 

Longitudinal Reinforcement Ratio: ρL = 
As

Ag

Volumetric Reinforcement Ratio: ρs = 
4 Av.bar

scc (D − 2 cover)

ρL = 0.98% 

ρs = 0.917% 

Determine Moment Capacity of Column:
(AASHTO LRFD 5.8.2.9)

Diameter of circle passing through longitudinal reinforcement:

Dr = D − 2 cover − 2 dv.b − dl.b Dr = 29.4 in.

Effective moment arm: dv = max 0.72 D, 0.9
D

2

Dr

π
+ dv = 25.9 in.

Moment Capacity: Mn =
As

2
fdy.fl dv Mn = 834 kip ft
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Check AASHTO LRFD Design and Detailing Requirements:

Minimum Transverse Reinforcement Ratio:
(AASHTO LRFD 5.10.12.3)

ρs.min = 0.45
Ag

Ac
1−

f'c

fy
if DesignCategory = “A”

0.12
f'c

fy
if DesignCategory = “B”

1.5 0.12
f'c

fy
if DesignCategory = “C”

ρs.min = 0.797%

RatioCheck = “Transverse Reinf. okay” if ρs ≥ ρs.min

“increase amount transverse reinf.” if ρs < ρs.min

RatioCheck = “Transverse Reinf. okay”

Longitudinal Splice Location: 
(AASHTO LRFD 5.12.13.4)

End Region: 
(AASHTO LRFD 5.10.11.4.1c) EndRegion = max D, 

1

6
Lo, 18 in. EndRegion = 36 in.

Minimum Height of Longitudinal Splices above the ground or lower deck:

SpliceHeight = “no requirements” if DesignCategory = “A”

EndRegion if DesignCategory = “B”

max (12 ft, EndRegion) if DesignCategory = “C”

SpliceHeight = “no requirements”

Type of Transverse Reinforcement:

According to AASHTO LRFD 5.10.2.3, transverse reinforcement should consist of
continuous spiral reinforcement or discrete hoops with adequate anchorage.

Anchorage = “Typical Hook” if DesignCategory = “A”

“Seismic Hook” if DesignCategory = “B”

“Blast Hook” if DesignCategory = “C”

Anchorage = “Blast Hook”

6db

Typical Hook Seismic Hook Blast Hook
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Design Summary:

Design Threat:

Standoff: Rx = 15 ft

Charge Weight (lb TNT): WTNT = 100 lb TNT

Scaled Standoff: Z = 3.23 ft/lb1/3

DesignCategory = “A”

Column Parameters:

Non-seismic region

Support Conditions: Propped Cantilever

Column Cross-Sectional Shape: Shape = “circular”

Column Height (between supports): LO = 18 ft

Column Diameter: D = 36 in.

Concrete Clear Cover: cover = 2 in.

Material Properties:

Concrete Strength: f'c = 4000 psi

Yield Strength: fy = 60 ksi

Longitudinal Reinforcement:

Area of Longitudinal Reinf.: 12 #9 bars

Longitudinal Reinforcement Ratio: ρL = 0.98%

Minimum Height Long. Splice: SpliceHeight = “no requirements”

Transverse Reinforcement:

Type of Transverse Reinf.: #6 bars Type = “hoops”

Anchorage = “Typical Hook”

Spacing/pitch of Transverse Reinf.: scc = 6 in.

Volumetric Reinforcement Ratio: ρs = 0.917%

RatioCheck = “Transverse Reinf. okay”
Flexural Capacity Check:

SDOF Analysis is not required for Design Category A

8.3 Summary

A total of four design examples were presented in this
chapter. The primary purpose of these examples was to illus-
trate the use of the analysis and design provisions developed 

during the course of the research conducted under NCHRP
Project 12-72. A summary of the work completed on this proj-
ect and recommendations for future research are provided in
the next chapter.
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9.1 Summary of Research Program

Past terrorist events consisting primarily of explosive at-
tacks, including 60% of those against highway infrastructure
between 1920 and 2000 (Jenkins and Gersten, 2001), highlight
the need for blast-resistant structures. Although the chances
of a terrorist attack against most structures are typically as-
sumed to be very small, the economic and socio-economic
consequences can be extremely high. Therefore, the National
Cooperative Highway Research Program funded NCHRP
Project 12-72 (Blast-Resistant Highway Bridges: Design and
Detailing Guidelines) to address this concern. The results of
this research program are described in this report.

Columns provide the main support for nearly all bridges
independent of the type of superstructure, and as such they
play a major role in the response of bridges to explosions.
The loss of a column will most likely lead to the loss of a
bridge’s integrity. Thus, to implement the design of bridges
for security, there was a need for experimental and analyt-
ical research on blast-loaded bridge columns to evaluate the
effectiveness of current blast-resistant design guidelines for
buildings applied to bridges and to assess whether or not
bridge seismic detailing can provide adequate protection for
blast-loaded bridges. Furthermore, there was a need to develop
new design and detailing guidelines tailored specifically for
bridges subjected to explosions, and the main goals of this
research were as follows:

• Investigate the response of concrete bridge columns sub-
jected to blast loads,

• Develop blast-resistant design and detailing guidelines for
highway bridge columns, and

• Develop analytical models of blast-load distribution and
the resulting column response that are validated by exper-
imental data.

The research program included two different phases of
testing. In Phase I, small-scale blast tests on square and round

non-responding columns were carried out near Vicksburg,
MS, with support provided by the Engineering Research
and Development Center of the U.S. Army Corps of Engi-
neers. These tests were critical for determining how loads
interact with slender structural components, and they pro-
vided valuable data on how blast pressures vary with time
and position at various locations on the tested columns
under a variety of blast scenarios. In Phase II, large-scale blast
tests were performed at a remote testing site in central Texas
by the University of Texas at Austin with the help of Protec-
tion Engineering Consultants and the Southwest Research
Institute.

The Phase II test program included the fabrication of ten
half-scale columns with five main test variables, designed to
represent a national survey of current bridge column specifi-
cations and the AASHTO LRFD Bridge Design Specifications
(2007). Seismic design and detailing provisions were used
in designing one column, while two columns included new
blast-resistant design details.

Ten half-scale, small standoff and six half-scale, local dam-
age blast tests were completed in this phase of the experi-
mental program (six columns were tested twice). The goal
of the small standoff tests was to observe the mode of failure
(i.e., flexure or shear) for eight different column designs. The
objective of the local damage tests was to observe the spall and
breach patterns of blast-loaded concrete columns. Each blast
test evaluated the relative importance of the five main test vari-
ables, including scaled standoff, column geometry, amount of
transverse reinforcement, type of transverse reinforcement,
and splice location. The columns were instrumented with six
strain gauges that collected data during the small standoff
tests. Strain data were used to verify boundary conditions and
blast-load distribution for each small standoff test. The ex-
perimental observations and strain data were used to develop
design and detailing guidelines for blast-loaded reinforced
concrete highway bridge columns.

C H A P T E R  9

Summary, Conclusions, and Recommendations
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Complementing the experimental testing program, ana-
lytical research to model the response of blast-loaded bridge
columns was carried out at various levels of fidelity through-
out the research program. Models included simplified meth-
ods for predicting loads, such as design charts and equations,
as well as software provided by the U.S. Army Corps of Engi-
neers (BEL). Simplified methods of response modeling con-
sisted primarily of single-degree-of-freedom dynamic analyses.
These simplified load and response models established the
foundation for the recommended design procedure. Aside
from these models, detailed finite element models were utilized
to represent specific tests within the experimental program.
Once these high-fidelity models were validated, parametric
studies were carried out to extend the results beyond the range
of parameters that could be tested physically. Finally, compil-
ing the results of the analytical models and collected test data,
design and detailing provisions were proposed.

9.2 Conclusions and
Recommendations

The conclusions and recommendations presented herein
are based on the experimental evidence and numerical sim-
ulation results gathered during the course of this research
study. The primary conclusions leading to the proposed blast-
resistant design and detailing guidelines for highway bridge
columns are summarized in the subsections below.

9.2.1 Summary of Small Standoff Blast Tests

The small standoff tests enabled the observation of the mode
of failure for eight different concrete column designs for vari-
ous blast-load scenarios. During the small standoff tests, three
columns exhibited significant shear deformations at the base,
including Columns 1A2, 3A, and 3-Blast. The other seven
columns experienced a combination of shear and flexural
cracking and exhibited less significant shear deformations at
the base. The most common mode of failure was shear; how-
ever, the majority of columns had adequate shear capacity, ex-
perienced essentially no spall or breach, and were very robust.

Column 1A2, an 18-in. circular gravity column, experi-
enced a shear failure at the base; however, by increasing the
standoff (1A1) or using continuous spiral reinforcement (1B),
the column’s response to close-in blast loads improved. Col-
umn 1A1, identical to Column 1A2, was tested at a larger stand-
off distance than Column 1A2 and experienced only minor
damage. Continuous spiral reinforcement also improved the
column response to close-in blast loads as demonstrated by
the performance of Column 1B. One finding from the exper-
imental test program is that, in cases where spiral reinforce-
ment is not used, discrete ties can be made to perform well if
adequate anchorage is provided.

The 30-in. diameter blast-detailed column (2-Blast) was
exposed to a more intense loading than its less reinforced
counterparts while experiencing a similar response. Thus, given
the same blast loading scenario, the circular blast-detailed col-
umn would be expected to perform better than the respective
gravity or seismic columns. The 30-in. square blast-detailed
column (3-Blast) experienced extensive shear deformation
at the base; however, it required very large loads to achieve
this level of damage. Therefore, the square column with blast-
resistant reinforcing details would be expected to perform
better than other columns that had less reinforcement when
tested at similar loads.

9.2.2 Summary of Local Damage Tests

The local damage tests allowed the observation of spall and
breach patterns of blast-loaded concrete columns. Only two
of the six columns (1A1 and 2A2) experienced a complete
breach. Columns 2A1 and 2B experienced a significant loss of
the concrete core, while the remaining two columns stayed
intact. Column 2-Blast and 3A exhibited spalling of the side
concrete cover, which was not initially expected.

9.2.3 Summary of Design Guidelines

The intent of the design categories proposed under this re-
search is to provide adequate detailing for bridge columns as
the structural demand and design threat increase. All columns
tested in this experimental program fell into Design Cate-
gory C (i.e., significant threat scenario) and experienced a
range of damage levels depending on the scaled standoff.
Columns with a small scaled standoff were exposed to a severe
blast load that resulted in the formation of plastic hinges,
spalling of concrete cover, and in some cases, total breach
of the column. Decreasing the design threat by providing
sufficient standoff distance from bridge columns is a safe
alternative to increasing the design category and detailing
requirements. In general, a higher scaled standoff requires less
stringent detailing requirements because of the lower inten-
sity of the blast loading.

One of the best ways to decrease the design loads (and hence
the design category) is to increase the standoff distance with
physical deterrents such as bollards, security fences, and vehi-
cle barriers. Maximizing the standoff distance is the easiest
and often the least costly method to achieve the appropri-
ate level of protection for a bridge. Therefore, if access to
the columns is sufficiently limited, the design standoff dis-
tance can be increased, which will decrease the effects of blast
loads on the columns and the associated design category.
When standoff distance is not available to avoid Design Cate-
gory C, the design and detailing provisions described below
should be met.
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To the extent practical, the cross-sectional shape of a blast-
loaded column should be selected to minimize the intensity
of the blast load. Cross-sectional shape affects how a blast
load interacts with a column. The use of a circular column
is an effective way of decreasing the blast pressure and im-
pulse relative to a square or rectangular column of the same
size, and the decrease in impulse can be up to 34% for small
scaled standoffs. Therefore, the use of a circular column
cross-section over a square cross-section is recommended.
With proper detailing, however, columns with rectangular
and square cross-sections can be made to be blast resistant.

The cross-sectional dimensions of a column also have a
major impact on column capacity in the case of a close-in blast,
and this parameter controls the onset of a breaching failure.
Consequently, a minimum column diameter of 30 in. is rec-
ommended for columns subjected to close-in blast loads.

Experimental observations show that continuous spiral re-
inforcement performs better than discrete hoops with standard
hooks for small standoff threats. To avoid anchorage pullouts
and to improve the performance of blast-loaded columns with
discrete hoops or ties, longer hook lengths than currently
specified should be used. Also, to improve the energy absorp-
tion and dissipation capacity of potential plastic hinges, the
minimum amount of confinement reinforcement should
be increased by 50% over that which is currently specified for
seismic designs in the current AASHTO LRFD (2007). This
increased level of detailing should extend over the entire col-
umn height to help account for the variability associated with
different threat scenarios.

The splicing of longitudinal reinforcement should be
avoided when feasible. Locating splices away from contact
charges can help minimize localized blast damage. As stated
previously in the report, it is not possible to design all bridge
columns to resist all possible threats. An acceptable level of
risk must be accepted for these extreme load cases. If a large
enough quantity of explosive is placed close enough to a
bridge column, failure is to be expected.

9.3 Recommendations 
for Future Work

The recommendations for blast-resistant design and detail-
ing of reinforced concrete highway bridge columns proposed
in this research were based on experimental data gathered
during a two-phase testing program and detailed analytical
studies. It is desirable to obtain additional experimental data
that can be used to further validate the proposed recommen-
dations. Also, more research is needed to better understand the
spall and breach patterns for concrete columns subjected to
close-in blasts. Spalling on the column sides was noted in

this experimental program with six half-scale blast tests.
Prior to these tests, columns subjected to close-in blast loads
were assumed to perform similarly to walls, with spalling on
the front and back face.

According to Winget et al. (2004), “Retrofit techniques
should enhance concrete confinement, increase bending resis-
tance and ductility, add protection against breaching, or a com-
bination of these effects.” To improve a column’s response
to blast loads, increasing the amount of transverse steel is a
viable option that will increase a column’s ductility and con-
finement. This added ductility and confinement allows for
the concrete core to stay intact and continue providing sup-
port to the superstructure once plastic hinging starts to occur.
As the amount of transverse steel increases, however, the ease
of construction decreases. Placement of reinforcing steel
becomes problematic, which increases the probability of voids
in the concrete. To avoid such problems, other blast-resistant
design alternatives that should be considered include the use
of concrete-filled tubes, fiber-reinforced concrete, mechani-
cal couplers at splice locations, and external retrofits.

Concrete-filled steel tubes would eliminate the difficulties in
construction seen with regular reinforced concrete columns.
More research is needed, however, to better understand
connections of these members to the foundation and super-
structure. Bruneau et al. (2006) successfully demonstrated the
applicability of this design approach for blast-loaded columns
tested at a small scale, but additional study is needed to deter-
mine how feasible this approach is for large-diameter columns
for which typical steel shapes are not available. A concrete-
filled tube may be an economical solution if labor is expensive
and steel prices are low. Fiber-reinforced concrete, in combi-
nation with a typical gravity-reinforced column design, may
be a viable alternative to a heavily reinforced concrete column.
Fiber-reinforced concrete aides in the prevention of con-
crete spall by reinforcing concrete away from the location
of reinforcing bars. Additional research is needed, however, to
validate the performance of fiber-reinforced concrete columns
subjected to blast loads and to determine if they provide a cost-
effective option for such load cases.

Mechanical couplers at splice locations in reinforced con-
crete columns subjected to close-in blasts may reduce the
chances of column failure associated with discontinuous
longitudinal reinforcement. According to Zehrt et al. (1998),
“Mechanical splices must be capable of developing the ultimate
dynamic strength of the reinforcement without reducing its
ductility before they can be used in blast resistant concrete
elements.” Therefore, additional blast testing of large-scale
concrete columns with mechanical couplers is recommended.
External retrofits can also be employed to improve the response
of reinforced concrete columns to close-in blasts. The use of
fiber-reinforced polymer wraps and steel jacketing are two
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potential solutions to improve concrete confinement and pro-
tection against spalling and breach.

The research described in this report focused primarily
on the response of reinforced concrete bridge columns, but
additional research on blast-resistant design is needed for other
types of bridge components. It should be noted that the field

of blast-resistant bridge design is relatively new to the general
bridge engineering community, and while the research pre-
sented in this study is believed to advance the state of prac-
tice considerably, much additional research is needed to
mature this field to the current level of the design of bridges
for other types of extreme loads such as earthquakes.
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Ac = area of concrete core (in.2)

Ag = gross cross-sectional area (in.2)

As = area of longitudinal reinforcement (in.2)

Ash = area of transverse reinforcement (in.2)

Av = area of shear reinforcement within a distance s (in.2)

b = effective width of cross section (in.)

c = concrete clear cover (in.)

Cage = age of concrete (months)

d = effective depth of cross section (in.)

db = nominal diameter of reinforcing bar (in.)

dv = effective moment arm (in.)

D = diameter or width (in.)

Dcore = diameter or width of concrete core (in.)

Dr = diameter or width passing through longitudinal reinforcement (in.)

DIF = dynamic increase factor

Es = steel modulus of elasticity (ksi)

fdu = dynamic ultimate strength of reinforcing bars (psi)

fdy = dynamic yield strength of reinforcing bars (psi)

fu = ultimate strength of reinforcing bars (psi)

fy = yield strength of reinforcing bars (psi)

f 'c = specified compressive strength of concrete at 28 days (psi)

f 'dc = dynamic compressive strength of concrete (psi)

Fe = force applied to a single-degree-of-freedom system

hc = core dimension of column in the direction under consideration (in.)

H = charge height above ground surface

HT = height of triple point above ground surface

ir = unit positive normal reflected impulse (psi-ms)

is = unit positive incident impulse (psi-ms)

IBEL = BEL equivalent impulse (psi-ms)

Ix = moment of inertia (in.4)

ke = stiffness of a single-degree-of-freedom system

KA = age increase factor for concrete

KE = strength increase factor for concrete and steel

L = height of column (in.)

Lo = column height between supports (in.)

Lw = wavelength of positive phase (ft)

L I S T  O F  V A R I A B L E S
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mo(x) = mass per unit length of a member

Me = mass of a single-degree-of-freedom system

Mn = nominal moment capacity (kip-ft)

MP = plastic moment capacity (kip-ft)

P = applied load (lb)

PBEL = BEL equivalent uniform pressure (psi)

Po = ambient atmospheric pressure (psi)

Pr = peak positive normal reflected pressure (psi)

Ps = peak incident overpressure at Mach front (psi)

Pso = peak positive incident pressure (psi)

R = standoff, distance between center of blast source and target (ft)

s = center-to-center spacing or pitch of transverse reinforcement (in.)

S = section modulus (in.3)

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

tA = time of arrival (s)

tBEL = BEL duration (ms)

tc = clearing time (s)

to = positive phase duration (s)

to
– = negative phase duration (s)

Us = shock front velocity (ft/s)

Vbase = maximum shear at base (lb)

Vc = nominal shear strength provided by concrete (lb)

VN = nominal shear strength (lb)

Vs = nominal shear strength provided by steel (lb)

w = charge weight parameter

wo = maximum magnitude of assumed blast load shape applied to a member

wo(x) = assumed blast load shape applied to a member

W = charge weight of explosive

WTNT = charge weight of explosive (lb equivalent TNT)

z = standoff distance parameter

Z = scaled standoff (ft/lb1/3)

Zx = plastic section modulus (in.3)

α = angle of incidence (degrees)

γv = average shear strain across section

γc = concrete unit weight (lb/ft3)

δ = displacement

Δelastic = displacement at the elastic limit (in.)

Δmax = maximum displacement of a member (in.)

Δ(x) = displaced shape of a beam

θ = support rotation (degrees)

θSBEDS = SBEDS support rotation (psi)

µ = flexural ductility ratio

µSBEDS = SBEDS flexural ductility (psi-msec)

ρs = volumetric reinforcement ratio

ρL = longitudinal reinforcement ratio

φ(x) = normalized displaced shape of a beam
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Abbreviations and acronyms used without definitions in TRB publications:

AAAE American Association of Airport Executives
AASHO American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials
ACI–NA Airports Council International–North America
ACRP Airport Cooperative Research Program
ADA Americans with Disabilities Act
APTA American Public Transportation Association
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
ATA Air Transport Association
ATA American Trucking Associations
CTAA Community Transportation Association of America
CTBSSP Commercial Truck and Bus Safety Synthesis Program
DHS Department of Homeland Security
DOE Department of Energy
EPA Environmental Protection Agency
FAA Federal Aviation Administration
FHWA Federal Highway Administration
FMCSA Federal Motor Carrier Safety Administration
FRA Federal Railroad Administration
FTA Federal Transit Administration
HMCRP Hazardous Materials Cooperative Research Program
IEEE Institute of Electrical and Electronics Engineers
ISTEA Intermodal Surface Transportation Efficiency Act of 1991
ITE Institute of Transportation Engineers
NASA National Aeronautics and Space Administration
NASAO National Association of State Aviation Officials
NCFRP National Cooperative Freight Research Program
NCHRP National Cooperative Highway Research Program
NHTSA National Highway Traffic Safety Administration
NTSB National Transportation Safety Board
PHMSA Pipeline and Hazardous Materials Safety Administration
RITA Research and Innovative Technology Administration
SAE Society of Automotive Engineers
SAFETEA-LU Safe, Accountable, Flexible, Efficient Transportation Equity Act: 
 A Legacy for Users (2005)
TCRP Transit Cooperative Research Program
TEA-21 Transportation Equity Act for the 21st Century (1998)
TRB Transportation Research Board
TSA Transportation Security Administration
U.S.DOT United States Department of Transportation
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