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Preface

 

Abnormal loading on a facility or vehicle during a terrorist attack has become
quite common in many parts of the world, and it directly impacts public safety.
We have observed an increasing need to protect critical infrastructure facilities
and systems against industrial explosive accidents, criminal activities, and
social/subversive unrest. This problem may, in fact, exceed the reasons for hard-
ening developments (i.e., military-sponsored work on fortifications). Careful
attention must be devoted to typical modern civilian and military facilities and
systems whose failure could severely disrupt the social and economic infrastruc-
tures of nations. Addressing such challenges requires special knowledge about
existing capabilities and how to treat a wide range of threats. Homeland security
and protective technology engineering, and staff at various R&D and safety and
security organizations need to:

• know how to assess the risk associated with threats, hazards, and
various explosive incidents

• have access to knowledge on how critical facilities behave under blast,
shock, and impact loads

• know how to analyze and design various facilities to protect lives and
property

• implement such knowledge for conducting effective rescue and recov-
ery operations, and forensic investigations

This book addresses a broad range of scientific and technical issues involved in
mitigating the severe loading effects associated with blast, shock, and impact.
The content is based on the author's 30-year involvement in cutting-edge research
in this general field, and on his experience gained from teaching this subject in
graduate courses and special training programs. It combines theoretical, numer-
ical, and valuable practical information that can be incorporated effectively and
immediately into a broad range of essential activities.

 

Ted Krauthammer, Ph.D., FACI

 

Goldsby Professor of Civil Engineering
Director, Center for Infrastructure Protection and Physical Security

University of Florida
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1

 

1

 

Introduction

 

1.1 GENERAL BACKGROUND

 

One of the basic needs of all living creatures is to have safe and secure shelter.
Throughout history, humans have demonstrated a remarkable ability to address
this need. They have developed capabilities to protect themselves against both
natural disasters and hazards associated with man-made activities. In 1989, the
world viewed a watershed event with the demise of the Cold War and the former
Soviet Union. The so-called “Doomsday Clock” that signified the time remaining
for civilization was ritualistically set back. Nations across the globe began reduc-
ing their armed forces in response to the peace dividend achieved with increased
world stability. Unfortunately, the euphoria did not exist for long. Besides the
proliferation of advanced weapon systems (including long range ballistic missiles
that can carry nuclear, biological, and chemical devices), one notes a dramatic
increase in international terrorism activities.

Terrorism is not a new phenomenon, and one can find historic references that
such activities existed for more than 2000 years. More recently, the use of
terrorism as a means to achieve national objectives was a primary cause for World
War I. During the Cold War, terrorism was related to the struggle between the
superpowers. In most cases, this tactic seemed restricted to internal disputes by
rival political factions within well defined nation states. Industrialized countries
viewed the annoyance of terrorism as a third world phenomenon and, with perhaps
the exceptions of a few countries, paid such events little notice. World opinion
quickly condemned the more spectacular events (e.g., Munich in 1972, Beirut in
1981, etc.) but then just as quickly dismissed them as anomalistic behavior. The
application of terror as a global political tactic, associated mainly with the Middle
East since the early 1950s, has increased since the early 1980s, and escalated
after the end of the Cold War. Many regions around the world have been increas-
ingly burdened by this phenomenon during the last quarter century (e.g., various
regions in Africa and the Middle East, Afghanistan, France, Germany, India, Iraq,
Italy, Japan, Russia, Spain, Sri Lanka, and United Kingdom). The locations,
causes, participants, intensities, and means have been changing rapidly. Vehicle
bombs and other types of improvised explosive devices (IEDs) have become the
preferred mechanisms for terrorist attacks, followed by the use of homicide
bombers and the renewed threats from weapons of mass destruction (WMDs).

Prior to 1993, the United States had been relatively unaffected by terrorism
within its borders. Then, in February 1993, the U.S. was attacked by externally
supported terrorists who targeted the Word Trade Center. In April 1995, the U.S.
was shocked by the devastating home-grown terrorist attack against the Alfred
P. Murrah Federal Building in Oklahoma City. The events of September 11, 2001,
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Modern Protective Structures

 

and subsequent incidents in Indonesia, Spain, and the United Kingdom demon-
strated the ability of terrorists to cause civilian deaths and property damage at
levels not seen since the waning days of World War II. These recent horrific
terrorist attacks changed forever the way various federal, state, and local govern-
ment agencies in the United States and many other organizations around the world
look at national security and the need for protection from terrorism.

Clearly, in today’s geopolitical environment, the need to protect both military
facilities and civilian populations from enemy attack has not diminished. Fur-
thermore, we noted an increasing need to protect civilian populations against
terrorism and social and subversive unrest. This situation is true for many parts
of the world, and it may exceed the previous reasons for the development of
protective technologies (i.e., related to military-sponsored research and develop-
ment efforts on fortifications and hardened facilities). Unlike the global politically
and ideologically motivated conflicts of the past dominated by well organized
military forces, most of the armed conflicts in the last two decades have been
localized and dominated by social, religious, economic, and/or ethnic causes. We
no longer face a traditional conflict with a well defined adversary and must now
consider an amorphous evolving adversary. Furthermore, societies must learn to
cope with a different type of warfare that is termed 

 

low intensity conflict

 

. Well
understood and reasonably predictable military operations have been replaced by
much less understood and less predictable terrorist activities carried out by deter-
mined individuals or small groups that have a wide range of backgrounds and
capabilities.

Such activities are directed against well selected targets and are aimed at
inflicting considerable economic damage and loss of lives. Obviously, as dem-
onstrated by recent tragic incidents in the United States, low intensity conflict is
a misnomer. Such activities, despite involving a few individuals or small groups,
can have devastating consequences. They can adversely affect national and inter-
national stability and cause worldwide serious economic, social, and political
damage. Hence, such activities are termed asymmetric in recognition of the
devastating results achieved from modest inputs.

Defending society against this form of rapidly evolving type of warfare will
remain a challenge, at least through the first half of the 21st century, and probably
longer. Any successful response will require a well planned multilayered approach
that strikes a fine balance between ensuring a nation’s security and maintaining
the freedoms that a modern society enjoys. The causes for terrorism are related
to a broad range of important areas (culture, history, sociology, geopolitics,
economics, religion, life sciences and medicine, psychology, etc.). Therefore,
besides the serious need for innovative developments in these areas, society must
invest in the development of effective capabilities in intelligence, law enforce-
ment, and military application to counter such threats.

Technology can and will play a major role in these efforts, and society must
develop innovative and comprehensive protective technologies. Furthermore, we
must not employ only empirical approaches (e.g., using tests to observe conse-
quences) to address these issues. The free world must develop innovative
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theoretical, numerical, and experimental approaches to protect from traditional
weapons and WMDs and must conduct these activities in a well coordinated
collaboration involving government, academic, and private organizations. Such
technologies represent the last layers of defense between society and the threats
after all other layers of defense have failed. They are vital for ensuring the safety
of people and the preservation of valuable national assets.

An assessment of historical terrorism activity data (U.S. Department of State,
2004) indicates that about 85% of recorded incidents involved explosive devices,
about 5% involved ballistic attacks, and the rest were related to other activities
such as arson and kidnapping. A similar picture emerges from similar reports on
international terrorism (U.S. Department of State, 2003–2006). Such reports could
be invaluable for those performing threat analyses because they contain lists of
terrorist organizations, their histories, areas of activity, sources of support, and
operational capabilities. These lists are watched closely by terrorism experts,
foreign governments, and lobbyists who try to influence the lists. These reports
also serve as important policy tools for the U.S. Department of State that can add
or remove terrorist groups or their state sponsors as a result of the activities
attributed to them. Unfortunately, recent editions of such reports raised criticism
related to inaccurate statistics. We hope that a new Worldwide Incidents Tracking
System maintained by the National Counterterrorism Center will correct such
issues.

Although we must not overlook the possibility that terrorists may use uncon-
ventional (nuclear, radiological, chemical, and biological) WMDs instead of large
explosive devices, the immediate and most expedient threats are the conventional
ones. Therefore, required policy and investments in R&D must be shaped accord-
ingly. Clearly, we must know how to accurately and rationally assess various
threats, hazards, and accidental incidents. Engineers and emergency personnel
must know how to design facilities to protect lives and property and conduct
effective rescue operations and forensic investigations. They should address the
known threats associated with explosive devices while preparing for possible
unconventional WMDs. The study of heavily fortified military facilities may no
longer be the main area of concern (although this technology must be kept
relevant). Careful attention must be devoted to typical civilian facilities (office
and commercial buildings, schools, hospitals, communication centers, power
stations, industrial buildings, transportation infrastructures, etc.), whose failure
could severely disrupt the social and economic infrastructures of nations. We lack
essential knowledge on how such facilities behave under terrorist threats and how
much protection they can provide against a broad range of WMD threats (blast,
shock, impact, fire, chemical, biological, nuclear, and radiological effects). Many
materials and components typically used in such facilities were never studied for
these applications.

Preliminary recommendations for measures to minimize casualties and dam-
age from such attacks in the future were made in the U.S. (Downing, 1996). The
National Research Council (NRC) recommended areas for future research and
action to implement technology transfer (National Research Council, 1995). More
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far-reaching recommendations were issued recently to address an anticipated
enhanced threat from terrorist acts within the U.S. (USCNS/21, 1999–2001).
These recommendations must be expanded to address current and anticipated
needs for targeting facilities used for hostile activities.

The U.S. Department of Defense (DOD) has the responsibility for developing,
maintaining, and applying effective technologies to protect its civilian and mili-
tary personnel worldwide, and to launch effective operations against hostile
entities to reduce such threats to acceptable levels. Outside of the DOD and the
Department of Energy (DOE), experience in WMD effects exists in a limited
number of R&D organizations and consulting firms that do government work.
Since the mid-1980s, a gradual decline has been noted in protective technology
related academic R&D activities and very few eminent academicians in this field
are still available. This, combined with the lack of formal engineering training
in protective science and technology at U.S. universities, has resulted in a shortage
of experienced technical personnel in this field in many government and private
organizations that must handle such activities.

This brief summary highlights the fact that the Free World has always been
reacting to terrorism. The previously observed levels of anti-terrorist preparedness
and proactive prevention measures have been unimpressive. Unless these condi-
tions change dramatically, the consequences to society could be very grave.
Combating terrorism must include the consideration of many unconventional
aspects of warfare. These issues must be integrated with scientific and technical
capabilities to provide a comprehensive approach that can be used against current
and future low intensity conflicts. Most nations do not have the required resources
to approach this problem independently. Moreover, since this evolving threat
affects many countries and it endangers the stability of the entire world, the
required R&D should be conducted in a collaborative multinational framework.
Nations must adopt a considerably more proactive and collaborative approach to
address this serious problem. We must employ all reasonable means to eliminate
or at least reduce considerably the causes for terrorism. Such activities must
address cultural, social, educational, political, religious, and economic aspects of
the problem. Only then will law enforcement, security, and technical capabilities
succeed in mitigating the effects of terrorist activities.

The rest of this chapter is aimed at developing the foundation for enabling
effective mitigation of abnormal loads, such as those associated with either
deliberate or accidental explosive incidents. The planning of such activities should
take into consideration not only the physical environments associated with the
detonation of explosive devices. It should address an overall hostile environment
that may include a large number of parameters, one of which is a particular
explosive device. Furthermore, because the definition of failure is related closely
to performance requirements, (access and perimeter protection, available site,
security measures, assets to be protected, functional and operational concepts,
mission requirements, serviceability of a facility, service disruptions, and other
factors), all related parameters should be considered. As noted previously, other
important factors that can influence the effectiveness of such incidents and
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remedies could be related to nontechnical areas (social sciences, psychology and
human behavior, political sciences, foreign relations, etc.) and they should be
considered in the overall process of threat and risk assessment. The thrust of the
present discussion is to develop realistic guidelines for analysis, design, assess-
ment, retrofit, and research in the field of protected facilities that will be treated
in subsequent chapters.

 

1.2 PROTECTIVE PLANNING AND DESIGN 
PHILOSOPHY

 

The fundamental goal of protective construction is to improve the probability of
survival of people and other contents in a given facility for a given threat. It is
important to realize that the protective building is the last layer of defense against
a threat and that all other protective measure (intelligence, law enforcement,
surveillance, barriers, etc.) have failed if the threat can be projected onto a facility.
This implies that a designer must “know” the threat before conceptualizing the
design and this may not be possible in many cases. Attackers can use various
weapon systems in different combinations and such events cannot be predicted.
However, using reliable information and objective threat and risk assessment can
produce effective estimates of such incidents.

Usually, a facility design is based on a standard threat (for example, a specific
bomb at a given stand-off distance). In other cases, a statistical approach, requiring
that a specific percentage of facilities and contents will survive if a site is attacked,
may be employed. Guidelines on how to perform threat assessments have been
developed (ASCE, 1999; FEMA, 2003). In the present approach, only the deter-
ministic method (designing a structure to survive a given threat) will be presented.

Physical security can be achieved by a variety of means and devices with a
wide range of capabilities. These capabilities can be used to enable detection,
deterrence, delay, and prevention of hostile activities. Structural hardening, as
briefly discussed above, is a passive defense capability; it is only one aspect of
these considerations and should be addressed in the broader context of physical
security. As with any other fortification technology, passive defense alone cannot
be used to protect against mobile and constantly varying threats. Although the
emphasis of the present discussion is on fortification science and technology that
can be integrated into protective architecture considerations, users should always
perform comprehensive assessments of their specific physical security needs, as
described in pertinent references (U.S. Army, TM 5-853, December 1988 and
Department of the Army and Air Force, May 1994; FEMA, 2003; AIA, 2004).

A structure must be designed to prevent catastrophic failure and to protect
its contents (personnel and equipment) from the effects of an explosion. Such
effects may include nuclear and thermal radiation, electromagnetic pulse (EMP),
air blast, ground shock, debris, fragments, and dust (protection from chemical
and biological (CB) threats should be considered, as appropriate). In order for a
military facility to survive, the continuation of its operational mission must be

 

DK3186_C001.fm  Page 5  Monday, December 3, 2007  9:02 AM



 

6

 

Modern Protective Structures

 

ensured. For civilian facilities, however, the main concern is protecting people
and/or critical assets. Therefore, survivability requirements (criteria) vary from
one type of facility to another.

Specific guidelines for achieving these goals are available from ASCE (1997
and 1999), DOD (June 2002, July 2002, and October 2003), and FEMA (2003).
References are also made to the prevention of progressive collapse (Department
of Defense, 2005; GSA, 2003). Generally, the following issues should be
addressed to protect valuable assets.

The first is maximizing standoff distance to reduce the blast and fragmen-
tation loads on the structure under consideration. If sufficient space is available,
this may be the most effective mitigation approach, but it requires one to ensure
that the protecting perimeter is secured to ensure the specified distances. The
next most important issue to consider is the prevention of building collapse, and
this requires careful attention to the structural layout and design details. Once
these items are addressed, one must minimize hazardous flying debris such as
glass, dislodged structural parts, and nonstructural components such as furniture
and equipment. Providing an effective building layout also can contribute sig-
nificantly to protecting valuable assets. This may be achieved by placing less
valuable assets closer to hazards and more valuable assets farther from hazards.
Providing protected spaces to enable people to take quick refuge until further
instructed from security and/or rescue personnel is known to be very effective.
Limiting airborne contamination should be considered, as appropriate. Addition-
ally, one should address requirements for fire hazard mitigation and effective
evacuation, rescue, and recovery operations. Providing mass notification is essen-
tial to prevent panic and assist in post-incident activities. Finally, one should
consider options to facilitate future facility upgrades, as might be required by
periodic risk assessments.

A protected facility consists of several components: a protected perimeter, a
protective structure, essential subsystems, and nonessential support subsystems.
After all non-structural considerations are addressed, another specific issue that
must be considered to protect a facility is blast- and shock-resistant design of the
structure to protect contents from the effects of blast, shock, radiation, fragments,
debris, dust, etc. It should be clear that the survival of the structure alone may
not be sufficient if damage to the contents or personnel exceeds the survivability
criteria. In order to consider all these factors, a designer should know very
accurately what is expected of a facility.

The terms 

 

hardness

 

 and 

 

survivability

 

 define the capability of a protective
system (or facility) to resist the anticipated effects and meet the protection criteria.
Survivability can be increased by enhancing a facility’s hardness or other protec-
tive features. Other means for achieving the same goal can be employed as well
(for example, redundancy, ensuring a larger standoff distance, location of other
sites, etc.). Placing another protective layer between the facility or its contents
and the weapon also can be very helpful because that layer will absorb some of
the undesirable effects. Burying a facility in rock or soil will provide major
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benefits by reducing weapon effects on the system and/or by making it harder to
locate the target.

A designer should employ protection criteria to ensure that the facility and
its contents will not be subjected to environments (motions, stresses, etc.) beyond
a certain limit. An engineer should incorporate fragility data for equipment and
people into the design. The effects of soil–structure and equipment–structure
interactions must be considered in estimating the various responses. The following
components are associated with a protected facility:

• Perimeter: structure and shock isolation systems
• HVAC system: blast closures and air ducts
• Mounts, fasteners, anchors, and connectors
• Lifelines and penetrations (openings, communication lines, doors,

water, sewer, fuel lines, etc.)
• Devices for EMP protection
• Radiation shielding
• Fire barriers, thermal shields, and fire suppression systems
• Hydraulic surge protective devices to provide a survivable environment

for personnel, prime mission equipment, power supplies, HVAC
(including purification equipment to deal with CB attacks), water sup-
ply, sewage disposal, and communication equipment.

The design process for protective facilities addressed in this chapter is similar
to that described in the resources cited earlier, but includes additional steps that
address the non-accidental aspects of design:

1. Define facility operational performance requirements.
2. Establish quality assurance (QA) criteria for analysis, design, and

construction work, and assign responsibilities for various activities
throughout the entire project.

3. Perform threat, hazard, and risk assessments and determine future risk
assessment reviews.

4. Determine explosive sources and their locations and magnitudes.
5. Estimate corresponding loading conditions.
6. Establish general siting, facility layout, and design criteria.
7. Proportion members for equivalent static loads.
8. Compute blast loads on facility more accurately.
9. Compute loading from fragments.

10. Compute loading from crater ejecta.
11. Compute loading from ground shock.
12. Combine all dynamic loads and perform preliminary dynamic analyses.
13. Redesign facility to meet protective criteria under these dynamic

effects.
14. Consider nuclear radiation, EMP, thermal effects, CB, etc., if

appropriate.
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15. Verify design by acceptable methods.
16. Prepare design documentation for shop and field work.
17. Embark on contracting and construction activities; activate appropriate

QA.
18. End-of-construction inspection and review.
19. Facility begins its service life.

The design of a facility usually requires interaction among specialists in several
disciplines, such as security, architectural, structural, mechanical, electrical, elec-
tronics, and hardening. This effort utilizes a team approach to ensure that all
possible aspects of the problem have been considered and that the proposed
combined plan optimizes the available solutions in the various areas. The analysis
methods are divided into two main categories: (1) simplified methods usually
performed by linear or nonlinear single-degree-of-freedom (SDOF) or multi-
degree-of freedom (MDOF) methods and (2) advanced methods using finite
difference (FD) or finite element (FE) techniques. For most design procedures,
accurate and reliable simplified methods can be employed. However, it is recom-
mended that advanced analysis be performed after a facility has been designed
in order to verify that it will function as required. Advanced analyses (fully
nonlinear dynamic) can be very expensive and should be employed with caution.
These issues are addressed in greater detail in other sections and chapters.

 

1.3 PROTECTION METHODOLOGY, THREAT, AND 
RISK ASSESSMENT

 

A rational approach for selecting appropriate protective measures for an asset is
based on comparing the cost of the mitigation with the cost of the consequence
if no improvements are made in protecting the asset. Initially, small investments
in protecting an asset can provide significant benefits. However, additional pro-
tection enhancements will become increasingly more expensive, as shown sche-
matically in Figure 1.1.

We can identify the following four regions of the relationship. Region A
describes the conditions at a very early stage in a project, when careful assess-
ments and studies of protection options and their implementation must be per-
formed, before any meaningful protection benefits can be gained. In region B,
the protection enhancement is much larger than the required investment to imple-
ment it. Region C requires judgment to decide whether further investment in
protection improvements is feasible or warranted. Finally, it would be uneconom-
ical to consider situations that fall into Region D where the cost of very small
improvement is very large. Clearly, one must compare the cost of protection
enhancement with the value of the achieved benefit from such action (i.e., the
gain from reducing the risk associated with the combination of threat and damage
to the asset under consideration). A cost/benefit ratio can be defined by a
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comprehensive risk assessment and management approach for each asset or inven-
tory of assets as described next.

These activities must be performed within a framework of a comprehensive
risk management approach that should start with a complete assessment of the
problem, as described in Figure 1.2. This is a prerequisite for reaching any
objective decision on future actions, and it underlines the rationale for future
considerations.

A risk management approach is a structured risk analysis that considers both
current and future assets, threats, vulnerabilities, countermeasures, and conse-
quences before and/or after remediation. The approach enables one to develop a
risk communication capability that is essential for project development. The
benefits of a comprehensive risk management approach are direct outcomes of
the analysis features aimed at ensuring that the greatest risks have been identified

 

FIGURE 1.1

 

Cost versus improved protection.

 

FIGURE 1.2

 

Risk management approach.
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and addressed. Such an analysis determines and quantifies risks, leads to logical
security recommendations, and contributes to the understanding of risks and costs
considered for implementation in a decision support tool. The assessment phase
consists of three activities (Figure 1.2): asset assessment, threat assessment, and
vulnerability assessment. These activities are described briefly.

Risk analysis is applying the results from three separate assessments (asset,
threat, and vulnerability) in a risk equation that will be discussed later. An asset
is anything of value to an owner (people, information, equipment, facilities,
activities, operations, etc.). Each asset can be classified with several levels of
details to enable an appropriate degree of accuracy in its assessment. For example,
at the lowest level of resolution, an asset might be a facility. At the second level,
it might be described as a secure compound or an industrial building. The third
level would be more specific and define the specific site such as an embassy
compound or corporate campus. A fourth level would define a specific building
in that compound, while higher levels of resolution could gradually zoom in to
a single specific item. The approach is used to identify assets that may require
protection and determine how critical they are. It also allows us to identify
undesirable events that may involve such assets and the expected impacts of their
loss on the owner. Such assessments can be used to value and prioritize assets
based on consequences of loss or damage.

 

1.3.1 T

 

HREAT

 

, H

 

AZARD

 

, 

 

AND

 

 V

 

ULNERABILITY

 

 A

 

SSESSMENTS

 

Understanding and defining possible threats or hazards is essential. Such infor-
mation is the first step for developing credible loading definitions that must be
available to ensure the selection of acceptable mitigation approaches. Further-
more, threat assessments must be performed periodically to evaluate the suitability
of existing mitigation measures based on previous threat assessments.

After the Khobar Towers attack in Saudi Arabia, the Secretary of Defense
assigned retired General Wayne A. Downing to head a task force to examine the
facts and circumstances surrounding the attack and recommend measures to
minimize casualties and damage from such attacks in the future (Downing, 1996).
The National Research Council (1995, 2000, and 2001) and FEMA (2003) con-
ducted studies to explore the ability and feasibility of protecting against emerging
threats and transferring blast-mitigating technologies and design concepts from
military to civilian applications. These reports included specific recommendations
that should be implemented for land-based facilities. More far reaching recom-
mendations have been issued recently to address an anticipated enhanced threat
to the United States from terrorism (USCNS/21, 1999–2001). However, in light
of the terrorist attacks against the World Trade Center and the Pentagon in 2001
followed by incidents in North Africa and Europe, these recommendations must
not only be taken seriously, but modified to protect against serious current and
evolving threats. All these recommendations clearly call for a comprehensive
approach in developing protective technologies and the establishment of protec-
tive design standards for both new and existing facilities. Furthermore, for the
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approach to be fully comprehensive, it is critical that an effective government–aca-
demic–industry partnership be developed to provide an institutional network to
foster R&D, training, and technology transfer.

Conventional, nuclear, industrial, and terrorism hazards environments asso-
ciated with explosive incidents can be defined by using appropriate analytical
procedures to extract definitions of the required parameters, for example,
load–time histories, radiation levels, temperature–time histories, CB conditions,
etc. Threats can be posed by industrial accidents, military operations, terrorist
activities, or other criminal undertakings. Although such threats may not be well
defined, a design team must provide specific guidelines that address the related
uncertainties. In assessing a threat (or hazard), one must employ a significant
measure of probabilistic analysis and data available from various sources, and a
good understanding of adversaries to obtain a reasonable estimate of the antici-
pated hostile environment (e.g., loading conditions) to be used in the design
activities.

The threat assessment should identify and characterize potential threat cate-
gories and adversaries, assess the intent, motivation, and capability of each adver-
sary, determine frequency of past incidents, and estimate threats relative to each
critical asset. Analyzing intent requires understanding of the adversary’s perspec-
tive, motivation, and willingness to accept risk and commit resources (people,
money, facilities, etc.). For example, adversaries may be terrorist organizations,
foreign intelligence services, criminal elements, vandals, or disgruntled employ-
ees, etc. Undesired events may be classified in the context of their sources or the
adversaries. Foreign intelligence services may cause facility penetration, non-
access attacks, recruiting staff, etc. Terrorist threats include kidnapping, bombing,
sabotage, etc. Natural hazard threats are fires, floods, wind (storms, tornadoes,
hurricanes), and earthquakes. Criminal threats may include fraud, theft, robbery,
arson, vandalism, computer hacking, identity theft, etc. Insider threats could be
results of espionage, misuse of equipment, or malicious acts by disgruntled staff.
Finally, one might consider military threats including war, insurrection, or various
types of operations. Information about threats can be obtained from law enforce-
ment agencies and/or security consulting organizations. One must understand the
adversary, its intent, capabilities, and operational history to determine the seri-
ousness of a threat. Vulnerabilities can result from building characteristics, equip-
ment properties, personal behavior, locations of assets, or operational and per-
sonnel practices.

 

1.3.2 R

 

ISK

 

 A

 

SSESSMENT

 

After these assessments are performed, the next step is assigning numerical values
and letter ranks that will be used for the risk assessment definition. The risk
assessment is obtained based on the outcome from the following risk equation:

Risk 

 

=

 

 Threat 

 

×

 

 Impact 

 

×

 

 Vulnerability (1.1)
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Impact represents the criticality of the asset to the owner, and is defined by a
number between 1 and 100. Threat is an outcome of the threat assessment, and
is defined by a number between 0 and 1. Vulnerability describes the vulnerability
of the asset and is also defined by a number between 0 and 1. One can also assign
letter ranks to each of these parameters, for example, H for high, M for medium,
L for low, and C for critical. This approach is illustrated in Table 1.1 for several
hypothetical cases. 

Once the risks have been quantified, we can estimate (1) the degree of impact
relative to each critical asset, (2) the likelihood of attack by a potential adversary
or threat, and (3) the likelihood that a specific vulnerability will be exploited, to
determine relative degree of risk and prioritize risks based on integrated assess-
ment. These activities can be accomplished as parametric studies to identify
existing countermeasures and their level of effectiveness in reducing vulnerabil-
ities and estimate the degree of vulnerability of each asset from the threat. Each
countermeasure, enhancement, or retrofit may reduce the threat or vulnerability.
Changes in the owner’s use of the asset could change the impact factor.

If such changes are implemented, we can compute a new risk value and
compare the cost of the modification with the cost associated with the original
risk. This would enable us to obtain cost-to-benefit ratios for different options
and prioritize such modifications accordingly. A countermeasure represents an
action taken or a physical entity used to reduce or eliminate vulnerability, threat,
or impact. A cost–benefit analysis is a process in which cost-to-benefit ratios of
countermeasures are compared and the most appropriate combination is selected.

Each countermeasure has a tangible cost. The benefit represents the amount
of risk reduction based on the overall effectiveness of countermeasures. This
approach enables one to make objective and optimized investment decisions to

 

TABLE 1.1
Risk Assessment Cases

 

Asset Incident; Consequence 
Asset
Rating

Threat
Rating

Vulnerability
Rating

Risk
Rating

 

People Attack; assassinate staff H/C 95 H/C 0.90 M/H 0.75 M (64)
Attack; kidnap staff L/C 50 L/H 0.50 L/M 0.25 L (6)

Data Loss; activity failure H/C 95 H/H 0.85 H/M 0.95 H (77)
Press leak; plan disclosure H/M 15 M/M 0.35 M/M 0.4 L (2)

Equipment Theft; lost function L/M 95 L/M 0.8 H/M 0.85 M (65)
Access; signal diversion H/H 50 H/H 0.7 L/L 0.1 L (<4)

Facility BC attack; denial of use H/H 95 H/M 0.95 H/H 0.95 H (86)
Mail bomb; damage L/L 1 H/H 0.75 L/M 0.25 L (<1)

Activity Sabotage; schedule delay M/M 5 M/M 0.35 L\L 0.25 l (

 

<

 

1)
Monitor; security breach L/H 15 L/L 0.1 H/M 0.50 L (

 

<

 

1)

H = high. M = medium. L = low. C = critical.
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enhance the physical security of specific assets and/or on an entire inventory of
assets. The selected solutions can then be implemented but the entire situation
must be continuously monitored to ensure that all the requirements are met.
Periodically, new risk assessments should be performed as described above to
reevaluate the situation and changes should be recommended as appropriate. For
terrorist threat assessments, one must employ an approach similar to that
described in recent publications (Chapter 1 and Appendix A of ASCE, 1999; U.S.
Department of State, 2005 and 2006). The outcome of such an assessment may
be presented in a tabulated format (Table 1.2). 

That assessment approach is more qualitative than the previous procedure.
One can use the guidelines provided in that publication to assess the threats
associated with a broad range of terrorist and/or criminal activities. The magnitude
of the terrorism problem might be illustrated based on published data (U.S.
Department of State, 2006), as shown in Table 1.3. To illustrate the proposed
concept also for military applications, one could use the approach presented in
Section 1.4.1 in which the military capabilities of the former Warsaw Pact nations
(the former Soviet Union and its allies) are used to apply the approach. Although
that military organization no longer exists, the information could still be useful
for certain parts of the world and will be reasonably realistic as a case history.

Nevertheless, terrorism is not the only sources for trouble; many problems
are directly related to domestic criminal activities, as illustrated by Table 1.4. All
these data highlight a disturbing trend: a dramatic increase in the number and
cost of threats and incidents related to criminal and terrorist activities in the U.S.
or internationally against the interests of the U.S. and its allies. Interestingly,
accidental incidents are decreasing, probably because of enhanced preventive
procedures.

In order to develop an understanding of a threat, one needs data. For example,
assessing a military threat requires data on military capabilities, equipment, and
concepts of operations. Analyses of such data can yield a comprehensive threat
definition that can then be translated into general requirements for the defending
side: the required type of design and/or research needed to meet the stated
objectives for a specific facility (or system of facilities). While such analyses are
continually conducted by military analysts and intelligence services, in most cases
they are not available to the academic and/or technical communities that are
developing engineering and scientific solutions for some of these problems.
However, as shown later, the data are obtainable from books and articles available
to the general public. One can reach practical conclusions based on the analysis
of such information.

After a threat has been assessed, assuming a focus on explosive and ballistic
attacks, the next step is translating the findings to physical properties. This must
be done after a better understanding of explosive and ballistic devices that could
be used against a given target, as discussed in Chapter 2.
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TABLE 1.2
Assessment of Typical Threats

 

Aggressor Tactic
Design Basis

Threat Severity Weapons Tools

 

Moving vehicle bomb Very high 2,000 lbm TNT

 

1

 

12,000 lbm truck
High 500 lbm TNT 5,000 lbm truck
Medium 100 lbm TNT 4,000 lbm car
Low 50 lbm TNT 4,000 lbm car

Stationary vehicle bomb Very high 2,000 lbm TNT 12,000 lbm truck
High 500 lbm TNT 50,000 lbm truck
Medium 100 lbm TNT 4,000 lbm car
Low 50 lbm TNT 4,000 lbm car

Exterior High IID, IED (100 lb TNT), 
and grenades

None

Medium IID, IED (2 lbm TNT), and 
grenades

Low IID, Rocks and clubs
Standoff weapons High Mortars (to 50 lbm TNT) None

Low Antitank weapons
Ballistics Very high 30.06 AP None

High 7.62 M80 ball
Medium 44 Magnum handgun
Low 38 Super handgun

Forced entry Very high Handguns and submachine 
guns (up to UL-SPSA)

Unlimited hand, power, 
thermal tools, and 
explosives

 

2

 

High Unlimited hand, power, 
tools, and limited 
thermal 
tools/explosives

 

3

 

Medium Unlimited hand tools, 
limited power/thermal 
tools and hand-held 
hydraulic jacks

Low None Unlimited hand tools
Very low Limited hand tools

 

1

 

 To convert pounds (mass) to kilograms, multiply by 0.454.

 

2

 

 Up to 20 lbm TNT untamped breaching charge; tamped breaching charge equivalent to 20 lbm
untamped charge, and 10,5000 grain/linear foot linear shape charge.

 

3

 

 Up to 10 lbm TNT untamped breaching charge, tamped breaching charge equivalent to 10 lbm
untamped charged, and 600 grain/linear foot linear shape charge.

 

Source:

 

 ASCE, 1999.
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TABLE 1.3
Worldwide Terrorism Incidents in 2005

 

Incident Number

 

Worldwide incidents 11,111
Incidents resulting in death, injury, or kidnaping of at least one individual 8,016
Incidents resulting in death of at least one individual 5,131
Incidents resulting in no deaths 5,980
Incidents resulting in death of only one individual 2,884
Incidents resulting in deaths of at least 10 individuals 226
Incidents resulting in injury of at least one individual 3,827
Incidents resulting in kidnaping of at least one individual 1,145
Individuals killed, injured, or kidnapped worldwide as result of terrorism incidents 74,087
Individuals killed worldwide as result of terrorism incidents 14,602
Individuals injured worldwide as result of terrorism incidents 24,705
Individuals kidnapped worldwide as result of terrorism incidents 34,780

 

Source:

 

 U.S. State Department, 2006.

 

TABLE 1.4
Types of Explosive Attack Incidents in U.S.

 

Number of Incidents

Type of Incident 1989–1993 1991–1995 1993–1997*

 

Bombings 7,716 8,567 8,027
Attempted bombings 1,705 2,078 2,291
Incendiary bombings 2,242 2,468 2,294
Attempted incendiary bombings 557 782 898
Threats to treasury facilities 24 31 45
Hoax devices 2,011 2,245 2,833
Accidental–noncriminal 211 192 150
Total number of incidents 14,466 16,363 16,538
Reported killed 258 456 101
Reported injured 3,419 3,859 513
Reported property damage US $641.3 M US $1,257.3 M US $896.9 M

Data from Bureau of Alcohol Tobacco and Firearms (ATF).

 

*

 

The bureau has not published such complete data since 1997; some information is
provided at: www.atf.treas.gov/aexis2/statistics.htm.
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1.4 FROM THREAT AND HAZARD ENVIRONMENT 
TO LOAD DEFINITION

 

The threats described above may provide reasonable estimates of the environ-
ments that would be considered by facility designers. Understanding tactics and
weapon systems capabilities is essential for developing realistic planning and
design goals. Furthermore, developing research programs that enable us to reduce
the magnitude of a specific threat would be cost effective. It is evident that terrorist
attack (i.e., explosive) environments can be unpredictable and may arise from the
detonation of multiple explosive devices. Nuclear, chemical, and biological
(NCB) environments may be superimposed on conventional explosive effects,
and we might have to consider a combined effects environment rather than a
single detonation of a particular weapon. Nevertheless, this approach would be
supported by separate studies that consider single weapon effects and the possi-
bility of developing theoretical methods for combining such effects to create
realistic environments in which specific systems are required to perform and
survive. Furthermore, we must address the differences in time scales for the
different loading environments (from microseconds to hours or longer), which
might enable us to separate the loads and effects accordingly.

Although this chapter does not address all aspects of WMD threats, we must
consider other non-conventional (radiological, chemical, and biological) threats
when appropriate. Countermeasures and structural designs must be developed for
a given type of threat-induced loading environment or a combination of threats.
More background on explosions and their effects can be found in other sources
(Baker, 1983; Baker et al., 1983; Henrych, 1979; Johansson and Persson, 1970;
Persson et al., 1994; Bulson, 1997; Zukas and Walters, 1998), and this area is
addressed in more detail in Chapter 2. It should be noted that design manuals
and many related computer codes are based on empirical data. Care should be
taken when using these tools. Also, the possibility of fire following an explosion
must be considered in the design process, although this subject is not addressed
herein.

Blast effects, especially from high explosive (HE) devices, are often accom-
panied by fragments, either from the explosion casement or debris propelled and
engulfed by the blast wave. Blast parameters from spherical HE charges in open
air are well known and can be found in various handbooks and technical manuals,
as noted previously. When an air blast is reflected by a nonresponding structure,
a significant pressure enhancement that acts as the load on a structure is achieved.
For detonations in complex and/or nonresponding structural geometries, accurate
determination of such parameters can be achieved with available computer pro-
grams. Currently, there are very few computer programs for the prediction of
load parameters for responding structural models and their accuracy may not be
always well defined.

Compared to nuclear detonations, typical HE devices must detonate relatively
close-in to their targets in order to achieve severe effects; this would depend on
the type of target. This proximity requirement is a shortcoming of HE devices
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and usually attackers will try to compensate by using multiple detonations and/or
large amounts of HEs to achieve their objective.

Due to the lack of physical data, certain types of explosive loads cannot be
determined accurately, and the information available in various design manuals
is based on estimates. This is particularly true for cases where explosive charges
are placed in contact with or very near a target and for nonstandard explosive
devices. Explosive charges of shapes other than spherical or cylindrical will not
give pressure distributions with rotational symmetry (especially in close-in con-
ditions), and the information provided in the various design manuals must be
used cautiously for such cases. This difficulty is particularly true for close-in
explosions, but its importance diminishes significantly for more distant explo-
sions.

In addition, the orientation of the weapon with respect to the target is impor-
tant, since it would be combined with the geometry of form of the shock front
that would interact with the target. Another observation in recent experiments
with close-in detonations has been that the effects of shock wave focusing due
to reflections from other surfaces could be important in the load definition.
Furthermore, the effect of an explosive device’s casing on the resulting detonation
is clearly not as predicted by data in various manuals. The result is that a much
larger amount of energy would be available to produce the blast and propel the
fragments, thus causing a more severe loading environment than anticipated. The
combination of pressure and fragment impulse as a function of the detonation
distance from the target is another important issue that does not have reliable
models at this time, and this topic must be studied.

Understanding tactics and weapon systems capabilities is essential for devel-
oping realistic goals. Furthermore, developing research programs that provide
information that can be employed to reduce the magnitude of a specific threat
would prove to be cost effective. It is evident that an anticipated conventional
weapons environment in which a facility was supposed to function is rather
unpredictable and might lead to the detonation of multiple weapon systems. NCB
environments might be superimposed on conventional weapon effects, and one
might have to consider a combined-effects environment rather than a single
detonation of a particular weapon. Nevertheless, this approach would be sup-
ported by separate studies that consider single-weapon effects and the possibility
of developing theoretical methods for combining such effects to create realistic
environments in which specific systems were required to perform and survive.

In order to derive loading ranges that would be employed for structural
analysis, it is necessary to assess the given target and to decide on the types of
weapons that would be employed to defeat it. For example, an important target
such as a major base or airfield could be subjected to massive air attacks, possibly
combined with CB and/or tactical nuclear effects, whereas less important targets
probably would be attacked by artillery, air support, and possibly CB weapons.
For each of these cases, one could develop an equivalent pressure–time history
that would be employed for the analysis. These types of analyses typically are
performed by the attacking side in order to derive the firing requirements for
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damaging a target. One could employ the same approach for defensive purposes.
Similarly, one can employ the approach for combining the effects of several
weapon systems (artillery, tactical HE rockets, aerial bombs, etc.) or improvised
HE devices for deriving the total load–time history. From such assessments, it
becomes very clear that the structural analyst should consider the effects of
multiple hits in the vicinity of the target rather than the effect of a single deto-
nation. The consideration of a single-load history for structural analysis is an
acceptable approach only when a nuclear environment is the threat; this may not
be the case for most targets. The only other case where a single detonation could
be justified is a demolition charge delivered by terrorists, but if the target is
important it is quite probable that more than a single charge would be deployed.

As for structural analysis, it has been shown experimentally and numerically
(Krauthammer, 1986; Krauthammer et al., 1986 and 1994) that for close-in HE
detonations and for certain nuclear loads, the mode of structural failure is con-
trolled by material failure or by direct shear. At present there is some understand-
ing of these phenomena, but they are clearly not well understood. Nor is it
understood whether and how the direct shear can be coupled with the flexural
modes of response, as was achieved for the coupling between bending shear,
flexure, and thrust. It is strongly recommended that such studies be performed,
with the ultimate objective of a better understanding of structural behavior and,
thus, improved pressure–impulse (PI) diagrams and design methods, as discussed
in Chapter 8.

The area of equipment response under the effects of multiple detonations is
very important. Usually tests are performed using a single explosion, wherein
the time histories do not include the effects of closely timed explosions that could
introduce additional frequencies into the loading environments. In addition, the
increase in the deployment of “smart weapons” (including those placed by
humans at a desired location) raises the issue of having to protect against very
close-in or internal detonations that may not be randomly distributed over the
general target area. Under these conditions, it would be possible to have several
such weapons detonate in a well coordinated manner, thus subjecting the target
to a most severe load–time history at critical locations. Current analysis and
design methods do exclude such considerations, thereby introducing serious risks
into the field.

Available information (ASCE, 1999; DOD, June 2002 and July 2002; Depart-
ment of the Army, May 1994; FEMA, 2003; AIA, 2004) can be used for devel-
oping reasonable assessments of security needs and for defining potential loads.
Such guidelines assist in determining design criteria for the physical protection
of assets within either a new or a renovated facility (they can also be used for
exposed assets). Detailed procedures for load determination are delineated for
each type of attack. These sources include terminology definitions, as well as
comprehensive discussions of aggressor threats and tactics, assets definition and
description, threat determination, levels of protection, and design constraints. The
loads include ballistic attack, explosive attack, and forced-entry attack. Detailed
procedures for load determination are delineated for each type of attack. There
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is a basic difference between many of the tests conducted by DOD organizations
on typical weapon systems and the tests on terrorist threats, as briefly discussed
above. Data from typical weapons systems or very large ANFO devices may not
provide much useful information for protective architecture considerations. On
the other hand, the tests on “terrorist type” explosive devices can provide very
useful information. Such tests have become more relevant and frequent in recent
years and have been conducted in the U.S., Ukraine, Israel, and other countries.

Concerning airblast, it was concluded that environments associated with
spherical charges within simple, no-responding geometries can be handled effec-
tively. However, development, improvements, and validation of computer codes
for nonspherical charges and complex and/or responding geometries are needed.
Questions remain in the area of close-in environments from nonspherical charges.
The combined effect of fragments and blasts from cased charges also requires
further research. Although buried structures may not be of much interest for
civilian protective architecture projects, it is unclear whether the issue of medium-
structure interaction with back packing can be handled correctly. Furthermore,
the effect of rock fill and medium–structure interaction due to an explosion in
such a medium cannot be addressed with current computer codes, and this issue
should be investigated further.

 

1.4.1 M

 

ILITARY

 

 T

 

HREAT

 

 A

 

SSESSMENT

 

Performing an assessment of a military threat requires access to many classified
resources, and using such data would prevent the information from being pub-
lished in unrestricted forms. Nevertheless, one can illustrate the approach by
employing information available to the general public, as shown next for data
available on the former Soviet military.

 

1.4.1.1 Tactics and Strategy

 

The Soviet doctrine for attack of a defending enemy was based on several
important strategic concepts discussed at length in the literature (Grechko, 1975;
U.S. Army, 1977 and 1978; Haselkorn, 1978; Critchely, 1978; Defense Intelli-
gence Agency, 1980; Ulsamer, 1982; Hines and Peterson, 1983; Mossberg, 1982;
DOD, 1985). Based on these sources, it is understood that the following opera-
tions requirements would adequately define the military principles behind such
a threat:

1. Achieve a desired force ratio by carefully choosing the attack zones
(these ratios were estimated to be 3–5 to 1 for armor, 6–8 to 1 for
artillery, and 4–5 to 1 for infantry).

2. Heavy artillery preparatory fires (“softening”) for at least 30 min before
attack and continued support as required during the attack (this phase
may be combined with nuclear fires or CB weapons). This paramount
concept was reflected by the “standard” distribution of artillery at the
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front (about 100 launching tubes per 1 km for breakthrough of well
prepared defenses). Such concentrations were typical of military oper-
ations in the Middle East during the 1973 Yom Kippur War, where
more than 2,000 guns were employed to soften the Israeli fortification
system. Artillery support would provide a pattern of fire about 200 to
400 m ahead of advancing troops and 100 m ahead of advancing tanks.

3. Tactical air power was to be fully integrated into the task of supporting
the overall mission: to provide air cover for ground forces and achieve
air superiority. Air strikes were considered an extension of artillery
fires and would concentrate on preplanned targets including C

 

3

 

I facil-
ities, tactical nuclear delivery systems, and the neutralization of artil-
lery (including tactical air) support and reserve elements within the
operational zones. Air cover effort would be concentrated for maximum
effect at a given time, and continuity of operations would be main-
tained, including repeat attacks to prevent repair of damaged targets.
It is well known that Soviet tactical aircraft were generally less sophis-
ticated and therefore simpler to maintain than Western aircraft. As a
result, the Soviets would sustain a theoretical sortie rate of four or five
missions per day under ideal conditions. One would expect two or
three sorties per day for the initial three days of war, and a sustained
rate of one or two sorties per day. In the event that air superiority was
achieved by the Soviets, these rates might have increased because of
an increased deployment of aircraft from forward (close-in) airfields.
Long-range aviation (LRA) reinforcement by medium bombers would
strike targets of strategic importance that were beyond the range of
tactical aircraft. Those bombers would be the primary force available
for attacks on various targets throughout the theater of operations.
During the first days of combat, they would strike airfields, nuclear
weapon storage sites, and C

 

3

 

I facilities. In later stages of the war, the
bombers would be employed for other targets as well and would also
support frontal aviation. The capabilities of the Soviet air force were
described in several publications cited earlier; see, for example,
Defense Intelligence Agency (1980), from which it was possible to
compute an anticipated range of weapon delivery to a given target.

4. The Soviets considered the use of toxic agents to be legitimate and
effective for destroying the enemy under modern combat conditions.
Chemical munitions were available to field units; the first-use decision
is political while follow-up use could be made at the division level.
This doctrine was supported by the fact that Soviet military forces were
the best equipped in the world for the use of such weapons and it
seemed safe to assume that such weapons could be delivered by artil-
lery, rockets, and aerial bombs (discussed later). This conclusion was
supported by findings in the Middle East, where those types of equip-
ment were captured. Tactical nuclear strikes were categorized as weap-
ons of mass destruction, together with chemical and bacteriological
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armaments (defined herein as “special weapons”), and Soviet forces
had known capabilities to employ such weapons. The Soviet literature
was quite misleading discussing the use of nuclear weapons while
stating that the use of CB weapons was forbidden by international law.
Nevertheless, incidents in Vietnam, Cambodia (Kampuchea), Laos,
Afghanistan, and in the war between Iran and Iraq suggest that chem-
ical weapons were used; this supports previous statements on the mat-
ter. According to Soviet tactical doctrine, the use of special weapons
did not preclude the simultaneous use of conventional weapons; hence
the term “complementary warfare.” Under such conditions, one would
anticipate different requirements for forces, higher rates of advance,
and enhanced depth of objectives. One also might have to reconsider
tactical principles based on conventional weapons alone and that
expected an increased emphasis on the use of Special Forces.

5. There is sufficient evidence that airborne assault was an integral part
of the Soviet combined arms doctrine. Such operations were to be
deployed for deep penetration and rapid exploitation and to secure
objectives forward of advancing ground forces. Tactical airborne land-
ing would be employed to capture and destroy enemy means of nuclear
attack, airfields, depots, and other objectives. The Soviets had eight
airborne divisions and additional air assault bridges for special opera-
tions behind enemy lines. In addition, it was estimated that at least one
third of the Soviet combat forces were trained for commando opera-
tions. An important component of this category was the Special Pur-
pose Forces (SPETSNAZ) trained to perform sensitive missions abroad
under the former GRU and/or KGB direction. In wartime, those forces
would operate deep behind enemy lines and attack various military,
economic, and political targets, similar to special operation forces used
by other countries.

After these operational concepts and capabilities were introduced, it became
necessary to perform a similar analysis for obtaining information on the weapon
systems that would be incorporated into the anticipated military actions. Such an
analysis would lead to estimates of environments in which the structural systems
have to function.

 

1.4.1.2 Weapons Systems

 

The Soviet arsenal included a variety of weapon systems that had to be considered
for the definition of hostile environments in which a given facility would be
required to function. Here, the weapon systems are classified and discussed
according to the methods by which they are used and controlled, as presented in
the literature (U.S. Army, 1977; Jane’s, 1982–1983; DOD, 1985). Additional
information on the subject is presented in Section 1.3.
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Artillery —

 

 The integration of artillery support with missile systems and
strikes of tactical aviation was the keystone of Soviet operational planning.
Offensive operations would follow an effective suppression of enemy defenses
and Soviet artillery would be employed under centralized control and in large
numbers. Firepower capabilities were increased by providing large numbers of
high-quality weapons systems; nevertheless, the 122 mm Howitzer was the basic
cannon. However, self-propelled (SP) and improved versions of the 122 mm and
the 152 mm weapons were introduced in substantial numbers, and it was expected
that they would replace a large number of the towed versions. Under the general
category of field artillery, one would consider the following weapon systems:
Howitzers and other types of cannons, mortars (120 mm and above) multiple-
rocket launchers (MRLs), tactical rockets, and operational missiles. This section
addresses cannons and mortars; rocket and missile systems are discussed later.

Other artillery weapons that would be considered when Warsaw Pact forces
were analyzed were the 203 mm Howitzer, 240 mm mortar, 180 mm gun, 100 mm
field gun, 130 mm field gun, and a variety of anti-tank and anti-craft guns that
could be employed against ground targets. Specifications for these weapons were
mostly unclassified and could be obtained from publications available to the
general public, as mentioned earlier. From that information, it was concluded that
the HE ammunition weights varied from 88 kg for the 180 mm gun to 12.2 kg
for the 100 mm field gun. Firing rates also varied from 1 round per min for the
180 mm gun to as fast as 10 rounds per min for the 100 mm field gun. Here, it
is reasonable to concentrate on the specifications of what would have been the
main weapon system used, the 122 mm Howitzer: ammunition weight, 21.8 to
27.3 kg; firing rate 6 to 8 rounds per minute. As far as the number of artillery,
on the basis of available references it was noticed that the Soviet forces increased
the number of SP field artillery faster than it decreased the number of towed
systems.

In order to illustrate the environment that would have been typical of a Soviet
attack, one should understand the “firing norms” that correspond to Soviet tactics
and the target damage criteria:

1.

 

Harassment:

 

 Attempt to achieve a 10% damage rate in order to reduce
enemy fire effectiveness.

2.

 

Neutralization:

 

 Inflict 20 to 30% damage for a temporary reduction
of enemy capabilities.

3.

 

Annihilation:

 

 Try to inflict 50 to 60% damage in order to destroy
fighting capabilities completely, until it is reconstituted.

It should be noted that these criteria were more severe than the corresponding
Western definitions, further illustrating the Soviet concept of artillery support:
massive in scope and aimed at inflicting terminal damage on the defending side.
Fire coverage is computed as rounds per hectare per minute (1 hectare 

 

=

 

 10,000 m

 

2

 

=

 

 2.47 acres). A typical fire plan for a 122 mm Howitzer battalion supporting the
attack of a motorized rifle battalion included preparatory fires of about 1,600
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rounds over a period of 40 min and 1,200 rounds as supporting fires to follow
“on call” during a shorter period. Therefore, one would consider the possible
effect of about 2,800 detonations with a projectile weight of 21.8 to 27.3 kg, in
combination with tactical air support and/or missile fires; these are discussed later.

 

Missiles and rockets —

 

 The Soviets were using MRLs before WWII and
continued to develop such systems for various applications. All Warsaw Pact
members deployed such systems, which were either supplied by the Soviet Union
or developed and modified domestically. A brief summary of MRL systems was
provided in Jane’s (1982–1983), and from that information it is clear that there
were ten such systems having 20 (BMD-20) to 40 (BM-21, M-1972) barrels. The
rocket calibers were from 122 to 250 mm and rocket weights were 39.6 to 455 kg.
Between 1980 and 1984, an estimated 4,400 additional MRLs were produced,
an indication of the number of such systems that would be present during hos-
tilities.

In addition, one would consider battlefield support rockets that could deliver
relatively large warheads (conventional, CB, or nuclear). The Soviets deployed
the FROG series (FROG 1 through FROG 7) that could deliver 450 kg warheads
(or even heavier versions) over ranges of 40 to 70 km, and the SCUD A, B, or
C that could deliver large warheads up to 450 km. (Such systems have been
further improved by other countries and are currently supplied to various cus-
tomers.) The accuracy of such systems was improved gradually over time. One
would also consider the SS-21 and SS-23, for which information can be found
in various publications.

 

Aerial bombs —

 

 A typical sample of bombs (free fall) in the Soviet arsenal
was discussed in the above literature. The number of weapons to be dropped on
a target depended on operational requirements, but on the basis of flying con-
straints it was safe to assume that a typical fighter-bomber would deliver two
weapons per target in a single pass and that repeated attacks would be expected
to ensure target annihilation. Regarding the type of weapon systems that had to
be considered, a concentration on the FAB designation series (100, 250, 500, and
1,000, corresponding to the weight of the bomb in kg) and on the boosted concrete
demolition bombs under the designation BETAB (250 and 500 kg) was recom-
mended. Another bomb was the 500 kg M62 designed for target penetration and
demolition bombs in the 100 to 1,000 kg range. Again, neither the CB weapons
nor the tactical nuclear systems were listed, and they would be considered for
specific conditions.

 

Demolition charges and special weapons

 

 — Under this general title one
would include special weapon systems designed to accomplish specific tasks,
systems that are more sophisticated than the weapons previously described. Many
such systems were operated by Special Forces (airborne and/or commando units)
to achieve a desired outcome. Typically, one would expect the deployment of
such weapons against primary targets, as discussed earlier. In order to protect
against these weapons, one must consider the deployment of active defense
together with conventional hardening techniques, and the designer should be
aware of specific requirements based on sound operational considerations.
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1.4.1.3 Summary

 

Accordingly, considering an artillery softening, 1,600 rounds of 122 mm shells
would be fired over a period of about 40 min. From this it is clear that about 40
rounds per minute would hit the target, and since the target area is known it would
be possible to employ a statistical approach to compute the probability for a hit
in a given area. One could then compute the number of such hits per unit time
per unit area, and from the charge weights the associated loading functions.
Similarly, one can estimate the loading environment from a typical aerial attack,
based on the number of planes, sorties, and bombs used for such missions.

 

1.4.2 T

 

ERRORISM

 

 

 

AND

 

 I

 

NSURGENCY

 

 T

 

HREAT

 

 A

 

SSESSMENT

 

This activity is much more complicated because applicable operational manuals
are not available. Both terrorists and insurgency groups will usually improvise
their operations and tools. These are limited by imagination, boldness and moti-
vation, resources, and constraints imposed by the society against which such
operations are launched. Such groups can change operational parameters more
quickly than expected of a typical military adversary. They will operate with total
disregard of accepted norms of engagement (e.g., the Geneva Convention), and
will attack any target that can serve their purpose. Therefore, one must perform
continuous threat assessments, and work closely with all other organizations that
could have similar interests (e.g., law enforcement, security, intelligence, etc.).
The resulting comprehensive security plan must be reviewed after each threat
assessment, and appropriate measures must be implemented to remedy any pos-
sible uncovered deficiency.

 

1.5 TECHNICAL RESOURCES AND BLAST 
MITIGATION CAPABILITIES

 

The information presented next was combined with details from briefings orga-
nized by the sponsors of the present study to derive an assessment of current
blast mitigation technologies and their applicability to the protection of civilian
facilities. Additional information from the following two activities assisted in
deriving a better understanding of the state of knowledge in blast mitigation: a
three-day workshop sponsored by the Norwegian Defence Construction Service
(Krauthammer, 1993) and an ASCE-sponsored study to collect information and
provide guidelines on how to design and/or upgrade civilian facilities to resist
terrorist activities (ASCE, 1999); Smith (2003) presented guidelines on how to
respond to bomb threats.

The findings of these activities are classified according to several technical
areas: threat and load definition, computational analysis and assessment, and
experimental analysis and assessment. Since the indications are that explosive
devices will continue to be primary hazards, the emphasis in this section is on
blast, shock, and impact. Structural design for safety and physical security
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requires a sound background in fortification science and technology. Loading
environments associated with many relevant threats (impact, explosion, penetra-
tion, etc.) are extremely energetic, and their duration is measured in milliseconds
(about one thousand times shorter than typical earthquakes).

Structural response under short-duration dynamic effects could be signifi-
cantly different from the much slower loading cases, requiring a designer to
provide suitable structural details. Therefore, one must explicitly address the
effects related to such severe loading environments in addition to considering the
general principles used for structural design to resist conventional loads. One
must be familiar with the background material on structural consideration and
design and the experience gained from recent terrorist bombing incidents. A brief
summary of a few frequently used references is provided next.

As noted above, R&D activities in the fortification area followed the perceived
threats that were directly related to international geopolitical activities. Soon after
WWII and until the early 1980s, most of these R&D efforts concentrated on
nuclear threats. Gradually, since the early 1970s, more attention has been given
to threats from conventional weapons. Since the late 1980s, most of the fortifi-
cation activities seem to have shifted to the conventional weapons area, and since
the early 1990s it seems to be the only topic of concern. Accordingly, the attention
shifted from the global behavior of structures (either buried or above ground) to
the local response. Most design manuals, however, still emphasize responses to
uniformly distributed loads that use classical resistance models for the structural
elements (elastic–plastic material models, yield line strength theories, etc.).

Most of the experimental work in this area has focused on the behavior of
structures for clearly military objectives, although some civilian structures had
been tested under nuclear effects (either actual or simulated). In addition, because
of budget and scheduling considerations, many experimental efforts in this general
area did not look at several scales of structural modeling. With respect to forti-
fication technology that could be useful to the civilian protective architecture
community, one would need to extract data on the behavior of above-ground
structures subjected to HE detonations. Unfortunately, most of the studies spon-
sored by DOD were directed at the behavior of underground structures; many of
these studies were sponsored by Defense Nuclear Agency (DNA) (renamed
Defense Special Weapons Agency [DSWA] and later merged into Defense Threat
Reduction Agency [DTRA]), and were performed by Waterways Experiment
Station (WES) (later merged into ERDC) and Airforce Weapons Laboratory
(AFWL) (AFWL is no longer in existence). Nevertheless, useful information has
been generated from a limited number of tests on above-ground structures, and
structural components (Coltharp, 1985, among others). Such studies addressed
the behavior and design of openings, doors, blast valves, glazing, protective
perimeter walls, features to defeat Rocket Propelled Grenades (RPGs), etc. Stud-
ies for AFWL on the design of specific structural detailing for hardened facilities
provided insights into the localized nature of structural response (Krauthammer
and DeSutter, October 1989). Although these studies were discontinued when
that organization disbanded, some of the work addressing concerns in explosive
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safety was carried on later by the U.S. Navy (Naval Facilities Command [NAV-
FAC]) and Department of Defense Explosive Safety Board (DDESB) (Otani and
Krauthammer, 1997; Ku and Krauthammer, 1999; Krauthammer, 1999). Given
the number of presentations in recent conferences, it is evident that there is great
interest in the effects of penetrating weapons on buried facilities. Although some
useful information could be extracted from these studies, the bulk of the data
may not be very useful to the civilian protective architecture community. As a
result, various other studies were initiated during the last few years addressing
the behavior of civilian buildings under simulated terrorist attack.

The predominant method of testing has been by loading structures (in many
cases only one size per study) with either weapons or HE devices. It should be
noted, however, that even identical HE devices may produce different loading
environments, and such experiments are difficult, risky, and very expensive. These
experimental approaches could be justified for the assessment of structures sub-
jected to the specific threat, but under certain conditions they may not be very
useful for obtaining precise information on loads and structural response mech-
anisms. Because of the high uncertainty in the load data, measurements from
such tests may not be very helpful for the verification of computational tools.
Therefore, design manuals have to employ simple yet safe assumptions with
respect to loads and structural behavior.

 

1.5.1 D

 

ESIGN

 

 M

 

ANUALS

 

Of all the manuals previously cited, TM 5-1300 (Department of the Army, Novem-
ber 1990; this is a tri-service manual with corresponding Air Force and Navy
designations) is the most widely used by both military and civilian organizations.
It has been used for the design and assessment of various facilities both in the
U.S. and abroad and includes step-by-step analysis and design procedures. Various
users have adhered to its recommendations as closely as possible. The 

 

Security
Engineering Manual

 

 (U.S. Army, TM 5-853, December 1988 and May 1994) is
more specific for physical security measures; it also contains information from
TM 5-1300, but its use is limited to authorized personnel.

 

Tri-Service Manual TM 5-1300 (Department of the Army, 1990)

 

 — This
manual is intended primarily for explosives safety applications. It is the most
widely used manual for structural design to resist blast effects. One reason for
its widespread use by industry is that it is approved for public release with
unlimited distribution. For predicting the mode of structural response, the manual
differentiates between a “close-in” design range and a “far” design range. On the
basis of the purpose of the structure and the design range, the allowable design
response limits for the structural elements (primarily roof and wall slabs) are
given as support rotations. This publication is most widely used by both military
and civilian organizations. Several concerns have been raised about some issues
addressed in this manual, as will be discussed later, and the manual is currently
being revised.

 

DK3186_C001.fm  Page 26  Monday, December 3, 2007  9:02 AM



 

Introduction

 

27

 

Army Technical Manual 5-855-1

 

 

 

(Department of the Army, 1986)

 

 — This
manual is intended for use by engineers involved in designing hardened facilities
to resist the effects of conventional weapons. It includes design criteria for
protection against the effects of penetrating weapons, contact detonations, or the
blast and fragmentation from standoff detonations. The recommended response
limits are given only as ductility ratios, not support rotations. Nonetheless, a more
recent supplement to TM 5-855-1 (Department of the Army, ETL 110-9-7, 1990)
provides response limit criteria based on support rotations. A more updated
manual should be used whenever possible (DOD, June 2002).

 

ASCE Manual 42

 

 

 

(1985) —

 

 The manual was prepared to provide guidance
in the design of facilities intended to resist nuclear weapon effects. It presents
conservative design ductility ratios for flexural response. Although an excellent
source for general blast-resistant design concepts, it lacks specific guidelines on
various issues (e.g., structural details).

 

ASCE Guidelines for Blast-Resistant Buildings in Petrochemical Facili-
ties

 

 

 

(1997)

 

 — This reference contains detailed information and guidelines on the
design of industrial blast-resistant facilities, with emphasis on petrochemical
facilities. It includes considerations of safety, siting, types of construction,
material properties, analysis and design issues, and several detailed examples.
The information is not limited to blast-resistant industrial facilities; it is very
useful for all aspects of blast-resistant design, including physical security.

 

ASCE Structural Design for Physical Security

 

 

 

(1999)

 

 — This is a state-
of-the-practice report addressing a broad range of topics in this field. It starts
with a detailed procedure for threat assessment, followed by an overview of how
to define loads associated with typical attacks. The behavior of structural systems
under the anticipated loads, and the corresponding design of structural elements
are treated next. Separate sections address the behavior and design of windows
and doors for the same loading environments. Also, a dedicated section addresses
the retrofit of existing structures. This report is about to be revised and published
as a guideline in coordination with the revision of TM 5-1300.

 

DoD and GSA Criteria

 

 — United Facilities Criteria (4-010-01 and 4-023-
03, Department of Defense, October 2003 and January 2005, respectively) and
GSA criteria (June 2003) are aimed at meeting minimum antiterrorism standards
for buildings and the prevention of progressive collapse. Both DoD and GSA
publications recognize that progressive collapse could be the primary cause for
casualties in facilities attacked with explosive devices, and they include guidelines
to mitigate them.

 

DOE Manual

 

 

 

33 

 

— This is similar to TM 5-1300 described above, but it
contains updated material, based on more recent data.

 

FEMA Guidelines

 

 

 

(December 2003)

 

 — This publication is not a technical
or design manual, but it contains clear and comprehensive guidelines on issues
that need to be addressed and simple explanations of such steps. This may be the
most effective starting point for people who wish to learn how to handle protective
construction projects.
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1.5.2 DESIGN AND CONSTRUCTION CONSIDERATIONS

Existing publications (U.S. Army, TM 5-853, December 1998 and May 1994;
ASCE, June 1999; FEMA, 2003) provide guidelines on the structural engineering
topics for physical security design. Discussions of structural systems behavior
under the effects of common threats are used as bases for comparisons of different
types of loading effects on structures; general comparisons of different types of
structures and their expected response characteristics; and guidelines on effec-
tively selecting the structural type, materials, and structural components for
enhancing safety and physical security.

Specific information is also given on the behavior, design, and analysis of
components typically used as part of a facility’s structural system. The discussions
include both global and localized responses. The principal objectives of protective
design are to protect personnel and assets and to minimize the operational dis-
ruption of a facility. The approaches include tables and charts from the various
design manuals described above.

The combined effects of material properties, loads, support conditions, and
structural detailing are understood, at least empirically, and this state of knowl-
edge is reflected in the current design codes. The current quasi-static design
approaches are reasonable for implementation. However, the application of pres-
sure–impulse diagrams should be re-evaluated and the transition between different
behavioral modes should be better defined.

User-friendly and physics-based, single-degree-of-freedom codes that include
various structural response capabilities should be developed and incorporated into
the design process. Design activities should be supported by review of existing
data, analysis, and testing, and design methods should be re-evaluated to include
more precise criteria. Unlike many current procedures, all designs should be based
on acceptable design criteria that include construction ability, performance, main-
tenance, and repair requirements for the facility under consideration. Guidelines
on construction aspects and cost control should be provided.

Robustness and response levels should be related to a facility’s contents and
its mission requirements (for civilian facilities, the mission requirements para-
meter would address instead considerations of safety). It is also desirable to
introduce cost/benefit criteria for various design options. Designers should be
guided with respect to design tradeoffs, but the design process should be well
defined.

Although current design procedures give guidelines on how to enhance the
breaching resistance, it could be impractical to protect against breaching and
direct shear effects by conventional means. Alternative reinforcement details
should be permitted for cases in which lacing would be required. The use of
various materials and combinations of materials (e.g., high-strength concrete,
possibly in combination with conventional and fiber reinforcement and damage
absorption devices) should be studied, and future design guidelines should address
such options. Guidelines and recommendations should be provided on how to
evaluate future capacity of previously loaded structures.
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Design procedures for special details are also included in existing publications
(U.S. Army, TM 5-853, December 1998 and May 1994; U.S. Army, TM 5-1300,
November 1990; ASCE, 1997 and 1999; FEMA, 2003), for example, the selection
and design of security windows, doors, utility openings, and other components
that must resist blast and forced-entry effects. General design approaches for
hardening typical commercial construction to resist physical security threats are
also included. Threats considered relate specifically to external or internal explo-
sions. Concepts for changing the essential quantities for dynamic resistance
include mass and strength increase, support conditions modification, span
decrease, replacement of inadequate components, and loaded area reduction.
Additionally, retrofit effects on forced-entry resistance are discussed. The discus-
sions include analysis techniques for predicting retrofit requirements, retrofit
materials and techniques, forced-entry resistance retrofit, and cost.

It was noted that TM 5-1300 (U.S. Army, November 1990) is the publication
most widely used by both military and civilian organizations. The security engi-
neering manual (U.S. Army, TM 5-853, December 1988 and May 1994) is more
specific for physical security measures, but its use is limited to authorized per-
sonnel. Despite the wide acceptance of these publications, recent studies (Krau-
thammer et al., 1994; Woodson, 1994) show that current design procedures in
TM 5-1300 may not be adequate for connections or plastic hinge regions, and
raise questions about recommendations for both flexural and shear resistance
models in slabs.

Considerable attention has been given to the behavior of subsystems typically
found in hardened facilities (generators; air, water, and fuel supply equipment;
communication and computer equipment; etc.). Here too, the emphasis shifted
from nuclear threats (57 reports from the SAFEGUARD series from 1972 to
April 1977) to conventional threats, as mentioned above. Crawford et al. (August
1973) provided guidelines on the installation of such equipment based on the
information obtained from studies related to the nuclear threat. There is no
comparable source of information related to HE effects, but one may use data
from individual studies for such purpose.

Marquis and Berglund (July 1990) and Marquis et al. (August 1991) explored
the issues of predicting equipment response and providing fragility spectra for
typical equipment in military facilities based on data from both seismically
induced responses of equipment in nuclear power plants and shock responses of
ship-mounted equipment. Dove (March 1992), comparing different in-structure
shock prediction methods, showed that many exhibited serious limitations and
that the ISSV3 code could be used to obtain good predictions. That information,
combined with findings by Harris and Tucker (August 1986), Ball et al. (March
1991 and April 1991), and Mett (April 1991), could be more relevant to the
protection of civilian facilities against terrorist threats than was the information
obtained from earlier (nuclear weapon effects) studies.

The important findings indicate that most mechanical or electromechanical
types of equipment are sufficiently rugged to survive anticipated in-structure
shock environments. Problems were encountered primarily with faulty wire instal-
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lations or inadequate attachment procedures for the structure. Although shock
isolation is quite feasible, it was noticed that certain shock isolation devices may
not provide the expected protection. These issues should be addressed by the
facility designers.

1.6 ANALYSIS REQUIREMENTS AND CAPABILITIES

1.6.1 COMPUTATIONAL ANALYSIS

A detailed discussion of computational techniques in this field is presented later
in this chapter; the following brief discussion is provided only as a general
summary. Closed-form solutions are limited to simple geometries, simple loading
and support conditions, and linear materials. When approximate, simplified meth-
ods are used, one must assume a response mode and the corresponding param-
eters. It is recommended to use such methods together with data from computer
codes based on current design manuals. Current medium-structure interaction
models are too simplistic and do not include nonlinear effects.

To accommodate a practical range of numerical capabilities, simple, inter-
mediate, and advanced computer codes are needed. Advanced numerical methods
require significant resources, and they should be used in the final stages of detailed
structural analyses for obtaining design guidelines and/or in the detailed evalua-
tion of the anticipated structural response. However, such advanced codes must
be validated against precision test data to ensure their reliability (Krauthammer
et al., May 1996 and May 1999). These publications note that the best results are
obtained when a structure is analyzed gradually, employing a range of numerical
approaches from simple to advanced. Structural response calculations may not
be valid for scaled ranges less than 1 (ft/lb1/3) and structural breaching calculations
should be performed separately from structural response analyses.

1.6.2 EXPERIMENTAL ANALYSIS

There are basic differences among many of the tests conducted by defense
organizations with typical weapon systems, and tests with terrorist-type explosive
systems that are usually IEDs. Data from typical weapons systems or very large
ammonium nitrate fuel oil (ANFO) charges may not provide much useful infor-
mation for protective architecture considerations. On the other hand, tests with
terrorist-type explosive devices can provide very useful information.

Such tests have become both more relevant and frequent in recent years, and
have been conducted in several countries. Furthermore, it is anticipated that
numerical simulations could be used more frequently instead of some experi-
ments. However, data from precision tests are needed for the calibration, valida-
tion, and verification of the various computer codes. The combination of exper-
iments with continuum mechanics theories to clarify behavior, damage, and
transitions between response modes are also anticipated. Moreover, there is a
need to obtain constitutive relations for various materials up to very high pressure
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levels, and a need to define and better explain strain rate effects. So far, there is
confidence in scaled tests of structural concrete systems, as long as real construc-
tion materials can be used; however, it is not clear whether smaller scaled tests
on typical construction materials can provide useful information. Furthermore, it
is very difficult to develop small scale steel members that enable one to preserve
the geometric characteristics of commercial steel shapes.

When scaled tests are to be performed, more than one scale should be used
in order to verify proper behavior and account for size effects. Furthermore, there
are serious questions about using scaling laws to study breaching and other severe
structural responses, where the behavior might be more related to material prop-
erties than to structural behavior. Also, recent studies showed that size effects are
coupled with loading rate effects to significantly influence material behavior
(Krauthammer et al., October 2003; Elfahal et al., 2005; Elfahal and Krautham-
mer, March–April 2005), and these findings need to be incorporated into advanced
computational tools and design recommendations.

1.7 PROTECTIVE TECHNOLOGY: CURRENT STATE 
AND FUTURE NEEDS

The current fortification and physical security technologies may be evaluated in
light of the information presented above. First, it should be noted that most of
the current design procedures are highly empirical. This is not intended as a
negative comment. The problem of structural behavior under severely short-
duration dynamic loads is a difficult one for the following reasons: it cannot be
treated with closed-form solution procedures; experimental approaches are com-
plicated and not as precise as one would wish; and numerical solutions, although
increasingly more widely used, still lack reliable load simulation and well defined
material properties, and require large computational resources.

Nevertheless, fortification engineers must provide solutions to such compli-
cated, and in many cases not well defined, problems. Thus, many analysis and
design recommendations are simplified, helping to produce usually safe structures
whose safety margins are not well defined. This could be acceptable for military
facilities, where risks and certain casualty rates are acceptable. However, the
requirements for military facilities may be significantly different from those for
civilian structures and design recommendations must reflect such differences.
Therefore, the direct adoption of military design recommendations for civilian
applications should be carefully examined. Basically, current protective design
procedures are assumed to be “reasonably safe” for military applications. How-
ever, their safety margins are not well defined, and various issues still require
attention, as discussed below.

There are questions concerning load definition for various events (here one
must also consider the difficulties in medium-structures interaction, combined
blast and fragment effects, and the uncertainties associated with such events).
Design calculations should be supported by advanced simplified computer codes,
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and the traditional concept of pressure–impulse diagrams should be re-evaluated.
Better material models should be made available for advanced computations
(which should be performed at final design stages), and structural response
calculations should be performed separately from breaching evaluations.

Precision testing should be promoted and scaled tests should be conducted
within the ranges that allow the use of real construction materials. In design, the
general concept of safety factors should be re-evaluated to ensure structural
robustness and compatibility with different structural resistance mechanisms.
Design guidelines should enable the use of material combinations, advanced
reinforcements, efficient reinforcement details, considerations of life cycle costs,
and should provide the capability to evaluate alternative designs. Guidelines and
recommendations should be delineated on how to evaluate future capacity of
previously loaded structures.

Recent events and developments highlight three other areas in which there is
a serious lack of knowledge about and/or need for protection technology. First
is the issue of secondary threats to a building and its contents. It is typical to
have fires, smoke, progressive collapse, etc., following an explosive attack.
Although some work has been done in this area, the related information is not
readily available in design manuals (especially those mentioned above). Second,
there are no clear recommendations on how to perform post-attack recovery
operations in a safe manner. This ties directly into the issue of post-attack damage
assessment and the secondary threats, but it goes much further. During recovery
operations, it is vital to enter a damaged facility quickly and rescue individuals
and/or assets trapped inside. Such activities may require the rapid, safe removal
of debris and temporary shoring up of specific elements.

Civil defense personnel must have decision support tools and guidelines on
how to perform such work without causing further collapse. This is a complicated
problem, especially during a period of crisis and confusion, and it is much more
difficult than the traditional bomb damage assessment (BDA) activities performed
by military personnel. It also should be noted that, based on recent experiences,
military BDA is a critical area that requires significant improvements (Krautham-
mer, January 1999; Miller-Hooks and Krauthammer, August 2002 and May 2003).
As noted previously, one recommendation from the NDCS workshop (Krautham-
mer, 1993) was to develop guidelines on damage assessment in design manuals.
It seems reasonable that such development could be extended to include “rescue-
related design guidelines” as an integral part of future design manuals. The third
area in which there is a serious lack of knowledge about or need for protection
technology is arson. Arson (including very hot fires) has emerged as an easy
weapon, and this method of attack is gaining increasing acceptance among anti-
social groups (both criminal and subversive elements). Because this threat could
become a very serious problem in the future, new fire protection technologies for
integration into various civilian facilities are needed.

The evolution in fortification technology, as briefly described here, reflects
the gradual change in design capabilities as additional information becomes
available. Now that the Cold War is over (researchers in this area do not have to
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rush from one crisis to another and the existing fortification infrastructure may
need a new area of activity) it is time to solidify the state of knowledge in this
field. Careful re-evaluation of data from previous research will help significantly
to achieve this goal. Additional studies should be conducted in areas for which
such data are either insufficient of unavailable. Finally, the generated knowledge
base should be incorporated into a spectrum of computational tools in support of
all design, construction, operation, and recovery activities.

Current activities aimed at the development of an updated design manual
could be extremely useful if “civilian” versions of such a manual would be made
available for non-DOD design activities. Such design manuals should include the
features that are most desirable to the non-DOD design community, as briefly
described above. Furthermore, current developments in virtual reality (VR)-based,
or simulation-based (SB) design technologies dictate that such a manual should
be developed in such a way as to enable its incorporation into VR-based or SB
design tools. Linking the manual with advanced computational artificial intelli-
gence and modern visualization capabilities will ensure the ultimate utilization
of military fortification technology for civilian applications. Such a capability
must be combined with educational and training activities to guarantee effective
integration of protective architecture technologies into the civilian marketplace.

The discussion presented in the previous sections raised several issues regard-
ing current methods for hardened systems analysis and design. Clearly, significant
knowledge in this area has been gained since WWII, and the history of the last
50 years teaches that the threat from WMDs should be taken very seriously. The
re-emergence of nuclear/radiological, chemical, and biological threats must not
be overlooked. Obviously, additional research in many areas is badly needed, and
such needs must be adjusted to reflect changes in threats, weapon systems,
strategic and tactical concepts, and the capabilities of experimental and analytical
tools.

Unfortunately, the technological changes in the development of conven-
tional and unconventional weapons are much more rapid than the progress in
the development of adequate protective technologies. Furthermore, society has
been typically reacting to such changes after specific incidents, rather than
developing effective measures in preparation for possible attacks. It would be
wise to address such issues urgently and continuously, and to become much
more proactive in the development of protective technology that can help avert
very serious consequences.

1.7.1 RELATIONSHIPS TO R&D

Most studies on the responses of protective structures to detonation effects are
still in the domain of the single detonation event. Unfortunately, because many
of the problems related to this kind of event are not yet fully understood, it is
logical to address them in a disconnected manner. Furthermore, there is a clear
separation between nuclear effects and conventional effects research — a sepa-
ration that may no longer be justified in light of the growing evidence that the

DK3186_C001.fm  Page 33  Monday, December 3, 2007  9:02 AM



34 Modern Protective Structures

two environments may be combined. A combined approach requires the study of
the responses of both damaged and undamaged systems. Several studies have
been conducted, but a serious effort must be made to plan and conduct more.

One of the important issues to be faced by facility designers is load definition.
It has been shown before [ASCE, 1985; Department of the Army, 1986 and 1990
(rev. 1998)] that a rational estimate of an equivalent pressure–time history can
be determined by combining the effects of blast, fragments, etc. Nevertheless,
significant questions remain regarding the resulting loads on the structures. The
empirical methods used for the derivation of the present estimates and the purely
analytical methods used in the literature (Lakhov and Polyakova, 1967; Rakh-
matulin and Demy’anov, 1966; Henrych, 1979) do not consistently provide accu-
rate estimates. One of the primary reasons for this inconsistency is the lack of
reliable methods for performing accurate computations of detonation–soil inter-
action and/or soil–structure interactions under highly nonlinear conditions
wherein the stresses vary with time and location. The development of reliable
analytical/numerical tools for such computations and their validation against
experimental data is significant.

Engineers and researchers who have worked on the development of protective
structures against nuclear detonations tend to forget that typical conventional
weapons must detonate relatively close-in to their targets in order to achieve the
planned effects. This proximity requirement is also the shortcoming of these
weapons, and usually the attacking force will try to compensate by using a large
number of detonations and hoping that a few will achieve their objectives.

The detonation itself is not a simple spherical or cylindrical charge. It is
important to be able to define load as a function of shape. Furthermore, the effect
of the case on the resulting detonation is clearly not as was predicted and reported
by Crawford et al. (1971), who recommended that the weight of the explosive
be reduced by about 50% to reflect the energy loss due to fragmentation of the
case. That recommendation was based on the assumption that the case would be
uniformly disintegrated into very small particles. However, those who are familiar
with the actual behavior know that it is possible to have much larger and fewer
fragments than anticipated. The result is that a much larger amount of energy
would be available to produce the blast and propel the fragments and thus cause
a more severe environment than anticipated. In addition, the orientation of the
weapon with respect to the target is important, since it would be combined with
the geometry to form the shock front that would interact with the target.

Another observation in recent experiments with close-in detonations is that
the effects of shock-wave focusing due to pressure rays between fragments and
reflections from the ground surface could be important in the load definition. All
of these issues need to be addressed in order to provide rational models that
would be employed for structural analysis and design. The combination of pres-
sure and fragment impulse as a function of the detonation distance from the target
is another important issue that does not have reliable models at this time, and
this topic must be studied.

DK3186_C001.fm  Page 34  Monday, December 3, 2007  9:02 AM



Introduction 35

As for structural analysis, several areas of research are essential. It was shown
experimentally and numerically (Krauthammer, 1986) that for close-in HE det-
onations and certain nuclear loads, the mode of structural failure is controlled by
material failure or by direct shear. At present we have some understanding of
these phenomena, but they are clearly not well understood. We also do not
understand whether and how direct shear can be coupled with the flexural modes
of response, as was achieved for the coupling of bending shear, flexure, and thrust
(Krauthammer, 1987). It is strongly recommended that such studies be performed,
with the ultimate objective of a better understanding of structural behavior and
thus improved design methods.

The area of equipment response under the effects of multiple detonations is
very important. Usually tests are performed with the single-detonation approach,
wherein the time histories do not include the effects of closely timed explosions
that could introduce additional frequencies into the loading environments. In
addition, the increase in the deployment of smart weapons raises the issue of
having to protect against very close-in or internal detonations that may not be
randomly distributed over a general target area. Under these conditions, it would
be possible to have several such weapons detonate in a well coordinated manner,
thus subjecting a structure to a most severe load–time history at critical locations.
Current analysis and design methods do exclude such considerations, thereby
introducing serious risk into the field.

1.7.2 POLICY AND TECHNOLOGY NEEDS

According to the Downing Assessment Task Force recommendations (Downing,
1996), DOD was to develop a comprehensive approach to force protection that
included the designation of an existing DOD organization to be responsible for
force protection. It further stated that consideration should be given to a national
laboratory to provide this expertise, and that this entity should be provided funds
and authority for research, development, test, and evaluation (RDT&E) efforts to
enhance force protection. From the NRC committee’s findings (1995), and the
USCNS/21 report (March 2001), it is clear that the potential hazards for both
civilian and military systems and facilities (land-, air-, and sea-based) are con-
siderable, and the construction technologies and design principles developed for
hardened military structures are not directly applicable to these facilities. These
conclusions and recommendations were confirmed by recent terrorist attacks.

Although several countries made significant investments in research related
to terrorism effects (including blast effects on structures), the focus through the
early 1990s was primarily on weapons performance and the design of hardened
military facilities. Consequently, we lack knowledge and experience in how many
typical civilian facilities and systems behave under blast-induced loads. Further-
more, we are gradually gaining the required knowledge and experience in how
to cost effectively retrofit existing systems and facilities to make them blast-
resistant.
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New and advanced materials, novel retrofit and design concepts, and expe-
dient design concepts, and certification and validation processes must be devel-
oped in response to these challenges. The NRC reports (1995, 2000, and 2001)
included specific recommendations that should be implemented for land-based
facilities. More far reaching recommendations have been issued by the USCNS/21
(2001) to address anticipated enhanced threats to the U.S. from terrorism. In light
of the 2001 terrorist attacks against the World Trade Center and the Pentagon,
these recommendations must be modified to address both the protection require-
ments faced by society, including land-, sea-, and air-based systems and facilities,
and the protection of civilian populations, as follows:

• Expand current defense programs of both short- and long-term research
on terrorist threat protection to include theoretical, experimental, and
numerical studies of the resistance of military and civilian land- and
sea-based facilities (buildings, ships, etc.) to anticipated threats and
include considerations of both structural and nonstructural subsystems.

• Adapt existing technology developed for military use and disseminate
it to civilian design professionals (emphasizing land-, sea-, and air-
based facilities and systems) through professional organizations and
academic curricula.

• Establish both national and multinational government–aca-
demic–industry partnerships whose purpose is to enhance and facilitate
the development and implementation of such technologies. Further-
more, expose design professionals to the range of measures that can
be taken to protect facilities and systems (buildings and compounds,
aircraft, ships, etc.) from terrorist attack. The partnership should pro-
vide a network to foster cooperation and effective protective technology
transfer among government, academia, and private industry.

The various departments of defense and/or homeland security have the
responsibility for developing, maintaining, and applying effective technologies
to protect civilian and military personnel worldwide. Currently in the U.S., the
bulk of the research related to this problem is addressed through special groups
[e.g., the National Security Council’s Technical Support Working Group (TSWG)
that focuses on rapid solutions to interagency problems and the Army’s Technol-
ogy Based Program in Force Protection against Terrorist Threat that is focusing
on military and government installations]. Also, the U.S. Department of State
supports a limited program addressing threats to its embassies.

The contributions to current protective measures from these research pro-
grams have been limited because of a lack of funding. While such organizations
were assigned the responsibility for conducting the technology-based research
mission for the services for survivability and protective structures, the technology-
based funding has remained practically at the same level as before. Outside of
the defense establishments, experience in terrorism effects (e.g., blast effects on
facilities) exists in a limited number of consulting firms involved in such work.
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Most of these firms, like their government sponsors, suffer from lacks of expe-
rienced technical personnel and their levels of interest and involvement depend
directly on the availability of funding.

The recommendations of the Downing Task Force, the NRC studies, and the
USCNS/21 reports clearly call for a comprehensive approach in developing
protective technologies and the establishment of DOD design standards for new
construction, hardening of existing facilities, and ship survivability. Furthermore,
for the approach to be fully comprehensive, it is critical that an effective govern-
ment–academic–industry partnership is developed to provide an institutional net-
work to foster R&D, training, and technology transfer. Consistent with these
recommendations, an integrated and multinational systems approach to the ter-
rorist threat problem should be explored seriously.

1.7.3 DEVELOPMENT AND IMPLEMENTATION OF PROTECTIVE 
DESIGN METHODOLOGY

The following summarize the recommended actions required to address the issues
raised previously:

• Mobilize the international scientific community (including govern-
ment, private, and academic) for this effort.

• Establish comprehensive and complementary long- and short-term
R&D activities in protective technology to ensure the safety of inter-
national government, military, and civilian personnel, systems, and
facilities under evolving terrorist threats.

• Develop innovative and effective mitigation technologies for the pro-
tection of government, military, and civilian personnel, systems, and
facilities from terrorist attack.

• Launch effective technology transfer and training vehicles that will
ensure that the required knowledge and technologies for protecting
government, military, and civilian personnel, systems, and facilities
from terrorist attack will be fully and adequately implemented.

• Establish parallel and complementary programs that address the non-
technical aspects of this general problem (i.e., culture, religion, phi-
losophy, history, ethnicity, politics, economics, social sciences, life
science and medicine, etc.) to form effective interfaces between tech-
nical and nontechnical developments and implement a comprehensive
approach for combating international terrorism.

The following sequence of activities that address the critical scientific and tech-
nical needs, as described above, is fully compatible with ongoing activities
focused on land-, air-, and sea-based systems and facilities. This compatibility is
essential for ensuring that the required protective technologies will meet the broad
range of critical national needs. The process is expected to involve a sequence
of complementary activities, from basic research through implementation, as
described below.
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1.7.3.1 Basic and Preliminary Applied Research

• Define and characterize design threats and corresponding loads, and
perform hazard and/or risk analysis, and determine corresponding con-
sequences on assets, missions, and people.

• Predict and/or measure facility and/or system response to design threat
loads, including considerations of characteristic parameters (material
properties, geometry, structure and/or system type, assets, mission
requirements, etc.).

• Develop theoretical/numerical retrofit and/or design concepts to bring
a facility and/or system response and consequences within acceptable
levels.

1.7.3.2 Applied Research, Advanced Technology 
Development, and Demonstration and Validation 
Tests

• Develop retrofit and/or design concepts to bring the facility/system
response and consequences within acceptable levels.

• Verify retrofit and/or design concept through laboratory and/or field
tests and develop final design specifications.

1.7.3.3 Demonstration, Validation, and Implementation

• Conduct certification and/or validation tests.
• Implement retrofit and/or design technology transfer, guidance, and/or

training.

These activities should be conducted internationally through national centers for
protective technology research and development (NCPTR&D). These centers will
direct, coordinate, and be supported by collaborative government, academic, and
industry consortia that will perform various parts of the activities. National
academic support consortia (NASC) should be established to engage in this
critical effort through both research and education activities. These NASCs will
identify and mobilize faculty members from universities with appropriate scien-
tific and technical capabilities and lead some of the required R&D.

The NCPTR&Ds and their consortia members will be staffed by a unique
team of internationally known experts in all scientific and technological areas
relevant to protective technology and will have access to advanced research
facilities at all sites. Team members should have documented extensive experience
in protective technology, developing and managing major research initiatives,
developing and implementing innovative protective technologies, and training of
military and civilian personnel in the application. Each collaborative effort should
be conducted under the general guidance and oversight of an advisory committee
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consisting of internationally recognized technical experts and senior public, gov-
ernment, and military leaders in relevant fields. Specific technical guidance will
be provided through combined government–academic–industry management
teams with subgroups formed to focus on key science and technology areas.

1.8 SUMMARY

The information presented above raised several practical issues regarding current
methods for hardened systems analysis and design in light of our understanding
of anticipated hostile environments. Clearly, significant knowledge has been
gained since WWII, and the events since then teach us that threats from conven-
tional and unconventional weapons should be taken very seriously. Nevertheless,
additional research in many areas is badly needed and such needs must be adjusted
to reflect changes in weapon systems, local and international conflicts, strategic
and tactical concepts, and the capabilities of experimental and analytical tools.
Unfortunately, both geopolitical and weapons technology changes are much more
rapid than the progress in the development of protective measures. It would be
wise to address such issues actively and continuously in order to avoid a very
tragic outcomes.

The following chapters focus on specific technical issues and on the various
analysis and design activities required for blast, shock, and impact mitigation.
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2

 

Explosive Devices and 
Explosions

 

2.1 INTRODUCTION

 

The comprehensive risk management approach as presented in Chapter 1 may
indicate that a threat to be addressed involves the use of explosive devices.
Therefore one must understand explosive devices and their capabilities and have
a good understanding of explosive effects and the processes that generate them.
This chapter provides a general background on these topics.

 

2.2 CHARACTERISTICS OF EXPLOSIVE PROCESSES, 
DEVICES, AND ENVIRONMENTS

2.2.1 N

 

UCLEAR

 

 W

 

EAPONS

 

The principles of modern nuclear weapons are similar to those of the first nuclear
devices. Once a critical mass of a nuclear material (such as uranium or plutonium)
is achieved, the chain reaction will result in the release of thermal, radioactive,
and other energies that will create a nuclear environment. The weapons are
complicated, but should be viewed as sources for vast amounts of energy that,
when released, will create the effects that must be resisted by protective systems.
More information on nuclear effects can be found in Glasstone and Dolan (1977).

 

2.2.2 C

 

ONVENTIONAL

 

 W

 

EAPONS

 

This section is a general summary of conventional weapons (CW) properties
based on TM 5-855-1 (Department of the Army, 1986); for additional infor-
mation, see other publications, such as 

 

Jane’s

 

, etc. For information on acci-
dental explosions, consult other sources (Baker et al., 1983; Department of
the Army, 1990; Mays and Smith, 1995; Bulson, 1997). The designer or analyst
must have reasonable assessments on the type of weapon systems that could
be applied to the structure under consideration. Addressing military ordnance
is important not only for the design of military-type protective structures, but
also because many improvised explosive devices (IEDs) are produced with
either stolen or discarded weapons. Typical military devices are introduced
first, and explosion processes and phenomena are treated, as the foundation
for defining physical threat environments. 
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2.2.2.1 Small Arms and Aircraft Cannon Projectiles

 

These projectile types may include ball, tracer, armor-piercing (AP), and armor-
piercing incendiary (API), as defined in Table 2.1; ball and AP types are illustrated
in Figure 2.1.

 

2.2.2.2 Direct and Indirect Fire Weapon Projectiles

 

These projectile types are used with various artillery weapons. They contain
various amounts of high explosives (HEs) to cause severe blast and fragmentation
effects. These effects, when associated with close-in detonations, can cause severe
damage to structures. The designer must consider the effects of multiple hits,
despite the fact that the literature contains no provisions for such considerations.
Special attention should be given to HE antitank (HEAT) munitions that are very
effective against exposed structures. Some of these weapons are defined and
illustrated, respectively, in Table 2.2 and Figure 2.2.

The following is some general background on the use and effectiveness of
such munitions. AP projectiles are effective against armor plate and reinforced

 

TABLE 2.1
Characteristics of Small Arms and Aircraft Cannon Projectiles 

 

Caliber

 

Projectiles

Type
Weight
(grains)

Muzzle Velocity
(fps)

Pistols

 

7.62 mm Ball 74–60 950–1,500
9 mm Ball 125–160 990–1,275
0.45 in. Ball 208–234 820–850

 

Rifles

 

5.56 mm Ball, tracer 43–56 3,100–3,300
7.62 mm Ball, tracer, AP 74–187 1,380–2,880

 

Machine Guns

 

7.62 mm Ball, AP, tracer 149–182 2,680–2,850
12.7 mm (0.50 cal) Ball, AP, tracer, incendiary 620–710 2,750–3,500
14.5 mm Ball, AP, tracer, incendiary 919–980 3,200

 

Aircraft

 

23 mm HE, AP, incendiary 3,080 2,260
30 mm HE, AP, incendiary 6,320 2,560
37 mm HE, AP, incendiary 11,350 2,260
40 mm HE, AP, incendiary 15,000 3,280

 

Source: 

 

TM 5-885-1, 1986.
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concrete. AP solid shot is less effective against face-hardened and homogeneous
plate at more than 10° obliquity unless coupled with a very high striking velocity.
AP capped projectiles are more effective against concrete targets especially if
they contain HE charges. These are fused to detonate at maximum penetration.

Oblique impact decreases penetration and causes a projectile to ricochet;
therefore, exposed surfaces of protective structures should be designed to present
the maximum angle relative to the direction and trajectory of fire.

HE shells contain about 15% explosives and 85% shell. They can be fitted
with delayed fuses for penetration of soil and/or concrete. Mortar shells are similar
to HE shells, but contain more explosive (20 to 40% HE). Some mortar shells
such as the Soviet 240 mm device are designed to penetrate structures with special
630 lb shells.

The development of rocket-assisted projectiles should be of special interest
for those concerned with penetrating weapons.

 

FIGURE 2.1

 

Typical small arms projectiles (TM 5-885-1, 1986).
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2.2.2.3 Grenades

 

Grenades are hand-delivered or launched by other means (rifle or RPG). They
are popular with special forces and infantry, as described in Table 2.3. 

 

TABLE 2.2
Characteristics of Typical U.S. and Soviet Mortar, Artillery, and Tank Rounds 

 

Caliber

Rate of
Fire

(rounds per
minute)

Muzzle
Velocity

(fps)

Maximum
Range

(m) Type

Total
Weight

(lb)
Explosive

Type

Explosive
Weight

(lb)

U.S. Mortars

 

60 mm 18–30 552 1,814 HE 3.2 TNT 0.34
81 m 18–30 875 4,595 HE 9.4 COMP B 2.1
4.2 in. 5–20 960 4,650 HE 27 TNT 7.1

 

Soviet Mortars

 

82 mm 15–25 693 3,000 HE 6.8 TNT/AMATOL 0.91
120 mm 12–15 893 5,700 HE 35.2 AMATOL 3.48
160 mm 2–3 1,126 8,040 HE 90.7 AMATOL 17.03
240 mm 1 1,189 9,700 HE 288.2 TNT 70.34
240 mm 1 — — Concrete 

penetrating
632.0 TNT —

 

U.S. Artillery

 

105 mm 1–3 1,621 11,500 HE 33 COMP B 5.08
155 mm 1–2 1,852 14,600 HE 94.6 TNT 15.4
175 mm 1 3,000 32,700 HE 147 COMP B 31.0
8 in. 0.5 1,950 16,800 HE 200 TNT 36.75

 

Soviet Artillery

 

122 mm 6–7 2,956 21,900 HE 47.8 AMATOL 10.2
130 mm 6–7 3,054 31,000 HE 73.6 TNT 12.7
152 mm 4 2,150 17,300 HE 95.8 TNT —
180 mm 1 2,600 30,000 HE 225.0 — 33.9
203 mm 0.5 1,990 18,000 Concrete 

penetrating
220.5 TNT

 

U.S. Tank

 

90 mm 8–9 2,400 17,900 HEAT 23.4 TNT 2.15

 

Soviet Tank

 

115 mm 5 — — HEAT 39.08 TNT 6.0

 

Source:

 

 TM 5-885-1, 1986.

 

DK3186_C002.fm  Page 44  Monday, December 3, 2007  9:32 AM



 

Explosive Devices and Explosions

 

45

FIGURE 2.2

 

Typical cannon projectiles (TM 5-885-1, 1986).
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2.2.2.4 Bombs

 

Bombs are divided into four principal groups: HE, fire and incendiary, dispenser
and cluster, and special purpose applications.

 

2.2.2.4.1 HE Bombs

 

The characteristics of some types of HE bombs are presented in Table 2.4 and
Figure 2.3. There are several types, all containing HE material primarily for
demolition:

• General purpose (GP) bombs are designed to perforate light reinforced
concrete (RC) and thin armor. They then detonate to cause general
destruction by blast and fragments.

• Light case (LC) bombs are usually used for contact explosions; the
effect is primarily blast.

• Fragmentation (FRAG) bombs are designed for heavy concentration
of fragments around the point of the explosion. These are effective
against personnel and light equipment, but with lower blast effects.

• Armor piercing (AP) bombs have heavy cases and are designed to be
used against heavily protected targets (by armor or RC).

• Semi-armor piercing (SAP) bombs are similar to AP types, but for
lighter armor.

• Fuel–air–explosive (FAE) bombs release a flammable gas (or liquid)
that, when ignited, will cause shock waves in the air. The effects are
similar to the detonation of a HE device at a certain altitude.

 

2.2.2.4.2 Fire and Incendiary Bombs

 

There are several types of such weapons based on a thin case filled with a chemical
or petroleum mixture. They are effective against fire-sensitive targets. Gasoline

 

TABLE 2.3
Characteristics of Typical Grenades 

 

Type

Projectile
Weight

(lb)

 

Filler

Range
(m) Type

Weight
(lb) Remarks

 

Fragmentation 0.86 40 COMP B 0.40 Hand-delivered
Concussion 0.97 30–40 TNT 0.50 Hand-delivered
Rifle-HEAT 1.48 115–195 COMP B 0.61 Penetrates approximately 

10-in. armor and 20-in. 
concrete

40 mm launcher 0.61 350–400 COMP B 0.08 Shoulder-fired

 

Source:

 

 TM 5-885-1, 1986.
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gel firebombs are designed to be detonated at the openings of protective structures
for deoxidation of the interior.

 

2.2.2.4.3 Dispenser and Cluster Bombs

 

These are designed to release many bomblets that may be HE, HEAT, chemical,
FAE, etc. They are used primarily against personnel and softer surface targets.

 

2.2.2.4.4 Special Purpose Bombs

 

These include a wide variety of weapons (leaflet, smoke, flare, etc.) that may not
harm structures. The anti-runway (rocket-assisted) bombs should also be consid-
ered for hardened systems design.

 

2.2.2.5 Rockets and Missiles

 

2.2.2.5.1 Tactical Rockets and Missiles

 

These can be used against armor and RC, and use various types of launching and
guidance systems, as shown in Table 2.5. 

 

TABLE 2.4
Characteristics of Typical Generic High-Explosive Bombs 

 

Designation and
Classification

Total
Weight
W

 

T

 

 (lb)
Diameter

d (in.)
Length
L (in.)

Charge-
Weight

Ratio (%)

Slenderness
Ratio L/d

(in.)

Sectional
Pressure 

(pp psi)

 

GP 100 110 8 29 51 3.6 2.2
GP 250 260 11 36 48 3.3 2.7
GP* 250 280 9 75 35 8.3 4.4
GP 500 520 14 45 51 3.2 3.4
GP* 500 550 11 90 35 8.2 5.8
GP* 750 830 16 85 44 5.3 4.1
GP 1,000 1,020 19 53 54 2.8 3.6
GP* 1,000 1,000 14 120 42 8.6 6.5
GP 2,000 2,090 23 70 53 3.0 5.0
GP* 2,000 2,000 18 150 48 8.3 7.9
GP* 3,000 3,000 24 180 63 7.5 6.6
SAP 500 510 12 49 30 3.9 4.5
SAP 1,000 1,000 15 57 31 3.8 5.6
SAP 2,000 2,040 19 66 27 3.5 7.2
AP 1,000 1,080 12 58 5 4.8 9.5
AP 1,600 1,590 14 67 15 4.8 10.3

* High slenderness ratio bombs.

 

Source:

 

 TM 5-855-1, 1986.

4W

d2
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2.2.2.5.2 Battlefield Support Missiles

 

These include the LANCE, SCUD, FROG, etc. They have HE, CB, and nuclear
warheads for long-range delivery.

 

2.2.2.6 Special-Purpose Weapons

 

2.2.2.6.1 Fuel–Air Munitions

 

The fuel (such as propylene oxide) is dispersed by a central buster charge to form
a fuel–air cloud that can be detonated with a second charge. The formed vapor

 

FIGURE 2.3

 

Typical high-explosive bombs (TM 5-855-1, 1986).

TAIL FUZE
BOX TYPE FIN

ARMING WIRE
SUSPENSION LUG
BOMB CASE

NOSE FUZE

BURSTING CHARGE
SURROUNDS
AUXILIARY BOOSTER

GENERAL PURPOSE

TAIL FUZE

L

L

L

AUXILIARY BOOSTER
TAIL FUZE

ARMOR-PIERCING

SEMI-ARMOR-PIERCING

NOSE
FUZE
PLUG

TAIL FUZE AND BOOSTER CHARGING
TUBES

NOSE FUZE
AND BOOSTER

GENERAL PURPOSE

(HIGH SLENDERNESS RATIO)

 

DK3186_C002.fm  Page 48  Monday, December 3, 2007  9:32 AM



 

Explosive Devices and Explosions

 

49

 

cloud must have a fuel–air concentration within well defined limits (known as
the upper and lower detonation limits) to ensure that the mixture can detonate.
As will be discussed below, the correct mixture concentration is necessary to
ensure complete combustion of the fuel and the release of sufficient thermal
energy that can create a shock wave that drives the detonation. The fuel–air
mixture may either burn or deflagrate if the mixture concentration is below the
lower detonation limit (however, very low mixture concentrations may not even
combust). Combustible vapor clouds can be formed also by the release of liquified
natural gas (LNG), coal dust, grain dust, etc. The peak pressure in the cloud is
up to about 300 psi, and the pressure–distance curves are similar to those asso-
ciated with HE. Fuel–air munitions create large area loadings that are different
from anticipated localized HE detonations.

 

2.2.2.6.2 Thermobaric Devices

 

Thermobaric explosive devices are designed to provide longer duration pressure
pulses. This can be achieved by using conventional HEs in combination with
additives that continue to burn after the initial detonation is completed. The longer
burning process elevates the temperature and causes an increased pressure pulse,
as will be discussed below.

 

2.2.3 C

 

ONVENTIONAL

 

 W

 

EAPONS

 

 S

 

UMMARY

 

The designer should use updated material when obtaining data on weapons. Most
libraries have publications that contain such information.

 

TABLE 2.5
Characteristics of Typical U.S. and Soviet Surface-Launched Rockets 
and Missiles 

 

Diameter
(mm)

 

Warhead

Maximum
Effective

Range (m)
Weapon
SystemType

 

Explosive Filler Muzzle
Velocity

(fps)
Weight

(lb) Type

 

66 HEAT 0.66 OCTOL 476 200 U.S. LAW
85 HEAT 1.25 RDX 985 300 Soviet RPG-7

102 HEAT 3.5 OCTOL 250 1,000 U.S. DRAGON
120 HEAT — — 394 3,000 Soviet SAGGER
140 HE 8.10 TNT 1,320 9,810 Soviet MRL
221 HEAT 5.2 OCTOL 657 3,750 U.S. TOW
240 HE 59.81 TNT 969 10,300 Soviet MRL

 

Source:

 

 TM 5-855-1, 1986.
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2.3 EXPLOSIVES, EXPLOSIONS, EFFECTS AND THEIR 
MITIGATION

2.3.1 B

 

LAST

 

 E

 

FFECTS

 

 

 

AND

 

 M

 

ITIGATION

 

An explosion should be defined in the broadest way as a function of explosive
sources. Such a definition includes the overall spectrum of explosive effects that
include both conventional (chemicals, various vapors, and high explosives) and
nuclear devices, and both military and nonmilitary systems. For purposes of the
present discussion, the treatment of nuclear threats may not be relevant (although
it may become relevant as a function of nuclear weapon proliferation); rather,
the emphasis here is on nonnuclear explosive devices that are typical of terrorist
activities. The following discussion briefly addresses the nuclear issue, then
focuses on nonnuclear devices.

Although explosive devices have been in use for several hundreds of years,
comprehensive treatments of blast effects and their mitigation appeared only after
WWII. Between 1945 and the early 1980s, the main thrust was the nuclear threat.
The reasons for this are clear. WWII was the first international conflict that
resulted in massive destruction of vast areas, including numerous population
centers of various sizes. Furthermore, the tremendous destruction potential of
newly introduced nuclear weapons had been demonstrated, and the nuclear arms
race was accelerating. These circumstances led to the introduction of several
sources that contained information on the nuclear threat and its mitigation (Glas-
stone and Dolan, 1977; U.S. Army, 1957; Newmark et al., 1961 and 1962;
Allgood, 1970; Crawford et al., 1973 and 1974; Gut, 1976; Defense Civil Pre-
paredness Agency, 1977; ASCE, 1985; Schuster et al., 1987). The two most recent
publications in this group represent the state-of-the-art design of protective struc-
tures to resist nuclear blast effects.

Prior to the early 1970s, the nonnuclear explosion threat was addressed in a
less rigorous manner. The first effort to document the effects of conventional
weapons and provide some guidance on mitigation appeared immediately after
WWII (NDRC 1946). While various other early accounts of HE devices and their
effects are known, they all refer to specific events and are limited in scope. As
noted above, limited attention was given to conventional explosion effects in the
U.S. before the early 1970s, largely because of the preoccupation with the nuclear
threat (until that time, other countries had more advanced capabilities in this
area). The American experience in Vietnam and the real needs for explosive safety
gradually shifted more attention to this issue and a variety of related publications
appeared [Crawford et al., 1971; U.S. Army, 1977; Baker, 1983; Baker et al.,
1983; Department of the Army, 1986 (rev. 1998) and 1990; Drake et al., 1989;
U.S. Department of Energy, 1992). Increases in terrorist activities with special
emphasis on U.S. targets created the need to address the issue of physical security
and the requirements for protection against these additional threats. Pertinent
information and recommended procedures were developed and incorporated
into two additional manuals (U.S. Navy, 1988; U.S. Army, 1988). As in the
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publications on the nuclear issue, most of these sources contain considerable
amounts of empirical information and practical guidelines. While the main focus
of many publications in this group is the mitigation of conventional explosion
effects, another group has the chief purpose of presenting the scientific foundation
in this general area.

Several publications treat specific areas of scientific foundation in consider-
able depth. Biggs (1964) wrote a book on structural dynamics, with special
attention to blast effects and their mitigation. Although the primary emphasis was
on the nuclear blast problem, the thorough treatment of the related dynamics
problems also enabled consideration of other cases. This is an excellent resource
for those who wish to be introduced to the field. Johansson and Persson (1970)
provided an extensive treatment of HEs, detonation processes, and the corre-
sponding physical effects. Their book gives significant insight into the nature of
explosions, energy release, and the generation of blast loading sources. Some
aspects of detonation are treated rigorously by Fickett (1985), who presented
mathematical models for both physical and chemical phenomena; he did not,
however, include much information on experimental observations and their rela-
tionships to the theory.

Henrych (1979) wrote a comprehensive treatise on both nuclear and nonnu-
clear explosion phenomena and their effects on various media and structural
systems. The book contains many problems, their governing differential equa-
tions, and theoretical solutions. Although this book may not be a design aid,
engineers with advanced training can use it effectively for a wide range of related
issues.

Baker et al. (1983) gave special attention to accidental explosions of various
chemical compounds, and their book contains both scientific and practical treat-
ments of related blast mitigation. The concept of pressure–impulse diagrams is
explained and is used to explain structural response to explosive loads, and the
issue of blast-resistant design is also included. Batsanov (1994) provided a com-
prehensive discussion on explosion effects on both physical and chemical prop-
erties of various materials and processes, delineating how this knowledge can be
employed by industry.

Although ground shock (the propagation of shock waves through geologic
media) may not be a serious issue in physical security (the main threat is still an
explosive device detonated near an above-ground structure), it could be an impor-
tant issue in general structural protection considerations. Blast effects on struc-
tures are directly related to stress wave propagation, especially to shock wave
effects. In all close-in explosions wherein shock waves must travel through the
surrounding medium to cause damage to a facility (including shock propagation
through gases, liquids, and solids; it appears also with impact and penetration),
a precise description of the wave propagation phenomena is essential. The liter-
ature on this general subject can be divided into two principal groups. The first
group addresses the classical issue of wave propagation, with emphasis on linear
or linearizable problems (Kolsky, 1963; Achenbach, 1973; Davis, 1988). The
second group is more focused on nonlinear problems, with special emphasis on
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shock waves (Rakhmatulin and Dem’yanov, 1966; Whitham, 1974; Rinehart,
1975; Ben Dor, 1992; Han and Yin, 1993).

It should be noted that the treatment of shock waves in various materials
became more pronounced beginning in the mid 1960s, and this is reflected in the
publications. Henrych (1979) and Lakhov and Polyakova (1967) also wrote exten-
sive theoretical treatments of this important topic, although their emphasis is more
on the phenomena and effects related to explosions. These publications mainly
contain detailed discussions of theoretical, closed form, solution approaches. It
is interesting to note that the works by Rakhmatulin and Dem’yanov (1966),
Lakhov and Polyakova (1967), and Henrych (1979) are based primarily on
research in the former Soviet Union, and they represent the general approaches
employed there in the area of fortification. However, given the nature of these
publications, such approaches are limited to a small domain of real problems,
and one must employ numerical solution procedures for addressing the more
complicated (and more realistic) cases. As far as shock propagation in gases is
concerned, the books by Henrych (1979), Baker (1983), Baker et al. (1983), Ben
Dor (1992), and Han and Yin (1993), among others, provide substantial informa-
tion on this topic.

Although the emphasis of this report is on blast effects, two related issues
may be important under certain conditions: the impact associated with objects
propelled by the blast environment and the problems of penetration by such
objects. These issues are addressed in the manuals cited above, but the reader
may need additional information to supplement the limited data provided therein.
Jones (1988) presented a comprehensive treatment of the problem of mechanical
impact, although his emphasis is more on crash worthiness than blast-induced
effects. Zukas (1990) edited a collection of chapters by well known researchers
in the areas of high velocity impacts and penetration mechanics, and this source
contains much valuable information.

This summary provides a brief historical background to the current state of
knowledge of blast, mitigation, and design technologies. It describes and assesses
the state of the art and highlights capabilities that could be useful for defensive
architecture needs in the civilian sector. Recommendations are presented on
required future R&D activities that would benefit the civilian defensive architec-
ture community.

Explosive materials are designed to release large amounts of energy in a very
short time (the characteristic duration of an explosion in measured in microsec-
onds). This tremendous energy release causes the generation of shock waves in
the surrounding media that propagate away from the center of the explosion. A
careful examination of the literature provides the required background for under-
standing the nature of explosions and the ways in which the resulting shock waves
interact with structures and affect the integrity of materials and structures. The
combined effects of pressure pulses and the corresponding particle velocities
determine the characteristic local response, typical to impact or close-in conven-
tional explosions, and separate it from global structural behavior.
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2.3.2 E

 

XPLOSIVES

 

 

 

AND

 

 E

 

XPLOSIONS

 

Excellent information on the chemical processes of detonation and deflagration
is found in various books (Johansson and Persson, 1970; Dobratz, 1974 and 1981;
Baker et al., 1983; Smith and Hetherington, 1994; Persson et al., 1994; Cooper
and Kurowski, 1996; Zukas and Walters, 1998). A general fuel may contain a
combination of carbon, hydrogen, oxygen, nitrogen, and sulfur. To understand
the burning process of such a material, one can assume first that the fuel molecule
is separated into its chemical components, as follows:

C

 

c

 

H

 

h

 

N

 

n

 

S

 

s

 

O

 

o

 

 

 

⇒

 

 cC + hH + nN + sS + oO

Next, one needs to address the oxidation processes for each of these components
by the oxygen available in the fuel. Nitrogen atoms will combine to form nitrogen
molecules, N

 

2

 

. However, some traces of nitrogen oxides (NO

 

X

 

) will be formed,
and this knowledge is used by law enforcement in forensic investigations to
determine the type of explosive event that caused the observed damage. Hydrogen
combines with oxygen to form water (H

 

2

 

O). Carbon will combine with oxygen
to form carbon dioxide, CO

 

2

 

. However, if the fuel molecule does not have
sufficient oxygen (is under-oxidized), the burning will produce only carbon mon-
oxide, CO. If sulfur is present in the fuel, it will combine with available oxygen
to form sulfur dioxide, SO

 

2

 

. Any remaining oxygen atoms will combine into O

 

2

 

molecules. One may write the chemical equation for the complete (stoichiometric)
oxidation of such a fuel as follows:

C

 

c

 

H

 

h

 

N

 

n

 

S

 

s

 

O

 

o 

 

+ {c + h/4 + o/4 + s}O

 

2

 

 

 

⇒

 

 

c CO

 

2 

 

+ (h/2) H

 

2

 

O + (n/2) N

 

2 

 

+ s SO

 

2 

 

+ Q (2.1)

The indexes c, h, n, s, and o indicate how many atoms of each compound
are used. Q or Q

 

d

 

 is the 

 

heat of reaction

 

,

 

 of 

 

O

 

2

 

 

 

detonation

 

, or 

 

the heat of
combustion

 

. This is the enthalpy that must be added to the system to enable the
reactants to produce the final products at the same pressure and temperature. In
the case of fuel burning, the reaction is 

 

exothermic

 

. This means that the chemical
reaction produces more heat than it needs to sustain itself, and the change in
enthalpy is negative (measured in kJ/mol). Since the number of moles (one mole
is defined as 6.023 

 

×

 

 10

 

23

 

 molecules) per unit weight are known for a given
material, one can specify its energy release in kJ/kg. In the case where the enthalpy
change is accompanied by a large entropy change and in the case of gaseous
product formation, it is positive. Clearly, adding or removing heat from a chemical
reaction can affect the process.

A decomposition (or oxidation) process progresses from the point of initiation
at a rate that depends on various parameters, e.g., pressure, temperature, specific
properties of the fuel material, mixture properties (lean or rich), etc. Generally,
if the reaction zone (flame) progresses at velocities lower than the speed of sound
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in the medium, the process is defined as combustion. The speed of combustion
can be increased with confining pressure. When an explosive material burns at
speeds below the speed of sound, the process is defined as deflagration. At
velocities higher than the speed of sound for the medium, the chemical reaction
is defined as detonation.

One may calculate the oxygen balance for an explosive by computing the
number of carbon, nitrogen, sulfur, and hydrogen atoms and comparing these
with the number of oxygen atoms that would be required to form the fully oxidized
molecules on the right side of Equation (2.1). One can see the requirement to
provide two oxygen atoms for each carbon atom, half an oxygen atom for each
hydrogen atom, and two oxygen atoms for each sulfur atom. Accordingly, one
must determine whether the amount of available oxygen in the fuel is sufficient
for a complete chemical reaction. This procedure can be accomplished by sub-
tracting the quantity (2c + h/2) from o, the number of oxygen atoms available in
the fuel. Accordingly, the oxygen balance (OB) is derived by multiplying that
result by the ratio of the atomic weight of oxygen (AW

 

o

 

) and the molecular weight
of the fuel (M). A further multiplication by 100 will produce the OB in percent,
as shown below (Smith and Hetherington, 1994; Cooper and Kurowski, 1996):

OB (%) = 100(o 

 

−

 

 h/2 

 

−

 

 2c)(AW

 

o

 

/M) (2.2)

The nominal atomic weights of oxygen, carbon, hydrogen, nitrogen, and sulfur
are 16, 12, 1, 14, and 32, respectively. One can illustrate this approach for several
typical explosive materials, as follows. In the case of nitroglycerine, C

 

3

 

H

 

5

 

N

 

3

 

O

 

9

 

,
one can write the following chemical reaction:

C

 

3

 

H

 

5

 

N

 

3

 

O

 

9

 

 

 

⇒

 

 3 CO

 

2 

 

+ 2.5 H

 

2

 

O + 1.5 N

 

2 

 

+ 0.25 O

 

2 

 

+ Q (2.3)

Note that the complete combustion of each molecule of nitroglycerine will
leave free oxygen, indicating that this explosive should have a positive OB as
shown below:

OB = 100(9 

 

−

 

 5/2 

 

−

 

 2 * 3)

[16/(3 * 12 + 5 * 1 + 3 * 14 + 9 * 16)] = 

100(5.833)[16/227] = 3.52%

According to Johansson and Persson (1970), this reaction is accompanied by the
heat release of 6,700 kJ/kg and 740 liters of gas. This reaction takes place over
a very short time (the changes in pressure and temperature occur within 10

 

−

 

12

 

 s
for a 0.2 mm reaction zone). The release of heat and gas will result in the following
consequences: At the end of the reaction zone, the temperature will be about
3,000°K, the pressure will be about 220 kbar, and the density will be 30% higher
than before. Computing the OB for nitroglycerine will show that nitroglycerine
has about 3.5% more oxygen than is needed for complete combustion. Other
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explosives have different values of OB. For example, we can repeat this calcu-
lation for TNT:

C7H5N3O6 ⇒ 7 CO2 + 2.5 H2O + 1.5 N2 − 3.25 O2 + Q (2.4)

It is known that ΔH for TNT is 4.520 × 103 kJ/kg. The minus sign in front of the
amount of oxygen indicates that a full combustion of TNT will produce a deficit
of oxygen, which means that this chemical does not have sufficient oxygen for
full combustion. The OB calculations will show the following:

OB = 100(6 − 5/2 − 2 * 7)

[16/(7 * 12 + 5 * 1 + 3 * 14 + 6 * 16)] = 

100(−10.5)[16/227] = −74%

Clearly, TNT has an oxygen deficiency of 74%, which will prevent it from being
an efficient explosive material. To remedy this situation, one will have to add to
it another explosive that is rich in oxygen to ensure a complete combustion that
can release all the internal energy. Other explosives can be analyzed similarly to
define their OB values, as shown elsewhere (Smith and Hetherington, 1994;
Cooper and Kurowski, 1996). A similar analysis can be done for conventional
fuels such as gasoline and propane as shown below.

The complete chemical combustion of propane in air is defined below (Hard-
wick and Bouillon, 1993):

C3H8 + 5 O2 → 3 CO2 + 4 H2O (2.5)

The thermodynamic expressions for computing the energy for a chemical explo-
sion are the following:

ΔA = (ΔA°f)P − (ΔA°f)R

ΔA = ΔU − TΔS

ΔU = (Δu°f)P − (Δu°f)R (2.6)

ΔS = SP − SR

S = S° − RgΣxi 1n xi

P represents products, R represents reactants, ΔA°f is the Helmholtz free
energy at standard state, Δu°f is the internal energy at standard state, xi is the
mole fraction of species I, S° is the entropy at standard state, and Rg is the ideal
gas constant. The explosion energy is computed at 25°C and 1 atm pressure. Also,
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it is possible to assume that the following relationship can be used (Crowl and
Louvar, 1990):

ΔU ≈ ΔH (2.7)

ΔU is the internal energy change or (HProducts) − (HReactants), and ΔH is the enthalpy
change = (Δu°f)P − (Δu°f)R. Therefore,

ΔH = [4 mol (−241.8 kJ/mol) + 3 mol (−393.5 kJ/mol)] − 

[5 mol (0 kJ/mol) + 1 mol (−103.85 kJ/mol)]

ΔH = −2.04385 × 103 kJ/mol of C3H8

C3H8 (molecular weight) = 44.1 g/mol @25°C

C3H8 (density) = 0.493 g/cm3 @25°C

If one considers a commercial 5-gallon propane container, it is usually filled by
20 lb (weight) of propane gas. The number of moles in a 5-gallon propane
container is derived as follows:

20 lb (453.6 g/lb) (1 mol/44.1 g) = 205.7 moles

Total internal energy = 205.7 moles × −2.04385 × 103 kJ/mol = 

−420.5 × 103 kJ

The minus sign (−) indicates energy release from the combustion process. The
TNT equivalency can be computed from:

WTNT (kg) = [E (kJ)/4.520 × 103 kJ/kg] = 

[−420.5 × 103 kJ/4.520 × 103 kJ/kg] = 93 kg

The release of 20 lb of propane, given sufficient oxygen, can produce an explosion
equivalent to that of 93 kg TNT. Therefore 1 kg of propane is equivalent to
10.25 kg of TNT. Similarly, one can compute the TNT equivalency of gasoline
as follows. The complete chemical combustion of gasoline in air is shown below
(Hardwick and Bouillon, 1993):

2 C8H18 + 25 O2 → 16 CO2 + 18 H2O (2.8)

The TNT equivalency can be obtained in two ways. The first is the approach used
for propane:

ΔH = [18 mol (−241.8 kJ/mol) + 16 mol (−393.5 kJ/mol)] − 

[25 mol (0 kJ/mol) + 2 mol (−250.1 kJ/mol)]
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ΔH = −1.01482 × 104 kJ for 2 moles of C8H18 or 

−5.0741 × 103 kJ/mol of C8H18

C8H18 (molecular weight) = 114.23 g/mol @ 25°C

C8H18 (density) = 0.676 g/cm3 @ 25°C

Assuming that the gas tank contains 5 gallons of gasoline,

5 gallons = 18,925 mL

18,925 mL * 0.676 g/mL = 12,793 gr = 12.793 kg

The number of moles in 5 gallons of gasoline is derived below:

12.793 kg [1000 g/kg] [1 mol/114.23 g] = 111.99 moles

Total internal energy = 111.99 moles × −5.0741 × 103 kJ/mol = −568.53 × 103 kJ

Accordingly, one can find the following TNT equivalency:

WTNT (kg) = [E (kJ)/4.520 × 103 kJ/kg] = 

−5686.53 × 103 kJ/4.520 × 103 kJ/kg = 126 kg

The release of 5 gallons of C8H18, given sufficient oxygen, can produce an
explosion equivalent to that of 126 kg of TNT. Therefore, 1 kg C8H18 is equivalent
to 9.85 kg of TNT.

The second method was illustrated by Pounder (1998). The gross calorific
value for gas oil is 10,900 kcal/kg. Therefore, one can compute the internal energy
for 5 gallons of gasoline as follows:

1 gallon = 3.785 L, so 5 gallons of gasoline = 18.925 L, or 18,925 mL

18,925 mL [0.676 g/cm3] = 12,793 g = 12.793 kg gasoline

The amount of heat given off from the full combustion of 5 gallons of gasoline
is computed as follows:

12.793 kg [10,900 kcal/kg] = 138,209 kcal = 583.823 × 103 kJ

The TNT equivalency is computed as before:

WTNT (kg) = E (kJ)/4.520 × 103 kJ/kg = 

583.823 × 103 kJ/4.520 × 103 kJ/kg = 129 kg
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The release of 5 gallons of C8H18, given sufficient oxygen, can produce an
explosion equivalent to that of 129 kg of TNT. Therefore, 1 kg C8H18 is equivalent
to 10.1 kg TNT; this is very similar to the result obtained earlier.

2.3.3 EXPLOSIVE TYPES AND PROPERTIES

One may classify single molecule explosive materials into three general groups:
primary, secondary, and tertiary. The classification is based on the difficulty of
setting off an explosive reaction. Primary explosives or initiators are very sensitive
to both heat and shock. Such explosives will ignite easily, and most likely
detonate. They are used as initiators for explosives that are harder to initiate. For
example, mercury fulminate, lead azide, and silver azide are primary explosives.
Secondary explosives, some of which are still very volatile (e.g., nitroglycerine)
are less sensitive than those in the previous group and their relative stability
allows their use for various industrial or military applications. Nitroglycerine,
nitromethane, nitrocellulose, PETN, RDX, and TNT belong to this group.

Tertiary explosives are very stable and require significant initiation to produce
an explosion. Although they provide for enhanced safety in both their production
and application, the right conditions will cause their detonation and one should
follow safety guidelines to avoid accidental detonation. Ammonium nitrate is one
such explosive, and when mixed with fuel oil it forms ANFO. Characteristic
properties for several explosives are provided in Table 2.6 and information for
many others can be found in the literature (Johansson and Persson, 1970; Dobratz,
1974; Persson et al., 1994; Cooper and Kurowski, 1996; Zukas and Walters, 1998).

TABLE 2.6
Characteristic Properties of Typical 
Explosives

Explosive
ρρρρmax

(g/cm3)
Di at ρρρρmax

(km/sec)
Qd

(kJ/g)

AN (Amon./Nit.) 1.73 8.51 1.59
Composition C-4 1.59 8.04 5.86
Nitroglycerin 1.60 7.58 6.30
Nitromethane 1.13 6.29 6.40
Nitrocellulose 1.66 7.30 10.60
Pentolite (50/50) 1.70 7.53 5.86
PETN 1.77 7.98−8.26 6.12−6.32
RDX 1.76−1.80 8.7−8.75 5.13−6.19
TNT 1.64 6.95 4.10−4.55

ρmax = explosive density. Di = detonation velocity. Qd = heat
of detonation (Q in Equation 2.1).
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2.3.4 COMBUSTION PHENOMENA AND PROCESSES

In the previous sections, we addressed the exothermic chemical reaction that
converts a fuel into oxidized products and heat. Such a process may be defined
as burning when generic combustible materials are considered. For energetic
materials, one could distinguish between two burning processes: deflagration
occurs when the burning process rate is slower than the speed of sound in that
material and detonation is a burning process at rates exceeding the speed of sound
in the material. If one defines the rate of combustion by the reaction front speed
of propagation along the material, the supersonic propagation results in the
formation of a shock wave. For subsonic burning (for a fuel or propellant) one
can relate burning rate to pressure as follows (Cooper and Kurowski, 1996):

R = a Pn (2.9)

R is the burning rate (in length/time units), P is the pressure, a is the burning
rate coefficient (in units of length/time/pressuren), and n is the dimensionless
burning rate exponent. Typical propellants burn at rates between 0.2 and 0.66
in./s (5 and 16 mm/s) at normal atmospheric pressure, but at much higher rates
under higher pressures. The burning rate is also temperature-dependent, as fol-
lows:

R = R0 eS(T − T0) (2.10)

R0 is the burning rate at normal temperature T0 (70°F), e is 2.718, S is a material
constant (about 0.002), and R and T, respectively, are the rate and temperature
at which the new rate is to be computed.

In deflagration and detonation, a fuel is transformed from either a solid or
liquid to a gas, and one needs to address this phenomenon by thermodynamics.
A rapid reaction in which the system does not have sufficient time to lose heat
before that process completes is termed adiabatic. An adiabatic reaction is iso-
choric if the volume of the system in which the adiabatic reaction takes place
does not change before the reaction is over. The temperature associated with such
a condition is defined by Tv; the index v indicates constant volume. However, if
the gases produced by the adiabatic reaction can expand to maintain a constant
pressure, that reaction is termed isobaric. The temperature associated with such
a condition is defined by Tp and the index p indicates constant pressure. If one
assumes ideal gas conditions for the reaction products, one may employ the
following relationship:

PV = nℜT (2.11)

P is pressure in atmospheres, V is volume in liters, n is the number of moles of
gas (one can use gas tables that provide the number of moles per gram of gas),
ℜ is the universal gas constant defined as Rg in Equation (2.6). Its value is 0.08205
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liter * atmosphere/gmole * degrees K. T is temperature in °K. Equation (2.11)
can be rewritten as:

PV/T = nℜ = constant (2.12)

Equation (2.8) indicates that the value of PV/T is constant for a closed system
(i.e., the system prevents losses of mass and/or heat). One may employ Equation
(2.11) or (2.12) for simplified calculations to illustrate the effects of combustion
processes. If one considers an ideal gas in a closed system with defined values
of (PV/T)1 that is forced to change conditions to (PV/T)2, Equation (2.12) indi-
cates that (PV/T)1 = (PV/T)2. For example, consider an ideal gas in a closed
container with a volume of 1 liter at room temperature of 24°C (297°K) and a
pressure of 1 atm. If the temperature of the gas is changed quickly to 3000°C
(3273°K) without a change in the volume, the pressure will have to change as
follows.

Since the value of PV/T is constant, (1 * 1/297) = (P2 * 1/3273), from which
one derives the value of P2 = (3273/297) = 11 atm (since 1 atm is 14.7 psi, the
pressure will be 162 psi). As one can see, a sudden large temperature increase
caused a large increase in the pressure. If the temperature increase in the closed
system is not applied uniformly to the entire volume, it may cause large pressure
differences between the higher and lower temperature regions. Such pressure
differences will induce gas flow from the higher to the lower pressure regions.
If the pressure differences are sufficiently large, they can produce shock waves
in the gas.

Equation (2.12) can be used to explain the basic approach of a thermobaric
explosive device. If one mixes a conventional HE with materials that continue to
burn after the detonation is over (e.g., aluminum powder), the burning will keep
the temperature elevated for a longer period. Obviously, for a constant volume,
the pressure must increase proportionally to the elevated temperature so that the
value of PV/T remains constant. Conversely, if one can reduce the temperature
during an explosion, the pressure will have to become smaller.

Although wave propagation will be addressed in more detail in Chapter 3, a
brief discussion is provided here to explain the relationships between the explo-
sion process and shock waves.

2.3.5 DETONATION PROCESS AND SHOCK WAVES

We showed in the previous section that the combustion of an explosive material
releases an intense thermal pulse that causes sharp increases in pressure and
density. One can treat the corresponding physical phenomena as a one-dimen-
sional (1-D) stationary detonation as illustrated in Figure 2.4.

One may assume that the transition zone is very narrow, representing the
detonation front or reaction zone. The chemical reaction is assumed to occur in
the transition zone, where the explosive material burns, the resulting gas products
are formed, and the thermal energy is released in the form of the heat of
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detonation. Furthermore, instead of considering the detonation front propagating
into the unburned explosive, one can keep the front stationary and assume the
material is flowing to the left. That means that, as the material flows through the
transition zone, it transforms from the steady unexploded state to turbulent and
unsteady gaseous products. The detonation front represents the boundary between
steady and unsteady material flows. The shock front velocity in the high pressure
region is much higher than the particle velocity in the unexploded region. It has
been shown (Johansson and Persson, 1970; Henrych, 1979; Persson et al., 1994;
Cooper and Kurowski, 1996; Zukas and Walters, 1998) that the steep increase in
flow velocity across this front is termed the Chapman-Jouguet (C-J) plane. One
can apply the laws of conservation across the shock front as follows:

Conservation of mass: ρA(U − uA) = ρB(U − uB) (2.13)

Conservation of momentum: PA − PB = ρBUuB (2.14)

Conservation of energy: EA − EB = (1/2)(PB + PA)(uB − uA) + Q (2.15)

P is pressure, U is the shock front velocity, u is the particle velocity, ρ is the
density, and E is the internal energy. The indices A and B correspond to the
material states before or after the shock front, respectively. Equations (2.13)
through (2.15) are termed the Rankine-Hugoniot equations that define the flow
discontinuity across the shock front. These equations can be simplified by assum-
ing that uB = 0 and that PB is negligibly small. One may plot the pressure along
the 1-D material as shown in Figure 2.5.

Note on Figure 2.5 that a sharp pressure jump exists at the front of the reaction
zone, with a peak pressure termed the Von Neuman spike. The pressure decays
behind the front and reaches the C-J pressure state at the end of the reaction zone,
after which the pressure continues to decay exponentially to represent gas expan-
sion. The shock front moves to the right at shock speed U. It is customary to plot
thermodynamic processes in the pressure–volume space, and one may apply this
concept schematically also to the detonation process (Persson et al., 1994; Smith
and Hetherington, 1994; Cooper and Kurowski, 1996; Zukas and Walters, 1998).
The Hugoniot equation (2.15) can be rewritten in the following form:

FIGURE 2.4 One-dimensional shock flow.
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E1 − E0 = (1/2)(P1 + P0)(V0 − V1) + Q (2.16)

The indices 1 and 0 represent the compressed and initial properties, respectively.
Also, one may employ the thermodynamic expression H = E + PV that relates
enthalpy, energy, pressure, and volume to obtain:

H1 − H0 = (1/2)(P1 + P0)(V0 − V1) + Q (2.17)

One can adopt the previous assumptions in which a 1-D solid explosive in
equilibrium is transformed to 1-D gas in equilibrium and the reaction zone has
a zero width. Note that the detonation front moves to the right at a steady state
velocity and that the detonation process at each point is completed instanta-
neously. Each material has its own Hugoniot curve, as shown in Figure 2.6. The
solid material must transform instantly from a solid state to the gas state and one
must switch from one Hugoniot curve to the other. Points 1 and 3 on the Hugoniot
for the solid explosive represent the initial and fully shocked conditions without
accounting for the change of state due to the detonation. The straight line between
these points is termed the Rayleigh line and it is tangent to the Hugoniot for the
gas state at point 2, which defines the C-J state for the explosive material.
Applying the conservation Equations (2.13 through 2.15) to these conditions will
define the sharp transition between the solid explosive state and the post-detona-
tion gas state, as shown by Zukas and Walters (1998).

Two additional points of interest can be defined on the gas Hugoniot (Persson
et al., 1994). Point 4 represents a constant volume detonation state, while point
5 represents a constant pressure detonation state. Locations on the gas Hugoniot
to the right of point 5 represent only deflagration states, while locations to the
left of point 4 represent detonation states. Moreover, locations between points 4
and 5 represent conditions that cannot support either deflagration or detonation.

However, these three conservation equations are insufficient, and one needs
an equation of state for the gases that form the expanding detonation products to

FIGURE 2.5 Pressure versus distance relationship.
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enable a complete definition of the adiabatic process in which the entropy is
maintained constant, i.e., an isentropic process. Although one might consider
using Equation (2.11) for an ideal gas, various empirical equations were proposed
that fit the actual post-detonation gas state more accurately. One such formulation
is the Jones-Wilkins-Lee (JWL) that has the following format:

P = A exp(−R1 V/V0) + B exp(−R2 V/V0) + C(V/V0)−(1+ω) (2.18)

P is the pressure, V and V0 are the specific volumes at any state and the initial
state, respectively, and A, B, C, R1, R2, and ω are empirical constants based on
experimental data (Dobratz, 1981).

These idealized expressions can be employed with appropriate initial and
boundary conditions to define the environment behind the propagating shock
front. In many cases, however, only experimental approaches can be used for
defining real conditions near an explosion. Such experimental data can then be
combined with some aspects of the above-mentioned theoretical approach for
deriving empirical solutions, which, as a result of inevitable and frequent devia-
tions between data from different computational and experimental approaches,
must rely on correction coefficients.

If the explosion is confined by another material (e.g., soil), one must repeat
the above process for a soil element. Again, imposing the conservation of mass,
momentum, and energy, one derives the idealized governing equations that
describe the shock wave propagation in the surrounding material. Again, signif-
icant differences could appear between solutions based on such expressions and
experimental data. One can compute the thermal energy losses corresponding to
the mechanical changes in the surrounding medium induced by the passage of
the shock front. The discussion becomes significantly more complicated when
three-phase media (solid, liquid, and gas) are considered. This issue is not
expanded upon here, but, the treatment of such problems in the nonlinear domain

FIGURE 2.6 Detonation process in pressure–volume plane.
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requires the application of advanced numerical algorithms and the extensive use
of supercomputers.

Each explosion induces a series of different shock waves in the medium, such
as longitudinal pressure (P-wave), longitudinal rarefaction (N-wave), shear
(S-wave), and surface Rayleigh (R-wave). These waves represent different mech-
anisms of energy transfer and they travel at different velocities. Initially these
waves are grouped closely together, but at some distance from the source they
separate and arrive at the site of interest at different times. In the case of close-in
detonations, it is reasonable to assume that such separation is insignificant and
that all the waves reach the target at approximately the same time. If one considers
several sequential explosions, it is reasonable to expect some interference between
their effects. Further discussions of wave propagation will be included in Chapter 3.
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3

 

Conventional and 
Nuclear Environments

 

3.1 INTRODUCTION

 

As discussed in Chapter 1, the environment created by an explosion involves
several effects. The final five effects listed below result only from nuclear explo-
sions. All seven effects are discussed in preparation for defining the corresponding
loads on structures.

• Airblast
• Ground shock
• Ejecta 
• Fragments
• Fire, thermal, and chemical
• Radiation
• Electromagnetic pulse (EMP)

An explosion generates a shock wave (a high-pressure front propagating outward
from the point of detonation) that has a pressure that decays with distance.
Conventional high explosives (HEs) tend to produce different magnitudes of peak
pressure, heat production, etc. As a result, the environments they produce will be
different from each other. In order to establish a base for comparison, various
explosives are compared to “equivalent TNT” values. The term used is the 

 

free
air equivalent weight

 

 of an explosive, that is, the weight of TNT required to
produce a selected shock wave parameter of a magnitude equal to that produced
by a unit weight of the explosive.

Since the values for such comparisons are different at different pressure levels,
and since the comparison can be for either pressure or impulse, average equiva-
lency factors must be used as shown in Table 3.1. Another approach to compare
the effects of different explosives is based on their heat of reaction, Q, as discussed
in Chapter 2. Dividing the heat of reaction of any explosive by the heat of reaction
for TNT will provide an equivalent TNT weight for that explosive. For example,
the equivalent TNT weight for nitroglycerine is obtained by dividing 6,700 kJ/kg
by 4,520 kJ/kg for TNT for a value of 1.48. This means that, based on the heat
of reaction ratio, each kilogram of nitroglycerine is equivalent to 1.48 kg TNT.

The pressure ranges given in the table are rather low (relatively large standoff
distances); therefore, the comparisons may not be very accurate for close-in
detonations. Because close-in detonations are of particular interest for HE weap-
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ons, a designer must be very careful with the selection of equivalent TNT weights.
Experiments have shown that pressures at full contact with explosives may be in
the range of 200 to 500 kbar (2900 to 7250 ksi), as discussed in Chapter 2.

An important issue in the analysis and design of protective structures is the
comparison of effects from various weapons detonated at various distances. Such
a comparison can be made by employing acceptable scaling laws. One approach
is cube root scaling used to relate explosive effects on the basis of the corre-
sponding energy levels.

If R is the distance from a reference explosion of a charge having a weight
of W, then parameters such as over-pressure, dynamic pressure, particle velocity,

 

TABLE 3.1
Averaged Free Air Equivalent Weights Based on Blast 
Pressure and Impulse

 

Explosive

Equivalent
Weight
Pressure

Equivalent
Weight
Impulse

Pressure
Range
(psi)

 

ANFO (9416)

 

a

 

0.82 1–100
Composition A-3 1.09 1.07 5–50
Composition B 1.11 0.98 5–50
Composition C-4 1.37 1.19 10–100
Cyclotol (70/130)

 

b

 

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 1.10 5–100
Minol II 70/30

 

c

 

1.20 1.11 3–20
Octol 75/25 1.06
PETN 1.27 5–100
Pentolite 1.42 1.00 5–100

1.38 1.14 5–600
Tetryl 75/25

 

d

 

1.07 3–20
Tetrytol 70/30 1.06
 65/35
TNETB 1.36 1.10 5–100
TNT 1.00 1.00 Standard for pressure 

ranges shown 
Tritonal 1.07 0.96 5–100

 

a

 

Ammonium nitrate plus fuel oil.

 

b

 

RDX/TNT.

 

c

 

HMX/TNT.

 

d

 

TETRYL/TNT.

 

Source:

 

 Department of the Army, 1986.
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etc., for the reference explosion can be related to those arising from another
charge 

 

W

 

1

 

 at a distance 

 

R

 

1

 

 as follows:

(3.1)

or

(3.2)

The term 

 

λ

 

 is defined as the scaled distance. Similarly, impulse can be scaled as
follows:

(3.3)

or time of arrival:

(3.4)

The concept of cube root scaling implies that all physical quantities with dimen-
sions of pressure and velocity remain unchanged in the scaling. Scaling relation-
ships apply when identical ambient conditions exist, the compared charges have
identical shapes, and the charge-to-surface geometries are identical. Under other
conditions, the same scaling laws can be used for obtaining approximate com-
parisons, but they must be used with caution. It has been shown experimentally
that these scaling laws are correct for charge weights ranging from a few ounces
to hundreds of tons.

The basic principle of cube root scaling is that the energy released from a
point explosion will propagate with an expanding sphere of the shock wave. In
other words, the various blast effects will be proportional to the energy per unit
volume (specific energy). Since the volume of the sphere is proportional to R

 

3

 

,
the scaling will contain the cube root. If, however, the explosion is not similar
to a point explosion (or spherical charge), the scaling laws may change. For
example, for an explosive line or cylindrical charge, square root scaling should
be used because the energy will propagate with the expanding cylindrical shock
front. These differences are important in the case of close-in explosions, for which
the charge shape is essential in defining the shock front. For explosions far from
a target, the assumption of a point detonation is quite reasonable and cube root

R
R

W
W1 1

=
⎛

⎝
⎜

⎞

⎠
⎟

1 3

λ ≡
R

W

R

W
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scaling should be used. Because a survivable target must be at a considerable
distance from the center of a nuclear explosion, cube root scaling is adequate.

 

3.2 AIRBLAST

3.2.1 HE D

 

EVICES

 

 

 

AND

 

 C

 

ONVENTIONAL

 

 W

 

EAPONS

 

3.2.1.1 External Explosions

 

The general shape of an airblast shockwave pressure–time history for an open
air explosion is illustrated in Figure 3.1. The shock front is essentially vertical,
reflecting the sudden rise in pressure due to the explosion. The peak incident
pressure P

 

so

 

 is at the end of this initial phase (

 

rise time

 

). The incident pressure
is the pressure on a surface parallel to the direction of propagation. The propa-
gation velocity v decreases with time (and distance), but it is typically greater
than the speed of sound in the medium.

Gas particles (molecules) move at the particle velocity, u, which is lower than
v. The particle velocity is associated with the dynamic pressure, which is caused
by the “wind” generated from the blast shock fronts. Since the shape of the shock
wave depends on the energy released into the volume that is defined by the front
location, as the shock front propagates away from the explosion center, the peak
(incident pressure) decreases and the duration decreases.

The following observations can be made about the pressure–time history: The
shock front arrives at the target at time t

 

a

 

 and reaches the peak incident pressure
P

 

so

 

 at t

 

r

 

, after t

 

a

 

. Since t

 

r

 

 (rise time) is very short, an instantaneous rise to the peak
pressure can be assumed. The peak pressure decays to the ambient value in time

 

FIGURE 3.1

 

Free-field pressure–time variation (TM 5-855-1, 1986).
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t

 

o

 

, and this is defined as the positive phase of the pressure pulse. Following is
the negative phase for a duration of t

 

−

 

o

 

, characterized by a pressure lower than
the ambient pressure and a reversal of the wind (particle flow). The negative
phase is not important for the design and is usually ignored. The impulse delivered
to the target (i.e., associated with the blast wave) is the area under the positive
phase of the pressure–time curve, and is defined as i

 

s

 

.
The shock wave propagates in the manner described above as long as no

obstacles are encountered. However, if the wave reaches a surface that is not
parallel to the direction of propagation (such as a wall or a structure), a reflected
pressure is generated. The reflected pressure has the same general shape as the
incident pressure, but the peak is higher than that of the incident wave, as shown
in Figure 3.2. The reflected pressure depends on the incident wave and on the
angle of the inclined surface. 

The duration of the reflected pressure depends on the size of the surface,
which determines the rate of flow around it (i.e., the flow will try to go around
the wall in order to continue behind the obstacle). This secondary flow from the
high pressure to the lower pressure regions reduces the reflected pressure to the

 

FIGURE 3.2

 

Typical reflected pressure–time history (TM 5-855-1, 1986).
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stagnation pressure, a value that is in equilibrium with the pressure in the high
velocity associated with the incident wave. If the reflected pressure cannot be
relieved by the secondary flow (such as in the case of an infinite plane wave
impinging on an infinitely long wall), the incident wave is reflected at every point
on the surface, and the duration of the reflected pressure (positive phase) is the
same as that of the incident wave.

The unit impulse for a completely reflected wave is defined as i

 

n

 

, for the
positive phase. The positive phase wave length L

 

w

 

 is the distance from the
detonation center experiencing positive pressure, at a given time. P

 

r

 

 is calculated
from Figure 3.3 as:

 

P

 

r

 

 

 

= C

 

ra

 

 

 

⋅

 

 P

 

so

 

(3.5)

As mentioned earlier, different explosions can be compared by employing the
cube root scaling method and charge equivalency to TNT. Such comparisons for
the blast effects of spherical TNT charges are presented in Figure 3.4.

One should remember that for close-in explosions, the charge shape could
be important, because it defines the shock front geometry. Therefore, these cal-
culations should be used with caution when real weapons are considered. Fur-
thermore, the effects of the casing (the metal container in which the explosive is
cast) have not been considered, and since this issue is still under extensive study,
it is not clear how the effects should be treated. On one hand, part of the explosive
energy will be used for breaking the case and propelling fragments. In the past
(see Crawford et al., 1971), it was assumed that about 50% of the energy was

 

FIGURE 3.3

 

Reflected pressure coefficient versus angle of incident (TM 5-855-1, 1986).
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exhausted by these phenomena; however, a close examination of test data has
revealed that such estimates could lead to unconservative solutions.

For an explosion that occurs in the air above a target, the relationships in
Figure 3.4 can be used to obtain the blast parameters. Figure 3.3 can be used to
derive the reflection coefficients for the reflected shock, and one can obtain a
sequence of spheres to represent the wave propagation toward a target, as shown
in Figure 3.5. The problem is more complicated when an explosion occurs a short
distance from the target. The spherical shock wave that propagates away from
the center of the explosion is also reflected from the ground before reaching the
target. The reflection from the ground (an enhanced shock) interacts with the
original shock wave to produce a resultant shock front known as the 

 

Mach front

 

.
For design purposes, it is assumed that the Mach front is a plane wave with a
uniform pressure distribution, and that the pressure magnitude is about the same
as that of the incident wave (actually, it is somewhat larger). The point at which
the initial wave, the reflected wave, and the Mach front meet is the 

 

triple point

 

.
The triple point marks the top of the Mach front, and the path of the triple point
defines the height of the front (which grows as the front moves away from the
explosion center). To simplify the problem, it is assumed that the target is affected
by the Mach front. Otherwise, one needs to use advanced numerical simulations
to define more complicated blast–structure interaction conditions. 

If the triple point is above the structure (i.e., the Mach front is taller than the
structure), it can be assumed that the structure is loaded by a uniform pressure
distribution. If, however, the triple point is below the structure’s full height, the

 

FIGURE 3.4

 

Shock wave parameters for spherical TNT explosions in free air (TM 5-
855-1, 1986).
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pressure distribution must be adjusted accordingly (a uniform pressure up to the
triple point and the incident pressure above it). The calculation of pressure acting
on a structure is performed as follows (see Figure 3.5):

• Determine the slant distance R.
• Find the blast parameters from Figure 3.4.
• Compute P

 

r

 

 as a function of the incident angle 

 

α

 

 (Figure 3.3).

When an explosion occurs at the ground surface, simultaneous reflections from
the ground are obtained. It is assumed that the shock waves are hemispherical,
as shown in Figure 3.6. The parameters for a surface explosion are obtained from
other relationships, as shown in Figure 3.7; they are similar to those shown in
Figure 3.4, but in Figure 3.7 the parameter values are larger to account for the
effects of an instantaneous reflection from the surface. As with air bursts, the
parameters are calculated for the assumption of a planar wave (i.e., the structure
is assumed to be far from the explosion). As noted, data from relevant experiments
or reliable computations should be used for close-in detonations.

The dynamic pressure must be derived also, since it represents the effects of
“wind” from the explosion. The peak dynamic pressure q

 

o

 

 is related to the peak
incident pressure P

 

so

 

, as shown in Figure 3.8. For approximate analyses, a trian-
gular pulse rather than the actual pressure–time history may be employed. The
duration of the approximated positive phase t

 

of

 

 is computed as shown in Equation
(3.6a) where i

 

s

 

 is the total positive impulse and P

 

so

 

 is the peak pressure.

(3.6a)

 

FIGURE 3.5

 

Blast environment from an airburst (TM 5-855-1, 1986).
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For an explosion that occurs after a weapon has penetrated the ground and some
of the gases are released (typical in shallow burial depths), Figure 3.9 can be
used to estimate the peak airblast pressure as a function of distance, in which
= 

 

λ

 

x

 

e

 

p

 

′λ

 

D

 

 is the adjusted scaled ground range, 

 

λ

 

x

 

 = R/W

 

1/3

 

 is the scaled ground
range, 

 

λ

 

D

 

 = R/W

 

1/3

 

 is the scaled depth of burst, R is the ground range (feet), D
is the depth of explosion (feet), W is TNT weight (pounds), and 

 

ρ′

 

 is the specific

 

FIGURE 3.6

 

Surface burst blast environment (TM 5-855-1, 1986).

 

FIGURE 3.7

 

Shock wave parameters for hemispherical TNT surface bursts at sea level
(TM 5-855-1, 1986).
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gravity of soil. Note that this curve is valid for values 

 

λ

 

D 

 

<

 

 2 ft/lb

 

1/3

 

. Penetrations,
cratering, and ground shock are discussed in later sections.

 

FIGURE 3.8

 

Peak incident pressure versus peak dynamic pressure (TM 5-855-1, 1986).

 

FIGURE 3.9

 

Peak incident air blast pressure from underground explosion (TM 5-855-1,
1986).
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3.2.1.2 Internal Explosions

 

A more complicated blast environment exists when an explosion occurs inside a
confined space. The early time–blast phenomena would be very similar to either
the spherical or hemispherical conditions characterized by a sharp high pressure
spike and defined as the 

 

shock pressure

 

 phase of the event. The shock phase will
load the various surfaces that define the confined space, and reflected shock waves
will be formed from those surfaces, as shown in Figure 3.10. The duration of the
shock pressure phase is very short, and can be estimated from the shock front
velocities and the distances between the charge and the various surfaces.

After the shock phase, the blast environment becomes very complicated to
define. The reflected shock waves will propagate and interact with various other
surfaces. Each such interaction will generate new reflected shock waves and the
process will continue for a considerable time. At the same time, the high pressure
and high temperature gasses produced by the explosion expand into the confined
space. This phase of the blast environment is defined as the 

 

gas pressure

 

 phase
that will decay to ambient pressure as a result of gas leakage from the confined
space and/or the cooling of the hot gasses. The duration of the gas pressure phase
is considerably longer than the duration of the shock pressure phase. Because of
its relatively long duration, this phase is also known as 

 

quasistatic

 

, or 

 

pseudo-
static

 

. 

 

FIGURE 3.10

 

Shock reflections from walls during internal detonation (TM 5-855-1,
1986).
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The combined pressure versus time history for a typical internal explosion is
illustrated in Figure 3.11(a). The initial short duration-reflected shock pressure
spike is followed by a series of many lower pressure reflections, forming the gas
pressure phase that gradually decays to ambient pressure. The gas pressure phase
can be approximated by a smooth curve that passes through the many gas pressure
reverberations. Furthermore, one may adopt an even simpler approximation of
the two phases, as shown in Figure 3.11(b).

Both the shock and the gas pressure phases are approximated by triangular
pressure pulses. The shock pressure is characterized by the peak reflected pressure
P

 

r

 

 and duration t

 

r

 

. The gas pressure phase has a peak value of P

 

g

 

 and a duration
t

 

g

 

. The two triangles overlap near the origin, indicating that this area is accounted
for twice, once for the shock pressure phase and again for the gas pressure phase.
Clearly, this implies that the total impulse (i.e., the area under the pressure versus
time history) could be about 10% larger than measured experimentally. The
following computation procedures are expected for the blast pulse definition; see
Figure 3.11(b).

 

Shock pressure phase

 

 — One can use the equivalent TNT charge weight,
distance to the target surface, and obliquity to determine the blast pulse param-
eters. The procedures were described earlier in this section for spherical or
hemispherical detonations (Figure 3.3 through Figure 3.5). Knowing the magni-
tude of the peak reflected pressure P

 

r

 

 and impulse i

 

r

 

, one can approximate the
reflected pulse duration t

 

r

 

 as follows: 

t

 

r

 

 = 2 i

 

r

 

/P

 

r

 

(3.6b)

 

FIGURE 3.11

 

Shock and gas pressure phases (Department of Defense 1999, and Depart-
ment of the Army, 1990).
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This procedure, however, is very approximate, and it does not take into account
the contribution of reflections from other surfaces to the pressure pulse on the
target surface. A more accurate approach requires a more detailed wave propa-
gation analysis and possibly the application of advanced computational fluid
dynamics (CFD) computer programs.

 

Gas pressure phase

 

 — This phase of the pressure pulse is defined by the
equivalent TNT charge weight W, the room volume V

 

I

 

, vented area A

 

i

 

, ambient
pressure P

 

a

 

, speed of sound C, and vent area ratio 

 

∂

 

c

 

 = A

 

v

 

/A

 

w

 

, in which A

 

v

 

 is the
total area of all openings in the room and A

 

w

 

 is the total internal area of the walls.
Note that the dimensions of these parameters must be in consistent units (i.e., SI
or standard). Furthermore, one can use empirical charts for estimating the required
values, as shown in Figure 3.12 and Figure 3.13. One obtains the peak gas
(quasistatic) pressure, P

 

qs

 

 (pounds per square inch), from Figure 3.12 with the
appropriate charge weight (pounds) to internal volume ratio (cubic feet) and can
then extract the corresponding duration t

 

0

 

 (seconds) from the scaled duration
(t

 

0

 

C

 

∂

 

c

 

A

 

i

 

)/V

 

I

 

 obtained from Figure 3.13 (in which the parameter units are feet per
second, cubic feet, square feet, and pounds per square inch). The maximum
pressure is defined as P = (P

 

qs 

 

+ P

 

a

 

)/P

 

a

 

. It is assumed that the duration of the gas
pressure phase is t

 

0, the time required for the quasistatic pressure to decay to the
ambient pressure.

3.2.1.3 Leakage Blast Pressure

The previous sections were devoted to conditions for explosion incidents
where both the charge and the target are on the same side of the structural
envelope. These included spherical or hemispherical blast pressure definitions for

FIGURE 3.12 Peak gas (quasistatic) pressure (TM 5-855-1, 1986).
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explosions outside a structure or internal blast pressures from an internal explo-
sion. Other interesting blast pulse conditions include cases where the location of
the charge and the target are on different sides of the structural envelope. For
example, the blast pressure outside a building due to an internal explosion and
the blast pressure inside a building due to an external explosion are such cases.
They are defined by the phenomena associated with blast pressure leakage through
an opening in the structural envelope and are briefly discussed next.

Leakage into protected space — The internal pressure increase can be
represented by the following expression for external blast pressures below 150 psi
(Department of the Army, 1986):

ΔPi = CL(A0/V0) Δt (3.7)

in which CL is the internal volume, A0 is the area through which the leakage
occurs, V0 is the internal volume, and Δt is the duration for the leakage. If one
performs this calculation in standard units (cubic feet, square feet, and pounds
per square inch), the leakage pressure coefficient is obtained from Figure 3.14.

This approach is applied over a series of time increments, from the time of
arrival of the blast pressure on the building envelope until any desired time after
that. Practically, one can use 10 to 20 time increments for the positive phase
duration of the external pressure pulse (t0). For the first time increment, the
pressure differential P − Pi is the magnitude of the external pressure, since Pi is
still at the ambient value. One finds the corresponding value of CL from Figure
3.14 and ΔPi is derived from Equation (3.7). This procedure is repeated for the
next time increment. P is the magnitude of the external pressure at that time and

FIGURE 3.13 Scaled duration versus scaled maximum pressure (TM 5-855-1, 1986).
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Pi is the internal pressure computed for the previous step. The new internal
pressure is enhanced by the new value of ΔPi.

Leakage from internal explosion — Although the leakage process is similar
to the previous case, this phenomenon is somewhat more complicated. It involves
also the relative location of the external point of interest with respect to the
opening. For example, one may need to calculate leakage blast pressure at a
certain distance behind a building, while the opening is at the front of the building.
One should employ the procedures in Chapter 2 of TM 5-1300 (Department of
the Army, 1990) for such calculations.

3.2.2 NUCLEAR DEVICES

When a nuclear device is exploded at an altitude below 100,000 ft (30.5 km),
approximately 50% of the released energy will result in blast and shock. The
discussion here focuses on the effects from air burst, surface burst, and shallow
burst. High altitude bursts (those above 100,000 ft) are of little interest to the
structural engineer because they generate only strong EMP effects (that should
be considered in facility design). 

It is assumed that an air burst at an altitude under 100,000 ft will create a
fireball that will not reach the ground, and that all other effects will be present
as functions of the height of burst (HOB). Usually the cratering effects if any,
are small. When the fireball from a nuclear explosion can reach the ground, the
case is defined as a near-surface burst. It will be assumed that the fireball results
from a contact explosion and that the center of explosion is about 2 ft (0.6 m)

FIGURE 3.14 Leakage pressure coefficient versus pressure differential (TM 5-855-1,
1986).

90

75

60

45

30

15

0           15           30          45          60           75          90          105         120        135

PRESSURE DIFFERENTIAL, P-Pi (psi)

C
L

 (
p

si
-f

t/
m

se
c)

0

DK3186_C003.fm  Page 79  Wednesday, January 2, 2008  1:41 PM



80 Modern Protective Structures

above the ground. In this case, all the induced effects must be considered for
design. An underground explosion is defined as an explosion whose center is
below the ground surface. Underground explosions can range from shallow to
deep (fully contained).

With nuclear explosives and HE explosions, one can notice the incident wave,
the reflected wave from the ground, the Mach stem, and the triple point, as shown
in Figure 3.15. In a near-surface burst, the hemispherical shock is reflected from
the ground and the reflected shock (enhanced by the reflection) travels faster than
the incident wave. Eventually, the reflected pressure overtakes the incident wave
to form the Mach stem that extends from the ground to the triple point. The air
flow behind the Mach stem causes the formation of a second shock wave, resulting
in double-shock loading on structures.

The characteristics of the blast pressure wave are similar to those of an HE
explosion and are functions of the weapon yield, the HOB, and the distance from
the burst. There is also the dynamic pressure that results from the mass flow
behind the shock. The dynamic pressure is a function of the gas density and the
flow velocity. The gas density is greater than air density because of compression
from the shock and the inclusion of other particles such as dust and smoke. The
time of arrival depends on the yield and the distance from the point of burst. As
with HE explosions, one observes positive and negative phases for the over-
pressure and for the dynamic pressure, as shown in Figure 3.16. The peak values
of the negative phase rarely exceed 4 to 5 psi (28 to 34 kPa) below the ambient
pressure. Peak over-pressure parameters can be obtained from Figure 3.17. The
relationships in Figure 3.17 provide an approximation of ± 8% for peak over-
pressures less than 100,000 psi (700 MPa). The shock front velocity can be
evaluated by:

FIGURE 3.15 Second-shock phenomenon in strong Mach reflections (ASCE, 1985).
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FIGURE 3.16 Qualitative variation of over-pressure and dynamic pressure with time at
point (ASCE, 1985).

FIGURE 3.17 Relationship of peak over-pressure to range, time of arrival, positive phase
duration, and impulse for 1 mt (ASCE, 1985).
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82 Modern Protective Structures

(3.8)

in which

C0 = (γgℜT)∫ (3.9)

and U is the shock front velocity, Co is the ambient sound speed, P0 is the ambient
pressure, Ps is the peak over-pressure, g is the gravity acceleration, ℜ is the gas
constant, T is absolute temperature, and γ is the specific heat ratio (7/5 for an
ideal gas).

As for HE charges, the application of cube root scaling is important for
comparisons of explosion effects, and the following relationships are assumed:

(3.10)

Plots of ideal surface HOB peak over-pressure curves for three pressure ranges
(1000 to 100 psi, 100 to 10 psi, and 100 to 1 psi) are shown in Figure 3.18 through
Figure 3.20. The dotted line in Figure 3.18 indicates where the double peaks will
be equal (in the Mach reflection region at high over-pressures) if they occur. To
the right of the dotted line, the first peak is the maximum; between the dotted
and dashed curves, the second peak is the maximum. These values are based on
a confidence factor of 2. The predicted range at which a given over-pressure will
occur is accurate within 20%.

For employing pressure–time histories in analysis and design, one may use
analytic or approximate expressions, as shown in Figure 3.21. There are three
types of approximations, each having the same peak value but varying in their
durations:

• If the maximum structural response occurs after the pressure reaches
the ambient pressure, use a duration of ti in order to match the total
impulse.

• If the maximum response occurs early after the arrival, use t00 to ensure
that the tangent to the curve is matched at the peak (structures sensitive
to high frequencies).

• t50 is chosen for intermediate responses and the triangular line passes
through the value of 1/2 Ps on the curve.

These values can be obtained from Figure 3.22.
The peak dynamic pressure for an ideal gas (γ = 7/5) can be computed from

various empirical equations or derived from Figure 3.23. Similarly, one can obtain
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empirical expressions for peak dynamic pressure as a function of scaled HOBs
and scaled ranges, as shown in Figure 3.24 through Figure 3.27. By integrating
the pressure–time histories, the corresponding relationships for the impulse may
be obtained. Finally, Figure 3.28 shows the approximated durations for these time
histories.

3.3 PENETRATION

The discussion that follows will be devoted entirely to the issue of penetration
for conventional weapons. It is assumed that most nuclear weapons are not
designed to produce such effects; therefore, it is reasonable to ignore the problem
for nuclear devices.

A protected structure must be designed to prevent the detonation effect from
hurting people and/or adversely affecting the mission of the facility. On the other
hand, the weapon is designed to reach as close as possible to the site that will
be damaged by the explosion; therefore, the detonation may occur at the weapon’s

FIGURE 3.18 Ideal surface HOB peak over-pressure curves (ASCE, 1985).
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84 Modern Protective Structures

maximum penetration depth. The protective system must reduce the depth of
penetration in order to maintain a safe standoff distance from the center of the
explosion. It must also absorb the kinetic energy of the impacting weapon in
order to stop it, and this is achieved by damage to the protective system (crushing
of brittle materials, plastic deformations of ductile materials, etc.). The system
must be designed for longer impulse durations that will allow the structure to
absorb more energy (softer systems, thicker systems, etc.). If the weapon pene-
trates quickly, the structure did not function in an optimal manner. The penetration
process is characterized by three typical phases:

• Impact
• Travel through protective materials
• Post-penetration conditions

The impact may cause damage due to the crushing or yielding of material at the
point of contact and scabbing at the back side. The scabbing is produced by the
reflection of stress waves at the rear face. An explosion at the front face may
cause similar effects. It was shown by tests that scabbing becomes a problem for
concrete when a 50% penetration of the protective layer thickness is achieved;
for 63% or more penetration, one may expect full perforation (Pahl, 1989).
However, there are many deviations from these empirical values.

FIGURE 3.19 Height of burst and ground range for intermediate over-pressures for 1 kt
(ASCE, 1985).
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FIGURE 3.20 Height of burst and ground range for low over-pressures for 1 kt (ASCE,
1985).

FIGURE 3.21 Triangular representations of over-pressure–time curves (ASCE, 1985).
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86 Modern Protective Structures

Structural response in the dynamic domain may allow the absorption of a
significant amount of energy without severe damage. Although stress levels may
be higher than the materials’ ultimate strengths, their short durations could prevent
more severe consequences. These issues are discussed and demonstrated in later
sections. The parameters that affect penetration (TM 5-855-1, 1986) are shown
in Table 3.2 and Figure 3.29.

FIGURE 3.22 Duration of effective triangles for representation of over-pressure–time
curves for 1 mt surface burst (ASCE, 1985).
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(Figure 3.29)
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The general effects of penetration on concrete and steel plates are illustrated in
Figure 3.30. It should be noted that the projectile is arrested when its kinetic energy
is completely removed. Thus, a deformable projectile is less effective than a rigid
one because the deformation allows the removal of kinetic energy. In general, a “soft”
projectile may be 50% less effective than a similar hard projectile.

3.3.1 CONCRETE PENETRATION

Concrete has compressive strengths that are about ten times higher than its tensile
strengths. The impact of a projectile will cause severe cracking and crushing that
must be supported by reinforcement in order to prevent failure. It was observed
that the penetration into concrete is inversely proportional to (f′c)0.5, where f′c is

FIGURE 3.23 Peak dynamic pressure at shock front as function of peak over-pressure at
sea level (ASCE, 1985).
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88 Modern Protective Structures

the uniaxial strength of concrete. An increase in aggregate size (especially if
larger than the projectile diameter) also helps to reduce the penetration depth.
Steel reinforcement improves concrete behavior by adding tensile resistance for
controlling cracking, crushing, scabbing, and spalling. It is recommended that
the following reinforcements be provided, as shown in Figure 3.31:

• Front face mats for reducing the effects of spalling near the front crater.
• Back face mats to provide flexural strength and control scabbing.

FIGURE 3.24 Peak dynamic pressure as function of scaled height of burst and scaled
ground ranges from 0 to 25,000 ft/kt1/3 (ASCE, 1985).

FIGURE 3.25 Peak dynamic pressure as function of scaled height of burst and scaled
ground ranges from 2,500 to 5,000 ft/kt1/3 (ASCE, 1985).
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• Shear reinforcement for reducing the effects of punching shear and
flexural shear and for supporting the other reinforcing bars.

• Anti-scabbing plates placed at the back face to prevent scabbing effects
from flying into the facility. They must be well enclosed into the structure
since impact may fracture stud welds. A buried structure (under soil and
burster slab) may not need such plates, but if modern penetration weapons
are anticipated, this issue must be carefully evaluated.

FIGURE 3.26 Dynamic pressure impulse as function of scaled height of burst and scaled
ground ranges from 0 to 25,000 ft/kt1/3 (ASCE, 1985).

FIGURE 3.27 Dynamic pressure impulse as function of scaled height of burst and scaled
ground ranges from 2,500 to 5,000 ft/kt1/3 (ASCE, 1985).
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90 Modern Protective Structures

In some publications, layered structural elements are recommended rather than
a single thick layer. This may not be practical for many structures, but could be
effective for soil cover and burster slabs.

Several advanced computer codes may be used for the computation of pen-
etration effects. Such computations are not recommended for design, however,
since they are expensive and require extensive computational resources. For rapid
assessments, one should try Equation (3.11) and the graphic approach shown in
Figure 3.32 through Figure 3.34 (TM 5-855-1, 1986). For normal penetration of
inert AP projectiles or AP or SAP bombs into reinforced concrete, the following
empirical formula may be used: 

(3.11)

in which X is penetration depth (inches), PP is the sectional bomb or projectile
pressure weight (pounds) divided by the maximum cross-sectional area (square
inches), d is the penetrator diameter (inches), V is the striking velocity in units
of 1000 fps, and f ′c is the uniaxial compressive strength of concrete (pounds per
square inch). This formula is considered accurate within ±15% for single hits.

When considering modern, high slenderness ratio bombs at striking velocities
under 1000 fps, the penetration depth should be increased by 30%. The nomo-
grams in Figures 3.32 through 3.34 may be used for other nonnormal strike cases.

Duration of Effective Triangle (Sec.)

FIGURE 3.28 Duration of effective triangles for representation of dynamic pressure–time
curves, for 1 mt surface burst (ASCE, 1985).
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FIGURE 3.29 Geometry of impact (TM 5-855-1, 1986).

FIGURE 3.30 Perforation of concrete and steel (TM 5-855-1, 1986).
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3.3.2 ROCK PENETRATION

Data on the penetration characteristics of rock are limited. However, a practical
estimate can be obtained by employing the rock quality designation (RQD) in
the following formula:

(3.12)

in which X is the penetration depth (inches), WT is the projectile weight (pounds),
d is the projectile diameter (inches), Vs is the striking velocity (feet per second),
ρ is the target bulk density (pounds per cubic foot), Y is the unconfined com-
pressive strength of intact rock (pounds per square inch), and RQD is the per-
centage of core recovery (total length of all pieces that are more than 4 in. long)
from a given core run. The following limitations should be noted:

1. The calculated depth x must be ≥3d.
2. For RQD >90 (nearly intact rock), 1 ≤ d ≤ 12 in. and an accuracy of

± 20%.
3. For RQD <90, projectile range only 4 ≤ d ≤ 12 in. and an accuracy of

± 50%.
4. Not valid for RQD <20.
5. Not recommended for blunt or near blunt projectiles.
6. Not valid for “mushroomed” (broken) projectiles.
7. Not valid for sharply curved penetration path or for tumbling

projectiles.

FIGURE 3.31 Scab plate (TM 5-855-1, 1986).
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96 Modern Protective Structures

If no accurate data are available for a site, one may employ information from
Table 3.3 through Table 3.5. 

3.3.3 SOIL AND OTHER GRANULAR MATERIAL PENETRATION

The penetration of granular material is not understood as well as that of other
materials. However, in general, the following observations about granular pene-
tration were made:

• Penetration decreases as the material density increases.
• Penetration increases as the water content increases.
• For the same density, the finer the grain, the greater the penetration.

Penetration paths of bombs into earth have J shapes, as shown in Figure 3.35.
The straight part is approximately 2/3 of the total length, and the curvature radius
is about 1/5 to 1/3 of the total path length. Figure 3.36 can be used to estimate
penetration depths.

Most standard bombs have slenderness ratios (length to diameter) of 3 to 6;
they are terra dynamically unstable and produce J-shaped penetration paths.

TABLE 3.3
Rock Quality Designations

RQD (%) Rock Quality

0–25 Very poor
25–50 Poor
50–75 Fair
75–90 Good
90–100 Excellent

Source: TM 5-855-1, 1986.

TABLE 3.4
Engineering Classifications for 
Intact Rock

Class Description
Compressive
Strength (psi)

A Very high strength Over 32,000
B High strength 16,000–32,000
C Medium strength 8,000–16,000
D Low strength 4,000–8,000
E Very low strength Less than 4,000

Source: TM 5-855-1, 1986.
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However, for slenderness ratios of 10 or larger, the path is almost straight and
can be approximated by the following empirical equation:

TABLE 3.5
Common Intact Rock Characteristics

Rock Type
Typical Density

ρρρρ (pcf) 
Strength Range

Y (psi) 

Soft shale (clay shales, poorly cemented silty or sand 
shales)

143 200–2,000

Tuff (nonwilded) 118 200–3,000
Sandstone (large grain, poorly cemented) 125 1,000–3,000
Sandstone (fine to medium grain) 130 2,000–7,000
Sandstone (very fine to medium grain, massive, well 
cemented)

143 6,000–16,000

Shale (hard, tough) 143 2,000–12,000
Limestone (coarse, porous) 143 6,000–12,000
Limestone (fine grain, dense massive) 162 10,000–20,000
Basalt (vesicular, glassy) 162 8,000–14,000
Basalt (massive) 180 >20,000
Quartzite 162 >20,000
Granite (coarse grains, altered) 162 8,000–16,000
Granite (competent, fine to medium grain) 162 14,000–28,000
Dolomite 156 10,000–20,000

Source: TM 5-855-1, 1986.

FIGURE 3.35 Courses of bombs that form J-shaped paths in earth (TM 5-855-1, 1986).
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98 Modern Protective Structures

Xf = 0.0031 SiNs (WT / Am)0.5 (Vs − 100) (3.13)

where Xf is the final penetration depth (feet), Si is the soil penetration index (from
test or Table 3.6), Ns is the nose shape factor (Table 3.7), WT is the projectile
weight (pounds), Am is the maximum cross-sectional area of the projectile (square
inches), Vs is the striking velocity (feet per second). This equation has some
limitations: 

1. Valid for 200 fps <Vs <3,000 fps.
2. Valid for 60 lbs ≤WT ≤5,700 lbs.
3. Slenderness ratios must be larger than 10.
4. Not valid for shallow penetration depths (of less than 3 bomb diameter

+ 1 nose length).
5. Accuracy at best is ±20%.
6. Not valid for sharp curvatures or broken bombs.

3.3.4 ARMOR PENETRATION

The most accurate penetration data available are for steel. Several types of steel
could be considered for protection, as shown in Table 3.8. Steel is the most
effective structural material for protection against various weapon effects, but it
is not used for many types of stationary systems. The application of a class of

FIGURE 3.36 Penetration of bombs and projectiles into soil.
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TABLE 3.6
Typical Soil Penetrability Index for Natural Earth Materials

Soil Index Si Material

2–3 Massive gypsite deposits. Well-cemented coarse sand and gravel. Caliche, dry. 
Frozen moist silt or clay.

4–6 Medium dense, medium or coarse sand, no cementation, wet or dry. Hard, dry, 
dense silt or clay. Desert alluvium.

8–12 Very loose fine sand, excluding topsoil. Moist stiff clay or silt, medium dense, 
less than about 50% sand.

10–15 Moist topsoil, loose, with some clay or silt. Moist medium-stiff clay, medium 
dense, with some sand.

20–30 Loose moist topsoil with humus material, mostly sand and silt. Moist to wet clay, 
soft, low shear strength.

40–50 Very loose, dry sandy topsoil. Saturated very soft clay and silts, with very low 
shear strengths and high plasticity. (Great Salt Lake Desert and by mud at Skaggs 
Island). Wet lateritic clays.

Source: TM 5-855-1, 1986.

TABLE 3.7
Nose Shape Factors 

Nose Shape
Nose

Calibera  Ns

Flat 0 0.56
Hemisphere 0.5 0.65b

Cone 1 0.82b

Tangent ogive 1.4 0.82
Tangent ogive 2 0.92
Tangent ogive 2.4 1.0
Cone 2 1.08
Tangent ogive 3 1.11
Tangent ogive 3.5 1.19
Cone 3 1.33

a Nose length/diameter.
b Estimated.

Source: TM 5-855-1, 1986.

d
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R
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TANGENT OGIVE NOSE CALIBER = 
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steels for protection is summarized in Table 3.9. Here, too, one can employ various
computational methods for the analysis of penetration into steel. For design
purposes, however, it is recommended that empirical formulas and nomograms
be employed, as shown below. 

For small-caliber projectiles (diameter ≤0.5 in.), the ballistic limit velocity
(lowest velocity of a given projectile to defeat a given type and thickness of plate)
can be calculated from:

TABLE 3.8 
Properties of Armor Plate and Mild Steel

Name Abbreviation BHN Remarks

Face-hardened armor Class A FHBP Face 550–650 Unmachinable
Back 250–440 Unmachinable

Homogeneous hard armor BP 400–475 Unmachinable
Homogeneous soft armor Class B STS 220–350 Machinable
Mild steel MS 110–160 Machinable

* Unmachinable, except with special tools.

Source: TM 5-855-1, 1986.

TABLE 3.9
Plate Thicknesses of Homogeneous Soft Armor, Class B, STS BHN 250 to 300 

4 Calibers 2 Calibers 1-1/2 Calibers 1 Calibers

Practical immunity Favorable to defense Favorable to attack at 
short range and 
small obliquity

Distinctly favorable to 
attack at medium range 
and large obliquity

Thickness required to 
resist attack at normal 
impact at striking 
velocity of 3500 fps or 
less; hypervelocity 
weapons perforate 
thicknesses up to 8 
calibers based on 
caliber of core or at 
about the value above 
based on gun caliber

Thickness required to 
resist attack at normal 
impact at striking 
velocity of 2400 fps or 
less

Not immune against 
attack at obliquities 
below 20 degrees 
and striking 
velocities above 
2200 fps

Not immune against 
attack at normal 
impact for striking 
velocities above 1700 
fps and just resists 
attack at 40 degree 
obliquities at 2000 fps

Source: TM 5-855-1, 1986.
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(3.14)

in which V1 is the ballistic limit velocity (feet per second), d is the caliber (inches),
eh is the thickness (inches) of homogeneous armor (BHN 360 to 440), θ is the
angle of obliquity, and WT is the projectile weight (pounds). For intermediate-
caliber projectiles or bombs, one can use Figure 3.37 and Figure 3.38.

3.3.5 PENETRATION OF OTHER MATERIALS

Some of the other materials that could be used are plastic concrete (asphalt,
ground limestone, and crushed granite, 10:30:60 by weight), concrete–earth (con-
crete covered with soil), and different types of fiber-reinforced concrete including
SIFCON or FIBCON. Data on these materials can be found in various sources
and should be evaluated before design. The relative penetration resistance of
various materials, as compared to steel armor, is shown in Table 3.10.  

FIGURE 3.37 Perforation of homogeneous armor (BHN 250 to 300) by uncapped AP
projectiles (TM 5-855-1, 1986).
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FIGURE 3.38 Perforation of homogeneous armor by bombs (TM 5-855-1, 1986).

TABLE 3.10
Armor Penetration Multiplication Factors 
for Various Materials

Material
Multiplication

Factor

Steel armor 1.00
Mild steel 1.25
Aluminum 1.75
Lead 0.84
Concrete 2.00
Earth 6.00
Granite 1.50
Rock 1.75
Water 2.80
Green wood 3.60
Kiln-dried white oak (12% moisture) 6.70

Source: TM 5-855-1, 1986.
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3.3.6 SHAPED CHARGES

A shaped charge is an explosive device that produces a high velocity molten
metallic jet whose tip may travel at 10,000 m/s (Walters and Zukas, 1998). A
typical shape charge device is made of an explosive charge cast against a metal
(typically copper) conical liner as shown in Figure 3.39(a). Its action is initiated
by a detonator located at the rear of the device. The resulting detonation wave
travels in the explosive material toward the conical liner at a high velocity that,
depending on the type of explosive used, could be about 8,000 m/s. The liner
collapses under the high detonation pressure and its material is transformed into
a molten metallic jet directed toward the front of the device.

Figure 3.39(b) shows the jet formation sequence. The time from charge
initiation to full jet formation could be on the order of 15 to 20 μs. When the jet
interacts with a target, the continuous high-pressure material steam will displace
target material to penetrate it (similarly to the action of a water jet against soil).
Shape charge penetration effectiveness will depend, among other parameters, on
the amount of material in the jet flow into the target material, which is a function
of the charge design. Because of velocity differences between the jet tip and the
material that follows it, the jet tends to break up after some time, which is also
a function of the distance to the liner’s apex, and its penetration effectiveness
diminishes. This means that shape charges must be detonated at optimal distances
from their targets to achieve desired outcomes.

The traditional approach for protection is to provide thicknesses adequate to
defeat the jet. Typical performances are shown in Table 3.11. Figure 3.40 can be
used for estimating the penetrations of various shaped charges into steel. If other
materials are considered, the factors in Table 3.10 can be used to multiply the

FIGURE 3.39 Shape charge device (Walters and Zukas, 1998).
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TABLE 3.11
Armor Penetration Data for Various Shaped Charge Munitions

Country Weapons

Warhead
Diameter

(mm)

Armor
Penetration

(mm) 

Argentina Recoilless Gin Model 1968 105 200
Belgium RL-83 Rocket Launcher 83 300

Rocket Launcher MPA75 75 270
PRB 415 Antitank Rocket 89 200
MECAR Light Gun 90 350

China Type 56 Antitank Grenade Launcher 80 265
Type 69 Antitank Grenade Launcher 85 320
Recoilless Rifle Type 36 57 63.5
Recoilless Rifle Type 52 75 228
Antitank Rocket Launcher Type 51 90 267
Recoilless Gun Type 65 82 240

Czechoslovakia Antitank Grenade Launcher Type P-27 120 250
Recoilless Gun Type T-21 82 228
Recoilless Guns M59 and M59A 82 250

Finland Recoilless Antitank Grenade Launcher M-55 55 200
Recoilless Antitank Gun M58 95 300

France SARPAC Antitank Missile 68 500
STRIM Antitank Rocket Launcher 89 400
ENTAC Antitank Missile 150 650
SS11 Antitank Missile 164 600

Federal Republic 
of Germany

PZF44 Portable Antitank Weapon 67 370

B810 Cobra 2000 Antitank Missile 100 500
Mamba Portable Antitank Weapon System 120 475

International HOT Vehicle-Mounted Antitank Weapon 
System

136 800

Milan Portable Antitank Weapon 90 352
Spain Antitank Rocket Launcher M-65 88.7 330
Sweden Miniman Light Antiarmor Weapon 74 300

Carl Gustaf M2RCL Gun and Carl Gustaf 
System 550

84 400

Recoilless Rifle PV-11110 90 380
USSR RPG-2 Portable Rocket Launcher 82 180

RPG-7 Portable Rocket Launcher 85 320
SPG-9 Recoilless Gun 73 >390
SPG-82 Rocket Launcher 82 230
B-10 Recoilless Gun 82 240
B-11 Recoilless Gun 107 380

120 >400
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thicknesses obtained from Figure 3.40. Generally, it is accepted that the penetra-
tion depth of shaped charges could be up to about six times the warhead diameter.
Other approaches to defend against shape charges might include forcing a pre-
mature detonation by placing an obstacle in front of the target (e.g., a wire screen,
plywood, etc.) that will cause the jet to break down before it reaches the target
or the use of reactive armor devices.

TABLE 3.11 (CONTINUED)
Armor Penetration Data for Various Shaped Charge Munitions

Country Weapons

Warhead
Diameter

(mm)

Armor
Penetration

(mm) 

USA HEAT Rocket Launchers M72, M72AI, 
M72A2

66 305

Yugoslavia M60 Rifle Grenade 60 200
M57 Antitank Launcher 90 300
M60 Recoilless Gun 82 220
M65 Recoilless Gun 105 330

Source: TM 5-855-1, 1986.

FIGURE 3.40 Penetration of steel armor versus shaped charge diameter (TM 5-855-1,
1986).
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3.4 HE-INDUCED GROUND SHOCK, CRATERING, 
AND EJECTA

3.4.1 HE CHARGES AND CONVENTIONAL WEAPONS

Up to this point we have been concerned with above-ground facilities. When
protected structures are buried in soil or rock, the damaging effects are related
to the transfer of detonation energy to the structure or a delayed burst following
the weapon’s penetration into the overlay (or soil). The parameters to be consid-
ered are (1) weapon type and size, (2) properties of medium in which the structure
is buried, and (3) depth of burst. Two principal types of events must be considered,
as illustrated in Figure 3.41.

• Overhead burst on, or an explosive within protective layers of concrete
or rock rubble, loading the roof slab

• Side or slant burst, or weapon in the soil loading the walls and floor

The phenomena associated with these conditions include cratering, ejecta, and
wave propagation, as will be discussed in the following sections.

3.4.2 THREE-DIMENSIONAL STRESS WAVE PROPAGATION

One of the most important topics that must be understood is the propagation of
shock waves through various types of geological media. For this purpose, wave
propagation must be reviewed based on available previous work (Achenbach,
1973; Davis, 1988; Kolsky, 1963; Whitham, 1974). Consider a small element in
a large elastic medium whose dimensions are δx, δy, and δz, along the x, y, and

FIGURE 3.41 Geometry for explosion against a buried facility (TM 5-855-1, 1986).
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z axes, respectively, as shown in Figure 3.42. In order for the cube to be in
equilibrium, one can show that the stress components σij = σji(i ≠ j). Sometimes,
the σij(i ≠ j) terms are defined as τij. Because of equilibrium, there are six
components of stress that define the state of stress of the element: σxx, σyy, σzz,
σxy, σxz, and σyz. The displacement of a point in the element will have the
components u, v, and w that correspond to the directions x, y, and z. The point
will be displaced from (x, y, z) to (x + u, y + v, and z + w).

We can employ the following definitions of strain and body rotations (Timosh-
enko and Goodier, 1970):

εxx = ∂u/∂x, εyy = ∂v/∂y, εzz = ∂w/∂z

εxy = ∂u/∂y + ∂v/∂x, εxz = ∂u/∂z + ∂w/∂x, εyz = ∂v/∂z + ∂w/∂y (3.15)

2ωx = ∂w/∂y − ∂u/∂z, 2ωy = ∂u/∂z − ∂w/∂x, 2ωz = ∂u/∂y − ∂v/∂x

where εxx, εyy, and εzz are longitudinal strains, εxy, εxz, and εyz are shear strains
(sometimes defined as γij), and ωx, ωy, and ωz are rigid body rotations. One can
also employ the following stress–strain relationships:

σxx = λΔ + 2μ εxx

σyy = λΔ + 2μ εyy

σzz = λΔ + 2μ εzz (3.16)

FIGURE 3.42 Stresses on a solid element.
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108 Modern Protective Structures

σyz = μ εyz

σzx = μ εzx

σxy = μ εxy

where:

Δ = εxx + εyy + εzz (3.17)

and λ, and μ are Lamé’s constants that have the following relationships:

(3.18)

where μ is the shear modulus, sometimes called G, E is Young’s modulus, ν is
Poisson’s ratio, and κ is the bulk modulus. Considering our element and Newton’s
second law, we can write the dynamic equilibrium equation:

ΣF = ma (3.19)

One can show that applying this equation in the x direction leads to the following
relationship:

(3.20)

where ρ is the material density and u is displacement in the x direction.
One can derive two similar equations for the y and z directions, then employ

the strain definitions and their relationships with displacements to obtain the
following equations of motion of an elastic isotropic solid without body forces:
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(3.21)

There are two principal types of waves (Archenbach, 1973; Kolsky, 1963; Rine-
hart, 1975). The first type has the following form:

(3.22)

This equation shows that the dilatation Δ propagates through the medium with a
velocity:

(3.23)

These waves have no rotational components and are termed irrotational waves,
longitudinal waves, or primary (P) waves. 

The second type of wave equation has the following format:

(3.24)

in which ωx is the rotation around the x axis. One can obtain similar equations
for y and z directions. Equation (3.24) shows that the rotation propagates with a
velocity:

(3.25)

These waves have no dilatational components and are termed equivoluminal
waves or shear waves.
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Based on these derivations, one notes that the following equation is a general
form of a wave propagation equation:

(3.26)

When an unbounded elastic isotropic solid is considered, only two types of waves
can be propagated, as discussed earlier. However, elastic surface waves can occur
when a surface is introduced into a solid (e.g., considering a semi-infinite elastic
isotropic solid). These waves are similar to gravitational surface waves in liquids
and their effects decrease rapidly with depth. Their propagation velocity is less
than the body wave velocity. These waves were first investigated by Lord Rayleigh
in 1887 (Kolsky, 1963), and are named after him. The derivation of their equations
of motion is more involved than for the previous cases, and it will not be shown
herein. Nevertheless, Rayleigh waves will not disperse and the shapes of such
plane waves remain unchanged. Also, these waves attenuate very quickly with
depth and Rayleigh waves with higher frequencies will alternate faster than
similar waves with lower frequencies.

This phenomenon is analogous to skin effect in high frequency alternating
current (AC) current in conductors. The path of any particle moving along the
wave is an ellipse with its major axis normal to the free surface. Since these
waves are found close to the free surface and do not exhibit rapid attenuation
with distance from their source, it was suggested by Lord Rayleigh that their
measurement can be useful for seismic purposes.

Sometimes, surface waves have no vertical component. Therefore, they cannot
be Rayleigh waves that have both vertical and horizontal components. Further-
more, for Rayleigh waves, the direction of vibration of the horizontal component
should be parallel to the direction of propagation, but the horizontal component
of the measured seismic waves may vibrate parallel to the wave front. It was
shown by Love (1967) that such waves can occur if there is an outer layer near
the free surface having material properties different from those of the interior.
Such waves can propagate in that layer without penetrating into the interior and
are called Love waves. The order in which seismic waves arrive at a measuring
station is: (1) longitudinal (P) waves, (2) shear (S) waves, and (3) surface waves
with large amplitudes, as compared to longitudinal and shear waves.

Practical aspects of one-dimensional wave propagation will be addressed
next.

3.4.3 ONE-DIMENSIONAL ELASTIC WAVE PROPAGATION

Several phenomena related to one-dimensional (1-D) wave propagation are illus-
trated in this section, as shown in Figure 3.43, given a small element of a rod
through which an elastic dilatational wave (longitudinal or P wave) propagates.
The state of stress on the element is longitudinal in the x direction. The element

∂ α
∂

α
2

2
2 2

t
c= ∇
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length is δx. As noted in Section 3.4.2, one can employ the equation of dynamic
equilibrium ΣF = ma to derive the following equation:

(3.27)

in which ρ is the material density of the rod. Now, replace σxx by its relationship
to strain that is a function of displacement to obtain:

(3.28)

This is the equation of a plane dilatational wave propagating along the bar with
a velocity:

(3.29)

The solution to this equation is:

u = f(cot − x) + F(cot + x) (3.30)

F and f are arbitrary functions, depending on initial conditions. Also, f is the
solution for a wave traveling in the x+ direction while F represents a wave
traveling in the x− direction. This is an approximate solution because it was
assumed that plane cross-sections of the rod remain plane during the passage of
the stress waves and that stresses act uniformly over each cross-section.

Longitudinal motions in the rod will cause lateral motions, and the lateral
strains are related to longitudinal strains by Poisson’s ratio ν. This will cause a
nonuniform distribution of stresses over the bar cross-sections; hence, it will
distort plane cross-sections so that they will not remain plane. Such lateral
motions become extremely important when the wavelengths are of the same order

FIGURE 3.43 One-dimensional wave propagation.
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of magnitude as the bar cross-sectional dimensions (i.e., diameter for a cylindrical
bar). Therefore, in order to make our solution more accurate, we shall assume
that the wavelengths are large compared to the cross-sectional dimension.

Considering a plane wave traveling in the −x direction, for which the solution
is:

u = f(cot + x) (3.31)

Its derivative is:

(3.32)

in which:

(3.33)

Also, we know that:

(3.34)

Equation (3.32) and Equation (3.34) can be used to obtain the following:

(3.35)

However, one can use the following relationships:

(3.36)

Equation (3.36) shows a linear relationship between the stress at any point and
the particle velocity, from which one obtains the following expression:

(3.37)
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The product ρc0 is defined as the characteristic impedance or acoustic impedance.
This is the resistance to the material flow in wave propagation, similar to the
resistance of a conductor to electric current. Equation (3.37) can be rewritten as
follows:

(3.38)

or in general:

(3.39)

The particle velocity is directly proportional to the acting stress and inversely
proportional to the acoustic impedance.

One may plot the general 1-D wave solution in Equation (3.30) on a time
versus location (t versus x) plane, as shown in Figure 3.44. This graphic repre-
sentation is termed a solution by the method of characteristics, in which the lines
F and f (characteristics) represent wave front locations as a function of time.

If a disturbance is introduced in the bar at t1 = 0 and x = x1, it will propagate
along the bar in both directions with a speed c. The points x2 and −x2 will not
be affected until t = t2, when the wave will reach those locations.

The area between the f and F characteristics (Figure 3.44) defines the zone
of influence on the behavior of a bar until the time t2. If a disturbance occurs at
x = x1 and t = t1, only locations between points −x2 and x2 will be affected by it
at time t = t2. The dashed area between the characteristics lines f and F shows

FIGURE 3.44 One-dimensional wave propagation in the t versus x plane.
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the influenced zone that defines whether events will affect certain regions in the
system during the time of interest, for example, determine whether a stress wave
will reach the boundaries within a given time, whether it will reflect back into
the domain of interest, and whether it will affect a specific location in that domain.
Such issues are addressed next.

3.4.4 REFLECTION AND TRANSMISSION OF ONE-DIMENSIONAL 
D-WAVES BETWEEN TWO MEDIA

Consider a plane wave that travels along the bar in the +x direction and reaches
a boundary between two materials, as shown in Figure 3.45. The wave is reflection
and transmitted at that boundary.

Define the following transmission and reflection parameters:

(3.40)

One can show (Achenbach, 1973; Kolsky, 1963; Rinehart, 1975) that imposing
the interface boundary conditions of σ1 = σ2 and u1 = u2 will lead to the following
relationships: 

FIGURE 3.45 Reflection and transmission in one-dimensional wave propagation.
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(3.41a)

(3.41b)

(3.41c)

(3.41d)

where

I1 = ρ1c1, I2 = ρ2c2 and ΣI = I1 + I2 (3.41e)

One can consider the following two special cases to illustrate the application of
these relationships.

Case 1 — The interface is a free end (i.e., material 2 is a vacuum):
I2 = ρ2 c2 = 0.

rσ = (0 − I1)/(0 + I1) = −1

The reflected stress is equal to the incident stress, but with an opposite sign.

tσ = (2*0) / (0 + I1) = 0 (no transmitted stress)

 ru·  = (I1 − 0) / (0 + I1) = 1

The reflected wave has the same velocity.

tu·  = (2 I1) / (0 + I1) = 2

The transmitted velocity is twice the incident velocity.
Case 2 — The interface is a fixed end (i.e., material 2 is rigid) I2 = ρ2c2 → ∞
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The same stress is reflected.

The velocity doubles upon transmission.

An equal and opposite velocity is reflected.

There is no transmitted velocity.

3.4.5 COMPUTATIONAL ASPECTS

In the case of a layered medium, each layer has its material properties (i.e., ρ
and c) and therefore the slopes of the characteristics will change as one moves
from one layer to the next, as illustrated in Figure 3.46.

It is necessary to draw lines with different slopes, representing the variation
of the seismic speed in the layers, and it becomes difficult to prevent graphical
mistakes. Another computational approach is to use the same slope for all lines.
To enable this simplification, one material is chosen to represent the wave speeds
in all layers, but the thicknesses of the other layers must be adjusted to ensure
correct travel times. The adjustment is as follows:

(3.42)

where yn is the thickness of layer n, yn′ is the “corrected” thickness of layer n,
cn is the actual wave speed in layer n, and c is the wave speed to be used for the
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line slopes. Figure 3.47 shows the new configuration; the first layer was used to
normalize the others.

The reflection and transmission coefficients are computed with the actual ρ
and corrected c of each layer, but for the new geometric configuration.

3.4.6 SHOCK WAVES IN ONE-DIMENSIONAL SOLIDS

Shock waves are directly associated with explosive phenomena in gases, liquids,
and solids (Kolsky, 1963; Rinehart, 1975; Liberman and Velikovich, 1986; Ben
Dor, 1992). It can be shown that the treatment of nonlinear (e.g., plastic) waves
by the Eulerian method (a fixed reference in space is chosen and the motions are
derived with respect to that region; the Lagrangian method is based on a moving

FIGURE 3.46 Characteristic path for one-dimensional wave propagation in layered
medium.

FIGURE 3.47 Characteristic path for one-dimensional wave propagation in corrected
layered medium.
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reference region) will lead to deriving equations of motion and continuity that
are similar to the equation of a wave of finite amplitude in a fluid, as shown below.

(3.43)

Here, c + V is the propagation velocity of a disturbance in the medium. If the
elastic modulus is constant, large compressive disturbances will travel faster than
smaller ones. This will result in faster wave components overtaking the slower
ones, and the finite compressive pulse will develop a steep front. The fundamental
shock wave equations, known as the Rankine-Hugoniot equations (sometimes
called only the Hugoniot equations), are derived from the equations for conser-
vation of mass, momentum, and energy in the medium, as discussed in Section
2.3.5. Nevertheless, a more detailed treatment of this problem is presented next.

Consider a rod through which a plane shock wave travels at a constant velocity
(Figure 3.48). The variables P, v, and ρ are the corresponding pressure, particle
velocity, and density in the two parts of the rod. Part A represents the stressed
conditions behind the shock front, while Part B is the unstressed material before
the shock. The very narrow transition zone represents the region over which the
conditions in the material change from unshocked to shocked. One can repeat
the derivation procedure used previously to derive the equations of motion and
formulate the conservation relationships for the transition zone as follows:
Conservation of mass per unit time:

(3.44)

Conservation of momentum:

(3.45)

Conservation of rates of work and energy: 

FIGURE 3.48 One-dimensional shock propagation.
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(3.46)

in which, ΔU is the change of internal energy per unit mass. These equations
enable one to obtain the following relationship:

(3.47)

in which v is 1/ρ and VB is the wave speed in the undisturbed zone for a stationary
transition zone. Therefore, VB = c. Also, the relative velocity can be expressed
as follows:

(3.48)

The internal energy change is expressed as follows:

(3.49)

As noted in Chapter 2, Equation (3.46) through Equation (3.48) are the Rankine-
Hugoniot equations. They are valid for chemical reactions and can be applied
when explosively produced shocks are considered. It can be shown from Equation
(3.46) and Equation (3.47) that the following relationship exists between the
pressure difference and the particle velocity, that also can be derived for plane
plastic waves:

ΔP = ρcV (3.50)

Shock waves are formed when the stress wave behind the shock front has a higher
speed than the wave before the front because the material behind the front is
compressed by the shock and becomes more dense. The faster waves over take
the slower ones, and thus form a shock front, as shown in Figure 3.49(a). As the
shock weakens, the front will deteriorate as shown in Figure 3.49(b).

3.4.7 STRESS WAVE PROPAGATION IN SOILS

Consider several cases of high stresses propagating in soil according to the
approach of Rakhmatulin and Dem’yanov (1966). It has been shown that the
pressure behind the shock front is of the form:
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(3.51)

where P* is the pressure behind the shock front, x* is the location of the shock
front with respect to the free boundary before application of the load (t = 0), Po

is the applied over-pressure (load), Pa is the atmospheric pressure (constant), and
b is the shock velocity (assumed constant because of small changes in density
induced by a weak shock wave).

The following two cases have been investigated using the above equation:
Case 1 — Shock induced by a nuclear detonation where the over-pressure

is given by:

(3.52)

in which Pso is the peak over-pressure (taken as 200 psi) and a, b, c, α, β, and γ
are constants defined in Crawford et al. (1974). Equation (3.52) can be introduced
into Equation (3.51), and after integration one obtains the following expression
of the pressure behind the shock front, as a function of distance x*:

FIGURE 3.49 Shock wave behavior. A. Shock formation (Rinehart, 1975). B. Shock
deterioration (Henrych, 1979).
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(3.53)

Case 2 — The shock is induced by the following triangular over-pressure:

(3.54)

in which Pso is the peak over-pressure and Δt is the duration of pulse. Introducing
Equation (3.54) into Equation (3.51) and integrating will yield:

(3.55)

Results obtain with the above solutions compared well with measured data. Now
consider the case of reflected shock waves from a rigid wall in a 1-D sand material.
One assumes the following stress–strain curve:

σ = Aεn (3.56)

The shock front velocity will be:

(3.57)

and the particle velocity:

Vp = cε (3.58)

From which one obtains:

(3.59)

Using the boundary conditions at the rigid wall, one derives:
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(3.60)

where, is the incident particle velocity. Using the approach presented in
Section 3.3.4, one defines the reflection factor as:

(3.61)

from which it is seen that for n > 1, one obtains R > 2. Similarly, the following
ratio of particle velocities has been found:

(3.62)

where  is the reflected particle velocity,  is the incident particle velocity,
R is the reflection factor, εr is the strain in sand after reflection, εi is the strain in
sand before reflection, and ρ1 and ρ2 represent the sand density in front of and
behind the incident shock, respectively. Results derived with these solutions were
in good agreement with experimental data obtained by Baker (1967).

Now, consider a shock wave reflection and transmission by an interface
between two sand materials (Figure 3.50). In the first case, the shock travels from
a softer material into a harder material. In the second, the shock travels from a

FIGURE 3.50 One-dimensional shock wave transmission and reflection model.
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harder material into a softer one. In the first case, we find a transmitted shock in
the harder material and a reflected shock in the softer material. In the second, we
find a transmitted shock in the softer material and an “unloading stress” reflected
into the harder material. These cases are studied in more detail below.

Case 1 (reflected shock) — On the reflected front use the following conser-
vation equations:

Conservation of mass:

(3.63)

 = reflected shock velocity

Conservation of momentum:

(3.64)

Similarly, on the transmitted shock:

Conservation of mass:

(3.65)

 = transmitted shock velocity

Conservation of momentum:

(3.66)

Boundary conditions on the interface:

(3.67a)

σ11 + σ12 = σ21 (3.67b)

From Equation (3.62) one derives:

ρ ρ11
11

12
12⋅ ( ) ⋅ ( )x V x Vr p r p− −=
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12 12

11
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(3.68)

Equation (3.65) leads to:

(3.69)

Now, define the following relationships:

(3.70)

(3.71)

Introducing Equation (3.69) into Equation (3.66) will provide:

(3.72)

Similarly, introducing Equation (3.69) into Equation (3.68) results in the following:

(3.73)

Introducing Equation(3.69) into Equation (3.64) leads to the following:

(3.74)

Now, introduce Equation (3.67a) into Equation (3.71) and solve for σ12 which is
introduced into Equation (3.73.) Similarly, solve for ·xr from Equation (3.73) and
introduce into Equation (3.74). These lead to the following:

(3.75)
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From which one derives:

(3.76)

Equation (3.74) is a quadratic equation in the form Ay2 + By + C = 0 in which
y is , from which one obtains . After is known, one derives σ21 from
Equation (3.72) and σ12 from Equation (3.67). is found from Equation (3.67a)
and Equation (3.67b) and is obtained from Equation (3.73) along with values
for σ12, ρ12, and ε12. Similar derivations were achieved by Weidlinger and Mat-
thews (1965).

3.4.7.1 Numerical Evaluation

This approach was evaluated using data obtained from Triandafilidis et al. (1968)
as follows.

Case 1 (reflected shock) —

For 200 psi on sand (Material 1 in Figure 3.50), we find ε ~ 0.023 from which:

Assuming ρ12 ≈ ρ10 and sand (Material 2 in Figure 3.50) will give only ε ~ 0.01.
Therefore, assume:
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ρ21 = 1.01ρ20 = 3.51

ξ1 ≅ − 0.023 ξ2 ≅ 0.01

These are the shock wave and particle velocities for the incident front. We assume
that the interface is close to the free boundary (i.e., σi = 200 psi). Therefore, from
Equation (3.75), A = 0.0004, B = 0.90576, and C = −1830.861. Solving the
quadratic equation will provide:

xT
· = 1288.35 ft/sec., or −3552.75 ft/sec. One selects the positive solution to find:

Then, σ12 = 201 psi and

Case 2 (no reflected shock) — Use the conservation equations on the trans-
mitted front:

Conservation of mass:
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(3.77)

Conservation of momentum:

(3.78)

On the interface:

(3.79)

From Equation (3.76), one obtains the following:

(3.80)

Introducing Equation (3.78) into Equation (3.79) and ξ2 ≅  leads to the
following:

[ (3.81)

When ·xT is known, one finds σ21 and can compute:

σ12 = σ11 – σ21 (3.82)

Now, one can evaluate this case by using the same test data, as for Case 1:
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σ21 = 109 psi

σ12 = 200 − 109 = 91 psi (unloading)

One can compare these results with the those obtained by using the approach
proposed by Rakhmatulin and Dem’yanov (1966) as follows.

Assumed constant shock velocity — Rakhmatulin and Dem’yanov (1966)
showed that the shock front velocity is almost constant because of small changes
in density. Furthermore, it is assumed that the changes in density in the pressure
range of 140 ÷ 210 psi will be 4 ÷ 6%. The previous example indicated density
changes that are even smaller. Since the example is in the above-noted stress
range, one can assume a constant shock velocity.

Pressure attenuation — The pressure behind the shock front will attenuate
with distance from the free boundary as shown clearly by Triandafilidis (1968).
However, to simplify the procedure it was assumed that the interface is close to
the free boundary and the amount of attenuation is small (e.g., at a distance of
5 ft we have over 90% of the over-pressure). It is seen that the results are in good
agreement with the theory.

HE-induced shock waves in soils — As the degree of soil saturation
increases, especially if it is 95% or higher, the soil exhibits a stiffer behavior.
This will cause increases in the peak stresses and accelerations. A sharp jump in
the soil seismic velocity to over 5000 fps is an indication of a saturated layer.
These observations are true mainly for cohesive soils. In granular soils, the
stiffness is provided by granular contact and one can observe similar behavior
only when such soils are at low densities as the granular skeleton collapses. The
seismic velocity will be computed from:

(3.83)

in which M is the stiffness (modulus) of the soil and ρo is its mass density. Low
seismic velocities indicate poor quality of ground shock transmission. However,
cemented desert dry alluvium may exhibit high seismic velocities (close to
4000 fps), but because of high porosity they transmit shock poorly. Soils with
high relative densities (low volume air voids) attenuate ground shock more slowly
than do low density soils. Some results for contained explosions are presented
in Figure 3.51. The time of arrival ta is the time for a ground shock to reach a
given location and is computed as follows:

ta = R / c (3.84)

x fpsT ≅
9.1

0.02
455 =

c
M

=
ρο
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where R is the range and c is the average seismic velocity over that range. The
approaches presented above may not be directly applicable for design-related
analysis. Therefore, one should treat cases similarly to the approaches in available
design manuals (e.g., TM 5-855-1, 1986), as presented next.

3.4.8 APPLICATION TO PROTECTIVE DESIGN

The rise time tr from the ground shock arrival to the peak value is approximated
(TM 5-855-1, 1986) as follows:

tr = 0.1 ta (3.85)

Beyond the peak, the pulse decays to the ambient pressure or velocity (assumed
to be zero) are estimated according the following expressions:

(3.86a)

(3.86b)

FIGURE 3.51 Peak stress and particle velocity from contained explosions in various soils
(TM 5-855-1, 1986).
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in which P(t) is the pressure, V(t) is the particle velocity, Po and Vo are the
corresponding peak pressure and velocity as shown in Figure 3.51, and α and β
are the following time constants:

(3.87)

In stiff soils, the pulses are shorter, are at higher frequencies and accelerations,
and have lower displacements than in softer (looser) soils. The relationship
between peak particle velocity and peak pressure (stress) is based on the previous
derivation for wave propagation as follows:

Po = ρcVo (3.88)

in which Po is the peak soil stress, ρ is the soil mass density, c is the seismic
velocity derived based on the 1D wave propagation model c = (M/ρ)0.5, M is the
soil modulus, and V0 is the peak particle velocity.

The following relationships can be employed for bombs detonating on or in
burster slabs, or in the soil near a target (Department of the Army, 1986):

(3.89)

(3.90)

(3.91)

(3.92)

(3.93)

where λ equals R/W1/3, f is the coupling factor, ρc is the acoustic impedance
(pounds per square inch/feet per second), R is the range (feet), W is the charge
weight (pounds), n is the attenuation coefficient, Vo is the peak particle velocity
(feet per second), ao is the peak (gravitational or g) acceleration, c is the seismic
velocity (feet per second), do equals peak displacements, Io is the impulse (pounds
per second per square inch), and ρo is mass density (pounds per second per foot4;
compute from ρc values in Table 3.12 or γ/g). Some typical values for various
materials are presented in Table 3.12. Users should obtain actual values for a site
under consideration. A more detailed list of parameters has been developed based
on explosive test programs; see Table 3.13. 
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In all cases, an appropriate coupling factor f must be chosen. This factor
represents the degree of energy transfer into the medium, as compared to the case
of a fully contained explosion. For explosions in air, it is assumed that f = 0.14
and is assumed to be constant for detonations near the ground surface. Figure
3.52 should be used to select the coupling factor for explosives in soil and
concrete.

TABLE 3.12
Soil Properties for Calculating Ground Shock Parameters 

Material Description

Seismic
Velocity
c (fps)

Acoustic
Impedance
c (psi/fps)

Attenuation
Coefficient

(n)

Loose, dry sands and gravels with low relative 
density

600 12 3−3.25

Sandy loam, loess, dry sands, and backfill 1,000 22 2.75
Dense sand with high relative density 1,600 44 2.5
Wet sandy clay with air voids (less than 1%) 1,800 48 2.5
Saturated sandy clays and sands with small number 
of air voids (less than 1%)

5,000 130 2.25−2.5

Heavy saturated clays and clay shales >5,000 150−180 1.5

Source: TM 5-855-1, 1986.

FIGURE 3.52 Ground shock coupling factor as function of scaled depth of burst for air,
soil, and concrete (TM 5-855-1, 1986).
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TABLE 3.13
Soil Properties from Explosion Tests

Soil
Description

Dry Unit
Weight
(pcf)

Total Unit
Weight
(pcf)

Air-Filled
Voids (%)

Seismic
Velocity
c (fps)

Acoustic
Impedance
c (psi/fps)

Attenuation
Coefficient

(n)

Dry desert alluvium 
and playa, partially 
cemented

87 93–100 >25 2,100–4,200a 40 3−3.25

Loose, dry poorly 
graded sand

80 90 >30 600 11.6 3−3.5

Loose, wet, poorly 
graded sand with 
freestanding water

97 116 10 500−600 12.5−15 3

Dense dry sand, 
poorly graded

99 104 32 900−1,300 25 2.5−2.75

Dense wet sand, 
poorly, graded with 
freestanding water

108 124 9 1,000 22 2.75

Very dense dry sand, 
relative density 
100%

105 109 30 1,600 44 2.5

Silty clay, wet 95−100 120−125 9 700−900 18−25 2.75−3

Moist loess, clayey 
sand

100 122 5–10 1,000 28 2.75–3

Wet sandy clay, 
above water table

95 120−125 4 1,800 48 2.5

Saturated sand, 
below water table 
in marsh

– – 1−4b 4,900 125 2.25−2.5

Saturated sandy 
clay, below water 
table

78−100 110−124 1−2 5,000−6,000 130 2−2.5

Saturated sandy 
clay, below water 
table

100 125 <1 5,000−6,000 130−180 1.5

Saturated stiff clay, 
saturated clay-
shale

− 120−130 0 >5,000 135 1.5

a High because of cementation.
b Estimated.

Source: TM 5-855-1, 1986.
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For layered systems (combinations of different soils, or concrete–soil, etc.),
one may compute a coupling factor for explosions when a bomb detonates in
more than one layer with the following expression:

(3.94)

in which fi equals f for a given layer I, Wi is part of the charge in layer I, and W
is the total charge. The following expression can be used for cylindrical bombs
(assuming a uniform charge density distribution):

(3.95)

where Li is the length of weapon in layer i and L is the total weapon length. 
In a layered system, the effects of reflections from various interfaces and how

they combine to modulate the actual load/pressure on a structure must be con-
sidered. Consider the schematic configuration in Figure 3.53. Now, define several
path lengths as follows: 

FIGURE 3.53 Ray path for reflections from surface and lower layers (TM 5-855-1, 1986).
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Direct path from explosion to structure:

(3.96a)

Total path length of reflection from free surface:

(3.96b)

Total path length of reflection from deeper layer:

(3.96c)

where h is the layer thickness, D is the depth of explosion center below the free
surface, z is the depth of target point below the free surface, and r is the horizontal
explosion center to target point distance.

The total pressure–time histories at the target point are calculated, as dis-
cussed in the section on wave propagation, to obtain the following (TM 5-855-
1, 1986):

Pd = Po(Rd)e−αt/td t ≥ td (3.97a)

Ps = − Po(Rs)e−αt/ts t ≥ ts (3.97b)

Pl = KPo(Rl)e−αt/tL t ≥ tl (3.97c)

Also, the peak stress at each distance Ri is calculated with the following equation:

(3.98)

where Pd is the directly transmitted stress, Ps is the surface reflected stress,
unloading, P is the lower layer reflected stress, K is the reflection coefficient from
the lower layer, and n is the attenuation coefficient. The times of arrival for each
pulse are given by:

(3.99a)
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(3.99b)

(3.99c)

and

K = (cosθ − K0)/(cosθ + K0) for [(c2/c1) sinθ]2 > 1

K = 1 otherwise (3.100)

K0 = (ρ1c1/ρ2c2){l − [(c2/cl)sinθ]2}0.5 (3.101)

in which ρ1 is the mass density of layer 1 (upper layer), c1 is the seismic velocity
in layer 1, ρ2 is the mass density of layer 2 (lower layer), and c2 is the seismic
velocity in layer 2. The trigonometric functions are defined as follows:

(3.102)

Once the calculations are done for the three propagating stresses, their values are
combined (with their corresponding times of arrival considered) to obtain the
total stress history of the shock load at the target point as follows:

P(t) = Pd + Ps + Pl (3.103)

This computation must be modified for events in which more than two layers are
considered; more complicated cases may require a wave propagation computer
code.

3.4.9 CRATERING

When an explosion occurs near a ground surface, it excavates a large hole (crater).
The geologic material thrown out of the crater is termed ejecta, and part of it
will fall back into the crater. The visible crater is an apparent crater because part
of the true crater has been filled with fallback (ejecta that fell back into it). One
can describe the main parameters of craters, as shown in Figure 3.54. Note the
following four regions:
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136 Modern Protective Structures

• The crater and the debris that fell back into and around it
• The rapture zone in which the material is severely damaged
• The plastic zone in which the material underwent plastic deformation
• The elastic zone in which the material returned to its original state

The parameters that control the shape of a crater and are employed for predicting
it are (1) the type and amount of explosive, (2) the type of medium in which a
crater is formed, and (3) the depth of burst as illustrated in Figure 3.55. The depth
of the crater will increase as the depth of burst (DOB) increases up to an optimum
depth, beyond which it will decrease. When a burst is fully contained, a crater
will be formed underground, but it will not be seen on the surface. This case is
termed a camouflet. The crater dimensions can be estimated from Figure 3.56
for uncased charges and different soil types. These values should be corrected
for actual cased weapons and nonhorizontal surfaces.

Similar curves can be used for craters in concrete (Figure 3.57). When contact
detonations occur on finite thickness concrete elements, shallow craters will
result. It is assumed that breaching occurs when the penetration depth exceeds
the material thickness. However, when the front-face crater depth (true depth) is
about two-thirds the thickness of the element, the outcome could be breaching
due to the combined effect of cratering and rear-face scabbing (Figure 3.58).
Although reinforcing bars tend to improve the structural behavior for buried
structural concrete systems (but not for contact explosions), they have virtually
no effect on crater dimensions.

FIGURE 3.54 Half-crater profile taken about a vertical centerline through ground zero
and showing crater nomenclature and notation (TM 5-855-1, 1986).
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3.4.10 EJECTA

Large explosive charges detonated underground cause massive amounts of
material to be ejected from a crater and deposited within a certain radius from
the explosion center (ground zero or GZ). The amount of ejected material and
the maximum size to be expected can be estimated from the charts in Figure 3.59
through Figure 3.61. For geological materials, 40 to 90% (by weight) of the ejecta
will be deposited within a distance two to four times the apparent radius ra from
GZ. For soils, the ejecta is confined totally to within 30 ra, but in rock the distance
may increase up to 75 ra.

Ejecta particles, especially for rock, may perforate structural elements (e.g.,
steel plates) that they impact as shown in Figure 3.62. One may use such estimates
for selecting the thickness of steel plates to be placed over a structure for its
protection from such debris. Hard rock is assumed to be seven times more capable

FIGURE 3.55 Variation in crater size and shape with depth of burst. Upper profile in
each figure indicates apparent crater; lower profile indicates true crater (TM 5-855-1,
1986).
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FIGURE 3.56 Apparent crater dimensions from cased and uncased high explosives in
various soils (TM 5-855-1, 1986).

FIGURE 3.57 Estimated crater dimensions in massive concrete (TM 5-855-1, 1986).
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FIGURE 3.58 Charge weight for breach of bridge pier or similar reinforced concrete
structure. Dashed line indicates minimum breach; solid line, the desired crater diameter
(TM 5-855-1, 1986).

FIGURE 3.59 Crater ejecta weight and volume relations for hard rock (TM 5-855-1,
1986).
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FIGURE 3.60 Crater ejecta weight and volume relations for soft rock and cohesive soils
(TM 5-855-1, 1986).

FIGURE 3.61 Maximum expected ejecta particle size versus range (TM 5-855-1, 1986).
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of perforating a structure than soft rock. Similar figures can be used to estimate
perforation of unreinforced concrete. Some simplified equations for estimating
dynamic loads of soft particles are illustrated in Figure 3.63.

3.5 CRATERING, EJECTA, AND GROUND SHOCK 
FROM NUCLEAR DEVICES

The order of discussion in this section is different from the section on HE
explosions. Here we shall start with the effects of cratering, then move to ejecta,
and finally ground shock. The reason for this difference is because the direct-
induced ground shock of a nuclear event must be combined with other sources
of ground shock (such as airblast). These effects are coupled also for HE explo-
sions, but because of the relatively smaller amounts of energy released by con-
ventional weapons, some of the related effects are secondary. Additional infor-
mation on this topic is found in ASCE (1985). 

3.5.1 CRATERING

The definition of crater parameters is identical to definition in the HE case as
illustrated in Figure 3.64. Here too a weapon’s yield, height of burst (HOB),
depth of burst (DOB), material properties, and geological structure determine
crater geometry.

FIGURE 3.62 Ejecta impact parameters (TM 5-855-1, 1986).
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FIGURE 3.63 Perforation of mild steel plate by rock particles (TM 5-855-1, 1986).

FIGURE 3.64 Crater dimensions of interest (ASCE 1985).
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Predictions of crater dimensions are empirical and are based on very few
experiments at the Nevada Test Site (two near-surface bursts) and several high
yield surface bursts at the Pacific Proving Ground. The data have been studied
and extrapolated to various other conditions. The data have all been scaled to a
standard yield of 1 kt and the most significant burst for crater formation is the
low air burst when HOB ≤10 ft/kt1/3. A contact burst has been defined for an HOB
of 1.6 ft (0.5 m) for all yields. A shallow-buried burst is defined for DOB ≤
6 ft/kt1/3 (5 m/kt1/3).

The best estimate for the apparent crater volume as a function of HOB is
presented in Figure 3.65 for near-surface explosions of yields in the range of W
≥10 kt in. Since most available information is for W = 1 kt, scaling should be
employed for extrapolation purposes as follows:

(3.104)

(3.105)

in which Va is the apparent crater volume for 1 kt, Va1
 is the apparent crater

volume for W kt, HOB1 is the height of burst for 1 kt, and HOB is the height of
burst for W kt. The shapes and other dimensions as functions of various param-
eters are given in Table 3.14 and Table 3.15. 

High yield explosions on saturated media create dish-shaped craters for HOB
cases and bowl-shaped craters for deep-buried bursts. However, there are no data
for the intermediate region defined by the following range: 0 < DOB/W0.294 ≤
16 ft/kt0.294. The following empirical relationships may be employed for crater
assessment:

(3.106)

(3.107)

Ra and Da were defined in Figure 3.64, Va is the volume for a yield W, and the
constants b and c are obtained from Figure 3.65 for large yields. Some other
relationships that might be used are shown below:
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Ra�
 = 1.25 Ra (3.108)

0.25Da ≤ Ha�
 ≤ 0.33Da (3.109)

where Ra is the radius to apparent crater lip and Ha is the height of apparent crater
lip. 

FIGURE 3.65 Crater volume versus scaled HOB for five geologies (W ≥10 kt) (ASCE,
1985).
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3.5.2 EJECTA

The same definitions given for HE explosions are applicable here, but some
additional empirical relationships were compiled from various tests. Only a sum-
mary of the main parameters and their estimations are given here, based on ASCE
(1985). The depth of the ejecta layer as a function of range from GZ is provided
in Figure 3.66.

TABLE 3.14
Crater Shapes Resulting from Specified Heights 
of Bursts and Geologies

Scaled Height of Burst (HOB) Geology Crater Shape

HOB/kt1/3 > 0 Unsaturated Bowl
Saturated Dish

−16 ft ≤ HOB/kt1/3 < 0 Unsaturated Bowl
(−5 m) Saturated Dish/bowl

Source: ASCE, 1985.

TABLE 3.15
Crater Dimensions Resulting from Near-Surface Bursts

Dimension 
of Apparent 

Crater

Crater Shape

Bowl Dish

Radius

Best estimate

Depth

Best estimate

Source: ASCE, 1985.
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The areal weight density can be estimated from:

δ = γD (3.110)

where δ is areal density, γ is the bulk unit weight of ejecta (100 lb/cu ft,
1600 kg/cu m), and D is the ejector depth from Figure 3.66. Other relationships
can be used in place of or with Figure 3.66, as shown in Figure 3.67 through
Figure 3.69.

One may employ other relationships for estimating ejecta size distributions,
number of impacts per unit area and impact probability, and ejecta impact velocity
and angles. Such relationships are found in ASCE (1985) and Crawford et al.
(1974). Geological factors (such as water tables and bedrock) influence crater
formation, ejecta, and ground shock. For surface explosions, the influence of a
water table is not significant if it is deeper than 11 ft/kt0.294; for shallower water
tables, the apparent radius, volume, and lip height of the crater increase expo-
nentially as it approaches the free surface.

For shallow-buried depths of burst (DOB ≤ 15 ft/kt0.294), the final crater radius
may be about 50% greater and the crater depth will be about 30% shallower. One
can use Figure 3.70 for estimating crater volume Va as a function of a shallow
water table. This figure requires some iteration but the solution converges rapidly.
There are similar techniques for three-layer systems and corresponding references
on this subject should be employed. Bedrock has a similar influence on cratering
as a water table. There will be a small increase in crater radius (5 to 10%) and
the crater will be about 30% shallower.

FIGURE 3.66 Ejecta depth as a function of range for nuclear bursts (ASCE, 1985).
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3.5.3 GROUND SHOCK

The terminology used in this discussion is illustrated in Figure 3.71. The condition
shown in the figure is termed superseismic if the airblast shock velocity is greater
than the velocity of shock waves in the upper layer of the soil medium. The initial

FIGURE 3.67 Ejecta depth as function of over-pressure (ASCE, 1985).

FIGURE 3.68 Scaled ejecta depths at 1,000 psi (6.9 MPa) and 600 psi (4 MPa) levels as
functions of cratering efficiency (ASCE, 1985).
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component of ground shock is induced by airblast and is termed airslap-induced.
As the airblast slows, a region is reached where the airblast velocity and the
ground shock velocity are equal; this is the trans-seismic region. Further slowing
of the airblast creates a situation of outrunning ground shock, in which a point
is loaded by the ground shock before the airblast arrives. If the lower layer is
stiffer than the upper layer, shock waves transmitted into the lower layer outrun
those in the upper layer and load the upper layer ahead of the shock waves (head
waves) traveling in the upper layer. The following waves can be considered:

• Airslap-induced waves and their reflection from the interface
• Direct-induced waves originating from direct coupling of energy into

the ground (from cratering) and from upstream airblast
• Head waves from either direct-induced or upstream airblast-induced

The airslap-induced shock environment is illustrated in Figure 3.72. The com-
pression wave front is inclined at an angle θp, while the shear wave at an angle
θs, as defined in the figure, where U is the airblast shock front velocity, Cp is the

FIGURE 3.69 Ejecta thickness at 1,000 psi (6.9 MPa) level from high-yield burst in
layered geology (ASCE, 1985).
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FIGURE 3.70 Effect of shallow water table on crater volume (ASCE, 1985).

FIGURE 3.71 Surface-burst ground shock phenomenology for layered geology (ASCE,
1985).
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compression wave propagation velocity, and Cs is the shear wave propagation
velocity. Because of the compression front, there will be a change in Δσ1 in the
principal stress perpendicular to the front, causing the following change in particle
velocity:

(3.111)

ρ is the mass density, and the ratio between horizontal to vertical velocity change
is defined as:

(3.112)

If θp is a small angle (very superseismic wave), θp ≈ sin θp, and ΔVv ≈ Δvp. Near
the surface, the change in horizontal particle velocity will be approximately:

(3.113)

At the shear front, the principal stresses are equal and opposite and inclined at
45° and 135° to the wavefront. The motion is parallel to the front, causing a
change in the particle velocity, due to a change in shear stress Δτ.

FIGURE 3.72 Superseismic airblast load P(t) applied to surface of elastic half-plane
(ASCE, 1985).
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(3.114)

For vertical airslap-induced ground shock, 1-D wave propagation techniques with
simple (bilinear) stress–strain curves for soil may be applied as shown in Figure
3.73. As a result of such computations, attenuation curves can be derived as shown
in Figure 3.74. From these and the peak stress propagation velocity, one can
obtain attenuation factors for accelerations as shown in Figure 3.75 (100 < Po <
1000 psi), and displacement attenuation as a function of a reflective layer at depth
H in Figure 3.76. Advanced computer codes must be employed for deriving
complete stress–time histories. Similar techniques can be employed for horizontal
airslap-induced ground shock. None of these methods is accurate and significant
uncertainties are involved, as shown in Table 3.16.

FIGURE 3.73 Typical bilinear stress–strain curve (ASCE, 1985).

TABLE 3.16
Uncertainty in Airslap-Induced 
Motion Predictions

Component Uncertainty Factor F

Vertical velocity ± 1.25
Horizontal velocity ± 2.0
Vertical acceleration ± 2.5
Horizontal acceleration ± 5.0

Source: ASCE, 1985.
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Studies were performed on upstream-induced ground shock and various
empirical models were proposed; such models from cited literature should be
utilized. Finally, all the ground shock components are combined with their cor-
responding times of arrival to obtain an estimate of ground motions. This topic
is very complex and usually requires a major computational effort. Much addi-
tional research is necessary to improve the accuracy of existing models.

FIGURE 3.74 Attenuation factor α versus scaled depth ξ (ASCE, 1985).

FIGURE 3.75 Attenuation of airslap-induced peak acceleration (ASCE, 1985).
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3.6 FRAGMENTATION

Fragment loading on structures is a critical issue. Unlike blast, fragments may
perforate a structure and cause significant damage. Furthermore, multiple-fragment
impacts must be considered to derive a safe design. This section discusses design
approaches and findings from recent studies. The discussion is based on an approach
proposed by Gurney in the early 1940s (Zukas and Walters, 1998) and focuses on
fragments from naturally fragmenting munitions. The problem of munitions
designed to produce predetermined fragments can be handled similarly.

The weight distribution of fragments resulting from the detonation of an
evenly distributed explosive in a uniform thickness, cylindrical metal case is given
by the following expression (TM 5-855-1, 1986):

(3.115)

in which Nm is the number of fragments with weights larger than m, Wc is the
total casing weight (ounces), M equals Bx

2 tc
5/3di

2/3(1 + tc/di)2, Bx is the explosive
constant from Table 3.17, tc is the average casing thickness (inches), and dI is the
average inside casing diameter (inches). When m = 0, the total number of gen-
erated fragments NT can be estimated as follows. 

FIGURE 3.76 Attenuation of airslap-induced peak vertical displacement (ASCE, 1985).
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(3.116)

The parameter  as a function of di and tc is obtained from Figure 3.77.
The choice of a design fragment weight Wf as a function of a particular

confidence level CL is obtained from Figure 3.78. Usually, CL ≥0.95 is recom-
mended. CL is defined as the probability that Wf is the largest fragment where:

Wf = M[�n(1 – CL)]2 (3.117)

and the number of fragments heavier than Wf is found from the following expres-
sion:

Nf = NT(1 − CL) (3.118)

TABLE 3.17
Explosive Constants  

Explosive
Bx [for Equation (2-205), Figure 3.77)]

(Oz)1/2/(in.)7/6

G* [for Equation (3.119)]
103 fps

AMATOL 0.35 6.190
BARATOL 0.51 5.200
COMP. A-3 0.22
COMP. B 0.22 8.800
COMP. C-4 8.300
CYCLONITE (RDX) 9.300
CYCLOTOL (75/25) 0.20 8.900
CYCLOTOL (20/80) 8.380
CYCLOTOL (60/40) 0.27 7.880
H-6 0.28 8.600
HBX-1 0.26 8.100
HBX-3 0.32
HMX 10.200
HTA-3 8.500
OCTOL (75/25) 9.500
PENTOLITE (50/50) 0.25 8.100
PTX-2 0.23
TNT 0.30 7.600
TORPEX 7.450
TRITONAL (80/20) 7.600

* G = Gurney explosive energy constant.

Source: TM 5-855-1, 1986.

N
W

MT
c=

2

M Bx/
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The quantity  for a given casing geometry is obtained from Figure
3.79.

The preceding approach applies to cylindrical cased charges. There are no
models for actual munitions; average cross-sectional dimensions of the weapon
are recommended for creating an “equivalent” cylindrical shape.

FIGURE 3.77  versus casing geometry (TM 5-855-1, 1986).

FIGURE 3.78 Design fragment weight versus design confidence level (TM 5-855-1,
1986).
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The initial fragment velocity can be estimated from the Gurney equation as
follows:

(3.119)

in which W is the weight of explosive, WC is the casing weight, G is the Gurney
explosive energy constant (see Table 3.17 for constants for different explosives),
and V0I is the fragment initial velocity (103 feet per second). Figure 3.80 can be
used for the computation. The design characteristics for some weapons are pre-
sented in Table 3.18.

For targets of up to 20 feet from an explosion, one may use the initial fragment
velocity as the striking velocity. Beyond 20 feet, the velocity will decrease because
of air drag. The striking velocity Vsf in 103 feet per second as a function of the
distance Rf in feet and the air fragment weight Wf is computed from Equation
(3.120).

(3.120)

Vsf can also be obtained from Figure 3.81.

FIGURE 3.79  versus casing geometry (TM 5-855-1, 1986).
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An important parameter is the fragment shape to be used for penetration
calculations. The assumed shape is rather blunt and a normal impact of 90° to
the target surface is employed.

Caliber density Dd is defined as:

(3.121)

FIGURE 3.80 Initial velocity of primary fragments for cylindrical casing (TM 5-855-1,
1986).

FIGURE 3.81 Variation of primary fragment velocity with distance (TM 5-855-1, 1986).
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And one assumes the general fragment cylindrical shape with a spherical nose,
as shown in Figure 3.82. The fragment’s nose shape factor is defined as follows:

(3.122)

The above shape will lead to Dd = 0.186 lb/in3, n = 0.5, and Ns = 0.845. It is
suggested to design for normal (90° impact) conditions.

3.6.1 FRAGMENT PENETRATION

The general topic of penetration was discussed previously and some additional
information will be provided here for the “design” fragment. Fragment penetra-
tion into mild steel (BH 150) in inches is obtained as follows:

TABLE 3.18
Design Fragment Characteristics of Selected Munitions

Munition
Type Country/Size

Model No.
or Type

M
[Equation (3.115)]

(oz)

Wf

(CL = 0.95)
(oz)

VoI 
(103 fp)

Mortar round USSR/82 mm 0-832D 0.030 0.27 4.34
USSR/120 mm OF 8434 0.192 1.73 2.66
USSR/160 mm F-853A 0.210 1.89 3.28
USSR/240 mm F-864 0.277 2.49 4.74
US/60 mm M49 0.009 0.084 4.82
US/81 mm M362A1 0.0075 0.068 6.34
US/4.2 in. M327A2 0.024 0.219 5.55

Artillery round USSR/122 mm OF 472 0.163 1.47 3.30
USSR/130 mm OF 482M 0.282 2.54 2.78
USSR/152 mm OF 540 0.249 2.24 3.45
US/105 mm M1 0.051 0.463 4.06
US/155 mm M107 0.253 2.27 3.38
US/175 M437A2 0.146 1.32 4.55
US/8 in. M106 0.383 3.44 3.78

Tank round USSR/115 mm OF-18 0.195 0.86 3.85
Rocket round USSR/140 mm M-14-OF 0.134 1.21 3.93
 USSR/240 mm 9 0.058 0.52 6.93
Bomb US/100 lb GP 0.0175 0.16 8.03

US/250 lb GP 0.05 0.45 7.86
US/500 lb GP 0.072 0.65 7.88
US/1000 lb GP 0.204 1.84 7.41
US/2000 lb GP 0.25 2.25 7.76
US/1600 lb AP 1.80 16.18 3.46
US/2000 lb SAP 1.05 9.49 5.16

Source: TM 5-855-1, 1986.

N ns = +0.72 0.25 0.25−
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(3.123)

For other steels, one can use the following expression:

X ′ = X exp[8.77 ⋅ 10−6(B′2 − B2) − 5.41 ⋅ 10−3(B′ − B)] (3.124)

in which Wf is fragment weight (ounces), Vsf is fragment striking velocity (in 103

feet per second), B is the BH for mild steel (150), and B′ is the BH for other
steel. Perforation occurs if the values of X and X′ are larger than the plate
thickness ts.

The penetration depth can be obtained also from Figure 3.83 and Figure 3.84.
The residual velocity after penetration is derived from Figure 3.85 or from the
following empirical equation:

(3.125)

Fragment penetration into concrete is computed from the following expression:

(3.126a)

or 

FIGURE 3.82 Primary fragment shape (TM 5-855-1, 1986).
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(3.126b)

FIGURE 3.83 Steel penetration design chart; mild steel fragments penetrating mild steel
plates (TM 5-855-1, 1986).

FIGURE 3.84 Variation of steel penetration with Brinell hardness (TM 5-855-1, 1986).
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Figure 3.86 can be used to estimate such penetration. The thickness of concrete
(in inches) that the fragment is just capable of perforating is calculated from
Equation (3.127): 

(3.127)

FIGURE 3.85 Residual velocity after perforation of steel (TM 5-855-1, 1986).

FIGURE 3.86 Penetration of mild steel fragments into massive 3,000 psi concrete (TM
5-855-1, 1986).
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This equation is presented graphically in Figure 3.87. If the actual thickness of
the design wall is greater tan tpf, the fragment will come to rest in the wall.
However, a designer should note that the rear face may still spall and that
secondary spall fragments may cause additional damage to equipment and/or
injuries to people inside the protected space. If spall protection is desired, the
design wall must be thicker than the thickness computed from Equation (3.128):

(3.128)

This equation is plotted in Figure 3.88.
If the fragment perforates the wall, its residual velocity is given by the

following expressions:

for X ≤ 1.4 Wf
1/3  (3.129a)

for X > 1.4 Wf
1/3  (3.129b)

where ts is the thickness of the concrete section (inches). These equations are
plotted in Figure 3.89 and Figure 3.90. The thickness of wood perforated by

FIGURE 3.87 Thickness of concrete perforated versus penetration into massive concrete
(TM 5-855-1, 1986).
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fragments of the shape presented earlier herein, as defined in TM 5-8551 (1986),
and with normal impact conditions is given by the following expression:

(3.130)

FIGURE 3.88 Thickness of concrete that will spall versus penetration into massive con-
crete (TM 5-855-1, 1986).

FIGURE 3.89 Residual fragment velocity upon perforation of concrete barriers for cases
where X ≤1.4 Wf

1/3 (TM 5-855-1, 1986).
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This equation is plotted in Figure 3.91 for dry fir plywood. tp is the perforation
thickness (inches), Vsf is the striking velocity (103 feet per second), Wf is the
fragment weight (ounces), ρ is the wood density (pounds per cubic foot) shown
in Table 3.19, and H is wood hardness (pounds) shown in Table 3.19. If the
thickness of the wood is less than or equal to tp, the fragment will perforate it
and the residual velocity after perforation is given by the following equation and
shown in Figure 3.92:

(3.131)

where Vr is residual velocity (103 feet per second) and t1 is the actual thickness
of the wood (inches).

The penetration into soil by fragments with the design shape given in Figure
3.93 and with normal impact conditions is given by the following expression:

(3.132)

where tp is the thickness perforated (inches), Wf is the fragment weight (ounces),
Kp is the soil penetration constant (see Table 3.20), and Vsf is the striking velocity
(103 feet per second). The fragment residual velocity Vr after soil perforation of
a thickness t1 that is less than tp is obtained from the following expression:

FIGURE 3.90 Residual fragment velocity upon perforation of concrete barriers for cases
where X ≥1.4 Wf

1/3 and for sand barriers (TM 5-855-1, 1986).
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FIGURE 3.91 Penetration of dry fir plywood (ρ = 30 pcf, H = 75 lb) (TM 5-855-1, 1986).

TABLE 3.19
Densities and Hardnesses of Wood Targets

Type of Wood Sample Density (pcf) Hardness (lb)

Pine, dry 22–25 38.7
Pine, wet 30 51.1
Maple, dry 35 76.9
Maple, wet 40 72.0
Green oak, dry 51–59 88.1
Green oak, wet 72.1
Marine plywood, dry 37 68.9
Marine plywood, wet 58.8
Balsa, dry 6 21.0
Balsa, wet 6 61.5
Fir plywood, dry 30 75.0
Fir plywood, wet 68.9
Corrisa 27
Hickory, dry 50 74.3
Hickory, wet 55 63.5

Source: TM 5-855-1, 1986.
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Vr = Vsf (1−t1/tp)0.555 (3.133)

The design and analysis of composite barriers are based on the fairly accurate,
if not conservative, assumption that there is no interaction between the various
materials a composite so that each material’s penetration resistance is not affected
by the other materials’ presence in the composite. This means that one can trace
the path of the fragment through each successive layer, calculating whether or

FIGURE 3.92 Residual velocity after perforation of wood (TM 5-855-1, 1986).

FIGURE 3.93 Penetration of sand (Kp = 5.29) (TM 5-855-1, 1986).
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not it perforates that layer and, if it does, using the appropriate residual velocity
equation to obtain a striking velocity for the next layer. Of course, if the fragment
comes to rest in any layer, the wall of barrier has successfully defeated perforation.
However, if the last layer is concrete and if the fragment enters this layer, the
possibility of spalling should be considered by using the appropriate computa-
tional model.

3.7 FIRE, CHEMICAL, BACTERIOLOGICAL, AND 
RADIOLOGICAL ENVIRONMENTS

Fire, chemical, bacteriological, and radiological attacks have been used by both
military and irregular forces. Such environments can be created with commer-
cially available materials and with materials that may be obtained through other
means. This is a very specialized area in protective construction that will not be
addressed in detail here. For more information, consult special publications on
protection against such environments.

Military forces have a wide range of incendiary weapon systems available
for use against different types of targets and some of the systems have been
appropriated also by terrorist organizations. Irregular forces and terrorist organ-
izations also use flammable liquids and accelerators, as typically used by arson-
ists. Furthermore, it is well documented that various types of commercially
available chemicals can be used for such attacks.

In general, ensuring fire protection is relatively simpler for reinforced concrete
structures than for other types of structures. Care must be given to design details
that can help prevent fires from spreading (such as choice of materials, fire
suppression measures, and pressurized ventilation). The protection against chem-
ical, bacteriological, and radiological effects requires special features. For chem-
ical and bacteriological protection, one must ensure an airtight facility with
positive pressure capabilities and decontamination facilities.

TABLE 3.20
Soil Penetration Constants 

Soil type Kp (inches/oz1/3)

Limestone 0.775
Sandy soil 5.29
Soil containing vegetation 6.95
Clay soil 10.6

Source: TM 5-855-1, 1986.
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Conventional and 
Nuclear Loads on 
Structures

 

The significant differences between conventional and nuclear loads must be
considered in the design approach. There are also significant differences between
existing design procedures and state-of-the-art information from recent research.
This section addresses both topics.

 

4.1 CONVENTIONAL LOADS ON STRUCTURES

4.1.1 B

 

URIED

 

 S

 

TRUCTURES

 

Existing design procedures are for cases with a scaled range 

 

 λ

 

 > 1.0. There are
several tests for 

 

λ

 

 

 

≤

 

 1.0 but the severity of such loading environments makes it
very difficult to resist the applied loads. Therefore, the “milder” cases are dis-
cussed here and the severe cases will be addressed together with other test data.

First, one must estimate the reflected pressure on the structure and the duration
of the pressure. Since this was discussed earlier, only a brief summary is provided
here. For estimates, P

 

r

 

 = 1.5 P

 

o

 

 may be used. Then one needs an estimated duration
based on the element thickness (e.g., about six transit times through a slab), or
the distance (t

 

free edge

 

 – t

 

point

 

 + t

 

travel point

 

 – 

 

free edge

 

). The shorter value is used. For
arrival time, the soil loading wave velocity is used and the travel time is based
on twice this velocity.

Another approach is to employ a single-degree-of-freedom (SDOF) compu-
tation similar to the one proposed by Weidlinger and Hinman (July 1988). It is
based on obtaining the load on a structure that moves relative to the soil, and
then using simple structural materials to obtain the response. Other techniques
employ more advanced structural models (TM 5-855-1, 1998 and later) and some
of these are discussed later. Another approach is to use Figure 4.1 for obtaining
an equivalent uniform load on the roof of a buried structure due to an overhead
explosion. One may also employ the following formulation for obtaining the
equivalent pressure at other points:

(4.1)P P
D
R

R or
s

=
⎛

⎝
⎜

⎞

⎠
⎟

3
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in which P

 

R

 

 is the pressure on the roof at distance R

 

s

 

 from the explosive charge,
P

 

or

 

 is the pressure on the roof directly below the explosive charge, D is the depth
from the explosive charge to the roof, and R

 

s

 

 is the distance from the charge to
the specific point on the structure.

As for the pulse duration, it is recommended to use the duration of the free-
field pressure pulse at the quarter point of the short span along a section at the
center of the long span (TM 5-855-1, 1986). From that, one may develop an
equivalent triangular pulse. The analysis of wall loads is performed similarly.
More accurate load estimates can be obtained with advanced computer codes that
can be used to perform shock wave propagation in geologic media, and medium-
structure interaction.

 

4.1.2 A

 

BOVE

 

-G

 

ROUND

 

 S

 

TRUCTURES

 

The airblast components on above-ground structures arise from the free-field
incident pressure, the dynamic pressure, and reflected pressures. The effects of
fragments, discussed earlier, should be included in the design. The assumptions
of a rectangular shape structure and loading by the Mach reflection region will
be maintained, as discussed in Chapter 3. Figure 4.2 illustrates the pressure
derivation on the front wall.

The clearing time to remove the reflected pressure P

 

r

 

 is defined as follows:

(4.2)

 

FIGURE 4.1

 

Equivalent uniform load in flexure (TM 5-855-1, 1986).
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U is the shock front velocity and S is the structure’s height or one-half of its
width, whichever is smaller. t

 

c

 

 represents the time it takes for the shock wave to
travel to the closest edge of the wall and for a relief wave to travel back to the
point of interest.

After the time t

 

c

 

, the acting pressure is defined as follows:

 

P

 

tc

 

 = 

 

P

 

s 

 

+ 

 

C

 

D

 

q

 

(4.3)

in which P

 

s

 

 is the incident pressure, C

 

D

 

 is the drag coefficient, taken as 1 for the
present ranges, and q is the dynamic pressure. For higher pressure ranges, the
above procedure may lead to unrealistic pressure–time histories, and the dotted
line in Figure 4.2 should be used. This is based on the total reflected pressure
impulse i

 

r

 

 obtained from shock wave parameter charts (please see Chapter 3).
The fictitious duration t

 

r

 

 is derived based on a triangular pressure pulse assump-
tion, as follows:

(4.4)

in which 

 

P

 

r

 

 is the peak reflected pressure.
The loading on the wall is the curve that gives the smallest impulse (i.e., the

smallest area under the curve). It should be noted that the reflected pressure
impulse includes the effects of incident and dynamic pressures. 

Here it was assumed that the load results from the shock wave part in the
Mach system (i.e., the triple point is above the structure). For close-in detonations,
the pressure and impulse vary along the wall and an average pressure should be
assumed over a length of the structure that equals 1.3 times the normal distance

 

FIGURE 4.2

 

Front-wall loading (TM 5-855-1, 1986).
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to the explosion (but shall not be larger than 2S). The average pressure and
impulse should be determined at the mid-height front wall. For determining the
loads on other surfaces such as sidewalls and roofs, it may be necessary to employ
a computer code for hydrodynamic computations. An appropriate procedure is
presented as follows.

From Figure 4.3, note that the maximum stresses in the member occur when
the front reaches point d. For that case, the equivalent uniform pressure–time
history shown in Figure 4.3b can be used and the coefficients C

 

E

 

 and D/L are
obtained from Figure 4.4 where:

 

P

 

or

 

 = C

 

E

 

P

 

sob

 

 + C

 

D

 

q

 

ob

 

(4.5)

t

 

f

 

 is the time for the wave to reach the element (point f) and t

 

d

 

 is the time to go
from f to d. The peak pressure P

 

or

 

 is the contribution of equivalent incident and
drag pressures. P

 

sob

 

 is the peak over-pressure at point b and q

 

ob

 

 is C

 

E

 

P

 

sob

 

. The
pressure decays to zero at time t

 

b

 

 + t

 

of

 

, where t

 

b

 

 is the time for the front to reach
point b and t

 

of

 

 is the fictitious positive phase duration. A similar procedure may
be employed for the negative phase (if required), and it is assumed also at point

 

FIGURE 4.3

 

Roof and side-wall loading: span direction perpendicular to shock front (TM
5-855-1, 1986).
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b. Values of C

 

D

 

 can be obtained from Table 4.1. For span directions parallel to
the shock front, use the time history in Figure 4.5.

The loads on the rear wall result from the waves traveling around the structure
and over the roof. The procedure is similar and it is outlined in Figure 4.6. The
peak pressure (Figure 4.6b) is obtained with the pressure at point 2 (Figure 4.6a),
that is, at a distance of H

 

S

 

 past the rear edge of the roof. The equivalent load
factor C

 

E

 

 is based on the wavelength of the peak pressure above the unsupported
length of the rear wall, and so are the rise time and duration. The effects of
dynamic pressure are similar to the previous cases for the roof and side walls.
Deriving these loads is discussed further in Section 4.3.

 

FIGURE 4.4

 

Equivalent load factor and blast wave location ratio versus wave length–span
ratio (TM 5-855-1, 1986).
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FIGURE 4.5

 

Roof and sidewall loading: span direction parallel to shock front (TM 5-
855-1, 1986).

 

FIGURE 4.6

 

Rear-wall loading (TM 5-855-1, 1986).
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4.1.3 M

 

OUNDED

 

 S

 

TRUCTURES

 

Mounded structures should be considered above-ground structures. Nevertheless,
recent tests have shown that their behavior is much better because soil berms
modify the incident pressure waves and absorb a significant amount of airblast-
induced and fragment-induced impulse. These phenomena have not been studied
enough to be included in current design manuals.

 

4.1.4 S

 

URFACE

 

-F

 

LUSH

 

 S

 

TRUCTURES

 

These structures must be designed for a combination of airblast- and ground
shock-induced loads, according to the procedures outlined above.

 

4.1.5 B

 

LAST

 

 F

 

RAGMENT

 

 C

 

OUPLING

 

Recent studies on the effects of load coupling where airblast and fragment effects
were considered found that for close-in explosions, these effects tend to load a
structure beyond what was expected. One of those studies conducted at the Ernst
Mach Institute (Koos, 1987) demonstrated that for explosions of cased charges
at relatively small distances from a structure or target, the impulses of airblast
and fragments are combined to load the structure. These effects should be incor-
porated in the analysis, assessment, and eventual design. That study showed that
for very close detonations, the airblast arrives first (Figure 4.7a), while fragments
arrive first for farther detonations (Figure 4.7b).

Obviously, there is a range between those two where both blast and fragments
will arrive at about the same time. The airblast fragment load coupling is illus-
trated in Figure 4.8. Note that the impulse delivered to the target increases with
the weight of the charge casing. For example, at a detonation range of 3 m, an
uncased charged will produce about 25 kg-m/s, a lightly cased charge 40 kg-m/s,
and a heavier cased charge 100 kg-m/s. This shows clearly that one may have to
consider much larger impulses when designing protective measures to resist cased
explosive devices.

McCarthy (2006) also studied the combined effects of blasts and fragments.
He employed a novel armored blast and impact sensor developed and experimen-
tally tested under both laboratory and field conditions. The sensor permits the
determination of the pressure–time history of an applied loading and also yields
the spatial distribution of the loading. Field experimental trials were performed
using an explosive blast and fragment generator, and for reference, a bare charge
identical in construction to the fragment generator but without the preformed
spherical fragments. The airblast and fragment field velocity characteristics of
the charges were determined experimentally. The sensor package signals resulting
from both blast and combined blast and fragment impact were compared to the
applied loadings. A reasonable correlation was possible for the airblast loading,
but difficulties in predicting the force arising from a fragment impact precluded
meaningful comparison with gauge signals.
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It was also difficult to discern the blast components of combined loadings
from the gauge signal. Finally, the global structural responses of the structural
target under both types of loading were considered. The combined blast and
fragment loading proved to be much more severe than the airblast-only loading
and fragment impact loading cannot be ignored. Field tests confirmed that the
blast wave lagged behind the arrival of the fragments at a 10 m standoff and it
began to catch up with the fragment field at a 5 m standoff. It may be concluded
that as the standoff decreases, the arrival times of the fragments and blast wave
will converge. Eventually, for even shorter standoff distances, the fragments
may arrive before the blast wave as shown by Koos (1987). Clearly, this area
needs further research to define accurately the combined blast and fragment
effects.

 

FIGURE 4.7

 

Detonation distance effects on blast and fragment arrival (Koos, 1987).
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4.2 NUCLEAR LOADS ON STRUCTURES

4.2.1 A

 

BOVE

 

-G

 

ROUND

 

 S

 

TRUCTURES

 

Airblast effects on above-ground structures in the nuclear domain are essentially
the same as for conventional cases, as discussed in Chapter 3. The main difference
for nuclear weapons is in the relative dimension of shock front to structure sizes
and the much longer durations. One should recall the discussion on defining
incident, reflected, and dynamic pressures. Since the total force is a combined
effect of shock reflection and dynamic pressure, one must employ drag or lift
coefficients for computing the additional effect as follows:

 

F

 

 = (

 

C

 

d

 

 or 

 

C

 

L

 

)

 

qA

 

(4.6)

in which F is the total drag or lift force on the exposed structure, C

 

d

 

 and C

 

L

 

 are
the drag or lift coefficients (see Table 4.2), q is the dynamic pressure, and A is
the projected area (perpendicular to airflow for drag and parallel to airflow for
lift as shown in Figure 4.9). Similarly to the load definitions for HE devices, the

 

FIGURE 4.8

 

Impulse versus range for three charge types (Koos, 1987). Line 1: 1 kg
Comp B in 4 kg case. Line 2: 1 kg Comp B in 1 kg case. Line 3: bare 1 kg Comp B.
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information in Figure 4.10 can be used for the computational process to define
the load–time histories on various building surfaces.

In the previous system, no information was provided for airblast loads on
arches and domes. Because of the curve geometries, drag and lift forces act
simultaneously on these structures. Figure 4.11 through Figure 4.13 provide some
information on such effects for the 25 psi (170 kPa) range.

 

TABLE 4.2
Object Drag-and-Lift Coefficients for 
Structural Shapes of Infinite Length at 
Low Over-Pressures
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FIGURE 4.9

 

Average surface drag coefficients for rectangular structure (ASCE, 1985).
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4.2.2 B

 

URIED

 

 S

 

TRUCTURES

 

One of the important advantages of buried structures is the contribution of soil
arching to lead resistance, as will be addressed later. In the dynamic domain, the
effect of soil arching is more significant, especially for the late-time response (4
to 10 msec after load arrival). The problem is further complicated by stress wave
propagation phenomena that combine with rigid body motions, structural
response, and soil arching to modulate the loads. In other words, there is a
dynamic soil–structure interaction (SSI) problem that must be considered for
analysis and design.

 

FIGURE 4.10

 

Loading on above-ground closed rectangular surfaces (ASCE, 1985).
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For shallow-buried rectangular structures (defined by the depth of burial range
0.2L 

 

≤

 

 DOB 

 

≤

 

 1.5 L; L is the clear span of roof or wall), one may use the
following:

(4.7a)

and

(4.7b)

FIGURE 4.11 Ideal loading scheme for 120° arch for peak incident over-pressures of 25
psi (170 kPa) or less (ASCE 1985).
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in which σr(t) is the stress acting on the roof or wall at time t, σff(t) is the incidental
free-field stress at structure location, and td equals 12 times the travel time through
the element thickness (1 to 5 msec). If soil arching is considered, it will affect
Equation (4.7b) only (late time effect) as follows:

(4.7c)

Ca is obtained from Figure 4.17 (see Section 4.2.3). The stress at the structure
base can be estimated as follows:

FIGURE 4.12 Ideal loading scheme for 180° arch for peak incident over-pressures of
25 psi (170 kPa) or less (ASCE, 1985).
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σb(t) = ρCLν(t) (4.8)

where ρ is the soil mass density, CL is the loading wave velocity in soil, and ν(t)
is the structural velocity. An approximation for such a stress could be:

σb(t) = σff(t) (4.9)

For the stress on the sides of the structures, one may use Equation (4.10):

σs(t) = Koσff(t) (4.10)

where Ko is the coefficient of lateral soil pressure. The stress σs(t) will introduce
a membrane-compressive force in the roof, floor, etc., to increase their capacities.

When surface-flush structures are concerned (O ≤ DOB < 0.2 L), one may
use the following expressions: 

(4.11a)

(4.11b)

(4.11c)

FIGURE 4.13 Ideal loading scheme for 45° dome for peak incident over-pressures of 25
psi (170 kPa) or less (ASCE, 1985).
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in which t′d is the smallest value of td (defined earlier) or the time for the loading
wave to travel from the soil surface to the structure roof. When arches and
cylinders are considered, the loading conditions are complicated by the geometry
and the structural motion in the soil, as illustrated in Figure 4.14. An approxi-
mation has been proposed by Crawford et al. (1974), as illustrated in Figure 4.15
for a horizontal octagonal cylinder:

FA(t) = 0.8σA(t)RL (4.12)

(4.13a)

(4.13b)

σA(t) is obtained from Figure 4.15b and σB(t) from Figure 4.15c. R is the cylin-
der’s outer radius, and L is its length. The load resisted by rigid body motion can
be estimated from the following expression (ignoring shear forces):

FB(t) = 2ρCLν(t)RL (4.14)

and from dynamic equilibrium (Newton’s Second Law): 

FIGURE 4.14 Buried horizontal cylinder subjected to incident plane wave (ASCE, 1985).
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(4.15)

The above approach is a very simple procedure for estimating loads on buried
structures; it is based on deriving equivalent uniformly distributed loads as illus-
trated in Figure 4.16.

Other approximate methods for buried arches and cylinders were proposed
(see ASCE, 1985) and for many cases they provide attractive alternatives to the
above method. For more accurate assessments, it may be necessary to employ
advanced computer codes.

FIGURE 4.15 Approximate vertical loads for estimating vertical rigid body motions of
horizontal octagonal cylinder (Crawford et al., 1974).
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Mounded structures can be evaluated in a similar way. First, the reflected and
dynamic pressures are computed, and then the loads are transferred to the structure
(as if a buried structure). Because of the complex geometry, these approaches are
not very accurate and therefore adequate computer codes should be utilized.

4.2.3 SOIL ARCHING

Soil arching occurs when there is a relative motion between structure and soil,
especially if the soil can provide high shear strengths (e.g., sand). The classical
approach for computing soil arching is use of the “trapdoor” mechanism (Terzaghi
and Peck, 1948; Lamb and Whiteman, 1969; Proctor and White, 1977). The two
types of soil arching are:

FIGURE 4.16 Simplified loading of buried arches and cylinders (ASCE, 1985).
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1. Passive arching: the structure moves away from the loading soil and
the soil cannot follow it due to shear resistance.

2. Active arching: the structure is pushed into the soil.

Such models can lead to the following equation (ASCE, 1985):

(4.16)

in which Pq is the stress applied to the structure, Pso is the surface pressure, Ko

is the lateral earth pressure coefficient, φ is the angle of internal friction, a is the
structural length-to-span length ratio, b is the DOB-to-span length ratio, and L
is the structural span length. Typical arching factors for rectangular and arch
structures are presented in Figure 4.17, and additional information on applying
soil arching to protective design is found in ASCE (1985). 

FIGURE 4.17 Soil arching as function of depth of burial (ASCE, 1985).
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4.3 STEP-BY-STEP PROCEDURES FOR DERIVING 
BLAST DESIGN LOADS

4.3.1 CONSTRUCTING LOAD–TIME HISTORY ON BURIED WALL 
OR ROOF

1. Compute the free-field pressure at the center of the wall or roof (see
Section 3.4.8) as follows:

Po = f(ρc)(160)(R/W1/3)-n

2. Compute the free-field pressure decay from the following expression:

3. If using equivalent triangular loading pulse, compute duration as follows:

td = 2I0/P0

4. Compute the peak combined incident and reflected pressures; assume
that it is equal to 1.5 P0.

5. Compute the arrival time ta and the rise time to peak stress t0, ta = R/c,
t0 = 1.1 ta, where R is the range and c is the seismic wave speed.

6. Compute the reflected pressure duration. tr = 12T/10,000 fps. T is the
wall thickness; if the roof or wall is very thick compared to its span,
check the duration associated with clearing time and use the lowest
duration.

7. Reduce the entire pressure–time history by the factor in Figure 4.18
for deriving equivalent uniform loading as shown in Figure 4.19.

4.3.2 COMPUTING PRESSURE–TIME CURVE ON FRONT WALL 
FROM EXTERNAL EXPLOSION (SURFACE BURST)

1. Determine equivalent TNT charge weight and ground distance, Rg (see
Section 3.1).

2. Calculate the scaled ground distance Zg = Rg/W1/3.
3. Determine free-field blast wave parameters from Figure 3.4 or Figure

3.7 for spherical or hemispherical conditions, respectively, and the
corresponding scaled ground distance Zg e.g., as shown in Figure 4.20.
Pso is peak positive incident pressure, Pr is peak normal reflected pres-
sure, U is shock front velocity, is/W1/3 is scaled unit positive incident
impulse, ir/W1/3 is scaled unit positive normal reflected impulse, and
ta/W1/3 is scaled arrival time. Multiply scaled values by W1/3 to obtain
absolute values.

P t P e
t
ta( ) =

−

0

α
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4. Calculate clearing time tc: tc = 3S/U where S is the height of front wall
or one-half its width, whichever is smaller.

5. Calculate a fictitious positive phase duration tof: tof = 2 is/Pso.
6. Determine peak dynamic pressure q0 from Figure 4.21 for the given Pso. 
7. Calculate Pso + CDq0 where CD = 1. 
8. Calculate a fictitious reflected pressure duration tr = 2ir/Pr.
9. Construct pressure–time curves as shown in Figure 4.22. The correct

curve to use is whichever one (reflected pressure or reflected pressure
plus incident pressure) that gives the smallest value of impulse (area
under curve).

FIGURE 4.18 Equivalent uniform loads in flexure of buried structure (TM 5-855-1, 1986).

FIGURE 4.19 Time histories for loads on buried structure (TM 5-855-1, 1986).
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FIGURE 4.20 Shock wave parameters for hemispherical TNT surface bursts at sea level
(TM 5-855-1, 1986).

FIGURE 4.21 Peak incident pressure versus peak dynamic pressure (TM 5-855-1, 1986).
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4.3.3 COMPUTING PRESSURE–TIME CURVE ON ROOF OR 
SIDEWALL (SPAN PERPENDICULAR TO SHOCK FRONT)

1. Determine shock wave parameters for hemispherical or spherical det-
onations from Figure 3.4 and Figure 3.7 for point b (back of structure)
as shown in Section 4.3.2.

2. Calculate wave length-span ratio Lwb/L, and determine equivalent load
factor CE and blast wave location ratio D/L from Figure 4.4 (shown
here again as Figure 4.23).

3. Calculate equivalent uniform load CEPsob and wave location d.
4. Determine arrival times at front tf and back tb of span.
5. Calculate rise time td: td = D/U.
6. Calculate fictitious positive phase duration of tof: tof = 2isb/Psob.
7. Determine the peak dynamic pressure qob from Figure 4.21 as shown

in Section 4.3.2 for CEPsob.
8. Calculate CEPsob + CDqob. Obtain CD from Table 4.1. 
9. Construct pressure–time curves as shown in Figure 4.24 and in Section

4.1.2.

4.3.4 COMPUTING PRESSURE–TIME CURVE ON ROOF OR 
SIDEWALL (SPAN PARALLEL TO SHOCK FRONT)

1. Determine shock wave parameters for the point of interest from Figure
3.4 and Figure 3.7 as previously (e.g., see also Figure 4.20). 

2. Calculate rise time td: td = L/U, where L is the width of the element
considered.

3. Calculate fictitious positive phase duration tof: tof = 2is/Pso.

FIGURE 4.22 Front-wall loading (TM 5-855-1, 1986).

WHERE S = HS ≤ WS/2

WS = WIDTH

0 tr

Pr

PSO + CDqO

PS + CDq

tt tof

Hs

tc = 3S/U

TIME

PLANE WAVE

DK3186_C004.fm  Page 190  Monday, December 3, 2007  12:32 PM



Conventional and Nuclear Loads on Structures 191

4. Determine dynamic pressure q0 from Figure 4.21 for the appropriate
Pso as previously.

5. Calculate Pso+ + CDqob. Obtain CD from Table 4.1 as previously.
6. Determine arrival time tf.
7. Construct the pressure–time curve as shown in Figure 4.25. 

4.3.5 BLAST LOAD ON REAR WALL

The uniformly distributed pressure on the rear wall is computed as defined in
Figure 4.26. Basically, one considers an imaginary extended roof for a distance
that equals the structure height Hs, then computes the load on segment b–e shown
in Figure 4.26 as follows: 

1. The time at which the load on the rear wall starts is tb, the time the
blast load reaches the edge of the roof (see Section 4.1.2).

2. The peak load is defined by the combination of direct load and drag
force: CEPsoe + CDqoe where CE is obtained from Figure 4.23. It is based
on the wavelength of the blast pressure above the fictitious length of
the extended roof Hs. CD is the drag coefficient from Table 4.1. Psoe is
the peak over-pressure at point e and qoe = CEPsoe.

3. The time for the peak load is defined by tb+ td, and td = D/U. As defined
in Section 4.1.2, U is the blast wave velocity and D is the location of
the shock front (distance of the front from beginning of the roof as
shown in Figure 4.24).

FIGURE 4.23 Equivalent load factor and blast wave location ratio versus wavelength-
span ratio (TM 5-855-1, 1986).
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FIGURE 4.24 Roof and side-wall loading: span direction perpendicular to shock front
(TM 5-855-1, 1986).

FIGURE 4.25 Roof and sidewall loading: span direction parallel to shock front (TM 5-
855-1, 1986).

P
R

E
S

S
U

R
E

Lwd

tf

td = D/U

tf + td

CEPsb + CDqb
CEPsob + CDqob

tb + tof

Psod

D

df b

L

SHOCK FRONT LOCATION

FOR MAXIMUM STRESS

A. SECTION THROUGH STRUCTURE

B. LOADING FUNCTION

TIME

tf tf + td/2 tf + td/2 + toftf + td

P
R

E
S

S
U

R
E

TIME

td = L/U

PS + CDq

PSO + CDqO

DK3186_C004.fm  Page 192  Monday, December 3, 2007  12:32 PM



Conventional and Nuclear Loads on Structures 193

4. The time at which the load reaches the ambient pressure is te++ tof, in
which te is the time for the blast wave to reach point e and tof is a
fictitious duration of the positive phase over the extended part of the
roof.

5. The linear blast load decay is defined by CEPso+ CDq0, and these
parameters were defined previously.

FIGURE 4.26 Rear-wall loading (TM 5-855-1, 1986).
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5

 

Behaviors of Structural 
Elements

 

5.1 INTRODUCTION

 

Traditionally, U.S. government agencies have developed and maintained manuals
for the design of structures to resist blast effects. Such manuals have been directed
primarily toward military structures, paying little attention to the design of nonmil-
itary buildings because until recently the threats to such buildings were minimal.
Some design guidance for blast resistance is available to the general public; the
primary users are industries that are aware of potential accidental explosions related
to their normal operations (e.g., petrochemical plants). In addition, general design
guidance such as that of the American Concrete Institute’s Committee 318 (ACI,
2005) has served the public well. However, recent events such as the bombings of
the World Trade Center in 1993 and the Alfred P. Murrah Federal Building (FEMA,
1996; Hinman and Hammond, 1997) and the events of September 11, 2001 (ASCE,
2003; FEMA, 2002) have heightened awareness in the U.S. of the need to consider
potential blast effects in the designs of some buildings.

This chapter summarizes existing blast-resistant design approaches and
addresses issues that are critical to the development of buildings with improved
resistance to severe dynamic loads. Emphasis is given to the design and behavior
of reinforced concrete structures, with particular attention to slabs, walls, col-
umns, and connections.

This chapter provides brief reviews of materials available in modern texts on
the subject. Although most of the information covers reinforced concrete struc-
tures (the most common types of protective structures), information on protective
construction using steel is becoming more readily available and both types of
structures are addressed.

Numerous reports and publications on weapons effects and structural
responses to blasts are available in the open literature, but no single document
covering all aspects of blast-resistant design exists. 

 

Technical Manual 5-855-1

 

(Department of the Army, 1986 and 1998) serves as the Army’s manual on
protective construction. 

 

Technical Manual 5-1300

 

 (Department of the Army,
1990) is the tri-service manual for design against accidental explosions. The most
widely used non-government design manual on blast resistance is the 

 

ASCE
Manual 42 

 

published by the American Society of Civil Engineers (ASCE, 1985).
Two more recent sources of relevant information from ASCE (1997 and 1999)
contain extensive and useful information on the behavior, planning, design, and
retrofit of blast-resistant structures. Summaries of the contents of key manuals
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and descriptions of the general guidance they provide appear in the following
sections.

 

5.2 GOVERNMENT AND NON-GOVERNMENT 
MANUALS AND CRITERIA

5.2.1 T

 

RI

 

-S

 

ERVICE

 

 M

 

ANUAL

 

 TM 5-1300 (D

 

EPARTMENT

 

 

 

OF

 

 

 

THE

 

 
A

 

RMY

 

, 1990)

 

Intended primarily for explosives safety applications, TM 5-1300 (Army desig-
nation) is the most widely used manual for designing structures to resist blast
effects and is currently under revision. One reason for its widespread use by
industry is that it is approved for public release with unlimited distribution. Its
stated purpose is “to present methods of design for protective construction used
in facilities for development, testing, production, storage, maintenance, modifi-
cation, inspection, demilitarization, and disposal of explosive materials.”

The manual is divided into six chapters:

1 Introduction
2 Blast, fragment, and shock loads
3 Principles of dynamic analysis
4 Reinforced conrete design
5 Structural steel design
6 Special considerations in explosive facility design

TM 5-1300 distinguishes between “close-in” and “far” design ranges for purposes
of predicting modes of response. Taking into account the purpose of a structure
and the design range, the allowable design response limits for the structural
elements (primarily roofs and wall slabs) are given in terms of support rotations
computed simply by taking the arc-tangent of the quantity given by the predicted
midspan deflection, and dividing this by one-half the clear span length, i.e., a
three-hinge mechanism is assumed.

One unique requirement of TM 5-1300 is the use of lacing reinforcement
under certain conditions, particularly for very close-in explosions and for larger
values of predicted support rotations. Lacing bars are reinforcing bars that extend
in the direction parallel to the principal reinforcement and are bent into a diagonal
pattern, binding together the two mats of principal reinforcement. It is obvious
that the cost of using lacing is considerably greater than that of using stirrups
because of the more complicated fabrication and installation procedures. Further-
more, it has been shown that one can achieve equivalent structural resistance with
conventional shear reinforcement.
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5.2.2 A

 

RMY

 

 T

 

ECHNICAL

 

 M

 

ANUALS

 

 5-855-1 (D

 

EPARTMENT

 

 

 

OF

 

 

 

THE

 

 A

 

RMY

 

, 1986 

 

AND

 

 1998), 

 

AND

 

 UFC 3-340-01 
(D

 

EPARTMENT

 

 

 

OF

 

 D

 

EFENSE

 

, J

 

UNE

 

 2002)

 

TM 5-855-1 is intended for use by engineers involved in designing hardened
facilities to resist the effects of conventional weapons. The manual includes design
criteria for protection against the effects of penetrating weapons, contact detona-
tion, and the blast and fragmentation from a standoff detonation. TM 5-855-1
does not call for the use of lacing, but does require minimum quantities of stirrups
in all slabs subjected to blast. For beams, one-way slabs, and two-way slabs, the
manual recommends a design ductility ratio (ratio of maximum deflection to yield
deflection) of 5.0 to 10.0 for flexural design. The recommended response limits
are given only in terms of ductility ratios, not support rotations. However, a more
recent supplement to TM 5-855-1, 

 

Engineer Technical Letter 1110-9-7

 

 (Depart-
ment of the Army, 1990), provides response limit criteria based on support
rotations. TM 5-855-1 has been replaced by Unified Facilities Criteria issued by
the Department of Defense (UFC 3-340-01, June 2002). The 1998 version of TM
5-855-1 and UFC 3-340-01 (2002) are for official use only.

 

5.2.3 ASCE M

 

ANUAL

 

 42 (ASCE, 1985)

 

This manual was prepared to provide guidance in the design of facilities intended
to resist nuclear weapons effects. It attempts to extract concepts from other
documents such as the limited distribution design manual. However, the intent is
to provide a more general approach. 

 

ASCE Manual 42

 

 presents conservative
design ductility ratios for flexural response. Although the manual is an excellent
source for general blast-resistant design concepts, it lacks specific guidelines on
structural details.

 

5.2.3.1 Design of Blast Resistant Buildings in Petrochemical 
Facilities (ASCE, 1997)

 

This publication was developed to support the design and construction of blast-
resistant industrial structures, with emphasis on the petrochemical industry. It
provides a sound background on safety requirements and other relevant consid-
erations such as load determination, types of construction, material behaviors
under dynamic loads, dynamic analysis procedures, design approaches, typical
details both for structural steel and structural concrete, architectural consider-
ations, suggestions on upgrades, and examples.

 

5.2.3.2 Structural Design for Physical Security (ASCE, 1999)

 

Although not a design manual, this state-of-the-practice report contains detailed
information on threat determination, load definition, structural behavior and
design, design of windows and doors and utility openings, and retrofit of existing
buildings.
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5.2.4 D

 

O

 

D 

 

AND

 

 GSA C

 

RITERIA

 

The Department of Defense provided guidelines (UFC 4-010-01) to meet
minimum antiterrorism standards for buildings (October 2003). Similarly, the
General Services Administration (GSA) issued guidelines on how to assess and
prevent progressive collapse (June 2003). Both publications recognize that pro-
gressive collapse may be the primary cause of casualties in facilities attacked
with explosive devices. The DoD publication addresses these terrorism-related
hazards and includes guidelines to mitigate them.

 

5.3 DISTANCES FROM EXPLOSION AND DYNAMIC 
LOADS

 

It is generally known that the greatest protection against blast effects is distance.
The vehicle bomb has become a concern for buildings in the U.S. in regard to
blast effects. Security and traffic route conditions that prevent close access by an
explosives vehicle are significant protection measures. However, when distance
cannot be reasonably guaranteed, specific design issues must be considered.

Generally, a prime location for a vehicle bomb is in a basement parking
garage or in an exterior parking area. Structural protection against detonation in
a basement parking area is rarely feasible. Major structural components may be
vulnerable to very close-in blast effects. In such cases, good structural design
may be successful only at limiting catastrophic progressive collapse of the build-
ing. In addition, loading is worsened by partial confinement of the interior explo-
sion. By contrast, external detonations are vented to the outdoor environment and
the potential distance to a major structural element is usually greater.

The manuals listed above and other available literature provide means to
establish a reasonable approximation of loading (peak pressure and duration
applied to exposed surfaces) to be expected for a given explosive threat. As
openings are created (windows, walls, and floor slabs are breached), the blast
loading on subsequent surfaces becomes very difficult to define and research in
this area is continuing. Failed components or sections of structural elements may
be propelled into other elements, thereby complicating the loading process. Addi-
tionally, heavy failed sections of floor and wall slabs may simply fall by gravity,
causing a “pancake” effect on lower floors. Thus, structural details are necessary
components for preventing progressive collapse.

 

5.4 MATERIAL PROPERTIES OF STEEL AND 
CONCRETE

5.4.1 S

 

TEEL

 

There are various types of steel; some exhibit yield plateaus, while others do not,
as illustrated in Figure 5.1. Most structural steels exhibit some sort of yielding
at about 0.002 strain or lower. For high-strength steel, an offset approach must
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be used to obtain an equivalent yield stress. The effect of loading rate on steel
properties has been studied extensively and no clear answer yet exists. Several
publications by Krauthammer et al. (1990, 1993, and 1994) address this issue for
the analysis of reinforced concrete structures. Although for design applications
a 25% strength increase is acceptable, the recommendations in TM 5-1300 should
be followed.

 

5.4.2 C

 

ONCRETE

 

Typical uniaxial stress–strain curves for concrete in compression are presented
in Figure 5.2 and the increase of strength with age is shown in Figure 5.3. The
tensile capacity is about 10% of f

 

′

 

c

 

 or six to seven times (f

 

′

 

c

 

)

 

0.5

 

. The elastic

 

FIGURE 5.1

 

Typical stress–strain curves for various metals (ASCE, 1985).
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modulus is proposed in ACI 318-05 (2005) as E

 

c 

 

= 33w

 

1.5

 

(f

 

′

 

c

 

)

 

0.5

 

, in which w is
the unit weight (pounds per cubic foot) and f

 

′

 

c

 

 is the uniaxial compressive strength
(pounds per square inch). Also, one may use 

 

ν

 

 = 0.17 for concrete. Concrete
triaxial properties are presented in Figure 5.4 and Figure 5.5. One can observe
that confining stresses have a significant positive effect on concrete behavior. The
effect of transverse reinforcement must be assessed for each case, but it improves
concrete strength. Clearly, concrete confined by spirals, steel tubes, or composite
tubes or wraps is expected to outperform unconfined concrete. 

 

FIGURE 5.2

 

Typical stress–strain curves for concrete (ASCE, 1985).

 

FIGURE 5.3

 

Effect of age on concrete compressive strength f

 

′

 

c

 

 (ASCE, 1985).
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FIGURE 5.4

 

Normalized triaxial compression data (ASCE, 1985).

 

FIGURE 5.5

 

Effect of confining stresses on stress–strain properties of concrete (ASCE,
1985).
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5.4.3 D

 

YNAMIC

 

 E

 

FFECTS

 

Generally, one adopts a design approach based on the concept that the reduced
theoretical load carrying capacity of a structure should not be smaller than the
magnified applied load combination. This way, one must use recommended load
magnification factors and strength reduction factors to ensure that a structure will
satisfy the anticipated demand imposed by the loading environment. Applying
this approach to a severe dynamic loading domain requires one to account for
two additional issues: (1) loading rate effects on material behavior and (2) inertia
effects due to structural response. Therefore, the general design approach
employed for protective structures is to the rate-enhanced material properties and
perform a preliminary static design to obtain a tentative structural candidate. That
structure is then analyzed under the dynamic loads to determine its ability to
perform under design loads. The outcome of such an analysis will be used to
determine required modifications that will lead to the final design.

These procedures are discussed in great detail in the previously cited design
references and a brief summary of the key steps is presented next. Figure 5.6
shows the effect of dynamic loading and Figure 5.7 illustrates the effect of load
cycling. Recommended enhancement values for steel and concrete are provided
in a Department of the Army publication (1990).

 

5.5 FLEXURAL RESISTANCE

 

The general design approaches for reinforced concrete (RC) are based on ACI
318-05 (2005) procedures, as discussed extensively in various references (e.g.,
MacGregor and White, 2005). It is assumed for the ultimate state that one can
use a rectangular stress block for concrete in compression, elasto-plastic steel,

 

FIGURE 5.6

 

Dynamic increase factor for 28-day concrete in compression (ASCE, 1985).

1.5

1.4

1.3

1.2

1.1

1.0
0.001

STRAIN RATE, SEC–1

D
Y

N
A

M
IC

 I
N

C
R

E
A

S
E

 F
A

C
T

O
R

0.01 0.1 1.0

 

DK3186_C005.fm  Page 202  Wednesday, December 12, 2007  9:26 AM



 

Behaviors of Structural Elements

 

203

 

and concrete in tension is ignored. Here only the design formulations are pre-
sented and explained.

The ultimate theoretical moment capacity M

 

u

 

 of an RC beam on which an
axial force is applied is derived as follows:

M

 

u

 

 = M

 

n

 

 + Pe (5.1)

in which M

 

n

 

 is the pure-bending ultimate moment, P is the axial force, and e is
the eccentricity of P with respect to the cross-sectional center. For cases where
P < P

 

b 

 

and P

 

b

 

 is the axial force to cause a balanced failure (crushing of top concrete
fiber at the same time as the tension steel yields), the ultimate moment capacity
is obtained as follows:

M

 

u

 

 = M

 

n

 

 = A

 

s

 

f

 

y

 

(d

 

−

 

d

 

′

 

) 

 

+

 

 (A

 

s

 

 

 

−

 

 A

 

′

 

s

 

)f

 

y

 

(d 

 

−

 

 a/2) (5.2a)

in which

a = [(A

 

s

 

 

 

−

 

 A

 

s

 

′

 

)f

 

y

 

]/0.85 f

 

′

 

c

 

 b

 

w

 

(5.2b)

 

a

 

 equals the depth of the concrete compression block (also 

 

β

 

1

 

k

 

u

 

d), A

 

s 

 

and A

 

s

 

′

 

represent tensile and compressive reinforcement areas, respectively, b

 

w 

 

is the beam
width, t is the total thickness/depth, d

 

′

 

 is the top compression face to center of
compression steel distance, d is the effective depth (distance from top fiber to
center of tensile reinforcement), f

 

y

 

 is the steel yield stress, f

 

′

 

c

 

 is the concrete
uniaxial strength, 

 

β

 

1

 

 is a factor depending on concrete strength (0.85 for f

 

′

 

c

 

 

 

≤

 

4000 psi and reduced by 0.05 for each 1000 psi increase, but not lower than 0.65),
and k

 

u

 

d is the depth of the neutral axis (NA) at ultimate moment.
Similar expressions can be computed for cases where P > P

 

b

 

. Generally, the
use of an “interaction diagram” is recommended for all cases where P 

 

≠

 

 0 and
for finding the corresponding moment, thrust, and curvature relationships. These

 

FIGURE 5.7

 

Repeated loading of plain concrete in compression (ASCE, 1985).
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types of relationships also apply to one-way slabs; for these cases, the total
flexural resistance per unit width (assuming symmetrical supports and restraints):

(5.3)

in which M

 

e1

 

, M

 

e2

 

, and M

 

c

 

 equal the corresponding values of M

 

n

 

 for ends 1, 2,
and center, respectively, and L is the beam or slab-free span. For two-way slabs
(Park and Gamble, 2000), the concept of the yield line theory and the requirement
of a minimum load solution are usually employed. For a typical reinforced
concrete slab (Figure 5.8 and Figure 5.9), the following is obtained:

 

FIGURE 5.8

 

Idealized yield line pattern for two-way slabs (ASCE, 1985).

 

FIGURE 5.9

 

Definition of unit resisting moments in two-way slab (ASCE, 1985).
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(5.4)

It has been shown (Krauthammer et al., 1986; Park and Gamble, 2000) that
these procedures tend to underestimate the structural load capacity. A more
accurate approach is based on the inclusion of membrane effects, discussed later.
Unfortunately, TM 5-1300 (Department of the Army, 1990) addresses only tensile
membrane effects and ignores the significant benefits from compressive mem-
brane effects.

When beam-slab systems are considered, these procedures should be com-
bined in a rational manner. Some suggestions in design handbooks provide rea-
sonable but conservative results. For flexural design of steel beams, one employs
a similar approach according to the following expression:

M

 

p

 

 = f

 

y

 

Z (5.5)

in which M

 

p

 

 is the plastic moment capacity, fy is the yield strength for the steel,
and Z is the plastic modulus cited in steel design manuals (AISC, 2005).

5.6 SHEAR RESISTANCE

In general, two principal shear modes should be considered for structural concrete:
the diagonal shear (punching, diagonal tension, or diagonal compression) and the
direct shear (sometimes called pure or dynamic shear). This section reviews some
of the proposed models for considering shear. Additional information is provided
in the cited references. A diagonal shear case requires members to exhibit some
flexural behavior. In the direct shear case, however, no such requirement is needed.
For direct shear, the stresses are due to discontinuity (in geometry or in load)
and the failure is local. For diagonal cases, the failure extends over a length about
the member’s depth. The general approach used for shear design is based on the
following equation of equilibrium:

Vn = Vc + Vs (5.6)

in which Vn is the theoretical (nominal) shear capacity, Vc is the concrete contri-
bution, and Vs is the contribution of shear reinforcement. As for flexure, the
factored shear capacity for a cross-section is equated to the factored shear force.
The ACI Code (318-05, 2005) suggests the use of the following expression for
concrete shear strength without shear reinforcement:

Vc = 2(f ′c)1/2bwd [lb] (5.7)
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in which bw is the width of the beam’s web, and d is the beam’s effective depth.
Although another expression is provided in ACI 318-05, it is less rational than
Equation (5.7), and can overestimate the value of Vc. Equation (5.7) should be
adjusted for cases with acting axial forces, as discussed in the literature (ACI,
2005; MacGregor and White, 2005; Department of the Army, 1990). Once Vc is
known, one can use Equation (5.6) to compute Vs, and the amount of shear
reinforcement is determined as follows:

(5.8)

in which Av is the total area of steel per unit width over the spacing s of the shear
reinforcement.

The coupling of shear and other effects such as flexure and axial forces has
been presented in the literature (Krauthammer et al., 1990; Collins and Mitchell,
1991; MacGregor and White, 2005), and is also discussed later. For considering
the effects of shear on deep members, one should use the ACI recommendations
(2005). An alternative approach for computing V is based on the modified com-
pression field theory (Collins and Mitchell, 1991) that employs a more rational
attempt for describing shear effects. For slabs, the critical locations for shear are
near supports and/or columns (Park and Gamble, 1999). The issue of direct shear
is addressed in ASCE (1999), and discussed briefly later.

5.7 TENSILE AND COMPRESSIVE MEMBERS

A primary concern for buildings is the widespread use of columns. Columns
(particularly exterior columns) should be avoided in protective structures; con-
tinuous walls are preferred. Columns are generally very stiff against lateral
flexural response because of the relatively large quantities of longitudinal rein-
forcement. In addition, compressive forces from gravity loads enhance lateral
strength at initial loading. The consequence is a structural element that will likely
respond in a brittle mode such as shear unless specifically detailed with adequate
confining reinforcement. Fortunately, columns are not generally vulnerable to
“far-away” blast loadings that tend to have lower peak pressures and engulf all
sides of a column. However, columns may be vulnerable to intense close-in blast
loading, and it is imperative that the total structure be capable of redistributing
gravity loads in case one or more columns are destroyed.

RC columns should be designed according to ACI (2005), as discussed in
MacGregor and White (2005) and Department of the Army (1986 and 1990).
The pure axial capacity of RC columns can be computed as follows: 

P0 = 0.85 f ′c(Ag − Ast) + fyAst (5.9)

V
A f

s
ds

v y=
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Moment-thrust interaction diagrams are used for columns subjected to both flex-
ure and axial forces, and discussed in MacGregor and White (2005) and shown
in Figure 5.10. Also, as for flexure and shear, one should note the use of strength
reduction factors Φ and overload factors α to modify the above relationships.

Similarly to structural concrete, structural steel design for protective appli-
cations should be performed according to Department of the Army (1990) spec-
ifications that refer also to the AISC manual. One should employ the latest AISC
information (2005 and 2006) and appropriate books on steel design (McCormac
and Nelson, 2003).

Tension and compressions members are analyzed as follows:

Pn = fyAg (5.10)

Pn is the axial tensile force, fy is the yield strength, and Ag is the gross cross-
sectional area. In compression, however, one needs to ensure that a member will
not buckle under the applied force.

5.8 PRINCIPAL REINFORCEMENT

Primary design issues include the placement (location) and continuity of principal
reinforcement in slabs. In floor and roof slabs of protective structures, the prin-
cipal reinforcement is usually equal in each face of the slab and continuous
throughout the span. If lengths prohibit continuous bars, mechanical couplers or
long splice lengths (prescribed in blast-resistant design manuals) are required.
Additionally, all principal reinforcement is well anchored into the supporting

FIGURE 5.10 Typical interaction diagram for reinforced concrete column (ASCE, 1985).
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elements. In contrast, floor slabs in buildings are primarily reinforced in tension
zones and are vulnerable to “reversed” loading. Such reversed loading is likely
when shock waves from an explosion project upward and load floor slabs located
at levels higher than the explosive source. When conventional slabs are loaded
underneath by blast pressure, the reinforcement is generally in the “wrong” place.
Consequently, slabs are vulnerable to catastrophic failure and will probably come
to rest in a pancake formation.

5.9 CYLINDERS, ARCHES, AND DOMES

The fundamental assumption is that these structures are rarely perfectly con-
structed and therefore the imposed pressures will be highly nonuniform, as shown
in Figure 5.11. The internal thrust, shear, and moment (Crawford et al., 1974) are:

(5.11a)

(5.11b)

FIGURE 5.11 Circular ring subjected to nonuniform external pressure (Crawford, et al.,
1974).

P qR
pR

θ θ= +−
3

cos 2

V pRθ θ= −
2
3

2sin

A

C

B D

P0 = q + p

Pθ = q + p cos 2θ

R

c

tb or R
i

a or R
0

θ

_

__

DK3186_C005.fm  Page 208  Wednesday, December 12, 2007  9:26 AM



Behaviors of Structural Elements 209

(5.11c)

in which q is the uniform pressure component and is the maximum amplitude
of the nonuniform component.

The beam theory may be employed for very slender cylinders (R/C > 10) to
obtain the internal stresses. For thick cylinders, the following may be used. K
(the Winkler–Bach correction factor) is provided in Table 5.1.

(5.12)

As for deflections, again based on elasticity assumptions, one can use the fol-
lowing expression:

(5.13a)

in which 

(5.13b)

TABLE 5.1
Curvature Correction Factors for Straight Beam Formula 

Factor K

Section Inside Fiber Outside Fiber yo
*  

.

1.2 2.89 0.57 0.305R
1.4 2.13 0.63 0.204R
1.6 1.79 0.67 0.149R
1.8 1.63 0.70 0.112R
2.0 1.52 0.73 0.090R
3.0 1.30 0.81 0.041R
4.0 1.20 0.85 0.021R
6.0 1.12 0.90 0.0093R
8.0 1.09 0.92 0.0052R

10.0 1.07 0.94 0.0033R

Note: K is independent of section dimensions.

Source: Crawford et al., 1974.
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The maximum moment can be computed from the following expression:

(5.14)

For steel rings, buckling must be introduced (see Figure 5.12); β is the ration
p/q. The deflection of thin rings can be estimated from Figure 5.13.

For reinforced concrete rings, the concept of an interaction diagram should
be employed, with the assumption that the amounts of tensile and compressive
reinforcements are equal. It is rational to require a uniform cross-section, and the
ultimate moment becomes:

(5.15)

in which ρ is the tensile reinforcement ratio defined by As/bd, As is the cross-
sectional area of the tensile steel, b is the cross-sectional width, and d is its
effective depth.
It is advisable to design the cross-section such that the axial force is lower than
the balance point Pb for the cross-section under combined moment and thrust (on
the interaction diagram in Figure 5.10). At the collapse pressure, the ultimate
deflection will have the following value:

FIGURE 5.12 Critical buckling ratios for ring loaded with nonuniform pressure (Craw-
ford, et al., 1974).
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(5.16)

This information can be used for the design of horizontal and vertical cylinders,
but one needs to consider the following differences between these two types:

1. Vertical cylinders carry a significant axial force from the closure area.
2. Vertical cylinders experience differential loading conditions between

the top portion (2Ro depth to the surface) and the rest of the cylinder
(below 2Ro depth); Ro is the cylinder’s outer  radius  (Figure 5.11).

Further information on this topic is available in Crawford et al. (1974). Circular
arches can be treated as part of the cylinders and using the corresponding expres-
sions on the basis of the following two response modes (ASCE, 1985):

1. Compression mode: the whole arch is compressed uniformly and the
maximum structural resistance for a semicircular arch per unit curved
area is derived, as follows:

(5.17)

FIGURE 5.13 Load deformation relations for homogeneous ring with R/t = 10 (Crawford
et al., 1974).
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2. Flexural mode: end wall effects are neglected (this tends to underesti-
mate the resistance), and for pin-supported semicircular cases, one may
use the following expression:

(5.18a)

For a fixed support, one can use the following expression:

(5.18b)

in which β is the half central angle of arch (radians), R is the arch radius to the
center of thickness, M′u is the ultimate moment capacity of the concrete rib (also
defined as Mn), b is the rib width, and B is the rib center–center-spacing; b/B = 1
for uniform thickness. The effects of end walls can be estimated based on infor-
mation provided in ASCE (1985).

For domes, the approach is based on the elastic theory as for cylinders and
arches, and the corresponding equations can be obtained. A summary of this
approach can be found in Crawford et al. (1974, pp. 714–718).

5.10 SHEAR WALLS

Shear walls are designed to increase the lateral load capacity of a structure and
their general configuration is illustrated in Figure 5.14. The load deformation
relationship is shown in Figure 5.15. In the static domain, the following expres-
sions were proposed in (ASCE, 1985). The horizontal static load resistance of a
wall at the first cracking stage:

FIGURE 5.14 Principal elements of shear wall (ASCE, 1985).

r
M
R

b
B

yf
n= −

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⎛

⎝
⎜

⎞

⎠
⎟

8
1

2

2

( )β
β
π

r
M

R
b
B

yf
n= −

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⎛

⎝
⎜

⎞11.7
1 0.6

2

2

( )β
β
π ⎠⎠

⎟

L

F

BEAM

COMPRESSION

COLUMN

TENSION

COLUMN
WALL PANEL

H

RIGID FOUNDATION

DK3186_C005.fm  Page 212  Wednesday, December 12, 2007  9:26 AM



Behaviors of Structural Elements 213

Rc = 0.1 f ′c Lt (5.19a)

in which f ′c is the concrete uniaxial compressive strength, L is the wall length
between centers of columns, and t is the wall thickness. The ultimate static wall
resistance Ru is computed from the following:

(5.19b)

The deflection at first cracking is obtained as follows:

(5.19c)

while the deflection at the ultimate resistance is derived from the following
expression:

(5.19d)

in which H is the wall height, As is the steel area in the column on the compression
side, and

(5.19e)

P = fyρt[H + L] (5.19f)

FIGURE 5.15 Characteristic load deflection curves for shear walls (ASCE, 1985).
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5.11 FRAMES

Typical one-story frame structures are shown in Figure 5.16; the load-versus-
response mode for uniformly distributed loads (nuclear blast loads or distant HE
blast loads) is given in Figure 5.17. The total resistance can be computed from
this assumed mechanism and by equating the total internal work done at the
plastic hinges (sum of all plastic moments times their corresponding rotations)
with the total work done by external forces through their corresponding
displacement):

FIGURE 5.16 Typical framed structures (ASCE, 1985).

FIGURE 5.17 Nuclear or distant HE blast loading and response of typical framed struc-
ture (ASCE, 1985).
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PF = 2 ΣMpn / L2 (force/length) (5.20)

where ΣMpn is the summation of top and bottom moment capacities of columns
and L is the frame height. It is assumed that the frame will fail in flexure. The
possibilities of shear failures must be considered as well. For localized effects,
the response may be more complicated and the critical members can be assessed
according to the procedure proposed by Krauthammer et al. (1990, 1993a, 1993b,
and 1994).

5.12 NATURAL PERIODS OF VIBRATION

As will be discussed in the next chapter, the dynamic response of a structural
element is related to its natural period of vibration and to the duration of the
applied loading pulse. Therefore, once a preliminary static design is obtained for
the structural elements under consideration, one needs to also estimate their
natural period. The information is found in the design manuals cited earlier and
also in various handbooks (Harris and Piersol, 2002). Some of the typical cases
based on ASCE (1985) are presented next.

Beams and one-way slabs (ρ is the tensile steel ratio):
Both ends simply supported:

(5.21a)

Both ends fixed:

(5.21b)

One end fixed, one simply supported:

(5.21c)

For thick slabs, one must employ a correction factor:

Tl = FsTf (5.22a)

where

T
L

f =
2

425,000
[sec] (English units)

ρ

T
L

=
2

850 000, ρ

T
L

f =
2

637,000 ρ
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(5.22b)

in which ν is Poisson’s ratio.
Two-way slabs:

(5.23)

T2 is the two-way slab period and TIS and TIL are the corresponding one-way slab
periods (seconds) in the short and long span directions, respectively. The effect
of added masses can be considered as follows:

(5.24)

in which T′ equals T for the original element, ma is the added mass, and m is the
original mass. For steel beams, one may use the information in Table 5.2.
Arches:
Compression mode:

Reinforced concrete:

(5.25)

mt is the total mass for the responding system per unit of arch surface area and
ma is the arch mass per unit of arch surface area.

Steel:

(5.26)

Antisymmetric flexural mode:
Reinforced concrete:

(5.27)
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Simply supported: 

(5.28)

TABLE 5.2
Natural Period of Vibration for 
Steel Beams 

Member Period

Source: ASCE, 1985.
T = period (seconds). W = supported weight
(including beam) per unit length. Wc = total
weight concentrated at midspan. E = modulus
of elasticity. I = moment of inertia. g = gravi-
tational constant.

T 0.64 L
W

gEI

2=

L/2 T 0.91
W

g

L

EI

c

3

=

T 0.42 L
W

gEI

2=

L/2 T 0.6
W

g

L

EI

c

3

= 1

T 0.28 L
W

gEI

2=

L/2 T 0.45
W

g

L

EI

c

3

=

Ct =
′

⎛

⎝
⎜

⎞

⎠
⎟ +

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

′

⎛

⎝
⎜

⎞

⎠
⎟ −

⎡

⎣
⎢
⎢

⎤

⎦

π
θ

π
θ

2

2

1.5

1⎥⎥
⎥

DK3186_C005.fm  Page 217  Wednesday, December 12, 2007  9:26 AM



218 Modern Protective Structures

Fixed:

(5.29)

Other formulations (for different systems) can be found in previously cited man-
uals and handbooks.

5.13 ADVANCED CONSIDERATIONS

5.13.1 MEMBRANE BEHAVIOR

As discussed in structural dynamics textbooks such as the one by Biggs (1964),
a fixed supported beam or one-way slab element under slowly applied uniform
load initially undergoes elastic deflection. As loading continues, plastic hinges
first form at the supports and later at midspan. The load deflection curve associated
with the formation of the failure mechanism is referred to as resistance function.
A common approach is to develop a single-degree-of-freedom model for dynamic
analysis, using the resistance function to define the peak resistance (ultimate
capacity) and response limit of the element.

The ultimate capacity and response limit can be significantly enhanced by
membrane forces. The ultimate capacity may be enhanced by compressive mem-
brane forces and response limit may be enhanced by tensile membrane forces as
shown in Figure 5.18. As discussed by Park and Gamble (2000), the ultimate
flexural capacity is enhanced by compressive membrane forces in slabs whose
edges are restrained against lateral (outward) movement (segment OA in Figure
5.18). As the slab deflects, changes in geometry tend to cause its edges to move

FIGURE 5.18 Slab resistance models.
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outward and react against stiff boundary elements. The membrane forces enhance
the flexural strength of the slab sections at the yield lines.

Research has shown that compressive membrane forces can increase the
ultimate capacities of both one-way and two-way slabs very significantly above
the yield line (pure flexure) resistance, as discussed by Park and Gamble (2000).
An ultimate capacity of 1.5 to 2 times the yield line value is quite common.
Actually, past design manuals have not fully utilized compressive membrane
theory in defining resistance functions, but criteria currently under development
closely follow the theory presented by Park and Gamble (2000). Designers should
be cautious in relying on compressive membrane behavior in buildings, but may
find confidence in applying the theory to slab systems that include stiff supporting
beams. In any case, knowledge that compressive membrane forces exist will
provide a “hidden” safety factor.

Although compressive membrane behavior may be limited, tensile membrane
behavior can be a significant factor in limiting catastrophic failure and progressive
collapse. The tensile membrane region (segment BC in Figure 5.18) is where the
load resistance increases as the deflection increases. As discussed by Park and
Gamble (2000), after the ultimate load resistance has been reached, the load
resistance decreases until membrane forces in the central region of the slab change
from compression to tension (segment AB in Figure 5.18). In pure tensile mem-
brane behavior, cracks penetrate the whole thickness, and yielding of the steel
spreads throughout the central region of the slab. The load is carried mainly by
reinforcing bars acting as a tensile net or membrane, and thus the resistance
increases as the steel is strained until rupture occurs. The increase in load resis-
tance accompanying this action is often called reserve capacity. The derivation
of the membrane behavior is described next, based on the approach in Park and
Paulay (2000).

Consider a reinforced concrete slab with a typical yield line pattern as shown
in Figure 5.19. The yield lines represent locations of continuous plastic hinges
that enable the slab to “fold” as a kinematic mechanism. The slab is then divided
into strips in both the x and y directions and the locations of the plastic hinges
are noted for each such strip. According to the yield line theory, one employs the
virtual displacement approach, assuming a deflection δ for the segment EF, then
assumes that the work done by the applied uniformly distributed load over the
entire slab is equal to the work done by the internal yield moments (both positive
and negative) along the plastic hinge lines. The deformed shape of one such strip
is shown in Figure 5.20.

One can focus on part of the deformed strip, and redraw it as a free body
diagram (Figure 5.21) in which Cc and Cs are the compressive concrete and steel
forces, respectively, T is the tensile reinforcement force, and c is the neutral axis
depth.

Park and Gamble (2000) showed that the virtual work consideration will lead
to the derivation of Equation (5.30) that represents the peak compressive mem-
brane capacity. The tensile membrane capacity is derived for the model shown
in Figure 5.22 that leads to the tensile membrane Equation (5.32). Note, however,
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FIGURE 5.19 Typical yield line pattern for clamped RC slab and strips (Park and Gamble,
2000).

FIGURE 5.20 Deformed slab strip.

FIGURE 5.21 Free body diagram for deformed slab strip (Park and Gamble, 2000).
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that Equation (5.32) is a straight line through the origin (zero load and deflection).
In reality, the tensile membrane is activated not from the origin, but at Point B
in Figure 5.18. The result will be a straight line parallel to Equation (5.32), but
at a higher resistance as also found experimentally (Park and Gamble, 2000).
Krauthammer (1984) and Krauthammer et al. (1986) modified both the compres-
sive and tensile membrane formulations to correct for experimental findings and
simplify the previously noted expressions.

wuly
2[3(�x/�y) − 1]/24 = 0.85f′cβ1h2 {(lx/ly)(0.188 − 0.141β1) + (0.479 − 0.245β1) +

+ (ε′y/16)(ly/h)2(lx/ly)(3.5β1 − 3) + (ε′y/16)(1y/h)2[2(lx/ly)(1.5β1 − 1) + (0.5β1 − 1)] +

− (β1/16)(lx/ly)(ly/h)4[(ε′x)2(lx/ly) + (ε′y)2]} − (3.4f′c)−1[(T′x − Tx − C′sx + Csx)2 +

+ (lx/ly)(T′y − Ty − C′sy + Csy)2] + (C′sx + Csx)(3h/8 − d′x) +

+ (T′x − Tx)(dx − 3h/8) + (C′sx + Csx)[(lx/ly)(h/4 − d′y) + h/8] +

+ (T′y − Ty)[(Ix/Iy)(dy − h/4) + h/8] (5.30)

in which 

ε′x = εx + 2tx/1x and ε′y = εy + 2ty/ly (5.31)

(5.32)

A reserve capacity is important in the design of protective structures since mod-
erate to severe damage is often acceptable if collapse is avoided. It is possible
for a slab’s peak reserve capacity to equal or be greater than the ultimate capacity.
Tensile membrane behavior can occur only if the principal reinforcement extends

FIGURE 5.22 Tensile membrane model.
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across the entire length of the slab (or is properly spliced) and is well anchored
into supporting members or adjacent elements. Additionally, placing stirrups
throughout the length of the slab helps to bind the top and bottom layers of
principal steel, thus enhancing the integrity of the concrete element during the
large deflections associated with tensile membrane behavior. Consideration also
should be given to the strength of the supporting member for determining the
extent of potential reserve capacity.

Although the information on membrane effects in structural concrete slabs
has been known for more than three decades (Park and Gamble, 2000; Wood,
1971), its application for both numerical analysis and design has not yet matured.
Regarding blast-resistant structural behavior, the elastic and elasto-plastic models
in use since the early 1960s (Biggs, 1964) have been the most frequently used
approaches until recently. However, as discussed earlier, these models consider-
ably underestimated the load carrying capacities of slabs. These limitations,
although acceptable for design, are not acceptable for the behavior analysis of
slab-type structures subjected to severe dynamic loads. The durations of blast
loads are about 1000 times shorter than those of earthquakes, and under such
conditions the inertia effects dominate behavior. A slab that performs well under
slow loading rates may collapse under faster loads. Although in statically loaded
slabs, the capacity underestimation was a hidden safety factor, under severe
dynamic conditions, the load–response relationship is much more complicated,
and to determine the structural safety one needs to know how the loads are
resisted. Obviously, analysts and designers could no longer accept “hidden” safety
factors and attention had to be given to more precise definitions of structural
resisting mechanisms.

The model presented by Park and Gamble (2000) included an expression for
estimating the peak load carrying capacity wmax of one-way reinforced concrete
slabs in the compression membrane domain. It was noted on the basis of test data
obtained by various researchers that this capacity was associated with central
deflections to slab thickness ratios (δ/h) between 0.1 and 0.89 (Point A in Figure
5.18). Woodson (September 1994) reported δ/h ratios near 0.3 for one-way slabs
with length-to-effective-depth (L/d) ratios of 10. However, for deep one-way slabs
(L/d 3 and 5), Woodson (November 1994) reported that the δ/h ratios varied
between approximately 0.03 and 0.07. Obviously, the peak load capacity in deep
slabs is reached at much smaller δ/h values than those in more slender slabs. Park
and Gamble (2000) recommended that for slabs with L/h 20, the peak capacity
wmax could be estimated at δ/h = 0.5. For slabs with lower L/h ratios, the δ/h
values are expected to be lower (peak capacity will be reached earlier). Further-
more, the peak load will be reached at lower δ/h values in strips (one-way action),
as confirmed by Woodson (September and November 1994). 

The transition into the tensile membrane domain was noted to occur in the
range 1 ≤ δ/h ≤ 2, and it corresponded to the yield line capacity of the slab (Point
B in Figure 5.18). Beyond that transition, the resistance is governed by the tensile
strength of the steel and such a model was also discussed by Park and Gamble
(2000) (segment BC in Figure 5.18). Employing these models for both the
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compression and tension membranes enabled one to describe a complete
load–deflection relationship for structural concrete slabs subjected to uniformly
distributed loads and for several typical support conditions.

Krauthammer et al. (2003) incorporated these observations into the previous
model (Krauthammer et al., 1986) to define a general resistance function for
slender, intermediate, and deep slabs, as shown in Figure 5.23. One notes two
resistance functions: one for deep slabs and one for slender slabs. The peak
compression membrane capacities are connected by line 1 and the transitions into
the tensile membrane response are connected by line 2. These lines represent an
assumed linear extrapolation between the deep and slender slab responses.
Accordingly, the resistance function for an intermediate slab would be drawn
such that its peak compressive membrane would be on line 1 and its transition
to the tensile membrane would be on line 2.

Compressive membrane action can develop if sufficient resistance to both
outward motion and rotation exists at the supports. Similarly, preventing inward
motion at the supports is essential for the development of tensile membrane
effects. Park and Gamble (2000) discussed the requirements of support restraint
to enable compressive membrane action. They showed that a compressive mem-
brane can be achieved when the lateral support stiffness has the value S =
2Ec/(L/h), in which L/h is the span-to-slab-thickness ratio and Ec is the slab’s
modulus of elasticity. The ratio S/Ec defines the relative support stiffness, as
compared with the modulus of elasticity. Although significant compressive mem-
brane enhancement can be achieved even for low lateral support stiffness values,
these support conditions must be adequately considered to ensure compressive
membrane behavior.

Krauthammer (March 1984) showed that considering membrane effects (both
in compression and tension) greatly improved the ability to explain some obser-
vations in slabs tested under explosive loads. These preliminary results motivated
further attention to detailed structural models that included both improved

FIGURE 5.23 Generalized resistance function for slabs.
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membrane effects and direct shear resistance mechanisms (Krauthammer et al.,
April 1986; Krauthammer, August 1986). This improved model was a modified
version of that presented by Park and Gamble (2000) that could be used for two-
way slabs, and it included the effects of externally applied in-plane forces. In
these later studies, such load–deflection relationships were adopted for dynamic
structural analysis based on a single-degree-of-freedom (SDOF) approach.

Mass and stiffness parameters for the structural system under consideration
are selected on the basis of the type of problem. These include the load source,
type of structure, and general conditions for load application to the structure
(localized load on a small part of the structure, distributed load over a large part
of the structure). Obviously, the expected behavioral domain (linear elastic, elas-
tic-perfectly plastic, nonlinear, etc.) will affect this relationship. The general
approach for selecting such parameters was discussed in detail by Biggs (1964),
and most design manuals contain similar procedures. Although neither Biggs nor
the design manuals provide information on the treatment of fully nonlinear
systems by SDOF simulations, such approaches were presented in the literature
cited above and can be employed for analysis and design, as discussed by Krau-
thammer et al. (1990).

The effect of structural damping is usually small (typically 2 to 5%), but this
should be assessed for the specific case under consideration. Such solutions are
usually obtained by employing a numerical approach, as discussed in Biggs
(1964) and Clough and Penzien (1993). The system response will depend not
only on the magnitude of the force, but also on the relationship between the
dynamic characteristics of the force and the frequency characteristics of the
structure. These are defined by the ratio K/M and the effect of damping. A detailed
discussion of these issues is presented in Biggs (1964), Clough and Penzien
(1993), and Chapter 7 of ASCE (1985). The various design manuals (Department
of the Army, 1986 and 1990; ASCE, 1985) contain dynamic response charts and
tables based on SDOF considerations and these can be used for design.

The differences in the approaches discussed by Biggs (1964), the various
design manuals cited above, and the modified approach proposed by Krautham-
mer (1984 and 1986) and Krauthammer et al. (April 1986) included the structural
resistance function. Instead of employing the classical concept for a resistance
function (elastic, elastic–perfectly plastic, or plastic), the term R(x) was repre-
sented by the modified load displacement relationship that also included mem-
brane effects as described above. That relationship included membrane effects
(both in compression and tension for either one- or two-way slabs), the influence
of externally induced in-plane forces, shear effects, and strain rate effects on the
materials. Another modification extended the application of this approach to cases
where the loads were localized rather than uniformly distributed.

When more advanced numerical approaches are considered important (finite
element or finite difference methods), one needs to ensure that the approach can
represent membrane effects correctly. Certain types of elements may include
tension membrane effects but lack the ability to exhibit compression membrane
behavior. Others may introduce numerical locking unrelated to the physical
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phenomenon of compression membrane behavior. Obviously, to ensure that the
results are interpreted correctly, analysts and designers must understand the char-
acteristics of the particular numerical tool they intend to use. Detailed discussion
on such topics are available in various books on advanced structural analysis
approaches (Bathe, 1996).

5.13.1.1 Membrane Application for Analysis and Design

The design of slabs in typical construction is often governed by serviceability
requirements rather than by strength considerations. Therefore, the consideration
of full compression and tension membrane enhancements may not be feasible.
Since the peak compressive membrane capacity is expected to be associated with
a central deflection of about 0.5 h, it is quite possible that such conditions would
meet ACI deflection control requirements (ACI, 2005). Under certain conditions,
considering some parts of membrane contribution could be advantageous. Fur-
thermore, for special cases, the consideration of both compression and tension
membrane effects could be justified.

Park and Gamble (2000) showed that by considering compression membrane
effects, designers could reduce the total amount of steel in the slab to less than
that required by the yield line theory, even though some additional steel must be
added to the supports to ensure sufficient restraining of the slab. However, design-
ers need to consider loading patterns on the floor slab to prevent over-stressing
the tie reinforcements in the supporting beams. In summary, one can include
consideration of compressive membrane effects, but the detailing of steel in the
support regions must be carefully examined to ensure that the enhanced slab
capacity will not jeopardize the support integrity.

The consideration of membrane effects in special structures could be much
more attractive. In fortifications, one must rely on every possible contribution to
structural resistance for surviving severe loading environments. Under such con-
ditions, survivability rather than serviceability often governs the required per-
formance criteria. Obviously, a slab that can resist higher loads, even if it is
associated with large deflections, could be very useful. Test data discussed by
Krauthammer (April 1986) and Woodson (September and November, 1994) can
be used to show such advantages. However, very careful attention must be given
to shear reinforcement and to the support design to ensure that the slab can reach
the corresponding resistance and deformation levels.

Another type of structure that could benefit from membrane effect consider-
ations is the culvert. Again, based on operational needs for such structures, one
may limit the design to only compressive membrane enhancement if deflections
must be controlled. Otherwise, both compressive and tensile membrane effects
could be considered. In addition to the information presented by Park and Gamble
(2000), two recent examples of how compressive membrane enhancement could
be utilized in design may illustrate this approach.

Krauthammer et al. (1986) adopted the approach in Park and Gamble (2000)
for the redesign of reinforced concrete culverts. A one-barrel box culvert 40 ft
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long with a 12 ft × 12 ft opening was considered. Slab thicknesses were 11.5 in.
for the roof, 12 in. for the floor, and 8 in. for the walls. The findings confirmed
the expectations in Park and Gamble as follows. First, in an existing slab, even
small support stiffness can provide significant compressive membrane enhance-
ments. When the ratio S/Ec was varied between 0.005 and 0.16 for the roof slab,
the compressive membrane enhancements varied between 1.1 and 1.47. Second,
when the slab was redesigned (the same steel was redistributed to accommodate
compressive membrane action), its compressive membrane enhancement varied
between 1.2 and 1.65. Third, a large S/Ec ratio would not ensure a much higher
compressive membrane enhancement. When S/Ec was set to 50 in the original
slab, the compressive membrane enhancement increased from 1.47 to 1.5. The
slab was then checked for meeting serviceability requirements. It was found that
cracking would be controlled by the given amount of steel and the δ/h ratio varied
between 0.5 and 0.2 for the given range of S/Ec ratios. For the roof slab, these
ratios corresponded to deflections between 0.57 and 2.3 in. For a span of 144 in.,
these deflections correspond to deflection to depth ratios (δ/h) in the range
between 0.004 and 0.016 that are quite acceptable according to ACI deflection
control limits (ACI, 2005).

Meamarian et al. (1994) continued the development of this approach by
considering improved material and failure models and implemented them in an
analysis and design computer code. In that approach, the general method pre-
sented by Park and Gamble (2000) was used to derive the ultimate load, deflec-
tions, and sectional forces. Then, the modified compression field theory (Collins
and Mitchell, 1991) was used to compute the internal stresses, strains, crack
angles, and total deflections. The proposed approach was used to simulate the
behavior of ten slabs for which test data were available. The average ratios of
computed results to test data for axial force, moment, load, and deflection were
1.07, 1.07, 1.04, and 1.0, respectively. However, the standard deviations for these
comparisons were in the range between 0.13 and 0.38, showing that this approach
required additional attention before it could be used in support of design activities.
Interestingly, for these slabs the compression membrane enhancement was esti-
mated in the range between 1.7 and 2.9, as compared to the yield line capacity.
Furthermore, this enhancement was important for thinner slabs with moderate
amounts of steel (0.007 ≤ ρ ≤ 0.012), but it did not change for slabs with lower
reinforcement ratios (ρ = 0.005) in which ρ is the reinforcement ratio. 

5.13.2 DIRECT SHEAR

Direct shear is a technical term that describes a localized shear response of a
structural concrete element. It can appear at areas of discontinuity (geometrical
or load). Examples include the support area and the edges of the loaded area (if
the load is not applied over the entire element). This phenomenon was observed
experimentally and studied extensively (Krauthammer et al., April 1986, April
1990, September 1993, and October 1994). A summary of this issue appeared in
ASCE (1999) and contains a description of the problem and mathematical models

DK3186_C005.fm  Page 226  Wednesday, December 12, 2007  9:26 AM



Behaviors of Structural Elements 227

that can be used, as shown in Figure 5.24. This resistance function based on
previous studies (Hawkins, 1974) is defined by the following line segments (in
pounds per square inch).

Segment OA — The response is elastic and the slope Ke of the curve is
defined by the shear resistance τe for a slip of 0.004 in. The resistance is given by:

τe = 165 + 0.157 f′c (5.33)

The initial response should be taken as elastic to not greater than τm/2.
Segment AB — The slope of the curve decreases continuously with increas-

ing displacements until a maximum strength τm is reached at a slip of 0.012 in.
and the maximum strength is given by:

(5.34)

in which ρvt is the total reinforcement ratio of the steel crossing the shear plane
and fy and f ′c are the yield strength of reinforcement crossing the shear plane and
the concrete uniaxial compressive strength, respectively.

Segment BC — The shear capacity remains constant with increasing slips
and point C corresponds to a slip of 0.024 in.

Segment CD — The slope of the curve is negative, constant, and independent
of the amount of reinforcement crossing the shear plane. The slope is given by:

FIGURE 5.24 Direct shear resistance (Krauthammer et al., 1986).
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Ku = 2,000 + 0.75 f ′c (psi/in.) (5.35)

Segment DE — The shear capacity remains constant. The deformation at E
varies with the level of damage, with a failure at a slip of Δmax defined as follows
for well anchored bars:

Δmax = C(ex − 1)/120 (in.) (5.36)

in which

x = 900/[2.86(f ′c /db)∫] (5.37)

and C = 2.0 and db is the bar diameter (inches). The limiting shear stress is defined
as:

τL = 0.85(Asb/Ac) f ′s (5.38)

in which Asb is the area of bottom reinforcement (although this may be the total
amount of steel crossing the shear plane), f ′s is the tensile strength of that steel,
and Ac is the total cross-sectional area. Because of the nature of this type of
response, the shear cracks are either vertical or close to vertical. Therefore, one
needs to provide additional longitudinal reinforcement to enhance the direct shear
strength of structural concrete elements.

Krauthammer et al. (1986) modified the original stress–slip relationship for
direct shear. The original model describes the static interface shear transfer in
RC members having well anchored main reinforcement in the absence of axial
forces to account for effects of compressive stresses and loading rates on concrete
shear strength. The authors considered both axial forces and rate effects and
applied an enhancement factor of 1.4 to account also for test data, as shown in
Figure 5.25.

5.13.3 DIAGONAL SHEAR EFFECTS

It is well known (Park and Paulay, 1975) that diagonal shear will reduce the
flexural strength of a reinforced concrete beam. Various studies of the interaction
between flexure and shear were carried out (Kani, 1966; Krauthammer and Hall,
1982; Krauthammer et al., 1987 and 1990; Russo et al., 1991 and 1997; Kyung,
2004). Studies on beams without web reinforcement showed that the principal
mechanisms of shear resistance are beam action and arch action (Park and Paulay,
1975). The influence of shear on the beam strength, as represented by the ratio
between the actual moment capacity Mu and the theoretical moment capacity Mfl

depends mainly on the shear span–depth ratio a/d and the reinforcement ratio ρ
= As/bwd, as shown by Kani (1966) and in Figure 5.26.

These test data show clearly that the largest effect of shear on the flexural
moment capacity is observed at a/d ratios of about 2.5. The a/d ratio is considered
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the transition from deep beam behavior (a/d <2.5) to slender beam behavior (a/d
>2.5). Arch action controls the behavior for deeper beams, while beam action is
the dominant mechanism for slender beams (Park and Paulay, 1975). One can
see that no shear reduction is observed for a/d values smaller than 1 and no shear
effects will occur beyond a certain a/d ratio as a function of the reinforcement
ratio ρ. For example, if ρ is 0.028, no shear reduction will be noted for a/d >7.
However, if ρ is 0.0188, no shear reduction will be noted for a/d >6.5. Despite

FIGURE 5.25 Original and modified direct shear models (Krauthammer et al., 1986).

FIGURE 5.26 Flexure–shear interactions for RC beams without stirrups (Kani, 1966).
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this observation, the current design procedures (ACI 318-05, 2005) provide a
fictitious separation between the shear resistance and the flexural capacity of a
member subjected to the combination of flexure and shear.

Several analytical models were proposed to evaluate the reduction of the
flexural capacity due to the effect of shear (Krauthammer et al., 1987; Russo et
al., 1991 and 1997). The model proposed by Krauthammer et al. (1987) was
based on a simplified numerical evaluation of the experimental data shown in
Figure 8.15 with modifications to include the contributions of shear reinforce-
ment. The models by Russo et al. (1991 and 1997) were based on theoretical
representations of the beam and arch actions, as discussed by Park and Paulay
(1975). These approaches were evaluated recently by Kyung and Krauthammer
(2004) by analyses of previously tested reinforced concrete beams under both
static and dynamic loading effects. They concluded that although both approaches
provided similar results, the model by Krauthammer et al. (1987) showed better
results in the dynamic domain. Both approaches were incorporated in the struc-
tural analysis code DSAS (Krauthammer et al., September 2004).

5.13.4 SIZE EFFECTS AND COMBINED SIZE AND RATE EFFECTS

Previous tests and theoretical investigations showed that structural concrete
behavior loaded in tension, compression, shear, or torsion is influenced by spec-
imen size (Bazant and Planas, 1998). Studies showed that larger compression
specimens had steeper softening paths and larger beams were weaker in bending,
shear and torsion. This phenomenon is termed size effect. Various explanations
were proposed for these observations, for example, related to boundary layer
effects, differences in rates of diffusive phenomena, heat of hydration, other
phenomena related to chemical reactions, statistical facts based on the number
of defects in the volume, or related energy dissipation during the evolution of
fracture and damage. Accordingly, Bazant proposed the following size effect law
in the static domain (Figure 5.27):

σNc = (Bft)/[l + (D/D0)]∫ (5.39) 

FIGURE 5.27 Size effect law in static domain (Bazant and Planas, 1998).
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in which B is a constant, ft is the size-independent tensile strength, D is the
specimen size, and D0 is the reference specimen size.

Concrete, like various other materials, is sensitive to loading rate effects, as
noted in Section 5.4.2. Actually, available test data show that the strain rate effects
shown in Figure 5.28 are more pronounced than those shown in Figure 5.6. The
concept of size effects has not been studied extensively in the dynamic domain,
and its form under short duration dynamic (blast or impact) loading conditions
is not known. Nevertheless, more recent studies showed that the size and rate
effects are coupled phenomena (Krauthammer et al., October 2003; Elfahal and
Krauthammer, 2005 and March–April 2005). Additional studies are required to
clearly define how these phenomena are related, and what physical laws govern
them.

5.13.5 CONNECTIONS AND SUPPORT CONDITIONS

It has been shown that the effect of the lateral restraint of a support is very
significant to the development of membrane enhancement in slabs. Although even
small magnitudes of support stiffness can introduce some membrane enhance-
ment, well designed supports would allow more. Attention to connection details,
therefore, becomes an important factor. Reinforced concrete structures cannot
develop their full capacities if their reinforcement details are inadequately
designed.

FIGURE 5.28 Strain rate effects in concrete under tension and compression (Ross et al.,
1989).
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In connections, for example, joint size is often limited by the size of the
elements framing into it. This restriction, along with poor reinforcement detailing,
may create connections without sufficient capacity to develop the required
strength of adjoining elements. Knee joints are often the most difficult to design
when continuity of adjoining members is required. Although connections will be
addressed in more detail in Chapter 7, a brief discussion is presented here.

The work of Nilsson (1973) provided extensive insight into the behavior of
joints under static loads and into the relationships between performance and
internal details. He showed that even slight changes in a connection detail had
significant effects on the strength and behavior of joints. Park and Paulay (1975)
proposed the diagonal strut and truss mechanisms to describe a joint’s internal
resistance to applied loads. The diagonal compression strut is obtained from the
resultant of the vertical and horizontal compression stresses and shear stresses.
When yielding in the flexural reinforcement occurs, the shear forces in the
adjoining members are transferred to the joint core through the concrete com-
pression zones in the beams and columns. The truss mechanism is formed with
uniformly distributed diagonal compression, tensile stresses in the vertical and
horizontal reinforcement, and the bond stresses acting along the beam and column
exterior bars. These two mechanisms can transmit shearing forces from one face
of a joint to the other, and their contributions are assumed to be additive.

The design approach for reinforced concrete connections by Park and Paulay
(1975) was adopted by the Department of the Army (1990). Results from recent
investigations of a blast containment structure by Otani and Krauthammer
(March–April 1977), Krauthammer (May 1998), and Ku and Krauthammer
(March–April 1999) can be used to illustrate the importance of structural concrete
detailing in connection regions.

The findings showed that the location of the diagonal bar across the inner
corner of the connection affected the joint’s strength. The relationships between
the maximum stress and the location of the diagonal bar and/or its cross-sectional
area could be examined to produce design recommendations that would ensure
a desired level of performance. It was observed that the radial reinforcing bars
across the connection (in the direction normal to the diagonal bar) affected the
tensile stress in the diagonal bar at the inner corner of the connection. Further-
more, the diagonal compressive strut to resist the applied loads could be mobilized
effectively by a proper combination of radial and diagonal bars.

The strengthening of joint regions by diagonal bars caused the formation of
plastic hinge regions in the walls near the ends of the diagonal bars. The relocation
of the largest rotations from the support faces to the plastic hinge regions showed
a shift of maximum moment and shear along the slabs. Examination of the stresses
in the flexural bars along the slabs’ planes of symmetry revealed that yielding
and the maximum stresses in the interior flexural and tension bars were in the
plastic hinge regions. Besides the damage to the flexural reinforcement, maximum
shear stresses in the concrete and large tensile shock wave stresses also occurred
in the plastic hinge regions. These stress patterns in both concrete and steel were
in addition to the presence of direct in-plane tension in the slab (because of the
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expansion of the walls and roof caused by the interior explosion). They showed
that excessive damage could occur at these regions if not properly designed.

Current design procedures in TM 5-1300 (Department of the Army, 1990)
do not address the issue of plastic hinge regions nor do they anticipate that the
location of maximum negative moment (negative yield line location) may occur
near the ends of the diagonal bars. Furthermore, the computation of structural
capacity in current design procedures is based on the assumption of yield line
formation at the supports. Clearly, a shift in hinge location must be included to
derive a more realistic structural capacity. Also, the classical yield line theory
treats yield lines that have zero thicknesses. In reality, the plastic hinge regions
have finite thicknesses (about the slab’s thickness), and this issue should be
addressed in design procedures.

Using support rotations as a parameter that can indicate the extent of damage
is customary, as defined in TM 5-1300. For the containment structure under
consideration, it was required that such rotations would not exceed 2 degrees. A
support rotation (sometimes defined as global rotation) is estimated by the slab’s
peak midspan deflection divided by half the span length. Although both the
localized and global rotations computed in the hinge regions varied, they were
much larger than 2 degrees and the local rotations were much larger than the
global rotations. This observation confirmed that the magnitudes of the local and
global rotations provide good indications of damage to the slab. Furthermore,
these findings emphasize the need to address both local and global rotations in
design approaches.

Steel connections have not been studied extensively for blast-resistant design.
Nevertheless, it was noted recently (Krauthammer, May 1998; Krauthammer et
al., June, August, and November 2002) that steel connections exhibited deficient
behavior under blast loads, even if they were designed to resist seismic loads.
Such deficiencies should be addressed by modifying steel connections for blast
resistance.

5.14 APPLICATION TO STRUCTURAL DESIGN

With any structural design process, a designer is faced with a given or selected
loading condition and performance objectives for a protective system. Once the
material selections are made (structural concrete, structural steel, masonry, or
combinations), one must develop preliminary designs of the various components.
The preliminary designs are prepared as for static loads using the previously
summarized design equations and/or those for typical design manuals (Depart-
ment of the Army 1986, and 1990; ASCE, 1985). However, one must employ
enhanced material properties to address loading rate effects. Practical values of
strain rate enhancements for such materials (Department of the Army, 1990) are
provided in Table 5.3 and illustrated in Figure 5.28. One may apply the average
strain rate to calculate enhancement factors for the stress parameters of the
material models, then employ the modified stress-strain relationships for deriving
the resistance functions used in the dynamic analysis. 
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One should note in Table 5.3 that the far design range represents detonations
at larger scaled distances than the close-in design range. Consequently, since the
rise times are much shorter for close-in explosions, the loading rates are much
higher. Therefore, the recommended dynamic increase factors are higher for the
close-in design range. These dynamic increase factors are intentionally conser-
vative to prevent one from over-estimating structural capacity. Furthermore, the
level of such conservatism is directly related to the type of structural behavior
under consideration. Since a flexural response is more ductile than a shear
response, one may use higher dynamic increase factors for flexural design.

It was also shown experimentally that steel yield strength is more sensitive
to rate effects than the ultimate strength, and one notes that the dynamic increase
factors for the steel yield strength are much higher than for the ultimate strength.
This observation is also illustrated in Figure 5.29. For concrete, the entire static
stress–strain curve is scaled by the appropriate dynamic increase factor. However,
for steel, the yield strength is scaled by one factor, while the ultimate is scaled
by another. Additional figures in Chapter 4 of TM 5-1300 (Department of the
Army, 1990) provide further refinements to the dynamic increase factor values
cited in Table 5.3.

5.15 PRACTICAL DAMAGE AND RESPONSE LIMITS

Once a preliminary static design is obtained, it can be analyzed under the antic-
ipated dynamic loads, as will be discussed in Chapter 6. One can use the calculated
peak central deflection for estimating the damage to be induced by such loads as
follows. Assuming symmetric load and deflection distributions, the support rota-
tion is defined by the ratio of the calculated peak deflection to half the span length:

tan θ = Δmax/(0.5 L) (5.40)

TABLE 5.3
Reinforced Concrete Design Dynamic Increase Factors 

Far Design Range Close-In Design Range

Reinforcing Bars Concrete Reinforcing Bars Concrete
Type of Stress fdy/fy fdu/fu f ′′′′dc/f ′′′′c fdy/fy fdu/fu f ′′′′dc/f ′′′′c

Bending 1.17 1.05 1.19 1.23 1.05 1.25
Diagonal tension 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 — 1.12 1.13 — 1.16

Source: Department of the Army, 1990.
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The following damage ranges are suggested in TM 5-1300 (Department of the
Army, 1990):

0° ≤ θ ≤ 2° Light damage

2° ≤ θ ≤ 5° Moderate damage

5° ≤ θ ≤ 12° Severe damage

One may use various other computational approaches to estimate the actual
damage.

After a preliminary design is obtained, one can estimate the natural periods
for the various structural elements and perform dynamic analyses to assess their

FIGURE 5.29 Strain rate material models (Department of the Army, 1990).
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responses as discussed in Chapter 6. If a response is acceptable, no redesign is
necessary. However, if the response is unacceptable, one needs to either redesign
the structural elements, modify the loads, or both. The loads can be modified if
one can impose stricter controls on both the range R and the charge weight W.
Other parameters may involve the structural shape, shielding, etc., as discussed
in previous chapters.
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6

 

Dynamic Response and 
Analysis

 

6.1 INTRODUCTION

 

Chapters 2 and 3 showed that the loading environments associated with many
relevant threats (such as impact, explosion, and penetration) are extremely ener-
getic and their duration is measured in milliseconds (about one thousand times
shorter than typical earthquakes). Accordingly, the structural response under short
duration dynamic effects can be significantly different from those under static or
slower dynamic loading cases. Therefore, a designer must provide suitable struc-
tural detailing to account for these short duration effects. Due to the complexities
associated with these severe loading environments, designers must employ appro-
priate computational tools in support of their designs. Furthermore, one must be
able to address the various structural response and failure modes to ensure that
the design will be capable of mitigating such conditions.

When subjected to severe short duration loads, structures may fail in a variety
of ways. The mode of failure will depend upon the characteristics of the structure
and the loading, as well as the proximity and intensity of the blast to a structural
member. Current approaches separate structural responses (e.g., flexure, diagonal,
or direct shear, etc.) from localized responses. Localized responses are primarily
governed by material properties and the associated structural behavior is negli-
gible. A contact or close-in explosion produces a crater on the near side of a
reinforced concrete element and spalling on the opposite face. Both cratering and
spalling weaken a structural element by reducing the cross-sectional area that can
resist the applied loads.

When the spall and crater zones merge, the cross-section is breached. The
capacities of different materials to resist cratering, spalling, and breach dictate
the thickness required to maintain structural integrity, or the need to provide
protective features to mitigate these effects (e.g., front face armor, and/or rear
face spall plates). Typically, the material behavior dictates the modes of defor-
mation and the resulting patterns of failure.

Other modes of local failure that may result from direct blast involve shear
failures. Shear responses are related either to flexural behavior (diagonal tension
or diagonal compression) or direct shear that does not involve a flexural response
(ASCE, 1999; Beck et al., 1981; Krauthammer, 1984 and 1986; Krauthammer et
al., 1986 and 1990). Typically, brittle materials such as concrete are weak in
tension and shear. When subjected to a principal tension that exceeds the tensile
capacity of the material, the reinforcing steel crossing the failure plane holds the
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structural element together. Similarly under shear stresses, the reinforcing steel
crossing the failure plane holds the two parts on each side of the failure section
together, allowing shear forces to be transferred across the section through aggre-
gate interlock and dowel action.

When the capacity of the reinforcing steel is reached, its ability to hold the
parts together across the failure plane is diminished, and the ability of the section
to resist either tension or shear is reduced significantly. Similarly, flat plate slabs
must transfer the loads to the columns through shear at the column–slab interface.
Although the area and resistance of this interface may be increased by means of
drop panels, dowel action by reinforcing bars and/or shear heads, the capacity of
the slab to transfer the load to the columns is strongly affected by the shear
capacity of the concrete.

Extreme loads on short deep members may result in a direct shear failure
before the development of a flexural mode of response. This direct shear response
is typically associated with a lower ductility or a brittle behavior mode and may
occur at areas of structural or load discontinuity, as discussed in Chapter 5. For
instance, when a slab is supported on walls, supported areas of the slab are
restricted from moving with the severe load, while the unsupported areas will be
accelerated in the load direction. This very quick relative motion between the
supported and unsupported parts of the slab will induce a sharp stress disconti-
nuity at the slab–wall interfaces that can fail the slab along vertical failure planes.

Furthermore, the shock waves traveling through the supported areas of the
slab will continue into the wall and will not be affected by discontinuities. At the
same time, the shock waves traveling across the thickness of the unsupported
part of the slab will reach the rear wall surface and will reflect as tensile waves.
These wave propagation phenomena are discontinuous at the slab–wall interfaces
and they can enhance the previously discussed stress discontinuity caused by the
motion differences between the supported and unsupported slab regions along
vertical shear planes.

Closed form solutions are limited to simple loading, simple geometric and
support conditions, and mostly linear materials. Therefore, these methods will
not be addressed herein. Approximate simplified methods are based on assumed
response modes, and the recommendation is to use such methods with data from
computer codes based on current design manuals. Advanced numerical methods
require significant resources and are usually not utilized in typical design activ-
ities. Nevertheless, these advanced computational approaches can be used in the
final design stages for detailed assessment.

Advanced structural analyses can be used for obtaining design guidelines
and/or for the detailed evaluation of the anticipated structural response. As
advanced modeling capabilities and computational hardware continue to evolve,
they are expected to be fully integrated into simulation-based design approaches.
Since very severe damage should be expected for scaled ranges (R/W)

 

1/3

 

 less than
1 (in ft/lbs

 

1/3

 

), structural response calculations may not be valid for such scaled
ranges. Therefore, for such severe conditions, structural breaching calculations
must be performed separately from structural response analyses. However,

 

DK3186_C006.fm  Page 238  Monday, December 3, 2007  1:17 PM



 

Dynamic Response and Analysis

 

239

 

breaching calculations require the use of advanced computational tools (e.g.,
hydro-codes, SPH codes, etc.).

Each of the preceding behavioral modes is associated with a corresponding
response frequency range that influences the characteristics of the load–structure
interaction and structural resistance. The dynamic response of a structural element
to the transient blast loads will determine how much deformation the element
undergoes and the possible consequences. Very short duration loads (as will be
shown later, these types of loads are defined as impulsive) are no longer acting
on the structure by the time the structure reaches its peak response, and the system
may be idealized by a spring mass system set into motion by an initial velocity.

Stiffer structural elements or modes of deformation associated with higher
frequencies of response may respond to the same blast environment with a greater
dynamic amplification factor. However, the characteristics of the higher frequency
system will determine the peak deformations associated with the transient loading.
Therefore, considering an elastic–plastic SDOF analogy for each of the various
modes of failure could provide a reasonable means to determine the dynamic
response of an element and its ability to deform within prescribed limits. Each
analogy, however, depends on the proper detailing and simulation of the member
and its connections to guarantee that the capacity can be achieved and the ultimate
deformation can be withstood.

A critical stage in the evaluation of a hardened structure (or any other dynam-
ically loaded system) is dynamic analysis. It has been shown (Biggs, 1964; Clough
and Penzien, 1993; Tedesco et al., 1999; Chopra, 2001; Humar, 2002) that the
need for a dynamic analysis can be determined by the ratio of load duration to
the natural period of the element in question (t

 

d

 

/T

 

n

 

). Usually if that ratio is larger
than about five, the response will be similar to that in the static domain behavior.
However, for much smaller ratios of t

 

d

 

/T

 

n

 

 the response will be similar to that of
a system subjected to a very short loading pulse. These two types of behavior
can be defined based on theoretical solutions. A dynamic analysis is required if
the ratio t

 

d

 

/T

 

n

 

 is between the previous limits.
This chapter will discuss the dynamic responses of structural systems to blast,

shock, and impact. It will not address the general treatment of structural dynamics
and readers should refer to the above-cited references for such information.
Additional treatment of the three domains in the structural response is provided
in Chapter 8.

In general, a dynamic analysis should be considered for critical structural
elements (such as those to be exposed to the load) during the design process and
for the entire system upon completion of the design. Different computational
approaches can be used to address specific analysis needs. The following discus-
sion will address the various computational approaches, with emphasis on meth-
ods that are typically used in this field. The requirements for dynamic analysis
are such that various methods can be employed. Some are more efficient than
others and some are applicable only for narrow and specific types of computa-
tions. Although structural elements are continuous systems, they can be treated
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at various levels of sophistication, e.g., as either lumped mass models or as
continuous systems. These approaches are presented next.

 

6.2 SIMPLE SINGLE DEGREE OF FREEDOM (SDOF) 
ANALYSIS

 

Consider the single degree of freedom (SDOF) system shown in Figure 6.1 and
summarize the treatment of this system based on information in various books
(Biggs, 1964; Clough and Penzien, 1993; Tedesco et al., 1999; Chopra, 2001).
In this case, one may have relative motions between the mass and its support as
follows:

 

u

 

 = 

 

y

 

 – 

 

x

 

(6.1a)

 

u

 

· = ·

 

y

 

 – ·

 

x

 

(6.1b)

 

ü

 

 = 

 

ÿ

 

 –

 

ẍ

 

(6.1c)

in which 

 

x

 

,

 

·x

 

, ¨

 

x

 

, are the displacement, velocity, and acceleration of the supports,
respectively, and 

 

y

 

, ·

 

y

 

, and 

 

ÿ

 

 are the displacement, velocity, and acceleration of
the SDOF mass, respectively. For simplicity, one may consider the SDOF system
without support motions and write the corresponding equation of equilibrium, as
follows:

 

Mÿ

 

 

 

+

 

 Cy

 

 

 

+

 

 

 

Ky

 

 

 

=

 

 

 

F

 

(

 

t

 

) (6.2)

One may divide the entire equation by M to obtain the following:

(6.3)

in which

(6.4)

 

FIGURE 6.1

 

Single degree of freedom system.
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(6.5)

(6.6)

 

ω

 

 is the circular natural frequency and is equal to 2

 

π

 

f, where f is the frequency
in Hz. The frequency f is 1/T where T is the natural frequency. In order to reflect
damping effects on frequency, one should use the following relationship:

(6.7)

Therefore, the equation of motion should be:

(6.8)

The summation on the right side of Equation (6.8) represents all forcing
functions that may affect the SDOF system under consideration. Now, consider
Equation (6.2) and assume that no damping is involved. The resulting equation
of motion will be:

 

Mÿ

 

 

 

+

 

 

 

Ky

 

 

 

=

 

 

 

F

 

(

 

t

 

) (6.9)

One can treat the following two general cases: free vibrations when no forcing
function is applied and forced vibrations when a forcing function is applied.
These cases are discussed next. For the case of free vibrations, Equation (6.9) is
rewritten, as follows:

 

ÿ

 

 

 

+

 

 (

 

K

 

/

 

M

 

)

 

y

 

 

 

=

 

 0 (6.10)

The solution of this equation is the following:

y 

 

=

 

 C

 

1

 

 sin 

 

ω

 

t 

 

+

 

 C

 

2

 

 cos 

 

ω

 

t (6.11)

in which C

 

1

 

 and C

 

2

 

 are constants of integration to be determined based on initial
conditions and 

 

ω

 

 was defined in Equation (6.4). For example, assume that at t 

 

=

 

0 the displacement and velocity are y

 

0

 

 and v

 

0

 

, respectively. This will result in the
following solution:

y 

 

=

 

 (v

 

0

 

/

 

ω

 

) sin 

 

ω

 

t 

 

+

 

 y

 

0

 

 cos 

 

ω

 

t (6.12)

C KMcr = 2
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M

′ = −ω ω ξ1 2
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This solution represents a harmonic vibration whose displacement amplitude is
y

 

0

 

, velocity amplitude is 

 

V

 

0

 

/

 

ω

 

, and a natural circular frequency 

 

ω

 

. This oscillatory
motion will continue without change because no energy loss (damping) is present.
When a forcing function is applied, the solution to Equation (6.9) is given by
combining Equation (6.12) with a particular solution for the forced vibration. For
example, if the forcing function is harmonic, e.g., F(t) 

 

=

 

 F

 

0

 

 sin 

 

ω

 

0

 

t, the following
solution is derived:

y 

 

=

 

 C

 

1

 

 sin 

 

ω

 

t 

 

+

 

 C

 

2

 

 cos 

 

ω

 

t 

 

+

 

 {(F

 

0

 

/K)/[l 

 

−

 

 (

 

ω

 

0

 

/

 

ω

 

)

 

2

 

]} sin 

 

ω

 

0

 

t (6.13)

Again, C

 

1

 

 and C

 

2

 

 are constants of integration to be determined based on initial
conditions. It can be shown that the SDOF system will exhibit a steady state
oscillation due to the forcing function on which one can note the transient free
vibration. When the frequency of the forcing function approaches the natural
frequency of the system [1 

 

−

 

 (

 

ω

 

0

 

/

 

ω

 

)

 

2

 

] 

 

→

 

 0 and the forced dynamic displacement
{(F

 

0

 

/K)/[l 

 

−

 

 (

 

ω

 

0

 

/

 

ω

 

)

 

2

 

]} approaches 

 

∞

 

, the condition is termed 

 

resonance

 

. Another
useful parameter is the dynamic load factor (DLF) that is the ratio of the dynamic
deflection and the static deflection under the peak constant force F

 

0

 

, as follows:

DLF 

 

=

 

 y/y

 

st

 

 

 

=

 

 y/(F

 

0

 

/K) 

 

=

 

 yK/F

 

0

 

(6.14)

The introduction of damping into this system will cause both the free and forced
vibrations to exhibit gradual decays of the dynamic response as discussed else-
where (Biggs, 1964; Clough and Penzien, 1993; Tedesco et al., 1999; Chopra,
2001). Here, only brief summaries of relevant issues are provided and the reader
is encouraged to review such background information as needed.

 

6.2.1 T
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NTEGRAL

 

Considering Equation (6.3), one may treat the forcing function F(t) as shown in
Figure 6.2. The impulse in a time interval 

 

Δτ

 

 is the area under the load function
for that time interval as follows:

FIGURE 6.2 General forcing function.
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I = F(τ)Δτ = Δ(mv) (6.15)

in which m is the mass and v is the velocity. The change in momentum from
time t = τ to time t = τ + Δτ is derived as follows:

Δ(mv) = (mv)τ+Δτ − (mv)τ = m(Δν) (6.16)

This is based on the original definition of Newton’s second law:

(6.17)

in which ·m is dm/dt, ·ν = dν/dt = a, and a is the acceleration. Since the mass is
assumed constant for velocities that are much smaller than the speed of light
(v<<c and c is the speed of light), ·m = 0. Therefore:

F = mν· = ma (6.18)

and for each time interval Δτ, one derives the following velocity:

(6.19)

Since the impulse is the change in momentum, I = Δ(mν), one can approximate
the force pulse by a series of pulses (or steps). The solution is given by the
following expression:

(6.20)

from which one can compute ·y(t). Clearly, these responses are functions of the
frequency (or natural period), thus linking the solution to the ratio td/Tn, as
previously noted.

For design purposes, one would like to use maximum values that are functions
of frequency and damping. For such applications, it is convenient to introduce the
concept of a response spectrum. This is a plot of the maximum response of a
behavioral parameter (e.g., d, v, a, σ, etc.) for a broad range of possible linear SDOF
systems (variable magnitudes of the stiffness-to-mass ratio K/M) to a given exci-
tation. Accordingly, one can define the following maximum response parameters:

D = |y(t)|max (6.21)

F
d

dt
m m mν ν ν( ) = +

ν
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V=|v(t)|max = ωD (6.22)

A = |a(t)|max = ωV = ω2D (6.23)

From the above expressions, one can derive the following relationship of the peak
displacement, pseudo velocity, acceleration of the mass, and the natural fre-
quency:

ωD = V = A/ω (6.24)

In seismic engineering (i.e., the excitation is caused by base motion), one can
show (Clough and Penzien, 1993; Tedesco et al., 1999; Chopra, 2001) that there
are two limiting cases (assuming no damping, ξ = 0), as follows:

Case A is for a large mass and a very weak spring. In this case ω = K/M is
very low and the maximum mass displacement, umax = d ⇒ base displacement,
therefore, the pseudo velocity is:

V = ωD = 2πfd (6.25)

Case B is for a small mass and a very strong spring. In this case ω = K/M is
very large and the mass will be accelerated by the base at the same acceleration.
Therefore,

(6.26)

These results show that 2πf will be an asymptote for very low frequencies and
1/(2πf) will be an asymptote for very high frequencies. Accordingly, a response
spectrum is a plot of a system maximum response parameter (e.g., pseudo velocity
V), as a function of frequency in the form of log V versus log f. Taking the
logarithm of all parts of Equation (6.24) leads to the following relationship:

log ω + log D = log V = log A − log ω (6.27)

This expression can be illustrated qualitatively as shown in Figure 6.3. Note on
the figure that any horizontal line represents constant values of log V and any
vertical line represents constant values of log ω. Returning to Equation (6.27),
one can obtain the following two relationships:

log D = log V − log ω (6.28)

log A = log V + log ω (6.29)

V
A a

f
= =
ω π2
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These relationships show that the lines of peak displacement and peak accelera-
tion have slopes of +1 and −1, respectively (i.e., these lines are inclined at 45°
and −45°, respectively).

Generally, one can employ any forcing function and apply it to a broad range
of SDOF systems to obtain a response spectrum for that frequency range. One
can apply this concept to derive the response spectra for the El Centro, California,
earthquake of 1940 as shown in Figures 6.4 and 6.5. Figure 6.4 shows the recorded

FIGURE 6.3 Four-way logarithmic response spectrum for undamped SDOF.

FIGURE 6.4 North–south component of 1940 El Centro, California, earthquake (Krau-
thammer and Chen, 1988).
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ground acceleration and its corresponding velocity and displacement time histo-
ries. By applying the ground acceleration to a broad range of SDOF systems (i.e.,
changing K and M to obtain various values of ω), one can derive many values
of the pseudo velocity V that can be plotted in the form of a response spectrum
as shown in Figure 6.5. One may repeat such computations for various damping
values to obtain a family of response spectra.

Similar computations can be done for structures subjected to blast loads. The
corresponding graphs are called shock response spectra, as discussed by Crawford
et al. (1973). The analytical derivation of such response spectra may not be simple
for complicated forcing functions, and one must employ more advanced compu-
tational approaches. The analytical methods for dynamic analysis, those that
consider specific problems and design aspects, have existed for half a century
(the classical methods have existed even longer). Books on structural dynamics
provide the necessary tools for analysis of and the response of structural systems
(Biggs, 1964; Berg, 1989; Clough and Penzien, 1993; Tedesco et al., 1999;
Chopra, 2001). These analytical methods provided solutions to rather simple
systems under harmonic loads. Only within the last 40 years has it become
possible to perform analyses on more complex systems and loading conditions
thanks to the introduction of large scientific computers and the application of
numerical methods.

FIGURE 6.5 Response spectra for elastic systems, 1940 El Centro earthquake. ζ = 0, 2,
5, 10, and 20% (Chopra, 2001).
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One may also consider nonlinear systems (in most cases elasto-plastic) by
introducing a new concept known as the ductility factor as follows:

(6.30)

where μ is the ductility factor, Δm is the maximum displacement, and Δy is the
yield displacement. Accordingly, one may derive response spectra for elasto-
plastic systems whose shapes would be similar to the elastic response spectra,
but they will account for responses beyond the linear behavioral range.

6.2.2 GRAPHICAL PRESENTATIONS OF SOLUTIONS FOR SDOF 
SYSTEMS

As noted above, analytical solutions for SDOF systems may be very cumbersome,
even for simple loading functions. Such computations become much harder for
nonlinear resistance functions and complicated loading pulses. To simplify such
computations in support of design activities, one may use dynamic response charts
that enable an analyst to estimate the values of key parameters for assessing the
suitability of a tentative structural design. Such charts were derived by employing
the general approaches described above, as illustrated in Figure 6.6 and Figure
6.7 for a right angle triangular load and an assumed elasto-plastic resistance
function. Figure 6.6 illustrates a family of curves that relate the ductility factor
μ to the nondimensional time ratio td/T (pulse duration to natural period).

Each curve represents a different yield resistance to peak load ratio Rm/F1.
For a tentative design, one knows the values of td/T, Rm/F1, and the peak elastic
deflection yel. These values will define uniquely the ductility factor μ from which
one computes the maximum displacement ym. The derived value of ym can be
used to assess the adequacy of the selected design. For example, if ym is the peak
displacement for a beam, dividing it by half the span length L/2 yields the support
rotation θ. Comparing the derived support rotation with recommended damage
levels (Department of the Army, 1990; ASCE, 1999) will show whether the beam
will meet its performance or operational requirements. Similarly, from Figure
6.7, one can derive the time at which the maximum displacement will be reached,
and this can be compared with possible performance or operational requirements.

6.2.3 NUMERICAL SOLUTIONS OF SDOF SYSTEMS

The closed form solution of the equation of motion by the approach described
earlier may not be possible for highly nonlinear cases. Furthermore, it is necessary
to derive an efficient numerical integration procedure that will be valid for a wide
range of cases. One such technique is the Newmark β Method (Newmark, 1962),
as described next. Consider the equation of motion:

μ ≡
Δ
Δ

m

y
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Mÿ + Cy· + Ky = F(t) (6.31)

in which y is the relative displacement of the mass with respect to the base.
Following the procedure discussed above, we can obtain:

ÿ + 2ξω′ y· + ω′ 2 y = f(t) (6.32)

All these parameters were defined earlier.
Newmark (1962) proposed the following numerical solution technique for

this equation, as discussed also by Newmark and Rosenblueth (1971):

1. Assume that y, ·y, and ÿ are known at time t = ti, and assign them the
subscript i.

2. ti+1 = ti + Δt, and assume a value ÿi+ l for the acceleration at time ti+1.

3. Compute a velocity at ti+1: ·yi+l ≅ ·yi + (ÿ + ÿi+1)

FIGURE 6.6 Maximum response of elasto-plastic SDOF systems under triangular load
pulse with zero rise time (U.S. Army, 1957).
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4. Compute a displacement at ti+1: yi+l ≅ ·yi + yiΔt + (1/2 − β)ÿi(Δt)2 +
βÿi+l(Δt)2 

5. Substitute yi+1 and  into Equation (6.32) and compute a new value

for ÿi+1:  in which y0 is the static
displacement relative to the base and  is the base acceleration. Note
that y0 and  may be zero for certain cases.

6. Check whether ÿi+1 from step 2 is close enough to ÿi+1 from step 5. If
they are close, the solution is achieved. If they are not close, repeat
steps 2 through 6 until convergence is attained. Since one needs to
assume a new value for ÿi+1 in step 2, it is quite efficient to select the
value obtained in step 5 for this purpose.

In step 2, it was assumed that ÿ varies linearly over Δt. In step 3, if β = 1/4, it
will correspond to a linear variation of  (constant acceleration) over Δt, but if
β = 1/6, it will correspond to a parabolic variation of  (linear acceleration) over
Δt. β values between 1/4 and 1/6 are recommended for convergence and stability.

FIGURE 6.7 Time of maximum response of elasto-plastic SDOF systems under triangular
load pulse with zero rise time (U.S. Army, 1957).
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If β > 1/8, the method will converge only if it is stable. The choice of Δt ≤ 0.1
Tn and β = 1/6 will ensure a very fast convergence to the solution.

6.2.4 ADVANCED SDOF APPROACHES

It was noted above that several characteristic parameters must be known about a
structure under consideration to employ an SDOF model of the structure: the
blast load as a function of time F(t), mass M, damping C, and stiffness K. Mass
and stiffness parameters for the structural system under consideration are selected
based on the load source, type of structure, general conditions for load application
to the structure, (for example, localized load on a small part of the structure,
distributed load over a larger part of the structure, the load distribution function,
i.e., uniform or nonuniform, etc.), and the expected behavioral domain (linear
elastic, elastic–perfectly plastic, nonlinear, etc.).

The previous sections provide information on the treatment of either linearly
elastic or elastic–plastic structural systems by SDOF simulations. However, such
approaches are still simplistic and may not represent accurately the more realistic
behaviors of fully nonlinear structural systems.

For example, ideal elastic–plastic systems cannot account for fully nonlinear
concrete and steel material models, plastic hinge formation and growth, coupling
of several failure modes (flexure, diagonal shear, direct shear, axial loads, etc.),
membrane effects (both in compression and tension), consideration of confine-
ment effects in a cross-section, and the contributions of confined and unconfined
concrete zones, variable strain rate effects, etc. Nevertheless, these issues were
addressed in the literature (Beck et al., 1981; Krauthammer, 1984 and 1986;
Krauthammer et al., 1986 and 1990), and one can employ such advanced concepts
for analysis and design, as briefly discussed next.

The continuous structural element represented by an equivalent SDOF system
as defined in the above-mentioned references is a modified version of Equation
(6.32):

(6.33)

Here R(y) replaces Ky and it can be any form of load deformation (resistance)
function for the structural mechanism or system under consideration. Although
the role of damping may not be very significant in typical structural systems (e.g.,
ζ is usually smaller than 10%), it was found that damping may play a significant
role when medium–structure interaction involves large structural deformations
(Krauthammer, 1986; Krauthammer et al., 1986). The nonlinear load–deflection
relationship serves as the skeleton resistance curve for the numerical computa-
tions, as shown in Figure 6.8, based on which the dynamic resistance function
and the dissipation of energy are evaluated.

y y
R y

M
f t+ + =2 1ξω′

( )
( )
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Similarly to previous methods (Department of the Army, 1986 and 1990;
Biggs, 1964), the equivalent mass of the SDOF system is derived based on the
deflected shape of the structural member, as will be discussed later. The derivation
of nonlinear resistance functions for various structural behavior mechanisms and
other parameters is accounted for and discussed in other publications (Beck et
al., 1981; Krauthammer, 1984 and 1986; Krauthammer et al., 1986 and 1990).
Under such an approach, one can address the true flexural response that includes
explicit interactions of bending moment, diagonal shear, and axial force by one
SDOF system and the direct shear response by another SDOF system. The two
SDOF systems are loosely coupled by the support reactions, as shown in Figure
6.9. The support reactions (discussed further in this chapter) are computed from
the flexural response and represent the load for computing the direct shear
response. Clearly, this method is suitable for nonlinear structural analysis.

We have considered the behavior of SDOF systems, and the effects of loading
conditions, damping, and structural properties. However, real structures usually
tend to exhibit more complicated types of behaviors and therefore more advanced
techniques and models must be employed. One may consider a structure as a
multi-degree-of-freedom (MDOF) or continuous system, as briefly discussed in
the following sections.

6.3 MULTI-DEGREE-OF-FREEDOM (MDOF) SYSTEMS

6.3.1 INTRODUCTION TO MDOF

Background information on MDOF systems can be found in books on structural
dynamics (Biggs, 1964; Berg, 1989; Clough and Penzien, 1993; Tedesco et al.,
1999; Chopra, 2001). Such cases can be addressed both theoretically or numer-
ically as lumped mass systems. It is assumed that a structure’s mass can be lumped

FIGURE 6.8 Dynamic resistance functions for flexural behavior (Krauthammer et al.,
1990).
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into several representative floor masses and the stiffness can be illustrated by
column springs, as shown in Figure 6.10.

Using free body diagrams for each floor, one can derive the following equation
of motion for a MDOF system in matrix form:

[M]{ } + [C]{ } + [K]{x} = {P(t)} (6.34)

where [M] is the mass matrix, representing all system masses, [C] is the damping
matrix representing damping of various masses, [K] is the stiffness matrix rep-
resenting the stiffness contributions of various levels (i.e., floors), {P(t)} is the
force vector representing forces applied to the various masses, and {x} represents
the displacement vector (for the displacement of the masses). The velocity and
acceleration vectors are noted by the first and second time derivatives of {x}.

Various methods can be employed to obtain solutions for such systems. In
order to simplify the discussion, one may ignore damping, and thus:

[M]{ } + [K]{x} = {P(t)} (6.35)

FIGURE 6.9 Coupled equivalent SDOF systems (Krauthammer et al., 1990).

FIGURE 6.10 Lumped mass structural model.
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One may use a base motion as additional input and employ the relative mass-to-
base motion to formulate the equation of motion. Here, however, the treatment
will be similar to that for SDOF systems. Only a summary of the basic problem
and its solution will be provided, and the reader is urged to review the appropriate
background in the literature.

For free oscillations, {P(t)} = 0. The equation for this case becomes:

[M]{ } + [K]{x} = 0 (6.36)

The structure will vibrate in its natural modes, and, using separation of variables,
the displacement will be of the form:

{x(t)} = Znθn(t) (6.37)

where Zn is the time-independent mode shape vector and θn is a time-dependent
scalar function. As discussed for SDOF systems, such a solution might have the
following form:

{x(t)} = Zn(An sin ωnt + Bn cos ωnt) (6.38)

The system oscillates in one of its natural modes, assuming that the base remains
motionless. All the system’s masses describe a synchronous motion. The shape
of the configuration does not depend on time, although its magnitude varies with
t as prescribed by the n-th function θ. Substituting Equation (6.37) into Equation
(6.36) and rearranging terms will provide the following expression:

(6.39)

Note that the above expression is a product of a time-independent term by a time-
dependent term and that it is equal to zero. This can be achieved if either one of
the terms is zero. However, one has a trivial solution if θn(t) = 0, which means
that the following option should be examined:

(6.40)

which leads to solving the following eigenvalue or characteristic value problem:

(6.41)

Equation (6.41) is a polynomial of order N in ωn
2 that provides N real and positive

roots for ωn
2 because both the mass and stiffness matrices are symmetric and

positive definite. Once the N characteristic values of ωn are obtained, one can

x

( [ ) (−ω θn
2

n n nM]Z K]Z t) 0+[ =

( [ )−ωn
2

nM] K] Z 0+[ =

det ( M] ]) 0n
2−ω Κ[ +[ =
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find corresponding N values for the mode shapes Zn from Equation (6.40). Once
all these are obtained, one can formulate the solution for the problem. These
mode shapes are orthogonal (independent of each other), which means that the
following expressions exist:

ZT
m MZn = 0 for m ≠ n  (6.42a)

and

ZT
m KZn = 0 for m ≠ n  (6.42b)

If a system has more than one mode with the same natural frequency, it may
undergo free vibrations in that natural frequency with a configuration that is a
linear combination of these modes. Since the natural modes constitute a complete
set, any configuration X that satisfies the boundary conditions can be expressed
as a linear combination of natural modes:

(6.43)

in which an is a dimensionless factor known as a participation factor (or coeffi-
cient). Therefore, by substitution, one can show that the general solution for a
free vibration problem is expressed as:

(6.44)

in which tn is a time shift for each natural mode. tn and an must be chosen for
each problem to satisfy initial conditions.

One can treat the damped free vibration problem similarly, but this will not
be presented here. When damped systems are considered, we may not obtain real
natural modes. In order to ensure real natural modes, one must have the following
values for the damping matrix:

[C] = α[M] + β[K] (6.45)

where M and K are diagonal matrices. This condition is termed Rayleigh damping.
Consider the case when the ground remains motionless while a system of external
forces that vary in time as simple harmonic functions acts on a structure. All
forces have the same ω and all are in phase. The vector of the forces can be
written as P = b sin ωt. It can be shown (Newmark and Rosenblueth, 1971) that
the general solution can be written as:

y Zn

n

n= α∑

y t a Z t tn n

n

n n( ) ( )=∑  sinω −
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(6.46)

where

(6.47)

(6.48)

and ξn is the damping ratio in the n-th natural mode.
One can address transient effects, similarly (Biggs, 1964; Berg, 1989; Clough

and Penzien, 1993; Tedesco et al., 1999; Chopra, 2001), and the reader is encour-
aged to review such theoretical approaches. Since such treatment may not be
practical for supporting design activities, the next section will focus on a brief
summary of numerical approaches for this problem.

6.3.2 NUMERICAL METHODS FOR MDOF TRANSIENT 
RESPONSES ANALYSIS

The most direct approach is to expand the Newmark β method (see Section 6.2.3)
to MDOF systems as discussed in Newmark and Rosenblueth (1971). Alterna-
tively, one could use various classical approaches cited in the above references
and discussed next. Most of these approaches are based on the Rayleigh quotient
and its various improvements. The basis for the Rayleigh methods is the funda-
mental requirement for energy conservation for undamped systems as follows:

Maximum strain energy = maximum kinetic energy (6.49)

For example, if the displacement in a SDOF system is given in the following form:

u = u0, sin ωt (6.50)

the velocity is obtained from the derivative of Equation (6.50) with respect to
time, as follows:

y t B
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v = ωu0 sin ωt (6.51)

Now the potential energy (entire strain energy) can be computed (work done by
the spring when the mass undergoes the noted displacement) as follows:

V = 0.5 ku2 = 0.5 k (u0 sin ωt)2 (6.52)

Similarly, one can derive the following expression for the kinetic energy:

U = 0.5 mv2 = 0.5 m(ωu0 sin ωt)2 (6.53)

By inspection, one notes that at t = T/4 = π/2ω in which T is the natural period,
the kinetic energy will be zero (since sin ωt = 0 at that time). Therefore, the
potential energy reaches its maximum value at this time as follows:

(6.54)

Similarly, the potential energy vanishes at T/2 = π/ω and the kinetic energy
reaches its maximum value as follows:

(6.55)

Imposing the principle of energy conservation, Vmax = Umax leads to the following
equation:

(6.56)

from which one obtains the previously derived expression for the circular natural
frequency:

ω2 = k/m, and ω = 2πf (6.57)

where f is the natural frequency.
One can employ this approach for solving the general MDOF problem as

follows:

u(x, t) = ψ(x)Z0 sin(ωt) (6.58)

where: u(x, t) is the displacement as a function of the coordinate x (geometry)
and time, ψ(x) is the shape function ratio of the displacement to any point x to
the reference displacement or to z, and z(t) is a generalized coordinate. One can

V 0.5 kumax 0
2=

U 0.5 mumax 0
2 2= ω

0.5 ku 0.5 mu0
2

0
2 2= ω
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compute the corresponding potential and kinetic energies, e.g., assuming a beam.
To determine potential energy:

(6.59)

and

(6.60)

in which ψ” indicates a second derivative with respect to x. The kinetic energy
is obtained from the following expression:

(6.61)

from which one can find the maximum value as follows:

(6.62)

Imposing the conservation of energy, Vmax = Umax leads to the following:

(6.63)

where k* is the generalized stiffness and m* is the generalized mass. The main
problem arises if the shape function ψ(x) is not known beforehand. As a result,
one may assume a shape and thus obtain an approximate solution, and the static
deflection under the inertia forces might be such an approximate shape. Using
this approach will lead to the basic Rayleigh quotient solution as shown below:
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(6.64)

This approach can be improved by using the computed frequency to compute
new inertia forces and the corresponding deflection and potential energy. Again,
imposing the conservation of energy will lead to a modified value of ω2. A further
modification is obtained by computing a new kinetic energy and repeating the
process. This method can be extended to the MDOF cases discussed previously.
The same concept can be employed to derive a matrix iterative operation method,
e.g., the Stodola method based on the flexibility formulation for vibration analysis
whose basis is summarized below.

1. Compute inertia forces corresponding to an assumed shape.
2. Compute the deflections resulting from these forces.
3. Compute inertia forces corresponding to the computed deflections.
4. Iterate further until convergence.

The Stodola method will enable one to derive the lowest modal frequency (i.e.,
the first mode). Once the first mode has been derived, one can obtain the second
mode, provided that any trace of the first mode is removed from the trial solution.
Such elimination of the first mode is obtained through the orthogonality condition.
The same process is employed for obtaining sequentially higher modes. This
method is practical for computing manually up to about five modes; it becomes
too cumbersome for deriving more modes. Also, it is possible to use the same
approach for computing the highest mode and derive sequentially the lower
modes.

Another computational procedure is the Holzer method that adopted an
approach like an inverse of the Stodola method. In the Stodola method, one
assumes a mode shape, and continuously adjusts it until the true mode shape is
obtained, then computes the corresponding modal frequency. In the Holzer
method, one assumes a modal frequency that is adjusted until the true modal
frequency is obtained, then computes the true mode shape. The Holzer method
is best suited for structures arranged along a base axis, e.g., multi-story buildings,
but it can be modified for other structural configurations. Further information
about these procedures is found in the literature.

6.4 CONTINUOUS SYSTEMS

Continuous systems can be analyzed without transforming them to equivalent
lumped mass systems, as discussed next. 
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6.4.1 GENERAL CONTINUOUS SYSTEMS

Consider a continuous beam vibrating transversely without damping and sup-
ported in such a manner that the end conditions (i.e., supports) do not contribute
to the system’s strain energy (Figure 6.11). This requires that the supports be
simple, fixed, guided, and free. One may neglect shear deformations and rotary
inertia effects and solve this problem as discussed in various books on structural
dynamics and noted earlier. The following parameters are defined:

m(x) = mass/unit length
EI(x) = flexural stiffness
v(x,t) = transverse displacement
f(x,t) = dynamic force/unit length
V(x,t) = transverse shear force
M(x,t) = bending moment

The equation of motion is obtained from equilibrium considerations for the beam
element as follows:

(6.65)

Define the following moment–curvature relationship (neglecting shear deformation):

(6.66)

FIGURE 6.11 Beam vibration problem.
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For rotational equilibrium (ignoring rotary inertia) one obtains:

(6.67)

Introducing Equation (6.66) and Equation (6.67) into Equation (6.65) will result
in the following:

(6.68)

It was assumed that E, I, and m were constant along the beam. Consider the free
vibration problem, i.e., f(x,t) = 0. The solution is obtained by separation of
variables as done for MDOF systems:

v(x,t) = ψ(x)q(t) (6.69)

One can show that this would lead to the following:

(6.70)

in which denotes a second derivative with respect to time and ψ iv denotes a
fourth derivative with respect to x. Dividing the equation by mψq leads to:

(6.71)

Since we have two terms that are functions of separate variables, the following
relationship must exist:

(6.72)

Thus we transformed the partial differential equation of motion to the following
two ordinary differential equations:

(6.73)

and 

EIψiv = ω2ψ (6.74)
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If E, I, and m vary along the beam, one must modify the above procedure so the
appropriate derivatives are included. For any given combination of m(x) and
EI(x), there is an infinite set of frequencies ωn

2 and mode shapes ψn(x) that
satisfies the deformation and support conditions of the beam. One can show that
for a simply supported uniform beam of length 1, the mode shapes and their
corresponding circular natural frequencies will be defined as shown below. For
a complete derivation see Biggs (1964), Clough and Penzien (1993), and Tedesco
et al. (1999).

ψn(x) = sin (nπx/1) (6.75a)

and

ωn = (nπ/l)2 (EI/m)1/2 (6.75b)

Clearly, the first mode shape is a half sine wave with the following frequency ω1:

(6.76)

The second mode shape is a complete sine wave at four times the first frequency
(ω2 = 4ω1); the third mode shape is 1.5 sine waves at nine times the first frequency
(ω3 = 9ω1), etc. The arbitrary beam displacement can be obtained by orthogonality
as a Fourier series in Δ < x < �, as follows:

(6.77)

in which qn(t) is determined by the loading conditions. One can show the follow-
ing relationship if two different mode shapes and frequencies are involved such
that ψr ≠ ψs, ωr ≠ ωs (Biggs, 1964; Clough and Penzien, 1993; Tedesco et al.,
1999):

(6.78)

and

(6.79)
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Equations (6.78) and (6.79) are then orthogonality relations for the modes, similarly
to the earlier discussion for MDOF systems. If there are repeated frequencies,
functions ψ still exist such that the orthogonality relation should hold for all r ≠ s
including those for which ωr = ωs. Also, as discussed for MDOF systems, one can
derive a modal equation of motion that shows the contribution of all the modes to
the total behavior. Interested readers can find such information in books on structural
dynamics (Biggs, 1964; Clough and Penzien, 1993; Tedesco et al., 1999).

This brief summary of closed form solutions highlights the fact that these
solutions are limited to simple loading, simple geometrics and support conditions,
and mostly linear materials and systems. Therefore, these methods will not be
addressed further. Various approaches that lead to approximate simplified methods
are based on assumed behavioral models, and it is recommended to use such
methods with data from computer codes based on current design manuals. The
following discussions are aimed at providing information on such approximate
methods and on how they can be applied for the analysis and design of structural
systems under severe short duration loads.

6.5 INTERMEDIATE AND ADVANCED 
COMPUTATIONAL APPROACHES

As noted previously, typical SDOF methods can provide information for only
one assumed mode of deformation and one location in a structure. Although such
information is valuable for supporting design activities, it may be a serious
limitation when the assumed deformation mode does not accurately represent the
behavior of the structure under consideration or one requires information for
larger areas in a structure.

Although advanced SDOF approaches can address several response modes
and locations in a structure, they may not be sufficiently detailed for various
advanced design applications. Therefore, cases that require more advanced design
and analysis may be treated with more advanced structural theories. Unfortu-
nately, close form solutions that can provide a complete description of the struc-
tural behavior are limited to linear materials and simple structural systems. Con-
sequently, analysts and designers have looked for intermediate computational
approaches that can provide more information than typical SDOF approaches but
would not require extensive resources.

For example, for the analysis of structural elements subjected to blast, shock,
and impact, one could employ improved Timoshenko beam or Mindlin plate
formulations that account for shear deformations, rotatory inertia, and more
involved material models that include multi-axial stress–strain relationships and
strain rate effects. Such procedures could be defined as intermediate approximate
computational methods. One may also adopt more advanced approximate com-
putational approaches (such as finite element or finite difference algorithms) that
involve detailed representation of structural systems and require extensive com-
putational resources. These capabilities are briefly discussed next. 
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6.5.1 INTERMEDIATE APPROXIMATE METHODS

The Timoshenko beam theory (Timoshenko, 1921 and 1922) accounts for shear
deformation and rotary inertia — essential factors for a realistic analysis of the
problem at hand, as discussed earlier. The general equations of motion of the
Timoshenko beam can be derived from the equilibrium of a Timoshenko beam
differential element, as shown in Figure 6.12, as follows (Krauthammer et al.,
1993a, b and 1994):

 (6.80a)

(6.80b)

where M and Q are the bending moment and shear force, respectively, I is the moment
of inertia, A is the cross-sectional area, ρ is the material mass density, β is the rotation
of the cross-section due to bending, w is the transverse displacement of the midplane
of the beam, P is the axial force on the member acting at the plastic centroid of the
cross section, q is the distributed dynamic load transverse to beam length, x is the
distance along the beam, and t is the time. Equation (6.80a) and Equation (6.80b)
are used directly for obtaining the solution in the nonlinear material domain. Fully
nonlinear material models for concrete (both confined and unconfined addressing
the axial and shear behaviors), reinforcement, and bond can be used to derive the
moment–curvature relationships. In addition to the dynamic equilibrium equations
above, the Timoshenko beam theory imposes the following compatibility relation-
ships among the deformations, as shown in Figure 6.13.

γxz
 = ∂w/∂x − β (6.81a)

and

ϕ = ∂β/∂x (6.81b)

FIGURE 6.12 Timoshenko beam element.
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where γxz is the shear strain, ϕ is the curvature of the cross-section, and w, x, and
β are as defined earlier.

Recent developments in applying this approach to studying structural
responses to blasts showed that these methods could be successfully employed
to obtain detailed behavioral information considering that the improved theories
include the combination of flexure, diagonal shear, direct shear, and mem-
brane/axial modes of deformation. These methods require one to use either finite
difference or finite element approaches. Finite difference computational methods
were utilized successfully to solve the above noted differential equations (Krau-
thammer et al., 1994a, b, and December 2002). Once the stability criterion for
the convergence is determined, the required computational resources are very
modest. Although such approaches are much more advanced than SDOF methods,
they are limited to the consideration of single structural elements or simple
structural systems. Despite their enhanced capabilities as compared with SDOF
approaches, the intermediate numerical procedures have been used infrequently
in support of structural design, primarily because very few reliable computer
codes are available. However, they could become much more popular in the future
when such computer codes may become available to help designers.

6.5.2 ADVANCED APPROXIMATE COMPUTATIONAL METHODS

Advanced computational methods include various finite element, finite difference,
mesh-free, and hybrid codes but they require large computational resources,
cannot be used efficiently for typical design activities, and should be employed
selectively. Nevertheless, they can be very useful for the assessment of structural
behavior under expected loading conditions for design purposes or for forensic
investigations following explosive loading incidents. During the last couple of
decades, finite element codes evolved very significantly and have become the
tools of choice for comprehensive structural analysis, including the ability to
address structural response to short duration loading effects. Therefore, the fol-
lowing discussion is dedicated to an overview of finite element approaches and
their application to the transient loading regime.

FIGURE 6.13 Timoshenko beam element deformation.
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The finite element approach is based on replacing a continuum (in either two
or three dimensions) with an assemblage of discrete elements (Bathe, 1996; Cook
et al., 2002; Reddy, 2006). Different element types are available (line elements,
triangular or quadrilateral area or surface elements, tetrahedral or hexahedral
volume elements, etc.) and they are derived based on assumed displacement fields
or extrapolation algorithms (constant or linear strain, regular or isoparametric,
etc.). Furthermore, such elements are derived while addressing the requirements
of equilibrium and compatibility and an assumed material model. Generally, the
transformation from a continuum to the finite element model will result in the
following equation of equilibrium:

(6.82)

in which {F(t)} is the vector describing the force–time histories applied to specific
nodes in the model, [K] is the structural stiffness matrix, [M] is the mass matrix,
and [C] is the damping matrix. The vectors , , and {x} represent the nodal
accelerations, velocities, and displacements of the structure at any time (t), respec-
tively. The resulting systems of simultaneous equations are solved numerically
and one may use either implicit (iterative) or explicit (forward marching in time)
algorithms for such purpose.

Several recent studies of such applications can be used to illustrate these
capabilities. A hybrid coupled finite element and finite difference (FE/FD)
approach was used for the analysis of shallow-buried arch structures subjected
to surface blast loads. The analyses showed the evolution of damage for the
dynamic medium–structure interaction and structural response phenomena
(Steven and Krauthammer, January 1991). A similar approach was used to study
the behavior of structural concrete beam–column connections and assess the
influence of detailing parameters on their performance (Krauthammer and Ku,
1996).

An advanced finite element code was used to study the behavior of three-
dimensional structural concrete connections and the specific contributions of
reinforcement details on behavior (Otani and Krauthammer, 1997). Although such
examples demonstrate the effectiveness of advanced numerical analysis
approaches, they can be used also to highlight various possible difficulties and
complications that could be associated with their application.

6.5.3 MATERIAL MODELS

One of the most difficult problems in finite element analysis is the availability
and selection of appropriate material models. In the early days, analyses were
limited to linear elastic models. However, the expansion of these approaches into
the nonlinear domain enabled one to use a wide range of plasticity based models
(Owen and Hinton, 1980). Such models are based on the theory of plasticity and
the experience gained by applying it for the analysis of metals. For example, the

[ ]{ } [ ]{ } [ ]{ } ( )M x C x K x F t+ + = { }

{ }x { }x
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Tresca yield criterion was modified for application to soils and other geologic
materials by using a combination of the Mohr circle and the Coulomb friction
model to derive the Mohr–Coulomb criterion, as follows:

τ = c + σ tanϕ (6.83)

in which τ is the shear stress on the failure plane, c is the material cohesion, σ
is the normal effective stress on the failure surface, and ϕ is the angle of internal
friction, as shown in Figure 6.14. This approach leads to the formation of an
irregular hexagonal pyramid in the principal stress space (σ1, σ2, σ3). According
to this criterion, the yield strength in compression is higher than the tensile
strength, indicating its dependence on the third invariant of the stress tensor. Since
the Mohr–Coulomb criterion is expressed in terms of maximum and minimum
stresses, it is inconvenient to express it in terms of a general three-dimensional
stress state and its six stress vector components. This criterion was generalized
by using the invariants of the stress tensor (Drucker and Prager, 1952) as follows:

f = (J2D)0.5 − αJ1 − k (6.84)

in which α and k are positive material parameters, J1 is the first invariant of the
stress tensor, and J2D is the second invariant of the deviatoric stress tensor. This
criterion (also known as the Drucker–Prager failure criterion) is represented by
a right circular cone in the three-dimensional stress space (σ1, σ2, σ3), while the
Mohr–Coulomb criterion forms an irregular hexagonal pyramid inscribed in that
cone. According to this criterion, any state of stress outside this surface is unstable,
and stress points on the surface represent plastic deformations of the material.

Concrete and many geologic materials exhibit irreversible deformations even
at early loading stages, and researchers have proposed to use plasticity-based
material models to represent such behavior. Models with series of yield surfaces
that led to the failure surface were proposed. In metals, successive yielding
caused material hardening, while in geologic materials a distinct softening trend
was observed. This is represented by a series of hardening caps on the
Drucker–Prager model (Figure 6.15), and the shape of such caps is determined
based on test data.

FIGURE 6.14 Mohr–Coulomb criterion.
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Variations of this approach have been proposed and applied successfully in
advanced numerical analysis procedures (Meyer and Okamura, 1986; Stevens
and Krauthammer, September 1989; Malvar et al., 1997). Such applications
included the consideration of concrete–steel bond and slip effects, rate and size
effect assessments, and issues related to code validation by comparison with
precision test data (Krauthammer, June 1993; Krauthammer et al., May 1996 and
May 2001; Meley and Krauthammer, 2003). Other material models represent the
shear behavior of concrete (Collins and Mitchell, 1991; Hsu, 1993), and were
employed successfully to simulate the behavior of structural concrete systems
under both static and dynamic loading conditions (Krauthammer et al., 1994 and
December 2002). 

Nevertheless, researchers noted the artificial adaptation of plasticity-based
material models to describe the brittle behavior of rock and concrete and explored
the application of fracture mechanics-based approaches to address the observed
phenomena that include the evolution of cracking, size, and rate effects (Chandra
and Krauthammer, May 1996; Krauthammer et al., October 2003; Elfahal et al.,
2005; Elfahal and Krauthammer, 2005). Some models have been also imple-
mented successfully in advanced numerical codes, but considerable issues need
to be addressed further.

6.6 VALIDATION REQUIREMENTS FOR 
COMPUTATIONAL CAPABILITIES

As with requirements in other scientific areas, modern protective technologies
are founded on a combination of precision tests and various numerical simula-
tions. The linkage of these two essential components has increased gradually over
the last half century and the driving force behind both the capabilities and
requirements has been the rapid evolution in computer power. Nevertheless,
because of current enhanced capabilities in both experimental and numerical
analysis, the need for stronger interaction and collaboration among researchers
in these areas is greater than ever. This point of view has been expressed, dis-
cussed, and accepted at several technical meetings and workshops on this subject
(Krauthammer et al., May 1996 and 1998; Namburu and Mastin, 1998; DTRA
2001).

FIGURE 6.15 Drucker–Prager model with cap.
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It is clearly recognized that numerical simulations will play an increasingly
more important role, eventually replacing many experimental studies. This shift
is expected to translate into very significant cost reductions in future fortification-
related research, analysis, and design. However, to enable this transition and
ensure that it will be effective, one requirement is to treat explicitly the validation
of numerical capabilities and the precision testing data to support it. The following
general conclusions and recommendations were developed, based on the work-
shops mentioned above:

• Successful precision testing and computer code validation have been
achieved by the transportation equipment industry. A similar degree of
success could be expected in the fortifications area, but much more
work is required to reach that goal.

• The guidelines and requirements for precision testing should be
adopted and followed. This will ensure that the test data are both valid
and useful for computer code validation.

• Validation activities should include parameters whose characteristics
are as similar as possible to those expected to be related to the real
problem. However, these parameters must be selected to meet the
precision requirements of such activities.

• Precision reporting of specific details in both tests and numerical sim-
ulations should be adopted to ensure that all involved parties have all
the required information for effective computer code validation and
verification efforts.

• Innovative precision test methods are needed for studying both mate-
rials and structures in the impulsive loading domain. Shock tube and
explosive testing approaches introduce various difficulties and limita-
tions and they cannot be considered precision tests.

• Although code validation activities do not have to be directly related
to weapon effects, it would be very helpful if the parameters under
consideration had similar characteristics.

• The emphasis should be on simple and well-defined tests.
• Impact testing can be used effectively for studying both material behav-

ior and structural response. Such approaches, however, should be devel-
oped and used according to the recommendations presented in the
workshop reports.

• It has been recognized that successful computer code validation activ-
ities cannot be achieved with inadequate material models. This is
especially true in the high pressure and high strain rate domains.
Careful attention must be given to the materials’ initial conditions,
scaling and size effects, and proper use of physics for material models
derivations. Considering the structural behavior of material specimens
is important, and the role of various parameters on their behavior.
Unlike for metals, the behavior of brittle materials may not be ade-
quately represented by plasticity-based models. One should consider
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the application of damage and/or fracture-based approaches, possibly
combined with statistical methods, for such cases.

• Future activities should address both the consideration of material
constitutive formulations and the behaviors of simple structural com-
ponents. These activities should be performed in parallel and the efforts
should be collaborative to ensure efficient information exchange among
the parties.

• Future activities should address simultaneously theoretical, numerical,
and experimental issues. These activities should be performed in par-
allel and the efforts should be collaborative to ensure efficient infor-
mation exchange among the parties.

• Code validation activities should take place within a collaborative
framework to enable quality control, wise use of resources, and synergy
of research capabilities.

• The scientific and technical communities should develop ideas and
proposals on how to pursue the required developments. The sponsors
should work closely with these communities to implement their rec-
ommendations and develop quality assurance procedures for these
activities.

Various commercial structural analysis computer codes are available, and their
accuracies for simulating structural behavior under impulsive loading must be
determined. It is required that a numerical solution be within an acceptable range
from the experimental data. This is defined as code validation, and various studies
were conducted according to the workshop recommendations (Krauthammer et
al., May 2001; O’Daniel et al., 2002; Meley and Krauthammer, 2003). 

These activities included the precision testing and numerical simulation of
structural concrete, aluminum, and steel systems under impact loads. The mesh
geometry and the material properties were developed based on experimental data,
and parametric studies were performed to examine their effects on the analysis.
Several mesh sizes were employed to investigate the effects of mesh geometry
on the analysis. Since the impact strikers could have had complicated geometries,
various striker models were used in the investigations. Impact loading generates
large local plastic deformation near an impacted area. Therefore, the effects of
the key material properties on the solution were also investigated.

This approach is illustrated next. A simple test case for which precision test
data were available was selected and used for the validation of the various
numerical approaches, according to the procedures outlined by Krauthammer et
al. (May 1996). Accordingly, as noted above, test data for reinforced concrete
beams tested by impact were used for this purpose (Feldman and Siess, 1958).
One such case (beam 1-c) was used to illustrate this approach. The experiment
setup and material properties of the tested specimens are illustrated in Figure
6.16 and the material properties are defined in Table 6.1.

Beam 1-c was analyzed with the following numerical approaches. The com-
puter code DSAS (Krauthammer et al., August 2003 and September 2004; Kyung
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and Krauthammer, June 2004) was used for the application of the advanced (fully
nonlinear dynamic) SDOF and Timoshenko beam. The finite element code
ABAQUS/Explicit (Hibbitt et al., 2005) was used for the fully nonlinear dynamic
three-dimensional computation. 

The material models of reinforcing steel bars in all three codes were based
on using an effective stress–strain relationship that included considerations of
steel–concrete bonds (Hsu, 1993). The concrete model for ABAQUS/Explicit was
a modified Drucker–Prager model with the following parameters: d = 0.85 psi,
β = 60°, R = 0.5, a = 0.01, and ep1 = 0.003. The concrete material model in the
Timoshenko beam code was based on the modified compression field theory
discussed elsewhere (Krauthammer et al. 1993, 1994, and December 2002). In
the SDOF code, it was based on a nonlinear approach that included considerations

FIGURE 6.16 Test beam 1-c (Feldman and Siess, 1958).

TABLE 6.1
Material Properties for Beam 1-c

Beam Concrete Tension Steel Compression Steel Shear Steel

1-c f’c (ksi) Ec (ksi) f’y (ksi) Es (ksi) f’y (ksi) Es (ksi) f’y (ksi) Es (ksi)
6.000 4234 46.08 29520 46.70 29520 46.08 29520
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of flexure, diagonal shear, and axial forces. The beam resistance functions for
the SDOF and Timoshenko beam were derived based on cross-sectional equilib-
rium considerations, as shown in Figure 6.17 and coupled with the appropriate
boundary conditions.

Both the SDOF and Timoshenko beam computations addressed the issue of
direct shear behavior, as discussed in Chapter 5, and the direct shear resistance
models for beam 1-c were based on those parameters. However, direct shear was
not noticed in the tested beams, and the DSAS-based analyses did not indicate
such response. Beam 1-c was loaded by localized impact on the center stub, and
the loading function for this case is described in Figure 6.18.

The finite element model for this case is shown in Figure 6.19; both the
concrete and reinforcement meshes are presented. The steel was represented by

FIGURE 6.17 Cross-sectional equilibrium.

FIGURE 6.18 Measured impact force–time history (Feldman and Siess, 1958).
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discrete space linear two-node beam elements whose nodes were attached to
nodes in the concrete mesh at the right location. The effective stress–strain
material model for the steel accounted for bond effects, as noted above. The
concrete was modeled using eight-node three-dimensional continuum elements
with reduced integration, hourglass control. The concrete elements had an aspect
ratio of approximately 1:1:1 based on about a 1-in. dimension in each direction.
These dimensions were chosen to ensure that the concrete node lines coincided
with reinforcement locations, resulting in a total of approximately 13,500 ele-
ments for the beam.

Figure 6.20 and Figure 6.21 illustrate comparisons of experimental and ana-
lytical results. These graphs show good agreement in deflection, reaction time
histories, and times for peak values. The numerical results from all approaches
show very good agreement with the reported test data. They all captured quite
well the peak and residual responses as well as the times to peak. Similar
outcomes are noted for the support reactions, although the post-load free vibration
is less accurate than the computed responses during the load application. This
inconsistency, however, is probably a result of the unloading paths in the various
resistance functions.

Clearly, using the SDOF approach is very attractive in support of design
activities because it requires the fewest human and computational resources. One
can assess very quickly a tentative design, modify it, and reanalyze it within a
very short time. Once the preliminary design is done, one may use the Timoshenko
beam approach to obtain more information about different locations along the
beam. The finite element approach is very detailed, but it requires far more human
and computational resources and it should not be undertaken instead of a SDOF
analysis.

6.7 PRACTICAL COMPUTATION SUPPORT FOR 
PROTECTIVE ANALYSIS AND DESIGN 
ACTIVITIES

The previous sections of this chapter were devoted to reviews of various theoret-
ical and numerical structural analysis approaches. It was noted that closed-form
solutions are limited to simple loading, simple geometric and support conditions,

FIGURE 6.19 Finite element models for concrete beam and reinforcement.
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and mostly linear materials. Approximate simplified methods are based on
assumed response modes and are implemented in computer codes based on design
manuals.

FIGURE 6.20 Comparisons of computed deflections.

FIGURE 6.21 Comparisons of computed support reactions.
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Advanced numerical methods require significant resources, must be validated
against precision tests, and are usually not utilized in typical design activities.
Nevertheless, these advanced computational approaches can be used in the final
design stages for detailed performance assessment. Clearly, one needs an efficient
and expedient computational support capability for design activities, and either
an SDOF-based approach or one of the intermediate analysis approaches should
be considered. SDOF-based structural analysis approaches have been used exten-
sively in support of protective design, and they are discussed in more detail next.

6.7.1 EQUIVALENT SDOF SYSTEM APPROACH

We noted that SDOF-type analyses are very efficient computationally. However,
the structural systems that need to be analyzed are continuous (e.g., beams, slabs,
frames, and their combinations), and analyzing them as continuous systems is
less suitable for expedient assessment and design activities. Therefore, one needs
to devise an approach that could apply the SDOF analysis approach for continuous
systems. For this purpose, one needs to transform the continuous system to an
equivalent SDOF system whose analysis would provide results that could repre-
sent the behavior of the continuous system. To achieve this goal, one needs to
understand well the structural behavior, so that the relevant behavioral parameters
can be represented accurately. Consider the behavior of a beam with fixed sup-
ports, subjected to a uniformly distributed load, as shown in Figure 6.22.

Two beam response modes are shown in the figure. The first mode flexural
response is depicted in the three drawings on the left. The direct shear response
is shown on the right. In the flexural response sequence, one notes a gradual
transition from the elastic to the plastic domains. Initially the beam deflects in
the elastic domain and the deflected shape maintains a rotation of 0° at the
supports. When the moments at the support reach the yield moment, one develops
plastic hinges and the beam will deflect like a simply supported beam with finite

FIGURE 6.22 Continuous beam response mechanisms.
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rotations at the plastic hinge locations. Finally, a third plastic hinge develops at
the center, and a three-hinge mechanism is formed. Beyond this stage, the beam
can resist additional loads in the tension membrane mode, as discussed in Chapter
5. In the direct shear mode, the beam does not exhibit flexural behavior and the
entire beam will slip at the supports if its shear capacity is exceeded, as discussed
in Chapter 5. Clearly, one needs to capture these behavioral mechanisms when
transforming the continuous beam to an equivalent SDOF system.

 Note that different points along the beam have different values of transverse
displacement at the different behavioral stages. Since the acceleration distribution
along the beam is proportional to the deflected shape, the inertia forces (mass
times acceleration) will vary accordingly. These lead to the concept of an equiv-
alent mass that can be used to transform the continuous mass of the beam to an
equivalent concentrated mass in the SDOF system (Biggs, 1964; Clough and
Penzien, 1993; Tedesco, 1999; Chopra, 2001). The equivalent mass is computed
based on the kinetic energy of the moving parts of the beam. One must sum up
the product 0.5mv2 along the beam that is composed of the mass per unit length
and the local velocity of that mass. The effective mass will depend on the deflected
shape, and the mode shape ϕ(x) for the appropriate behavioral stage is used for
this purpose. Accordingly, the equivalent mass is derived as follows:

(6.85)

Therefore, equivalent mass factor is defined as follows:

KM = Me/MTotal or KM = Me/M (6.86)

Similarly, one can derive the following equivalent load factor:

KL = Fe/Ftotal (6.87)

in which

(6.88)

Since the structural resistance represents a distributed force system that pushes
against the applied forces, the resistance factor will be the same as the load factor:

KR = KL (6.89)

Having derived these factors enables one to write the following equivalent SDOF
equation of motion (damping is ignored here to simplify the discussion):

M m x dxe
0

L
2= ∫ ϕ ( )

F w(x) (x)dxe
0

L

= ∫ ϕ
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KM Mÿ + KLKy = KLF(t) (6.90)

Also, one can compute the equivalent circular natural frequency as follows:

ωe = (Ke/Me)1/2 = (KLK/KMM)1/2 = (K/KLMM)1/2 (6.91)

in which KLM = KM/KL. Similar considerations can be applied for beams with
different boundary and loading conditions and for slabs with different boundary
conditions, as shown in several references (U.S. Army, 1957; Biggs, 1964; Depart-
ment of the Army, 1986).

6.7.2 APPLICATIONS TO SUPPORT ANALYSIS AND DESIGN

Some of the available cases are provided in Table 6.2 through Table 6.8; others
can be obtained from the cited references. These tables also provide expressions
for the dynamic support reactions that can be used to assess the forces at or along
the supports. Such forces are used to analyze the direct shear response of the
structural system under consideration. The dynamic reactions are derived based
on a force equilibrium consideration for the structural members that includes the
inertia forces acting on it (similar to the calculations of reactions under static
loads). This general approach enables one to convert typical continuous structural
systems to equivalent SDOF systems and derive their dynamic response param-
eters. These analyses can be performed either numerically or graphically, as
described in Chapter 5. The graphical approach shown in Chapter 5 is illustrated
again in Figure 6.23a and Figure 6.23b.

If the ratio of td/T is shorter than the range shown in these figures, the system
may be considered to respond in the impulsive domain. However, if that ratio is
greater than the range shown, one may estimate the system to behave as if it is
loaded instantaneously by a constant force (pseudo static domain). Although
various sources provide approximate solutions for this response domain, this
general area will be discussed again in much more detail in Chapter 8. Meanwhile,
one can employ the following empirical relationship for the required maximum
structural resistance (Department of the Army, 1986):

(Rm)required = Iω/(2μ – 1)1/2 (6.92)

in which I is the impulse for the applied forcing function, ω is the circular natural
frequency, and μ is the ductility (all parameters were defined in Chapter 5). For
a peak triangular load F1 with a duration td (Figure 6.23), I = 0.5(F1 td) and ω =
2πf = 2π/T. If both Rm and F1 are known, one can rewrite Equation (6.92) to
estimate the resulting ductility. In the pseudo static domain, one assumes an
instantaneously applied constant force of magnitude F1 and the required peak
resistance will be:

(Rm)required = F1/(I − 0.5μ) (6.93)
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If both Rm and F1 are known, one can rewrite Equation (6.93) to estimate the
resulting ductility. 

6.7.3 APPROXIMATE PROCEDURE FOR MULTI-SEGMENTAL 
FORCING FUNCTIONS

The loading function considered in the SDOF analysis presented in the previous
section was a right angle triangle with a peak value F and duration td, as shown
in Figure 6.23. However, blast loads are known to have an exponentially decaying

TABLE 6.5
SDOF Parameters for Simply Supported Slabs

Strain
Range a/b

Load
Factor

KL

Mass
Factor

KM

Load–Mass
Factor

KLM

Maximum
Resistance

Spring
Constant

k

Dynamic 
Reactions

VA VB

Elastic 1.0 0.45 0.31 0.68
(MPfa + MPfb)

252EIa/a2 0.07P +
0.18R

0.07P +
0.18R

0.9 0.47 0.33 0.70
(12MPfa + 11MPfb)

230EIa/a2 0.06P +  
0.16R

0.08P +  
0.20R

0.8 0.49 0.35 0.71
(12MPfa + 10.3MPfb)

212EIa/a2 0.06P +  
0.14R

0.08P +  
0.22R

0.7 0.51 0.37 0.73
(12MPfa + 9.8MPfb)

201EIa/a2 0.05P +  
0.13R

0.08P +  
0.24R

0.6 0.53 0.39 0.74
(12MPfa + 9.3MPfb)

197EIa/a2 0.04P +  
0.11R

0.09P +  
0.26R

0.5 0.55 0.41 0.75
(12MPfa + 9.0MPfb)

201EIa/a2 0.04P +  
0.09R

0.09P +  
0.28R

Plastic 1.0 0.33 0.17 0.51
(MPfa + MPfb)

0 0.09P + 
0.16Rm

0.09P +  
0.16Rm

0.9 0.35 0.18 0.51
(12MPfa + 11MPfb)

0 0.08P +  
0.15Rm

0.09P +  
0.18Rm

0.8 0.37 0.20 0.54
(12MPfa + 10.3MPfb)

0 0.07P +  
0.13Rm

0.01P +  
0.20Rm

0.7 0.38 0.22 0.58
(12MPfa + 9.8MPfb)

0 0.06P +  
0.12Rm

0.10P +  
0.22Rm

0.6 0.40 0.23 0.58
(12MPfa + 9.3MPfb)

0 0.05P +  
0.10Rm

0.01P +  
0.25Rm

0.5 0.42 0.25 0.59
(12MPfa + 9.0MPfb)

0 0.04P +  
0.08Rm

0.11P +  
0.27Rm

MPfa and MPfb = Total positive ultimate moment capacity along midspan section parallel to edges a
and b, respectively.

Source: Department of the Army, 1986.
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FIGURE 6.23 SDOF analysis charts.
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part after they reach their peak pressure (either the incident pressure Ps0 or the
reflected pressure Pr), as discussed in Chapter 2. Although a triangular load pulse
may be a reasonable assumption for preliminary design considerations, one may
wish to employ a blast pulse that resembles a blast pressure time history more
closely. This can be achieved with a multi-linear signal, e.g., as illustrated in
Figure 6.24 for a two-segment decaying pulse.

The following expression is attributed to Newmark (Newmark et al., 1961;
Newmark and Haltiwanger, 1962; Biggs, 1964; Department of the Army, 1986):

[(F1)1/Rm]C1(μ) + [(F1)2/Rm]C2(μ) = 1 (6.94)

(F1)1, (F1)2, td1, and td2 are defined in Figure 6.24. C1(μ), and C2(μ) are the values
of Rm/F that correspond to a specific ductility ratio (selected from Figure 6.23,
as discussed in the previous section) and the ratios td1/T and td2/T, respectively.
One employs a trial-and-error procedure to obtain the appropriate ductility ratio,
while T and Rm are known for the structural system under consideration. One
may employ more than two line segments for the load pulse, as discussed else-
where (Newmark et al., 1961; Newmark and Haltiwanger, 1962).

FIGURE 6.24 Bilinear triangular load pulse.
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7

 

Connections, 
Openings, Interfaces, 
and Internal Shock

 

This chapter is focused on the behavior of specific structural connections and
other structural and/or mechanical systems, on the corresponding implementation
of design recommendations, and on the issue of internal shock conditions due to
explosion effects.

 

7.1 CONNECTIONS

 

This section focuses on the behavior of structural connections and on the corre-
sponding implementations in design and construction. Improved design
approaches for both structural concrete and structural steel connections are
needed. Such design approaches should be derived on the basis of additional
studies that must be supported by combined theoretical, numerical, and experi-
mental efforts.

Connections (including various types of supports, joints, etc.) are structural
elements that tend to affect overall structural performance. They must be designed
and constructed with extreme care in order to allow the adjoining structural
elements (beams, columns, slabs, walls, etc.) to be utilized fully. It is vital to
remember that 

 

bad connections prevent a structure from mobilizing its resistance.

 

It does not make sense to have strong structural elements and weak connections.
In order to reach the full capacity of the structure, a 

 

balanced design 

 

is needed,
in which all structural elements including connections can provide their full
resistance and in which all resistances are compatible. To illustrate the influences
of connections on structural performance, we shall discuss various types of joints
and their capabilities.

 

7.1.1 I

 

NTRODUCTION

 

We have discussed the behavior of beams and columns: the effects of thrust,
flexure, and shear. In all cases, certain assumptions had to be made regarding
boundary conditions or support conditions for the structural elements. The support
conditions were defined as simply supported, fixed, hinged, free, etc. Now we
must look into the issue of support conditions and try to understand better how
structural elements are supported. Since many typical blast-resistant structures
are made of structural concrete, this chapter focuses primarily on structural
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concrete joints. Recent studies on the behavior of blast-resistant structural steel
connections will be addressed also, and they will form the basis for future design
recommendations.

Consider real structures made of beams, columns, slabs, and other types of
structural or nonstructural elements. In order to construct a system, these elements
must be joined so that the structural system may function as required by the
specified performance criteria, design and building codes, etc. Furthermore, the
connections of structural elements serve as their supports and it must be recog-
nized that connections involve complicated details, as shown in Figure 7.1, and
Figure 7.2. These details tend to introduce certain types of effects on the adjoining
structural elements — effects that extend beyond the simple definition of support
condition. The designs of supports, connections, and joints must receive as much
attention (and sometimes more) as the designs of other structural components in
order to ensure required structural performance.  

 

7.1.2 B

 

ACKGROUND

 

The preceding discussions on the design of individual structural elements (beams,
slabs, columns, etc.) were based on simple assumptions concerning their behavior.
For example, beams are typically assumed to behave according to the Euler–Ber-
noulli models (named after the two 18th century mathematicians who developed
closed-form solutions for these structural elements). This approach, however, is
a first-order approximation for real behavior and it is based only on the bending
behavioral aspects of such structural elements. These regions are defined as 

 

beam
regions

 

 or 

 

B regions

 

. As noted by Park and Pauley (1975) and MacGregor (1997),
this approach is good as long as one is not close to regions of discontinuity. Such
discontinuities can be associated with geometric and/or load characteristics. This
issue is illustrated in Figure 7.3 in which several structural elements are presented.

Regions where discontinuities exist are those near openings, corners, severe
cracking, or localized loads (supports, concentrated forces, ends of distributed
loads). In those regions, the stress distribution is much more complicated or
disturbed than it is in a B region. Stress distribution is strongly affected by the
discontinuities and the behavior cannot be defined with the behavioral models
used for B regions. Such regions are defined as 

 

discontinuous

 

 or 

 

disturbed 

 

and
they are termed 

 

D regions

 

. Accordingly, one cannot use a classical approach
(beam theory) to describe the state of internal stresses or to design the detailing
in a D region. For such regions, the recommendation is to use an alternative
approach such as the strut-and-tie method discussed below.

Extensive studies during the last five decades have shown that short duration,
high magnitude loading conditions significantly influence structural responses.
Explosive loads are typically applied to structures at rates approximately 1,000
times faster than earthquake-induced loads. The corresponding structural response
frequencies can be much higher than those induced by conventional loads. Fur-
thermore, short duration dynamic loads often exhibit strong spatial and time
variations, resulting in sharp stress gradients in structures. High strain rates also
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FIGURE 7.1

 

Typical reinforced concrete connection (Park and Paulay, 1975).
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affect the strength and ductility of structural materials, bond relationships for
reinforcement, failure modes, and structural energy absorption capabilities. The
definition of the loading function often involves many assumptions and strongly
random variables. This is particularly true for blast and impact loadings that are
typically defined in the form of pressure–time or force–time histories. Such load
functions are used also in various structural analyses, from single-degree-of-
freedom (SDOF) to advanced numerical methods. Structural detailing in blast-
resistant construction is being gradually transformed from an art to a well-defined
technical area. Although differences exist between structural concrete and struc-
tural steel construction, the underlying theories are similar.

Structures cannot develop their full resistance if their details are inadequate.
This is also true for structures designed to resist blast loads. Since many buildings
could be subjected to blast loads, building behavior and its relationship with the
detailing performance under blast loads are of great interest.

Blast-resistant structures must be robust (i.e., have well-defined redundancies)
to ensure alternative load paths in case of localized failures. Ensuring robustness
may not be possible if the structural details cannot perform as expected.

 

FIGURE 7.2

 

Typical steel connection (Engelhardt et al., 1995; FEMA, 2000).
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Recent earthquakes in the United States and Japan have highlighted troublesome
weaknesses in design and construction technologies of structural connections.
Both steel and concrete connections performed surprisingly poorly because of
brittle failures. It has been shown for facilities subjected to blast loads that
structural details played significant behavioral roles. Therefore, a better under-
standing of the behavior of structural details under blast loads is important, and
a strong interest exists in developing better approaches to ensure improved struc-
tural behavior.

Although considerable information on this subject can be found in various
references (ASCE, 1985; Baker et al., 1983; Department of the Army, 1986 and
1990; Drake et al., 1989; Department of Energy 1992), current design procedures

 

FIGURE 7.3

 

B and D regions in structural elements (MacGregor and Wight, 2005).
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usually do not explicitly address these issues. TM 5-1300 (Department of the
Army, 1990) contains guidelines for the safe design of blast-resistant structural
concrete and steel connections. However, the adequacy of these design procedures
may not be well defined because of insufficient information about their behaviors
under blast loads.

 

7.1.3 S

 

TUDIES

 

 

 

ON

 

 B

 

EHAVIOR

 

 

 

OF

 

 S

 

TRUCTURAL

 

 C

 

ONCRETE

 

 
D

 

ETAILING

 

In both structural concrete and structural steel, joint size is often limited by the
size of the elements framing into it. This restriction along with poor reinforcement
detailing may create connections without sufficient capacities to develop the
required strengths of adjoining elements. Knee joints are often the most difficult
to design when continuity between beam and column is required. The work of
Nilsson (1973) provided extensive insight into the behavior of joints under static
loads and into the relationships between performance and internal details. He
showed that even slight changes in a connection detail produced significant effects
on strength and behavior as presented in Table 7.1 and discussed in more detail
later. 

Park and Paulay (1975) proposed diagonal strut and truss mechanisms to
describe a joint’s internal resistance to applied loads as shown in Figure 7.4. The
resultant compression and shear stresses form the diagonal compression strut.
These two mechanisms, capable of transmitting shear forces from one face of a
joint to the other, were assumed to be additive.

More recently, Paulay (1989) and Paulay and Priestly (1992) used equilibrium
criteria to address the joint reinforcement necessary for sustaining a diagonal
compression field in a joint core. Their approach addressed the strength require-
ments for beam column joints under severe quasi-static loads. They showed how
external loads are resisted by internal forces and how these forces vary as the
damage in a joint accumulates. This resistance mechanism and the corresponding
forces conform to the state of internal stresses as shown in Figure 7.5.

By understanding these stresses and the corresponding damages, one may
derive an idealized truss model that represents a joint’s internal resistance mech-
anism. The opening moment can cause the formation of a diagonal crack
propagating from the inside corner and continuing toward the outside corner.
Reinforcing the inside corner with steel perpendicular to the crack can prevent
crack growth. However, the consequence will be the formation of an interior
crack perpendicular to the direction of the first crack. This crack too must be
prevented by placing steel perpendicular to it.

The most common modes of failure in conventionally reinforced knee joints
subjected to either closing or opening static loads were addressed in the literature
cited above. According to Nilsson (1973), the detail that provided the most
strength with the least amount of congestion used a diagonal bar across the interior
corner. That bar resisted the development of the initial tensile crack at the inner
corner (i.e., first cracking mode), enabling the stresses to flow around the corner
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TABLE 7.1
Behavior of Statically Loaded Knee Joints 

 

Specimen
Number

Haunch
Size
(cm)

Concrete
Strength

  

σσσσ

 

c

  

σσσσ

 

sp

 

kgf/cm

 

2

 

Failure
Moment

M

 

ut

 

kgfm

Calculated
Ultimate

Mom. M

 

uc

 

kgfm
%

Inside Corner
Crack Width
at M

 

uc

 

/1.8
mm

 

 

339 27.3 990 3135 32 Failed

277 21.1 1840 2990 61 0.60

289 25.6 2227 3290 68 0.70

335 31.2 2474 3220 77 0.27

272 20.5 2540 3185 79 0.26

15 305 23.7 3160
5 345 25.2 3120

398 25.9 2804 3240 87 0.34

10 318 24.1 3712 0.08
5 277 22.3 3505 0.06

335 26.2 3629 3180 114 0.11
292 24.3 3505 3040 115 0.13
339 18.4 3773 3070 123 0.13

 

Source:

 

 Nilsson, 1973.

M

M

ut

uc

U 21

U 27

U 15

U 12

U 28

UV 1

UV 2
H

H

U 24

UV 3

UV 4

UV 5

UV 6

UV 7
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and preventing corner separation and diagonal tension failure. Nilsson (1973)
showed that this feature enabled the moment capacities to exceed the design
moments for flexural reinforcement amounts of up to 0.76%. For larger steel
ratios, the addition of stirrups placed perpendicular to that diagonal bar was
recommended for intercepting secondary tensile cracks.

Park and Paulay (1975) recommended such reinforcement for beam–column
connections with tensile reinforcement amounts larger than 0.5%. Tests by Balint
and Taylor (1972) and Nilsson (1973) showed that full design moment capacities
are easily attainable for flexural steel amounts of 1.0% when a concrete haunch
was used at the connection’s inner corner with 45

 

°

 

 diagonal reinforcement. In
addition to increasing the moment arm for the diagonal reinforcement, the avail-
able space for placing other reinforcements was also increased.

 

FIGURE 7.4

 

Structural resistance model for RC joint (Park and Paulay, 1975).

V ′

V ′

T ′

T ′

C′

T

C T ≤ As fy

C = Cc + Cs

C ′ = C ′c + C ′s

C ′c

C′c

C′c
T ′C′s

C′sT ′

Cs T

CsT

T = As fy

vo = (Cs + T)/�h svo

svo

avv fy

A

COMPRESSION TENSION avh fy

�v
�h

�h

�v

vo = (C ′s + T ′)/�ν s

s′vo s′vo
s′

Cs = As fs ≤ As fy

VARIATION OF STEEL FORCE

WITHIN JOINT

C′s= As f ′s ≤ T ′

T ′ = A′s fs ≤ A′s f ′y

V ′

V ′

V ′

V

V

Cc

Cc
Cc

D

V

V

V D

D

A

 

DK3186_C007.fm  Page 298  Wednesday, January 2, 2008  2:23 PM



 

Connections, Openings, Interfaces, and Internal Shock

 

299

 

This brief discussion shows that until the late 1980s, recommendations for
the design of connections were empirical, as noted by Jirsa (1991). Nevertheless,
when faced with difficult problems such as selecting shear reinforcement, struc-
tural engineers introduced alternative approaches for the analysis of reinforced
concrete structures. For example, the truss analogy used since the late 1800s
(Collins and Mitchell, 1991) is based on representing a structural concrete detail
by a virtual truss model that can provide equivalent behavior. In such a model,
the compressive forces are carried by concrete struts, while tension is resisted by
steel ties, as shown in Figure 7.4 and Figure 7.5. The forces in the truss system
are computed by the same procedures used in structural analysis, and engineers
must select appropriate cross-sectional areas for steel and concrete components
to ensure required performance.

Developments in the application of advanced truss analogies contributed to
the development of a rational approach for the design of structural concrete
connections. Schlaich et al. (1987) presented an extensive discussion on an
innovative approach for designing structural regions in which the strain distribu-
tions are significantly nonlinear. The corresponding strut-and-tie design

 

FIGURE 7.5

 

Internal stresses, damage, and idealized truss model (MacGregor and Wight,
2005).
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approaches were developed for a wide range of structural details including con-
nections for which traditional design approaches were not applicable as shown
in Figure 7.6.

Factors known to affect the behaviors of connections including the effect of
lateral restraint and the reduction of concrete strength associated with diagonal
tensile strains were addressed by Pantazopoulou and Bonacci (1992). Later,
Bonacci and Pantazopoulou (1993) used available data on interior beam–column
frame connection assemblies to evaluate the influences of several key variables

 

FIGURE 7.6

 

Strut-and-tie models for connections (Schlaich et al., 1897).

–

–

(a)

(b)

(c)

(d)

(e)

 

DK3186_C007.fm  Page 300  Wednesday, January 2, 2008  2:23 PM



 

Connections, Openings, Interfaces, and Internal Shock

 

301

 

on connection behavior. Interestingly, they found that diversity in experimental
techniques is largely responsible for the differences in the empirical interpreta-
tions of observed joint behavior.

One of the key issues in structural concrete design, particularly the design of
effective connections, is reinforcement anchorage. One must ensure that the main
reinforcing bars will not be pulled out by strong tensile forces. In T- or cross-
joints, where reinforcing bars can be continued into the adjacent structural mem-
bers, this problem is not as difficult as it is with knee joints. One approach
proposed by Park and Paulay (1975) is anchorage of the main bars in a short
structural stub on the other side of the column, as shown in Figure 7.7.

To understand the nature of the difficulties in developing effective structural
concrete connections, one must understand their behavior. This can be achieved
by testing various reinforcement configurations, as done by Nilsson (1973) and
discussed next.

If detailing is not important, the connection in Figure 7.8 could be considered.
Each connection must be considered for both opening and closing conditions.
Under the conditions shown, the reinforcement is placed so that it is continuous
from the beam into the column.

 

FIGURE 7.7

 

Optional bar anchorages in knee joints (Park and Paulay, 1975).
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Considering the case of a closing joint, the steel bars at the inner corner will
be in compression and those at the outer corner will be in tension. The resultants
of those forces will apply compression on the interior of the connection and help
confine the concrete there. The outcome seems to be that this connection detail
could function well under these conditions. If, however, the joint must operate
under opening conditions, the situation would be different. The steel at the inner
corner will be in tension and tend to straighten out. This will induce tensile forces
on the inner part of the connection and cause tensile failure in that region.
Obviously, if the steel bars are continuous at the inner corner, the joint cannot
provide adequate support and resistance against opening. This may be prevented
by not having continuous steel at the inner corner region as shown in Figure 7.9.

Since we understand the reason for failure, it is simple to propose a solution
that may prevent this type of problem and hopefully also improve joint behavior.
We must now assess the effects of this detail on behavior. The performance of
the joint can be analyzed as before for the opening and closing joints.  

 

FIGURE 7.8

 

Simple connection model.

 

FIGURE 7.9

 

Modified inner corner reinforcement detail.
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Note that there is no major change for the closing joint, while an improvement
can be expected for the opening joint. However, since the reinforcement is
not continuous at the inner corner and concrete cannot resist tensile stresses
meaningfully, one expects the formation of a diagonal crack from the inner corner
toward the interior of the connection causing failure of the inner corner. Further-
more, when the joint is subjected to opening loads, the inner corner bars will be
in tension. These tensile forces may exceed the anchorage strength of the bars
(i.e., fail the bond between steel and concrete) that may pull out and cause failure
of the inner corner. The modified design and detailing eliminated the splitting
problem that existed previously, but introduced a possibility of both a bond failure
and a diagonal tensile crack failure.

The bond failure can be solved by providing better anchorage (i.e., using
mechanical methods) that can prevent this type of problem, but we must inves-
tigate the state of forces and the expected behavior in the modified joint, using
a free body diagram (Figure 7.10). As mentioned earlier, a free body diagram
can be drawn for the case of an opening joint. The types of problems usually
associated with this joint include:

• At the inner corner, a diagonal crack may be expected, as noted by
Crack 1. This is a result of the tensile state of stress at that location.
The existing reinforcement may not be effective in preventing such an
opening of the corner and the resulting crack. 

• If Crack 1 is prevented by adequate reinforcement, the resultants R
will induce tension on the inner corner and form Crack 2. This may
represent the boundary between the compressive and tensile regions
inside the joint (see Figure 7.6). One may “visualize” this type of crack
as the geometric location that separates two regions in the joint that
tend to move in opposite directions as a function of the force resultants.

 

FIGURE 7.10

 

Free body diagram for opening joint conditions.
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The tensile forces at the inner corner pull the concrete core along their
resultant, while the compressive forces at the outer corner push the
concrete along their resultant. Since two forces are acting in opposite
directions, a tensile force or stress will be generated on the concrete
core to form Crack 2. Naturally, if Crack 1 forms, then the tensile
forces at the inner corner will act to tear the corner apart, thus prevent-
ing the formation of Crack 2.

• The opening corner or joint condition may also weaken the bond
between steel and concrete at the other corner. The state of compression
in that corner will cause the concrete to split along the reinforcement
and a concrete wedge to spall off, as noted by Crack 3.

Balint and Taylor (1972) and Somerville and Taylor (1972) provided detailed
discussions of these cases. The previous joint was considered by Balint and Taylor
who found that for reinforcement ratios of 2% (

 

ρ

 

 = 0.02), the failure in the joint
prevented development of full theoretical capacity. Failure occurred at 44% of
the ultimate moment capacity for the system ( or M

 

n

 

) similarly to the findings
by Nilsson (1973).

At this stage, an intuitive “feel” for joint performance should have been
developed, along with an understanding of the causes for premature failure. It
would then have been possible to propose further improvements in the joint
detailing for added resistance and performance. One such improvement was
proposed and tested as reported by Balint and Taylor (1972), and confirmed by
Nilsson’s findings (1973). The improvements introduced in this joint design
(Figure 7.11) include the following:

1. The inner corner is redesigned with a haunch for added resistance and
support against closing loads; for opening loads, the next feature is
added.

2. The inner corner bars are not continuous as noted earlier, and they are
extended and anchored into the compressive zone.

3. A diagonal bar with an area of at least half the beam’s tensile steel
area is provided to support the inner corner against opening loads. This
bar is anchored well into the compressive regions for opening joints
(i.e., the top steel). This detail also adds resistance against closing
loads.

4. For more than 0.5% longitudinal reinforcement (

 

ρ

 

 > 0.005), a set of
radial bars is introduced to improve the splitting resistance of the joint
(i.e., preventing the development of Crack 2 in Figure 7.10) and to
improve the internal shear capacity. These are tied to the diagonal bar
and possibly also to the outer corner reinforcement. One may use a
closed loop where A

 

sl

 

 = A

 

s2

 

 or an open loop where A

 

sl

 

 

 

≠

 

 A

 

s2.

 

This configuration ensures that the adjoining members can provide their full
flexural capacities as confirmed by Nilsson (1973). The radial hoops provide

′Mu,
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support to the reinforcement, confinement to the concrete, and shear resistance.
Park and Paulay (1975) proposed the following area for each radial hoop:

(7.1)

where 

 

n

 

 is the number of radial hoops and . Since radial bars were

recommended for reinforcement ratios larger than 0.5%, one can use the following
relationship: 

(7.2)

The introduction of a haunch at the end of the inner corner is recommended,
along with placement of the diagonal bar farther away, toward the haunch. Park
and Paulay (1975) showed how this type of detail can be used for connections
with angles different from 90°.

 

FIGURE 7.11

 

Improved connection detail (Park and Paulay, 1975).
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Another recommended approach based on Balint and Taylor (1972) is shown
in Figure 7.12. The detailing for the main reinforcement is simple, but a cage of
stirrups is placed over the joint that forms a system of diagonal bars and radial
hoops with similar effects as for the previous case. This configuration provides
considerable support to the reinforcement, confinement to the concrete core,
and shear resistance. Experimental evidence suggests that this approach is quite
effective.

Designing blast-resistant reinforced concrete connections is considerably
more difficult. Coltharp et al. (1985) performed explosive tests on elements
without shear ties and showed a definite diagonal shear failure located immedi-
ately near the joint region. Krauthammer et al. (1989) discussed experimental
observations on the behavior of buried arches under explosively induced loads
in which the behavior of floor-arch joints was unsatisfactory. Intensive inertia
forces appear under such conditions in addition to the system of forces described
by Paulay (1989).

The magnitudes, intensities, and distributions (both in time and space) of
such inertia forces depend on the dynamic behavior of the structure. These
parameters can be evaluated either experimentally or numerically. Both
approaches pose serious difficulties because of the severe loading environments
and their effects on material properties and structural components.

Krauthammer and DeSutter (1989) studied connection details under the
effects of localized explosions by simulating numerically physical tests. They
recommended preliminary joint details based on their findings. Similar consid-
eration of structural concrete knee joints under internal explosions (Krauthammer
and Marx, 1994; Otani and Krauthammer, 1997; Krauthammer, 1998; Ku and
Krauthammer, 1999) provided additional information on joint behavior. Further
studies of blast-loaded structural concrete and structural steel joints are needed
to determine more clearly the contributions of joint detailing.

 

FIGURE 7.12

 

Alternative connection reinforcing detail.
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The findings from these investigations showed that structural details are vital
for ensuring the safety of blast-resisting structures. Preliminary studies showed
that behavior was closely related to reinforcing details and highlighted the need
to study such relationships more closely. The design approach for reinforced
concrete connections proposed by Park and Pauley (1975) has been adopted in
TM 5-1300 (Department of the Army, 1990). These recommendations were used
for a proposed blast containment structure; the three-dimensional behavior of this
structure was studied and the findings were published (Krauthammer, 1998).

In structural concrete connections, the location of the diagonal bar across the
inner corner significantly affected joint strength. The observed relationships
between the maximum stress and the location of the diagonal bar and its cross-
sectional area could be examined further to produce design recommendations
that can ensure a desired level of performance. It was observed that the radial
reinforcing bars affected the tensile stress in the diagonal bar at the inner corner
of the connection. Furthermore, the diagonal compressive strut to resist the
applied loads can be mobilized effectively by proper combinations of radial and
diagonal bars.

Strengthening of the joint regions by diagonal bars was characterized by
formation of plastic hinge regions near the ends of the diagonal bars. Relocation
of the largest rotations from the support faces to the plastic hinge regions showed
a shift of maximum moment and shear along the slabs. Examination of the stresses
in the flexural bars along the planes of symmetry revealed that yielding and
maximum stresses in the interior flexural and tensile bars occurred in the plastic
hinge regions. Besides damage to the flexural reinforcement, maximum shear
stresses in the concrete and large tensile shock wave stresses also occurred in the
plastic hinge regions. In addition to indicating the presence of direct in-plane
tension in the slab (due to the expansion of the walls and roof caused by the
interior explosion), these concrete and steel stress patterns showed that excessive
damage could occur at these regions if not properly designed.

Current design procedures (e.g., TM 5-1300) do not address the issue of
plastic hinge regions, nor do they anticipate that the maximum negative moment
(negative yield line location) may occur near the ends of the diagonal bars.
Computation of structural capacity in current design procedures is based on the
assumption of yield line formation at the supports. Clearly, the shift in hinge
location must be included to derive a more realistic structural capacity. Further-
more, the classical yield line theory treats yield lines that have zero thickness. In
reality, the plastic hinge regions have finite thicknesses (roughly the member’s
thickness), and this issue should be addressed in design procedures. As noted
previously, the local rotations of all the structural concrete connections exceeded
12° and the global rotations exceeded 2°. The magnitudes of local and global
rotations are good indications of the extent of damage to a structure. This finding
emphasizes the need to address both local and global rotations in design
approaches.
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7.1.4 S
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The design guidelines for steel connections (AISC, 1992, 1993, and 1997) were
developed on the basis of experimental and theoretical investigations. However,
recent data from reports on damages to steel structures due to the events associated
with the Northridge (California) earthquake in 1994 (Engelhardt et al., 1993 and
1995; Kaufmann, 1996; Richart et al., 1995; Tsai et al., 1995) showed surprisingly
poor performance of the steel connections. After an extensive study, recommen-
dations were provided for modification (AISC, 1997; FEMA, 2000) and signifi-
cant improvement over pre-Northridge connections, as illustrated in Figure 7.13.

 

FIGURE 7.13

 

Steel connection details (Krauthammer et al., 2002).
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After extensive studies of structural concrete connections, similar attention
was given to the behavior of structural steel connections. Here too a close rela-
tionship was observed between the connection details and the behavior under
blast loads. The weaknesses observed under seismic loads may exist also in the
current blast design guidelines (TM 5-1300), and they were assessed in recent
studies (Krauthammer and Oh, 2000; Krauthammer et al., 2002) using empirical
and numerical approaches to explain the behavior of structural steel corner con-
nections subjected to high explosive loads. The studies produced findings that
raised concerns about the blast resistance of structural steel connections and the
safety of using TM 5-1300 for the design of structural steel connections.

It was shown that structural steel welded connections subjected to “safe”
explosive loads may fail because of weld fracture. Furthermore, the corresponding
deformations of the structural elements in those cases whose connections did not
fail may have exceeded the limits set in TM 5-1300. These deformations also
exceeded the values predicted based on the analysis procedures in TM 5-1300.
It was shown further that dead loads had adverse effects on behavior because of
the added bending and twisting of the beams after they were deformed by the
blast effects. Since TM 5-1300 does not address such effects, current design
procedures should be modified to reflect the structural damage caused by weak
axis deformations.

The issues of material models and strain rate effects were also addressed. All
numerical simulations were based on validated material models that incorporated
strain rate effects. These were used with computer codes validated with precision
test data. Since the concrete material models were developed for impulsive load-
ing conditions, one may not speculate as to how much of an effect the strain rates
have on specific structural behavior. However, the approach for analyzing struc-
tural steel connections was based on combining dynamic increase factors (DIF)
values based on TM 5-1300 (Department of the Army, 1990) and validation
against precision test data.

Although steel is not expected to be very sensitive to strain rate effects as
compared to concrete, serious strain rate effects were noted in the structural steel
connections. The current DIFs must be modified to address more detailed pressure
levels and the differences between two- and three-dimensional behaviors. It is
recommended that more detailed DIF applications associated with pressure levels
may be necessary to avoid possible overestimation of strain rate effects. This
could be very important when two-dimensional analyses are used to design three-
dimensional structures.

 

7.1.5 S

 

UMMARY

 

For the design of joints in frame structures, a combination of procedures accept-
able for seismic design should be employed (see ACI-ASCE Committee 352
recommendations 1985, 1988, 1991, ACI 318-02, etc.), and modifications should
be based on the material discussed above that has been adopted into TM 5-1300
(Department of the Army, 1990). Additional information on the behaviors of
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connections under explosive loads based on recent research as discussed above
also can be used.

 

7.2 OPENINGS AND INTERFACES

 

These elements (such as blast doves, blast valves, cable and conduit penetrations,
and emergency exits) are critical for hardened structures. An excellent discussion
of this topic appears in ASCE (1985) and a summary of that material is presented
here.

 

7.2.1 E

 

NTRANCE

 

 T

 

UNNELS

 

Many structures, especially underground structures, include entrance tunnels.
Such tunnels must be designed to survive dynamic loads and to prevent the
accumulation of undesired materials (debris, radioactive fallout, etc.). Some facil-
ities were built with blast doors at their front ends and second doors into the
facility. Special attention must be given to the possible differential motions
between the tunnel and the facility.

 

7.2.2 B

 

LAST

 

 D

 

OORS

 

TM 5-1300 (Department of the Army, 1990) addresses designing of steel blast
doors. Nevertheless, various configurations for blast doors are presented in Table
7.2 and a typical composite closure is illustrated in Figure 7.14. The responses
of such composite systems are illustrated in Figure 7.15 and Figure 7.16 is a
recommended design chart for static cases.

The responses of circular closures in the dynamic domain were studied by
Gamble et al. (November 1967), and were found to be similar to the responses
in static cases. All cases failed in shear and the compression membranes exerted
significant influence on behavior, as discussed in Chapter 5.

Little work has been done on door–structure interactions. Tests have shown
that blast doors may not survive the applied loads and better designs are required.
In some cases, the doors survived, but the door-to-frame connections failed
(Coltharp et al., 1985). A door may be blown into a protected space under such
conditions. Openings and door supports must be designed very carefully, along
the guidelines for connections.

Recommendations by Krauthammer and DeSutter (1989) who studied the
issue of how to connect and secure doors into a structure may be useful in
overcoming such difficulties. Their recommendations highlighted the need to
ensure sufficient seating area between the door and its frame, the internal frame
and reinforcement arrangements, and the sealing requirements. The 1989 study
by Krauthammer and DeSutter also addressed a generic rectangular protected
structure with a blast door in the protected opening, as shown in Figure 7.17.
They investigated several reinforcing details for integrating the door frame into
the structural system and Figure 7.18 illustrates two such options. Clearly, one
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must ensure that a door frame is adequately anchored into the structural rein-
forcement system, and that the forces transferred from the door into the frame
will not exceed the structural capacity.

Another important issue is to treat the door within a comprehensive electro-
magnetic pulse (EMP) protection for nuclear events. Although EMP protection
is not addressed in this book, one should ensure that internal spall plates and/or
other types of EMP protection are integrated with the closures. One must provide
metallic contacts between all closures, their frames, and the EMP protective
system. For CB protection, the blast door, as for other closures, must remain
airtight. 

 

TABLE 7.2
Blast Door Types 

 

Concept Advantages Disadvantages

Simple Slab

 

Concrete slab with bar 
reinforcing

Good radiation and thermal 
protection

Low ductility; low EMP 
protection; less efficient than 
composite slab

Steel slab/plate High ductility; simple 
construction; good EMP 
protection

Low thermal protection; 
inefficient against blast and 
radiation 

 

Composite Slab

 

Steel plate with shear 
reinforcing

Most efficient for both blast and 
radiation; good EMP and 
thermal protection; high 
ductility; standard low cost 
construction

Less efficient against blast 
than steel bottom and side 
plate

Steel bottom and side plate Exterior metal strips or 
compression rebar (metal 
grills) required for rebound

 

Metal Grill

 

One-way Efficient against blast; high 
ductility; good rebound 
strength

Complex and very costly 
construction; inefficient 
against radiation

Two-way

 

Source:

 

 ASCE, 1985.

STEEL PLATE WITH

SHEAR REINFORCING

STEEL BOTTOM

AND SIDE PLATE

ONE - WAY
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FIGURE 7.14

 

Composite closure (ASCE, 1985).

 

FIGURE 7.15

 

Subscale closure static response behavior, S/D between 5 and 7 (ASCE,
1985).
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7.2.3 B

 

LAST

 

 V

 

ALVES

 

As illustrated in Figure 7.19, blast valves will close upon the impact of a shock
wave. Blast valves are important for nuclear environments and close-in conven-
tional explosions (where relatively large gas volumes may enter a confined space
to cause a sharp jump in pressure). Valves must be analyzed for the expected
conditions and structural motions in order to verify suitability. Generally, one
may consider two types of blast valves: static, and dynamic. A static valve has

 

FIGURE 7.16

 

Closure design chart (ASCE, 1985).

 

FIGURE 7.17

 

Simulated protected structure (Krauthammer and DeSutter, 1989).
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no moving parts, and it attenuates the pressure pulse by preventing the pressurized
air from flowing directly through the opening. This can be achieved by forcing
the pressurized air flow to go through a series of small geometrically offset
openings or through an opening maze. A dynamic valve, as shown in Figure 7.19,
has a pressure sensitive diaphragm that is forced to close by the over-pressure
pulse. Once the pressure returns to lower levels, a spring will open the valve to
normal air intake. 

 

FIGURE 7.18

 

Effective blast door frame configurations (Krauthammer and DeSutter,
1989).

 

FIGURE 7.19 Blast valve configuration (ASCE, 1985).
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7.2.4 CABLE AND CONDUIT PENETRATIONS

Various utilities must enter a protective facility. Under a dynamic load, relative
structure–medium motions will induce strains on these utilities and may cause
severe damage. A designer should use a reliable approach for the analysis of such
motions and then provide a design that can accommodate the anticipated dis-
placements. Such utilities may require automatic or remote valves that will close
them under predetermined conditions. Some examples for such designs are pre-
sented in Figure 7.20 through Figure 7.22.

Similar to using blast valves for preventing airblast pressures from entering
a protected space, one can use devices that can prevent pressure pulses from
traveling along piping systems. One such device is shown in Figure 7.23. The
pressurized fluid is forced into an accumulator rubber bladder through small
openings in the center pipe and the pressure in the pipe is reduced accordingly.

FIGURE 7.20 Penetration configurations (ASCE, 1985).
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FIGURE 7.21 Exterior wall pipe penetration (TM 5-855-1, 1986).

FIGURE 7.22 Piping penetration between floors (TM 5-855-1, 1986).
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Once the pressure attenuates, the bladder will contract and push the fluid back
into the center pipe.

7.2.5 EMERGENCY EXITS

A critical requirement for a protected facility following an explosive loading
incident is ensuring the ability of access into the facility by rescue personnel and
the ability of people in the facility to exit safely. In the event that a main entrance
is blocked, the use of alternative exits would be required as illustrated in Table
7.3, and Figure 7.24. These exits must be designed using the same guidelines as
for the main closures.

7.3 INTERNAL SHOCK AND ITS ISOLATION

Internal shock can be hazardous for both people and equipment. TM 5-1300
(Department of the Army, 1990) provides some shock tolerance levels for people.
Other sources provide such information for equipment (ASCE, 1985; Department
of the Army, 1986; Harris and Piersol, 2002). One needs to compute or estimate
the structural responses to applied blast loads for above-ground and underground
systems, as discussed in previous chapters.

The structural motions are then used to analyze the dynamic structure–content
interactions from which one obtains the responses of the protected contents. These
values should be compared to the available tolerance levels for assessing their
survivability. If the computed shock levels exceed allowable limits, one must
incorporate shock isolation features into the design. As the explosions approach
a structure, the internal shock environment intensifies and the requirements
imposed on the shock isolation system increase. Various studies were conducted

FIGURE 7.23 In-line accumulator with perforated flow tube (TM 5-855-1, 1986).
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TABLE 7.3
Emergency Exit Concepts 

Concept Advantages Disadvantages

Structurally hardened tunnel Fast exit; easy 
maintenance

Hardened tunnel; 
heavy blast 
door; difficult 
blast door 
operation; 
security 
problem

Sand-filled tunnel Softer blast door; 
soft tunnel; less 
expensive; sand 
is safe and easy 
to clean 

Longer exit time

Source: ASCE, 1985.

FIGURE 7.24 Emergency exit details (ASCE, 1985).
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in this area and some of the results remain relevant (Crawford et al., October
1974; Harris and Tucker, August 1986; Marquis and Berglund, July 1990 and
August 1991; Mett, April 1991; Ball et al., March and April 1991; Dove, 1992).
Unfortunately, much of the tested equipment and many of the devices may no
longer be used and a designer must obtain updated information from equipment
vendors.

Shock isolation is a specialized area of technical activity, and one should
employ the procedures discussed for both the analysis and design of MDOF
systems. Only general comments are given here; however, additional information
is found in the above-cited references. One must address the known limits on
human and equipment responses to ensure their safety. Some typical configura-
tions are shown in Table 7.4.

7.4 INTERNAL PRESSURE

7.4.1 INTERNAL PRESSURE INCREASES

No relevant data are available on this subject for external pressures over 150 psi.
For structures with relatively small opening:volume ratios, the average pressure
rise can be estimated from Equation 7.3:

(7.3)

in which ΔPi is the internal pressure increase (psi), CL is the factor based on P –
Pi (see Figure 7.25), Ao is the opening area (square feet), Vo is the internal volume
(cubic feet), and Δt is the time interval for pressure increase (milliseconds). The
calculation is performed for 10 to 20 time increments during the pulse duration.
For each time step, compute Pi = Pi + ΔPi, P – Pi, CL, and the new ΔPi. Repeat
to the end of pulse. For negative P − Pi, use negative CL values.

Advanced computer codes may be required for computing accurately internal
explosions. The environment could be severe and require sufficient venting. There
are empirical methods for this purpose but they may not be very accurate. For
example, one could use the procedures in TM 5-1300 (Department of the Army,
1990), and/or the computer codes SHOCK (NCEL, 1988) and FRANG (Wager
and Connett, 1989) for quick estimates of internal pressure conditions. Another
computer code that would be helpful for more accurate calculations is BlastX
(Britt and Ranta, 2001).

7.4.2 AIRBLAST TRANSMISSION THROUGH TUNNELS AND DUCTS

This is another area where empirical or numerical data exist. Shock tube tests
showed that each 90° turn in a tunnel will reduce the pressure by 6%. Some other
information is summarized in Figure 7.26. The effect of friction on duct walls is

Δ ΔP C
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shown in Figure 7.27 and Figure 7.28. This is another area where more informa-
tion is badly needed. Some data are available in technical manuals (Department
of the Army, 1986; ASCE, 1985; Drake et al., 1989).

FIGURE 7.25 Leakage pressure coefficient versus pressure differential (TM 5-855-1,
1986).
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FIGURE 7.26 Transmitted over-pressure (Pso ≤ 50 psi) in tunnels (TM 5-855-1, 1986).

FIGURE 7.27 Shock front attenuation due to duct wall friction (ASCE, 1985).
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FIGURE 7.28 Attenuation of transmitted over-pressure from initial value of 200 psi
(1400 kpa) (ASCE, 1985).
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8

 

Pressure–Impulse 
Diagrams and Their 
Applications

 

8.1 INTRODUCTION

 

Protective structures are typically made of materials with inherent high mass
densities and considerable energy absorption abilities to be suitable and econom-
ical to withstand severe impulsive loading arising from blast or impact events.
Such designs require some form of dynamic analysis to determine the response
characteristics (natural frequency, maximum displacement, reactions, etc.) of
elements under consideration. Besides the procedures presented in Chapter 6, the
results from the dynamic analysis can be represented as pressure–impulse (P-I)
diagrams. The P-I diagram is a useful design tool that permits easy assessment
of response to a specified load. With a maximum displacement or damage level
defined, the diagram indicates the combinations of load and impulse that will
cause failure or a specific damage level.

Traditionally, P-I diagrams for structural elements have been based on single-
degree-of-freedom (SDOF) formulations, assuming a flexural mode of response
without consideration of any damage due to shear failure (Oswald and Skerhut,
1993). However, experimental results (Kiger, 1980–1984; Slawson, 1984) have
shown that reinforced concrete beams and one-way slabs can exhibit a unique
form of shearing failure at the supports under certain severe loading conditions.
Moreover, these analytical P-I models were often developed using idealized
perfectly elastic or elastic–perfectly plastic material models that do not account
for the influence of concrete confinement, diagonal shear, or axial compression.

To compensate for these inadequacies, these analytical P-I curves are often
“shifted” to match observed experimental results. While these models may be
convenient to derive, they do not describe accurately the dynamic response
characteristics of a structural element under consideration. This chapter will
present the background for the traditional concept of P-I diagrams and also show
how they can be modified to represent various behavioral modes other than
flexure. The material presented is based on recent studies by Soh and Krautham-
mer (2004), Ng, Krauthammer (2004) and Blasko and Krauthammer (2007). 
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8.2 BACKGROUND

 

Nonperiodic or nonharmonic loads (Figure 8.1) that act for a finite duration are
often encountered in the design of protective structures. The transient loads are
commonly generated in blast or impact events and these loads are usually defined
in terms of peak load (in terms of pressure or force) and impulse (instead of
duration). The impulse 

 

I

 

 of the load is defined as the area enclosed by the
load–time curve (defined generically by Q) and the time axis (time integral) and
its magnitude are given by the following expression:

(8.1)

where Q(t) is the load–time curve and 

 

t

 

d

 

 is the duration of the load pulse. When
Q(t) is expressed in term of pressure, 

 

specific impulse

 

 becomes an appropriate
term. Often for structural dynamic analysis, a designer is mainly concerned with
the final states (i.e., maximum displacement and stresses) rather than a detailed
knowledge of the response histories of the structure.

Typically, plots of maximum peak response versus the ratio of the load
duration and natural period of the system (response spectra) are often used to
simplify the design of a dynamic system for a given loading. By defining different
sets of axes, the same response spectra for the given dynamic system can be
represented in different ways. The P-I diagram is an alternative representation of
response spectra and is widely used for structural component damage assessment.
Although the various forms of shock spectra may look different, they are basically
the same because they describe the relationship between the maximum value of
a response parameter and a characteristic of that dynamic system under consid-
eration.

The early application of P-I diagrams saw the British using empirically
derived diagrams for brick houses to determine damage criteria for other houses,

 

FIGURE 8.1

 

Idealized transient loading profiles.
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small office buildings, and light framed industrial buildings (Jarrett, 1968). Cur-
rently, the results of such investigations are used as the bases for explosive safe
standoff criteria in the United Kingdom (Baker et al., 1983; Mays and Smith,
1995). P-I diagrams were also developed to assess human responses to blast
loading and to establish damage criteria to specific organs (eardrum, lungs, etc.)
of the human body. This is possible because the body responds to blast loading
as a complex mechanical system (Baker et al., 1983). 

In protective design, designers have used P-I diagrams extensively to make
(preliminary) damage assessments of structural components subjected to blast
loading. The Facility and Component Evaluation and Damage Assessment Pro-
gram (FACEDAP) (Oswald and Skerhut, 1993) is a widely used blast design and
analysis program that employs and extends the analytical P-I solutions of Baker
et al. (1983) to predict damage to more than 20 structural components based on
the assumptions of flexure and buckling modes of failures. It should be pointed
out that the P-I diagram should be more correctly referred to as a 

 

load–impulse

 

diagram because the ordinate can be defined either in terms of pressure or force;
in the latter case, the 

 

force–impulse 

 

term becomes appropriate. Traditionally, in
specific applications for blast-loaded structures, these load–impulse diagrams
appear often with pressure (rather than force) as the ordinate simply because the
(blast) load is defined in term of pressure distribution. Moreover, some authors
(Baker et al., 1983; Smith and Hetherington, 1994; Mays and Smith, 1995;
Krauthammer, 1998) consistently use 

 

pressure–impulse

 

 to describe these dia-
grams regardless of the nature of the loading. For purposes of this chapter, all
load–impulse diagrams (pressure–impulse and force–impulse diagrams) are
referred to as P-I diagrams.

 

8.3 CHARACTERISTICS OF P-I DIAGRAMS

 

Figure 8.2a shows a typical response spectrum for an undamped, perfectly elastic
SDOF system in which 

 

x

 

max

 

 is the maximum dynamic displacement, 

 

K

 

 is the
spring stiffness, 

 

P

 

0

 

 is the peak force, 

 

M

 

 is the lumped mass, and 

 

T

 

 is the natural
period of the system. By defining a different set of axes, the same response
spectrum can be transformed into what is known as a P-I diagram shown in Figure
8.2b. The primary difference between these two presentations is that the response
spectrum emphasizes the influence of scaled time (i.e., 

 

t

 

d

 

/

 

T)

 

 on the system
response, whereas the P-I diagram emphasizes the combination of peak load and
impulse (or equivalent dimensionless quantity) for a given response (or damage
level) (Baker et al., 1983).

A P-I diagram, also called an 

 

iso-damage 

 

curve (Mays and Smith, 1995),
permits easy assessment of response to a specified load. With a maximum dis-
placement or damage level defined, a P-I curve indicates the combinations of
load (or pressure) and impulse that will cause the specified failure (or damage
level). In effect, the threshold curve divides the P-I diagram into two distinct
regions. Combinations of pressure and impulse that fall to the left of and below
the curve will not induce failure while those to the right and above the graph will
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produce damage in excess of the allowable limit (i.e., maximum dynamic dis-
placement).

It is well known from structural dynamics that a strong relationship exists
between the natural frequency (which directly influences response time) of a
structural element and the duration of the forcing or load function (Biggs, 1964;
Clough and Penzien, 1993; Humar, 2002). This relationship is normally catego-
rized into three regimes: impulsive, quasi-static, and dynamic (Baker et al., 1983)
and they are indicated on the response spectrum and P-I diagram in Figure 8.2.
Note that the P-I representation better differentiates the impulsive and quasi-static
regimes in the form of vertical and horizontal asymptotes compared to the
response spectrum. Because an understanding of these regimes is important in
the development of P-I diagrams using the energy balance approach, they are
discussed next.

 

8.3.1 L

 

OADING

 

 R

 

EGIMES

 

In the impulsive loading regime, the load duration is short relative to the response
time of the system (which is influenced by the system natural frequency). In
effect, the load is applied to the structure and removed before the structure can
undergo any significant deformation, as shown in Figure 8.3a. The maximum
response (at time 

 

t

 

m

 

) can thus be assumed to be independent of the load time
history (or load profile). For the quasi-static regime, the loading duration is
significantly longer than the response time. The load dissipates very little before
the maximum deformation or resistance is achieved at time 

 

t

 

m

 

 (Figure 8.3b).

 

FIGURE 8.2

 

Typical response spectrum (a) and P-I diagram (b).
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Unlike the impulsive regime, the response in the quasi-static regime depends
only upon the peak load (

 

P

 

0

 

) and structural stiffness (

 

k

 

). However, as with the
impulsive regime, the maximum response is not affected by the loading history.
The third transition regime, known as the dynamic regime, exists between the
impulsive and quasi-static regions and the loading duration and system response
time are approximately the same or of the same magnitude as shown in Figure
8.3c. Response in this loading regime is more complex and is significantly
influenced by the profile of the load history.

Baker et al. (1983) quantified the three loading regimes for an undamped,
perfectly elastic system subjected to an exponentially decaying load (Table 8.1);

 

FIGURE 8.3

 

Comparison of response time loading regimes.

 

TABLE 8.1
Limits for Loading Regimes 
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 Baker et al., 1983.
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ω

 

 is the system natural circular frequency. Humar (2002) suggested that the
dynamic response can be assumed to be in the impulsive loading regime for
rectangular, triangular, and sinusoidal load pulses with t

 

d

 

/T ratios less than 0.25.

 

8.3.2 I

 

NFLUENCE

 

 

 

OF

 

 S

 

YSTEM

 

 

 

AND

 

 L

 

OADING

 

 P

 

ARAMETERS

 

The P-I diagram is affected by a number of parameters including shape of load
pulse, load rise time, plasticity, and damping. For a load pulse with an infinitely
small or no rise time, the shape of the load pulse has no appreciable effect on
the impulsive and quasi-static asymptotes (Baker et al., 1983). However, the pulse
shape significantly influences the system response in the dynamic loading regime.

For simple load pulses with zero rise time (rectangular, triangular, and expo-
nential), the dynamic loading regime can be approximated by simple hyperbolic
functions. For more complex pulses (Figure 8.4) resulting from nonideal explo-
sions, the response in the dynamic region deviates from the hyperbolic profile
and may be more severe as a result of resonance between load rate and structure
natural frequency (Baker et al., 1983). Li and Meng (2002) presented a method
to eliminate the effects of pulse shape for undamped SDOF system with perfectly
elastic, elastic–perfectly plastic, and rigid plastic responses through the use of
dimensionless loading parameters. Based on the proposed approach, a unique
loading shape-independent P-I diagram was obtained for each type of response.

The effect of finite rise time on the load pulse is to increase the value of the
quasi-static asymptote from 0.5 (corresponding to a dynamic load factor of 2.0)
to 1.0, which corresponds to static loading. The impulsive asymptote, on the other
hand, is not affected by pulse rise time (Baker et al., 1983). However, based on
the shock spectra of (isosceles) rectangular and sinusoidal load pulses (i.e., pulses
with finite rise time) (Biggs, 1964; Humar, 2002), the P-I curves for pulses with
finite rise times are expected to consist of a series of peaks and dips in the dynamic
loading regime. 

For load pulses with zero rise time and increasing (material) plasticity (or
ductility), the P-I curve shifts further away from or nearer to the origin, depending

 

FIGURE 8.4

 

Non-ideal load pulses (after Baker et al., 1983).
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on whether the elastic (

 

x

 

el

 

) or maximum (

 

x

 

max

 

) deflection is used in defining the
axes. The impulsive and quasi-static asymptotes can be determined from the
expressions to be shown in subsequent sections. With increasing ductility, the
quasi-static asymptote tends to one corresponding to the static loading case. The
shift occurs because more energy can be absorbed whenever the structure deforms
plastically.

For a load pulse with a finite rise time, the dynamic overshoot that occurs
elastically in the elbow of the curve is damped and the impulsive asymptote is
shifted to the right, while no changes are noted for the quasi-static asymptote
(Baker et al., 1983). The quasi-static asymptote is not affected since the work
applied to the structure and the strain energy absorbed both increase linearly. By
far, the discussion on the effect of (viscous) damping appears to absent in the
existing literature on P-I diagrams. However, the effects can be deduced from
shock spectra. Humar (2002) reported that the maximum response in the quasi-
static loading regime reduces by about 13.5% as the damping increases from 0
to 10%. For the impulsive loading regime, it is suggested that damping can be
ignored because the amount of energy that can be dissipated in the short duration
of motion is quite small (Humar, 2002; Clough and Penzien, 1993).

 

8.4 ANALYTICAL SOLUTIONS OF P-I DIAGRAMS

8.4.1 C

 

LOSED

 

-F

 

ORM

 

 S

 

OLUTIONS

 

For an undamped, perfectly elastic SDOF system, closed-form solutions of P-I
curves can be readily obtained from response spectra. The response spectrum for
a specific load pulse is derived from the respective response history functions.
Table 8.2 summarizes the response history functions for four common load pulses
addressed in the literature (Clough and Penzien, 1993; Humar, 2002). These
functions were derived assuming zero initial conditions (i.e., zero displacement
and velocity). No closed-form solutions of P-I diagrams are documented in
existing literature (Baker et al., 1983; Oswald and Skerhut, 1993; Smith and
Hetherington, 1994; Mays and Smith, 1995) as the authors relied solely on the
balance energy method to obtain approximate P-I solutions, as discussed later.
The following section illustrates the derivation of closed-form P-I solutions for
an undamped, perfectly elastic SDOF system subjected to rectangular and trian-
gular load pulses. 

 

8.4.1.1 Response to Rectangular Load Pulse

 

For an undamped elastic SDOF system subjected to a rectangular load pulse, the
shock spectrum (Humar, 2002) is given by the following expressions: 
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TABLE 8.2
Response Functions of Undamped SDOF Subjected to Transient Loads
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These expressions represent the responses in the free and forced vibration
domains, respectively. The shock spectrum is plotted in Figure 8.5. The dimen-
sionless (force and impulse) terms for the vertical and horizontal axes for the P-I
plots (of undamped elastic SDOF system) are defined, respectively, as follows:

–
P = (P0/K)/xmax (8.3a)

–
I = I/[(KM)0.5 xmax] (8.3b)

where the load impulse I for a rectangular pulse is given by

I = P0 td (8.4)

It is obvious that the corresponding P-I curve is defined by two separate functions
representing both the free-vibration and the forced-vibration responses. To estab-
lish the transition point between the two domains on the P-I plot, one first notes
that

(8.5)

FIGURE 8.5 Shock spectra for rectangular and triangular pulses.
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Combining Equations (8.2b) and (8.5), one derives the following:

(8.6a)

(8.6b)

Thus, the point (0.5π, 0.5) defines the transition point on the P-I curve. To obtain
the expression for the free-vibration domain, one combines Equations (8.3a) and
(8.5) to obtain:

(8.7)

Substituting the above and Equation (8.5) into Equations (8.2a) and (8.2b), one
obtains the following expressions defining the P-I curve for rectangular pulse:

(8.8a)

(8.8b)

8.4.1.2 Response to Triangular Load Pulse

For a triangular pulse with zero rise time (Table 8.2, first case), the resulting
shock spectrum of an undamped elastic SDOF system can be shown (Soh and
Krauthammer 2004) to be

(8.9a)

(8.9b)

As before, the above expressions represent the responses in the free and forced
vibration domains, respectively. The shock spectrum for the triangular pulse is
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shown in Figure 8.5. The corresponding P-I curve for the elastic SDOF system
can be determined in the same manner as the rectangular pulse. First, it is noted
that the impulse for a triangular pulse is given by

(8.10)

Combining Equations (8.3a), (8.3b), and (8.10) results in:

(8.11)

The expressions for the P-I curve are obtained by substituting the above and
Equation (8.5) into Equation (8.9) for the shock spectrum. The transition point
(separating the free and forced-vibration domains) on the P-I curve can be shown
to be (1.166, 1.0). The P-I curve for the triangular pulse is thus given by:

(8.12a)

(8.12b)

The analytical P-I curves for rectangular and triangular pulses are plotted in
Figure 8.6. It is obvious that the closed-form solutions can be cumbersome, even
for simple load pulses. However, unlike the energy balance method (discussed
in the next section), the closed-form expressions provide exact descriptions of
P-I curves in the dynamic region.

8.4.2 ENERGY BALANCE METHOD

The energy balance method is by far the most common method employed to
obtain analytical P-I solutions. The approach, based on principle of conservation
of mechanical energy, is convenient to apply because there always exist two
distinct energy formulations that separate the impulsive loading regime from the
quasi-static loading regime, as discussed earlier.

To obtain the impulsive asymptote, it can be assumed that due to inertia
effects the initial total energy imparted to the system is in the form of kinetic
energy only. By equating this to the total strain energy stored in the system at its
final state (i.e., maximum response) and performing algebraic manipulations, it
is possible to obtain expression for the impulsive asymptote. For the quasi-static
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loading regime, the load can be assumed to be constant before the maximum
deformation is achieved (Figure 8.3b). Now, by equating the work done by load
to the total strain energy gained by the system, the expressions for the quasi-
static asymptotes are obtained as follows:

K.E. = S.E. (impulsive asymptote) (8.13)

W.E. = S.E. (quasi-static asymptote) (8.14)

where K.E. is the kinetic energy of the system at time zero, S.E. is the strain
energy of the system at maximum displacement, and W.E. is the maximum work
done by the load to displace the system from rest to the maximum displacement.
Based on this approach, the author derived the impulsive and quasi-static asymp-
totes for three simple SDOF systems illustrated in Table 8.3. 

Although the energy balance method greatly reduces computation efforts, its
formulation is only applicable to the (two) extremes (impulsive and quasi-static)
of the response spectrum and is not valid for the transition zone between impulsive
and quasi-static response. The dynamic regime of the P-I curve must be approx-
imated using suitable analytical functions. This is discussed next.

8.4.2.1 Approximating Dynamic Regions

For triangular or exponential load pulses with zero rise time, the common
approach is to approximate the dynamic regime of the P-I curve using hyperbolic

FIGURE 8.6 P-I curves for rectangular and triangular pulses.
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approximation. Baker et al. (1983) suggested the use of the following hyperbolic
tangent squared relationship:

S.E. = W.E. tanh2 (K.E./W.E.)1/2 (8.15)

For small values of the above expression, the hyperbolic tangent equals its
argument, which effectively reduces to Equation (8.13). For large values, the
hyperbolic function approaches unity and Equation (8.14) for the quasi-static
asymptote is obtained. Baker et al. (1983) reported that less than a 1% error is
introduced when Equation (8.15) is used to approximate the transition region for
linearly elastic oscillators. 

TABLE 8.3
Energy Solutions for Simple SDOF Systems+ 

SDOF System*

K.E.# W.E. S.E.
Impulsive
Asymptote
K.E. = S.E.

Quasi-static
Asymptote
W.E. = S.E

Perfect elastic P0xmax

Rigid plastic P0xmax Rpxmax

Elastic–perfect
plastic

P0xmax

° ≤ x ≤ xel R = Kx xel < x ≤ xmax R = Kxel 
+ System assumed to be initially at rest (zero displacement and acceleration).
* Idealized resistance functions shown in Figure 8.7.

# It is assumed that the impulse I imparts an instantaneous velocity at time zero, i.e., x(0) = .
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Oswald and Skerhut (1993), based on limited comparison to response curves
developed with dynamic SDOF analysis for exponential loading, recommend the
following simple hyperbolic function to curve-fit the transition region:

(8.16)

where A and B are the values of the vertical (impulsive) asymptote and horizontal
(quasi-static) asymptote, respectively. Equation (8.16) can be generalized further
as follows:

(8.17)

where C and D are constants. For P-I curves of an undamped, perfectly elastic
SDOF system subject to rectangular and triangular pulses (Figure 8.7), the
approximate values for the constants C and D are computed and shown in Figure
8.8.

8.4.2.2 Continuous Structural Elements

The energy balance method is particularly useful in obtaining approximate P-I
solutions for continuous structural elements under both uniaxial and biaxial states
of stress. The approach is similar to that for simple mechanical systems discussed
earlier except that an appropriate dynamic deformed shape function must be
assumed for the structural element under consideration in addition to Equations
(8.13) and (8.14). Baker et al. (1983) documented the derivation of analytical P-
I solutions for a beam, extensional strip, column, and plate. Table 8.4 summarizes
the characteristics (i.e., ordinate, abscissa) of dimensionless P-I diagrams.

FIGURE 8.7 Idealized resistance functions.
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8.5 NUMERICAL APPROACH TO P-I CURVES

The above discussions were confined to analytical solutions obtained either by
closed-form formulation or the approximate energy approach. P-I diagrams can
be generated numerically by generating sufficient data points to allow for curve
fitting. Each data point on a P-I diagram represents the results from a single
dynamic analysis. For each analysis, the maximum response (or damage) may or
may not be reached, depending on the combination of pressure and impulse
(Figure 8.9).

A search algorithm must be employed to locate the data points that define
the transitions from damage to no-damage zones (i.e., the threshold curve). Due
to a large number of dynamic analyses that must be performed, the search is best
performed with the aid of a computer. This approach gives great flexibility to the
type of dynamic model (i.e., equivalent SDOF, MDOF, Timoshenko beam, etc.)
to be used so long as it can best describe the experimentally observed dynamic
responses of the physical problem. Furthermore, with adequate data points, the
numerical approach should be able to accurately describe the nature of the P-I
curve in the dynamic loading regime, in particular, for complex load pulses.

Another numerical approach was proposed by Ng and Krauthammer (2004)
for RC slabs. An efficient method to find the threshold points was found with the
observation that by the definition of a threshold curve, a pressure–impulse (P-I)
combination could be classified only as “safe” or “damaged” by the threshold
criterion. For a safe combination, increasing the impulse while keeping
the pressure constant would eventually find a point that resulted in damaged.

FIGURE 8.8 Approximate solutions for dynamic region.
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Conversely, reducing the impulse for a combination that started with damaged
would also find the threshold point. The proposed procedure started with a trial
P-I combination. The slab was evaluated for flexure and shear failures under the
load. If damaged, the pressure was kept constant and the impulse reduced by a
factor of two, until a safe result was found, then the interval between the last two
points was divided into equal segments and checked in increasing order until the
threshold point was found (switched back to damaged). This procedure is illus-
trated in Figure 8.10a.

A similar procedure in the reverse direction was used if the first trial P-I
combination returned a safe result. After a data point was found, the peak pressure
was scaled by a factor of 0.95 for the next data point based on the observation
that a curve with the shape illustrated in Figure 8.10(b) has an almost vertical
impulsive asymptote, such that large variations in the originate (pressure) would
result in small differences in the abscissa (impulse). However, at lower pressure

TABLE 8.4
Analytical Expressions for Dynamic Reaction of Beam 

No Element
Material
Behavior

Mode of
Response y-axis x-axis z-axis

1. Beam Perfectly 
elastic

Bending

2. Beam Elastic 
Perfect-
plastic

Bending

3. Extension 
strip

Elastic 
Perfect-
plastic

Extension

4. Plate Elastic 
Perfect-
plastic

Bending n.a.

5. Column Perfectly 
elastic

Buckling n.a.

Definition of Terms: i = Side-on or reflected impulse intensity; p = Side-on or reflected pressusre
intensity; ir = Reflected impulse intensity; pr = Reflected pressure intensity; l = Total span of
member; b = Member width; h = Member depth; X = Shorter of the two half spans of plate;
Ag = Cross-sectional area; Ixx = Moment of inertia about major axis; Z = Plastic section modulus;
E = Elastic modulus; ρ = Uniform mass density; AI: Loaded area of the roof or floor over the
column; Mof  = Mass of overlaying floor; σy: Elastic yield stress; εmax = Maximum strain; σmax

= Maximum stress; βi, βp, ψi, ψp, ψe = Beam boundary conditions coefficients; αi, αp = Column
boundary condition and side-sway coefficients; Φi, Φp = Plate shapes factors.
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valves, higher precision of computation was required as impulse varied with
pressure in the dynamic regime. At a certain value of pressure near the quasi-
static asymptote, impulse varied with small variations of pressure. If a lower
pressure value was chosen, there was no solution for the curve. 

8.5.1 P-I CURVES FOR MULTIPLE FAILURE MODES

It should be pointed out that the P-I diagram discussed so far was based on some
single mode of failure or damage. In most structures, response and failure can
occur in more than one mode. For example, for a reinforced concrete beam,
flexure is traditionally assumed to be the dominating failure mode (Baker et al.,
1983; Oswald and Skerhut, 1993). However, under certain loading conditions,
experimental observations (Kiger et al., 1980–1984; Slawson, 1984) indicate that
reinforced concrete element can also fail in direct shear.

If the two modes of failure are to be considered in the overall survivability
of an element, the P-I diagram will consist of two threshold curves, each repre-
senting a single failure mode as illustrated in Figure 8.11. Thus, the true damage
(threshold) curve is represented by the lower bound of the curves (as shown by
the dotted line).

8.5.2 SUMMARY

The nature of P-I diagrams has been discussed in this chapter. P-I curves can be
derived by closed-form formulation, the approximate energy approach, or numer-
ical method. Closed-form solutions are limited to responses of simple mechanical
systems with simple load pulses. The energy balance approach remains a powerful

FIGURE 8.9 Numerical derivation of P-I curve.
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tool for estimating the asymptotic values of the P-I curves although the response
in the dynamic loading regime cannot be determined by this approach and must
be approximated by some suitable analytical functions. For a simple SDOF
system, the energy balance approach can be extended to continuous structural
elements (i.e., beam, plate, and column) by assuming appropriate dynamic defor-
mation shape functions. While a traditional P-I diagram normally assumes a single
mode of failure, multimode failures occur in real structures and can be represented

FIGURE 8.10 Numerical search for threshold points.
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by composite P-I diagrams. In particular, one-way spanning structural elements
(beams, one-way slabs, and walls) can fail (dynamically) in either flexural or
direct-shear and it is expected that the corresponding P-I diagram will comprise
of two curves. P-I diagrams can also be generated numerically by performing
sufficient dynamic analyses. Using this approach, the type of dynamic model can
be independently selected to best describe the dynamic behavior of the physical
problem. The next chapter discusses rational structural and material models that
can describe the dynamic behavior of reinforced concrete beams subjected to
concentrated transient loading.

8.6 DYNAMIC ANALYSIS APPROACH

8.6.1 INTRODUCTION

For dynamic analysis of structures, two pieces of information are usually required.
First, a dynamic structural model (i.e., SDOF, MDOF, continuous system, etc.)
that adequately reflects the mechanical characteristics of the structure under
consideration must be assumed. Second, reliable material and constitutive models
must be used so that realistic dynamic resistance functions or load deformation
characteristics that adequately describe the relationship between the dynamic
resistance and the response of the structure can be derived, as discussed in
Chapters 5 and 6. An effective approach for P-I analysis is discussed in this
section.

8.6.2 DYNAMIC MATERIAL AND CONSTITUTIVE MODELS

An understanding of the behaviors of materials (concrete and reinforcing steel,
steel, etc.) under specific loading conditions and geometrical configurations is
essential for deriving reliable load deformation relationships for structural ele-
ments. The material stress–strain relationships, interactions of internal forces and

FIGURE 8.11 P-I diagrams with dual failure modes.
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moments, influences of external parameters (loading rate, size, etc.) are some
important parameters that must be established based on available experimental
data.

Traditionally, the dynamic responses of RC beams are assumed to be domi-
nated by flexural modes. However, diagonal shear is present during a flexural
response and must be considered, as discussed in Chapter 5 and elsewhere
(Krauthammer et al., November–December 1987 and April 1990). Based on
experimental observations (Kiger, 1980–1984; Slawson, 1984), RC beams sub-
jected to severe impulsive loading exhibited direct shear modes of failure that
were addressed also by numerical studies (Krauthammer et al., 1986, 1993, and
1994). These distinct behaviors are discussed below. 

8.6.3 FLEXURAL BEHAVIOR

The behavior of RC beams in flexure has been investigated extensively and well
documented in literature (Park and Paulay, 1975; MacGregor and Wight, 2005;
Nawy, 2003). Typically, flexural behavior is represented by a moment–curvature
relationship obtained using internal force equilibrium and compatibility of strain
relationships. The load–deformation relationship can be obtained readily from
the moment–curvature information and boundary conditions.

In deriving the moment–curvature relationships for RC sections, it is generally
assumed that strains have linear distributions over the depth of a beam and that
tensile behavior of concrete located below the neutral axis is ignored (Figure
8.12). However, the same approach can be modified to include the behavior of
concrete in tension. For design purposes, it is generally acceptable to assume a

FIGURE 8.12 Reinforced concrete cross-section analysis (Soh and Krauthammer, 2004).
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uniform stress distribution (i.e., rectangular stress block) for concrete under
compression (ACI 318.05, 2005).

The more general approach, however, is to divide the compression zone into
equal layers parallel to the neutral axis and the stresses and forces are determined
for all layers of both unconfined and confined concrete within the longitudinal
and transverse reinforcing steel, based on appropriate stress–strain relationships
(Ghosh and Cohn, 1972; Park and Paulay, 1975; Krauthammer et al., 1982). The
stress–strain relationships cited for unconfined and confined concrete were based
on the models of Hognestad (1951) and Krauthammer and Hall (1982), respec-
tively, whereas the stress–strain model by Park and Paulay (1975) can be
employed for reinforcing steel.

To establish the ultimate capacity of the moment–curvature relationship, the
failure criterion must be known. RC sections in flexure may fail in either tension
or compression. Tension flexure failure is characterized by the yielding of tensile
reinforcement whereas compression flexure failure is associated with crushing of
concrete. In the latter mode, concrete may fail either in the unconfined or confined
regions. Krauthammer et al. (1987) proposed that the ultimate strain for concrete
be modified (for confinement enhancement) and checked at the confined region,
instead of the extreme compression fiber, as concrete in the confined zone can
sustain higher strains at failure.

It should be pointed out that RC sections can also fail in diagonal shear.
Based on experimental results, Krauthammer et al. (1987) applied modification
factors (over-reinforcing factor and shear reduction factor) to the moment–cur-
vature relationship to account for the influence of diagonal shear. These factors
also included the effects of axial thrust and web reinforcement on flexural capac-
ity. Furthermore, in the post-yielding nonlinear domain, the author modified the
length of the plastic hinge to account for the effects of axial load. These consid-
erations are incorporated into the current flexural model.

The preceding discussion is confined to static loading conditions. Studies by
Furlong et al. (1968) and Seabold (1970) suggested overall enhancements of 20
to 37% in the strength of RC structural elements subjected to transient loading
at high loading rates. Krauthammer (1990) proposed that the average empirical
rate effect enhancement factors (Soroushian and Obaseki, 1986; Ross, 1983) be
applied to the yield and ultimate stress parameters in the concrete and reinforcing
steel stress–strain models, and the modified values be utilized to compute the
moment–curvature relationship and resistance functions.

A similar approach can be adopted for addressing the behavior of reinforced
concrete slabs beyond the usual design calculations, since an enormous amount
of energy may be absorbed beyond the yield state (Krauthammer et al., 1986;
Park and Gamble, 2000). The increase in load resistance beyond the serviceability
limit of cracking and deflection is important for protective structures because
moderate to severe damage is often acceptable if collapse can be avoided. For
the flexural response, the load deflection relationship developed in Krauthammer
et al. (1986) and Park and Gamble (2000) can be used as illustrated in Figure
8.13 (see Chapter 5).
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The AB segment represents the compression membrane behavior that may
provide a peak capacity that exceeds considerably the resistance provided by the
yield line mechanism. The slab is assumed to snap through at point B and
transition into a tensile membrane behavior at point C. The displacement of the
central point of the slab at the peak load was approximated to be equivalent to
half the slab depth (point B) and to the whole slab depth at the transition from
a compression membrane to a tensile membrane when in-plane forces were zero
(point C). Point D represents the resistance at the ultimate displacement, when
reinforcement fracture disrupts the tensile membrane response. This approach
was shown to represent accurately observed test data and was modified recently
to address slender, intermediate, and thick slabs (Krauthammer et al., 2003).

8.6.3.1 Dynamic Resistance Function

With the cross-sectional moment–curvature information established for a rein-
forced concrete beam based on the flexural model discussed above, the corre-
sponding load deflection curve (i.e., resistance function) for a given structural
configuration is obtained based on structural mechanics relationships and using
a numerical approach similar to that of Krauthammer et al. (1990). The resulting
(numerical) resistance function is a piece-wise nonlinear curve (OABC), as shown
in Figure 8.14a.

The same approach can be used for reinforced concrete slabs. The modeling
of unloading–reloading paths is important for dealing with loading history and
dynamic behavior. For bilinear (i.e., elastic–perfectly plastic) resistance functions,

FIGURE 8.13 Resistance model for reinforced concrete slabs (Ng and Krauthammer,
2004).
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the loading and unloading typically follow the behavior shown in Figure 8.14b.
Studies by Newmark and Rosenblueth (1971), Sozen (1974), and Park and Paulay
(1975), Krauthammer et al. (1986, 1990) proposed more realistic hysteretic loop-
ing as shown in Figure 8.14a.

If the maximum dynamic displacement does not exceed the yield displace-
ment (point A), the beam is assumed to behave elastically and the unload-
ing–reloading occur along line AA about the zero displacement (point O). If the
maximum displacement exceeds the yield displacement, the plastic deflection
follows the nonlinear portion of the curve (AC). If the flexural failure (point C)
is not reached and unloading occurs, the positive unloading path is assumed to
follow the straight line BD parallel to the segment OA. If negative unloading
occurs beyond point D (i.e., the beam rebounds in the opposite direction), the
unloading path is assumed to follow the straight line DB, where B is a point of
equivalent damage to that at point B (for symmetric curves in the positive and
negative directions, B is a mirror image of point B).

All loading, unloading, or reloading paths are assumed to remain parallel to
line OA and subsequent negative unloading will follow the straight line defined
by the last point on the displacement axis and the mirror image of the last
maximum point on the (negative or positive) resistance curve. It is obvious that
the unloading–reloading paths described above determine the amount of internal
damping from hysteretic energy dissipation.

8.6.4 DIRECT SHEAR BEHAVIOR

This phenomenon was discussed in Chapter 5, and only a brief summary is
presented here. Kiger (1980–1984) and Slawson (1984) noted that RC slabs
exhibited two distinct types of behaviors under severe blast loading. While the
familiar flexural response was observed for some structures, one group experi-
enced a special form of shear failure that occurred at an early time — at about

FIGURE 8.14 Dynamic resistance functions for flexural behavior.
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of a millisecond after the load arrival and before any appreciable dynamic flexural
response could develop. Furthermore, a flexural response was hardly observed
for structures that failed by direct shear. Likewise, shear failures were not
observed for structures that failed by flexure at a much later time. The shear
failure surface observed in these experiments looked quite similar to the interface
shear failure along the vertical shear plane. This type of failure is commonly
referred to as direct shear and is characterized by sliding (or slipping) or large
displacements along the interface shear plane (Krauthammer et al., 1986).

Furthermore, to account for the reversal of loading, the unloading–reloading
of the load deflection curve follows the same procedures for defining the unload-
ing–reloading of a flexural resistance curve and is identical to the approach
adopted by Krauthammer et al. (1986) and ASCE (1999). One possible load path
is shown as dotted lines in Figure 8.15.

8.7 DYNAMIC STRUCTURAL MODEL

While real structures have infinite degrees of freedom, it is often advantageous
to model a structure (usually specific structural elements) as a single-degree-of-
freedom (SDOF) system. Although SDOF may not adequately describe the
detailed response of the structure, SDOF formulation can provide a rapid and
easy solution and often gives a designer valuable (but limited) information about
dynamic characteristics (fundamental frequency, maximum response, etc.) of the
system. The results are often used to aid design activities in preparation of analysis
using more advanced methods (Krauthammer, 1998).

In generating a single numerical P-I diagram, a large number of dynamic
analyses must be performed to locate and adequately define the threshold curves.
While one could employ more advanced formulations like the Timoshenko beam
or Mindlin plate for dynamic analysis, a significantly higher computation effort
is required by these formulations for a single analysis (Krauthammer et al., 1994),
thus making it less attractive for numerical analysis of P-I diagrams. 

FIGURE 8.15 Dynamic resistance function for direct shear behavior.
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Krauthammer et al. (1990) presented an analytical technique for obtaining
continuous, quantitative descriptions of the dynamic structural responses of
impulsively loaded RC beams and one-way slabs. The technique, based on the
well-known equivalent SDOF approach as discussed in Chapter 6, utilizes vari-
able response-dependent SDOF parameters (e.g. equivalent mass, equivalent load,
etc.) rather than the traditional constant parameters. More importantly, while most
equivalent SDOF approaches for one-way spanning RC elements employ only a
single mode of response (usually flexure), Krauthammer et al. (1990) proposed
two loosely coupled equivalent SDOF systems (Figure 8.16) to better and more
accurately capture specific behaviors (i.e., flexure coupled with diagonal shear
and direct shear) of the RC element under impulsive loading. The two SDOF
systems can be employed, as discussed next.

8.7.1 FLEXURAL RESPONSE

8.7.1.1 Equation of Motion

The governing differential equation of motion for the flexural equivalent SDOF
system (Figure 8.16b) was presented in Chapter 6 as follows (Krauthammer et
al., 1990):

(8.18)

FIGURE 8.16 Equivalent SDOF systems for structural element (Krauthammer et al.,
1990).
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where x(t), x.(t), and x..(t) are the flexural displacement, velocity, and acceleration,
respectively, Me is the equivalent mass of the system, R is the flexural dynamic
resistance function, ω′ is the flexural damped natural circular frequency, ξ is the
flexural damping ratio, and Pe(t) is the equivalent forcing function.

It is obvious that the above relationship is nonlinear because the variable
system parameters (equivalent mass, flexural resistance, etc.) are dependent on
the system response and hence require the use of a numerical integration tech-
nique. As discussed in Chapter 6, such analyses are frequently performed using
the Newmark β method introduced and explained in that chapter. The variable
equivalent mass and loading functions are obtained by use of response-dependent
transformation factors, as discussed in Chapter 6 and summarized next.

8.7.1.2 Transformation Factors

To convert a continuous structural element into an equivalent SDOF system, it
is necessary to evaluate the equivalent parameters (equivalent mass and equivalent
loading function) of a system using transformation (mass, load, and resistance)
factors. These constants are evaluated based on an assumed deformation function
of the actual structure and often are taken to be the same as those resulting from
the static application of dynamic loads. Traditionally, two deformation functions
are assumed for responses in both perfectly elastic and rigid plastic ranges and
these functions are assumed to remain constant throughout the response range.

Krauthammer et al. (1990) proposed that these factors be evaluated based on
actual deformation information at every load step (or time step) of the dynamic
response. To do this, the deformed configuration (deflections, slopes, curvatures,
etc.) of the structural element at every load step must be computed based on the
cross-sectional moment–curvature relationship discussed earlier. The advantage
of this method over closed-form solutions is the elimination of the need to
explicitly define formulations (or transformation factors) for every type of support
condition conceivable. Furthermore, the approach can compute the factors in
transition period when behavior changes from elastic to plastic — an aspect
normally ignored in the conventional method utilizing constant transformation
factors.

At each load step, the normalized deflected shape function (f(z)I) is computed
as:

(8.19)

where x(z)i and (xmax)i are the deflected shape function and maximum deflection,
respectively, at load step I. From Equation (8.19), the load and mass transforma-
tion factors can be calculated, respectively, at every load step (or time step in a
dynamic analysis) as follows:
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(8.20)

(8.21)

where M is the total lumped mass of the system and P(t) is the actual load history
of the forcing function.

8.7.2 DIRECT SHEAR RESPONSE

8.7.2.1 Equation of Motion

For the direct shear response, as noted earlier, the nonlinear differential equation
of motion for the equivalent SDOF system was given by Krauthammer et al.
(1990):

(8.22)

where y(t), , and are the direct shear slip, velocity and acceleration,
respectively, Ms is the equivalent shear mass, Rs is the dynamic resistance function
for direct shear response, ωs is the natural circular frequency for direct shear
response, xs is the direct shear damping ratio, and V(t) is the dynamic shear force
(or reaction). This nonlinear equation for direct shear is also solved numerically
using the Newmark β method. A brief discussion of direct shear mass, damping,
and dynamic shear force is presented next.

8.7.2.2 Shear Mass

The equivalent shear mass is computed based on the assumed mode and deformed
shape (hence distribution of inertia forces) of a structural element with direct
shear failure. If failure is assumed to occur at one end of the support first, the
deformed shape of the beam can be assumed to be triangular (Figure 8.17) and

FIGURE 8.17 Deformed shape for direct shear response.

( )
( ))
( )

( )K
P t
P t

i
L

z dzL
e

i

L

=
(

=
1

  
0
φ∫

( )
( )

( ) )K
M
M

i
L

z dzM
e

i

L

= =
1

(  2

0
φ∫

y t y t
R
M

V t
M

s s
s

s s

( ) ( )
( )

+ + =2   ξξ ′ω

y t( ) y t( )

FAILURE

DEFORMED SHAPE (AND

DISTRIBUTION OF INERTIA

FORCES)
SIMULTANEOUS

FAILURES

(a) FAILURE AT ONE SUPPORT (b) FAILURE AT BOTH SUPPORT

DK3186_C008.fm  Page 351  Wednesday, January 2, 2008  2:32 PM



352 Modern Protective Structures

the shear mass can be computed as one-half of the total mass of the beam. On
the other hand, for simultaneous shear failures at both supports, the shear mass
is the total mass of the structural element. For localized failures under load, the
equivalent mass can be computed based on the results of Ross et al. (1981) and
Ross and Rosengren (1985).

8.7.2.3 Dynamic Shear Force

The dynamic shear force or reaction can be obtained by considering dynamic
equilibrium of a structural element, together with the assumption that the response
and the inertia forces along the element span have the same distribution as the
elastic deflected shape. Biggs (1964) documented analytical expressions for the
dynamic reactions of beams. Ideal boundary conditions are summarized in Table
8.5.

As seen above, the dynamic reactions V(t) are (normally) expressed in terms
of the forcing function P(t) and the dynamic resistance function R(t). It is also
possible to express the same dynamic reaction in terms of forcing function and
inertia force (i.e., product of mass and acceleration). To illustrate this, consider
the dynamic equilibrium of a perfectly elastic beam dynamically loaded at mid-
span, as shown in Figure 8.18.

The displacement along the length of the beam is assumed to be proportional
to the ordinate of the assumed static deflected shape function f(z),

x(z,t) = xreference(t)φ(z) (8.23a)

where

φ(zreference) = 1 (8.23b)

TABLE 8.5
Analytical Expressions for Dynamic Reaction of Beam 

No. Loading Type Strain Range Dynamic Reaction V(t)

1a Uniformly distributed Elastic 0.39R(t) + 0.11P(t)
1b Plastic Q.38Rm + 0.12P(t)
2a Point load at mid-span Elastic 0.78R(t) – 0.28P(t)
2b Plastic 0.75Rm – 0.25P(t)
3a Point load at one-third Elastic 0.525R(t) – 0.025P(t)
3b Plastic 0.52Rm

 – 0.02P(t)

Rm = maximum plastic resistance.

Source: Biggs, 1964.
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zreference is the point along the beam where the response (xreference) is measured. The
acceleration, hence inertia force, along the beam is assumed to follow the same
distribution:

(8.24)

The application point of the inertia force for half of the beam with respect to the
left support can be seen in Figure 8.18.

(8.25)

Taking dynamic force and moment equilibrium for half of the beam we have

0.5I(t) + V(t) = S(t) (8.26)

0.5I(t) + 0.25R(t)L = 0.5LS(t) (8.27)

where I(t) is the total inertia force acting on the beam, S(t) is the dynamic shear
force at mid-span, and R(t) is the dynamic elastic resistance of the beam as defined
in Biggs (1964). Since the distribution of the inertia forces is symmetrical about
the mid-span of the beam:

S(t) = 0.5P (t) (8.28)

Solving for V(t) using Equations (8.26) through (8.28), we have

FIGURE 8.18 Dynamic equilibrium of forces (Soh and Krauthammer, 2004).
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or

(8.29)

In our example, the deflected shape function for a simply supported elastic beam
loaded at mid-span (Biggs, 1964) can be shown to be

(8.30a)

where

(8.30b)

Substituting the shape function into Equation (8.25), we have

(8.31)

The dynamic reaction works out to be

or

V(t) = −0.28125P (t) + 0.78125R(t) (8.32)
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The above expression for the dynamic shear force agrees with that documented
by Biggs (1964) (see Table 8.4, No. 2a). It should be pointed out that the dynamic
reactions at the supports are not identical to the reaction (which is equal to the
resistance) for the equivalent SDOF system of the same beam element. From
Equation (8.26), the inertia force is thus given by

I(t) = 1.5625(P (t) − R(t)) (8.33)

It should be obvious that the inertia force always has the following form,

I(t) = C (P (t) − R(t)) (8.34)

where C is a coefficient, depending on loading condition and support conditions.
This make sense; for static loading where P(t) equals R(t), I(t) must correspond-
ingly be zero.

Next, the inertia force I(t) is reformulated as a function of mass and accel-
eration. The beam inertia force is the sum of the inertia forces acting along the
beam, i.e.,

(8.35)

where m is the uniformly distributed mass per unit length (L) of the beam. Since
the distribution of acceleration is known from Equation (8.24), we have

or

(8.36)

where Mt is the total mass of the beam,  is the acceleration of the beam
at mid-span, and KIL is defined as the inertia load factor (or load factor for the
distributed inertia force). Substituting the shape function f(z) from Equation
(8.30), the inertia load factor works out to be
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and therefore,

(8.37)

Now, substituting Equation (8.32) into Equation (8.26), the same dynamic reac-
tion can be expressed as a function of mass and acceleration:

(8.38)

It can be further shown that for load applied at any points along the beam (Figure
8.18), the general expressions for the dynamic reactions at the supports (ignoring
any external mass attached to the beam) are

(8.39a)

(8.39b)

where γ1, γ2 are defined as the load proportionality factors and γ1 ′ and γ2′ are the
inertia proportionality factors (the 1 and 2 subscripts denote left and right sup-
ports, respectively). These proportionality factors are dependent on the location
of the concentrated load, the geometric properties of the beam, and the support
(boundary) conditions. It is obvious that these factors are all equal to half for the
case of a simply supported elastic beam loaded at mid-span. Furthermore, unless
the beam is assumed to exhibit perfectly elastic behavior, these factors are not
constant and must be computed numerically. It should be pointed out that the
system responses (i.e., acceleration, displacement, etc.) are measured at the point
of load application. Krauthammer et al. (1990) proposed a slightly different
formulation to compute dynamic reactions:

(8.40a)

(8.40b)

where the subscript i denotes the load step number.
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8.7.3 SUMMARY

Traditionally, the dynamic response of an RC beam has been assumed to be
dominated by the flexural mode. Based on experimental observation, RC beams
subjected to severe impulsive loading have been shown to also exhibit direct shear
modes of failure. The present study employs two loosely coupled equivalent
SDOF systems, together with reliable material and constitutive models, to incor-
porate both flexural and direct shear modes of (dynamic) response. The dynamic
flexural model is developed with nonlinear stress distribution of both unconfined
and confined concrete and accounts for the effects of diagonal shear, axial com-
pression, web reinforcement, and load rate.

The dynamic direct shear model is based on a static model that describes the
interface shear transfer in RC members having well anchored main reinforcements
in the absence of axial forces and is able to account for effects of compressive
stresses and loading rates on concrete shear strength. In transforming the contin-
uous structural element into the equivalent flexural SDOF system, variable
response-dependent transformation factors are employed in lieu of traditional
constant factors. Based on dynamic equilibrium of an elastic beam loaded at mid-
span, an expression for the dynamic reaction was derived and expressed in inertia
terms. The dynamic material and structural models discussed are implemented
into the P-I analyses of RC beams subjected to transient concentrated loading.

8.8 APPLICATION EXAMPLES FOR SDOF AND P-I 
COMPUTATIONAL APPROACHES

8.8.1 SDOF AND P-I COMPUTATIONS FOR REINFORCED 
CONCRETE BEAMS

The material and structural models discussed earlier were incorporated by Soh
and Krauthammer (2004) into the numerical P-I analyses of actual reinforced
concrete beams for which test data were available (Feldman and Siess, 1958).
The approach described previously in this chapter is illustrated for beam 1-c in
that report, as discussed next.

The beam geometry and idealized load pulse are shown in Figure 8.19 and
Figure 8.20, respectively. Also, the properties of the tested beams are provided
in Table 8.6 and the numerical parameters for the analysis are shown in Table 8.7.
Based on the dynamic analysis approach presented in Chapter 5 and previously
in this chapter, the moment–curvature and load deflection relationships for Beam
1-c are shown in Figure 8.21a and Figure 8.21b, respectively. Two curves were
plotted for each relationship, one representing flexural response only, and the
other including a correction for diagonal shear based on the discussion in Chapter
5 (Krauthammer et al., 1987). 
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Figure 8.22 shows the corresponding (numerical) P-I diagram for beam 1-c
subjected to the idealized load pulse. Note that the peak force and impulse were
used to define the axes, as compared to the use of the traditional dimensionless
approach. Such representation is more useful for design purposes because the
results represent a specific set of materials and structural and loading conditions.
No appreciable difference is noted for the impulsive asymptotes from the correc-
tion for diagonal shear. This was expected because the effect of diagonal shear
on these beams was small (due to their slenderness and adequate shear reinforce-
ment) and the reduction in flexural strain energy was also small. The quasi-static
values differed slightly, corresponding to a reduction in static load capacity.

As mentioned earlier, traditional P-I curves for one-way spanning RC elements
are obtained based on the assumption that flexure mode dominates the failure. The
P-I curves generally have simple hyperbolic shapes as noted above. On the other
hand, the threshold curve for direct shear response has not been documented in the

FIGURE 8.19 Reinforced concrete beam C1 (Soh and Krauthammer, 2004).

FIGURE 8.20 Load function for beam C1 (Soh and Krauthammer, 2004).
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literature, and one of the objectives of this study was to investigate its nature in
greater detail through the use of this numerical technique. The P-I curve for direct
shear response has been added to the previous P-I curve, as shown in Figure 8.23.
For the given load pulse with a peak of about 26.3 kips and impulse of about 1.6

TABLE 8.6
Properties of Beam 1-c 

Properties Symbol

Values

C-1 G-1 H-1 I-1 J-1

1 Beam span L 106″
2 Height h 12″
3 Width b 6″
4 Depth to tension steel d 10.0625″
5 Depth to compression steel d′ 1.5″
6 Tension steel area Ast 1.20 in3 (2 #7)
7 Compression steel area Asc 0.88 in3 (2 #6)
8 Shear reinforcement Asv #3@ 7 ″ U-stirrup #3@ 7″ closed welded
9 Tension steel
a Yield stress (ksi) fyt 46.08 47.75 47.17 47.00 47.42
b Yield strain (×10−3) εyt 1.60 1.50* 1.40 1.40 1.50*
c Strain hardening strain (×10−3) εsht 14.4 14.0* 12.5 15.0 14.0*
10 Compression steel
a Yield stress (ksi) fyc 46.70 48.30 47.61 47.95 48.86
b Yield strain (×10−3) εyc 1.55* 1.55* 1.50 1.55* 1.60
c Strain hardening strain (×10−3) εshc 13.5* 13.5* 15.0 13.5* 12.0
11 Steel ultimate stress (ksi) fu 72.0*
12 Steel ultimate strain εsu 0.15*
13 Concrete comp. stress (psi) f ′c 5,835 6,388 5,963 6,488 6,000
14 Stirrup yield stress fys 48.67* 49.50 46.90 49.60 48.67*

* Estimated based on available test data.

Source: Soh and Krauthammer, 2004.

TABLE 8.7
Numerical Analysis Data 

Beam Mass (lbs-sec2/ft) Mt 0.0017
Flexural Damping Ratio (%) x 2.0
Shear Damping Ratio (%) ξs 0.0
Rate Enhancement Factor 1.25

Source: Soh and Krauthammer, 2004.
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kips/sec, the beam will respond below the flexural curve and not fail (a residual
deflection of 3 in. was reported by Feldman and Siess, 1958).

In the quasi-static loading regime, a significantly larger peak load (six times)
is required to initiate simultaneous flexural and direct shear failures for a given
load impulse. More interestingly, the numerical solution shows that direct shear
will be the dominating failure mode for a peak load larger than about 320 kips

FIGURE 8.21 Moment versus curvature and load versus deflection for beam C1 (Soh and
Krauthammer, 2004).
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FIGURE 8.22 P-I Curve for flexural response including diagonal shear correction (Soh
and Krauthammer, 2004).

FIGURE 8.23 P-I diagrams for flexure, flexure with diagonal shear, and direct shear (Soh
and Krauthammer, 2004).
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and an impulse lower than 0.8 kips/sec. Further, direct shear cannot dominate the
behavior for peak loads lower than about 200 kips. Loads with peak values larger
than 200 kips and impulse values larger than about 0.8 kips/sec can cause a
combined flexure and direct shear failure. In other words, if only a flexural mode
of response is assumed, the P-I curve fails to detect failure of the RC beam due
to direct shear that would be caused by high intensity short duration loads.

This limitation was overcome artificially by shifting the flexural curve to the
left so that the impulsive asymptote reduces to the value for an observed direct
shear failure, as noted by Oswald and Skerhut (1993). The current approach,
however, does not require such artificial corrections because it can consider direct
shear in the analysis.

Soh and Krauthammer (2004) also addressed the issue of dynamic reactions
at the supports and showed that one could use both a previous approach (Biggs,
1964; Krauthammer et al., 1987) and a modified approach developed in the more
recent study. Since the P-I curve for direct shear response depends on the time
histories for the dynamic reactions, they showed that the accuracy of the numerical
approach to compute dynamic reactions could affect the generation of the P-I
curve. Although the approach by Krauthammer et al. (1987) provided slightly
more accurate results, additional study of these approaches is required before a
better conclusion can be reached.

The illustration of the application of the advanced SDOF computer code
DSAS (Krauthammer et al., September 2005) for the analysis of the same beams
(Table 8.6) is based on a study by Kyung and Krauthammer (June 2004). The
peak values for the central deflections and support reactions are presented in
Table 8.8. These results show clearly that the SDOF approach provided very good
estimates for the peak responses and these can be used in support of design
activities. Clearly the combination of SDOF time domain calculations and numer-
ical P-I diagram assessments can provide accurate data for such activities. 

TABLE 8.8
Peak Deflections and Support Reactions 

Beam

Peak Test
Deflection ΔΔΔΔT

(in.)

Peak Test
Reaction
QT(kips)

Peak Computed
Deflection ΔΔΔΔC

(in.)

Peak Computed
Reaction QC

(kips) ΔΔΔΔC/ΔΔΔΔT QC/QT 

1-c 3.0 18.0 2.9 16.2 0.97 0.90
1-g 4.1 19.3 4.0 16.6 0.98 0.86
1-h 8.9 18.0 8.6 16.8 0.97 0.93
1-I 10.0 18.0 10.0 17.1 1.00 0.95
l-j 9.5 19.0 8.5 17.0 0.90 0.86
Avg. 0.96 0.91
Std. Dev. 0.04 0.04

Source: Kyung and Krauthammer, 2004.

DK3186_C008.fm  Page 362  Wednesday, January 2, 2008  2:32 PM



Pressure–Impulse Diagrams and Their Applications 363

8.8.2 SDOF AND P-I COMPUTATIONS FOR REINFORCED 
CONCRETE SLABS

Case studies were conducted by Ng and Krauthammer (2004) to test the proposed
procedure’s capability to evaluate reinforced concrete slabs subjected to complex
transients loads. Data from experimental work carried out by Slawson (1984) on
reinforced concrete roof slabs subjected to explosive loading were used. Four
cases with parameters shown in Table 8.9 are illustrated next. 

Test case DS1-1 — The slab in test DS1-1 was subjected to high load during
the experiment and it was totally severed from its supports along vertical planes.
Slawson (1984) noted that all the concrete except for the center 12 in. (0.3 m)
was crushed such that it fell away from the reinforcement.

Figure 8.24 shows the generated P-I diagram of experimental results with an
insert of the post-test view. The experimental P-I combination’s position on the
right side of the diagram agreed with the observations of the experiment. The
numerical results showed that the slab failed in direct shear at 1.26 msec after
being loaded beyond the threshold point (E on Figure 8.15). The displacement
history for the direct shear degree of freedom in plotted in Figure 8.25(a) and
the direct shear resistance of the slab is shown in Figure 8.25(b). The numerical
analysis also indicated that the slab went into tensile membrane mode but did
not fail in flexure.

 Test case DS2-5 — This test was conducted on a slab with a smaller span-
to-effective-depth ratio, higher concrete strength, and an extremely high load.
Permanent deflection at the mid-span of the slab was approximately 12 in. (0.3
m). The concrete was broken up over the entire span and most of the concrete
cover spalled from the bottom of the roof slab, exposing the reinforcement. The
generated P-I diagram with the experimental results was plotted and is shown in
Figure 8.26; the insert provides a post-test view. The position of the experimental
P-I combination on the far right side agreed with the observation that the slab
failed in direct shear with extensive flexural response. The displacement histories
and resistance functions for both direct shear and flexural degrees of freedom are
plotted in Figure 8.27(a) and Figure 8.27(b), respectively.

TABLE 8.9
Test Case Parameters

Parameters DS1-1 DS2-5 DS1-3 DS2-3

Length of slab (m) 1.2 1.2 1.2 1.2
Width of slab (m) 1.2 1.1 1.2 1.1
Span-to-effective-depth ratio 10 7 10 7
Approximate concrete strength (MPa) 30 50 30 50
Percentage steel at each face (%) 1 1.2 1 0.75
Charge density (kg/m3) 21.9 25.6 14.6 18.3
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Test case DS1-3 — This test was conducted on a slab similar to DS1-1, but
at a relatively lower load. The permanent mid-span deflection was about 10 in.
(0.25 m). The center 18 in. (0.46 m) of the slab remained relatively flat. The
generated P-I diagram with experimental results is plotted in Figure 8.28; the
insert shows the post-test view. The pressure and impulse combination measured
during the test resided in the same position as the numerical P-I curve.

This case illustrates the condition on a slab subjected to the threshold loading
of the numerical procedure. The numerical procedure evaluated the slab as “safe.”
The slab responded predominantly in shear but did not fail. The slab oscillated
in shear about a permanent plastic deformation with a larger period of a weaker
system. The slab went into compressive membrane mode but not tensile mem-
brane mode. The displacement histories for shear and flexure are shown in Figure
8.29a and Figure 8.29b, respectively.

Test case DS2-3 — This test was conducted on a stronger slab than test DS2-
5, but at a lower load. The structural response appeared to be predominantly in
direct shear with a permanent mid-span deflection of only about 4 in. (0.1 m).
Figure 8.30 is the generated pressure-impulse diagram; an insert shows the post-
test view. The pressure and impulse combination measured just crossed the
threshold curve to the right. The slab was assessed to have failed in direct shear.
Although the slab went into the compressive membrane mode, the flexural resis-
tance showed that its capacity was not fully utilized. The displacement histories
in shear and flexure are shown in Figure 8.31a and Figure 8.31b, respectively. 

FIGURE 8.24 P-I diagram and damage state for case DS1-1.
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FIGURE 8.25 Direct shear response for case DS1-1.
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8.8.3 SUMMARY

This chapter addressed the important topic of P-I diagrams and their potential
for both design and damage assessment. The approaches presented here go beyond
the traditional empirical derivations of such diagrams, and they enable one to
derive engineering and behavioral based P-I diagrams for any structural system.
The following conclusions were drawn by Soh and Krauthammer (2004), Ng and
Krauthammer (2004), and Kyung and Krauthammer (2004):

• These studies illustrated the derivation of closed-form P-I solutions for
a simple mechanical system subjected to simple transient loads based
on structural dynamics principles.

• For idealized SDOF systems, the results from the numerical approach
agreed very well with available closed-form solutions. It appears that
the numerical approach was able to describe correctly and accurately
the threshold curves for idealized SDOF system with reasonable com-
putation effort.

• These studies demonstrated the ability of the present numerical
approaches to analyze SDOF systems with complicated loads and
highly nonlinear resistance functions.

FIGURE 8.26 P-I diagram and damage state for case DS2-5.
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FIGURE 8.27 Direct shear and flexural response for case DS2-5.
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• Unlike traditional P-I diagrams for RC structures for which one nor-
mally assumes a single response mode, usually flexure without shear
effects, the present approaches are able to generate rational P-I dia-
grams with flexural, diagonal shear, and direct shear modes of
responses. It was shown that for certain high intensity short duration
loads, the assumption of a single flexural mode of response may be
inadequate.

• The P-I curves for direct shear generally follow the same hyperbolic
profiles as the threshold curves for flexural responses. However, the
influence of a finite rise time on the P-I curves is significantly different
for the two types of responses. The results of the responses to a
triangular load with finite rise time for certain RC beams indicates a
minimum loading rate below which no direct shear failure will occur.

• The proposed methodologies generate rational and physics-based P-I
diagrams that are useful tools for structural design and assessment.
Complicated time-dependent loadings and more than one non-linear
structural response mechanism can be considered. The procedures are
efficient and reasonably accurate. They offer alternative methods to the
expensive practice of empirical P-I curve fitting.

FIGURE 8.28 P-I diagram and damage state for case DS1-3.
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FIGURE 8.29 Direct shear and flexural response for case DS1-3.

0.70

0.60

0.50

0.40

0.30

0.20

0.10

0.00
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016

D
IS

P
L

A
C

E
M

E
N

T
 (

μm
)

D
IS

P
L

A
C

E
M

E
N

T
 (

μm
)

TIME (SEC)

(a) SHEAR DISPLACEMENT

14.00

12.00

10.00

8.00

6.00

4.00

2.00

0.00

0.000

TIME (SEC)

(b) FLEXURAL DISPLACEMENT

0.005 0.010 0.015 0.020 0.025

DK3186_C008.fm  Page 369  Wednesday, January 2, 2008  2:32 PM



370 Modern Protective Structures

• Although the methodologies are approximate, the position of a P-I
combination in the diagram is a strong indication of the likely per-
formance of a reinforced concrete beam or slab to a specific loading.

• The accurate approach for fully nonlinear SDOF computations has
been validated.

FIGURE 8.30 P-I diagram and damage state for case DS2-3.
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FIGURE 8.31 Direct shear and flexural response for case DS2-3.
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Progressive Collapse

 

9.1 INTRODUCTION

9.1.1 P

 

ROGRESSIVE

 

 C

 

OLLAPSE

 

 P

 

HENOMENA

 

Explosive loading incidents have become serious problems that must be addressed
frequently. Besides the immediate and localized blast effects, one must consider
the serious consequences associated with progressive collapse that could affect
people and property in an entire building. Progressive collapse occurs when a
structure has its loading pattern or boundary conditions changed such that struc-
tural elements are loaded beyond their capacity and fail. The residual structure
is forced to seek alternative load paths to redistribute the load applied. As a result,
other elements may fail, causing further load redistribution. 

The process will continue until the structure can find equilibrium either by
shedding load as a by-product of the failures of other elements or by finding
stable alternative load paths. In the past, structures designed to withstand normal
load conditions were over-designed and were usually capable of tolerating abnor-
mal loads. Modern building design and construction practices enabled us to build
lighter and more optimized structural systems with considerably fewer over-
design characteristics.

Progressive collapse became an issue following the Ronan Point incident
(HMSO, 1968; Griffiths et al., 1968), when a gas explosion in a kitchen on the
18th floor of a 22-story precast building caused extensive damage to the entire
corner of that building, as shown in Figure 9.1. The particular type of joint detail
used in the Ronan Point apartment building relied heavily on joint friction
between precast panels. This resulted in a structure that has been termed a “house
of cards,” indicating that buildings with similar joint characteristics were particu-
larly susceptible to progressive collapse (Breen, 1980). The failure investigation
of that incident resulted in important changes in the United Kingdom building
code (HMSO, 1976). It requires a minimum level of strength to resist accidental
abnormal loading by (1) comprehensive “tying” of structural elements, (2) if tying
is not possible, allow the “bridging” of loads over the damaged area (the smaller
of 15% of the story area or 70 m

 

2

 

); (3) if bridging is not possible, ensure that
key elements can resist 34 kN/m

 

2

 

. These guidelines have been incorporated in
subsequent British standards (HMSO, 1991; BSI, 1996; BSI, 2000). Although
many in the U.K. attribute the very good performance of numerous buildings
subjected to blast loads to these guidelines, it is not always possible to quantify
how close those buildings came to progressive collapse.

Progressive collapse is a failure sequence that relates local damage to large
scale collapse in a structure. Local failure can be defined as a loss of the load-
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carrying capacity of one or more structural components that are parts of the whole
structural system. Preferably, a structure should enable an alternative load-carry-
ing path after a structural component fails. After the load is redistributed, each
structural component will support different loads. If any load exceeds the load-
carrying capacity of any member, it will cause another local failure. Such sequen-
tial failures can propagate through a structure. If a structure loses too many
members, it may suffer partial or total collapse. This type of collapse behavior
may occur in framed structures such as buildings (Griffiths et al., 1968; Burnett
et al., 1973; Ger et al., 1993; Sucuolu et al., 1994; Ellis and Currie, 1998; Bazant
and Zhou, 2002), trusses (Murtha-Smith, 1988; Blandford, 1997), and bridges
(Ghali and Tadros, 1997; Abeysinghe, 2002).

 

9.2 BACKGROUND

9.2.1 A

 

BNORMAL

 

 L

 

OADINGS

 

It is estimated that at least 15 to 20% of the total number of building failures are
due to progressive collapse (Leyendecker and Burnett, 1976). A notable example
of such a failure is the Ronan Point collapse (Griffiths et al., 1968). In the years
following that incident, hundreds of engineering articles and reports on these
subjects have been published (Breen, 1980).

Since an explosion caused the progressive collapse at Ronan Point, a number
of studies were devoted to the relationships of abnormal loadings and progressive
collapse (Astbury, 1969; Astbury et al., 1970; Burnett et al., 1973; Mainstone,

 

FIGURE 9.1

 

Damage at Ronan Point apartment building.
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1973 and 1976; Burnett, 1974 and 1979; Leyendecker et al., 1975; Leyendecker
and Burnett, 1976; Mainstone et al., 1978). An abnormal load is any loading
condition a designer does not include in the normal and established practice
course design (Gross and McGuire, 1983). Abnormal loadings include explosions,
sonic booms, wind-induced localized over-pressures, vehicle collisions, missile
impacts, service system malfunctions, and debris resulting from incidents (Bur-
nett, 1974).

Leyendecker and Burnett (1976) discussed plausible sources of abnormal
loading events and estimated the risk of the loadings in residential building design
with regard to progressive collapse. They concluded that gas explosions occurred
with an annual frequency of 1.6 events per million dwelling units, bomb explo-
sions occurred with an annual frequency of 0.22 events per million dwelling units,
and vehicular collisions with buildings that caused severe damage occurred with
an annual frequency of 6.8 events per million dwelling units.

For certain abnormal loading events, the probability of an event occurring in
a building increases with building size. In particular, high-rise buildings tend to
be at a higher risk for gas and bomb explosions. In contrast, vehicular collisions
affect primarily ground story areas. It was found that the hazard due to a gas
explosion exceeds that for a vehicular collision in a building more than about
five stories in height (Leyendecker and Burnett, 1976). However, a structural
designer has very little control over the probability of an abnormal event. There-
fore, structural engineers should consider other approaches to prevent progressive
collapse.

 

9.2.2 O

 

BSERVATIONS

 

Recent developments in the efficient use of building materials, innovative framing
systems, and refinements in analysis techniques may result in structures with
lower safety margins. Both the Department of Defense (2002 and 2005) and the
General Services Administration (2003) issued clear guidelines to address this
critical problem. Nevertheless, these procedures contain assumptions that may
not reflect accurately the actual conditions in a structure damaged by an explosive
attack (see Figure 9.2) that highlight the very complicated state of damage that
must be assessed before correct conditions can be determined. The structural
behavior associated with such incidents involves highly nonlinear processes in
both the geometric and material domains. One must understand that various
important factors can affect the behavior and failure process in a building sub-
jected to an explosive loading event, but these cannot be easily assessed.

The idea of removing a single column as a damage scenario adopted in various
design requirements while leaving the rest of the building undamaged is unreal-
istic. An explosive loading event near a building (e.g., terrorist attacks in London
and Oklahoma City) will cause extensive localized damage affecting more than
a single column. The remaining damaged structure is expected to behave very
differently from the ideal situation. Therefore, it is critical to assess accurately
the post-attack behaviors of structural elements that were not removed from the
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building by the blast loads in their corresponding damaged states. This requires
first a fully nonlinear blast–structure interaction analysis, then determining the
state of the structural system at the end of this transient phase, and then proceeding
with a fully nonlinear dynamic analysis for the damaged structure subjected to
only gravity loads. Such comprehensive analyses are very complicated and time
consuming, require extensive resources, and are not suitable for design office
environments.

Damaged structures may have insufficient reserve capacities to accommodate
abnormal load conditions (Taylor, 1975; Gross, 1983). We have few numerical
examples of computational schemes to analyze progressive collapse. Typical finite
element codes can only be used after complicated source level modifications to
simulate dynamic collapse problems that contain strong nonlinearities and dis-
continuities. Several approaches have been proposed for including progressive
collapse resistance in building design. The alternative load path method is a known
analytical approach that follows the definition of progressive collapse (Yokel et
al., 1989). It refers to the removal of elements that failed the stress or strain limit
criteria.

In spite of their analytical characteristics, alternative load path methods are
based on static considerations and may not be adequate for simulating progressive
collapse behavior. Choi and Krauthammer (2003) described an innovative
approach to address such problems by using algorithms for external criteria
screening (ECS) techniques applicable to these types of problems. As a part of
such ECS, element elimination methods were classified into direct and indirect
approaches and compared with each other. A variable boundary condition (VBC)
technique was also proposed to avoid computational instability that could occur
while applying the developed procedure.

A more comprehensive study of progressive collapse by Krauthammer et al.
(2004) addressed the behavior of both two-dimensional and three-dimensional
multi-story structures under several damage conditions and highlighted conditions

 

FIGURE 9.2

 

Post-incident view of building damage arising from London bombing inci-
dents. (a) St. Mary Axe, April 1992. (b) Bishopsgate, April 1993.

  (a) ST. MARY AXE, APRIL 1992 (b) BISHOPSGATE, APRIL 1993
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(i.e., combinations of geometric, material, and damage characteristics) that could
lead to progressive collapse in moment-resisting steel frame structures.

These two studies presented preliminary theories to analyze progressive col-
lapse of a multi-story steel frame structure. The procedures included stress–strain
failure criteria of linear elastic and elastic–perfectly plastic materials. Also
included were elastic–plastic with kinematic hardening material models as well
as linear and nonlinear column buckling and several types of beam-to-column
connections (e.g., hinge, semi-rigid, fixed, and variable moment capacities). That
approach is currently being developed further to study the physical phenomena
associated with progressive collapse and develop fast running computational
algorithms for the expedient assessment of various multi-story building systems.

The 1994 Northridge earthquake highlighted troublesome weaknesses in
design and construction technologies of welded connections in moment-resisting
structural steel frames. As a result, the U.S. steel construction community
embarked on an extensive R&D effort to remedy the observed deficiencies.
Around the same time, domestic and international terrorist attacks have become
critical issues that must be addressed by structural engineers. Here, too, it has
been shown that structural detailing plays a very significant role in the response
of a building to a blast (Krauthammer, 1999; Krauthammer et al., 2004).

In blast-resistant design, however, most of the attention during the last half
century has been devoted to structural concrete. Since many buildings that could
be targeted by terrorists are moment-resisting steel frames, their behaviors under
blast are of great interest, with special attention to structural details. Typical
structural steel welded connection details currently recommended for earthquake
conditions underwent preliminary assessments for their performance under blast
effects. The assessments also addressed current blast design procedures to deter-
mine their applicabilities for both the design and analysis of such details. The
finding highlighted important concerns about the blast resistance of structural
steel details and about the assumed safety in using current blast design procedures
for structural steel details.

Obviously, one must address not only the localized effects of blast loads, and
the idealized behavior of typical structural elements such as columns, girders,
etc., but also the behavior of structural connections and adjacent elements that
define the support conditions of a structural element under consideration. The
nature of blast loads, the behavior of structural connections under such conditions,
and progressive collapse are addressed in the following sections to provide the
background for current and proposed research activities.

 

9.3 PROGRESSIVE COLLAPSES OF DIFFERENT TYPES 
OF STRUCTURES

 

Progressive collapse may occur in all types of framed structures including steel
or concrete framed buildings, space trusses, and bridges. Progressive collapse is
not necessarily related to a specific type of structural material. However, some
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types of materials may be more prone to progressive collapse in that they may
have less ductility or weaker connection details than others (Breen and Siess,
1979). Although this chapter will focus on moment-resisting steel frames, several
other structural systems will be discussed.

 

9.3.1 P

 

RECAST

 

 C

 

ONCRETE

 

 S

 

TRUCTURES

 

The risk of progressive collapse of precast concrete large panel and bearing wall
structures is greater than the risk for traditional cast-in-place structures (Breen,
1980). Because precast concrete structures are vulnerable to progressive collapse,
the problem was studied to address structural integrity and design issues (Speyer,
1976; Burnett, 1979; Hendry, 1979; Pekau, 1982).

The collapse of the Ronan Point building (Griffiths et al., 1968) is an example
of this type of failure. The report revealed several deficiencies in the British codes
and standards of that time, particularly as they applied to multi-story construction
and focused on the lack of redundancy or alternate load paths in the structure.
As a consequence of that investigation, British building regulations were changed
to require that the design of a multi-story structure either provide an “alternate
path” in case of loss of a critical member or have sufficient local resistance to
withstand the effects of a gas-type explosion (Breen, 1980). 

A more recent British code (Steel Construction Institute, 1990) states that a
building should be checked to see whether at each story in turn any single column
or beam carrying a column could be removed without causing collapse of more
than a limited portion of the building local to the member concerned. The ACI
building code (2005) provides a separate chapter covering precast concrete struc-
tures. It requires that adequate horizontal, vertical, and peripheral ties be provided
to link all structural elements to develop tensile continuity and ductility of the
elements. This combination of system continuity and ductility should enable a
structure to either absorb the abnormal loads with minimal damage or bridge
localized damage as a result of the abnormal load. The provision of general
structural integrity will bring the safety of precast large panel structures closer
to that of the traditional cast-in-place reinforced concrete buildings (Fintel and
Schultz, 1979).

 

9.3.2 M

 

ONOLITHIC

 

 C

 

ONCRETE

 

 S

 

TRUCTURES

 

Cast-in-place concrete construction provides better performance against progres-
sive collapse than precast concrete construction (Fintel and Schultz, 1979)
although reinforced concrete slab structures have undergone progressive collapses
(Feld, 1964; Leyendecker and Fattal, 1973; Litle, 1975; Lew et al., 1982; Hueste
and Wight, 1999). The mechanism most likely to trigger such a collapse under
conventional loads is a punching shear failure at an interior column (Hawkins
and Mitchell, 1979). The key to preventing such progressive collapse may be to
design and detail slabs such that they are able to develop secondary load carrying
mechanisms after initial failures occur. If the continuous reinforcement is properly
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anchored, the slab can develop tensile membrane action after initial failure. If
the final collapse load is higher than the initial failure load, then a means of
preventing progressive collapse has been provided (Mitchell and Cook, 1984).

The ACI building code (2005) states that even if top reinforcement is con-
tinuous over a support, it will not guarantee integrity without stirrup confinement
or continuous bottom reinforcement. This is because top reinforcement tends to
pull out of concrete when a support is damaged. Hawkins and Mitchell (1979)
concluded that only continuous bottom reinforcement through a column or prop-
erly anchored in a wall or beam should be considered effective as tensile mem-
brane reinforcement. If abnormal loads are considered, one must address the
removal of one or more exterior or interior columns, probably combined with
damage to horizontal structural members.

 

9.3.3 T

 

RUSS

 

 S

 

TRUCTURES

 

Space trusses are highly redundant structures. This means that space truss struc-
tures are expected to survive even after losses of several members. However, the
failure of the Hartford (Connecticut) Coliseum space roof truss in 1978 (Ross,
1984) showed that this assumption was not always correct. Progressive collapse
can occur following the loss of one of several potentially critical members when
a structure is subjected to full service loading (Murtha-Smith, 1988).

Force redistributions may cause members to exhibit nonlinear behavior and
yield in the case of a tension member or buckle in the case of a compression
member (Schmidt and Hanoar, 1979). However, because of strain hardening, a
yielded tension member can typically absorb additional force, whereas a com-
pression member will carry lower loads after reaching its buckling load. Thus, a
compression member cannot resist additional force but must shed force, and cause
additional force redistributions to other members.

The other members may also buckle and cause further force redistributions,
and thus failure can progress through a structure to cause collapse. In addition,
because the snap-through phenomenon is rapid, dynamic effects can increase the
force redistribution intensity further (Murtha-Smith, 1988). Morris (1993) pointed
out that neglect of the dynamic response due to member snap-through leads to a
significant overestimate of a structure. Malla and Nalluri (1995) presented vari-
ations of natural frequencies of the truss structures due to member failure.

 

9.3.4 S

 

TEEL

 

 F

 

RAME

 

 B

 

UILDINGS

 

Steel moment resisting frame structures have similar structural characteristics as
truss structures but trusses do not resist moments in the members. Each steel
member can have a different failure mode because it will be subject to different
load, cross-sectional shape, and material property combinations. Traditionally,
the anticipated failure modes were categorized in the following two general
domains (Salmon and Johnson, 1996).
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Material failures

 

 may be either ductile (e.g., plastic deformation or failure
induced by high temperature) or brittle (e.g., fracture fatigue failures) and are
expected mostly in tension. Steel members show ductile behavior before failure
in an ideal condition such as a uniaxial tension test. However, steel members can
fail in a brittle manner in a practical case due to an initial flaw or notch and they
can lose stiffness in a high temperature induced by a fire. Repeated loading and
unloading may eventually result in a fatigue failure even if the yield stress is
never exceeded. Also, strain hardening in steel provides additional strength that
makes material failure in compression an unlikely event in massive cross-sections.
Therefore, steel tends to buckle before it reaches the material failure strain in
compression.

 

Buckling

 

 types include flexural column (global) buckling, torsional buckling,
lateral torsional buckling, and local buckling. A steel member will buckle if its
critical load is exceeded. If a steel member such as an angle, tee, zee, or channel
has a relatively low torsional stiffness, it may buckle torsionally while the lon-
gitudinal axis remains straight. A steel beam can also buckle under bending
without a proper lateral restraint because the flange can be considered as a column
when it is subject to compression by bending. Components such as flanges, webs,
angles, and cover plates that are combined to form a column section may buckle
locally before the entire section achieves its maximum capacity.

Nevertheless, the traditional characterization of failure ignored the role of
connections in structural behavior. As a result, the behavior connections under
extreme conventional and unconventional loads are not adequately addressed in
typical structural design books. As noted previously, this lack of attention to
structural steel connections was highlighted by surprising connection failures
during the Northridge earthquake of 1994 and the development of new recom-
mendations for steel connections (FEMA, 2000). The behavior of moment-resist-
ing steel connection under blast was also addressed (Krauthammer et al., 2004)
and uncovered additional deficiencies that require further design and construction
measures to prevent such outcomes. Marchand and Alfawakhiri (2004) presented
some information on blast effects and progressive collapse in steel buildings and
referred readers to existing design guidelines, as presented next.

 

9.4 DEPARTMENT OF DEFENSE AND GENERAL 
SERVICES ADMINISTRATION GUIDELINES

9.4.1 D

 

EPARTMENT

 

 

 

OF

 

 D

 

EFENSE

 

 (D

 

O

 

D) G

 

UIDELINES

 

9.4.1.1 Design Requirements for New and Existing 
Construction

 

The DoD unified facilities criteria (UFC) on progressive collapse (2005) adopted
recommendations in the British code cited earlier. The code requires a minimum
level of strength to resist accidental abnormal loading be provided by (1) com-
prehensive “tying” of structural elements; (2) if tying is not possible, allowing
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the “bridging” of loads over the damaged area (the smaller of 15% of the story
area or 70 m

 

2

 

); and (3) if bridging is not possible, ensuring that key elements can
resist 34 kN/m

 

2

 

. Also, the UFC classify buildings according to their respective
levels of protection (LOP). The progressive collapse design requirements employ
two design and analysis approaches: tie forces (TFs) and alternate paths (APs).
Details of design recommendations for each LOP for both new and existing
construction are presented next.

 

Buildings with very low levels of protection (VLOP) 

 

— Provide adequate
horizontal tie force capacity.

 

Buildings with low levels of protection (LLOP)

 

 — Provide both horizontal
and vertical tie force capacities.

 

Buildings with medium and high levels of protection (MLOP and HLOP)

 

— Perform AP analysis.
For all LOP, all multi-story vertical load-carrying elements must be capable

of supporting the vertical load after the loss of lateral support at any floor level
(i.e., a laterally unsupported length equal to two stories must be used in the design
or analysis). In order to prevent slab failure due to upward blast pressure, the
slab and floor system must be able to withstand a net upward load of:

1.0 D 

 

+

 

 0.5 L (9.1)

where D is the dead load based on self-weight only and L is the live load, both
in kilonewtons per square meter or pounds per square foot. This load is to be
applied to each bay, one at a time (not concurrently to all bays), and one should
use the appropriate strength reduction factors and over-strength factors.

The DoD UFC (2005) also includes detailed flow charts for the design
processes that must be applied to buildings with the various levels of protection,
from VLLOP through HLOP.

 

9.4.1.2 Design Approaches and Strategies

 

As noted above, the DoD design recommendations (2005) are based on the British
approach and they require either the ability to develop sufficient TFs or the ability
to bridge over the damaged area through an AP as discussed next.

 

9.4.1.2.1 Tie Forces

 

Tie force can be developed if the structural components assembled to form a
building are tied together mechanically to enhance continuity, ductility, and, in
the case of element failure, allow the development of alternate load paths. Such
tie forces must be provided by the various structural elements and their connec-
tions based on the prevailing design procedures to carry the specified standard
loads expected to be applied to the structure, as illustrated in Figure 9.3. 

Several horizontal ties must be provided, depending on the construction type:
internal, peripheral, and ties to edge columns, corner columns, and walls. Simi-
larly, vertical ties are required in columns and load-bearing walls. Note, however,
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that tie forces are not synonymous with reinforcement ties as defined in ACI 318-
05 (2005) for reinforced concrete design. These specifications emphasize that
peripheral ties must ensure continuous load paths around the plan geometry and
internal ties must ensure continuous load paths from one edge to the other. Vertical
ties must be continuous from the lowest level to the highest level of a structure.
Although horizontal ties to edge columns and walls do not have to be continuous,
they must be adequately anchored back into the structure. All structural members
and the connections between such members that form any such load path must
be able to resist the appropriate tie forces. Accordingly, the design tie strength
(

 

ϕ

 

R

 

n

 

, in which 

 

ϕ

 

 is a strength reduction factor and R

 

n

 

 is the nominal tie strength
as defined by the appropriate design code) must be not less than the required tie
strength.

 

9.4.1.2.2 Alternate Path Method

 

The DoD guidelines (2005) specify use of the AP method in two situations. First,
when a vertical structural member is either missing or cannot provide the required
tie strength, one must ensure that the forces can be bridged over the damaged
area. A designer may use the AP method to determine whether a structure can
bridge the forces over the damaged area (e.g., by notionally removing the specific
element and analyzing the remaining structure). If the structure does not have
the required capacity to bridge forces, the designer must modify the design until
such conditions can be satisfied. Second, the AP method must be applied for the
removal of specific vertical load-bearing elements for structures that require
MLOP or HLOP.

 

FIGURE 9.3

 

Tie forces in frame structure (Department of Defense, 2005).
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The AP method was developed to follow the load and resistance factor design
(LRFD) philosophy (ASCE, 2002) by employing load factor combinations for
extreme loading and resistance factors to define design strengths. Accordingly,
the design tie strength (

 

ϕ

 

R

 

n

 

, in which 

 

ϕ

 

 is a strength reduction factor and R

 

n

 

 is
the nominal tie strength, as defined by the appropriate design code) must be not
less than the required tie strength. Although two-dimensional models may be
used for a general response and three-dimensional effects can be adequately
idealized, it is recommended that three-dimensional models be used. The three
analysis procedures permitted are linear static, nonlinear static, and nonlinear
dynamic. They are briefly summarized below.

 

Linear static

 

 — The damaged structure is subjected to the full load applied
at one time and small deformations and linear elastic materials are assumed.
Discrete hinges may be inserted to simulate limit states.

 

Nonlinear static

 

 — The damaged structure is subjected to a load history
from zero to the full factored load, and both the material and geometry are treated
as nonlinear. The following factored load combinations should be applied to bays
immediately adjacent to the removed element and at all floors above the removed
element for both linear and nonlinear static analyses:

2[(0.9 or 1.2)D 

 

+

 

 (0.5L or 0.2S)] 

 

+

 

 0.2 W (9.2)

where D is the dead load, L is the live load, S is the snow load, and W is the
wind load per Section 6 of ASCE 7 (2002). All are expressed in kilonewtons per
square meter or pounds per square foot. In load-bearing wall systems, the adjacent
bay is defined by the plan area that spans the removed wall and the nearest load
bearing walls. The rest of the structure will be loaded as for nonlinear dynamic
analysis, as defined below.

DoD (2005) recommends that at the time of failure (element removal), the
load from the failed element defined by Equation (9.2) in linear or nonlinear
static analyses be applied instantaneously to the structural area directly below
the failed element. The loads from the area supported by the failed element should
be applied to an area not larger than the area from which they originated.

 

Nonlinear dynamic

 

 — The selected damage is induced instantaneously in
the fully loaded structure, a dynamic analysis is performed to analyze the
response, and both the material and geometry are treated as nonlinear. The
following factored load combinations should be applied to the entire structure:

(0.9 or 1.2)D 

 

+

 

 (0.5L or 0.2S) 

 

+

 

 0.2 W (9.3)

where D is the dead load, L is the live load, S is the snow load, and W is the
wind load per Section 6 of ASCE 7 (2002).  All are expressed in kilonewtons
per square meter or pounds per square foot.

DoD (2005) recommends that at the time of failure (element removal) the
load from the failed element to be applied in nonlinear dynamic analyses be
doubled for impact effects, and applied instantaneously to the structural area
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directly below the failed element. The loads from the area supported by the failed
element should be applied to an area not larger than the area from which they
originated.

The structural damage definitions (vertical load-bearing structural element
removal) depend on the construction material (structural concrete, steel, wood,
etc.), as specified in the appropriate chapters of DoD criteria (2005). Such induced
damage includes an external column or load-bearing wall removal at recom-
mended critical locations and internal column or load-bearing wall removal at
recommended critical locations. Inducing damage at other locations may be
required to address the effects of unique geometric features. The corresponding
AP analyses are performed for each external column location and each floor
individually.

 

9.4.1.3 Damage Limits

 

DoD’s proposed damage limits (2005) for AP analyses are based on the British
approach, as cited above. Accordingly, the following are recommended:

 

Removal of an external column or load-bearing wall

 

 — The collapse area
directly above the removed element must be less than the smaller of 70 m

 

2

 

(750 ft

 

2

 

) or 15% of that floor; the floor directly under the removed element must
not fail. Any collapse is not permitted to extend beyond the structure tributary to
the removed element.

 

Removal of an internal column or load-bearing wall

 

 — The collapse area
directly above the removed element must be less than the smaller of 140 m

 

2

 

(1500 ft

 

2

 

) or 30% of that floor; the floor directly under the removed element must
not fail. Any collapse is not permitted to extend beyond the structure tributary to
the removed element.

 

General requirements

 

 — All other damage, strength, and deformation
parameters must comply with the appropriate design code for the specific struc-
tural system under consideration.

 

9.4.1.4 Other Topics

 

Following the general guidelines summarized above, the DoD publication (2005)
contains additional chapters that specifically address design requirements for
reinforced concrete, structural steel, masonry, and wood. These issues will not
be discussed herein, and readers are advised to review the appropriate material
in the original reference for further details.

 

9.4.2 GSA G

 

UIDELINES

 

The GSA guidelines (2003) include a detailed procedure for evaluating the poten-
tial for progressive collapse resulting from an abnormal loading situation for
existing reinforced concrete and steel framed buildings along with guidelines for
the design of such new facilities. These procedures are summarized below.
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9.4.2.1 Potential for Progressive Collapse Assessment of 
Existing Facilities

 

If an existing facility is at an extremely low risk for progressive collapse or if
human occupancy is extremely low (as determined in that process), the facility
may be exempt from further consideration of progressive collapse. The GSA
process is performed in four steps that include detailed flow charts and tables, as
summarized below.

 

Step 1

 

 — Determine the potential for total exemption to the remaining
methodology.

 

Step 2

 

 — Determine the minimum defended standoff distance consistent with
the construction type and required GSA level of protection of the facility under
consideration. The defended standoff is considered only as one factor in deter-
mining whether a facility is exempt. If the type of construction is not listed in
the appropriate table, go directly to Step 3. Otherwise, follow the steps in the
flowchart for this step to determine the potential for total or partial exemption to
the remaining methodology. If a facility is not exempt and analysis is required,
the analysis process is threat-independent.

 

Step 3

 

 — This is a more detailed consideration of the facility if the Step 2
requirements are not achievable or the construction type is not included in the
appropriate table. The user shall use a specified flowchart to determine the
potential for total exemption. The user will then continue to appropriate flowcharts
for concrete structures or steel frame structures, as indicated.

 

Step 4

 

 — The results determined in the exemption process (Steps 1 through
3) shall be documented by and submitted to the GSA project manager for review.
This process is documented in all STANDGARD-generated progressive collapse
assessment reports.

 

9.4.2.2 Analysis and Design Guidelines for Mitigating 
Progressive Collapse in New Facilities

 

The GSA guidelines (2003) for new facilities aim to reduce the potential for
progressive collapse as a result of an abnormal loading event, regardless of the
required level of protection. The outline consists of an analysis and redesign
approach intended to enhance the probability that a structure will not progres-
sively collapse (or be damaged to an extent disproportionate to the original cause
of the damage) if localized damage is induced by an abnormal loading event.
The GSA process is outlined in several flow charts and is accompanied by detailed
equations, tables, and discussions.

Generally, the guidelines address both local and global conditions that must
be handled during design and analysis. They are intended to ensure continuity
along at least two full girder spans (i.e., a double-span condition consisting of
two full bays) by requiring beam-to-beam structural continuity across a removed
column and the ability of girders and beams to deform in flexure well beyond
their elastic limits without inducing structural collapse. Designers are required
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to show that a proposed design ensures redundancy and beam-to-beam continuity
across a removed column and that gravity loads can be redistributed for a multiple-
span condition. Also, one must show that a proposed beam-to-column connection
system can mitigate the effects of an instantaneous column loss through ductile
behavior.

The selected beam-to-column-to-beam connection configuration must pro-
vide positive, multiple, and clearly defined beam-to-beam load paths. Only steel
frame beam-to-column connection types that have been 

 

qualified 

 

by full-scale
testing should be used in the design of new buildings to mitigate progressive
collapse. The ability of a girder or beam to structurally accommodate a double-
span condition created by a missing column scenario is considered 

 

fundamental

 

in mitigating progressive collapse. The GSA (2003) included detailed discussions
for calculating steel connection strength demands, the locations of plastic hinges,
and the corresponding rotations. Redundant lateral and vertical force-resisting
steel frame systems are preferred to promote structural robustness and ensure
alternate load paths in the case of a localized damage state.

GSA (2003) permits one to apply linear elastic static analysis to assess the
potential for progressive collapse in all new and upgraded construction. Other
analysis approaches may also be used with appropriate analysis considerations.
The recommendation is to use three-dimensional analytic models to account for
potential three-dimensional effects and avoid overly conservative solutions. Nev-
ertheless, two-dimensional models may be used provided that the general
response and three-dimensional effects can be adequately idealized. The GSA
(2003) provides specific guidelines on performing such analyses.

The analyses should cover all unique structural differences that could affect
the outcome of predicting the potential for progressive collapse, for example,
differences in beam-to-beam connection type (simple versus moment connection),
significant changes in beam span and/or size, and significant changes in column
orientation or strength (weak versus major axes), etc. GSA (2003), like DoD
(2005), specifies the location of localized damage (i.e., column removal) in both
reinforced concrete and steel structures for facilities that have relatively simple,
uniform, and repetitive layouts (for both global and local connection attributes),
with no atypical structural configurations. Facilities that have underground
parking and/or uncontrolled public ground floor areas require different interior
analyses.

The following vertical load is required to be applied downward to a structure
under investigation for static analysis:

Load 

 

=

 

 2(DL 

 

+

 

 0.25LL) (9.4)

where DL is the dead load and LL is the live load. 

 

DK3186_C009.fm  Page 386  Wednesday, January 2, 2008  2:39 PM



 

Progressive Collapse

 

387

 

9.4.2.3 Analysis and Acceptance Criteria

 

The GSA (2003) requires that the maximum allowable extent of collapse resulting
from the instantaneous removal of an exterior primary vertical support member
one floor above grade shall be confined to (1) the structural bays directly asso-
ciated with the instantaneously removed vertical member in the floor level directly
above the instantaneously removed vertical member 

 

or 

 

(2)

 

 

 

1,800 ft

 

2

 

 at the floor
level directly above the instantaneously removed vertical member, whichever is
the smaller area, as shown in Figure 9.4.

Similarly, the allowable extent of collapse resulting from the instantaneous
removal of an interior primary vertical support member in an uncontrolled ground
floor area and/or an underground parking area for one floor level shall be confined
to the smaller area of either (1) the structural bays directly associated with the
instantaneously removed vertical member 

 

or

 

 (2) 3,600 ft

 

2

 

 at the floor level directly
above the instantaneously removed vertical member, as shown in Figure 9.4.

The internal consideration is not required if there is no uncontrolled ground
floor area and/or an underground parking area present in the facility under
evaluation.

The linear elastic analysis results must be examined to identify the magnitudes
and distributions of potential demands on both the primary and secondary struc-
tural elements for quantifying potential collapse areas. Following induced local
damage, all beams, girders, columns, joints, or connections are checked to deter-
mine whether any exceeded their respective maximum allowable demands. The

 

FIGURE 9.4

 

Maximum allowable collapse areas for structure using columns as primary
vertical support system (GSA, 2003).
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magnitude and distribution of demands will be indicated by demand-capacity
ratios (DCRs), as defined in Equation (9.5).

DCR = Q

 

UD

 

/Q

 

CE

 

(9.5)

where Q

 

UD

 

 is the acting force or moment (i.e., demand) and Q

 

CE

 

 is the expected
ultimate unfactored capacity of the component. Recommended limits for DCR
values are provided by the GSA (2003). However, for other structural configura-
tions, a value of 0.75 DCR should be used (factor of 0.75 for uncertainties), and
a DCR below 1.0 shall not be required for any condition. Member ends exceeding
their respective DCR values will then be released and their end moments redis-
tributed. A five-step procedure for conducting the linear elastic static analysis
(GSA, 2003) is provided and explained in detail as follows.

 

Step 1

 

 — Remove a vertical support from the location being considered and
conduct a linear static analysis of the structure. Load the model with 2(DL 

 

+

 

0.25LL).

 

Step 2

 

 — Determine which members and connections have DCR values that
exceed the provided acceptance criteria. If the DCR for any member end or
connection is exceeded based upon shear force, the member is to be considered
failed. In addition, if the flexural DCR values for both ends of a member or its
connections as well as the span are exceeded (creating a three-hinged failure
mechanism), the member is to be considered failed. Failed members should be
removed from the model and all dead and live loads associated with failed
members should be redistributed to other members in adjacent bays.

 

Step 3

 

 — For a member or connection whose Q

 

UD

 

/Q

 

CE

 

 ratio exceeds the
applicable flexural DCR values, place a hinge at the member end or connection
to release the moment. This hinge should be located at the center of flexural
yielding for the member or connection. Use rigid offsets and/or stub members
from the connecting member as needed to model the hinge in the proper location.
For yielding at the end of a member, the center of flexural yielding should not
be taken to be more than half the depth of the member from the face of the
intersecting member, which is usually a column.

 

Step 4 

 

— At each inserted hinge, apply equal but opposite moments to the
stub or offset and member end to each side of the hinge. The magnitude of the
moments should equal the expected flexural strength of the moment or connection,
and the direction of the moments should be consistent with direction of the
moments in the analysis performed in Step 1.

 

Step 5

 

 — Rerun the analysis and repeat Steps 1 through 4. Continue this
process until no DCR values are exceeded. If moments have been redistributed
throughout the entire building and DCR values are still exceeded in areas outside
of the allowable collapse region, the structure will be considered to have a high
potential for progressive collapse.
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9.4.2.4 Material Properties and Structural Modeling

GSA (2003) has specified material properties per various ASTM standards and
the material strengths in the design may be increased by employing appropriate
strength increase factors (e.g., as per TM 5-1300, Department of the Army, 1990).
However, such material enhancement should be used only if the actual states of
the materials in the facility are well defined.

Similarly, the analytic models used in assessing the potential for progressive
collapse should be as accurate as possible to capture anticipated or existing
conditions. This includes all material properties, design details, types of boundary
conditions (fixed, simple, etc.). Any limitations or anomalies of the software
adopted for the analysis should be known and well defined. The progressive
collapse analysis is based on the appropriate removal of critical vertical elements
(columns, bearing walls, etc.) and their removal should be instantaneous.
Although the element removal rate does not affect static analyses, it may have
an important effect on structural responses in a dynamic analysis. Therefore, the
element should be removed over a time period no more than 1/10 of the period
associated with the structural response mode for the vertical element removal.
The element removal should be performed such that it does not affect the con-
nection and joint or horizontal elements attached to the removed element at the
floor levels.

9.4.2.5 Redesigns of Structural Elements

Structural configurations determined to have high potentials for progressive col-
lapse should be redesigned to a level consistent with a low potential for progres-
sive collapse. The following two-step procedure (GSA, 2003) is outlined for such
redesign.

Step 1 — As a minimum, the structural elements and/or connections identified
as deficient should be redesigned consistently with the redistributed loading
determined in this process in conjunction with the standard design requirements
of the project-specific building codes using well established design techniques.
The redesign criteria for typical and atypical structural configurations follow:

Typical structural configurations — Structural elements and beam-to-col-
umn connections must meet the DCR acceptance criteria in the design of deficient
components and connections. If an approved alternate analysis criterion is used,
the deficient components should be designed, as a minimum, to achieve the
allowable values associated with that criterion for the redistributed loading.

Atypical structural configurations — Structural elements and beam-to-
column connections must meet the DCR acceptance criteria in the design of
deficient components and connections. Note that a reduction factor of 3/4 must
be multiplied by the DCR value for atypical structures. If an approved alternate
analysis criterion is used, the deficient components should be designed, as a
minimum, to achieve the allowable values associated with that criterion for the
redistributed loading.
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Step 2 — Upon the completion of Step 1, the redesigned structure shall be
re-analyzed consistently with the previously described analysis procedure.

9.5 ADVANCED FRAME STRUCTURE ANALYSIS

9.5.1 BACKGROUND

In the previous sections, we reviewed progressive collapse phenomena and several
analysis and design approaches proposed in the U.K. and U.S. Nevertheless,
progressive collapse did not attract much attention between the mid 1970s and
the mid 1990s. Limited consideration was given to this topic until the catastrophic
explosive attack on the Alfred P. Murrah federal building in Oklahoma City and
the resulting failure that involved some aspects of progressive collapse (FEMA,
1996; Hinman and Hammond, 1997). This type of failure attracted much more
attention after the horrific terrorist attacks on the World Trade Center and the
Pentagon in 2001 (FEMA, 2002; ASCE, 2003).

One of the comprehensive studies has been used as a foundation for the
discussion of advanced research activities to elucidate progressive collapse in
steel frame structures (Choi and Krauthammer, 2003; Krauthammer et al., 2004),
as presented next.

When a change in the geometry of a structure or structural component under
compression results in the loss of its ability to resist loadings, the condition is
called instability. Advanced analysis is any method of analysis that sufficiently
represents the strength and stability behavior such that separate specification
member capacity checks are not required (Chen and Toma, 1994). The main
distinction between advanced analysis and other simplified analysis methods is
that advanced analysis combines, for the first time, the theories of plasticity and
stability in the limit states design of structural steel frameworks. Other analysis
and design methods treat stability and plasticity separately — usually through
the use of beam–column interaction equations and member-effective length fac-
tors (Liew et al., 1991). The strength of a column may be expressed by the
following modified Euler equation for critical buckling loads:

(9.6)

in which Et is the tangent modulus of elasticity at a stress Pcr/Ag, Ag is the gross
cross-sectional area of the member, KL is the effective (or equivalent pinned-end)
slenderness ratio, K is the effective length factor, L is the actual member length,
r is the radius of gyration (I/Ag)0.5, and I is the cross-sectional moment of inertia.
The tangent modulus of elasticity was used instead of the modulus of elasticity.

Failure modes of a column depend on the load, boundary condition, shape
of cross-section, and especially the slenderness ratio. If a column is long enough
(has a high slenderness ratio), it will buckle. If it is short enough (has a low

P
E

KL r
A F Acr

t
g cr g= =

π2

2( / )
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slenderness ratio), it will crush (experience a material failure). Figure 9.5 shows
a typical range of column strength-versus-slenderness ratio. Note that a column
fails at the Euler buckling load for a high slenderness ratio, while it fails at the
material failure load for a low slenderness ratio. Because the slenderness ratio is
the only factor that changes a failure mode, it is the most important factor in
calculating column strength. As this figure shows, the accurate strength of a
column can be obtained by considering the strength and stability of a member
simultaneously. Load and resistance factor design (AISC, 1994) also provides
design procedures to estimate critical column stress. Figure 9.6 depicts the critical
column stress-versus-slenderness ratios for various yield stresses. It shows that
a column fails at the yield stress if it has a low slenderness ratio and fails at a
much lower stress if it has a high slenderness ratio. These two regions are
connected by a smooth curve, implying that the transition area is affected by both
the strength and stability of a member.

Another issue is inelastic buckling (Salmon and Johnson, 1996). Euler’s
theory pertains only to situations where compressive stress below the elastic limit
acts uniformly over the cross-section when buckling failure occurs. However, in
many cases, some of the fibers in the cross-section yield when the member
buckles; this is inelastic buckling. If all fibers in the cross-section yield before
the member reaches its critical load, a material failure has occurred. Inelastic
buckling is affected by both strength and stability simultaneously. Therefore,
inelastic buckling is in the transition area in Figure 9.5 and Figure 9.6. Since
many structural members have slenderness ratios in the vicinity of the transition
area, advanced analysis is essential for obtaining accurate results.

To perform a structural analysis under these complicated conditions, equilib-
rium equations must be written based on the deformed structural geometry. This
is known as second-order analysis (Chen and Lui, 1987). The stiffness of a

FIGURE 9.5 Typical range of column-strength-versus-slenderness ratio (Salmon and
Johnson, 1996).
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structure changes as the geometry changes. If the load and deformation keep
changing or increasing, the stiffness of a structure may reach a point where the
stiffness vanishes. This is the buckling condition.

In ordinary structural analysis, the original geometry does not change even
if the load goes to an extreme value. Therefore, ordinary structural analysis cannot
capture the buckling phenomenon. A second-order analysis is essential for sta-
bility analysis, as explained above. One also needs a plastic analysis approach
for strength consideration. Therefore, a second-order inelastic analysis is required.

9.5.2 SEMI-RIGID CONNECTIONS

One very common engineering practice is to use rigid or pinned connections
between steel members for analysis purposes, but experiments have shown that
a real steel connection is neither rigid nor pinned (Kameshki and Saka, 2003).
Furthermore, these experiments have shown that when a moment is applied to a
ductile connection, the relationship between the moment and the beam column
rotation is nonlinear.

Other studies were performed to evaluate the effective length with semi-rigid
connections (Ermopoulos, 1991; Kishi et al., 1997 and 1998; Aristozabal-Ochoa,
1997; Kameshki and Saka, 2003; Liew et al., 2000). Figure 9.7 shows moment

FIGURE 9.6 Critical column stress Fcr vs. KL/r according to load and resistance factor
design for various yield stresses (Salmon and Johnson, 1996).
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rotation curves for various steel connections. A connection should be considered
as an individual member of a structure when its behavior is semi-rigid. Rotational
springs can be adopted to simulate the behaviors of semi-rigid nonlinear connec-
tions, as shown in Figure 9.8.

FIGURE 9.7 Connection moment rotation curves (Kameshki and Saka, 2003).

FIGURE 9.8 Semi-rigid plane member.
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9.5.3 COMPUTER CODE REQUIREMENTS

Two time integration techniques are available when nonlinear dynamic analysis
is performed numerically (e.g., with finite element codes): the implicit and explicit
methods (Bathe, 1996). For example, ABAQUS/Standard (implicit solver) is
designed to analyze the overall static or dynamic response of a structure, in
contrast to a wave propagation solution that can be performed with
ABAQUS/Explicit that can address local responses in continua (Hibbitt, Karlsson,
and Sorensen, 2005).

The implicit approach to obtain a solution in nonlinear analysis is achieved
by iterative methods. The iterative equations in dynamic nonlinear analysis using
implicit time integration have the same forms as the equations used for static
nonlinear analysis, except that both the coefficient matrix and the nodal point
force vector contain contributions from the inertia of the system (Bathe, 1996).
If a system is nonlinear, an iterative process such as the Newton-Rhapson method
should be used to obtain the displacement increment vector at each time incre-
ment. This procedure can be performed with ordinary structural dynamics prob-
lems. However, the situation is different in progressive collapse analysis.

The stiffness matrix is approaching a singular state if members of the system
buckle so that convergence is hard to achieve. This means that the implicit method
may not guarantee a solution when buckling problems are considered. Therefore,
another method is required to perform progressive collapse analysis, and the
explicit integration approach can be considered. The most common explicit time
integration operator used in nonlinear dynamic analysis is probably the central
difference operator (Bathe, 1996). The central difference integration operator is
explicit in that the kinematic state can be advanced using known variable values
from the previous time increment.

The key to the computational efficiency of the explicit procedure is the use
of diagonal element mass matrices that enable the efficient inversion of the mass
matrix used in the computation for the accelerations at the beginning of the time
increment. The explicit procedure requires no iterations and no tangent stiffness
matrix (Hibbitt, Karlsson, and Sorensen, 2005). A special treatment of the mean
velocities, etc., is required for initial conditions, certain constraints, and presen-
tation of results. The state velocities are stored as linear interpolations of the
mean velocities for presentation of results. The central difference operator is not
self-starting because the value of the mean velocity needs to be defined. The
initial values of velocity and acceleration are set to zero or given specific values.
The explicit method integrates through time by using many small time increments.
It is conditionally stable and the stability limit for the operator (with no damping)
is given in terms of the highest eigenvalue in the system. Explicit integration is
fast, reliable, and well suited for problems with many degrees of freedom with
extreme loads. Most of all, the explicit method does not require the inversion of
the stiffness matrix that can cause matrix singularity problems associated with
buckling.
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9.5.4 EXAMPLES OF PROGRESSIVE COLLAPSE ANALYSIS

As in a recent study by Krauthammer et al. (2004), a 10-story steel frame building
was selected as an example of progressive collapse analyses. It was designed as
an ordinary office moment-resisting frame building. Its overall properties are
listed below. Figure 9.9 shows the selected girders and columns for each frame
and Figure 9.10 shows selected beams for the roof and floors. The building was
designed based on ASCE 7 (2002) and AISC’s Manual of Steel Construction
(2003).

Building outline
10-story steel office building
Dimensions: 120 ft × 120 ft
Span length: 30 ft (4 × 4 bays in plan)
Height: 146 ft (first story: 20 ft; other stories: 14 ft)
Lateral load resisting moment frames (A–A and C–C planes in Figure 9.9)
Gravity frame (B–B plane in Figure 9.9) are non–moment-resisting frames

Location: low seismic and wind regions
Occupancy category (classification of building): II
Importance factor: 1.0 for occupancy category II
Seismic use group: I
Site class definition: D
Seismic design category: B
Exposure category: B
Basic wind speed: 90 mph

Materials
Beams, girders and columns: hot rolled shape steel (A992 with Fy = 50 ksi)
Slab: normal weight concrete (145 pcf and f′c = 4 ksi)

9.5.4.1 Semi-Rigid Connections

Connections were designed as a part of the whole building design procedures
according to requirements in AISC (2003). Two connection types were selected:
moment and shear. The moment connection was set up as an exterior girder-to-
column connection resisting lateral loads. Shear connections were used for the
assemblage of interior building parts, and typical moment and shear connections
were chosen. Loads were determined by the shear and flexural capacities of the
girders, that is, the maximum forces applied to the connections were selected
from the design shear and flexural strengths of the girders that transmit
external loads. Figure 9.11 shows typical final designs of the moment and shear
connections.
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FIGURE 9.9 Selected girders and columns for each frame.
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9.5.4.2 Analyses

Connections are characterized by the amount of restraint: fully or partially
restrained and simple connection. Moment rotation curves are generally assumed
to be the best characterizations of connection behavior. The moment rotation
curves of connections were derived from numerical simulations, as discussed in
Krauthammer et al. (2004). The curves defined properties of connector elements
in the macrosimulation of the whole structure. The main aim of this modeling
was to analyze the behavior of the designed connection details, and define con-
nector elements of the progressive collapse models in terms of moment-end
rotation relationships. Connection details were positioned at the corners of this

FIGURE 9.10 Selected beams for roof and floor.
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theoretical room model as indicated in Figure 9.12. In the same way, the middle
parts of girders and columns and the connection components were assembled as
corner configurations. The finite element models for the moment and shear con-
nections in Group II are illustrated in Figure 9.13.

The Young’s modulus of structural steel is 2.9 × 109 psi and the yield stress
is 5.0 × 104 psi. Each floor has a 3-in. thick concrete slab. Finite membrane strain
and large rotation shell elements were used to model a concrete slab. The Young’s
modulus of concrete is 3.5 × 106 psi and yield stress is 4000 psi. The concrete
slab and beam were fully connected so that the deflections were continuous
between the slabs and the beams. Steel decks and reinforcements were not
considered for simplicity of the analyses. The given loads were roof loads, floor
loads, and exterior wall loads. Gravity acceleration was applied gradually for 8
sec so that the inertial effect could be avoided. Figure 9.14 shows an overview
of the frame.

Two types of steel connections were used. The first type was an ideal con-
nection. The ideal connections were hinges and rigid connections. A hinge

FIGURE 9.11 Designs of moment and shear connections.
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connection is incapable of transferring moments from one member to another; a
rigid connection transfers moments between members without loss. The other
type of connection was semi-rigid. These connections were designed as part of
the building. The moment rotation relationships of the connections will be shown
later. These relationships were adopted for the progressive collapse analyses of
the 10-story steel frame building. There were six initial column failure cases that
were applied to both the ideal connection building and the semi-rigid connection
building. The initial column failure cases are shown in Figure 9.15.

FIGURE 9.12 Geometric model used for moment-versus-rotation relationships.

FIGURE 9.13 Numerical model of designed moment and shear connections, Group II.
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9.5.4.3 Results

The moment rotation relationships of the moment and shear connections in Group
I and II from simulation results are shown in Figure 9.16. These relationships
were used as semi-rigid connections in the progressive collapse simulations.

Twelve progressive collapse analyses cases of the 10-story steel frame build-
ing were performed. Only three initial column removal cases (Case 6) caused
total collapse of the building. Figure 9.17 shows results for Case 6 with ideal
connections. The first failure was initiated at the connection, as shown in Figure
9.17(b). As these connections broke, the floors above the removed columns started
to collapse to the ground, and this caused column buckling of the sixth floor, as
shown in Figure 9.17(c). This column buckling phenomenon initiated a horizontal
failure propagation at the sixth floor so that the whole floor collapsed. After that,
the columns in the first floor started to buckle because of the enhanced vertical
impact load and it led to the total collapse of the building. Buildings with other
failure cases did not show collapse, but several members had permanent damage
due to yielding. As noted, this building was designed to resist lateral forces and
it showed enhanced resistance to progressive collapse. Case 6 with semi-rigid
connections showed similar results. However, the building collapsed differently,
as shown in Figure 9.18.

9.5.4.4 Conclusions

The analyses described above showed interesting results. The three initial column
removals (Case 6) with ideal and semi-rigid connection cases showed different
types of total collapse. The only differences between the models were the types

FIGURE 9.14 Overview of building model.
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of connections adopted in the various cases. The collapse of the semi-rigid
connection case was caused by a cascade of local failures such as connection
failures and column buckling. However, the collapse of the ideal connection case

FIGURE 9.15 Initial column failure cases.

FIGURE 9.16 Moment–end rotation relationships of designed connections.
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was caused by column buckling in the first floor. Columns buckled on the sixth
floor because the columns on that floor were smaller than the columns on the
first to fifth floors. Column buckling on the sixth floor propagated through the

FIGURE 9.17 Case 6 with ideal connections.

(a) 0.0 sec (b) 3.94 sec

(c) 4.80 sec (d) 6.00 sec

(e) 7.20 sec (f ) 8.40 sec
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floor so that the floors from the sixth to the roof became an impact mass that
caused the total collapse of the building.

Therefore, both the columns on the first floor and the columns on the sixth
should be addressed carefully. One or two initial column removal cases did not

FIGURE 9.18 Case 6 with semi-rigid connections.
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cause collapse because the building was designed to resist lateral forces such as
moderate seismic and wind loads. Only three initial column removal cases caused
total collapse. A lateral load resistance design increased member sizes and the
responses of the same size building designed without lateral loads is expected be
much different. Therefore, the lateral load assumptions in the design process
should be considered to improve the mitigation of progressive collapse.

9.6 SUMMARY

Current provisions for mitigating progressive collapse are based on single column
removal assumptions, as discussed previously. Furthermore, they permit the
designer to apply linear elastic, elastic–plastic, or fully nonlinear analysis meth-
ods. Although such approaches will lead to more robust buildings, they highlight
two serious shortcomings:

• A single column removal approach does not represent typical damage
from an explosive attack on a building. Previous incidents have shown
that more than one column would be damaged and other structural
members are also expected to be severely damaged. Therefore, realistic
progressive collapse analyses should consider more accurately the
expected damage states associated with explosive attack conditions on
a facility.

• The use of linear elastic analysis tools will not provide results that
represent the actual behavior of a damaged building. The application
of elastic–plastic analysis tools may provide reasonable results, but
only if no geometric nonlinear effects (i.e., buckling) are involved in
the actual building response. Unfortunately, one cannot predict this
situation without a fully nonlinear analysis. Therefore, progressive
collapse mitigation should require one to use only fully nonlinear
analysis.
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Protective Design 
Approach

 

10.1 INTRODUCTION

 

This chapter is aimed at reviewing the topics covered in the previous chapters
and providing guidelines on a comprehensive protective design approach. This
information is provided to ensure that individuals involved in this field will
implement systematic and balanced approaches without overlooking issues that
must be addressed.

 

10.2 BACKGROUND

 

Protective structural design requires a sound background in fortification science
and technology, and must be performed within a comprehensive physical security
plan. The reader should realize that loading environments associated with many
relevant threats (impact, explosion, penetration, etc.) are extremely energetic and
their durations are measured in milliseconds (i.e., about one thousand times
shorter than typical earthquakes). Structural responses under short-duration
dynamic effects can be significantly different from the much slower loading cases,
requiring a designer to provide suitable structural details. Therefore, the designer
must explicitly address the effects related to such severe loading environments,
in addition to considering the general principles used for structural design to
resist conventional loads.

As a starting point, the reader should review background material on security
(AIA, 2004; ASCE, 1999, Department of the Army, 1994) and structural consid-
eration and design (ASCE, 1985; Department of the Army, 1986, 1998, and 1990).
Information from other sources can add significantly to this background (Allgood
and Swihart, 1970; ASCE, 1997 and 1999; Crawford et al., 1971 and 1974; Drake
et al., 1989; Gut, 1976; Schuster et al., 1987; Swedish Civil Defence Adminis-
tration, 1978; Swiss Civil Defense Administration, 1971 and 1977; Department
of Defense, 2003 and 2005; GSA, 2003). The works by Smith and Hetherington
(1994), Mays and Smith (1995), and the National Research Council (1995, 2000,
and 2001) also contain valuable information. They address the general issues of
weapon and blast effects on buildings and how to protect against such events.

Biggs (1964) presented an introduction to the dynamic principles of structural
analysis and design for resisting impulsive loads. More advanced treatments of
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general structural dynamics problems can be found in other texts (Clough and
Penzien, 1993; Tedesco et al., 1999; Chopra, 2001). Baker et al. (1983) provided
a comprehensive treatment of explosion hazard mitigation; Smith and Hethering-
ton (1994) covered designs of structures to resist weapon effects.

More advanced considerations of a broader range of related problems can be
found in various conference proceedings (Concrete Society, 1987; Clarke et al.,
1992; Krauthammer, 1989 and 1993; Bulson, 1994; Yankelevsky and Sofrin,
1996; Lok, 1996 and 1997; Goering, 1997; Jones et al., 1998; Langseth and
Krauthammer, 1998). Additional relevant information can be found in the pro-
ceedings of the bi-annual International Symposium on the Interaction of the
Effects of Munitions with Structures sponsored since 1983 by the German Federal
Ministry of Defense and the U.S. Department of Defense; the proceedings of the
bi-annual Explosive Safety Seminar sponsored by the U.S. Department of
Defense, Explosive Safety Board; the annual Shock and Vibration Symposium;
and the bi-annual MABS conference. Specific recommendations on the design
of industrial blast-resistant building are available in ASCE (1997). Recommen-
dations for civil defense shelters can be found in publications by several European
organizations (Swedish Civil Defence Administration, 1978; Swiss Civil Defense
Administration, 1977).

Lessons learned from recent terrorist bombing incidents (Mays and Smith,
1995; FEMA, 1996; Goering, 1997; Hinman and Hammond, 1997) include infor-
mation about the behaviors of attacked facilities, post-attack conditions, and
forensic approaches used to study these incidents. Although the following
resources were described in Chapters 1 and 5, brief summaries of their applica-
tions to protective design are provided next.

The 

 

Tri-Service Manual TM 5-1300

 

 (Department of the Army, 1990) is
intended primarily for explosives safety applications. It is the most widely used
manual for structural design to resist blast effects and is approved for public
release with unlimited distribution. The manual addresses general background,
loads, analysis, structural design, and planning for explosive safety. Allowable
design response limits for the structural elements are given as support rotations
based on an assumed three-hinge mechanism. This manual is currently under
revision.

 

Army Technical Manual 5-855-1

 

 (Department of the Army, 1986 and 1998)
is intended for use by engineers involved in designing hardened facilities to resist
the effects of conventional weapons and other explosive devices. It contains many
of the issues covered in TM 5-1300 but focuses on their military aspects. This
manual has been replaced by UFC 3-340-01 (Department of Defense, 2002).

 

ASCE Manual 42

 

 (1985) was prepared to provide guidance in the design of
facilities intended to resist nuclear weapon effects. It addresses general back-
ground, nuclear loads, analysis, structural design, and planning for various struc-
tural and nonstructural systems in protected facilities. Although the manual is an
excellent source for general blast-resistant design concepts, it lacks specific design
guidelines on structural details.
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ASCE Guidelines for Blast-Resistant Buildings in Petrochemical Facili-
ties

 

 (1997) contains detailed information and guidelines on the design of industrial
blast-resistant facilities, with emphasis on petrochemical installations. It includes
considerations of safety, siting, types of construction, material properties, analysis
and design issues, and several detailed examples. The information is very useful
for all aspects of blast-resistant design and can also be used to address physical
security.

 

ASCE Structural Design for Physical Security

 

 (1999) was a state-of-the-
practice report addressing a broad range of topics in this field. It contains proce-
dure for threat assessment, approaches for load definitions, structural behavior
assessment and design approaches, considerations of non structural systems, and
retrofit options.

 

Department of Defense

 

 [UFC 4-010-01 (October 2003) and UFC 4-023-03
(January 2005)] and 

 

GSA

 

 (June 2003) criteria are intended to meet minimum
antiterrorism standards for buildings along with the prevention of progressive
collapse. Both DoD and GSA publications recognize that progressive collapse
may be a primary cause of casualties in facilities attacked with explosive devices
and include guidelines to mitigate them.

 

DOE Manual 33

 

 is similar to TM 5-1300, as described above, but it contains
updated material based on more recent data.

 

FEMA Guidelines

 

 (December 2003) do not constitute a technical or design
manual, but contain clear and comprehensive guidelines on issues that need to
be addressed and include simple explanations. The guidelines can serve as an
effective starting point for those who wish to learn how to handle protective
construction projects.

In addition to these references, one should consider specific modifications
for addressing antiterrorist design (Mays and Smith, 1995; Drake et al., 1989;
Clarke et al., 1992; National Research Council, 1995; Ettouney et al., 1996;
Longinow and Mniszewski, 1996). Accordingly, the following steps must be
taken. First, a facility’s functions must be well defined. Then, the normal loading
environment including anticipated corresponding risks and their occurrence pos-
sibilities must be specified. The hazardous (or abnormal) loading environment
including anticipated corresponding risks and their occurrence possibilities must
be defined. Site conditions must be evaluated in light of all such data, and
influences on the design and construction approaches must be defined. Limits
must be set on the various risks and the corresponding costs. Finally, methods
must be set for ensuring quality control and facility performance requirements
(for all loading environments under consideration).

 

10.3 PROTECTION APPROACHES AND MEASURES

 

The information in UFC 4-010-01 (Department of Defense, October 2003) indi-
cates clearly the hazards to be addressed for the effective protection of personnel.
Several key design strategies are applied throughout that standard. Although they
do not account for all the measures that can be considered, the following strategies
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are the most effective and economical for protecting personnel from terrorist
attacks (in order of anticipated effectiveness).

 

“Maximize standoff distance

 

 — The primary design strategy is to keep
terrorists as far away from inhabited DoD buildings as possible. The easiest and
least costly opportunity for achieving the appropriate levels of protection against
terrorist threats is to incorporate sufficient standoff distance into project designs.
While sufficient standoff distance is not always available to provide the minimum
standoff distances required for conventional construction, maximizing the avail-
able standoff distance always results in the most cost-effective solution. Maxi-
mizing standoff distance also ensures that there is opportunity in the future to
upgrade buildings to meet increased threats or to accommodate higher levels of
protection.” As noted in Chapters 2 through 4, the standoff distance R is a key
parameter in defining blast environments. Larger values of  (or z) = R/W

 

1/3

 

correspond to much lower blast environments that reduce the levels of hazards
associated with explosive and/or ballistic attacks. If space is available around a
protected facility, maximizing the standoff distance may be the most efficient
protective measure to be implemented. These recommendations are illustrated in
Figure 10.1 and Figure 10.2.

 

“Prevent building collapse

 

 — Provisions relating to preventing building
collapse and building component failure are essential to effectively protecting
building occupants, especially from fatalities. Designing those provisions into
buildings during new construction or retrofitting during major renovations,
repairs, restorations, or modifications of existing buildings is the most

 

FIGURE 10.1

 

Standoff distance and buildings separation, controlled perimeter (Depart-
ment of Defense, October 2003).
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cost-effective time to do that. In addition, structural systems that provide greater
continuity and redundancy among structural components will help limit collapse
in the event of severe structural damage from unpredictable terrorist acts.” Build-
ing collapse is known to be associated with many casualties (e.g., Oklahoma City
in 1995, Kenya in 1998, and others). Preventing such outcomes is critical. Clearly,
both DoD (January 2005) and GSA (2003) guidelines for preventing progressive
collapse are specifically aimed at achieving this objective, as discussed in
Chapter 9.

 

“Minimize hazardous flying debris

 

 — In past explosive events where there
was no building collapse, a high number of injuries resulted from flying glass
fragments and debris from walls, ceilings, and fixtures (nonstructural features).
Flying debris can be minimized through building design and avoidance of certain
building materials and construction techniques. The glass used in most windows
breaks at very low blast pressures, resulting in hazardous, dagger-like shards.
Minimizing those hazards through reduction in window numbers and sizes and
through enhanced window construction has a major effect on limiting mass
casualties. Window and door designs must treat glazing, frames, connections, and
the structural components to which they are attached as an integrated system.
Hazardous fragments may also include secondary debris such as those from
barriers and site furnishings.” Although this book does not address the behavior
and design of blast resistant glazing systems, one can find useful information,
elsewhere (ASCE, 1999).

 

“Provide effective building layout

 

 — Effective design of building layout
and orientation can significantly reduce opportunities for terrorists to target
building occupants or injure large numbers of people.” Besides general common

 

FIGURE 10.2

 

Standoff distances and building separation, no controlled perimeter
(Department of Defense, October 2003).
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sense-type measures, one could also employ more advanced considerations, for
example, placing less important assets around a building perimeter, especially
facing the side of the building that could be more exposed to an attack. Obviously,
the more important assets should be placed farther from the building perimeter
and/or a side that could face an attack. Other measures include attention to
hallways and stairways to enable effective evacuation, rescue, and recovery.

 

“Limit airborne contamination

 

 — Effective design of heating, ventilation,
and air conditioning (HVAC) systems can significantly reduce the potential for
chemical, biological, and radiological agents being distributed throughout build-
ings.”

 

“Provide mass notification

 

 — Providing a timely means to notify building
occupants of threats and what should be done in response to those threats reduces
the risk of mass casualties.”

 

“Facilitate future upgrades

 

 — Many of the provisions of these standards
facilitate opportunities to upgrade building protective measures in the future if
the threat environment changes.”

 

10.4 PLANNING AND DESIGN ASSUMPTIONS

 

Defining the various performance criteria that a facility must meet is important
for all protective design activities. Such criteria correlate the types and magnitudes
of structural responses with various anticipated loading environments and
response specifications for the facility. These criteria are directly related to the
protective approaches, selection of structural systems, and design methodology.
Accordingly, the following general serviceability criteria are proposed as options,
but the design team may select any combination of these for a specific facility:

1. The facility will be always fully operational. The user is willing to
accept damage to the facility and/or its contents if the overall opera-
tional requirements can be met.

2. The facility will remain intact and respond elastically. The user requires
that the facility will remain undamaged after the loading event.

3. The facility is permitted to have a specified range of permanent defor-
mations, but not loss of integrity. The user is willing to accept a certain
level of damage if the facility remains an integral system (e.g., no
separation between building components, etc.).

4. The facility is permitted to have a specified range of permanent defor-
mations, but not loss of overall robustness. The user is willing to accept
a certain level of damage if the structure does not reach a state of
imminent collapse. Here, stability is ensured if additional deformation
does not correspond to lower structural resistance.

5. The facility is permitted to fail for loads that are greater than the peak
design environment. The user is willing to accept total failure if the loads
exceed a selected limit. For loads within the acceptable range, however,
the user needs to specify one of the other serviceability criteria.
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Each of these criteria may have secondary definitions that address various
aspects of the response and performance of the structure and/or its contents. The
issues of maintenance, protection of vital nonstructural systems, and post-event
recovery operations should be included. Although these issues are beyond the
scope of this chapter, they are addressed briefly. Additional information on these
issues can be found in many of the publications cited earlier.

Differences would arise in design and cost considerations if a structure would
be expected to remain fully operational during and after an anticipated loading
event, as compared with another case in which a structure must remain stable
during and after an anticipated event but permanent deformation and a specified
loss in operational capacity are acceptable. The cost of recovery and restoration
often are not included in design procedures, despite the fact that such consider-
ations may affect specific design and construction choices. Obviously, consider-
ations of structural stability and robustness must be central issues in the entire
process (Clarke et al., 1992; Choi and Krauthammer, 2002 and 2003; GSA, 2003;
Krauthammer et al., 2004; Department of Defense, 2005). Additionally, one must
also integrate post-incident recovery to enhance the ability of casualty reduction
into the design approach, as discussed by Miller-Hooks and Krauthammer (2002,
2003, and to appear).

One should emphasize that a comprehensive security plan must be established
from the start. It should include consideration of all security measures in which
structural hardening is one of the components. This should result in a layered
defense approach that will enable a facility owner to intercept possible attacks
before they can materialize. The enhanced structure should be considered as the
last defensive layer of such a system whose role is to protect the facility contents
and/or mission if an attack is carried out.

The following sections will address some of the topics noted above and related
topics that should be considered during the planning, design, construction, and
service lives of protected facilities.

 

10.5 SITING, ARCHITECTURAL, AND FUNCTIONAL 
CONSIDERATIONS

 

Similar to discussions in ASCE (1985, 1997, and 1999), siting, structural shape,
and related parameters may also play important roles in designing for physical
security. Specific guidelines on siting considerations and architectural and struc-
tural design issues are found in the recent DoD minimum antiterrorism standards
for buildings (Department of Defense, July 2002). Although the chances of a
terrorist attack directed against a facility may be very small, the consequences
when one does occur can be devastating and include but are not limited to loss
of life, property, and operations.

Certain types of buildings may attract terrorist activities more than others
(government buildings, corporate headquarters, etc.). Because of the high costs
associated with terrorist bombings, considering ways to incorporate protective
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design measures into the new buildings from the earliest design stages is worth-
while for the architect and engineer. The objective of these measures is not to
create a bunker or bomb-proof building. That would be impractical for commer-
cial structures. Instead, the goal is to find practical, cost-effective measures to
mitigate the effects of an explosive attack. The designer’s goal is to reduce the
risk of catastrophic structural collapse, thus saving lives and facilitating evacua-
tion and rescue efforts.

In discussing physical security measures implemented by architects and engi-
neers, putting these countermeasures into the context of the overall security
functions of a facility is worthwhile. Security measures can be divided into two
groups: physical and operational. Physical or passive security measures (barriers,
bollards, planters, structural hardening, site and structural three-dimensional
geometries, etc.) do not require human intervention, whereas operational or active
security measures (guards, sensors, CCTV, and other electronic devices) require
human intervention. To achieve a balanced design, both types of measures must
be implemented into the overall security of a facility.

Remember that any security system is only as strong as its weakest link.
Architects and engineers can contribute to an effective physical security system
that both augments the operational security functions and also simplifies them,
for example, by providing a design that accommodates the inspection of pedes-
trians and vehicular traffic. If these factors are not considered in the design stages,
congestion and unattractive makeshift security posts are the inevitable results. If
properly implemented, security countermeasures will contribute toward achieving
the following benefits.

 

Preventing attack or reducing its effectiveness

 

 — By making it more
difficult to implement some more obvious attack scenarios (such as parking a
truck along the curb beside a building), a would-be attacker may become dis-
couraged from targeting a facility. In addition, if a vehicle bomb cannot be
detonated near the facility, the corresponding blast load would be smaller. On the
other hand, it may not be an advantage to make a facility too obviously protected.
That may motivate a potential terrorist to escalate a threat to a higher level
(another reason not to create a bunker-like facility).

 

Delaying attack

 

 — An architect and engineer can, through proper design,
delay the execution of an attack by making it more difficult for the attacker to
reach the intended target. Such a delay would give security forces and authorities
time to mobilize their forces and ideally stop an attack before it is fully executed.
This can be done by creating a buffer zone between the publicly accessible areas
and the vital areas of the facility by means of an “obstacle course” consisting of
a meandering path and/or a division of functions within the facility.

One effective way to implement these countermeasures is to create layers of
security within a facility. The outermost layer is the perimeter. Interior to this
line is the approach zone, then the building exterior, and finally its interior. The
interior may be divided into successively more protected zones, starting with
publicly accessible areas such as a lobby and retail space, then the more private
office areas, and finally the vital functions such as the control room and emergency
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functions. The advantage of this approach is that breaching one line of protection
does not completely compromise the facility. In addition, with this approach the
design focus does not have to be the outer layer of protection, which would
contribute to an unattractive, fortress-like appearance. Each protection zone is
discussed below.

 

10.5.1 P

 

ERIMETER

 

 L

 

INE

 

The perimeter line is the outermost boundary that can be protected by the security
measures provided by the facility. In design, it is assumed that all large-scale
explosive weapons such as car or truck bombs will be used outside this line of
defense. This line should be defended by both physical and operational security
methods. The recommendation is to locate a perimeter line as far away from a
building exterior as is practical. This is an effective way to limit building damage
because the pressure generated by an explosion is inversely proportional to the
cube of the distance from the explosion. In other words, if we double the distance
from the building to the explosive source, the over-pressure is reduced by roughly
a factor of eight.

Many buildings thought to be vulnerable to terrorist attack are in urban areas
where only the exterior walls stand between the outside world and the facilities.
The options in these cases are limited. The perimeter line often can be pushed
out to the edge of the sidewalk by means of bollards, planters, and other obstacles.
To push this line even farther outward, restricting parking along the curb may be
arranged with the local authorities or street closing may be an option. One might
also consider the use of structurally composite blast-resistant and energy-absorb-
ing panels to enhance and protect exterior walls (Krauthammer et al., 1997). The
use of steel plates and/or special fabrics placed on the interiors of the external
walls may be useful (Eytan and Kolodkin, 1993).

Off-site parking is recommended for facilities vulnerable to terrorist attack.
but imposing such a restriction is often impractical. If on-site parking or under-
ground parking is used, one should take precautions to limit access to these areas
to only the building occupants and/or have all vehicles inspected. Parking should
be located as far from a building as practical. If an underground area is used, one
should consider a space next to the building rather than directly underneath it.
Another measure is to limit the sizes of vehicles that can enter by imposing height
or weight limitations.

Barrier walls designed to resist the effects of an explosion can sometimes
reduce pressure levels acting on exterior walls. However, these walls may not
enhance security because they prohibit observation of activities occurring on their
other sides. An anti-ram knee wall with a fence may be an effective solution.

 

10.5.2 A

 

CCESS

 

 

 

AND

 

 A

 

PPROACH

 

 C

 

ONTROL

 

Access and approach control is the controlled access to a facility through a
perimeter line. Architects and engineers can accommodate this security function
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by using design strategies that would make it difficult for a vehicle to crash onto
the site. Example strategies include the use of barrier walls and other devices and
ensuring that the location access points are oblique to oncoming streets so that
vehicles cannot gain enough velocity to break through these stations. If space is
available between the perimeter line and the building exterior, much can be done
to delay an intruder. Examples include terraced landscaping, reflecting pools,
staircases, circular driveways, planters, and any number of other obstacles that
make it difficult to reach a building rapidly.

 

10.5.3 B

 

UILDING

 

 E

 

XTERIOR

 

The focus at a building exterior shifts from delaying intruders to mitigating the
effects of an explosion. The exterior envelope of the building is the most vulner-
able to an exterior explosive threat because it is the part of the building nearest
the weapon. It also is a critical line of defense for protecting the occupants. The
design philosophy to be used is “simpler is better.” Generally a simple geometry
with minimal ornamentation (which can become airborne during an explosion)
is recommended. If ornamentation is used, it should consist of a lightweight
material such as wood that is likely to become a less lethal projectile than bricks
or metal.

The shape of a building can affect the overall damage to the structure. Airblast
may be thought of as a wave that washes over and around a building, like a wave
at the seashore washing over a box. As an example of the effect of shape on
response, a U- or L-shaped building may trap a wave and exacerbate the effect
of an airblast. Therefore, it is recommended that reentrant corners be avoided.

The issue of material to be used for exterior walls must be carefully evaluated.
Depending on the level of protection selected, an exterior wall can be designed
to survive or fail in response to an explosion. Cast-in-place reinforced concrete
is an effective material for designing an exterior wall to survive relatively high
pressure levels. Thick reinforced concrete walls with continuous reinforcement
on both faces will afford a substantial level of blast protection. Wall thicknesses
and the amounts and types of reinforcements must be determined for specific
threats, as discussed in Chapter 4 of ASCE (1999). If blast-resistant exterior walls
are used, the loads transmitted to the interior frame should be checked. If a frame
structure is used, redundancy of the system will increase the likelihood of miti-
gating response. For instance, the use of transfer girders on exterior faces of a
building should be carefully evaluated.

On the other end of the spectrum are curtain walls, which are highly vulner-
able to breakage and not recommended. The responses of cladding panels to blast
and their design considerations were studied by Pan and Watson (1998) and Pan
et al. (2001). Their findings are useful in improving the performance of such
systems. Although unreinforced masonry has substantial inertia, it also has little
resistance to lateral forces. If masonry is used, it should be reinforced in both
vertical and horizontal directions. Starr and Krauthammer (2005) reported on a
study to assess impact load transfer between cladding panels and structural
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frames. They found that a transmitted load could be modulated considerably by
a cladding system and that the loads transmitted to a structural frame could be
much smaller than the full impact loads. Clearly, the type of cladding and its
attachment to the structural frame should be carefully addressed during the
planning and design phases.

Windows are typically the most vulnerable portions of any building; this issue
is addressed in more detail in Chapter 5 of ASCE (1999). While designing all
windows to resist a large-scale explosive attack may be impractical, limiting the
amount of glass breakage to reduce the injuries is desirable. Annealed glass breaks
at low pressure levels (0.50 to 2.0 psi) and the shards created by broken windows
are responsible for many injuries due to large-scale explosive attack.

To limit this danger, several approaches can be taken. One is to reduce the
number and size of windows, thereby limiting the number of lethal shards created.
In addition, smaller windows will generally break at higher pressures than larger
windows, making them less prone to breakage. If blast-resistant walls are also
used, fewer and/or smaller windows will cause less airblast to enter a facility.
For example, one can limit the number of windows on lower floors where the
pressures are expected to be higher because of an external explosive threat.
Another idea is to use an internal atrium with windows facing inward rather than
outward or clerestory windows near ceilings, above the heads of occupants. The
information in ASCE (1999) can be used to enhance the protection provided by
existing or new windows by selecting an appropriate glazing system and attaching
it well into the window supports, using stronger window frames and attaching
them well into the structural system, and using special catcher systems that can
prevent window debris from flying into protected spaces.

In addition to studying the placements and sizes of windows, it is possible
to use more resistant types of glass or a glass that fails in a less lethal mode.
Options in this category include tempered glass, laminated glass, or glass/poly-
carbonate security glazing. Tempered glass breaks at higher pressure levels and
also breaks into cube-shaped, possibly less lethal pieces. Laminated glass has
been shown to hold shards together and deform before breaking. Glass/polycar-
bonate glazing is typically sold as bullet-resistant glazing and can resist high
pressures. If polycarbonate is used on an exterior face, care must be taken to
ensure that the surface is not prone to scratching, clouding, or discoloring. Gluing
security films onto existing windows can enhance the level of protection by
keeping the debris in larger pieces. Each of these products has advantages. Their
manufacturers should be consulted before a decision is made.

Windows, once the sole responsibility of an architect, become structural issues
when explosive effects are taken into consideration. When considering the instal-
lation of special window lights, the structural designs of mullions, frames, and
supporting walls must be checked to ensure that they can hold the windows in
place during an explosion. It is pointless to design windows that are more resistant
than their supporting walls.

Two measures that may be considered for the retrofit of existing windows
are polyester film coating on the inside faces combined with cross-bars to stop
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the retrofitted glass from entering protected spaces or blast curtains to stop shards
from entering protected spaces. Again, window manufacturers must be consulted
regarding the tendency of their materials to scratch, delaminate, cloud, or discolor.

 

10.5.4 B

 

UILDING

 

 I

 

NTERIOR

 

The protection of a building interior can be divided into two categories (National
Research Council, 1995; Mays and Smith, 1995): the functional and structural
layouts. As for functional layouts, public areas such as the lobby, loading dock,
and retail area must be separated from the more secured areas of the facility. For
an effective design, the evaluation of the impact on the structural integrity of a
building arising from the detonation of a weapon in the public areas is recom-
mended. Spaces next to the exterior walls and on the lower floors must be
examined as well. One way of protecting occupants is to place stairwells or
corridors rather than office spaces beside the exterior walls to provide a buffer
zone.

False ceilings, Venetian blinds, ductwork, air conditioners, and other equip-
ment are vulnerable to becoming airborne in an explosion. A simple design that
can limit these hazards should be adopted. Examples include placing heavy
equipment such as air conditioners near floors rather than near ceiling, using
curtains rather than blinds, and using exposed ductwork as an architectural device.

As for structural layouts, good engineering practice recommends that the bays
of a building be kept to dimensions less than or equal to 10 m. Since outer bays
are more vulnerable to collapse than inner bays, reducing the depth of outer bays
is worthwhile. One should also use multiple interior bays to limit collapse hazards.
Proper reinforcement for these members may be determined by using dynamic
structural analysis techniques.

Progressive collapse measures should be implemented to ensure that damage
is limited to the vicinity closest to an explosive source, as discussed in Chapter
9. Some methods for limiting progressive collapse in the design of new buildings
include:

• Good plan layout: reduce spans throughout the width of a building.
• Returns on walls to increase structural stability.
• Two-way floor systems designed with dominant and secondary support

systems. If the support in the dominant direction is lost, members can
transmit the load in the secondary direction.

• Load-bearing internal partitions placed such that the slabs above them
can adequately transmit the load to the partitions in their secondary
direction.

• Enabling catenary action of floor slab, girders, and support beams. If
the internal partitions are not available for support, the floor slab is
designed to transmit the load as a catenary.

• Beam action of walls; walls are designed as beams to span an opening.
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Protection of nonstructural systems is often not considered when facilities are
assessed or designed to resist explosive loads (National Research Council, 1995;
Mays and Smith, 1995). This lack of consideration may produce very serious
consequences. For example, elevator shafts can become chimneys in case of an
explosion, transmitting smoke and heat from the explosion to all levels of the
building. This situation can hinder evacuation and increase the risk of injury due
to smoke inhalation. Similarly, emergency functions such as sprinkler systems
and generators are critical for mitigating the effects of an explosion.

Elevator shafts and emergency functions should be located away from vul-
nerable areas such as underground parking facilities and loading docks. Further-
more, system redundancy and the separation of different types of utilities and
systems should be regarded as critical issues. Obviously, all vital support systems
can be damaged if placed in one location such as a utility room. Distributing,
separating, and protecting such systems is recommended so that emergency
services would be functional if an incident occurred. The attention to such systems
must not be limited to the interior of a building. It is often possible to disrupt
utilities (water, power, communications, ventilation) by damaging sites located
outside a building (e.g., hook-up vaults and exhaust and intake shafts). All such
systems should be included in a comprehensive physical security assessment and
designed accordingly.

 

10.5.6 P
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Designers should consider the requirements to ensure effective post-attack rescue
operations. All such operations include two important features: protection and
evacuation. Persons in a building must be protected both during and after an
incident. Typically, bombing incidents (or accidents) are unannounced and rescue
operations (especially in large, heavily damaged facilities) must be conducted under
very difficult circumstances. Persons who cannot exit without help must be sheltered
until rescue personnel can remove them. Designers may wish to consider “safe
havens” that can serve as temporary shelters. Such areas should be better protected
than typical facility interiors and should include emergency supplies and services.
For cost effectiveness, these areas could be designed to fulfill dual roles: to support
normal activities and act as safe areas in an emergency. Additionally, evacuation
routes and communication and other support equipment and services should be
well designed to enable safe and efficient rescue operations.

 

10.6 LOAD CONSIDERATIONS

 

A structural design must be developed for selected design-based threats (DBTs)
and should address an appropriate combination of relevant threats and corre-
sponding loading environments. Detailed discussions of threats and loading envi-
ronments are presented in Chapters 1 through 4 and in relevant references (Baker

 

DK3186_C010.fm  Page 417  Wednesday, February 21, 2007  7:59 AM



 

418

 

Modern Protective Structures

 

and Baker et al., 1983; Department of the Army, 1986 and 1990; Henrych, 1979;
Johansson and Persson, 1970; Persson et al., 1994; Vrouwenvelder, 1986; Zukas
and Walters, 1998). The load definition must be a preliminary step in the design
process. Many such loads can be derived by employing the procedures contained
in various design manuals. The application of computer codes for such purposes
introduces many advantages.

One such code based on the procedures in TM 5-855-1 (Department of the
Army, 1986) is ConWep (Hyde, 1992). Note that design manuals and even
computer codes are approximations and that care should be taken when using
these analysis tools. It also should be noted that the possibility of fire following
an explosion must be considered in the design process, although this subject is
not addressed herein. The following brief discussion of loading considerations is
provided as a background summary to the overall design process.

An impulsive load has a short duration compared with a characteristic time
T (i.e., natural period of the structural element) for a loaded structure. Such loads
are often generated by high explosives or detonating gases. Blast effects, espe-
cially from explosive devices, are often accompanied by fragments, either from
the explosion casement or miscellaneous debris engulfed by the blast wave. Blast
parameters from spherical high-explosive charges in open air are well known and
can be found in various handbooks and technical manuals, as explained in pre-
vious chapters. Such data are usually given for TNT charges; however, transfor-
mations to other explosives are also provided. Equivalence factors are provided
for different kinds of explosives and for different effects with the same explosive.
When an airblast is reflected by a nonresponding structure, a significant pressure
enhancement is achieved (perhaps two to eight times the incident pressure) and
such reflected pressures should be used as the load on the structure. For detona-
tions in complex and/or nonresponding structural geometries, accurate determi-
nation of such parameters can be achieved with available computer programs.
Currently, no accurate computer programs can predict load parameters for
responding structural models.

Due to the lack of physical data, certain types of explosive loads cannot be
determined accurately and the information available in various design manuals
is based on estimates. This is particularly true when an explosive charge is placed
very near or in contact with a target to produce combined effects of airblast and
fragments and also applies to nonstandard explosive devices. Explosive charges
of shapes other than spherical or cylindrical will not yield pressure distributions
with rotational symmetry and the information provided in design manuals should
be used cautiously for such cases. This difficulty is particularly true for close-in
explosions; its importance diminishes significantly for more distant explosions.
Usually this effect can be ignored for scaled distances larger than 1 ft/lb

 

1/3

 

 (ASCE,
1985, 1997, and 1999). However, some experimental data for cylindrical charges
suggest that this effect should be ignored for scaled distances larger than 2 ft/lb

 

1/3

 

.
When addressing the effects of explosions, consideration must be given to

whether a device is encased and to the position of the explosive device relative
to the target structure. Variations of each parameter will affect the loading
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conditions, the responses of structural elements and systems, and the correspond-
ing damage as shown in Figure 10.3.

The relative position of a device has three components: standoff distance,
lateral position relative to the target (for certain conditions), and elevation or
height of burst. Fragments will be generated when the explosive charge is encased
and the fragmentation process will absorb part of the detonation energy (and
somewhat lower the blast pressures). Fragments or debris also can be generated
from damaged structural components, and they may impact other structural ele-
ments. The coupled effects of blast and fragments are not well understood. 

Fragments and blast generated by a cased charge ordinarily propagate with
different velocities. The blast travels faster than fragments near to the charge.
However, because blast velocity decays faster than fragment velocity, the frag-
ments will arrive first farther away from the charge. At a larger distance, because
of drag effects, the fragment velocity may decrease below the blast velocity.
Obviously, at close-in conditions, the coupling of blast and fragments may expose
a structure to more than twice the impulse from the blast alone, and such coupling
is a major concern to designers. However, with a close-in explosion, the damage
is more likely to be localized (breaching) rather than global (flexural). Further-
more, if fragments load the structure first, the blast wave may load a damaged
facility and a lower structural capacity should be considered.

In addition to damaging structural elements, fragments may penetrate them
and affect people and/or property located in a facility. Penetration calculations
can be done using the various design manuals mentioned earlier or with compu-
tational support tools. ConWep (Hyde, 1992) is one such code, but hydrocode
calculations may be required for advanced analyses. These issues must be con-
sidered during project assessment and design.

Regardless of whether an explosive is encased, the effect of the standoff
distance on blast loading is considerable. When a blast source is a considerable
distance from a target, the blast wave will engulf the structure uniformly;

 

FIGURE 10.3

 

Combined effects of blast and fragments (Department of the Army, 1990).
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conversely, short standoff distances lead to significant pressure differentials across
the structure. Furthermore, for a similar charge weight, the greater standoff
distance causes a longer loading duration than the shorter standoff distance. The
result of the increased standoff distance leads to a more global response of the
structure.

A structure’s lateral bracing system will also show greater response to this
loading, and the nonresponding structural elements (walls, beams, and columns)
will fail in more of a flexural manner. When an explosion is very close to a target,
the loading characteristics change and become difficult to predict. The loading
is very concentrated on the target surface nearest the point of detonation, and
dissipates very quickly for locations away from that point. The effect of this
loading leads to localized failures such as the breaching of some exterior wall
sections or shear failures of beams or column sections.

Equally important for close-in explosions is the fact that the load durations
are relatively short and highly impulsive. The lateral bracing system is unable to
respond since the intense loading has dissipated by the time the structure reaches
its peak response. One final point about close-in explosions is that if a bomb is
large enough, a structure can experience an upward force, in essence putting the
columns and their connections in tension. For this condition to occur, a bomb
must be very large and a structure lightweight.

While it is understood that a bomb could be located at any position along a
target face, its position relative to the lateral bracing system plays a significant
role in determining the effectiveness of the bracing system. This is particularly
true when the standoff distance is small; the localized load may not sufficiently
engage the bracing system, causing considerable localized damage. With a large
standoff distance, the blast wave is uniformly distributed across the target face
and is thus more likely to engage the bracing system. When laying out a structure
and performing analysis, proper placement of lateral bracing systems must be
considered to ensure the structural integrity of a structure under these diverse
loading conditions. As mentioned above, the effects of close-in explosions are
difficult to predict due to lack of data.

The third scenario concerning standoff distance is the contact burst or zero
standoff distance. Analysis of this condition requires a hydrocode calculation and
detailed knowledge of material properties because data for this condition are not
available in typical design manuals.

The last spatial component is the elevation or height of burst of an explosive
device. The threats and loading environments presented in Chapters 3 and 4 are
aimed primarily at above-ground facilities for which ground shock (explosive
loads generated in and/or transmitted through the ground) is not a serious concern.
Nevertheless, designers may need to consider such effects for specific cases.
Ground shock data depend on various soil properties; information can be found
in the manuals cited above. Krauthammer (1993) noted that the scatter in ground
shock test data is higher, as compared with airblast data, and such scatters should
be considered in the design process. This can be noted also when reviewing the
treatment of ground shock in typical design manuals (ASCE, 1985; Department
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of the Army, 1986 and 1998) in which large uncertainty values were assigned to
the empirical approaches.

Free-field pressure from buried charges depends not only on the explosive
charge but also on the properties of the soil (compressibility strength, stiffness,
hysteretic behavior, moisture content). Existing data show considerable scatter,
and this introduces difficulties in a structural analysis. The consideration of
nonspherical charge shapes and casing adds to the complexity. Furthermore,
soil–structure interaction considerations can lead to highly nonlinear problems
and the use of advanced computer codes may be required (Department of Defense,
June 2002).

The above discussion involves explosive attacks on a structure from the
outside (external explosions). While many blast load definitions issues remain
consistent for interior explosions, some points must be addressed. First, TM
5-1300 (Department of the Army, 1990) contains extensive guidelines on calcu-
lating pressure–time histories from contained explosions under different condi-
tions. Another important issue is the reflection of a blast wave off of adjacent
structural surfaces. Such surfaces are considered as nonresponding and the cor-
responding pressures would not be accurate. The reflective pressures can further
damage a target element that has diminished structural capacity due to the initial
blast wave. If the reflected standoff distance is larger than the direct target standoff
distance, the net result can be little or no additional damage. The obvious solution
for eliminating the potential for damage due to reflective loading is to provide
sufficient venting for high-risk areas. Venting can be achieved through the creation
of open space or with blast relief panels. Additional information on such features
can be obtained also from various insurance companies who handle industrial
customers with explosive safety hazards.

Various design manuals contain simple models for calculating explosive loads
under containment conditions (i.e., explosions in closed, simple geometry vol-
umes), as discussed in Chapter 3. Few data are available for enclosed explosions
in complicated geometries and/or containment structures that are responding
systems. It has been observed experimentally, however, that internal explosions
cause longer duration pressure–time histories.

For such conditions, special computer codes must be used for deriving pres-
sure–time histories at various locations within a facility. Typically, the pressure
may not be uniformly distributed on the structure, and the spatial distribution
must be considered in the design process. Failing to consider nonuniform pres-
sure–time distributions may lead to nonconservative design. The design manuals
cited earlier contain models for pressure distributions in tunnels and consider-
ations for geometric variations along tunnels (i.e., cross-sectional changes, expan-
sion chambers, bents). Such models were derived for long-duration blast waves.
The corresponding information for short-duration blasts in complex geometries
may not be as detailed. It should be noted, however, that conventional explosives
can cause long-duration blast waves in tunnels since the pulse duration increases
with propagation distance along the tunnel.
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For gas explosions, an additional problem may be the difficulty to specify
adequately the initial gas cloud geometry and conditions when a detonation of
deflagration occurs. This problem becomes even more complicated for a gas explo-
sion within a facility, when one must consider the geometrical effects of the deto-
nating system, the pressure–structure interaction, and the effects of confinement.

For design purposes, the design manuals cited above should be used and care
should be taken to select the case closest to the problem under consideration, as
discussed in previous chapters. If the differences between the available informa-
tion and the expected environmental conditions are significant, a designer should
consider the use of computer simulations to obtain additional data. When con-
tained explosions are under consideration, the application of controlled venting
(i.e., by incorporating blowout panels that will enable the release of hot gas and
explosion byproducts to the outside) should be explored.

The loads discussed above are dynamic in nature and can be loosely compared
with the two other dynamic loading conditions, earthquake, and wind. Like
seismic and wind loading, blast loads are high-energy, nonuniform events whose
maximum force and timing remain difficult to predict. These events strongly
differ in how they are applied to a structure. Both wind and seismic loads engage
an entire structure, forcing the uniform global movement of the structure, whereas
blast loadings typically remain localized and do not necessarily engage an entire
structure.

 

10.7 STRUCTURAL BEHAVIOR AND PERFORMANCE

 

All the design manuals cited above use only approximate single-degree-of-free-
dom (SDOF) mass–spring–damper systems for the calculations of dynamic struc-
tural response parameters. Although such calculations can also be achieved with
more advanced computational approaches, the current design procedures are still
based only on SDOF calculations. Accordingly, the discussion in this book will
emphasize the dynamic structural behaviors represented by SDOF models while
addressing other structural analysis techniques in less detail.

This discussion is aimed at highlighting some important aspects of structural
behavior under severe short-duration dynamic loads. Although considered an
approximate approach, SDOF calculations have been shown to provide good
accuracy in support of design activities (Krauthammer, 1993; Krauthammer et
al., 1996 and 2004). Nevertheless, readers can find discussions about the appli-
cations of more advanced computational approaches in Pilkey (1995), in confer-
ence proceedings and books on structural dynamics as cited above, and in pro-
ceedings of specialized meetings (Krauthammer et al., 1996). 

The main concept in approximate SDOF calculations is the need to establish
a relationship between load and structural response (i.e., cause and effect). In the
linear elastic static domain, the equation for an SDOF mass–spring–damper
system as shown in Figure 10.4 is given by Hooke’s law in which F is the
magnitude of the applied load, K is the structural stiffness, and x is the corre-
sponding deflection. The external force is resisted only by the spring, and the
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mass and damper do not contribute to this equation. In the dynamic domain, the
corresponding equation of equilibrium is given by:

(10.1)

F, K, and x were defined above (here, however, the force is time-dependent). M
is the mass, C is the damping coefficient, and and are the acceleration and
velocity, respectively.

The differences between the static and dynamic cases arise from the effects
of inertia and damping that do not participate in the static response.
Usually, the effect of damping is small, but the inertia effect may be significant
and can dominate the response whenever loading durations are much shorter than
structural response times. 

Furthermore, unlike the static case where the magnitudes of force and stiffness
determine directly the corresponding deflection, in the dynamic domain the
response (deflection, velocity, and acceleration) is obtained by solving Equation
(10.1). The system response will depend not only on the magnitude of the force,
but also on the relationship between dynamic characteristics of the force and
frequency characteristics of the structure. A detailed discussion of these issues is
presented in Chapter 6 and other references (Biggs, 1964; Clough and Penzien,
1993; Tedesco, 1999; ASCE, 1985). The various design manuals cited above
contain dynamic response charts and tables based on SDOF considerations, and
these can be used for design, as discussed in previous chapters.

Based on this simplified approach, a designer must determine the following
parameters as part of the design process: loading conditions, structural mass,
structural damping, and structural stiffness (or resistance for nonlinear systems).
These parameters are used for evaluation of the expected response and are varied
until the design meets the present behavior criteria. It should be noted that

 

FIGURE 10.4

 

Single-degree-of-freedom model.

F(t)

M

C
K or R (x)

F(t) Mx Cx Kx= + +�� �

��x �x

Mx�� Cx�

 

DK3186_C010.fm  Page 423  Wednesday, February 21, 2007  7:59 AM



 

424

 

Modern Protective Structures

 

damping effects can be ignored during initial analysis considerations, as noted
in the various design manuals.

 

10.8 STRUCTURAL SYSTEM BEHAVIOR

 

Structural members, when subjected to extreme loads, are expected to respond
inelastically. This inelastic response mobilizes the fully plastic or ultimate capac-
ity of the section, at which point no additional load can be resisted. Indeterminate
structures are better able to redistribute additional loads to the remaining undam-
aged stiffer elements, whereas determinate structures undergo unrestrained defor-
mation. The nonlinear response depends on the redundancy of the structure, its
ability to provide multiple load paths if a localized plastic behavior develops, and
the capacity of the structure to deform until the load is removed. This inelastic
deformation capacity is termed its ductility and may be calculated as the ratio of
ultimate deformation to yield deformation (or the ratio of ultimate rotation to
yield rotation).

The ductility of a member is typically associated with its capacity to dissipate
significant amounts of inelastic strain energy and is an indicator of the extent to
which a structure may deform before failure. Redundancy and ductility both
contribute to the post-elastic capacity of a structure to resist extreme loads. The
ability of a section to attain its ultimate capacity and continue to maintain this
level of response while deforming plastically requires an attention to details. The
section must be properly detailed to ensure that it can withstand the large defor-
mations associated with plastic behavior while maintaining its level of resistance.
Ultimately, if the loading persists and produces deformations that exceed the
ductility limits or rotational capacities associated with the material and construc-
tion, the section will fail.

When subjected to extreme loads, structures may fail in a variety of ways.
Depending on the characteristics of the loading, proximity, and intensity of the
blast to a structural member, the response of a structure will determine the
resulting mode of failure. A contact or close-in explosion produces a cratering
effect on the near side of the element and spalling on the opposite face. These
two damage mechanisms weaken the section, and when the zone of spall overlaps
the cratered region the section is breached. The capacities of different materials
to resist cratering, spalling, and ultimately breaching dictate the thickness required
to maintain structural integrity. Typically, material behavior dictates the modes
of deformation and the resulting patterns of failure. Other modes of local failure
that may result from direct blast involve shear failures.

Typically, concrete materials are weak in tension. When subjected to a prin-
cipal tension that exceeds the tensile capacity of the material, the reinforcing steel
that crosses the failure plane holds the aggregate together, allowing shears to be
transferred across the section. When the capacity of the reinforcing steel is
reached, its ability to hold the sections together across the failure plane is dimin-
ished and the ability of the section to resist shear is lost. Similarly, flat plate slabs
must transfer the loads to the columns through shear at the column–slab interface.
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Although the area of this interface may be increased by means of drop panels,
dowel action, and shear heads, the capacity of a slab to transfer the load to the
columns is limited by the shear capacity of the concrete. Extreme loads on short
deep members may result in a direct shear failure before the development of a
flexural mode of response. This direct shear capacity is typically associated with
a lower ductility and a brittle mode of failure.

Each of the preceding modes of failure is associated with a fundamental
frequency of response and therefore influences the characteristics of the load that
the member feels. The dynamic response of the structural element to the transient
blast loads will determine how much deformation the element undergoes. The
dynamic response analysis may be a multiple-degree-of-freedom finite element
representation of the structure; however, in the design of conventional structures
to respond to blast loads, this is often unnecessary.

As stated earlier, SDOF representations of the structural response, in which
the analyst has postulated the anticipated mode of response, are effective and
efficient methods of accounting for the transient nature of blast loads. Principles
of elementary vibration analysis reveal the de-amplification of response that
results when a short-duration load is applied to a flexible system. Highly impulsive
loads are no longer acting on a structure by the time the structure reaches its
peak response and the system may be idealized by a spring mass system set into
motion by an initial velocity. Stiffer structural elements or modes of deformation
associated with higher frequencies of response may respond to the same blast
environment with a greater dynamic amplification factor. However, the charac-
teristics of the higher frequency system will determine the peak deformations
associated with the transient loading. Therefore, considering an elastic, rigidly
plastic SDOF analogy for each of the various modes of failure will provide a
reasonable means of determining the dynamic response of the element and its
ability to deform within prescribed limits. Each analogy, however, depends on
the proper detailing of the section to guarantee that the capacity can be achieved
and the ultimate deformation can be withstood.

It was noted previously that the following four characteristic parameters must
be known about a structure under consideration to employ an SDOF model of
the structure: equivalent load F(t), mass M, stiffness K, and damping (ignored in
most design manuals). Mass and stiffness parameters for the structural system
under consideration are selected on the basis of the type of problem, load source,
type of structure, and general conditions for load application to the structure, for
example, localized load on a small part of the structure, a distributed load over
a large part of the structure, etc., and the expected behavioral domain (linear
elastic, elastic–perfectly plastic, nonlinear, etc.). The general approach for select-
ing such parameters has been discussed in detail by Biggs (1964), and most design
manuals contain similar procedures. Neither Biggs nor the design manuals pro-
vide information on the treatment of fully nonlinear systems by SDOF simula-
tions. Using such modified SDOF approaches has been shown to enhance the
recommended design manual procedures, and they can be employed for analysis
and design (Krauthammer et al., 1990).
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One should distinguish between structural elements that are sensitive to
pressure and those that are sensitive to impulse, as addressed in Chapters 6 and
8. This leads to the introduction of the pressure–impulse (P-I) diagram concept.
The basic idea of a P-I relationship is not new. It is a direct outcome of applying
a pressure pulse to a linear SDOF oscillator. One can compare the structural
responses of different elements with the ratio t

 

d

 

/T in which t

 

d

 

 is the duration of
the applied load and T is the natural period of the element. The reader is reminded
that T = 2

 

π

 

/

 

ω
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. K and M are the stiffness and mass for the
equivalent SDOF, respectively. 

It can been shown that if t

 

d

 

 >> T, a structure will reach its peak displacement
well before the load has diminished. Here, one can use the principle of energy
conservation and show that the limiting peak displacement will be equal to twice
the static displacement (x

 

max

 

/x

 

st

 

 = 2). This behavioral domain has been called
quasi-static or pseudo-static. If, however, t
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<< T, the load will diminish well
before the structure reaches its peak displacement. Again, one can use the prin-
ciple of energy conservation and show that the limiting displacement ratio will
be x

 

max
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 = 0.5 
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. This behavioral domain is defined as impulsive. When t

 

d

 

 

 

≈

 

T, the behavior is defined as dynamic and one needs to perform a dynamic analysis
for deriving the structural response values. Furthermore, one can combine the
information presented above into a normalized P-I diagram, as illustrated in
Figure 10.5, and it can be used to define the type of expected response in a
particular structure.

This approach enables designers to select appropriate analysis and design
approaches for a particular case. This basic concept can be expanded by selecting
different linear oscillators, each representing a different type of structural element,
for deriving specific P-I diagrams for each case. Then, each element in the
structure under consideration could be evaluated independently, and such indi-
vidual behavior characteristics also could be used for high-explosive damage
assessment.

Original P-I diagrams were based on deriving two theoretical asymptotes for
the impulsive and quasi-static domains, and drawing arbitrary hyperbolas tangent
to those asymptotes. Oswald and Skerhut (1993) describe the computer code
FACEDAP, which is based on this approach and provides an approximate method
to determine building vulnerability to explosive events. Damage calculations were
made in two steps. First, damage in each structural component (beams, columns,
walls, etc.) is calculated using P-I graphs that define various levels of damage.

These P-I curves are developed to predict component blast damage based on
element type, structural properties, and blast loading environment. The levels of
damage can be correlated with specific levels of protection, as discussed in other
references (ASCE, 1999; Marchand et al., 1991). The damage calculated for each
structural element can be combined in a weighted manner to derive a percentage
of building damage. Building repairability and reusability are computed in a
similar process. A similar approach was presented and discussed by Smith and
Hetherington (1995). It is based on various approximate assumptions and should
not be used for final design or for cases that require high degrees of accuracy.
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Nevertheless, the advanced treatment for deriving P-I diagrams, as presented in
Chapter 8, provides innovative and accurate approaches for applying this concept
in analysis and design.

Although each element within a structure responds locally to the blast load,
the vertical and transverse loads imparted to the various structural elements must
ultimately be carried to the foundation. This global capacity of a structure to
locally resist direct loads and transfer them from element to element to the
foundation is a less intense but not less demanding design criterion.

An earthquake shakes a structure over its entire foundation, developing iner-
tial loads in proportion to the mass distributed throughout the building. Blast

FIGURE 10.5 Pressure–impulse diagram concept (Soh and Krauthammer, 2004).
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loads are typically applied to a facade with a local intensity that diminishes with
range. The overall base shears to be resisted may be lower for the blast loading.
However, the demands of the locally intense pressures may excite torsional modes
and may exceed the local capacity of diaphragms to transfer the lateral loads to
the primary lateral load-resisting systems. These locally intense effects may
produce failures at base shears that are lower than would be associated with
earthquake response. As a result, it is dangerous to equate damage levels associ-
ated with earthquake loads to those associated with blast loads. The desirable
features of earthquake-resistant design (ductility, connection details, redundancy,
and load redistribution) are equally desirable in blast design. The provision of
seismic detailing to maintain the capacity of a section despite development of
plastic hinges is equally desirable for resisting blast effects. The engineer has an
obligation to guarantee that the full capacity of a section will be realized and that
no premature failure will occur.

Blast pressures, particularly from short standoff bomb blasts that enter a
building through openings in its facade, typically apply reflected loads to the
undersides of floor slabs, with lower incident loads applied to the top side. This
pressure imbalance will apply an uplift force to the columns and, depending on
the magnitude of dead loads compared with the uplift forces, the columns may
briefly be put into tension. In addition to cracking the concrete in direct tension,
the tensile forces reduce the shear capacity of the columns. These columns must
be designed and detailed to withstand the tensile forces and can resume carrying
the downward gravity loads after the explosion.

The slabs must be detailed to resist upward forces by providing continuous
reinforcement, both top and bottom. Although upward blast pressures must over-
come the dead and live gravity loads that the slabs normally support, an analysis
is required on a case-by-case basis to see whether the upward loaded slab capacity
is sufficient. Similarly, prestressed and pretensioned structural systems are
designed to amplify the capacity of a section to resist gravity loads; however,
upward blast pressures may load these structural elements in modes for which
they have little ultimate capacity. Prestressed concrete structures are therefore
inherently dangerous in a blast environment in which the loads may be applied
in any conceivable orientation. Precast construction typically lacks the kind of
continuity that enhances the capacity of a structure to redistribute loads to fewer
damaged elements. Precast construction also relies on mechanical connectors at
discrete locations that may be damaged in a blast environment, leaving the panel
detached from the remaining structure.

Designing a section to resist high-intensity localized blast effects may not
always be reasonable, particularly if the location of the charge is not known.
Therefore, a concept of limited and confined damage must be accepted. According
to this concept, structural members immediately opposite the blast are allowed
to fail if the failure is confined and does not progress throughout the building.
The ability of a structure to redistribute loads as a structural element fails depends
on the redundancy of the structural system. Provided the structural members in
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way of the redistribution, (elements that provide the alternate load path) can
withstand the additional load, the failure will be arrested.

The containment of failure to a localized region is the objective of a progres-
sive collapse analysis. Once the concept of a tolerable level of failure is accepted,
this analysis is essential. Although a transient dynamic inelastic analysis of the
structural system is required to determine the extent of inelastic deformation and
to trace the redistribution of loads throughout a structure, this is seldom done.
The more common approach is to remove a single member, typically a column,
and re-analyze the structure in the modified configuration. There are many sce-
narios in which the damaged structure will redistribute the forces. The removal
of a column may require a horizontal member to carry the full weight of the
columns above it and to span the failure. It is much more likely, however, that
each floor will deform a significant amount and carry its own weight to the
adjacent column line. The true redistribution of forces will depend on the relative
stiffness and capacity of the elements surrounding the failure.

The means by which loads are redistributed to an adjoining structure may be
through flexural behavior and the development of fully plastic hinges, and/or
through catenary action. In this extreme scenario, the load carrying capacity of
a member transforms from its flexural capacity to its axial capacity, as if the
member transformed into a cable spanning between the remaining columns.
Catenary behavior is therefore associated with very large deformations as the
geometry of the deformed structure is required to satisfy equilibrium. It is essen-
tial that these elements be adequately detailed so that they will be able to carry
the redistributed loads in the manner intended by the analyst.

This requirement has profound implications for reinforced concrete structures
in which reinforcement is lap spliced. Making assumptions regarding the ability
for the forces to redistribute is not sufficient unless provision is made for these
forces to be carried by the surviving structural elements. In a progressive collapse
analysis, a structure must be able to redistribute the dead weight and part of the
live load; however, the failure of a column will be sudden and the redistribution
of the loads will be dynamic. Therefore, dynamic amplification factors accounting
for this sudden transfer of the load must be considered in the progressive collapse
analysis.

Transfer girders and the columns supporting transfer girders are particularly
vulnerable to blast loading. This form of construction poses a significant imped-
iment to the safe redistribution of load in the event a girder or the columns
supporting a girder are damaged. Typically, a transfer girder spans a large opening
such as a loading dock or provides the means for shifting the location of column
lines at a particular floor. Damage to a girder may leave several lines of columns
that end at the girder from above totally unsupported. Similarly, the loss of a
support column from below will create a much larger span that must carry the
critical load-bearing structure. Transfer girders, therefore, create critical sections
in which a loss results in a progressive collapse.

If a transfer girder is required and may be vulnerable to an explosive loading,
it should be continuous over several supports. Furthermore, a substantial structure
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framing into the transfer girder to create a two-way redundancy and thus an
alternate load path in case of failure is recommended. Finally, alternatives such
as Vierendeel trusses or inclined columns that may be less vulnerable to a wide-
spread, progressive collapse should be considered.

Designers should be concerned with the responses of structural materials
(such as steel or structural concrete) to high loading rates, such as those induced
by impact and blast. Under these conditions, the strength could increase signifi-
cantly; current design manuals (Department of the Army, 1986 and 1990) provide
recommendations on practical values of strain rate enhancements for such mate-
rials, as discussed in Chapter 5. It has been suggested that one may apply the
average strain rate to calculate enhancement factors for the stress parameters of
the material models, then employ the modified stress-strain relationships for
deriving the resistance functions used in the dynamic analysis.

10.9 STRUCTURAL SYSTEM AND COMPONENT 
SELECTION

Different loading environments may require the applications of different types of
structural systems, and the selection would be typically based on a facility’s
estimated effectiveness under the expected conditions. Such consideration would
include the following general possibilities: above-ground, partially buried, or fully
buried structures. For each of these cases, selecting one of several structure types
(frame, box, shell, or a combination) would be possible. Construction materials
must be selected for the particular application, considering both the structure and
the backfill around it. Obviously, many factors will be involved in such a selection
and the considerations of appearance, efficiency, and cost should be included.
One of the most important issues that should be addressed is the problem of
facility robustness or structural redundancy. A designer should ensure that the
loss of a single structural component would not lead to extensive loss of function.
Architectural features and the type of building construction also play a role in
determining explosive scenarios and element loadings. Some of these effects are
discussed next.

The tributary loading area for primary structural members can be reduced,
for example, by designing walls that can break away from the columns and thus
lessen loads on columns. Another option is to shield critical structural elements
with sacrificial energy-absorbing panels. This approach enables the pressure to
“flow” around the critical element. By the time the shielding panel is destroyed,
the pressures on the front and rear faces of the critical element are approximately
equal, thereby reducing the risk of its failure.

The magnitude of the quasi-static part of a blast load can be greatly reduced
by venting the detonation products outside or into adjacent portions of a structure
to limit the explosive loading to that associated only with the shock front. Venting
can be achieved in a variety of ways such as using nonstructural walls that quickly
break, using frangible secondary structural elements for the walls, floors, and
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roofs that can “easily” break away from primary structural elements, or using a
relatively narrow building cross-section with many “soft” walls so that a blast
can quickly vent to the outside.

The sizes and shapes of structural members can influence their loadings and
chances of survival. For example, one can use steel columns instead of reinforced
concrete to reduce loaded areas, fill the spaces between the flanges of a steel
beam with concrete (to provide added mass and reduce risks of flange damage),
or use circular rather than rectangular cross-sections (to provide less load transfer
to members).

Compared with other construction materials, well designed, cast-in-place
reinforced concrete structures generally provide the highest levels of protection
against explosive loads. To be effective, the following measures are recommended
(ASCE, 1999):

• Two-way slab systems supported by beams on four sides
• At a minimum, seismic detailing at supports; blast-resistant details

should be preferred
• Adequate shear reinforcement
• Continuous top and bottom reinforcement in slabs
• Progressive collapse provisions

For cast-in-place reinforced concrete design, the following minimum properties
are recommended (actual dimensions should be determined by proper analysis):

• 28-day compressive strength of concrete: 4,000 psi
• Yield strength of reinforcing steel: 60,000 psi

Minimum dimensions recommended for cast-in-place reinforced concrete com-
ponents are:

• Floor slab thickness: 8 in. minimum
• Rectangular column width: 12 in. minimum
• Joist width: 4 in. minimum
• Exterior wall thickness: 10 in. minimum
• Floor-to-floor height: 16 ft

It cannot be overemphasized that detailing such as connections between structural
members (beams and columns, beams and slabs, columns and slabs) is critical
for ensuring a monolithic response of the structural system. Proper anchorage of
reinforcing bars and adequate shear reinforcement are necessary to enable the
load transfer between the individual members. Although these issues continue to
be studied (Krauthammer, 1998), existing information such as that contained in
TM 5-1300 (Department of the Army, 1990) should be used to address such
details.
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Somewhat less effective, but also providing a significant level of protection,
are other support systems using cast-in-place reinforced concrete, including one
way joint systems, waffle slabs, and flat slabs with drop panels. Again, proper
anchorage and shear reinforcement are required to make these systems effective.
Reinforced masonry and precast concrete can also be designed to achieve modest
levels of blast protection (up to 10 psi loading). TM 5-1300 (Department of the
Army, 1990) contains provisions for these materials.

While this list is not exhaustive, it does show that some nontraditional think-
ing in the design process can improve the survivability of structural elements
affected by a blast loading. Although typical design manuals do not provide much
help on this process, it can be best illustrated by the following brief discussion.

A multistory office building to be located in a center-city business district
that could be a target to terrorist activities will typically be a frame-type structure,
possibly combined with shear walls. The structural appearance could require
significant amounts of glass and several entrances. Parking facilities would usu-
ally be located under the structure. The design must include considerations of
securing the parking facility against internally placed explosive devices, and
ensuring sufficient robustness of the structural systems in that area. The use of
energy-absorbing structural components for protecting the main structural frame
components and/or other parts of the structure could be considered.

Although access control may not be very desirable for facilities that must be
open to the public, some measures of monitoring human and vehicle traffic could
be implemented successfully. Furthermore, externally placed explosive devices
can cause significant damage to a fragile building envelope and measures must
be taken to reduce such effects. This protection can be achieved by using special
glazing materials and structural components connecting the glazing to the struc-
ture. The structural geometry (shape) and the incorporation of shielding devices
with the external face of the building (considering both structural and aesthetic
factors) can affect the outcomes of such incidents. Additional attention must be
given to the protection of utilities (electric, telephone, water, etc.), computer
systems, and areas with valuable assets (records, currency, etc.). Underground
parking systems should enable blast venting to release the pressure quickly into
the atmosphere. Furthermore, shielding critical structural components from the
combined effects of blast and projectiles is important. The use of sacrificial
barriers (expected to absorb a large amount of energy before failing) could be
very cost-effective since they can be readily replaced.

The design of a control room in a petrochemical plant requires different
considerations (ASCE, 1997). A control room is usually much smaller and con-
tains considerably fewer assets. Nevertheless, control rooms contain personnel
and equipment that are critical for the operation of the entire plant. The anticipated
hazardous loading environment is usually related to an accidental explosion in
the plant. Many physical security difficulties highlighted for the office building
can be eliminated and the design would probably be based on an above-ground
box-type structure. Here too, the use of sacrificial panels could be an attractive
approach for enhancing existing structures or serving as integral components in
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new construction. A third case could be the design of storage facilities for valuable
assets that could be targets of either accidents or hostile activities (depending on
the stored materials). The structure could be a system of underground boxes,
shells, and tunnels. Access control would clearly be a key element for protection
against external threats, while explosive safety measures would protect the facility
against localized internal events. The design of above-ground petrochemical
storage facilities was discussed in substantial detail by Thielen et al. (see Concrete
Society, 1987) and Thielen and van Breugel (see Clarke et al., 1992).

Selection of materials for each of these cases should include safety and
physical security aspects. For example, the type of glass to be used in the office
building and the method of glazing installation are important (this issue, for
example, is discussed in more detail in Chapter 5 of ASCE, 1999). Expecting
that such structures must exhibit significant amounts of ductility is reasonable
(designing such facilities for the elastic range is uneconomical), and the selected
materials and structural details must fit these requirements. Furthermore, the
performance criteria for each of these structures could be different, as discussed
earlier. The selection of proper detailing is a very important issue, and the weak
points in many designs are the connection details.

Analysis procedures would also be different. Usually, control rooms (i.e.,
box-type structures) can be designed and evaluated by advanced SDOF models
(as described in Chapters 6 and 8) that can simulate the responses of associated
structural components. Office buildings, production facilities, and complex under-
ground storage systems composed of many different structural elements whose
behavior may not be included in SDOF models could require the application of
advanced numerical programs such as finite element codes. However, sophisti-
cated computational tools cannot always replace sound engineering judgments,
and designers should verify such computations by simple checks of force equi-
librium and deformation compatibility.

Although this chapter is primarily aimed at structural engineering aspects,
other important factors must be considered in designs for physical security. One
such area outside the scope of this chapter is human tolerance to the threats and
loading environments discussed in TM 5-1300 (Department of the Army, 1990).
Besides the physiological considerations (human responses to pressure, shock,
motion, heat, etc.) one must look also into psychological issues and their com-
bined effects on personnel.

Another such area not defined as a structural engineering issue is the design
of utilities entering a structure. This topic is very important. Even a structurally
well designed facility can be rendered useless if certain utilities (power, commu-
nications, etc.) are disrupted. Designers should pay attention to how the facility
is connected and serviced by such features.

10.10 MULTI-HAZARD PROTECTIVE DESIGN

Physical security requirements may not be the only loading environments to be
considered. Additional loading (wind, seismic, fire, etc.) requirements often must
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be incorporated into a design. These different loading environments should not
be treated separately. A comprehensive effort must be made to develop a “loading
envelope” that includes the various conditions for a specific case. Obviously, such
a combined consideration of the entire spectrum of conditions will enable the
development of an efficient, cost-effective design. If a facility is designed for
seismic effects, the incremental cost of adding specific physical security capabil-
ities is low, compared with the cost of adding the same features to a structure
without seismic resistance capabilities. This synergetic effect represents the con-
cept of multi-hazard design and designers are encouraged to employ this approach
whenever possible.

10.11 OTHER SAFETY CONSIDERATIONS

This chapter emphasizes design for physical security. However, many other
safety-related issues could be considered, for example, the safety of industrial
facilities subjected to accidental explosions. Although the loading environments
are different, many structural design considerations are very similar. It is recom-
mended that designers who wish to specialize in the general field of blast-resistant
design be familiar with all such design literature (the manuals and specialized
books cited in the various chapters).

Finally, an issue that can complicate physical security design requirements
and other issues requiring protection against severe short-duration dynamic effects
are access requirements for the disabled. Conflicts exist between access require-
ments aimed at making it easy to enter a facility and physical security demands
aimed at making it difficult. This conflict must be resolved in the very early stages
of the design process to avoid costly delays during the construction process or
after the facility is ready for operation.

10.12 DEVELOPMENT AND IMPLEMENTATION OF 
EFFECTIVE PROTECTIVE TECHNOLOGY

The information presented in this book about our understanding of anticipated
hostile environments and facility responses raised several practical issues regard-
ing current methods for hardened systems, analysis, and design. Clearly, signif-
icant knowledge has been gained since World War II and events since then have
taught us that threats from conventional and unconventional weapons should be
taken very seriously. Nevertheless, additional research in many areas is badly
needed and such needs must be adjusted to reflect changes in weapon systems,
local and international conflicts, strategic and tactical concepts, and the capabil-
ities of experimental and analytical tools. Unfortunately, both geopolitical and
weapons technology changes outpace progress in the development of protective
measures. It would be wise to address such issues actively and continuously in
order to avoid tragic outcomes.
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The following sections focus on specific technical issues and on the various
analysis and design activities required for blast, shock, and impact mitigation.
Chapter 1 contained several recommended actions related to the comprehensive
development of effective protective science and technology. Since these actions
are critical for supporting national defense and homeland security needs, they are
summarized below and specific research recommendations based on observations
in previous chapters are presented.

10.12.1 RECOMMENDED ACTIONS

As noted in Chapter 1, the following actions are recommended:

• To mobilize the international scientific community (including govern-
ment, private, and academic sectors).

• To establish comprehensive and complementary long-and short-term
R&D activities in protective technology to ensure the safety of inter-
national government, military, and civilian personnel, systems, and
facilities under evolving terrorist threats.

• To develop innovative and effective mitigation technologies for the
protection of government, military, and civilian personnel, systems,
and facilities from terrorist attack.

• To launch effective technology transfer and training vehicles that will
ensure that the required knowledge and technologies for protecting
government, military, and civilian personnel, systems, and facilities
from terrorist attack will be fully and adequately implemented.

• To establish parallel and complementary programs that address the
nontechnical aspects of this general problem (culture, religion, philos-
ophy, history, ethnicity, politics, economics, social sciences, life sci-
ence and medicine, etc.) to form effective interfaces between technical
and nontechnical developments and implement a comprehensive
approach to combat international terrorism.

Adopting these steps will initiate a sequence of activities that address critical
scientific and technical needs that are fully compatible with various other ongoing
activities at land-, air-, and sea-based systems and facilities. Such compatibility
is essential for ensuring that the required protective technologies address a broad
range of critical national needs. The process is expected to involve a sequence
of complementary activities, from basic research through implementation as
described below.

10.12.1.1 Basic and Preliminary Applied Research

• Define and characterize design threats and corresponding loads; per-
form hazard and/or risk analyses, and determine corresponding conse-
quences on assets, missions, and people.
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• Predict and/or measure facility and/or system response to design threat
loads, including considerations of characteristic parameters (material
properties, geometry, structure/system type, assets, mission require-
ments, etc.).

• Develop theoretical and/or numerical retrofit and/or design concepts
to bring a facility and/or system response and consequences within
acceptable levels.

10.12.1.2 Applied Research, Advanced Technology 
Development, Demonstrations, and Validation 
Tests

• Develop retrofit and/or design concepts to bring the facility/system
response and consequences within acceptable levels.

• Verify retrofit and/or design concept through laboratory and/or field
tests and develop final design specifications.

10.12.1.3 Demonstration, Validation, and Implementation

• Conduct certification and/or validation tests.
• Implement retrofit and/or design technology transfer, guidance, and/or

training.

These activities should be conducted internationally through national centers for
protective technology research and development (NCPTR&D). These centers will
direct, coordinate, and be supported by collaborative government, academic, and
industry consortia that will perform various parts of the activities mentioned
above. National academic support consortia (NASC) should be established to
engage in this critical effort through both research and education activities. These
NASCs will identify and mobilize faculty members from universities with appro-
priate scientific and technical capabilities, and lead some of the required R&D.

The NCPTR&Ds and consortia members will be staffed by a unique team of
internationally known experts in all scientific and technological areas relevant to
protective technology and will have access to advanced research facilities at all
sites. Team members should have documented extensive experience in protective
technology, developing and managing major research initiatives, developing and
implementing innovative protective technologies, and training of both military
and civilian personnel in the applications. Each collaborative effort should be
conducted under the general guidance and oversight of an advisory committee
consisting of internationally recognized technical experts and senior public, gov-
ernment, and military leaders in relevant fields. Specific technical guidance will
be provided through combined government–academic–industry management
teams with subgroups formed to focus on key S&T areas.
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10.12.2 EDUCATION, TRAINING, AND TECHNOLOGY TRANSFER 
NEEDS

As technology is developed, it transitions to testing and evaluation to determine
whether a technology is applicable for a given application. After several iterations,
such technology is transferred to operational testing for evaluation under realistic
conditions. Upon completion of this evaluation phase, acquisition and operational
training occur. Training for known threats relies on a predetermined course of
action. Some adversarial actions may be anticipated and countermeasures can be
practiced during training. Criticism followed certain incidents because of failure
to anticipate threat evolution and failing to train for it. This is also a shortcoming
of conventional training for first responders; they are trained to respond to known
conditions and may not be able to respond adequately under different conditions.
This must be corrected by educating personnel to understand the possible threats
and the ability of available technology to deal with them. The appropriate people
should be able to modify their actions to address such threats intelligently, and
hopefully develop preemptive measures.

This structured approach does not exist yet in the general field of protection
from weapons of mass destruction (WMD). Furthermore, military solutions are
often incompatible with civilian modes of operation and may be too rigid or too
expensive to implement in nonmilitary organizations. Leaving this process to
commercial vendors may be another option, but quality control and costs for
commercial technology are frequently controversial. Further, the time available
for training appropriate persons (engineers, security specialists, emergency and
rescue operations staff, etc.) is limited compared to time available to train military
personnel. The Department of Homeland Security (DHS) is expected to address
these issues through collaboration with industry and academic institutions. One
would expect similar collaborations with other government agencies. Universities
will have to be involved to an extent beyond basic research. They will also have
to play an integral role in functioning as think tanks and transferring the developed
knowledge and technology to the end users.

Many government agencies and their supporting industrial organizations have
a critical need to attract and/or develop employees with experience in protective
science and technology as their current workforces age and reach retirement age.
Since the mid-1980s, a gradual decline has taken place in academic protective
technology-related R&D activities, along with the involvement of academicians
in these R&D efforts. As a result, very few eminent academicians in this field
are still available in the U.S., most are not supported by Department of Defense
R&D funding, and no formal engineering training exists in the area of protective
science and technology at U.S. universities. The situation is similar in most other
developed countries.

Establishing government–academic–industry consortia in various countries
with a mandate to develop new and cost-effective protective technologies, and
train current and future engineers and scientists should be seriously considered.
Such programs foster the input of fresh ideas and provide students with first hand
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experience from their work on real programs that can benefit national and inter-
national needs. This will allow nations to maintain protective technology knowl-
edge centers that will ensure the development and broad dissemination of relevant
technologies to all appropriate parties (law enforcement, military, various gov-
ernment agencies, as well as private organizations). The proposed consortia will
address WMD threats through a multi-step science and technology (S&T) plan
that provides an end-to-end solution, from R&D through system development,
design certification, guidance, education and training, and technology transfer in
all relevant areas.

10.12.3 RECOMMENDED LONG TERM RESEARCH AND 
DEVELOPMENT ACTIVITIES

The following list of recommended long-term research activities has been developed
as a result of many discussions with colleagues and sponsors. These R&D activities
can be conducted over the next 3 to 5 years. They are needed to develop much
more effective solutions to problems that can be currently addressed only with
empirical and conservative approaches. These expected contributions will not only
benefit specific projects, but also make a profound contribution to various critical
national facilities, national and international defense, and homeland security.

The investment in the proposed approach will enable both meaningful tech-
nological enhancements and large cost savings in providing the required protec-
tion to society. Furthermore, these cost savings are estimated to be far larger than
the cost of the recommended R&D. As noted earlier, essential research must be
conducted also in several important areas related to terrorism and low intensity
conflicts (history, sociology, politics, culture, economics, information transfer and
media, religion, life sciences and medicine, psychology, etc.). These areas, how-
ever, will not be addressed here. The following material focuses on R&D related
to scientific and technical issues directly related to enhancing the survivability
of critical infrastructure systems and facilities. Recommended experimental and
testing capabilities are identified for each of the following items by underlying
the R&D topics that require such support.

1. Protection methodology, threat, risk assessment, its mitigation and
resource allocation.

2. Load and environment definition (each of the following requires testing
support):
• Address time scales from microseconds to days and more.
• Address explosive, fire, nuclear, chemical, and biological (NCB),

and combined effects.
• Study effects from site conditions.
• Address both external and internal attack conditions for typical

buildings, considering a broad range of blast wave propagation,
complex geometries, and blast–structure interaction effects.
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• Define the combined load arising from blast, primary and secondary
fragments.

• Define and characterize load transfer through various single or mul-
tiphase media, including facility envelopes.

• Study and define short-duration loading conditions on critical struc-
tural elements (columns, etc.) as a function of the interaction
between a blast and a typical building system.

3. Material behaviors under single and combined loading environments
(each of the following requires testing support):
• Address constant and/or variable loading rate effects.
• Study behaviors of typical construction materials under blast loads

and their constitutive formulations.
• Address scaling and size effects.
• Study the combined effects of loading rate and structural size.
• Address high and low temperature effects.
• Define and characterize material aging effects, and how they can

influence any of the issues noted above.
4. Computational capabilities:

• Precision impact tests for obtaining well defined data on the behav-
iors of simple structural elements in support of computer code
validation.

• Use of precision test data for the validation of computer codes that
could be used for the numerical simulation of loading on buildings
and building responses under blast effects. Define the accuracy of
such computer codes and select those that are suitable for application.

• Deterministic and probabilistic numerical capabilities.
• Time and frequency domain computations.
• Artificial intelligence and neural network capabilities.
• Hybrid and/or coupled symbolic-numeric computational capabili-

ties.
• Computational structural dynamics (CSD) simulations and com-

puter code validation.
• Computational fluid dynamic (CFD) simulations and computer code

validation.
• Coupled CFD–CSD–thermomechanical simulations and required

computer code validation.
• Applications of Eulerian, Lagrangian, and/or combined numerical

approaches.
5. Study behavior and effects of building enclosure (each of the following

requires testing support):
• Study behaviors of typical building envelopes under blast, shock,

and impact loads.
• Develop innovative building enclosure technologies to enhance pro-

tection from blast, shock, and impact.
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• Study the performance of joints, particularly two-stage control
joints, in building enclosures.

• Develop design criteria for building enclosures to enhance their
performance under explosive loads.

• Study behaviors of closures, attachments, and penetrations in typical
buildings under blast loads.

6. Building and structural science and behavior (each of the following
requires testing support):
• Study the behavior of structural detailing in buildings (structural

concrete, structural steel, and composite construction) for enhancing
their performance under blast loads.

• Study and develop innovative structural retrofit options for enhanc-
ing the performance of typical buildings under blast loads.

• Study how to shield and protect critical structural elements from
blast effects for enhancing building robustness.

• Develop effective measures for typical buildings to enhance their
explosive safety under internal detonations.

• Study behaviors and detailing of typical nonstructural elements
(partitions, ceilings, ducts, lighting, etc.) under blast loads.

• Develop design and construction recommendations for nonstruc-
tural elements.

• Develop effective protection and integration procedures for mechan-
ical and electrical systems in buildings subjected to blast effects.

• Study combined effects of blast, primary and secondary fragments,
and missiles on structural and nonstructural systems and techniques
to protect such systems against such effects.

• Study effects of openings in floors and walls in typical buildings
under blast loads on their behavior and performance; develop appro-
priate design guidelines.

• Determine structural behavior, design, construction and detailing,
performance, and safety.

• Devise perimeter protection systems (gates, walls, fences, landscape
features, etc.).

• Understand, characterize, and prevent progressive collapse.
• Study nonstructural element behavior under blast, shock, and impact

effects.
• Study building and structural behavior under internal detonations.
• Address structural systems unique to transportation infrastructure

facilities (bridges, tunnels, ports, etc.).
• Improve design codes.

7. Facility and system behavior under WMD environments: combine
knowledge gained from R&D on the topics noted above to address
complete facility behavior and performance.

8. Address multi-facility conditions; consider all the issues noted above
to address large-scale WMD attack conditions that can affect many
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facilities in various geographic areas (parts of cities, industrial com-
plexes, etc.).

9. Facility assessment:
• Development of both rigorous and practical guidelines for assessing

structural damage and robustness before and after explosive inci-
dents.

• Pre- and post-incident condition and/or damage assessments in sup-
port of evacuation, rescue, and recovery (ERR) activities. These
require consideration of both temporary shoring and demolition
activities, rescue and construction equipment utilization, emergency
supply chain applications, etc.; include applications of intelligent
computer support tools and instrumented monitoring to provide
expert advice during emergency operations.

10. Environmental effects (each of the following items requires testing
support):
• Study material and structural performance under various threat con-

ditions, and controlling external and internal facility environments.
• Study possible effects of low or high temperature and moisture on

explosive loads, material and structural response, and behavior
under blast, shock, and impact.

• Study effects of time on the performance of building components
and systems under blast effects under normal service conditions.

11. Technology transfer, education, and training:
• Develop effective education, technology transfer, and training for

the areas noted above that will ensure that the knowledge gained
from the proposed research can be used and implemented by engi-
neers, designers, and security personnel involved in force protection
and industry.

• Implement and integrate these activities with basic and advanced
engineering education programs to ensure the long term supply of
qualified personnel in this important field.

12. Use the knowledge gained from these R&D efforts to augment design
recommendations for seismic and wind effect mitigation. This will
result in the development of a uniform multi-hazard protection design
approach for facilities subjected to abnormal loading conditions.

These recommendations should be reviewed periodically during the life of the
proposed program and modified based on the findings and developments.

10.13 SUMMARY

This book is focused primarily on scientific and engineering issues in the general
area of critical infrastructure facility survivability. It provides background on
analysis and design capabilities in protective science and technology and recom-
mendations for long-term research to address serious needs in this general area.
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We must develop much more effective solutions to problems that can be currently
addressed mainly with conservative and/or empirical approaches. The recom-
mended R&D should be carried out by a well coordinated partnership of gov-
ernment, universities, and industry and is expected to be an effective approach
for addressing critical topics that require innovative solutions.

The primary focus in the survivability of physical facilities is the protection
of people and critical equipment. The emphasis should not be on simple fortifi-
cations (although consideration of modern hardened facilities should not be
abandoned), but on the wide range of typical facilities used to support the needs
of a modern society. The structural robustness and integrity of such facilities and
the safety provided by them with regard to abnormal loadings such as explosion
and impact (especially incidents involving deliberate, well planned efforts to
maximize damage and consequence) are of great concern. Of particular interest
are multi-unit, multi-story (five or more floors) civilian buildings (housing, offices,
laboratories, related infrastructure systems, etc.). Of course these considerations
are important for all building types but multi-unit buildings usually of a particular
form of layout and construction are susceptible to progressive collapse and are
inviting targets for terrorist attacks.

The U.S. has a strong need for innovative design and construction guidelines
for enhancing the blast resistance of building systems (enclosure components
or systems and corresponding structural frames) for above-grade walls. Of
particular interest is the development of new blast-resistant wall systems with
effective performance under normal environmental conditions (rain, sun, wind,
etc.) or innovative retrofit measures for existing walls. Considerable research
interest relates to wall configurations that have the potential for shielding and/or
dissipating the effects of explosions. Additionally, we must develop a better
understanding of the dynamic interactions of various combinations of structural
and nonstructural building components, their effects on building performance,
and the effects on personnel protection. The minimization of debris is an
important consideration in any attempt to control the consequence of an explo-
sion. The use of innovative structurally composite systems, and/or materials
such as corrugated core metallic panels, polycarbonate, polypropylene, and
various woven and non-woven fabrics in both new construction and retrofits of
existing buildings has considerable potential for protection from external and
internal explosive loading.

Although much information can be obtained from laboratory and/or field
testing, relying only on such an approach would be too costly and not very
efficient. The use of advanced computer simulation techniques along with well
selected tests can significantly lower costs and enhance the overall efficiency and
productivity of the required R&D.
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failure of, 303
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shear forces, 352

nuclear explosion-induced shock waves, 
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dimensional D-waves between two 
media, 114–116

support conditions, 291–292
variable, 376

Bracing, 420
Breaching

dynamic response and analysis, 238–239
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planning and design considerations, 28
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collapse, 373, 377, 380–381
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design approach, comprehensive, 425
dynamic response and analysis, 268
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P-I diagrams, 327
progressive collapse, 401, 402–403
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sample analyses, 400
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truss structures, 379
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approach, 414
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approach, 421
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connections, 306
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computational aspects, 116–117
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planning and design considerations, 6–7, 19, 
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Burning/combustion phenomena, 59
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Caliber density, and fragmentation penetration, 
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design approach, comprehensive, 420
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Chemical and biological weapons
door designs, 311
general principles and overview, 16, 17
planning and design considerations, 5, 7
Soviet doctrine, 19, 20–21, 23
threat assessment, 11
threats, 167

Chemical explosions
accidental, 51
chemistry and physics of, 54–56

Chemistry, explosions, 53–54, 60–61
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dynamic response and analysis, 261, 276
loading regimes, 330, 350, 351

Civil defense agencies, 405, 406
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limitations, 25
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loads on above-ground structures, 170–171
pressure-time curve on front wall from 
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Closed-form analytical solutions, 238

dynamic response and analysis, 262
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rectangular load pulse, response to, 331, 
333–334
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blast fragment coupling, 176
design approach, comprehensive, 418
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planning and design considerations, 34

HE device behavior, 16–17

nonspherical charge and complex 
geometries, need for validation, 19

pressure, 65
scaling laws, 67
structural element behavior, design 

applications, 234
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Collaboration, multidisciplinary, 38

comprehensive design program, 11, 36, 435, 
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facility design, 8
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terrorism and insurgency, 24

Collaboration, multinational, 36, 37
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Collapse, progressive, 

 

see

 

 Progressive collapse
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connections, 
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 Connections and supports
design approach, comprehensive, 420

load redistribution, 429
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selection, 430, 431
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design experiments, 375
DOD analysis recommendations, 384
DOD design recommendations, 381–382
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P-I diagrams
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energy balance method, 338

progressive collapse, 377
analysis and acceptance criteria, 387
concrete structures, monolithic, 379
GSA guidelines, 386
redesigns of structural elements, 389
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steel frame buildings, 380
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structural element behavior

shear resistance, 206
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Combined effects
blast fragment coupling, 177
blasts and fragments, 175–176, 177
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system and component selection, 
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concrete
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201
stress-strain curves, 199–200

concrete penetration, 90–91, 94, 95
connections, 296, 304
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dynamic response and analysis, 250, 357
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flexural behavior, 346
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natural periods of vibration, 216
P-I diagrams

analytical, 325
SDOF and P-I computations, for 

reinforced concrete slabs, 364
progressive collapse, truss structures, 379
shear wall compressive strength, 213
size effects and combined size and rate 
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structural element behavior

compressive members, 206–207
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direct shear response, 228
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Compression wave, ground shock, 150
Computational analysis

advanced, 
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design approach, comprehensive, 419
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advanced approximate methods, 
264–265

applications to support analysis and 
design, 276–281, 282–287

approximate procedure for multi-
segmental forcing functions, 281, 
288–289

equivalent SDOF system approach, 
274–276

intermediate approximate methods, 
263–264

material models, 265–267
validation requirements, 267–272, 273

empirical data, 16
ground shock, 151
ground shock, cratering, and ejecta, HE-

induced, 116–117
loads on above-ground structures, 172
penetration effects, 90
planning and design considerations, 24

current state and future needs, 33
requirements and capabilities, 30

progressive collapse, 376
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shock waves in three-phase media, 64

Computer codes
design approach, comprehensive, 418
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research needs, 439
SDOF analysis, DSAS, 362
SHOCK, 319
stress-time histories, 151
structural element behavior, diagonal shear 

effects, 230
Concentrated mass, SDOF system analysis

fixed beams, 278
fixed boundary beams, 279–280
fixed slabs, 282–283
simply supported beams, 277
simply supported slabs, 281

Concrete
connections, 291–292

advanced truss analogies, 299, 300, 301
detailing behavior studies, 296–307

conventional explosive effects, 43
cratering, 136, 138
design approach, comprehensive, 430

structural system and component 
selection, 431

structural system behavior, 424–425
dynamic response and analysis

finite element approach, 271–272
impact loading tests, 269
intermediate approximate methods, 263
material models, 266, 267
validation procedures, 270

failure modes, 237–238
ground shock coupling factor as function of 

scaled depth, 131
penetration, 87, 91

aggregate size and, 88
with conventional (nonnuclear) devices, 

87–92, 93, 94, 95
fragment, 159, 161, 162, 163, 164

progressive collapse, structure types
monolithic concrete, 378–379
precast concrete, 378

research needs, 440
structural element behavior

diagonal shear effects, 228
direct shear response, 228
dynamic effects, 202
material properties, 199–202
plastic hinge regions, 232–233
shear resistance, 205–206
structural design applications, 233
technical manuals, 197

Concrete, reinforced
charge weight for bridge pier breach, 139
comprehensive design approach, structural 

system and component selection, 
431, 432

connections, 293; 

 

see also

 

 Connections and 
supports

cratering, 136
dynamic analysis approach, 344–346
dynamic resistance function, 346, 347
dynamic response and analysis, 250
equivalent SDOF system approach, 349
failure modes, 237–238
penetration, 90–91, 93, 94

compound materials, 101, 102
P-I diagrams

analytical, 325
beams, 357–362
multiple failure modes, 341
slabs, 363–366, 367–371
threshold points, 339–340, 341

progressive collapse, GSA guidelines, 386
research needs, 440
shearing failure, 325
structural element behavior, 195, 199

connections and support conditions, 
231–232

cylinders, arches, and domes, 210
diagonal shear effects, 228, 229
flexural resistance, 202–203, 204
joints, 232
membrane behavior, 219, 222–223, 225
natural periods of vibration, 216–218
structural design applications, 234
technical manuals, 196
tensile and compressive members, 

206–207
Concrete-earth, penetration of, 101
Concrete-steel, dynamic response and analysis 

material models, 267
Concussion grenades, 46
Confined dust explosion, 330
Confinement

concrete
analytical P-I diagrams, 325
and structural element behavior, 200, 

201
dynamic response and analysis, 250

Connections and supports, 291–310
background, 292, 294–296
design approach, comprehensive, 420

short standoff bomb blasts, 428
structural system and component 

selection, 431
detailing behavior studies

structural concrete, 296–307
structural steel, 308–309

DOD design recommendations, 381–382
doors, 310, 313
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dynamic response and analysis, finite 
element approach, 265

government guideline limitations, 29
progressive collapse, 377, 400–402

analysis and acceptance criteria, 388
catenary action, 416
GSA guidelines, 386
redesigns of structural elements, 389
sample analyses, 395, 397–399, 400
semi-rigid connections, 392–394, 

395–397, 398
steel frame buildings, 380

structural element behavior, 231–233
membrane behavior, 221–222
plastic hinge regions, 232–233
principal reinforcement, 207–208

tying or bridging of structural elements, 
380–381

Conservation equations, 61, 62–63, 118, 123, 
126–127, 256, 257

Constant pressure detonation state, 62
Constitutive models, dynamic material and, 

343–344
Construction

planning and design considerations, 7, 8, 
440

technical resources and blast mitigation 
capabilities, 28–30

Consulting firms, 36–37
Contact detonations

cratering in concrete, 136
design approach, comprehensive, 420, 424
failure modes with, 237

Containment conditions, comprehensive design 
approach, 421

Continuity/continuous structural systems
comprehensive design approach, 409, 

429–430
dynamic response and analysis, 239, 

258–262
applications to support analysis and 

design, 276
equivalent SDOF system approach, 274
SDOF, 250, 252

equivalent SDOF system approach, 349
P-I diagrams, energy balance method, 338, 

340
progressive collapse, 377

concrete structures, monolithic, 
377–378

GSA guidelines, 386
Continuum mechanics theories, 31
Control of access and approach, 4, 413–414
Control rooms, 432, 433

Conventional devices/weapons/environments
airblast, 68–79

external explosions, 68–74
internal explosions, 75–77, 78
leakage blast pressure, 77–79

explosive processes, characteristics of, 
41–49

bombs, 46–47
conventional weapons, 41
conventional weapons summary, 49
direct and indirect fire weapon 

projectiles, 42–44
grenades, 44, 46
rockets and missiles, 47–48, 49
small arms and aircraft cannon 

projectiles, 42, 43, 44, 45
special-purpose weapons, 48–49
summary, 49

fragmentation, 153–167
general principles and overview, 16
ground shock, cratering, and ejecta, HE-

induced, 106–141
application to protective design, 

129–135
computational aspects, 116–117
cratering, 135–137, 138
ejecta, 137, 139, 140, 141
HE charges and conventional weapons, 

106
one-dimensional elastic wave 

propagation, 110
reflection and transmission of one 

dimensional D-waves between two 
media, 114–116

shock waves in one-dimensional solids, 
117–119

stress wave propagation in soils, 
119–125

three-dimensional stress wave 
propagation, 106–110

loads on structures, 169–177
above-ground structures, 170–174
blast fragment coupling, 175–176, 177
buried structures, 169–170
mounded structures, 175
surface-flush structures, 175

penetration, 83–106
armor, 98, 99, 100–101
concrete, 87–92, 93, 94, 95
other materials, 101, 102
rock, 92–96, 97
shaped charges, 103–105
soil and other granular material, 96, 97, 

98, 99
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planning and design considerations
research needs, 33–34
technical resources and blast mitigation 

capabilities, 25
Soviet doctrine, 23

Corridors, 416
Cost-benefit analysis, 8–9, 12–13, 434
Coulomb friction model, 266
Coupled equivalent SDOF systems, 251, 252, 

349
Coupling

blast fragment, 175–176, 177
failure modes, 18, 35
ground waves, 148
structural element behavior, size effects and 

combined size and rate effects, 231
Coupling factor, ground shock, 131, 133
Cracking

concrete, 87–88
connections, 296, 299

flexural reinforcement, 298
joint behavior, 304
statically loaded knee joints, 297

Cratering
conventional environments, HE-induced, 

135–137, 138
failure modes, structural responses, 237
nuclear and HE explosions, 79, 141–142, 

143–145
structural system behavior, 424–425

Criminal threats, 11, 13
Criteria, 

 

see

 

 Publications, literature and 
technical references

Critical buckling ratios, rings, 210
Critical structural elements, dynamic response 

and analysis, 239–240
Cross-sectional area or shape

blast valves, 314
comprehensive design approach, structural 

system and component selection, 
431

connections, 299, 307
dynamic resistance function, 346, 347
dynamic response and analysis, cross-

sectional equilibrium, 271
failure modes, cratering and spalling effects, 

237
progressive collapse, steel frame structure 

analysis, 390–391
structural element behavior

direct shear response, 227
tensile and compressive members, 207

Cross-section analysis, moment-curvature 
relationship, 344

Crushing
concrete, 87–88
impact and penetration effects, 84

Cube root scaling, 67–68, 82
Culverts, reinforced concrete, 225–226
Curtains, blast, 416
Curtain walls, 413
Curvature, structural element behavior, 203–204
Curve fitting, P-I diagrams, 338
Cycling, load, 202
Cylinders, arches, and domes, structural 

element behavior, 208–212
Cylindrical charges, 34

design approach, comprehensive, 418
scaling laws, 67

Cylindrical structures
nuclear loads on buried structures, 183–184
soil arching, 186

 

D

 

Damage estimation
guidelines, need for, 441
P-I diagrams, 365, 370
practical damage and response limits, 

234–236
rotation and, 233

Damage levels, P-I diagrams, 327
Damage limits

progressive collapse, Department of 
Defense guidelines, 384

structural element behavior, 234–236
Damping

design approach, comprehensive
structural member behavior and 

performance, 423–424
structural system behavior, 425

dynamic resistance function, 347
dynamic response and analysis, 250, 252, 

254–255
finite element approach, 265
simple SDOF system, 243

membrane behavior, 224
P-I diagrams, 330, 331

Damping matrix, 254, 265
Data

experimental studies, 

 

see

 

 Experimental 
analysis/data

risk assessment, 12
Debris, 

 

see

 

 Particles, dust, and debris
Decay

blast load on rear wall, 193
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exponential, dynamic response and analysis, 
281, 289

Decision support tools, 10, 32
Defense Nuclear Agency (DNA), 25
Defense Special Weapons Agency (DSWA), 25
Defense Threat Reduction Agency (DTRA), 25
Deflagration, 59
Deflected shape functions, dynamic shear force, 

354
Deflections

dynamic response and analysis
comparisons of experimental and 

analytical results, 272, 273
equivalent SDOF system approach, 

beam response modes, 275
SDOF analysis, simple, 242
structural element behavior

cylinders, 209, 210
membrane behavior, 223, 226
shear walls, 213

Deflections-to-depth ratio, membrane behavior, 
226

Deformable projectiles, penetration, 87
Deformation, response time of system, 328
Deformation modes

dynamic amplification factor, 239
dynamic response and analysis, 239, 

263–264
progressive collapse, steel frame buildings, 

391–392
structural system behavior, 425

Deformed configuration, equivalent SDOF 
transformation factors, 350

Degrees of freedom
multiple, 

 

see

 

 Multi-degree-of-freedom 
(MDOF) systems

single, 

 

see

 

 Single degree of freedom 
(SDOF) systems

steel frame structure analysis, 394
Demand-capacity ratio, 388
Demonstrations, technological developments, 

436
Density

rock, 97
and soil/granular material penetration, 96

Department of Defense, 

 

see

 

 U.S. Department of 
Defense

Department of the Army Tri-Service Manuals, 

 

see

 

 U.S. Department of the Army 
technical manuals

Depth of burial, buried structures
nuclear loads, 180
and soil arching, 186

Depth of burst (DOB)

cratering, 136, 137, 141
ejecta, 146

Depth of structural members, shear resistance, 
206

Design
balanced, 291
dynamic response and analysis, 

computational systems, 276–281, 
282–287

general principles and overview
design and construction considerations, 

28–30
development and implementation of 

methodology, current state and 
future needs, 37–39

manuals, 26–28
philosophy of planning and design, 5–8
technical resources and blast mitigation 

capabilities, 24–30
ground shock, cratering, and ejecta from HE 

devices, 129–135
guidelines for progressive collapse 

mitigation and prevention
Department of Defense, 380–384
GSA, 384–390

structural element behavior
applications, 233–234
membrane behavior, 225–226

structural element behavior applications, 
233–234

Design approach, comprehensive, 405–442
development and implementation of 

effective technology, 434–441
education, training, and technology 

transfer needs, 437–438
recommended actions, 435–436
research and development, 

recommendations for, 438–441
load considerations, 417–422
multi-hazard protective design, 433–434
need for, 10–11
other safety considerations, 434
planning and design assumptions, 410–411
protection approaches and measures, 

407–410
siting, architectural, and functional 

considerations, 411–417
access and approach control, 413–414
building exterior, 414–416
building interior, 416
perimeter line, 413
post-incident conditions, 417
vital systems, nonstructural, 417
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structural behavior and performance, 
422–424

structural system
behavior of, 424–430
and component selection, 430–433

Design range, 234
Detailing parameters, 294

behavior of
structural concrete, 296–307
structural steel, 308–309

design approach, comprehensive, 431, 433
dynamic response and analysis, finite 

element approach, 265
research needs, 440

Detonation processes
chemistry of explosions, 55
constant pressure detonation state, 62
defined, 59
distances from explosion and dynamic 

loads, 

 

see

 

 Distance from explosion
explosion effects and mitigation, 60–64
shaped charge devices, forcing premature 

detonation, 105
Diagonal bars, joint strengthening, 232
Diagonal compression

connections, 296
failure modes, local, 237

Diagonal cracks, connections, 303
Diagonal element mass matrices, progressive 

collapse, 394
Diagonal matrix, dynamic response and 

analysis, 254
Diagonal reinforcement, connections, 298, 307

joint behavior, 304
strut and truss mechanisms, 296

Diagonal shear
dynamic response and analysis, 250, 344

flexural behavior, 345
intermediate approximate methods, 264
material model testing, 270–271

failure modes, local, 237
P-I diagrams

analytical, 325
composite, 361
SDOF and P-I computations, 357, 358

SDOF analysis, 251
structural element behavior, 205, 228–230

Diagonal tensile strain, connections, 300
Diaphragms, 428
Dilatational wave, 111
Dimensionless loading parameters, P-I 

diagrams, 330
Dimensionless P-I diagrams, 338

Direct and indirect fire weapon projectiles, 
42–44

Direct-induced waves, 148, 149
Direct shear, 357

dynamic response and analysis, 250, 251, 
271, 357

applications to support analysis and 
design, 276

intermediate approximate methods, 264
failure modes, 238

coupled, 35
P-I diagrams, 367, 368

composite, 361
dynamic structural model, 351–357
multiple failure modes, 343, 362

SDOF analysis
coupled equivalent systems, 252
equivalent SDOF system approach, 349

SDOF and P-I computations, 358–359
for reinforced concrete slabs, 363, 365

structural element behavior, 226–228
Direct shear failure

design approach, comprehensive, 425
P-I diagrams, 360

Discontinuity
direct shear response, 226
D regions, 295
at slab-wall interface, 238
stress distribution at, 292

Dispenser bombs, 47
Displacement

direct shear and flexural response, 365, 367, 
369, 371

P-I diagrams, 331, 368
SDOF analysis, 240
SDOF and P-I computations, 363, 367

direct shear response, 371
for reinforced concrete slabs, 364, 371

Displacement function, SDOF analysis, 249, 
288

Displacement vector, dynamic response and 
analysis, 252

Dissipation, load, 328
Distance between buildings, 408, 409
Distance from explosion

blast fragment coupling, 175, 176
close-in detonation, 

 

see

 

 Close-in detonation
design approach, comprehensive, 408, 418, 

419–420
short standoff bomb blasts, 428
structural system behavior, 424

dynamic loads, comparisons of weapons, 
66–67
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internal explosions, shock pressure phase, 
76–77

nuclear and HE explosions
dynamic pressure impulse as function of 

scaled height of burst and scaled 
ground ranges, 89

height of burst and ground range for 
intermediate overpressures, 89

peak dynamic pressure as function of 
scaled height of burst and ground 
ranges, 88

planning and design considerations, 6, 18, 
19, 34

HE device behavior, 16–17
minimizing, 6

scaling laws, 67
structural element behavior, 198

frames, 214
structural design applications, 234
TN-5-1300 assumptions, 196

zero standoff, 

 

see

 

 Contact detonations
Distributed load, membrane behavior, 224
Distributed systems, 417
Documentation, design, 8
Domes, nuclear loads, on above ground 

structures, 178
Doors, 

 

see also

 

 Openings and interfaces
blast, 310–313, 314
emergency exits, 317, 318
flying debris minimization, 409

Dowel action, 238, 425
Downing Assessment Task Force 

recommendations, 35, 37
Drag/drag pressure

conventional loads on above-ground 
structures, 172, 173

nuclear loads on above ground structures, 
177, 178, 180, 181–182

D (discontinuity) regions, 292, 295
Drop panels, 425
Drucker-Prager failure criterion, 266
Drucker-Prager model, 266, 267
DSAS, 269–270, 362
Ductile failure, progressive collapse of steel 

frame buildings, 380
Ductility

design approach, comprehensive, 433
dynamic response and analysis

applications to support analysis and 
design, 276

multi-segmental forcing functions, 289
P-I diagrams, 331
progressive collapse, 377
structural element behavior, 197

structural system behavior, 424
Ductility factor, 247
Ductility ratios, 197, 289
Ducts

airblast transmission through, 319, 322–324
cable and conduit penetrations, 315–317

Duhamel's integral, 242–247
Duration of impact or load, 

 

see also

 

 Pressure-
time history; Time-pressure curves

blast design load derivation procedures
blast load on rear wall, 193
load-time history on buried wall or roof, 

187
pressure-time curve on front wall from 

external explosions, 188
pressure-time curve on roof or sidewall, 

span parallel to shock front 
explosions, 190

pressure-time curve on roof or sidewall, 
span perpendicular to shock front 
explosions, 190

comparison of response times of loading 
regimes, 329

conventional loads on above-ground 
structures, 173

design approach, comprehensive, 418, 420, 
421

dynamic response and analysis, 239
external explosions, 68
failure modes, 237
impulsive loading regimes, 328
internal explosions, gas pressure phase, 77, 

78
loading regime quantification, 330
natural frequency and, 328
penetration process, energy absorption, 84
P-I diagrams, 326
planning and design considerations, 25, 405
structural element behavior, distances from 

explosion and dynamic loads, 198
Dust, 

 

see

 

 Particles, dust, and debris
D-waves, reflection and transmission between 

two media, 114–116
Dynamic amplification factor, 239
Dynamic coupling, shock isolation, 319, 

320–321
Dynamic direct shear model, 357
Dynamic equilibrium equation, 108

intermediate approximate methods, 263
nuclear loads on buried structures, 

183–184
Dynamic equilibrium of forces, dynamic shear 

force, 353
Dynamic failure, multiple failure modes, 343
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Dynamic increase factors (DIFs), steel 
connections, 309

Dynamic load factor, SDOF analysis, 242
Dynamic loads

design approach, comprehensive, 422
P-I diagrams, 330, 339

comparison of response times of loading 
regimes, 329

versus shock spectrum, 327–328
structural element behavior, 198, 202

diagonal shear effects, 230
Dynamic models, P-I diagrams, numerical 

approach, 339
Dynamic pressure, 66–67

blast design load derivation procedures
pressure-time curve on front wall from 

external explosions, 188, 189
pressure-time curve on roof or sidewall, 

span parallel to shock front 
explosions, 191

pressure-time curve on roof or sidewall, 
span perpendicular to shock front 
explosions, 190

conventional loads on above-ground 
structures, 173

external explosions, 72
loads on above-ground structures, 170, 177
nuclear and HE explosions, 80, 81, 82

loads on above ground structures, 177
peak, 82–83
peak dynamic pressure at shock front as 

function of peak overpressure at 
sea level, 87

Dynamic region approximation, P-I diagrams, 
energy balance method, 336–338, 
339

Dynamic resistance function, 250, 251, 
346–347, 348

Dynamic response and analysis, 237–289
advanced analysis requirements, 238–239
computational capabilities, validation 

requirements, 267–272, 273
computational systems, intermediate and 

advanced, 262–267
advanced approximate methods, 

264–265
intermediate approximate methods, 

263–264
material models, 265–267

computation support for protective analysis 
and design activities, 272–289

applications to support analysis and 
design, 276–281, 282–287

approximate procedure for multi-
segmental forcing functions, 281, 
288–289

equivalent SDOF system approach, 
274–276

SDOF parameters for fixed beams, 278
SDOF parameters for fixed boundary 

beams, 279–280
SDOF parameters for simply supported 

beams, 277
SDOF parameters for simply supported 

slabs, 281
continuous systems, 258–262
design approach, comprehensive, 422–423; 

 

see also

 

 Design approach, 
comprehensive

modes of failure, 237–238
multi-degree-of-freedom (MDOF) systems, 

251–258
numerical methods for transient 

responses analysis, 255–258
principles of, 251–255

nuclear loads on buried structures, soil-
structure interactions, 179

P-I diagrams
closed-form solutions, 331–335, 336
numerical approach, 339
transition point searches, 339

P-I diagrams, dynamic analysis approach, 
343–348

direct shear behavior, 347–348
dynamic material and constitutive 

models, 343–344
dynamic resistance function, 346–347
flexural behavior, 344–346

planning and design, 8
planning and design considerations, 7, 25, 

29, 405
pressure-impulse diagrams, 

 

see

 

 Pressure-
impulse (PI) diagrams

progressive collapse, steel frame structure 
analysis, 394

SDOF analysis, simple, 240–251
advanced approaches, 247–250
graphical presentations of solutions, 

247, 248, 249
numerical solutions, 247–250
theoretical solution for, Duhamel's 

integral, 242–247
structural element behavior

material properties, 202, 203
structural design applications, 233
technical manuals, 196, 197

Dynamic shear force, 353,  357
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Dynamic structural analysis techniques
design approach, comprehensive, 416
DOD recommendations, 383–384

Dynamic structural model, P-I diagrams, 
348–357

direct shear response, 351–357
flexural response, 349–351

 

E

 

Earthquakes, 

 

see

 

 Seismic loads/stresses
Education, 437–438, 441
Effective mass, equivalent SDOF system 

approach, beam response modes, 
275

Effective spring constant, SDOF parameters
fixed beams, 278
fixed boundary beams, 279–280
simply supported beams, 277
simply supported slabs, 281

Ejecta
conventional environments, HE-induced, 

137, 139, 140, 141
cratering, 135, 136, 142
from nuclear weapons, 145–147, 148–149
planning and design considerations, 7

Elastic behavior
concrete elastic modulus, 199–200
cylinders, 209
domes, 212
response spectra, 244–246
rings, 210

Elastic isotropic solid, three-dimensional stress 
wave propagation, 108–109

Elastic models, 250, 265
dynamic shear force, 354
loading regime quantification, 329
membrane behavior, 222, 224
P-I diagrams

analytical, 325
closed-form solutions, 331–335, 336

SDOF
energy solutions, 337, 338
equivalent SDOF transformation factors, 

transitions between response 
modes, 350

SDOF analysis
for fixed one-way slabs, long edges fixed 

and short edges simply supported, 
286–287

for fixed one-way slabs, short edges 
fixed and long edges simply 
supported, 284–285

for fixed slabs, 282–283
Elastic-perfectly plastic models

dynamic response and analysis, 346–347
membrane behavior, 224
P-I diagrams, 330,  325
SDOF, energy solutions, 337, 338

Elastic-plastic models, 239, 250
design manual limitations, 25
membrane behavior, 222, 224
P-I diagrams, 330
SDOF analysis, 248–250

fixed one-way slabs, long edges fixed 
and short edges simply supported, 
286–287

for fixed one-way slabs, short edges 
fixed and long edges simply 
supported, 284–285

for fixed slabs, 282–283
parameters for fixed beams, 278
parameters for fixed boundary beams, 

279–280
Elastic theory, 212
Elastic wave propagation, one-dimensional, 110
Elastic zone, cratering, 136
Elastoplastic steel, flexural resistance, 202–203
Electromagnetic pulse, 5, 7, 311
Element removal, 

 

see

 

 Removal of structural 
elements

Element types, finite element approach, 265
Elevator shafts, 417
Emergency exits, 317, 318
Emergency functions, 412–413, 417
Enclosure systems and technologies, 439–440, 

442
End rotation, progressive collapse, 397–398
Energy

blast effects and mitigation, 52
chemistry and physics of explosions, 53–58
conservation of, 61, 118, 256, 257, 426
cube root scaling, 67
design approach, comprehensive

sacrificial elements, 430, 432–433
structural system and component 

selection, 432
dynamic response and analysis, 256–257
fragmentation and, 34
and penetration, deformation and, 87 
propagation of 

internal explosions, 75
scaling laws, 67

shock waves
reflected, 70
in three-phase media, 63–64
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Energy balance method, P-I diagrams, 331, 
335–339, 341–342

approximating dynamic regions, 336–338, 
339

continuous structural elements, 338, 340
Engineering classification for intact rock, 96
Enhancement factors, 430
Entrance tunnels, 310
Entropy, 53, 55, 63
Envelopes, research needs, 439–440
Environmental effects, research needs, 441
Equations of motion

continuous systems, 259, 262
MDOF analysis, 252
P-I diagrams

dynamic structural model of direct shear 
effects, 351

dynamic structural model of flexural 
response, 349–350

SDOF analysis, 241, 247–248
SDOF systems

equivalent SDOF system approach, 
beam response modes, 275–276

flexural equivalent, 349–350
shock waves in one-dimensional solids, 118
three-dimensional stress wave propagation, 

108–109
Equilibrium equation

dynamic shear force, 353
SDOF

approximate, 423
simple, 240

Equipment, 442
multiple detonation effects, 35
planning and design considerations, 7, 18, 

29–30
risk assessment, 12
robustness, 29–30

Equivalent load factor, 172, 173, 425
Equivalent loads

blast design load derivation procedures, 190
static, 7

Equivalent pressure, conventional loads on 
buried structures, 169

Equivalent SDOF systems, 274–276
coupled, 251, 252, 349
coupled systems, 349
dynamic response and analysis, 357
dynamic structural responses, 349
P-I diagrams, 339

Equivalent TNT values, 

 

see

 

 TNT equivalents
Equivalent uniform pressure-time history

above-ground structures, 172
buried wall or roof, 187, 188

Equivoluminal (shear) waves, 109
Euler-Bernoulli models, 292
Eulerian methods, 117
Evacuation of facility, 6, 412
Exhaust systems, 417
Existing construction

prevention of collapse, 408–409
progressive collapse

Department of Defense guidelines, 
380–381

General Services Administration (GSA) 
guidelines, 385

retrofits, 

 

see

 

 Retrofits
Exits, emergency, 317, 318
Exothermic reactions, 53, 59
Experimental analysis/data

blast fragment coupling, 175
computer code requirements, 16
cratering, nuclear explosions, 143
design approach, comprehensive, 418, 420
dynamic response and analysis, 344

material model testing, 267
numerical method comparisons, 

272–274
validation procedures, 267–272, 273

joint behavior, 301
membrane behavior, 223–224
military focus of previous work, 25–26
and P-I models, 368, 370

analytical, 325
SDOF and P-I computations, for 

reinforced concrete slabs, 363, 364
requirements and capabilities, 30–31
soil properties from explosion tests, 132

Explicit method, steel frame structure analysis, 
394

Explosive constants, 154
Explosive devices and explosions, 41–69

airblast, 68–79
external explosions, 68–74
internal explosions, 75–77, 78
leakage blast pressure, 77–79

analysis requirements and capabilities, 31
connections and support conditions, 292
conventional devices, processes, and 

environments, 41–49
bombs, 46–47
direct and indirect fire weapon 

projectiles, 42–44
grenades, 44, 46
rockets and missiles, 47–48, 49
small arms and aircraft cannon 

projectiles, 42, 43, 44, 45
special-purpose weapons, 48–49
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effects and mitigation, 50–64
blast effects, 50–52
chemistry of, 53–54
combustion phenomena and processes, 

59–60
detonation processes and shock waves, 

60–64
physics of, 54–58
types and properties of explosives, 

58–59
loading characteristics, 292, 294

complexity of, 17–18
membrane behavior, 223–224
nuclear devices, processes, and 

environments, 41
planning and design considerations, 4, 5–6, 

7
computer code requirements, 19
load determination, 18–19
multiple devices, 16
technical resources and blast mitigation 

capabilities, 25
threat assessment, 14
types of explosive attack incidents in 

U.S., 14
transitions between response modes, 30
types and properties of explosives, 58–59

Explosive energy constant, Gurney, 156
Explosive facility design, 196
Exponential decay

dynamic response and analysis, 281, 289
loading regime quantification, 329

Exponential load, P-I diagrams
energy balance method, 336–337
response functions, 332

Exteriors, building
comprehensive design approach, 414–416
design approach, comprehensive, 413, 414
progressive collapse, analysis and 

acceptance criteria, 387
research needs, 439–440
threat assessment, 14

External criteria screening (ECS) techniques, 
376

External elements, alternate path analysis, 384
External explosions

airblast, conventional weapons and high-
explosive devices, 68–74

planning and design considerations, 29
time-pressure curves, front wall (surface 

burst), 187–189, 190
External parameters, dynamic analysis 

approach, 344

 

F

 

Fabrics, 442
Facade shielding, 432
FACEDAP (Facility and Component Evaluation 

and Damage Assessment 
Program), 327, 426

Face mats, concrete protection, 88
Facility and Component Evaluation and 

Damage Assessment Program 
(FACEDAP), 327, 426

Factored shear force, 205
Failure, conditions resulting in failure, 327–328
Failure modes

coupling, 18, 35
design approach, comprehensive

load redistribution, 428–429
structural system behavior, 424–425

direct shear response, 351–352
dynamic response and analysis, 250, 357

flexural behavior, 345
material models, 266

dynamics of, 237–238
explosive loads and, 294
membrane behavior, 226
P-I diagrams, 325, 327

dynamic reaction, 340
multiple, 341, 342, 343
SDOF and P-I computations, 358, 360

planning and design considerations, 5
progressive collapse, 373–374

concrete structures, monolithic, 
377–378

steel frame buildings, 380
steel frame structure analysis, 390–391

structural analysis research needs, 35
Failure moment, statically loaded knee joints, 

297
Fallback, cratering, 135, 142
Fasteners, 

 

see

 

 Connections and supports
Federal Emergency Management Agency 

(FEMA) guidelines, 6, 27, 28, 407
FIBCON, 101
Fiber-reinforced concrete, penetration of, 101
Finite element and finite difference methods

ABAQUS/Explicit, 270, 273
dynamic response and analysis, 264–265, 

271–272
membrane behavior, 224–225
planning and design, 8

Finite element model, 271–272
Finite rise time, P-I diagrams, 330
Fire(s), 167

combustion phenomena and processes, 59
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comprehensive design approach, 417
fire and incendiary bombs, 47–48
hazard mitigation, 6
multi-hazard protective design, 433–434
planning and design considerations, 7
secondary threats, 32
types of explosive attack incidents in U.S., 

14
Fireball, nuclear devices, 79
Fixed beams, SDOF parameters, 278, 279–280
Fixed slabs, SDOF analysis, 282–283

one-way with long edges fixed and short 
edges simply supported, 286–287

one-way with short edges fixed and long 
edges simply supported, 284–285

Flat plate slabs, load transfer, 238
Flexural moment capacity, 228–229
Flexural response

buried structures
conventional explosive loads, 170
equivalent uniform loads, 188

comprehensive design approach, load 
redistribution, 429

concrete
flexural response, face mats and, 88
reinforcement and, 89

connections, reinforcement and, 304–305
diagonal shear effects, 228–229
dynamic response and analysis, 250, 357

equivalent SDOF system approach, 
274–275

intermediate approximate methods, 264
material model testing, 270–271
SDOF, 251

equivalent SDOF system approach, 
274–275, 349

failure modes, 238; 

 

see also

 

 Failure modes
coupling/coupled, 18, 35
dynamic resistance function, 347
local, 237–238
P-I diagrams, dynamic reaction, 340
P-I diagrams, multiple failure modes, 

341, 343, 362
SDOF and P-I computations, 358

government guideline limitations, 29
P-I diagrams, 327, 357, 367, 368

composite, 361, 362
multiple failure modes, 341, 343, 362
SDOF and P-I computations, 360, 361, 

363, 364, 371
P-I diagrams, dynamic structural model, 

349–351
equation of motion, 349–350
transformation factors, 350–351

progressive collapse
GSA guidelines, 385
sample analyses, 395

SDOF analysis
assumptions, 325
coupled equivalent systems, 251, 252

SDOF and P-I computations, 357, 360, 361
for reinforced concrete slabs, 363, 364, 

371
structural element behavior, 202–205

cylinders, arches, and domes, 212
diagonal shear effects, 228–229, 230
joints, 232
plastic hinge regions, 232
shear resistance, 205, 206
technical manuals, 197
tensile and compressive members, 207

Flexure, equivalent SDOF system approach, 349
Floors, 416

arch joints, 306
comprehensive design approach, 430–431
DOD design recommendations, 381
ground floor analysis and acceptance 

criteria, 387
progressive collapse, 402–403

sample analyses, 396, 397, 398
reinforced, catastrophic failure, 208

Flow charts, 381
Flow tube, 315, 317
Flow velocity, and dynamic pressure, 80
Focusing, shock waves, 17, 34
Force, P-I diagrams, 327
Forced entry, 14, 18–19, 29
Forced vibration responses, P-I diagrams, 

333–334
Force-impulse diagrams, 

 

see

 

 Pressure-impulse 
(PI) diagrams

Force-impulse term, P-I diagrams, 327
Force redistribution, progressive collapse, 379
Forces, military, 19, 35
Force-time histories

dynamic response and analysis, 271
finite element approach, 265
P-I diagrams, idealized transient loading 

profile, 326
Force vector, dynamic response and analysis, 

252
Forcing functions, 242, 246

dynamic response and analysis, 276
dynamic shear force, 352
equivalent SDOF transformation factors, 

351
multi-segmental, 281, 288–289
SDOF analysis, 245
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Foreign intelligence services, 11, 24
Fortification science, 25, 32–33, 52, 405
Foundation, load transfer to, 427
Fracture-based approaches, dynamic response 

and analysis, 269
Fracture fatigue failure, 380
Fragility data for equipment, 7, 29–30
Fragmentation, 153–167; 

 

see also

 

 Particles, 
dust, and debris

blast fragment coupling, 175–176, 177
computer code requirements, 19
conventional loads on mounded structures, 

175
design approach, comprehensive, 418, 419

flying debris minimization, 409
research needs, 440

and loading parameters, 34
planning and design considerations, 5, 6, 7, 

16, 19
and shock wave energy, 70–71
structural element behavior, technical 

manuals, 196, 197
Fragmentation (FRAG) bombs, 46
Fragmentation grenades, 46
Frames, 442

connections, factors affecting concrete 
behavior, 300–301

design approach, comprehensive
structural system and component 

selection, 432
transfer of load, 429–430

DOD design recommendations, 381–382
joint size limitations, 232
progressive collapse, 377–378

advanced frame structure analysis, 
390–404; 

 

see also

 

 Progressive 
Collapse

catenary action, 416
steel frame buildings, 380

progressive collapse, structure analysis
computer code requirements, 394
examples of, 395–404
semi-rigid connections, 392–394, 

395–397, 398
structural element behavior, 214–215

Free air equivalent weight, 65, 66
Free body diagram

connections, 303
deformed slab, 220
MDOF, 252

Free-field blast wave, 187–189
Free-field pressure

design approach, comprehensive, 421
loads on above-ground structures, 170

load-time history on buried wall or roof, 187
Free-field pressure pulse, 170
Free-field pressure-time variation, 68
Free-vibration response, P-I diagrams, 333–334
Frequency characteristics, 325; 

 

see also

 

 
Vibration, natural periods and 
modes

dynamic response and analysis, 239, 348
continuous systems, 261
SDOF, simple, 241, 242, 243

membrane behavior, 224
natural circular frequency, 330, 350, 351

continuous systems, 261
dynamic response and analysis, 261, 276
loading regimes, 330, 350, 351

natural frequency
dynamic response and analysis, 254, 276
loading regimes, 330
response time of system, 328
SDOF analysis, simple, 241
truss structure progressive collapse, 379

SDOF systems, 348
structural system behavior, 425

Friction, shock front attenuation, 323
FROG missiles, 48
Fuel-air-munitions, 47, 48–49
Fuel materials, chemistry and physics of 

explosions, 53–54
Fuel oil devices (ANFO), 31, 58
Fully nonlinear dynamic methods, planning and 

design, 8
Fundamental frequency, SDOF systems, 348

 

G

 

Garages, 

 

see

 

 Parking facilities
Gas constant, 59–60
Gases

chemistry of explosions, 53, 54
detonation processes and shock waves, 

60–64
impulsive loading, 418
internal explosions

gas pressure phase, 75, 77
quasistatic phase, 75

nuclear and HE explosions
gas density and dynamic pressure, 80
peak dynamic pressure for ideal gas, 

82–83
shock propagation in, 52

Gas explosions
design approach, comprehensive, 422
and progressive collapse, 375
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Gasoline, 57
Gauge signals, 175, 176
General principles of protective technology, 

1–39
analysis requirements and capabilities, 

30–31
computational analysis, 30
experimental analysis, 30–31

current state and future needs, 31–39
development and implementation of 

design methodology, 37–39
policy and technology needs, 35–37
research and development, relationships 

to, 33–35
load definition from threat and hazard 

environment, 16–24
military threat assessment, 19–24
terrorism and insurgency threat 

assessment, 24
methodology, threat, and risk assessment, 

8–16
risk assessment, 11–15
threat, hazard, and vulnerability 

assessments, 10–11
planning and design philosophy, 5–8
technical resources and blast mitigation 

capabilities, 24–30
design and construction considerations, 

28–30
design manuals, 26–28

General purpose (GP) bombs, 46
General resistance function, membrane 

behavior, 223
General Services Administration (GSA) 

guidelines, 385–386
planning and design considerations, 6
progressive collapse, 384–390

analysis and acceptance criteria, 
387–389

assessment of existing facilities for 
potential for progressive collapse, 
385

material properties and structural 
modeling, 387–389

mitigation, new facilities, 385–387
redesigns of structural elements, 

389–390
Generators, 417
Geological structure

conventional loads on buried structures, 
estimation of, 170

cratering, 141, 144
ejecta, 146, 148
ground shock, surface-burst, 149

Geologic materials, material models, 266, 267
Geometrical load, direct shear response, 226
Geometric model, progressive collapse, 399
Geometry of beam, SDOF and P-I 

computations, 356, 357
Geometry of casing, and fragmentation, 154, 

155, 157–158
Geometry of charge

cannon projectiles, 45
computer code requirements, 19
design approach, comprehensive, 421
planning and design considerations, 34

Geometry of explosion
buried structures, 106
hemispherical surface bursts

pressure-time curve on front wall from 
external explosions, 189

pressure-time curve on roof or sidewall, 
span perpendicular to shock front 
explosions, 190

Geometry of explosive/projectile
blast design load derivation procedures, 

pressure-time curve on roof or 
sidewall, span perpendicular to 
shock front explosions, 190

design approach, comprehensive, 418
general principles and overview, 16

and loading parameters, 17, 34
research issues, 34

and penetration
of concrete, 92
of rock, 92, 93
shaped charge devices, 105
of soil/granular material, 96, 98, 99

scaling laws, 67
and shock front geometry, 70
shock wave parameters for spherical TNT 

explosions, 71
Geometry of fragments, and penetration, 

157–158, 159
Geometry of gas cloud, 422
Geometry of impact, and penetration, 91
Geometry of shock front, 70, 72
Geometry of structure, 412

design approach, comprehensive, 414, 418, 
431

factors affecting outcomes, 432
structural system and component 

selection, 431
instability, 390
and nuclear load effects

on above ground structures, lift and drag 
coefficients, 177, 178

on buried structures, 183, 184, 185
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soil arching, 186
progressive collapse, steel frame buildings, 

391–392
structural element behavior

cylinders, arches, and domes, 208–212
membrane behavior, 218–219

German Federal Ministry of Defense, 406
Girders

progressive collapse, 377
catenary action, 416
sample analyses, 395, 396

transfer, 429–430
Global structural behavior

design approach, comprehensive, 427
dynamic load types and, 422
local response versus, 52
progressive collapse

GSA guidelines, 385
steel frame buildings, 380

Government-academic-industry partnerships, 
38, 39, 435

Government resources, 

 

see

 

 

 

specific U.S. 
government agencies

 

Grain, and soil/granular material penetration, 96
Graphical presentations, dynamic response and 

analysis, 247, 248, 249
Gravity loads

progressive collapse, 398
tensile and compressive members, 206

Grenades, 25, 44, 46
Grills, door designs, 311
Ground floor, analysis and acceptance criteria, 

387
Ground range, 

 

see

 

 Distance from explosion
Ground shock

blast effects and mitigation, 51–52
conventional environments, HE-induced, 

106–141
application to protective design, 

129–135
computational aspects, 116–117
HE charges and conventional weapons, 

106
one-dimensional elastic wave 

propagation, 110
reflection and transmission of one 

dimensional D-waves between two 
media, 114–116

shock waves in one-dimensional solids, 
117–119

stress wave propagation in soils, 
119–125

three-dimensional stress wave 
propagation, 106–110

conventional loads on surface-flush 
structures, 175

coupling factor as function of scaled depth, 
131

design approach, comprehensive, 420–421
from nuclear weapons, 147, 149, 150–153
planning and design considerations, 5, 7
soil properties for calculations, 131
time of arrival, 128–129

Ground surface, 

 

see

 

 Surface (of ground)
GSA guidelines, 

 

see

 

 General Services 
Administration (GSA) guidelines

Guidelines, 

 

see

 

 Publications, literature and 
technical references

Gurney equation, 156

 

H

 

H-6, 66, 154
Hardened facilities, 434

dynamic response and analysis, 239
subsystem protection, 29

Hardening, structure, 379, 412
Hardness

and penetration, 87
terminology, 6
yielding, hardening effects of, 266

Harmonic loads, simple, 246
Harmonic vibration, SDOF analysis, 242
Hartford Coliseum, 379
Haunch, joint behavior, 304, 305
Hazard assessment, 

 

see

 

 Threat and risk 
assessment

HBX-1 and HBX-3, 66, 154
Headwaves, 148, 149
Heating, ventilation, and air conditioning 

(HVAC) systems, 7, 410
Heat of combustion, 55
Heat of detonation, 60–61
Heat of reaction, 55, 65
Heat sensitivity, primary explosives, 58
HE devices, 

 

see

 

 High-explosive (HE) devices
Height of burst (HOB)

cratering, 137
nuclear explosions, 141, 143, 145

nuclear and HE explosions, 79, 80, 82
dynamic pressure impulse as function of 

scaled height of burst and scaled 
ground ranges, 89

low overpressures, 85
peak dynamic pressure as function of 

scaled height of burst and ground 
ranges, 88
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Hemispherical blast pressure, internal 
explosions, 77

Hemispherical shock waves, 73
ground surface explosions, 72
internal explosions, blast environment with, 

75
nuclear and HE explosions, 80

Hemispherical surface bursts
pressure-time curve on front wall from 

external explosions, 189
pressure-time curve on roof or sidewall, 

span perpendicular to shock front 
explosions, 190

High-explosive (HE) devices
airblast, 68–79

external explosions, 68–74
internal explosions, 75–77, 78
leakage blast pressure, 77–79

anti-tank (HEAT) munitions, 42, 44, 45, 46
rockets and missiles for launching, 49

basis for comparison, TNT equivalents, 65
battlefield support missiles, 48
blast effects and mitigation, 50
bombs, 46, 47
direct and indirect fire weapon projectiles, 

42–44
ground shock, cratering, and ejecta from, 

106–141
application to protective design, 

129–135
computational aspects, 116–117
cratering, 135–137, 138
ejecta, 137, 139, 140, 141
one-dimensional elastic wave 

propagation, 110
reflection and transmission of one 

dimensional D-waves between two 
media, 114–116

shock waves in one-dimensional solids, 
117–119

stress wave propagation in soils, 
119–125

three-dimensional stress wave 
propagation, 106–110

impulsive loading, 418
planning and design considerations, 16

combined/multiple weapons systems, 18
load parameter estimation, complexity 

of, 18
previous testing methods, 25–26

structural element behavior, frames, 214
structural failure modes, research needs, 35

High levels of protection (HLOP), 381
High pressure spike, internal explosions, 75

Hinges/hinge regions
plastic, 

 

see

 

 Plastic hinge regions
progressive collapse, 388, 398–399
three-hinge mechanisms, 406

History, 

 

see also

 

 Load-time history; Pressure-
time history

dynamic resistance function, 346–347
HLOP (high levels of protection), 381
HMX, 154
Holzer method, 258
Hooke's law, 422–423
Howitzers, 22
HTA-3, 154
Hugoniot equations, 61–62, 118, 119
Human body responses to blast loading, 327, 

433
Hybrid finite element and finite difference 

method, 265
Hydrocode, 419–420
Hyperbolic functions, 330, 336–337, 338, 358, 

368
Hyperbolic shapes, 358
Hysteretic loop, dynamic resistance function, 

347

 

I

 

Ideal gas, 63, 82–83
Idealized transient loading profile, P-I diagrams, 

326
Ideal surface peak overpressure curves, 82, 83
IEDs (improvised explosive devices), 31, 41
Impact angle, 

 

see 

 

Angle of incidence
Impact load transfer, 413–414
Impact parameters

dynamic response and analysis validation 
requirements, 270, 271

and effectiveness of projectile, 43
ejecta, 141
penetration process, 84, 91
P-I diagrams, idealized profile, 326
planning and design considerations, 24, 25
risk equation, 11, 12

Impedance, 113
Implementation

design methodology, 38–39
technological/design developments, 

recommended actions, 436
Improvised explosive devices (IEDs), 31, 41
Impulse

free air equivalent weights, 66
and peak overpressure, 82
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P-I diagrams, 

 

see

 

 Pressure-impulse (PI) 
diagrams

Impulsive loading
comparison of response times of loading 

regimes, 329
comprehensive design approach, 418

pressure versus impulse sensitivity, 426
P-I diagrams versus shock spectrum, 

327–328
pressure versus impulse sensitivity, 426

Incendiary devices, 14, 47–48, 167
Incidence, angle of, 

 

see

 

 Angle of incidence
Incident pressure

conventional loads on mounded structures, 
175

external explosions, 68, 69
loads on above-ground structures, 171, 172
pressure-time curve on front wall from 

external explosions, 188, 189
Incident wave

airburst blast environment, 72
nuclear and HE explosions, 80
reflection and transmission between two 

sand materials, 122
Indeterminate structures, 424
Indirect fire weapon projectiles, 42–44
Industrial accidents, 11
Industry, 

 

see

 

 Collaboration, multidisciplinary
Inelastic analysis, progressive collapse of steel 

frame buildings, 392
Inelastic buckling, progressive collapse of steel 

frame buildings, 391
Inelastic strain energy, 424
Inertia forces

and dynamic behavior, 258, 275, 306, 
355–356

P-I diagrams, energy balance method, 335
Inertial loads, seismic loading, 427–428
Insider threats, 11
Inspection of facilities, 8
Insurgency threat assessment, 24
Intake shafts, 417
Intelligence services, 11, 24
Interaction diagram

flexural resistance, 203–204
tensile and compressive members, 207

Interactions of forces, 

 

see also

 

 Dynamic 
response and analysis

internal, dynamic analysis approach, 
343–344

shock waves
interference, 64
internal explosions, 75

Interactions between structural elements or 
systems, 442

advanced frame structure analysis, 390
planning and design considerations, 7
research needs, 438
structure-door interactions, 310

Interface, media
ground shock, surface-burst, 149
reflection and transmission of one 

dimensional D-waves between two 
media, 114–116

shock waves, 122–123
nuclear and HE explosions, 123
reflections from, 133
without reflected shock, 127

Interface, structural, 

 

see also

 

 Connections and 
supports; Openings and interfaces

design approach, comprehensive, structural 
system behavior, 424–425

load transfer at, 238
shear plane, displacement along, 348
shear transfer at, 357
static interface shear transfer, 228

Interference, shock wave, 64
Interiors, building

comprehensive design approach, 416
connections, 300–301
progressive collapse, analysis and 

acceptance criteria, 387
Internal damping, dynamic resistance function, 

347
Internal explosions

airblast, 75–77, 78
design approach, comprehensive, 421
multiple detonations, 35
planning and design considerations, 29
pressure increases, 319, 322

Internal forces
dynamic analysis approach, 343–344
pressure, 

 

see

 

 Pressure, internal
Internal shock and its isolation, 317, 319, 

320–321
Internal structure, 

 

see also

 

 Supports/support 
conditions

alternate path analysis, 384
connections, 291–310

background, 292, 294–296
structural concrete detailing behavior 

studies, 296–307
structural steel detailing behavior 

studies, 308–309
internal pressure, 319–322

airblast transmission through tunnels 
and ducts, 319, 322–324

 

DK3186_Index.fm  Page 481  Monday, December 3, 2007  3:21 PM



 

482

 

Modern Protective Structures

 

increases, 319
internal shock and its isolation, 317, 319, 

320–321
openings and interfaces, 310–317

blast doors, 310–313, 314
blast valves, 313–315
cable and conduit penetrations, 315–317
emergency exits, 317, 318
entrance tunnels, 310

Internal volume, gas pressure phase of internal 
explosions, 77

International collaboration, 36, 37, 435
Isobaric reactions, 59
Isochoric reactions, 59
Iso-damage curve, 

 

see

 

 Pressure-impulse (PI) 
diagrams

Isoentropic process, 63

 

J

 

Jet formation, shaped charges, 103
Joints, 296

connections, 291–292
limiting conditions, 232
reinforcement and, 301, 302
structural system and component selection, 

432
Joists, 431
Jones-Wilkins-Lee (JWL) equation, 63

 

K

 

Khobar Towers, 10
Kinetic energy, penetration depth and, 84
Knee joints, 296, 301
Knee wall, 413
Knowledge base, 33

 

L

 

Lacing reinforcement, 196
Lagrangian method, 117–118
Lamé's constants, 108
LANCE missiles, 48
Landscape, 440
Landscaping, 414
Lap splice, reinforcement, 429
Lateral bracing, 420
Lateral loads, progressive collapse, 404
Lateral strains, longitudinal motions and, 

111–112

Lateral torsional buckling, progressive collapse 
of steel frame buildings, 380

Law enforcement, 24
Layered materials, fragment penetration, 

166–167
Layered medium

ejecta thickness from high yield burst in, 148
ground shock, surface-burst, 149
reflections from interfaces, 133
wave transmission, 116–117

Layered structure, flexural behavior, 345
Layout, comprehensive design approach, 

409–410, 416
Lead azide, 58
Leakage blast pressure, 77–79
Length-span ratio, pressure-time curve on roof 

or sidewall, span perpendicular to 
shock front explosions, 190

Levels of protection, UFC classification, 381
Lifelines, planning and design considerations, 7
Lift, nuclear loads on above ground structures, 

177, 178, 180, 181–182
Light case (LC) bombs, 46
Limit states

advanced frame structure analysis, 390
steel frame design, 390

Linear analysis, DOD recommendations, 
383–384

Linear elastic analysis, progressive collapse, 
387, 404

Linear elastic models, 265
Linear elastic static analysis, progressive 

collapse, 386, 388
Linearly elastic oscillators, P-I diagrams, 337
Linear SDOF methods, 8
Linear SDOF oscillators, 426
Line elements, finite element approach, 265
Lines, explosive, 67
Liquified natural gas (LNG), 49
Literature and technical references, 

 

see

 

 
Publications, literature and 
technical references

Load, equivalent SDOF transformation factors, 
350

Load and resistance factor design (LRFD), 383
Load-bearing members

comprehensive design approach, 416
progressive collapse

DOD analysis recommendations, 384
DOD design recommendations, 

381–382, 383
Load capacity

design approach, comprehensive, 429
estimation of, 205
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Load cycling, dynamic effects, 202
Load definition

design approach, comprehensive, 418
research needs, 438–439

Load deflection
dynamic resistance function, 347
and flexural response, 345
SDOF and P-I computations, 357
unloading-reloading of load deflection 

curve, 348
Load-deformation relationship, dynamic 

response and analysis, 344
Load factor

dynamic response and analysis
SDOF analysis for fixed one-way slabs, 

long edges fixed and short edges 
simply supported, 286–287

SDOF analysis for fixed one-way slabs, 
short edges fixed and long edges 
simply supported, 284–285

SDOF analysis for fixed slabs, 282–283
SDOF parameters for fixed beams, 278
SDOF parameters for fixed boundary 

beams, 279–280
SDOF parameters for simply supported 

beams, 277
SDOF parameters for simply supported 

slabs, 281
inertia, 355–356

Load function, SDOF and P-I computations, 
357, 358

Load history, 

 

see also

 

 Load-time history
analysis methods, 383
dynamic resistance function, 346–347

Loading diagram, dynamic response and 
analysis, 278, 279–280

Loading function
and connections, 294
loads on above-ground structures, 172
P-I diagrams, SDOF system response 

functions, 332
SDOF analysis, 281, 288

Load magnification factors, structural element 
behavior, 202

Load-mass factor
fixed beams, 278
fixed boundary beams, 279–280
fixed one-way slabs

long edges fixed and short edges simply 
supported, 286–287

short edges fixed and long edges simply 
supported, 284–285

fixed slabs, 282–283
simply supported beams, 277

simply supported slabs, 281
Load paths, DOD design recommendations, 382
Load proportionality factors, 356
Load pulse, 331
Load rate, 330
Load rise time, 330
Loads and loading regimes

blast design load derivation procedures, 000, 
187–193

blast load on rear wall, 191–193
load-time history on buried wall or roof, 

187, 188
time-pressure curve on front wall from 

external explosion (surface burst), 
187–189, 190

time-pressure curve on roof or sidewall, 
span parallel to shock front, 
190–191, 192

time-pressure curve on roof or sidewall, 
span perpendicular to shock front, 
190, 191, 192

bridging or tying of structural elements, 373
connections and support conditions, 292
design approach, comprehensive, 419–420; 

 

see also

 

 Design approach, 
comprehensive

approximate SDOF calculations, 
422–423

load redistribution, 428–429
reflected pressure, 418
structural behavior and performance, 

417–422
structural system behavior, 425

doors, 312
dynamic response and analysis, 344

equivalent SDOF system approach, 
beam response modes, 275, 276

load-deflection relationship, 250
load-structure interactions, 239
material models, 267
modes of failure, 237–238
multi-segmental forcing functions, 281, 

289
SDOF parameters for fixed beams, 278
SDOF parameters for fixed boundary 

beams, 279–280
SDOF parameters for simply supported 

beams, 277
SDOF parameters for simply supported 

slabs, 281
structural analysis methods, 238–240

dynamic shear force, 355
fragment, 

 

see

 

 Fragmentation
fuel-air munitions and, 49
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as function of shape, 34
general principles and overview, 16–24

complexity of, 17–18
design manual limitations, 25

internal explosions, 75
load definition, 34
mitigation, 4
natural frequency-duration of forcing or 

load function relationship, 328
P-I diagrams, 325, 341–342, 344

idealized transient loading profile, 326
SDOF and P-I computations, 360

P-I diagrams, characteristics of
influence of system and loading 

parameters, 330–331
loading regimes, 328–330

P-I diagrams, closed form solutions
rectangular load pulse, 331, 333–334
triangular load pulse, 334–335, 336

planning and design considerations, 7, 11, 
16–24, 31–32, 405

combined/multiple weapons systems, 18
load definition, 34
multiple detonation effects, 35
prediction of, 16
previous testing methods, 26
procedures for determining, 18–19
research needs, 30, 31, 34
technical resources and blast mitigation 

capabilities, 24, 25
progressive collapse

abnormal loadings, 374–375
redesigns of structural elements, 389
steel frame structure analysis, 390–391

redundancies and alternate load paths, 295
research needs, 439
SDOF and P-I computations, 357
structural element behavior

cylinders, arches, and domes, 210, 211
direct shear response, 228
distances from explosion and dynamic 

loads, 198
frames, 214
membrane behavior, 222, 223, 224, 226
shear walls, 212–213
structural design applications, 233, 234
tensile and compressive members, 

206–207
unloading-reloading of load deflection 

curve, 348
Loads on structures, 169–193

blast design load derivation procedures, 
187–193

blast load on rear wall, 191–193

load-time history on buried wall or roof, 
187, 188

time-pressure curve on front wall from 
external explosion (surface burst), 
187–189, 190

time-pressure curve on roof or sidewall, 
span parallel to shock front, 
190–191, 192

time-pressure curve on roof or sidewall, 
span perpendicular to shock front, 
190, 191, 192

conventional loads, 169–177
above-ground structures, 170–174
blast fragment coupling, 175–176, 177
buried structures, 169–170
mounded structures, 175
surface-flush structures, 175

nuclear loads, 177–187
above-ground structures, 177–178, 

179–182
buried structures, 179–185
soil arching, 185–187

Load-time history, 18; 

 

see also

 

 Pressure-time 
history; Time-pressure curves

buried wall or roof, 187, 188
and maximum response to impulsive 

loading, 328, 329
multiple detonations, 35
P-I diagrams, 326

Load transfer, 

 

see

 

 Redistribution/transfer of 
load

Local/localized response
blast effects and mitigation, 52
buckling and progressive collapse, 380
connections, 307
design approach, comprehensive, 420, 

427–428
load redistribution, 428–429
structural system behavior, 424

dynamic load types and, 422
dynamic response to impact loading, 269
membrane behavior, 224
modes of failure, 237–238
progressive collapse, 373–374

GSA guidelines, 385
steel frame buildings, 380

redundancies and, 295
separation from structural responses, 237
structural element behavior, 25

frames, 215
London bombing incidents, 375, 376
Longitudinal reinforcement, joint behavior, 304
Longitudinal strains, 111
Longitudinal (P) waves, 110
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LOP (low levels of protection), 381
Love waves, 110
Low levels of protection (LOP), 381
Lumped mass models, 239, 252, 327

M

Mach front
airburst blast environment, 72
triple point, 71–72, 80

Mach reflections
conventional loads on above-ground 

structures, 170, 171
nuclear and HE explosions, 80, 82, 83

dynamic pressure impulse as function of 
scaled height of burst and scaled 
ground ranges, 89

peak dynamic pressure as function of 
scaled height of burst and ground 
ranges, 88

Mach sten, 80
Maintenance and repair, 28
Manuals, see Publications, literature and 

technical references
Masonry, 233, 413, 432
Mass

comprehensive design approach, 423–424, 
425

conservation of, 61, 118
nuclear explosion-induced shock waves, 

123
shock waves without reflected shock, 

126–127
dynamic resistance function, 29
equivalent SDOF transformation factors, 

350
SDOF parameters

for fixed beams, 278
for fixed boundary beams, 279–280
for fixed slabs, 282–283
for simply supported beams, 277
for simply supported slabs, 281

seismic loading, 427–428
Mass density, surface-burst ground shock, 150
Mass factor

equivalent, 275
SDOF systems

fixed beams, 278
fixed boundary beams, 279–280
fixed slabs, 282–283
simply supported beams, 277
simply supported slabs, 281

SDOF systems, fixed one-way slabs

long edges fixed and short edges simply 
supported, 286–287

short edges fixed and long edges simply 
supported, 284–285

Mass matrix, 252
finite element approach, dynamic response 

and analysis, 265
progressive collapse, steel frame structure 

analysis, 394
Mass-spring-damper systems, SDOF, 422–423
Material failure, progressive collapse of steel 

frame buildings, 380
Material models

for computational analysis, 265–267
connections, steel, 309
current state and future needs, 32
design manual limitations, 25
dynamic response and analysis, 250, 262, 

343–344
validation procedures, 270
validation requirements, 268

enhancement factor computation, 430
membrane behavior, 226
P-I diagrams, analytical, 325
structural design applications, 236

Material properties, 442; see also Structural 
elements and structural element 
behavior

cratering, nuclear explosions, 141
explosive loads and, 292, 294
and failure modes, 237–238; see also Failure 

modes
impact and penetration effects, 84
planning and design approach, 

comprehensive, 432–433
research needs, 439, 440
structural system and component 

selection, 431
planning and design considerations, 28

design manual limitations, 25
research needs, 30–31

progressive collapse, GSA guidelines, 
387–389

structural element behavior, 198–202
concrete, 199–202
dynamic effects, 202, 203
steel, 198–199
structural design applications, 233

Mathematical models, direct shear response, 
227–228

Matrix methods
dynamic response and analysis, 253, 254, 

265
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progressive collapse, steel frame structure 
analysis, 394

Matrix singularity problems, 394
Mats, concrete protection, 88
Maximum displacement, 325, 327, 347
Maximum peak response, P-I diagrams, 326
Maximum resistance, SDOF analysis

fixed one-way slabs
long edges fixed and short edges simply 

supported, 286–287
short edges fixed and long edges simply 

supported, 284–285
fixed slabs, 282–283

Maximum response parameters
impulsive loading, load time history-

independence, 328, 329
SDOF systems, 243–244, 348

Maximum stress
connections, 307
loads on above-ground structures, 172

MDOF, see Multi-degree-of-freedom (MDOF) 
systems

Mechanical couplers, reinforcement, 207
Mechanical equipment, 29–30; see also 

Equipment
Media

reflection and transmission of one 
dimensional D-waves between two 
media, 114–116

shock waves, 122–123
three-phase, shock waves, 63–64

Media-structure interactions
conventional loads on buried structures, 

estimation of, 170
dynamic response and analysis, 250
planning and design considerations, 19

Medium levels of protection (MLOP), 381
Membrane behavior

doors, 312
dynamic response and analysis

flexural behavior, 346
intermediate approximate methods, 264

flexural resistance, 205
progressive collapse

concrete structures, monolithic, 378
sample analyses, 398

SDOF and P-I computations, reinforced 
concrete slabs, 363, 364

structural element behavior, 218–226
Mercury fulminate, 58
Mesh, 269, 271–272
Metal grills, door designs, 311
Metals, impact loading tests, 269
Methodology, 8–16

development and implementation of, current 
state and future needs, 37–39

risk assessment, 11–15
threat, hazard, and vulnerability 

assessments, 10–11
Military applications, research focus, 25
Military ordnance, 41
Military threat assessment, 11, 19–24
Mindlin plate, 262, 348
Missiles and rockets, 47, 49

anti-runway bombs, 47
explosive processes, devices, and 

environments, characteristics of 
conventional weapons, 47–48, 49

fragment characteristics, 158
penetration

characteristics of, 86
shaped charge devices, 104, 105

projectiles, 43, 44, 45
Soviet doctrine, 22, 23

Mission requirements, 28
Mitigation, blast, 4

blast effects and, 50–52
general principles and overview, 24–30

design and construction considerations, 
28–30

design manuals, 26–28
research needs, 435

Mitigation, progressive collapse, 385–387
MLOP (medium levels of protection), 381
Modal equation of motion, 262
Mode shapes, 254, 261–262
Modification factors, dynamic response and 

analysis, 345
Modulation, nuclear loads on buried structures, 

179
Mohr circle, 266
Mohr-Coulomb criterion, 266
Moisture, 441
Moment

dynamic analysis approach, 343–344
statically loaded knee joints, 297
structural element behavior

cylinders, arches, and domes, 208–209, 
210, 212

diagonal shear effects, 228
interaction diagram, 203–204
membrane behavior, 226
plastic hinge regions, 232

Moment capacity
diagonal shear effects, 228
dynamic response and analysis

SDOF analysis for fixed slabs, 282–283
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SDOF parameters for fixed boundary 
beams, 279–280

Moment connections, 395, 398, 399
Moment curvature

continuous structural elements, 259–260
dynamic response and analysis, 344–345

dynamic resistance function, 346, 347
intermediate approximate methods, 263

load versus deflection for beam, 360
SDOF and P-I computations, 357

Moment-rotation relationships, progressive 
collapse, 392–393, 397–398, 399, 
400, 401

Moment-thrust interaction diagrams, 207
Momentum, conservation of, 61, 118, 123, 127, 

243
Monolithic concrete, progressive collapse, 

378–379
Mortar shells

explosive characteristics, 43, 44, 45
fragment characteristics, 158

Mounded structures
conventional loads on, 175
nuclear loads on, 185

Mounts, see Connections and supports
Multi-axial stress-strain relationships, 262
Multi-degree-of-freedom (MDOF) systems, 339

dynamic response and analysis, 251–258
dynamic analysis approach, 343
numerical methods for transient 

responses analysis, 255–258
principles of, 251–255

planning and design, 8
progressive collapse of steel frame 

buildings, 394
Multidisciplinary collaboration, see 

Collaboration, multidisciplinary
Multi-facility conditions, 440–441
Multi-hazard protective design, 433–434, 

438–439
Multi-linear signal, 288
Multinational collaboration, see Collaboration, 

multinational
Multiple detonations or multiple weapons 

system attacks
equipment response, 35
interference between shock waves, 64
planning and design considerations, 17–18, 

34
Multiple failure modes, 341, 342, 343, 361
Multi-segmental forcing functions, 281, 

288–289
Mushroomed projectiles, 95

N

National academic support consortia (NASC), 
436

National centers for protective technology 
research and development 
(NCPTR&D), 38, 436

National Research Council (NRC), 3–4, 36, 405
National Security Council, Technical Support 

Working Group (TSWG), 36
Natural frequency, see Frequency 

characteristics
Natural gas, liquified (LNG), 49
NCPTR&D (national centers for protective 

technology research and 
development), 38, 436

Near-surface bursts
cratering, 143, 145
nuclear explosions, 79–80, 145

Newmark β Method, 247–249, 255, 350, 351
Newton's second law, 183–184, 243
Nitrates, 53, 58
Nitrocellulose, 58
Nitroglycerine, 54–55, 58, 65
Nitromethane, 58
Nonharmonic loads, P-I diagrams, 326
Non-ideal load pulses, 330
Nonlinear dynamic methods

DOD recommendations, 383–384
planning and design, 8
progressive collapse, steel frame structure 

analysis, 394
Nonlinear problems

blast effects and mitigation, 51–52
comprehensive design approach, 424, 425
dynamic resistance function, 346–347
dynamic response and analysis, 250–251, 

252, 270–271
intermediate approximate methods, 263

membrane behavior, 224
P-I diagrams, 366, 370
progressive collapse

steel frame building connections, 
392–393

truss structures, 379
SDOF systems, flexural equivalent, 350
shock waves

in one-dimensional solids, 117
in three-phase media, 63–64

structural system behavior, 425
Nonlinear static analysis, DOD 

recommendations, 383
Nonperiodic loads, P-I diagrams, 326
Nonspherical charges
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computer codes for, 19
design approach, comprehensive, 421

Nonstandard explosive devices, 17
Nonstructural systems, see Vital 

systems/subsystems, nonstructural
Northridge earthquake, 308, 377, 380
Norwegian Defense Construction Service, 24
Nose shape factor, 98, 99
Nuclear devices/weapons/environments

airblast, 79–83, 84–90
cube root scaling, 68
door designs, 311
explosive processes, devices, and 

environments, characteristics of., 
41, 48

general principles and overview, 16, 17
ground shock, cratering, and ejecta from, 

141–153
cratering, 141, 142, 143–145
ejecta, 145–147, 148–149
ground shock, 147, 149, 150–153

loads on structures, 177–187
above-ground structures, 177–178, 

179–182
buried structures, 179–185
soil arching, 185–187

planning and design considerations, 5, 7, 11
multiple weapons system attacks, 18
research needs, 33–34

radiological environments, 167
shock waves, 120–121
Soviet doctrine, 19, 20, 21, 23
structural element behavior, frames, 214
structural failure modes, structural analysis 

research needs, 35
Nuclear power plants, 29
Numerical locking, 224
Numerical methods

dynamic load proportionality factors, 356
dynamic response and analysis

single degree of freedom (SDOF), 
247–250

validation requirements, 269
membrane behavior, 224–225
P-I diagrams, 339–343, 348–349

agreement with, 366
SDOF and P-I computations, 359, 363, 

364
pressure-impulse (PI) diagrams, 341–343
progressive collapse, moment and shear 

connections, 399
shock propagation, 52
for transient responses analysis, 255–258

N-waves, 64

O

Oblique impact
effects of, 43
internal explosions, shock pressure phase, 

76–77
Octol 75/25, 66, 154
Oklahoma City attack, 390
One-dimensional media, shock waves, 

117–119, 121–122
One-dimensional waves

ground shock, 151
elastic wave propagation, 110
reflection and transmission of one 

dimensional D-waves between two 
media, 114–116

shock waves, 62, 121–123
One-way slabs, shearing failure, 325
One-way spans, multiple failure modes, 343
Openings and interfaces, 310–317

airblast transmission through tunnels and 
ducts, 319, 322–324

blast doors, 310–313, 314
blast valves, 313–315
cable and conduit penetrations, 315–317
comprehensive design approach, 409, 428, 

440
emergency exits, 317, 318
entrance tunnels, 310
guidelines, 29, 197
leakage blast pressure, internal explosions, 

79
planning and design considerations, 7, 29
structural element behavior, 197, 198

Open loops, connections, 304
Operations, 4, 6, 7, 412–413
Orientation of weapon, and loading parameters, 

17
Orthogonality relations, 262
Oscillators

dynamic response and analysis, 242, 253
P-I diagrams

energy balance method, 337
SDOF and P-I computations, for 

reinforced concrete slabs, 364
SDOF

linear, 426
simple, 242

Overhead explosions
buried structures, 106
conventional loads on buried structures, 169
nuclear and HE explosions
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dynamic pressure impulse as function of 
scaled height of burst and scaled 
ground ranges, 89

peak dynamic pressure as function of 
scaled height of burst and ground 
ranges, 88

nuclear devices, 79
shock wave parameters for spherical TNT 

explosions, 71–72
Overpressure, 66–67

blast design load derivation procedures, 
blast load on rear wall, 191

blast valves, 314
conventional loads on above-ground 

structures, 172
ground shock, surface-burst, 149
non-ideal load pulses, 330
nuclear and HE explosions, 80, 81, 82

ejecta, 147
height of burst and ground range for 

intermediate overpressures, 84
height of burst and ground range for low 

overpressures, 85
ideal surface peak overpressure curves, 

82, 83
peak dynamic pressure at shock front as 

function of peak overpressure at 
sea level, 87

shock waves, 120–121
triangular representation of 

overpressure-time curves, 85
nuclear loads on above ground structures, 

178, 179, 181, 182
P-I diagrams, idealized transient loading 

profile, 326
transmission through tunnels and ducts, 319, 

323
Over-strength factors, DOD design 

recommendations, 381
Oxidation, chemistry of explosions, 53, 54
Oxygen balance of explosive, 54

P

Pancake effect, 198, 208
Panels

cladding, 413–414
drop, 425
energy-absorbing, 430
progressive collapse of precast concrete 

structures, 377
research needs, 442

Parallel programs, 435

Parking facilities
basement garages, 198
design approach, comprehensive, 413, 417, 

432
progressive collapse, analysis and 

acceptance criteria, 387
Particles, dust, and debris

cratering, 136
design approach, comprehensive, 409, 418, 

419
ejecta particle size, 140
maximizing standoff distance, 6
planning and design considerations, 5, 6
pressure pulse combined with particle 

velocity, 52
Particle velocities, 66–67, 68

ground shock, surface-burst, 150
shock waves, 122

burster slab and soil detonations, 130
nuclear and HE explosions, 121
numerical evaluation, 126

and stress, 112–113
Partitions, 416, 440
Partnerships, see Collaboration, 

multidisciplinary
Passive arching, soil, 186
Passive security measures, 412
Peak deflections, P-I diagrams, 362
Peak dynamic pressure

conventional loads on above-ground 
structures, 173

nuclear and HE explosions
as function of scaled height of burst and 

ground ranges, 88
at shock front as function of peak 

overpressure at sea level, 87
Peak gas pressure, internal explosions, 77
Peak loads

blast design load derivation procedures, 
blast load on rear wall, 191

P-I diagrams, 326
response spectra, versus P-I diagrams, 327

Peak overpressure, 80, 81, 82, 83, 180
Peak pressure(s)

distances from explosion and dynamic 
loads, 198

dynamic response and analysis, exponential 
decay after, 281, 289

external explosions, 68–69
incident versus dynamic, 74
loads on above-ground structures, 172
pressure-time curves

on front wall from external explosions, 
187, 188, 189
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on roof or sidewall, span perpendicular 
to shock front explosions, 190

Peak reflected pressure, 76–77, 171
Peak resistance, dynamic response and analysis, 

276
Peak stress, layered systems, 134
Penetration

conventional environments, 83–106
armor, 98, 99, 100–101
concrete, 87–92, 93, 94, 95
other materials, 101, 102
rock, 92–96, 97
shaped charges, 103–105
soil and other granular material, 96, 97, 

98, 99
design approach, comprehensive, 419
explosive processes, devices, and 

environments, characteristics of 
conventional weapons, 43

fragment, 158–167
planning and design considerations, 25, 197
structural element behavior, 197

Penetration path
courses of bombs and, 97
rock penetration calculations, 95
and soil/granular material penetration, 96

Penetrations, structural, see Openings and 
interfaces

Pentolite, 66, 154
Perfectly elastic system
beam, dynamic shear force, 352

equivalent SDOF transformation factors, 
350

loading regime quantification, 329
SDOF

closed-form solutions to P-I curves 
from, 331–335, 336

energy solutions, 337, 338
response spectra, 327, 328

Perforation
with fragments, 153
impact and penetration effects, 84

Performance
comprehensive design approach, 433
P-I diagrams, 370

Perimeter line, 4, 413
Perimeter protection, 7, 440
Personnel protection, 6, 7, 12, 442

comprehensive design approach, 433
notification of threat situations, 410
post-incident conditions, 417

PETN, 58, 66
Petrochemical facilities, 27, 197, 407, 432–433

Physical environment effects, research needs, 
441

Physical environments, explosions, 4
Physical security

design approach, comprehensive, 412, 433
multi-hazard protective design, 433–434
petrochemical plant, 432–433
vital systems, nonstructural, 417

planning and design considerations, 5, 29, 
405

publications, 407
Physics, explosions, 54–58
PI diagrams, see Pressure-impulse (PI) 

diagrams
Piece-wise nonlinear curves, dynamic resistance 

function, 346, 347
Plane dilatational wave, 111
Planning, see also Design approach, 

comprehensive; General principles 
of protective technology

comprehensive design approach, 410–411
general principles and overview, 5–8

Plastic concrete, penetration of, 101
Plastic deflection, dynamic resistance function, 

347
Plastic deformation

progressive collapse of steel frame 
buildings, 380

reinforced concrete slabs, 364
Plastic hinge regions, 232–233

design approach, comprehensive, 428, 429
design issues, 307
dynamic response and analysis, 250

equivalent SDOF system approach, 
274–275

government guideline limitations, 29
progressive collapse, GSA guidelines, 386

Plasticity
P-I diagrams, 330–331
theory of, 265, 390

Plastic models
dynamic response and analysis

SDOF parameters for fixed beams, 278
SDOF parameters for fixed boundary 

beams, 279–280
SDOF parameters for simply supported 

slabs, 281
validation requirements, 268

equivalent SDOF transformation factors, 
transitions between response 
modes, 350

material models, 266
membrane behavior, 224
P-I diagrams, 330
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Plastic moment capacity, structural element 
behavior, 205

Plastic waves, in one-dimensional solids, 117
Plastic zone, cratering, 136
Plates

anti-scabbing, 89
P-I diagrams

dynamic reaction, 340
energy balance method, 338

steel, penetration, 87
Plate slabs, load transfer, 238
Point explosions, scaling laws, 67–68
Point-to-point progress, P-I curves, 342
Poisson's ratio, 111
Policy, current state and future needs, 33–35
Polymers, 442
Porosity, soil, 128
Post-incident conditions, comprehensive design 

approach, 417
Power supplies, 7, 417
Precast concrete

design approach, comprehensive, 428
progressive collapse, 377, 378

Precision testing, current state and future needs, 
32

Pressure, see also Loads and loading regimes; 
Loads on structures

barrier walls for reduction of, 413
blast valves, 314
close-in detonation issues, 65
comparisons of weapons/explosives, 66–67
comprehensive design approach

pressure versus impulse sensitivity, 426
short standoff bomb blasts, 428
venting, 430–431, 432

connections, steel, 309
dynamic, see Dynamic pressure
explosions

chemistry and physics of, 53, 55
combustion phenomena and processes, 

59–60
shock waves, 61–62, 63

external explosions, 68, 72–73
free air equivalent weights, 66
internal, 319–322

airblast transmission through tunnels 
and ducts, 319, 322–324

increases, 319
internal explosions, 319, 322

gas pressure phase, 77
high-pressure spike, 75
leakage blast pressure, 77–79

nuclear and HE explosions

dynamic pressure impulse as function of 
scaled height of burst and scaled 
ground ranges, 89

ideal surface peak overpressure curves, 
82

peak dynamic pressure as function of 
scaled height of burst and ground 
ranges, 88

P-I diagrams, 326, 327
conditions resulting in failure, 327–328, 

339–341
piping system protection, 315, 317
P-waves, 64
shock front travel, 119–120
shock waves

attenuation of, 128
estimation of decay, 129–130

soil arching, 186
transmission through tunnels and ducts, 319, 

323
Pressure distributions, comprehensive design 

approach, 418, 421
Pressure enhancement, planning and design 

considerations, 16
Pressure-impulse (PI) diagrams, 325–371

analytical solutions, 331–339
analytical solutions, closed form, 331–335, 

336
rectangular load pulse, response to, 331, 

333–334
triangular load pulse, response to, 

334–335, 336
analytical solutions, energy balance method, 

335–339
approximating dynamic regions, 

336–338, 339
continuous structural elements, 338, 340

application examples for SDOF and P-I 
computational approaches, 
357–371

reinforced concrete beams, 357–362
reinforced concrete slabs, 363–366, 

367–371
characteristics of, 327–331

influence of system and loading 
parameters, 330–331

loading regimes, 328–330
comparisons of methods and their 

applications, 341–343
composite, 343
comprehensive design approach, 426–427
current state and future needs, 32
dynamic analysis approach, 343–348

direct shear behavior, 347–348
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dynamic material and constitutive 
models, 343–344

dynamic resistance function, 346–347
flexural behavior, 344–346

dynamic structural model, 348–357
direct shear response, 351–357
flexural response, 349–351

literature and technical references, 51
numerical approach, 339–343
planning and design considerations, 18

Pressure pulse
blast effects and mitigation, 52
combined effects with particle velocities, 52
positive phase, 68–69
pressure versus impulse sensitivity, 426
thermobaric devices, 49

Pressure rays, and loading parameters, 34
Pressure-time history, see also Time-pressure 

curves
blast fragment coupling, 175
design approach, comprehensive, 421
estimation of duration of reflected pressure, 

169, 170
external explosions, 68–70
internal explosions, 76
layered systems, 134
loads on above-ground structures, 172
load-time history on buried wall or roof, 187
nuclear and HE explosions, 82, 85
research needs, 34
triangular representation of overpressure-

time curves, 85
Pressure-volume space, 61, 63
Primary explosives, 58
Private sector, see Collaboration, 

multidisciplinary
Probabilistic analysis, threat, 11
Progressive collapse, 373–404

abnormal loadings, 374–375
advanced frame structure analysis, 390–404

computer code requirements, 394
examples of, 395–404
semi-rigid connections, 392–394, 

395–397, 398
design approach, comprehensive, 416

load redistribution, 429
research needs, 440
structural system and component 

selection, 431
DOD guidelines, 380–384

approaches and strategies, 381–384
damage limits, 384
new and existing construction, 380–381

GSA guidelines, 384–390

analysis and acceptance criteria, 
387–389

assessment of existing facilities for 
potential for progressive collapse, 
385

material properties and structural 
modeling, 387–389

mitigation, new facilities, 385–387
redesigns of structural elements, 

389–390
observations, 375–377
secondary threats, 32
structural element behavior

distances from explosion and dynamic 
loads, 198

membrane behavior, 219
structure types, 377–380

monolithic concrete, 378–379
precast concrete, 378
steel frame buildings, 379–380
truss structures, 379

Projectiles
direct and indirect fire weapon projectiles, 

42–44
shielding devices, 432
small arms and aircraft cannon, 41, 42, 43, 

44, 45
Propagation of energy

internal explosions, 75
scaling laws, 67

Propagation velocity, external explosions, 68
Propane, 56–57, 58
Proportionality factors, 356
Propylene oxide, 48–49
Protected facility components, 7
Protected space, blast pressure leakage into, 

78–79
Protection levels, UFC classification, 381
Protective technology, see Design approach, 

comprehensive; General principles 
of protective technology

Proximity of blast, see Distance from explosion
Pseudostatic/quasistatic phase of internal 

explosions, 75, 77
Publications, literature and technical references, 

79, 195, 196–197
blast effects and mitigation, 51–52
connections, 295–296
conventional weapons information, 49
material models, 267
planning and design considerations, 5, 7, 18, 

24–30
current state and future needs, 33
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design and construction considerations, 
28–30

design manuals, 26–27
need for, 10–11
recommendations, 405–406
security needs assessments, 18
structural engineering guidelines, 28–30
technical resources and blast mitigation 

capabilities, 24
progressive collapse mitigation and 

prevention, 380–390
Department of Defense, 380–384
GSA, 384–390

structural element behavior, 195, 196–198
ASCE Manual 42, 197–198
Department of the Army technical 

manuals, 196–197
Department of the Army Tri-Service 

Manuals, 195, 196–197
Public sector, see Collaboration, 

multidisciplinary; specific U.S. 
government agencies

Pulse duration, conventional loads on buried 
structures, 169

Punching shear, concrete
progressive collapse, 377–378
reinforcement and, 89

P-waves, 64

Q

Quality assurance (QA) criteria, 7, 8
Quasi-static loads

connections, 296
loading regimes, response time of, 328, 329
P-I diagrams, 330, 331, 426, 427, 428

energy balance method, 335–336, 337
SDOF and P-I computations, 360
versus shock spectrum, 328

SDOF and P-I computations, 358
structural system and component selection, 

430–431
Quasistatic/pseudostatic phase of internal 

explosions, 75, 77

R

Radial bars, 304
Radial hoops, 304–305
Radiation, 5, 6, 7
Radiological environments, 16, 167
Range, see Distance from explosion

Rankine-Hugoniot equations, 61–62, 118, 119
Rarefaction, N-waves, 64
Rate effects, structural element behavior, 

230–231, 234
Rayleigh damping, 254
Rayleigh line, 62
Rayleigh quotient, 255, 257–258
Rayleigh waves, 110
Reaction heat, 55
Reaction time, comparisons of experimental and 

analytical results, 272
Reaction zones

chemistry and physics of explosions, 53–54
detonation processes and shock waves, 

60–62
Reactive armor devices, 105
Rebounding, dynamic resistance function, 347
Rectangular load pulse

loads on above-ground structures, 170
P-I diagrams, 330
P-I diagrams, closed form solutions, 331, 

333–334
P-I diagrams, energy balance method, 338, 

339
P-I diagrams, SDOF system

response functions, 332
shock spectrum for, 333

Redesigns of structural elements, 7, 389–390
Redistribution/transfer of load, 424

comprehensive design approach, 413–414, 
427, 428–429

redundancy and, 429–430
structural system and component 

selection, 431
dynamic response and analysis, 238
progressive collapse

redesigns of structural elements, 389
sample analyses, 395
truss structures, 379

structural element behavior, 228
Redundancy

blast resistance, 295
design approach, comprehensive, 409, 424

load redistribution, 428–429
transfer of load, 429–430

planning and design considerations, 6
progressive collapse, 377

GSA guidelines, 386
Reference material, see Publications, literature 

and technical references
Reflected pressure

angle of incidence and, 70
blast design load derivation procedures
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load-time history on buried wall or roof, 
187

pressure-time curve on front wall from 
external explosions, 187, 188

conventional loads, 169
design approach, comprehensive, 418
external explosions, 69–70
loads on above-ground structures, 170–171
nuclear and HE explosions, 80

Reflected wave
nuclear and HE explosions, 80
reflection and transmission of one 

dimensional D-waves between two 
media, 114–116, 117

spherical shock wave, 71
Reflection, shock waves, 17, 34

ground surface explosions, 72
internal explosions

propagation and interaction, 75
shock pressure phase, 76–77

layered systems, 133, 134
nuclear and HE explosions, 83

dynamic pressure impulse as function of 
scaled height of burst and scaled 
ground ranges, 89

height of burst and ground range for 
intermediate overpressures, 84

loads on above-ground structures, 177
peak dynamic pressure as function of 

scaled height of burst and ground 
ranges, 88

numerical evaluation, 125–126
reflection and transmission between two 

sand materials, 121–125
spherical shock wave, 71

Refracted wave, surface burst, 149
Reinforced concrete, see Concrete, reinforced
Reinforcement fracture, flexural behavior, 346
Reinforcement ratio, membrane behavior, 226
Reinforcement techniques and materials

concrete, 87–88
confining stress effects, 200, 201
and cratering, 136
and penetration, 88, 92
and shear effects, 89

connections, 296, 298
joint behavior, 301, 302, 303, 304

design approach, comprehensive, 413–414
interior, 416
structural system and component 

selection, 431
structural system behavior, 424–425
upward forces and, 428

dynamic response and analysis, 357

finite element approach, 271–272
flexural behavior, 345
intermediate approximate methods, 263
P-I diagrams, 340
SDOF and P-I computations, 357
validation procedures, 271–272

explosive loads and, 294
failure modes, 237–238
planning and design considerations, 28
progressive collapse, 377

concrete structures, monolithic, 378
sample analyses, 398

structural element behavior, 207–208
connections and support conditions, 

231–232
joints, 232
membrane behavior, 221–222
principal reinforcement, 207–208
shear resistance, 205
technical manuals, 196

tying or bridging of structural elements, 373
Relief wave, 171
Reloading, dynamic resistance function, 347
Removal of structural elements

alternate path analysis, damage limits, 384
DOD analysis recommendations, 383–384
progressive collapse, 403–404

concrete structures, monolithic, 379
GSA guidelines, 386
material properties and structural 

modeling, 389
sample analyses, 400

Repair of facilities, 28, 426–427
Rescue, recovery, and evacuation, 6, 412, 417
Research and development

current state and future needs, 33–35, 37–38
development and implementation of 

effective technology, 436, 
438–441

fortification science, 25
literature and technical references, see 

Literature and technical references
National Research Council (NRC) 

recommendations, 3–4
pressure response, need for experimental 

studies, 30–31
recommended actions, 435

Reserve capacity, membrane behavior, 221
Resistance

connections and, 291
design approach, comprehensive, 423–424
dynamic response and analysis

applications to support analysis and 
design, 276
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equivalent SDOF system approach, 
beam response modes, 275

SDOF analysis for fixed slabs, 282–283
SDOF parameters for simply supported 

beams, 277
equivalent SDOF transformation factors, 

350
load-time history, 328, 329
structural element behavior

flexural, 202–205
shear, 205–206
shear walls, 213

Resistance curve, 250
Resistance factor design, progressive collapse, 

391
Resistance function

design approach, comprehensive, 430
dynamic response and analysis, 249, 250, 

288
membrane behavior, 224
P-I diagrams, 338, 363, 366
structural design applications, 233

Resistance model
connections, 293
reinforced concrete slabs, 346

Response history functions, P-I diagrams, 331, 
332

Response levels
P-I diagrams, 328
planning and design considerations, 28
pressure response, need for experimental 

studies, 30–31
Response limits, structural element behavior, 

234–236
Response spectrum

natural frequency-duration of forcing or 
load function relationship, 328

P-I diagrams, 326
closed-form solutions, 332
shock spectrum versus, 327, 328

SDOF analysis, 245–246
simple, 243–244

Response time of system
design approach, comprehensive, 420
P-I diagrams, 328

Restraint, lateral, 300
Retrofits

planning and design considerations, 29, 
408–409

policy and technology needs, 35, 36
research needs, 38
windows, 415–416

progressive collapse

Department of Defense guidelines, 
380–381

General Services Administration (GSA) 
guidelines, 385

structural element behavior, 197
Reversed loading

reinforced floor slabs, 208
unloading-reloading of load deflection 

curve, 348
Review, security plan, 24
Ricochet, 43
Rigid body motions, nuclear loads on buried 

structures, 179, 183–184
Rigid-body rotations, three-dimensional stress 

wave propagation, 107
Rigid connections, progressive collapse, 398, 

399
Rigidity, and penetration, 87
Rigid plastic responses

P-I diagrams, 330
SDOF, energy solutions, 337, 338

Rigid plastic system, equivalent SDOF 
transformation factors, 350

Rings, structural element behavior, 209–210, 
211

Rise time
blast design load derivation procedures

load-time history on buried wall or roof, 
187

pressure-time curve on roof or sidewall, 
span parallel to shock front 
explosions, 190

pressure-time curve on roof or sidewall, 
span perpendicular to shock front 
explosions, 190

external explosions, 68
ground shock, 129
loads on above-ground structures, 173
P-I diagrams, 330, 331, 332, 368
structural element behavior, 234

Risk assessment, see Threat and risk assessment
Risk equation, 10
Risk management approach, 9
Robustness, 28, 295, 441, 442
Rock

cratering, 144
ejecta, 137, 139, 140, 146
layered systems, 133
material models, 267
penetration, 92–96, 97, 102

Rocket propelled grenades (RPGs), 25, 44
Rockets, see Missiles and rockets
Rock quality designation (RQD), 92, 93, 96
Ronan Point, 374–375, 377
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Roof
loads on above-ground structures

conventional explosives, 172, 174
nuclear and HE explosions, 178, 179

loads on buried structures, 169
load-time history, 187, 188
membrane behavior, 226
plastic hinge regions and, 232–233
principal reinforcement, 207
progressive collapse, sample analyses, 396, 

397
time-pressure curves

span parallel to shock front, 190–191, 
192

span perpendicular to shock front, 190, 
191, 192

Rotation
connections, 307
damage indications, 233, 234–235
progressive collapse, 397–398, 399, 400, 

401
structural system behavior, 424

Rotational springs, progressive collapse, 393
Rotatory inertia, 262, 263
Rupture zone, cratering, 136

S

Sacrificial elements, 430, 432–433
SAFEGUARD series, 29
Safe standoff criteria development, 327
Sand

fragment penetration, 164
shock wave reflection and transmission 

between two sand materials, 
121–122

SAP (semi-armor piercing bombs), 47, 90–91
Scabbing, concrete

anti-scabbing plates and, 89
cratering and, 136
face mats and, 88
impact and penetration effects, 84

Scab material, concrete penetration, 92
Scab plate, concrete, 92
Scaled distances

design approach, comprehensive, 418
dynamic response and analysis, 238–239

Scaled tests, current state and future needs, 31, 
32

Scaled time, 327, 328, 330
Scaling laws, 67
SCUD missiles, 48

SDOF, see Single degree of freedom (SDOF) 
systems

Search algorithm, transition points, 339
Secondary explosives, 58
Secondary load carrying mechanisms, 

progressive collapse, 377–378
Secondary threats, current state and future 

needs, 32
Second-order analysis, progressive collapse, 

391–392
Second-shock phenomenon, nuclear and HE 

explosions, 80
S/Ec ratio, 226
Security Engineering Manual (U.S. Army TM 

5-583), 26
Security systems, 412
Seismic loads/stresses, 308

blast loads versus, 422, 428
column removal and, 404
connections, steel, 308, 309
design approach, comprehensive, 427–428
equipment fragility data, 29
multi-hazard protective design, 433–434
SDOF analysis, 244, 245–246
seismic wave arrival order, 110
shock wave transmission in soils, 128–129

Seismic velocity
shock waves

burster slab and soil detonations, 130
HE-induced, 128

soil properties from explosion tests, 132
Semi-armor piercing (SAP) bombs, 47, 90, 93, 

94
Semi-rigid connections, progressive collapse, 

392–394, 395–397, 398
Separation of buildings, 408, 409
Separation of support systems and utilities, 417
Serviceability of facility

design principles, 4
specification of criteria, 410–411

Shaped charges
penetration, with conventional devices, 

103–105
research needs, 34

Shape functions
dynamic shear force, 352, 354
P-I diagrams, 342

Shape of load pulse, P-I diagrams, 330
Shear capacity, structural element behavior, 205
Shear cones, doors, 312, 313
Shear connections, progressive collapse, 395, 

398, 399
Shear effects

blast loading and, 428
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comprehensive design approach
structural system and component 

selection, 431
structural system behavior, 424–425

concrete, reinforcement and, 89
connections, 296, 307

reinforcement and, 305
diagonal shear behavior, 347–348
direct shear response, 238
doors, 312, 313
dynamic response and analysis, 250

applications to support analysis and 
design, 276

computational systems, intermediate 
and advanced, 262

dynamic resistance function, 348
flexural behavior, 345
intermediate approximate methods, 263, 

264
material models, 266, 267

ground shock, surface-burst, 150
P-I diagrams, 367, 368

composite, 361
multiple failure modes, 341, 343, 362

P-I diagrams, dynamic structural model of 
direct shear effects, 351–357

dynamic shear force, 352–357
equation of motion, 351
shear mass, 351–352

planning and design considerations, 28, 29
progressive collapse

concrete structures, monolithic, 377
sample analyses, 395

SDOF analysis, 251
SDOF and P-I computations, 357, 358, 364, 

371
structural element behavior

cylinders, arches, and domes, 208–209
diagonal, 228–230
direct, 226–228
direct shear response, 226–228
joint strengthening, 232
membrane behavior, 224
plastic hinge regions, 232
resistance to shear, 205–206
size effects and combined size and rate 

effects, 230
technical manuals, 196

S-waves, 64
three-dimensional stress wave propagation, 

107
Shear failure

diagonal shear behavior, 347–348

failure modes, 237–238; see also Failure 
modes

coupling of, 18
P-I diagrams

dynamic reaction, 340
SDOF and P-I computations, 360

SDOF assumptions, 325
structural analysis research needs, 35
structural system behavior, 424

Shear reduction factor, flexural behavior, 345
Shear reinforcement, 196

door designs, 311
structural system and component selection, 

431
Shear strength, soils, 185
Shear walls, structural element behavior, 

212–214
Shear waves, 109, 110
Shelters, temporary, 417
Shielding devices, 430, 432, 440
SHOCK, 319
Shock

equipment fragility data, 29
internal, 317, 319, 320–321
maximizing standoff distance, 6
planning and design considerations

isolation devices, effectiveness of, 30
technical resources and blast mitigation 

capabilities, 24
Shock flow, one-dimensional, 61
Shock front

blast design load derivation procedures
blast load on rear wall, 191, 193
pressure-time curve on roof or sidewall, 

span perpendicular to shock front 
explosions, 192

conventional loads on above-ground 
structures, 171

external explosions, 68
geometry of, 70
laws of conservation, 61
Mach front, 71
nuclear and HE explosions, 80

loads on above ground structures, 179, 
180, 181

and peak overpressure, 82
Shock front velocity, 121, 128, 171, 180, 181
Shock isolation, 319, 320–321
Shock loads, structural element behavior, 196
Shock phase, internal explosions, 75
Shock pressure, internal explosions, 75, 76–77
Shock reflection, nuclear loads on above ground 

structures, 177
Shock response spectra, 246
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Shock sensitivity, primary explosives, 58
Shock spectrum, 327–328, 330, 331, 332, 333, 

334–335
Shock speed, 61
Shock velocity, superseismic conditions, 147
Shock waves

blast design load derivation procedures
pressure-time curve on front wall from 

external explosions, 189
pressure-time curve on roof or sidewall, 

span parallel to shock front 
explosions, 190

pressure-time curve on roof or sidewall, 
span perpendicular to shock front 
explosions, 190

blast effects and mitigation, 51–52
conventional explosion loads

on above-ground structures, 171–172
on buried structures, estimation of, 170

explosion effects and mitigation, 60–64
cube root scaling, 67
explosive processes, 60–62

external explosions, 68–74
focusing, 34
formation and deterioration, 120
fuel-air-explosive (FAE) bomb 

characteristics, 47
and loading parameters, 34
nuclear and HE explosions

airblast, 79–83
ground shock, 147, 149, 150–153
loads on above-ground structures, 177, 

179
in one-dimensional solids, 117–119
planning and design considerations, 7
reflections and focusing, 17
reversed loading of reinforced floor slabs, 

208
stress discontinuity at slab-wall interface, 

238
superseismic conditions, 147
TNT equivalents, 65

Side burst, buried structures, 106
SIFCON, 101
Silver azide, 58
Simulation-based (SB) design technology, 33
Single degree of freedom (SDOF) systems, 348

advanced models, 433
approximate, 422–423
comprehensive design approach, 422–423, 

425
control room evaluation, 433
dynamic analysis approach, 343

dynamic response and analysis, 239, 
240–251, 270–271

advanced approaches, 250–251, 252
applications to support analysis and 

design, 276
comparisons of experimental and 

analytical results, 272, 273
equivalent approach, 274–276
equivalent SDOF system approach, 

274–276
graphical presentations of solutions, 

247, 248, 249
numerical solutions, 247–250
theoretical solution for, Duhamel's 

integral, 242–247
validation, 270
validation procedures, 271

equivalent SDOF system approach, see 
Equivalent SDOF systems

load functions, 294
membrane behavior, 224
P-I diagram computational approaches, 

357–371
reinforced concrete beams, 357–362
reinforced concrete slabs, 363–366, 

367–371
P-I diagrams, 325, 370

closed-form solutions, 331–335, 336
comparison of closed-form with 

numerical analysis, 366
energy balance method, 336–337

planning and design, 8
pulse shape effects, elimination of, 330
response spectra, 327, 328

Sinusoidal load pulse, 330
Siting, architectural, and functional 

considerations, 6–7, 411–417
access and approach control, 413–414
building exterior, 414–416
building interior, 416
perimeter line, 413
post-incident conditions, 417
vital systems, nonstructural, 417

Size effect law, 230, 267
Size effects and combined size and rate effects, 

31, 230–231
Slab resistance models, 218
Slabs

burster, 130
comprehensive design approach, 424–425

structural system and component 
selection, 431, 432

DOD design recommendations, 381
door designs, 311
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dynamic response and SDOF analysis, 
282–283

equivalent SDOF system approach, 276
fixed one-way slabs, long edges fixed 

and short edges simply supported, 
286–287

fixed one-way slabs, short edges fixed 
and long edges simply supported, 
284–285 

flexural behavior, 346
simply supported slabs, 281

floor
catastrophic failure, 208
structural element behavior, 198

load transfer, 238
membrane behavior, 226
P-I diagrams

dynamic reaction, 339–340
multiple failure modes, 343

progressive collapse
catenary action, 416
concrete structures, monolithic, 

378–379
sample analyses, 398

shearing failure, 325
stress discontinuity at slab-wall interface, 

238
structural element behavior

interaction diagram, 204
membrane behavior, 218–219, 220, 

222–223
natural periods of vibration, 215–216
plastic hinge regions, 232–233
principal reinforcement, 207–208
span-to-slab thickness ratio, 223

structural system behavior, 424–425
Slabs, concrete

beam-slab system flexural resistance, 205
direct shear response, 347–348
dynamic response and analysis, 346–347
estimation of reflected pressure duration, 

169
government guideline limitations, 29
P-I diagrams, 363–366, 367–371
resistance model, 345, 346

Slant burst, buried structures, 106
Slenderness ratio, 390–391
Slip effects, 267
Small arms and aircraft cannon projectiles, 42, 

43, 44, 45
Snap-through, 346, 379
Soil(s)

cratering, 138, 144
ejecta, 140

explosive processes, devices, and 
environments

characteristics of conventional weapons, 
43

shock waves, 63
fragment penetration, 164, 167
ground shock coupling factor as function of 

scaled depth, 131
mounded structure berms, 174
nuclear loads on buried structures, soil-

structure interactions, 179, 
181–182

peak airblast pressure estimation from 
underground explosion, 74

penetration, with conventional devices, 96, 
97, 98, 99, 102

planning and design considerations
detonation-soil interaction, 34
soil-structure interactions, 7, 34

shock waves, 128–129
stress wave propagation, 119–125
superseismic conditions, 147

Soil arching, 179, 181–182, 185–187
Soil loading wave velocity, 169
Soil penetration index, 98
Soviet doctrine, 19–24
Soviet munitions, 43, 44, 48, 49, 158
Spalling, concrete

comprehensive design approach, 424
failure modes, structural responses, 237
fragment penetration and, 162, 163
front face mats and, 88
SDOF and P-I computations, 363

Spans
design approach, comprehensive, load 

redistribution, 429
dynamic resistance function, 29
P-I diagrams, multiple failure modes, 

342–343
progressive collapse, GSA guidelines, 385, 

386
progressive collapse prevention, 416
structural element behavior, span-to-slab 

thickness ratio, 223
Spatial distribution of load

blast fragment coupling, 175
design approach, comprehensive, 421

Special-purpose weapons, 47, 48–49
Special weapons, Soviet doctrine, 23
Specific impulse, P-I diagrams, 326
Speed, shock, 61
Spherical blast pressure, leakage blast pressure, 

77
Spherical charges
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design approach, comprehensive, 418
internal explosions, blast environment with, 

75
planning and design considerations, 34
scaling laws, 67
shock wave parameters for spherical TNT 

explosions, 71
technical data, 16

Spherical shock waves, 71
Splices, reinforcement, 207, 429
Spring constant, SDOF system

fixed beams, 278
fixed boundary beams, 279–280
fixed one-way slabs, long edges fixed and 

short edges simply supported, 
286–287

fixed one-way slabs, short edges fixed and 
long edges simply supported, 
284–285

fixed slabs, 282–283
simply supported beams, 277
simply supported slabs, 281

Springs, progressive collapse of steel frame 
buildings, 393

Sprinkler systems, 417
Stability

advanced frame structure analysis, 390
progressive collapse, 394

Stagnation pressure, 70
Stairwells, 416
Standards, guidelines, manuals, and criteria, see 

Publications, literature and 
technical references

Standoff distance, see also Distance from 
explosion

design approach, comprehensive, 408
penetration depth and, 84

Standoff weapons, threat assessment, 14
State velocities, progressive collapse of steel 

frame buildings, 394
Static analysis, progressive collapse, 383, 386
Static/dynamic deflection ratio, SDOF analysis, 

242
Static interface shear transfer, 228
Static loads

connections, 296, 297
dynamic response and analysis

flexural behavior, 345
material models, 267

planning and design considerations, 7
SDOF and P-I computations, 358
structural element behavior

diagonal shear effects, 230
joints, 232

shear walls, 212–213
Steel

comprehensive design approach, 430
structural system behavior, 424–425

connections, 294
detailing behavior studies, 306, 308–309

door designs, 310–311
dynamic response and analysis, 250

finite element approach, 271–272
impact loading tests, 269
material models, 266
steel-concrete bonds, 270
validation procedures, 270

ejecta, perforation by, 142
penetration, 91, 100–101

of armor, 98
comparisons with other materials, 102
by fragments, 158–159, 160, 161
with shaped charge devices, 103

progressive collapse, 377
GSA guidelines, 386
sample analyses, 398

research needs, 440
structural element behavior, 195

beam-slab system flexural resistance, 
205

connections, 233
dynamic effects, 202
flexural resistance, 202–203
material properties, 198–199
membrane behavior, 222–223
natural periods of vibration, 216, 217
structural design applications, 233, 234, 

236
technical manuals, 196, 197

structural system behavior, 424–425
Steel frame buildings, progressive collapse, 

379–380
Steel plates

and ejecta, 137
penetration, 87

Steel reinforced concrete, see also Concrete, 
reinforced; Reinforcement 
techniques and materials

failure modes, 237–238
penetration, 88

Stiffness
dynamic response and analysis, 252
element, dynamic amplification factor, 239
natural, 423–424

load redistribution, 424, 429
structural system behavior, 425

progressive collapse of steel frame 
buildings, 391–392
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soil, shock wave transmission, 130
structural system behavior, 425
support

finite element approach, 265
structural element behavior, 231

Stiffness matrix, 394
Stiffness-to-mass ratio (K/M), 243
Stirrups, 196

connections, 298
dynamic response and analysis, 271
and membrane behavior, 222
progressive collapse, 379

St. Mary Axe, 376
Stodola method, 258
Storage facilities, 433
Strain

membrane behavior, 224
reflection and transmission between two 

sand materials, 122
three-dimensional stress wave propagation, 

107
Strain hardening, truss structures, 379
Strain range

dynamic reactions of beam, 352
SDOF analysis for fixed one-way slabs

long edges fixed and short edges simply 
supported, 286–287

short edges fixed and long edges simply 
supported, 284–285

SDOF parameters
for fixed beams, 278
for fixed boundary beams, 279–280
for fixed slabs, 282–283
for simply supported beams, 277
for simply supported slabs, 281

Strain rate effects
connections, steel, 309
dynamic response and analysis, 250, 262
research needs, 31
structural element behavior

size effects and combined size and rate 
effects, 231

structural design applications, 236
Strain rate enhancement, 430
Strategy, military threat assessment, 19–21
Streets, 413
Strength

dynamic resistance function, 29
rock, 97
statically loaded knee joints, 297

Strength criterion, size effect law, 230
Strength reduction factors, 202, 381
Stressors, connections, 299, 300, 301

Stress-slip relationship, direct shear response, 
228

Stress-strain relationships
comprehensive design approach, 430
connections, factors affecting concrete 

behavior, 300
dynamic response and analysis, 262, 344

dynamic analysis approach, 343–344
validation procedures, 270, 271–272

explosive loads, 292, 294
ground shock, 151
material models, 266
metals, 199
stress discontinuity at slab-wall interface, 

238
structural element behavior

concrete in compression, 199–200, 201
structural design applications, 233, 236

three-dimensional stress wave propagation, 
107

Stress-time histories, 151; see also Time-
pressure curves

Stress vectors, material models, 266
Stress waves

blast effects and mitigation, 51
ground shock, cratering, and ejecta from HE 

devices
one-dimensional, propagation in soils, 

119–125
three-dimensional stress wave 

propagation, 106–110
nuclear loads on buried structures, 179
and shock wave formation, 119

Striker models, 269
Structural analysis

diagonal shear effects, 230
planning and design considerations

loading regimes for, 17–18
research needs, 35

Structural damping, membrane behavior, 224
Structural detailing, 294
Structural dynamics

blast effects and mitigation, 51
natural frequency-duration of forcing or 

load function relationship, 328
Structural element removal, see Removal of 

structural elements
Structural elements and structural element 

behavior
blast effects and mitigation, 52
combined size and rate effects, 230–231
comprehensive design approach

behavior of, 424–430
component selection, 430–433
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compressive members, 206–207
connections and support conditions, 

231–233, 291–310; see also 
Connections and supports

cylinders, arches, and domes, 208–212
damage and response limits, 234–236
design

analysis requirements and capabilities, 
30–31

applications, 233–234
comprehensive approach, 422–424; see 

also Design approach, 
comprehensive

comprehensive design approach, 
422–424

design manual limitations, 25
experimental studies, 25–26
failure modes, coupling of, 18
media-structure interactions, 19
membrane behavior, 225–226
pressure versus impulse sensitivity, 

426
structural engineering guidelines, 28–30
structural models for prediction of load 

parameters, 16
technical resources and blast mitigation 

capabilities, 24–30
distances from explosion and, 198
dynamic effects

dynamic loads, 198
material properties, 202, 203

dynamic response and analysis, 238–239
equivalent SDOF system approach, 

274
failure modes, 237–238
need for, 239
validation requirements, 268

failure modes, 237–238; see also Dynamic 
response and analysis; Failure 
modes

flexural resistance, 202–205
frames, 214–215
loading regimes

dynamic loads, 198
element thickness, estimation of 

reflected pressure duration, 169
loads on, see Loads on structures
local response versus, 237
material properties, 198–202

concrete, 199–202
dynamic effects, 202, 203
steel, 198–199

membrane behavior, 218–226
natural periods of vibration, 215–218

nuclear and HE explosions
loads on buried structures, 179
pressure-time histories, 82

P-I diagrams
energy balance method, continuous 

structural elements, 338, 340
pressure versus impulse sensitivity, 

426
progressive collapse, 377–380; see also 

Progressive collapse
monolithic concrete, 378–379
precast concrete, 378
steel frame buildings, 379–380
truss structures, 379

rate effects, 230–231
reinforcement, 207–208
research needs, 439
resistance

flexural, 202–205
shear, 205–206

response limits, 234–236
shear effects

diagonal, 228–230
direct, 226–228
resistance to shear, 205–206

shear walls, 212–214
size effects and combined size and rate 

effects, 230–231
standards, guidelines, manuals, and criteria, 

196–198
ASCE Manual 42, 197–198
Department of the Army Tri-Service 

Manuals, 26, 28, 29, 79, 195, 
196–197

GSA and Department of Defense 
criteria, 198

GSA guidelines for redesigns to prevent 
progressive collapse, 389–390

structural design applications, 233–234
support conditions, 231–233
tensile members, 206–207
transitions between response modes, 30
tying or bridging, 373, 380–381
vibration, 215–218; see also Vibration, 

natural periods and modes
walls, shear, 212–214

Structural failure: see also Failure modes
Structural hardening, 412
Structural modeling

prediction of load parameters, 16
progressive collapse, GSA guidelines, 

387–389
Structural resistance model, joints, 298
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Structural response, approximate SDOF 
calculations, 422–423

Structured risk analysis, 8–9
Struts, 307

diagonal strut and truss mechanisms, joint, 
296

strut-and-tie design, 299, 300, 301
Subsystems, nonstructural, see Vital 

systems/subsystems, nonstructural
Supercomputers, shock waves in three-phase 

media, 64
Superseismic region, 147, 149, 150
Supports/support conditions, 291–310; see also 

Connections and supports
concrete, reinforcement and, 89
design approach, comprehensive, 420

continuity of, 429–430
research needs, 440
structural system and component 

selection, 431, 432
structural system behavior, 425

DOD design recommendations, 
381–382

dynamic reactions at, 355, 356
dynamic response and analysis

applications to support analysis and 
design, 276

SDOF, simple, 240–241
SDOF analysis for fixed one-way slabs, 

long edges fixed and short edges 
simply supported, 286–287

SDOF analysis for fixed one-way slabs, 
short edges fixed and long edges 
simply supported, 284–285

SDOF analysis for fixed slabs, 282–283
SDOF parameters for fixed beams, 278
SDOF parameters for fixed boundary 

beams, 279–280
SDOF parameters for simply supported 

beams, 277
SDOF parameters for simply supported 

slabs, 281
equivalent SDOF transformation factors, 

350
P-I diagrams

dynamic reaction, 340
peak reactions, computation of, 362

planning and design considerations, 7, 29
progressive collapse

analysis and acceptance criteria, 387
catenary action, 416

shearing failure at, 325
structural element behavior, 231–233, 

294–309

cylinders, arches, and domes, 212
membrane behavior, 223
shear resistance, 206
structural concrete, 296–307
structural steel, 308–309

Support systems, nonstructural, 417
Surface (of ground)

airburst blast environment, 72
conventional loads on surface-flush 

structures, 175
fragmentation and reflection, 34
near-surface nuclear and HE bursts, 79, 80
penetration, blast environment with, 73

Surface (of ground) explosions, 72
blast design load derivation procedures, 

189
blast environment, 73
cratering, 137
nuclear and HE explosions

near-surface bursts, 79–80, 145
overpressure-time curves, 86

reflections from ground, 72, 73 
Surface (of structure)

blast loads, 427–428
nuclear loads on above ground structures, 

drag coefficients, 177, 178
time-pressure curves, front wall from 

surface burst, 187–189, 190
Surface elements, finite element approach, 

265
Surface-flush structures

conventional loads on structures, 175
nuclear loads on, 182

Surface reflected stresses, layered systems, 134
Surface waves, 110
Survivability, terminology, 6
Swedish Civil Defense Administration, 405, 406
Swiss Civil Defense Administration, 405, 406
Synergy, multi-hazard protective design, 

434
System response

research needs, 38
SDOF system, 327

T

Tactical rockets and missiles, 47, 49
Tactics, military, 17, 19–21
Tangent squared relationship, hyperbolic, 337
Tank shells, fragment characteristics, 158
Target distance, see Distance from explosion
Team approach

comprehensive design approach, 11
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facility design, 8
terrorism and insurgency, 24

Technical data
blast effects of spherical charges, 16
experimental studies, see Experimental 

analysis/data
Technical resources, see Publications, literature 

and technical references
Technology needs

current state, 33–35
development and implementation of 

effective technology, see Design 
approach, comprehensive

Technology transfer, 3–4, 437–438, 441
Temperature, 441

combustion phenomena and processes, 
59–60

exothermic reactions, 53
progressive collapse of steel frame 

buildings, 380
research needs, 439
thermobaric devices, 49

Temperature-time histories, 11
Temporary shelters, 417
Tensile forces, connections

factors affecting concrete behavior, 
300

joint behavior, 304
Tensile members, structural element behavior, 

206–207
Tensile membrane behavior

dynamic response and analysis, 346
flexural resistance, 205
progressive collapse of monolithic concrete 

structures, 378
structural element behavior, 219, 221–222, 

225
stirrups and, 222
transition into, 222–223

Tensile reinforcement
connections, 298
reinforced concrete slabs, 210

Tensile resistance of concrete, steel 
reinforcement and, 88

Tensile strength, direct shear response, 227
Tension

principal reinforcement, 208
structural element behavior

membrane behavior, 224
size effects and combined size and rate 

effects, 230, 231
Terrorism and insurgency threat assessment, 11, 

14, 24, 411–412
Tertiary explosives, stability of, 58

Testing
current state and future needs, 32
experimental studies, see Experimental 

analysis/data
Textiles, 442
Theoretical moment capacity

diagonal shear effects, 228
flexural resistance, 203

Theory
combined with experiments, 31
dynamic response and analysis, see 

Dynamic structural model, P-I 
diagrams

Thermal radiation, 5
detonation processes and shock waves, 

60–62
planning and design considerations, 7

Thermobaric devices, 49, 60
Thermodynamic expressions

chemical explosions, 55–56
combustion phenomena and processes, 59
shock waves, 62

Thickness, structural element
cratering and spalling effects, 237
estimation of reflected pressure duration, 

169
nuclear loads on buried structures, 181
structural system and component selection, 

431
Threat and risk assessment

comprehensive design program, 438
general principles and overview, 3, 8–16

methodology, threat, and risk 
assessment, 11–15

military threat, 19–24
planning and design requirements, 5–6
risk assessment, 11–15
technical resources and blast mitigation 

capabilities, 24–25
terrorism and insurgency, 24
threat, hazard, and vulnerability 

assessments, 10–11
military threat, 19–24

tactics and strategy, 19–21
weapons systems, 21–24

planning and design considerations, 18
progressive collapse potential of existing 

structures, General Services 
Administration (GSA) guidelines, 
385

research needs, 38
terrorism and insurgency threat, 24

Three-dimensional stress wave propagation, 
106–110
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Three-phase media, shock waves, 63–64
Threshold curves, 327, 339, 341, 348, 358, 364, 

366, 368
Threshold loading, 363, 364
Threshold points/curves, 339–340, 341, 342, 

358, 363, 366
Thrust

coupled failure modes, 35
structural element behavior

cylinders, arches, and domes, 208–209, 
210

interaction diagram, 203–204
Tie forces, see Tying/tie forces
Time, scaled, 327, 328, 330
Time(s) of arrival

ground shock, 128–129
layered systems, 134, 135
nuclear and HE explosions, 82 

Time axis, P-I diagram idealized transient 
loading profile, 326 

Time-blast phenomena
internal explosions, 75
planning and design considerations, 25

Time domain
progressive collapse of steel frame 

buildings, 394
SDOF analysis, 362

Time histories, 367; see also Load-time history; 
Pressure-time history; Time-
pressure curves

dynamic response and analysis, 
comparisons of experimental and 
analytical results, 272

ground shock, 151
multiple detonations, 35
nuclear and HE explosions, 88, 89

buried structures, late time response, 
179

durations for, 83, 90
temperature-time histories, 151

Time-pressure curves: see also Pressure-time 
history

blast on front wall from external explosion 
(surface burst), 187–189, 190

blast on roof or sidewall
span parallel to shock front, 190–191, 

192
span perpendicular to shock front, 190, 

191, 192
research needs, 34

Time scales, research needs, 438, 439, 441
Time versus displacement, direct shear and 

flexural response, 367, 368, 369, 
371

Timoshenko beam, 339, 348
cross-sectional equilibrium, 271
dynamic response and analysis, 262, 263, 

264
comparisons of experimental and 

analytical results, 272, 273
validation, 270

TM (Tri-Service manuals), see U.S. Department 
of the Army technical 
manuals

TNETB, 66
TNT, 55

characteristics of, 58
explosive constant, 154
free air equivalent weights, 66
hemispherical surface bursts, 73
shock wave parameters for spherical TNT 

explosions, 71
TNT equivalents, 65

calculation of, 56–58
grenade characteristics, 46
internal explosions

gas pressure phase, 77
shock pressure phase, 76

mortar, artillery, and tank round 
characteristics, 44

Torpex, 154
Torsion

blast loads and, 428
progressive collapse of steel frame 

buildings, 380
size effects and combined size and rate 

effects, 230
Training, 437–438, 441
Transfer girders, 429–430
Transfer of load, see Redistribution/transfer of 

load
Transformation factors, dynamic structural 

model of flexural response, 
350–351

Transient effects, dynamic response and 
analysis, 255

Transient loading, P-I diagrams, 326
Transition point, P-I diagrams, 329, 333, 334, 

335
Transition regions/zones, 336, 337, 338

detonation processes and shock waves, 
60–62

one-dimensional shock flow, 61
P-I diagrams, 339

energy balance method, 337, 338
threshold curve, 339

progressive collapse, steel frame structure 
analysis, 391
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Transitions
compression to tensile membrane behavior, 

346
elastic to plastic behavior, 350
between response modes, 30

Transmitted wave, one-dimensional wave 
transmission, 114–116, 117, 122

Transportation infrastructure, 440
Trans-seismic ground shock, 148
Transverse loads, 427
Trapdoor mechanism, soil arching, 185
Travel time, soil loading wave velocity and, 169
Tresca yield criterion, 266
Triangular deformation, failure at one support, 

351
Triangular load

conventional loads on buried structures, 170
duration of effective triangles for dynamic 

pressure-time curve 
representation, 90

dynamic pressure derivation, 72–73
dynamic response, 330

SDOF analysis, 288
internal explosions, 76
P-I diagrams, 330, 368
P-I diagrams, closed form solutions, 

334–335, 336
P-I diagrams, energy balance method, 

336–337, 338, 339
P-I diagrams, SDOF system

response functions, 332
shock spectrum for, 333–334

SDOF analysis, 248–250, 281, 288, 289
Triangular overpressure, 121
Triangular representation of overpressure-time 

curves, 85, 86
Triaxial compression, concrete, 201
Tributary loading, 430
Trigonometric functions, layered systems, 135
Triple point, 71–72, 80
Tritonal, 66, 154
Truss model for joint, 299, 300, 301
Truss structures/systems

connections, 299, 300, 301
diagonal strut and truss mechanisms, joint, 

296
progressive collapse, 379

Tumbling, projectile, 95
Tunnels

airblast transmission through, 319, 322–324
design approach, comprehensive, 421, 433
entrance, 310

Two-way slabs, 204, 224
Tying/tie forces

DOD design recommendations, 381–382
structural elements, 373, 380–381

U

UFC, see Unified Facilities Criteria (UFC)
Ultimate moment, connections

joint behavior, 304
statically loaded knee joints, 297

Uncertainty factor, airslap-induced motion 
predictions, 151

Unconventional WMDs, 3
Undamped SDOF system

closed-form solutions, 332
pulse shape effects, elimination of, 330

Underground explosion
cratering, 143
nuclear devices, 80, 143
peak airblast pressure estimation, 73, 74

Underground facilities, see Buried structures
Underground storage facilities, 433
Uniaxial compressive strength, shear walls, 

213
Uniaxial stress-strain curves, concrete in 

compression, 199–200
Unified Facilities Criteria (UFC), 27, 196, 380, 

407–408
Uniformly distributed loads

design manual limitations, 25
structural element behavior

frames, 214
membrane behavior, 223

Uniform mass, SDOF parameters
for fixed beams, 278
for fixed boundary beams, 279–280
for fixed slabs, 282–283
for simply supported beams, 277
for simply supported slabs, 281

United Kingdom, safe standoff criteria 
development, 327

Unit resisting moments, two-way slabs, 
204

Universal gas constant, 59–60
Unloading

loading-unloading history, dynamic 
resistance function, 346–347

unloading-reloading of load deflection 
curve, 348

Upgrades, planning for, 410
Upward forces

design approach, comprehensive, 420, 
428

DOD design recommendations, 381
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short standoff bomb blasts, 428 
U.S. Department of the Army technical 

manuals, 26
standards, guidelines, manuals, and criteria, 

28, 29, 79, 195, 196–197
structural element behavior, 195, 

196–197
TM 5-1300, 26, 29, 79, 195, 196–197, 199, 

205, 233, 234, 235, 405, 433
connections, 296, 307, 309
connections, steel, 309
door design, 310
internal explosions, 319
structural system and component 

selection, 431, 432
TM 5-583, 26, 28, 29
TM 5-855-1, 27, 41, 195, 406, 418

U.S, Department of Energy Manual 33, 407
USCNS recommendations, 36 
U.S. Department of Defense, 405, 406

experimental studies, military focus of, 25
Explosive Safety Board (DDESB), 26
minimum standards, 411
mission of, 4
publications, 407–408
structural element behavior, 198
weapons systems tests and data, 18–19

U.S. Department of Defense guidelines, 6
progressive collapse, 380–384

approaches and strategies, 381–384
damage limits, 384
new and existing construction, 380–381

Unified Facilities Criteria (UFC), 27, 196, 
380, 407–408

U.S. Department of Energy Manual 33, 27
U.S. Department of Homeland Security, 

437
U.S. government agency publications, design 

standards and guidelines, 6, 
196–197; see also specific 
departments

design approach, comprehensive, 405–407
Naval Facilities Command (NAV-FAC), 26
policy and technology needs, 35, 36
progressive collapse mitigation and 

prevention
Department of Defense, 380–384
GSA, 384–390

security engineering, 29
structural engineering, 28–30

Utilities, 417, 432, 433

V

Validation
dynamic response and analysis 

computational systems, 267–272, 
273

technological and design developments, 8, 
38–39, 436

Valves, blast, 313–315
Variable boundary conditions (VBC), 376
Variable strain rate, 250
Vehicle bombs, 14, 198
Velocity

dynamic response and analysis, 252
SDOF analysis, 240, 331

Ventilation, 417
Venting, 430–431, 432
Verification of design, 8
Vertical failure plane, stress discontinuity at 

slab-wall interface, 238
Vertical loads, nuclear loads on buried 

structures, 184
Very low levels of protection (VLOP), 381
Vessel explosion, 330
Vibration, natural periods and modes, 215–218, 

235–236; see also Frequency 
characteristics

dynamic response and analysis, 239, 253, 
254

continuous systems, 261
SDOF, simple, 242

P-I diagrams, 326
SDOF system response spectra, 327
structural dynamics, natural frequency-

duration of forcing or load 
function relationship, 328

structural element behavior, 215–218, 
235–236

Virtual reality (VR) technology, 33
Virtual truss model, joint, 299, 300, 301
Viscous damping, P-I diagrams, 331
Vital systems/subsystems, nonstructural

comprehensive design approach, 410, 
412–413, 417, 432

planning and design considerations, 6, 29
protected facility components, 7

VLOP (very low levels of protection), 381
Voids, soil properties from explosion tests, 132
Volume

finite element approach, 265
gas pressure phase, internal explosions, 77
pressure-volume space, 61, 63

Volume detonation state, 62
Von Neuman spike, 61
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Vulnerability assessment, 10–11, 12, 426; see 
also Threat and risk assessment

W

Waffle slabs, 432
Wall removal, alternate path analysis, 384
Walls, 442

barrier, 413 
buried, 187, 188
blast design load derivation procedures, 187, 

188
blast load on, 191–193
comprehensive design approach, 413

progressive collapse prevention, 416
shielding devices, 432
structural system and component 

selection, 430, 431 
connections, see Connections and supports

DOD design recommendations, 381–382 
duct, 323
internal explosions, shock reflections from, 

75
loads on above-ground structures, 179

conventional explosives, 170–171, 172, 
173, 174

nuclear and HE explosions, 178, 179
nuclear explosion-induced shock waves, 

121–122
perimeter line, 413
P-I diagrams, multiple failure modes, 343
progressive collapse

mitigation/prevention of, 416
precast concrete structures, 377

shear, 212–214
structural element behavior, 212

plastic hinge regions and, 232–233
tensile and compressive members, 206

structural/load discontinuity, 238
time-pressure curves

external surface burst, 187–189, 190
span parallel to shock front, 190–191, 

192
span perpendicular to shock front, 190, 

191, 192
Water content

and cratering, 149
and soil/granular material penetration, 96
soil properties for calculations, 131
soil properties from explosion tests, 132

Waterways Experiment Station (WES), 25
Wave equations, three-dimensional stress wave 

propagation, 109

Wave propagation
explosive processes, 60–62
ground shock, cratering, and ejecta from HE 

devices
elastic waves, 1D, 110
reflection and transmission of one 

dimensional D-waves between two 
media, 114–116

shock waves in one-dimensional solids, 
117–119

stress waves, one-dimensional, in soils, 
119–125

stress waves, three-dimensional, 
106–110

internal explosions, shock pressure phase, 
76–77

Wave propagation equation, 110
Wave velocity, soil loading, 169
Weapons

conventional, see Conventional 
devices/weapons/environments

nuclear, see Nuclear 
devices/weapons/environments

threat assessment, 14
understanding capabilities of, 17

Weapons of mass destruction, 440
Soviet doctrine, 20–21
unconventional, 3

Weapons systems
combined, 18
military threat assessment, 21–24
technological and design developments, 434

Welds
concrete anti-scabbing plates and, 89
progressive collapse, 377

Wind, explosion dynamic pressure, 72–73
Wind loads, 422, 433–434
Windows: see also Openings and interfaces

design approach, comprehensive, 414–416, 
433

flying debris minimization, 409
Winkler-Bach correction factor, 209
Wiring, faulty, 29–30
Wood penetration characteristics, 102, 162–164, 

165, 166
World Trade Center, 10, 36, 390

Y

Yield behavior
dynamic resistance function, 347
dynamic response and analysis, 345
material models, 266
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progressive collapse, sample analyses, 400
Yield line/yield strength, 25

flexural behavior, 346
membrane behavior, 220, 225
structural design applications, 234
structural system and component selection, 

431
tensile and compressive members, 207
two-way slabs, 204

Young's modulus, 398

Z

Zero initial conditions, SDOF system, 331
Zero rise time, SDOF system, 330–331, 332
Zero standoff distance, see Contact detonations
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