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FOREWORD

The Unified Facilities Criteria (UFC) system is prescribed by MIL-STD 3007 and
provides planning, design, construction, sustainment, restoration, and modernization criteria, and
applies to the Military Departments, the Defense Agencies, and the DoD Field Activities in
accordance with USD(AT&L) Memorandum dated 29 May 2002. UFC will be used for all
DoD projects and work for other customers where appropriate. All construction outside
of the United States is also governed by Status of Forces Agreements (SOFA), Host
Nation Funded Construction Agreements (HNFA), and in some instances, Bilateral
Infrastructure Agreements (BIA.) Therefore, the acquisition team must ensure
compliance with the more stringent of the UFC, the SOFA, the HNFA, and the BIA, as
applicable.

UFC are living documents and will be periodically reviewed, updated, and made
available to users as part of the Services’ responsibility for providing technical criteria for
military construction. Headquarters, U.S. Army Corps of Engineers (HQUSACE), Naval
Facilities Engineering Command (NAVFAC), and Air Force Civil Engineer Support
Agency (AFCESA) are responsible for administration of the UFC system. Defense
agencies should contact the preparing service for document interpretation and
improvements. Technical content of UFC is the responsibility of the cognizant DoD
working group. Recommended changes with supporting rationale should be sent to the
respective service proponent office by the following electronic form: Criteria Change
Request (CCR). The form is also accessible from the Internet sites listed below.

UFC are effective upon issuance and are distributed only in electronic media from the
following source:

¢ Whole Building Design Guide web site http://dod.wbdg.org/.

Hard copies of UFC printed from electronic media should be checked against the current
electronic version prior to use to ensure that they are current.
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UNIFIED FACILITIES CRITERIA (UFC)
UFC 3-340-02 SUMMARY SHEET

Document: UFC 3-340-02
Superseding: ARMY TM 5-1300

Description: This UFC 3-340-02 presents methods of design for protective
construction used in facilities for development, testing, production, storage,
maintenance, modification, inspection, demilitarization, and disposal of explosive
materials. In so doing, it establishes design procedures and construction techniques
whereby propagation of explosion (from one structure or part of a structure to another)
or mass detonation can be prevented and personnel and valuable equipment can be
protected. This document was previously approved as a tri-service document; Army TM
5-1300, Navy NAVFAC P-397, and Air Force AFR 88-22, dated November 1990. The
conversion of the November 1990 document into UFC 3-340-02 was accomplished
through the development of a concise navigable Adobe Acrobat format version of the
November 1990 document with only very minor revisions dated June 2008.

Reasons for Document:

e This document is referenced by DoD 6055.09-STD, “DOD Ammunition and
Explosives Safety Standards” and applies to all operations and facilities within
an explosives safety quantity-distance (ESQD) arc in which personnel or
property are exposed to ammunition and explosives hazards. The document
contains design procedures to achieve personnel protection, protect facilities
and equipment, and prevent propagation of accidental explosions.

Impact: There are no anticipated cost impacts. However, the following benefits should
be realized.

e Current Department of Defense design and construction criteria will be
incorporated into the Unified Facilities Criteria (UFC).

e The November 1990 document will be available in a more functional format
that allows simpler navigation of the document, and will facilitate future
update capabilities.
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CHAPTER 1 INTRODUCTION

INTRODUCTION

1-1 PURPOSE.

The purpose of this manual is to present methods of design for protective construction
used in facilities for development, testing, production, storage, maintenance,
modification, inspection, demilitarization, and disposal of explosive materials.

1-2 OBJECTIVE.

The primary objectives are to establish design procedures and construction techniques
whereby propagation of explosion (from one structure or part of a structure to another)
or mass detonation can be prevented and to provide protection for personnel and
valuable equipment.

The secondary objectives are to:

(2) Establish the blast load parameters required for design of protective
structures.

(2) Provide methods for calculating the dynamic response of structural elements
including reinforced concrete, and structural steel.

3) Establish construction details and procedures necessary to afford the
required strength to resist the applied blast loads.

4) Establish guidelines for siting explosive facilities to obtain maximum cost
effectiveness in both the planning and structural arrangements, providing
closures, and preventing damage to interior portions of structures because of
structural motion, shock, and fragment perforation.

1-3 BACKGROUND.

For the first 60 years of the 20th century, criteria and methods based upon results of
catastrophic events were used for the design of explosive facilities. The criteria and
methods did not include a detailed or reliable quantitative basis for assessing the
degree of protection afforded by the protective facility. In the late 1960's quantitative
procedures were set forth in the first edition of the present manual, "Structures to Resist
the Effects of Accidental Explosions”. This manual was based on extensive research
and development programs which permitted a more reliable approach to current and
future design requirements. Since the original publication of this manual, more
extensive testing and development programs have taken place. This additional research
included work with materials other than reinforced concrete which was the principal
construction material referenced in the initial version of the manual.
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Modern methods for the manufacture and storage of explosive materials, which include
many exotic chemicals, fuels, and propellants, require less space for a given quantity of
explosive material than was previously needed. Such concentration of explosives
increases the possibility of the propagation of accidental explosions. (One accidental
explosion causing the detonation of other explosive materials.) It is evident that a
requirement for more accurate design techniques is essential. This manual describes
rational design methods to provide the required structural protection.

These design methods account for the close-in effects of a detonation including the high
pressures and the nonuniformity of blast loading on protective structures or barriers.
These methods also account for intermediate and far-range effects for the design of
structures located away from the explosion. The dynamic response of structures,
constructed of various materials, or combination of materials, can be calculated, and
details are given to provide the strength and ductility required by the design. The design
approach is directed primarily toward protective structures subjected to the effects of a
high explosive detonation. However, this approach is general, and it is applicable to the
design of other explosive environments as well as other explosive materials as
mentioned above.

The design techniques set forth in this manual are based upon the results of numerous
full- and small-scale structural response and explosive effects tests of various materials
conducted in conjunction with the development of this manual and/or related projects.

1-4 SCOPE.

It is not the intent of this manual to establish safety criteria. Applicable documents
should be consulted for this purpose. Response predictions for personnel and
equipment are included for information.

In this manual an effort is made to cover the more probable design situations. However,
sufficient general information on protective design techniques has been included in
order that application of the basic theory can be made to situations other than those
which were fully considered.

This manual is applicable to the design of protective structures subjected to the effects
associated with high explosive detonations. For these design situations, the manual will
apply for explosive quantities less than 25,000 pounds for close-in effects. However,
this manual is also applicable to other situations such as far- or intermediate-range
effects. For these latter cases the design procedures are applicable for explosive
guantities in the order of 500,000 pounds which is the maximum quantity of high
explosive approved for aboveground storage facilities in the Department of Defense
manual, "DoD Ammunition and Explosives Safety Standards,” DOD 6055.9-STD. Since
tests were primarily directed toward the response of structural steel and reinforced
concrete elements to blast overpressures, this manual concentrates on design
procedures and techniques for these materials. However, this does not imply that
concrete and steel are the only useful materials for protective construction. Tests to
establish the response of wood, brick blocks, and plastics, as well as the blast
attenuating and mass effects of soil are contemplated. The results of these tests may
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require, at a later date, the supplementation of these design methods for these and
other materials.

Other manuals are available to design protective structures against the effects of high
explosive or nuclear detonations. The procedures in these manuals will quite often
complement this manual and should be consulted for specific applications.

Computer programs, which are consistent with procedures and techniques contained in
the manual, have been approved by the appropriate representative of the US Army, the
US Navy, the US Air Force and the Department of Defense Explosives Safety Board
(DDESB). These programs are available through the following repositories:

(1) Department of the Army
Commander and Director
U.S. Army Engineer Research and Development Center
Post Office Box 631
Vicksburg, Mississippi 39180-0631
Attn: WESKA

(2)  Department of the Navy
Commanding Officer
Naval Facilities Engineering Service Center
Port Hueneme, California 93043
Attn: Code OP62

3) Department of the Air Force
Aerospace Structures
Information and Analysis Center
Wright Patterson Air Force Base
Ohio 45433
Attn: AFFDL/FBR

If any modifications to these programs are required, they will be submitted for review by
DDESB and the above services. Upon concurrence of the revisions, the necessary
changes will be made and notification of the changes will be made by the individual
repositories.

1-5 FORMAT.

This manual is subdivided into six specific chapters dealing with various aspects of
design. The titles of these chapters are as follows:

Chapter 1  Introduction

Chapter 2  Blast, Fragment, and Shock Loads
Chapter 3  Principles of Dynamic Analysis
Chapter 4  Reinforced Concrete Design

Chapter 5  Structural Steel Design
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Chapter 6  Special Considerations in Explosive Facility Design
When applicable, illustrative examples are included in the Appendices.

Commonly accepted symbols are used as much as possible. However, protective
design involves many different scientific and engineering fields, and, therefore, no
attempt is made to standardize completely all the symbols used. Each symbol is defined
where it is first used, and in the list of symbols at the end of each chapter.

CHAPTER CONTENTS

1-6 GENERAL.

This chapter presents a qualitative description of an explosive protective system, and
addresses acceptor system tolerances, and the basis for structural design.

SAFETY FACTOR

1-7 SAFETY FACTOR.

Simplifications leading to safety conservative structural designs are made in the design
procedures of this manual. However, unknown factors can still cause an overestimation
of a structure's capacity to resist the effects of an explosion. Unexpected shock wave
reflections, construction methods, quality of construction materials, etc., vary for each
facility. To compensate for such unknowns it is recommended that the TNT equivalent
weight be increased by 20 percent. This increased charge weight is the "effective
charge weight" to be used for design. Departures from this recommendation must be
approved by the responsible agency.

All charts pertaining to explosive output in this manual are for readings at sea level.
EXPLOSION PROTECTION SYSTEM

1-8 SYSTEM COMPONENTS.
1-8.1 General.

Explosive manufacturing and storage facilities are constructed so that they provide a
predetermined level of protection against the hazards of accidental explosions. These
facilities consist of three components: (1) the donor system (amount, type and location
of the potentially detonating explosive) which produces the damaging output, (2) the
acceptor system (personnel, equipment, and "acceptor” explosives) which requires
protection, and (3) the protection system (protective structure, structural components or
distance) necessary to shield against or attenuate the hazardous effects to levels which
are tolerable to the acceptor system. The flow chart in Figure 1-1briefly summarizes the
protective system and relates the individual components to each other.
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1-8.2 Donor System.

The donor system includes the type and amount of the potentially detonating explosive
as well as materials which, due to their proximity to the explosive, become part of the
damaging output. The output of the donor explosive includes blast overpressures
(hereafter referred to as blast pressures or pressures), primary fragments resulting from
cased explosives and secondary fragments resulting from materials in the immediate
vicinity of the donor explosive. Other effects from the donor include ground shock, fire,
heat, dust, electromagnetic pulse, etc. For the quantities of explosives considered in this
manual, blast pressures constitute the principal parameter governing the design of
protective structures. However, in some situations, primary and/or secondary fragments
and ground shock may assume equal importance in the planning of the protection
system. The other effects mentioned are usually of concern in specific types of facilities,
and their influence on the overall design can usually be met with the use of standard
engineering design procedures. Except for very large quantities of explosives, ground
shock effects will usually be small and, in most cases, will be of concern when
dislodging of components within the protective structure is possible.

The chemical and physical properties of the donor explosive determine the magnitude
of the blast pressures whereas the distribution of the pressure pattern is primarily a
function of the location of the donor explosive relative to the components of the
protective facility. The mass-velocity properties of the primary fragments depend upon
the properties of the donor explosive and the explosive casing, while, for secondary
fragments, their mass-velocity properties are functions of the type of fragment materials
(equipment, frangible portions of the structure, etc.), their relative position to the donor
explosive, and the explosive itself.

The explosive properties, including the molecular structure (monomolecular,
bimolecular, etc.) of the explosive, shape and dimensional characteristics, and the
physical makeup (solid, liquid, gas) of the charge, determine the limitation of the
detonation process. These limitations result in either a high- or low-order detonation.
With a high-order detonation, the process is generally complete and results in the
maximum pressure output for the given type and amount of material. On the other hand,
if the detonation is incomplete with the initial reaction not proceeding through the
material mass, then a large quantity of the explosive is consumed by deflagration and
the blast pressure is reduced.

Primary fragments are produced by the explosion of a cased donor charge. They result
from the shattering of a container which is in direct contact with the explosive material.
The container may be the casing of conventional munitions, the kettles, hoppers, and
other metal containers used in the manufacture of explosives, the metal housing of
rocket engines, etc. Primary fragments are characterized by very high initial velocities
(in the order of thousands of feet per second), large numbers of fragments, and
relatively small sizes. The heavier fragments may penetrate a protective element
depending upon its composition and thickness. The lighter fragments seldom achieve
perforation. However, in certain cases, primary fragments may ricochet into the
protected area and cause injury to personnel, damage to equipment, or propagation of
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acceptor explosives. For protection against primary fragments, sufficient structural mass
must be provided to prevent full penetration, and the configuration of the components of
the protective facility must prevent fragments from ricocheting into protected areas.

Secondary fragments are produced by the blast wave impacting objects located in the
vicinity of the explosive source. At these close distances, the magnitude of the shock
load is very high and objects can be broken up and/or torn loose from their supports.

Pieces of machinery, tools, materials such as pipes and lumber, parts of the structure
(donor structure) enclosing the donor explosive, large pieces of equipment, etc. may be
propelled by the blast. Secondary fragments are characterized by large sizes (up to
hundreds of pounds) and comparatively low velocities (hundreds of feet per second).
These fragments may cause the same damage as primary fragments, that is, injury to
personnel, damage to equipment or detonation of acceptor explosives. However,
protection against secondary fragments is slightly different than for primary fragments.
While preventing perforation by primary fragments is important, secondary fragments
pose additional problems due to their increased weight. The protective structure must
be capable of resisting the large impact force (momentum) associated with a large mass
travelling at a relatively high velocity.

1-8.3 Acceptor System.

The acceptor system is composed of the personnel, equipment, or explosives that
require protection. Acceptable injury to personnel or damage to equipment, and
sensitivity of the acceptor explosive(s), establishes the degree of protection which must
be provided by the protective structure. The type and capacity of the protective structure
are selected to produce a balanced design with respect to the degree of protection
required by the acceptor and the hazardous output of the donor.

Protection in the immediate vicinity of the donor explosive is difficult because of high
pressures, ground shock, fire, heat, and high speed fragments generally associated with
a detonation. Protection can be afforded through the use of distance and/or protective
structures. Personnel may be subjected to low blast pressures and/or small ground
motions without direct injury. However, injury can be sustained by falling and impacting
hard surfaces.

In most explosive processing facilities, equipment is expendable and does not require
protection. Equipment which is very expensive, difficult to replace in a reasonable
period of time, and/or must remain functional to insure the continuous operation of a
vital service may require protection. The degree of protection will vary depending upon
the type and inherent strength of the equipment. In general, equipment and personnel
are protected in a similar manner. However, equipment can usually sustain higher
pressures than personnel, certain types of equipment may be able to withstand
fragment impact whereas personnel can not, and lastly, equipment can sustain larger
shock loads since it can be shock isolated and/or secured to the protective structure.

The degree of protection for acceptor explosives range from full protection to allowable
partial or total collapse of the protective structure. In order to prevent detonation,
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sensitive acceptor explosives must be protected from blast pressures, fragment impact,
and ground shock whereas "insensitive" explosives may be subjected to these effects in
amounts consistent with their tolerance. The tolerances of explosives to initial blast
pressures, structural motions, and impact differ for each type of explosive material with
pressure being the lesser cause of initiation. Impact loads are the primary causes of
initiation of acceptor explosives. They include primary and secondary fragment impact
as well as impact of the explosive against a hard surface in which the explosive is
dislodged from its support by pressure or ground shock and/or propelled by blast

pressures.

Figure 1-1 Explosive Protective System
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PROTECTION CATEGORIES

1-9 PROTECTION CATEGORIES.

For the purpose of analysis, the protection afforded by a facility or its components can
be subdivided into four protection categories as described below:

1. Protection Category 1 - Protect personnel against the uncontrolled release of
hazardous materials, including toxic chemicals, active radiological and/or
biological materials; attenuate blast pressures and structural motion to a level
consistent with personnel tolerances; and shield personnel from primary and
secondary fragments and falling portions of the structure and/or equipment;

2. Protection Category 2 - Protect equipment, supplies and stored explosives
from fragment impact, blast pressures and structural response;

3. Protection Category 3 - Prevent communication of detonation by fragments,
high-blast pressures, and structural response; and

4, Protection Category 4 - Prevent mass detonation of explosives as a result of
subsequent detonations produced by communication of detonation between
two adjoining areas and/or structures. This category is similar to Category 3
except that a controlled communication of detonation is permitted between
defined areas.

ACCEPTOR SYSTEMS TOLERANCES

1-10 PROTECTIVE SYSTEMS.
1-10.1 Protective Structures.

Personnel, equipment or explosives are protected from the effects of an accidental
explosion by the following means: (1) sufficient distance between the donor and
acceptor systems to attenuate the hazardous effects of the donor to a level tolerable to
the acceptor, (2) a structure to directly protect the acceptor system from the hazardous
output of the donor system, (3) a structure to fully contain or confine the hazardous
output of the donor system, and (4) a combination of the above means. While large
distances may be used to protect acceptor systems, a protective facility is the most
common method employed when limited area is available. In general, separation
distances are used as a means of attenuating the hazardous effects of the donor to a
level which makes the design of a protective facility feasible, practical and cost effective.

Protective structures can be classified as shelters, barriers or containment structures.
Protection is provided by each structure in three distinct manners. Shelters are
structures that fully enclose the acceptor system with hardened elements. These
elements provide direct protection against the effects of blast pressures, primary and
secondary fragments and ground shock. Containment structures are buildings which
fully or near fully enclose the donor system with hardened elements. They protect the
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acceptor system by confining or limiting the damaging output of the donor system. A
barrier acts as a shield between the donor and acceptor systems. They attenuate the
damaging output of the donor system to a level which is tolerable to the acceptor
system.

Shelters are fully enclosed structures and are used to protect personnel from injury,
prevent damage to valuable equipment, and prevent detonation of sensitive explosives.
The exterior of the structure is composed of hardened elements which must be
designed to resist the effects of blast pressures and both primary and secondary
fragment impact and the interior must be arranged to shock isolate the acceptor system.
Entrances must be sealed by blast doors, and depending upon the amount of usage
and/or the potential explosive hazard, may also require blast locks (an entrance
containing a blast door followed by a second blast door; one of which is always closed).
Other openings required for facility operations, such as ventilation passages, equipment
access openings, etc., may be sealed by blast valves or blast shields. Design criteria for
these protective closures are governed by their size and location and the magnitude of
the blast pressure and fragment effects acting on them. Small openings may be
permitted if the magnitude and rate of pressure buildup within the structure is tolerable
to the occupants and contents of the shelter. Specific provisions may also be necessary
to insure that partitions, hung ceilings, lighting fixtures, equipment, mechanical and
electrical fixtures, piping, conduits, etc., are not dislodged as a result of structure
motions or leakage pressures and become a hazard to the building's occupants and
contents.

Barriers are generally used to prevent propagation of explosions. They act as a shield
between two or more potentially detonating explosives. Their main purpose is to stop
high speed fragments from impacting acceptor explosives. In addition, they reduce
secondary fragments striking the acceptor. They can also reduce blast pressures in the
near range (at a distance up to ten times barrier height) but have little or no effect on the
far range. Barriers can be either barricades (revetted or unrevetted earth barricades),
simple cantilever walls, etc., or cubicle-type structures where one or more sides and/or
the roof are open to the atmosphere or enclosed by frangible elements. Igloos (earth
covered magazines), below ground silos, and other similar structures with open or
frangible surfaces can also be classified as barriers. They are usually used in storage,
manufacturing, or processing of explosives or explosive materials. The explosives are
usually located close to the protective element. Consequently, the barrier is subjected to
high intensity blast loads and the acceptor explosive is subjected to comparatively high
leakage pressures.

Containment structures are generally used for high hazard operations and/or operations
involving toxic materials. These operations must be remotely controlled since operating
personnel should not be located within the structure during hazardous operation. All
entrances must be sealed with blast doors. Other openings required for facility
operations such as ventilation passages, equipment and/or product access openings,
etc., must be sealed by blast valves or blast shields. For operations not involving toxic
materials, blast pressures may be released to the atmosphere. However, this pressure
release must be controlled both in magnitude and direction either by mechanical means
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(through blast valves or shields) or by limiting the size of the openings and/or directing
the leakage pressures to areas where personnel, equipment and acceptor explosives
will be protected.

The various components of a protective facility must be designed to resist the effects of
an explosion. The exterior walls and roof are the primary protective elements. These
elements are said to be "hardened" if they are designed to resist all the effects
associated with an explosion (blast pressures, primary and secondary fragments,
structure motions). On the other hand, a blast resistant element is designed to resist
blast pressure only. While a blast resistant element is not designed specifically to resist
fragments, the element has inherent fragment resistance properties which increases
with increasing blast resistant capabilities. In many parts of this manual, the term "blast
resistant” is used synonymously with "hardened."

1-10.2 Containment Type Structures.

The first three protection categories can apply to structures classified as containment
structures when these structures are designed to prevent or limit the release of toxic or
other hazardous materials to a level consistent with the tolerance of personnel. These
structures generally are designed as donor structures and can resist the effects of
"close-in" detonations (detonations occurring close to the protective structures). Added
protection is accomplished by minimizing the pressure leakage to the structure’s
exterior, by preventing penetration to the exterior of the structure by primary fragments
and/or formation of fragments from the structure itself. Quite often, containment
structures may serve as a shelter as described below. Procedures for designing
reinforced concrete containment structures are contained in Chapter 4. A design ratio of
weight to volume of W/V < 0.15 Ib/ft® is a practical range for reinforced concrete
containment structures.

1-10.3 Shelters.

The first three protection categories apply to shelters which provide protection for
personnel, valuable equipment, and/or extremely sensitive explosives. Shelters, which
are usually located away from the explosion, accomplish this protection by minimizing
the pressure leakage into a structure, providing adequate support for the contents of the
structure, and preventing penetration to the interior of the structure by high-speed
primary fragments, and/or by the impact of fragments formed by the breakup of the
donor structure. Protection against the uncontrolled spread of hazardous material is
provided by limiting the flow of the dangerous materials into the shelter using blast
valves, filters, and other means. Procedures for designing concrete and structural steel
buildings are contained in Chapters 4 and 5, respectively.

1-10.4 Barriers.

Although the first three categories of protection can be achieved with the use of a
shelter, the last two protection categories (Section 1-9) pertain to the design of barriers
where protection of explosives from the effects of blast pressures and impact by
fragments must be provided. For the third protection category, the explosion must be

10
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confined to a donor cell, whereas in the fourth protection category, propagation between
two adjoining areas is permitted. However, the communication of detonation must not
extend to other areas of the facility. This situation may arise in the event of the
dissimilarity of construction and/or explosive content of adjacent areas. Procedures for
designing reinforced concrete barriers are contained in Chapter 4.

1-11 HUMAN TOLERANCE.
1-11.1 Blast Pressures.

Human tolerance to the blast output of an explosion is relatively high. However, the
orientation of a person (standing, sitting, prone, face-on or side-on to the pressure
front), relative to the blast front, as well as the shape of the pressure front (fast or slow
rise, stepped loading), are significant factors in determining the amount of injury
sustained. Shock tube and explosive tests have indicated that human blast tolerance
varies with both the magnitude of the shock pressure as well as the shock duration, i.e.,
the pressure tolerance for short-duration blast loads is significantly higher than that for
long-duration blast loads.

Tests have indicated that the air-containing tissues of the lungs can be considered as
the critical target organ in blast pressure injuries. The release of air bubbles from
disrupted alveoli of the lungs into the vascular system probably accounts for most
deaths. Based on present data, a tentative estimate of man's response to fast rise
pressures of short duration (3 to 5 ms) is presented in Figure 1-2. The threshold and
severe lung-hemorrhage pressure levels are 30 to 40 psi and above 80 psi,
respectively, while the threshold for lethality due to lung damage is approximately 100 to
120 psi (Table 1-1). On the other hand, the threshold pressure level for petechial
hemorrhage resulting from long-duration loads may be as low as 10 to 15 psi, or
approximately one-third that for short duration blast loads. Since survival is dependent
on the mass of the human, the survival for babies will be different than the survival for
small children which will be different from that for women and men. These differences
have been depicted in Figure 1-2 which indicates that the survival scaled impulse
depends on the weight of the human. It is recommended that 11 Ib be used for babies,
55 Ib for small children, 121 Ib for adult women and 154 Ib for adult males.

A direct relationship has been established between the percentage of ruptured
eardrums and maximum pressure, i.e., 50 percent of exposed eardrums rupture at a
pressure of 15 psi for fast rising pressures while the threshold of eardrums rupture for
fast rising pressure is 5 psi. Temporary hearing loss can occur at pressure levels less
than that which will produce onset of eardrum rupture. This temporary hearing loss is a
function of the pressure and impulse of a blast wave advancing normal to the eardrum.
The curve which represents the case where 90 percent of those exposed are not likely
to suffer an excessive degree of hearing loss, is referred to as the temporary threshold
shift. The pressures referred to above are the maximum effective pressures, that is, the
highest of either the incident pressure, the incident pressure plus the dynamic
pressures, or the reflected pressure. The type of pressure which will be the maximum
effective depends upon the orientation of the individual relative to the blast as well as
the proximity of reflecting surfaces and the occurrence of jetting effects which will cause

11
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pressure amplification as the blast wave passes through openings. As an example,
consider the pressure level which will cause the onset of lung injury to personnel in
various positions and locations. The threshold would be 30 to 40 psi reflected pressure
for personnel against a reflector (any position), 30 to 40 psi incident plus dynamic
pressure; 20 to 25 psi would be the incident pressure plus 10 to 15 psi dynamic
pressure for personnel in the open, either standing or prone-side-on, and 30 to 40 psi
incident pressure for personnel in the open in a prone-end-on position.

However, the above pressure level assumes that an individual is supported and will not
be injured due to being thrown off balance and impacting a hard and relatively non-
yielding surface. In this case, pressure levels which humans can withstand are generally
much lower than those causing eardrum or lung damage. For this case, one publication
has recommended that tolerable pressure level of humans not exceed 2.3 psi which is
higher than temporary threshold shift of temporary hearing loss (Figure 1-3) and
probably will cause personnel, which are located in the open, to be thrown off balance.

Structures can be designed to control the build-up of internal pressure, however, jetting
effect produced by pressure passing through an opening can result in amplification of
the pressures at the interior side of the opening. The magnitude of this increased
pressure can be several times as large as the maximum average pressure acting on the
interior of the structure during the passage of the shock wave. Therefore, openings
where jetting will occur should not be directed into areas where personnel and valuable
equipment will be situated.

1-11.2 Structural Motion.

It is necessary that human tolerance to two types of shock exposure be considered:
1. Impacts causing body acceleration/deceleration, and
2. Body vibration as a result of the vibratory motion of the structure.

If a subject is not attached to the structure, he may be vulnerable to impact resulting
from collision with the floor due to the structure dropping out beneath him and/or the
structure rebounding upward towards him. However, the more plausible means of
impact injury results from the subject being thrown off balance because of the horizontal
motions of the structure, causing him to be thrown bodily against other persons,
equipment, walls and other hard surfaces.

Studies have indicated that a probable safe impact tolerance velocity is 10 fps. At 18 fps
there is a 50 percent probability of skull fracture and at 23 fps, the probability is nearly
100 percent. This applies to impact with hard, flat surfaces in various body postures.
However, if the line of thrust for head impact with a hard surface is directly along the
longitudinal axis of the body (a subject falling head first), the above velocity tolerance
does not apply since the head would receive the total kinetic energy of the entire body
mass. Impacts with corners or edges are also extremely critical even at velocities less
than 10 fps. An impact velocity of 10 fps is considered to be generally safe for personnel
who are in a fairly rigid posture; therefore, greater impact velocities can be tolerated if
the body is in a more flexible position or if the area of impact is large.

12



UFC 3-340-02
5 December 2008

The effect of horizontal motion on the stability of personnel (throwing them off balance
or hurling them laterally) depends on the body stance and position, the acceleration
intensity and duration, and the rate of onset of the acceleration. An investigation of data
concerning sudden stops in automobiles and passenger trains indicates that personnel
can sustain horizontal accelerations less than 0.44g without being thrown off balance.
These accelerations have durations of several seconds; hence, the accelerations
considered in this manual required to throw personnel off balance are probably greater
because of their shorter durations. Therefore, the tolerable horizontal acceleration of
0.50g required to provide protection against ground-shock effects resulting from nuclear
detonations should be safe for non-restrained personnel (standing, sitting, or reclining).

If the vertical downward acceleration of the structure is greater than 1g, relative
movement between the subject and the structure is produced. As the structure drops
beneath him, the subject begins to fall until such time that the structure slows down and
the free falling subject overtakes and impacts with the structure. The impact velocity is
eqgual to the relative velocity between the structure and the subject at the time of impact,
and to assure safety, it should not exceed 10 fps.

To illustrate this vertical impact, a body which free falls for a distance equal to 1.5 feet
has a terminal or impact velocity of approximately 10 fps against another stationary
body. If the impacted body has a downward velocity of 2 fps at the time of impact, then
the impact velocity between the two bodies would be 8 fps.

Based on the available personnel vibration data, the following vibrational tolerances for
restrained personnel are considered acceptable: 2g for less than 10 Hz, 5g for 10-20
Hz, 7g for 20-40 Hz, and 10g above 40 Hz. However, the use of acceleration tolerances
greater than 2g usually requires restraining devices too elaborate for most explosive
manufacturing and testing facilities.

1-11.3 Fragments.

Overall, human tolerance to fragment impact is very low; however, certain protection
can be provided with shelter type structures. Fragments can be classified based on their
size, velocity, material and source, i.e.:

1. Primary fragments, which are small, high-speed missiles usually formed from
casing and/or equipment located immediately adjacent to the explosion, and

2. Secondary fragments, which are generated from the breakup of the donor
building, equipment contained within the donor structure and/or acceptor
buildings which are severely damaged by an explosion.

Discussion of human tolerance of both of these types of fragment overlap, since the
basic differences between these fragments are their size and velocity. Impact of primary
fragments can be related to an impact by bullets where the fragment is generally small,
usually of metal and traveling at high velocities. A great deal of research has been
conducted for the military; however, most of the data from these tests is not available.
Some fragment-velocity penetration data of humans has been developed for fragment
weights equal to or less than 0.033 pounds, and indicates that, as the ratio of the
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fragment area to weight increases, the velocity which corresponds to a 50 percent
probability of penetrating human skin will increase. This trend is illustrated in Table 1-2
where the increase in velocity coincides with the increase of area of the fragment.

Secondary fragments, because they have a large mass, will cause more serious injuries
at velocities significantly less than caused by primary fragments. Table 1-3 indicates the
velocity which corresponds to the threshold of serious human injury. As mentioned in
Section 1-11.2 above, the impact of a relatively large mass with a velocity less than 10
fps against a human can result in serious bodily injury. Also, the impact of smaller
masses (Table 1-3) with higher velocities can result in injuries as severe as those
produced by larger masses. See applicable Safety Manual for fragment criteria.

1-12 EQUIPMENT TOLERANCE.
1-12.1 Blast Pressures.

Unless the equipment is of the heavy-duty type (motor, generators, air handlers, etc.),
equipment to be protected from blast pressures must be housed in shelter-type
structures similar to those required for the protection of personnel. Under these
circumstances, the equipment will be subjected to blast pressures which are permitted
to leak into the shelter through small openings. If the magnitude of these leakage
pressures is minimized to a level consistent with that required for personnel protection,
then in most cases protection from the direct effects of the pressures is afforded to the
equipment. However, in some instances, damage to the equipment supports may occur
which, in turn, can result in damage to the equipment as a result of falling. Also, if the
equipment is located immediately adjacent to the shelter openings, the jetting effects of
the pressures entering the structure can have adverse effects on the equipment. In
general, equipment should be positioned away from openings and securely supported.
However, in some cases, equipment such as air handling units must be positioned close
to the exterior openings. In this event, the equipment must be strong enough to sustain
the leakage pressures (pressures leaking in or out of openings) or protective units such
as blast valves must be installed.

1-12.2 Structural Motion and Shock.

Damage to equipment can result in failures which can be divided into two classes;
temporary and permanent. Temporary failures, often called "malfunctions,” are
characterized by temporary disruption of normal operation, whereas permanent failures
are associated with breakage, resulting in damage so severe that the ability of the
equipment to perform its intended function is impaired permanently or at least over a
period of time.

The capacity of an item of equipment to withstand shock and vibration is conventionally
expressed in terms of its "fragility level” which is defined as the magnitude of shock
(acceleration) that the equipment can tolerate and still remain operational. The fragility
level for a particular equipment item is dependent upon the strength of the item (frame,
housing, and components) and, to some extent, the nature of the excitation to which it is
subjected. An equipment item may sustain a single peak acceleration due to a transient
input load, but may fail under a vibration-type input having the same peak acceleration
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amplitude. Also the effects of the occurrence of resonance may be detrimental to the
item functioning. For these reasons, fragility data should be considered in connection
with such factors as the natural frequencies and damping characteristics of the
equipment and its components, as well as the characteristics of the input used to
determine the tolerance as compared to the motion of the structure which will house the
equipment.

The maximum shock tolerances for equipment vary considerably more than those for
personnel. To establish the maximum shock tolerance for a particular item, it is
necessary to perform tests and/or analyses. Only selected items of equipment have
been tested to determine shock tolerances applicable for protection from the damage
which may be caused by structural motions.

Most of this data resulted from tests to sustain ground-shock motions due to a nuclear
environment, which will have a duration considerably longer than that associated with a
HE (high explosive) explosion. However, the data which are available concerning shock
effects indicate strength and ruggedness or sensitivity of equipment. These data, which
are based primarily on transportation and conventional operational shock requirements,
indicate that most commercially available mechanical and electrical equipment are able
to sustain at least 3g's, while fragile equipment (such as electronic components) can
sustain approximately 1.5g's.

The above tolerances are safe values, and actual tolerances are, in many cases, higher
than 3g's, as indicated in Table 1-4. However, the use of such acceleration values for
particular equipment require verification by shock testing with the induced motions
(input) consistent with expected structural motions.

The above tolerances are applicable to equipment which is mounted directly to the
sheltering structure. For the equipment to sustain shock accelerations in the order of
magnitude of their tolerances, the equipment item must be "tied" down to the structure,
that is, the equipment stays attached to the structure and does not impact due to its
separation. In most cases, shock isolation systems will be needed to protect the
equipment items. The shock isolation systems will consist of platforms which are
supported by a spring assembly for large motion and/or cushioning material when the
motions are small. These systems should be designed to attenuate the input
accelerations to less than 1g in order that separation between the equipment and
support system does not occur. If the spring systems are designed to be "soft" (less
than 1/2 g) then, depending on the mass of the equipment, vibratory action of the
system could occur due to individuals walking on the platforms.

1-12.3 Fragments.

Susceptibility of an item of equipment to damage from fragment impact depends upon
the ruggedness of its components, its container, if any, and upon the size and velocity
of the fragment at the time of impact.

Some heavy equipment (motors, generators, etc.) may sustain malfunctions as a result
of the severing of electrical or mechanical connections, but seldom are destroyed by the
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impact of primary fragments. On the other hand, this heavy equipment can be rendered
useless by secondary fragment impact. Fragile equipment (electronic equipment, etc.)
will generally be inoperable after the impact of either primary or secondary fragments.
The impact force and penetration capability of light fragments may perforate sensitive
portions of heavy equipment (fuel tank or generators, etc.). Low-velocity light fragments
seldom result in severe damage. These fragments usually ricochet beyond the
equipment unless the component part of the equipment it strikes is glass or other fragile
material, in which case, some damage may be inflicted.

Although the damage to the equipment of a structure can be great as a result of falling
or flying debris, the increased cost of strengthening walls and other portions of the
protective shelter is usually not warranted unless personnel or acceptor charge
protection is also required and/or the cost of the equipment item lost exceeds the
increased construction costs. Even in this latter situation, a probability analysis of the
occurrence of an incident should be made prior to incurring additional construction
costs.

1-13 TOLERANCE OF EXPLOSIVES.
1-13.1 General.

The tolerances of explosives to blast pressure, structural motion, and impact by
fragments differ for each type of explosive material and/or item. Generally, fragment
impact is the predominant cause of detonation propagation.

1-13.2 Blast Pressures.

Except in regions of extremely high pressure, most explosive materials are insensitive
to the effects of blast pressures. In many instances, however, the secondary effects,
such as dislodgement of the explosive from its support and propulsion of the explosive
against hard surfaces, can result in a possible detonation depending upon the tolerance
of the explosive to impact. Results of several different types of sensitivity tests (drop
test, card gap tests, friction tests, etc.) are presently available which will aid in the
establishment of the tolerances of most explosive materials to impact.

1-13.3 Structural Motions.

Structural motion effects on explosives are similar to the impact effects produced by
blast pressures. The movement of the structure tends to dislodge the explosive from its
support, resulting in an impact of the explosive with the floor or other parts of the
structure. The distance the explosive falls and its sensitivity to impact and friction
determine whether or not propagation occurs.

1-13.4 Fragments.

Although blast pressures and structural motions can produce explosive propagation, the
main source of communication of explosions is by fragments, principally primary
fragments from the breakup of the donor charge casing, fragments produced by the
fracture of equipment close to the explosion, disengagement of interior portions of the
structure, and/or failure of the structure proper.
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In recent years, an extensive test program has been performed which has provided a
significant amount of information regarding explosive propagation by primary fragment
impact. This program was conducted primarily to determine safe separation criteria for
bulk explosives and munitions, mainly for the design and operation of conveyance
systems. The individual test programs were predicated upon given manufacturing
operations where improved safety criteria would lessen the probability of a catastrophic
event. Individual test programs were performed in two stages, exploratory and
confirmatory, where the safe separation was determined during the exploratory phase
and confirmation was established on a 95 percent confidence level.

A typical test set-up is illustrated in Figure 1-4, while the results of the various test
programs are listed in Table 1-5 for bulk explosives and in Table 1-6 for munitions.
These Tables list the bulk explosives and munition types, the configurations examined
and the established safe separation distances. For all items/configurations examined,
unless specified, the test conditions were: 1) in free air (without tunnels), 2) open
spaced (no shields), 3) in a vertical orientation, and 4) measured edge-to-edge.
Inspection of Tables 1-5 and 1-6 reveal that minimum safe separation distances have
not been established for some of the items listed. If specific safe separation distances
are required, as will be for other items not listed, further tests will be required. A detailed
compilation of the items and test procedures and methods are listed in the bibliography.

Several testing methods have been developed to determine the sensitivity of explosives
to impact by secondary fragments. In one series of tests which utilized a catapult
method for propelling approximately 70 pounds of concrete fragments, sand and gravel
rubble, against lightly cased Composition B acceptor explosives indicated a boundary
velocity on the order of approximately 400 fps. A second series of tests, which propelled
concrete fragments as large as 1000 pounds against 155 mm projectiles (thick steel
wall projectile), indicated that the projectile would not detonate with striking velocities of
500 fps. This latter test series also included acceptor items consisting of 155 projectiles
with thin wall riser funnels, which detonated upon impact with the concrete. Another
series of fragment testing included the propelling of large concrete fragments against
thin wall containers with molten explosive simulating typical melt-pour kettles in a
loading plant. In all cases, the contents of the simulated kettle detonated. Although the
results of these test series indicated that thick wall containers of explosive will prevent
propagation, while thin wall containers will not, the number of tests performed in each
series was relatively few. Additional tests are required to determine the extent that the
variation of container thickness has on the magnitude of the mass/velocity boundary
established to date.
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Figure 1-2 Survival Curves for Lung Damage, Wh = Weight of human being (Ibs)
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Figure 1-3 Human Ear Damage Due to Blast Pressure
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Figure 1-4 Example of Safe Separation Tests
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Figure 1-5 Safe Separation Test Shields
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Table 1-1  Blast Effects In Man Applicable To Fast-Rising Air Blasts Of Short
Duration (3-5 ms)
Critical Organ or Maximum Effective Pressure
Event (psi)*
Eardrum Rupture
Threshold 5
50 percent 15
Lung Damage
Threshold 30-40
50 percent 80 and above
Lethality
Threshold 100-120
50 percent 130-180
Near 100 percent 200-250

* Maximum effective pressure is the highest of incident pressure, incident pressure plus
dynamic pressure, or reflected pressure.

Table 1-2 50 Percent Probability Of Penetrating Human Skin
e o Fragment Area Based on : Threshold
Fragment . Velocity
. 0.033 Ib. fragment weight Energy
area/weight (it?) (fps) (ft-Ib)
(ft%/Ib)
0.03 0.00099 100 5
0.10 0.00330 165 14
0.20 0.00660 250 32
0.30 0.00990 335 58
0.40 0.01320 425 93
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Table 1-3  Threshold Of Serious Injury To Personnel Due To Fragment Impact

Critical Organ | Weight (Ibs) V;L"(‘:Qlltf;‘%[‘;s) E(?flrg)y

>2.5 10 4

Thorax 0.1 80 10
0.001 400 2.5
>6.0 10 9

Abdomen and limbs 0.1 75 9
0.001 550 5
>8.0 10 12

Head 0.1 100 16
0.001 450 3

Table 1-4  Examples Of Equipment Shock Tolerances

Equipment e
quip Accelerations
Fluorescent light fixtures (with lamps) 20 to 30g

Heavy machinery (motor, generators,

transformers, etc. > 4,000 Ibs.) 10 to 309

Medium-weight machinery (pumps,
condensers, 15 to 45¢g
AC equipment, 1,000 to 4,000 Ibs.)

Light machinery (small motors <1,000 Ibs.) 30 to 70g
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Safe Separation Distance (Bulk Explosives)

Bulk Explosive

Explosive Weight

Test Configuration

Safe

(Ibs) Separation (ft)
Composition A-5 10 Rubber buckets in tunnel 6.0
15 Aluminum buckets in tunnel 20.0
Composition B Flake, depth on 15 inch Serpentix 017"
conveyor '
2.5 Riser scrap, 2 pieces 15
25 Riser scrap, 4 pieces 3.0
25 Riser scrap, 2 pieces within funnels 2.0
25 Riser scrap, 4 pieces within funnels 3.0
60 Cardboard container in tunnel 12.0
60 Plastic buckets 12.0T
Composition C-4 35 Aluminum buckets in tunnel 20.0t
50 Aluminum buckets in tunnel 25.0t
Cyclotol (75/25) 60 Aluminum box in tur_mel & 0.38-in 24.0
Kevlar shield
60 Cardboard box in tunnel. 18.0
Guanidine Nitrate 20 DOT-21C-60 Containers with tops on 3.8
40 DOT-21C-60 Containers with tops on 4.8
80 DOT-21C-60 Containers with tops on 5.5
Nitro-Guanidine 25 DOT-21C-60 Containers with tops on 5.5
(Powder) 50 DOT-21C-60 Containers with tops on 7.0
450 DOT-21C-60 Containers with tops on 16.0
TNT, Type 1 Flake Depth on 2-foot Serpentix conveyor 0.08*
55 Cardboard box 12.0
168 Aluminum tote bin, w/steel fiberglass in 60.0
tunnel
168 Aluminum tote bin in wooden tunnel 50.0

* Depth of material at which propagation is prevented is less than or equal to the value

shown.

T Minimum distance tested. Actual safe separation distance less than or equal to that
indicated. Further tests required to establish minimum safe separation distance.
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Safe Separation

Munition Test Configuration (ft)
8-inch M106 HE Single round with 3-inch diameter aluminum bar shield 1.0
Projectile
8 inch M509 HE Single round with "VEE" shield (Figure 1-5a) 2.7
Projectile
155 mm M107 HE | Single round with one-inch thick aluminum or 1/2-inch thick 15
Projectile steel plate shield

24 per pallet 110.0
155 mm M483 HE Single round with MS shield (Figure 1-5b) 0
Projectile
155 mm M795 HE | Single round 15.0
Projectile
(TNT, TYPE 1)
105 mm M1 HE 16 per pallet 30.0
Projectile 16 per pallet, with funnel and 3/4-inch thick steel plate shield 20.0
105 mm M456 Primed cartridge cases 0
HEAT-T Projectile | single round with 3-inch diameter aluminum bar shield 1.6
Single round, horizontal with 3-inch diameter aluminum bar 0.91
shield
81 mm M374A2E1 | Single round with 1/4-inch thick Lexan plate extension to 2- 0.73*
HE Cartridge inch thick aluminum brick shield
81mm M374 HE Single round 2.0
Projectile Single round with 2-inch thick aluminum brick shield 0.73*
72 per pallet 30.0
30 mm XM789 2 each. PBXN-5 pellets 0.08
HEDP Projectile Shell body with 2 pellets 0.08
Loaded body assembly 0.08
Heated loaded body assembly 0.25
Fuzed projectile 0.25
25 mm XM792 Type | pellets 0.08
HEI-T Cartridge Type Il pellets 0.04
Loaded body assembly 0.17
Fuzed projectile 0.17
Complete cartridge 0.17
BLU-63 A/B Hemispheres 0.04
Bomblet Hemispheres in fixtures 0
Hemispheres, 16 per tray 0
Bomblet 0.17

* Minimum distance tested. Actual safe separation distance less than or equal to that
indicated. Further tests required to establish minimum safe separation distance.
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Table 1-6  Safe Separation Distance (Munitions), Continued

Safe Separation

Munition Test Configuration (ft)
BLU-97/B 16 per pallet with 1/2-inch thick aluminum plate shield 4.0
Submunition 16 per pallet with "airflow" shield (1/2-inch thick aluminum 5.0

plates, cut in open "picket fence" design with one plate's
spaces covered by the second plate's columns).

Single bomblet with either 100% or 75% shield (1/2-inch 0.75
thick aluminum plate).
M42/M46 GP Single grenade 0.17
Grenades 64 per tray 7.0
(wio fuzes) 768 per carrier, in tunnel 40.0
8 per M483 Ring Pack 1.0
15 per M509 Ring Pack 15
32/64 per single/dual cluster tray 0
M56 Mine Single mine 0.50*
2-mine canister 0.50*
M74AP and M75 Single mine with 3-inch thick aluminum brick shield 0.25

ATAV mines
(w/o fuzes)

* Minimum distance tested. Actual safe separation distance less than or equal to that
indicated. Further tests required to establish minimum safe separation distance.
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BASIS FOR STRUCTURAL DESIGN

1-14 STRUCTURAL RESPONSE.
1-14.1 General.

Dynamic response criteria to be used in the design of a protective structure and its
elements depend on: (1) the properties (type, weight, shape, casing, etc.) and location
of the donor explosive, (2) the sensitivity (tolerance) of the acceptor system, and (3) the
physical properties and configuration of the protective structure. In many situations, the
acceptor system will control the overall required structural response.

1-14.2 Pressure Design Ranges.
1-14.2.1 General.

An engineering analysis of the blast pressure and fragments associated with high
explosive detonations acting on protective structures must be made to describe the
response of the protective structures to donor output. The response to the blast output
is expressed in terms of design ranges according to the pressure intensity, namely, (1)
high pressure, and (2) low pressure. As subsequently shown, these design ranges are
related to the relative location of the protective structure to the explosion.

1-14.2.2 High-Pressure Design Range.

At the high-pressure design range, the initial pressures acting on the protective
structure are extremely high and further amplified by their reflections on the structure.
Also the durations of the applied loads are short, particularly where complete venting of
the explosion products of the detonation occurs. These durations are also short in
comparison to the response time (time to reach maximum deflection) of the individual
elements of the structures. Therefore, structures subjected to blast effects in the high-
pressure range can, in certain cases, be designed for the impulse (area under the
pressure-time curve, Chapter 2) rather than the peak pressure associated with longer
duration blast pressures. If the acceptor system is comprised exclusively of explosives,
the protective donor structure may be permitted to exceed incipient failure and produce
"post failure" fragments provided that the fragment velocities are less than that which
will initiate detonation of acceptor charges. This latter range of response is referred to
as the "brittle mode of failure."

In the event personnel and/or expensive equipment is being protected or where
containment type structures are providing the protection, then incipient failure design is
not permitted. Here, the effects of the high pressure and the long duration pressures
associated with contained products of the explosion must be accounted for in
determining the protective structure response.

Fragments associated with the high-pressure range usually consist of high velocity
missiles associated with casing breakup or acceleration of equipment positioned close
to the explosion. For acceptors containing explosives, the velocities of primary
fragments which penetrate the protective structure must be reduced to a level below the
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velocity which will cause detonation of the acceptor charges. For personnel or
expensive equipment, the possibility of fragment impact on the acceptor must be
completely eliminated. Also associated with the "close-in" effects of a high-pressure
design range are the possible occurrence of spalling of concrete elements. Spalling is
generally associated with the disengagement of the concrete cover over reinforcement
at the acceptor side of a protective element. Spalling can be a hazard to personnel and
sometimes to equipment but seldom will result in propagation of explosion of an
acceptor system.

1-14.2.3 Low-Pressure Design Range.

Structures subjected to blast pressures associated with the low-pressure range sustain
peak pressures of smaller intensity than those associated with the high-pressure range.
However, the duration of the load can even exceed the response time of the structure.
Structural elements designed for the low-pressure range depend on both pressure and
impulse.

In cases where the peak pressure is relatively low and the explosive charge is very
large (several hundred thousand pounds of explosive) the duration of blast pressures
will be extremely long in comparison to those of smaller explosive weights. Here the
structure responds primarily to the peak pressure in a manner similar to those structures
designed to resist the effects of nuclear detonations. This latter case, although seldom
encountered, is sometimes referred to as the "very low-pressure range."

Since the low-pressure design range is involved in the design of shelter type structures,
donor fragmentation is of concern. Secondary fragments formed from the break-up of
donor structures can produce minor damage to a shelter. These fragments generally
have a large mass but their velocities are generally much less than those of primary
fragments.

1-14.3 Analyzing Blast Environment.

Although each design pressure range is distinct, no clear-cut divisions between the
ranges exist; therefore, each protective structure must be analyzed to determine its
response.

Structural response depends on design and load. Three possible designs, resulting in
three distinct resistance-time responses are illustrated in Figure 1-6.Curve A represents
the resistance-time function of an element which responds to the impulse; the time to
reach maximum deflection is very long in comparison to the load duration. The low-
pressure range is represented by Curve B where the element's response depends on
both pressure and impulse. Here and dependent on design, the response time of an
element can be less than, equal to, or greater than the load duration (Figure 1-6). Curve
C illustrates the very low-pressure design range where the element responds to
pressure. The required peak resistance is in the order of magnitude of the peak
pressure, while the duration of the load is extremely long compared to the time to reach
maximum deflection. Although the required maximum resistance will vary in comparison
to the peak pressure, the variation will be slight and, in general, the required maximum
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resistance of an element to resist long duration loads will be only slightly larger (5 to 10
percent) than the peak pressure.

Figure 1-7 indicates semi-quantitatively the parameters which define the design ranges
(including the very low range) of an element, along with the approximate relationship
between the time to reach maximum deflection and the load duration.

It was indicated earlier that the design range of an element is related to the location of
the element relative to the explosion. For the quantity of explosives considered in this
manual, an element designed for the high-pressure range is usually situated
immediately adjacent to the explosion, and its exposed surfaces facing the explosion
are oriented normal or nearly normal to the propagation of the initial pressure wave
(Figure 1-8, Cases | through IV). On the other hand, elements which are located close
to the explosion and are positioned parallel to the path of the wave propagation may
respond to the blast effects associated with the low pressure design range. Elements
located close to a detonation seldom respond solely to a peak pressure.

Certain elements of a protective structure located a distance from the explosion may
respond to the impulse (high-pressure range) even though they are located at the low-
pressure range while other structures located near the explosion will respond to the low-
pressure design range. In the former case, the structure will not contain personnel or
expensive equipment and will primarily serve as a barrier structure. In the latter case,
the structure will serve as a shelter (Case |, Figure 1-8).
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Figure 1-6 Variation of Structural Response and Blast Loads
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Figure 1-7 Parameters Defining Pressure Design Ranges
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Figure 1-8 Design Ranges Corresponding to Location of the Structural
Elements Relative to an Explosion
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APPENDIX 1A LIST OF SYMBOLS

acceleration due to gravity (ft/sec?)
unit positive impulse (psi-ms)
unit scaled impulse for use in Figure 1-2 (psi-ms/Ib*?)

pressure (psi)

time at which maximum deflection occurs (ms)
duration of positive phase of blast pressure (ms)
volume of containment structure (ft°)

weight of human being (Ibs)

charge weight (Ibs)
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CHAPTER 2 BLAST, FRAGMENT, AND SHOCK LOADS

INTRODUCTION

241 PURPOSE.

The purpose of this manual is to present methods of design for protective construction
used in facilities for development, testing, production, storage, maintenance,
modification, inspection, demilitarization, and disposal of explosive materials.

2-2 OBJECTIVE.

The primary objectives are to establish design procedures and construction techniques
whereby propagation of explosion (from one structure or part of a structure to another)
or mass detonation can be prevented and to provide protection for personnel and
valuable equipment.

The secondary objectives are to:

(1) Establish the blast load parameters required for design of protective
structures.

(2)  Provide methods for calculating the dynamic response of structural elements
including reinforced concrete, and structural steel.

(3) Establish construction details and procedures necessary to afford the
required strength to resist the applied blast loads.

(4) Establish guidelines for siting explosive facilities to obtain maximum cost
effectiveness in both the planning and structural arrangements, providing
closures, and preventing damage to interior portions of structures because of
structural motion, shock, and fragment perforation.

2-3 BACKGROUND.

For the first 60 years of the 20th century, criteria and methods based upon results of
catastrophic events were used for the design of explosive facilities. The criteria and
methods did not include a detailed or reliable quantitative basis for assessing the
degree of protection afforded by the protective facility. In the late 1960's quantitative
procedures were set forth in the first edition of the present manual, "Structures to Resist
the Effects of Accidental Explosions." This manual was based on extensive research
and development programs which permitted a more reliable approach to current and
future design requirements. Since the original publication of this manual, more
extensive testing and development programs have taken place. This additional research
included work with materials other than reinforced concrete which was the principal
construction material referenced in the initial version of the manual.
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Modern methods for the manufacture and storage of explosive materials, which include
many exotic chemicals, fuels, and propellants, require less space for a given quantity of
explosive material than was previously needed. Such concentration of explosives
increases the possibility of the propagation of accidental explosions. (One accidental
explosion causing the detonation of other explosive materials.) It is evident that a
requirement for more accurate design techniques is essential. This manual describes
rational design methods to provide the required structural protection.

These design methods account for the close-in effects of a detonation including the high
pressures and the nonuniformity of blast loading on protective structures or barriers.
These methods also account for intermediate and far-range effects for the design of
structures located away from the explosion. The dynamic response of structures,
constructed of various materials, or combination of materials, can be calculated, and
details are given to provide the strength and ductility required by the design. The design
approach is directed primarily toward protective structures subjected to the effects of a
high explosive detonation. However, this approach is general, and it is applicable to the
design of other explosive environments as well as other explosive materials as
mentioned above.

The design techniques set forth in this manual are based upon the results of numerous
full- and small-scale structural response and explosive effects tests of various materials
conducted in conjunction with the development of this manual and/or related projects.

2-4 SCOPE.

It is not the intent of this manual to establish safety criteria. Applicable documents
should be consulted for this purpose. Response predictions for personnel and
equipment are included for information.

In this manual an effort is made to cover the more probable design situations. However,
sufficient general information on protective design techniques has been included in
order that application of the basic theory can be made to situations other than those
which were fully considered.

This manual is applicable to the design of protective structures subjected to the effects
associated with high explosive detonations. For these design situations, the manual will
apply for explosive quantities less than 25,000 pounds for close-in effects. However,
this manual is also applicable to other situations such as far- or intermediate-range
effects. For these latter cases the design procedures are applicable for explosive
quantities in the order of 500,000 pounds which is the maximum quantity of high
explosive approved for aboveground storage facilities in the Department of Defense
manual, "DoD Ammunition and Explosives Safety Standards," DOD 6055.9-STD. Since
tests were primarily directed toward the response of structural steel and reinforced
concrete elements to blast overpressures, this manual concentrates on design
procedures and techniques for these materials. However, this does not imply that
concrete and steel are the only useful materials for protective construction. Tests to
establish the response of wood, brick blocks, and plastics, as well as the blast
attenuating and mass effects of soil are contemplated. The results of these tests may
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require, at a later date, the supplementation of these design methods for these and
other materials.

Other manuals are available to design protective structures against the effects of high
explosive or nuclear detonations. The procedures in these manuals will quite often
complement this manual and should be consulted for specific applications.

Computer programs, which are consistent with procedures and techniques contained in
the manual, have been approved by the appropriate representative of the US Army, the
US Navy, the US Air Force and the Department of Defense Explosives Safety Board
(DDESB). These programs are available through the following repositories:

(1)  Department of the Army
Commander and Director
U.S. Army Engineer Research and Development Center
Post Office Box 631
Vicksburg, Mississippi 39180-0631
Attn: WESKA

(2)  Department of the Navy
Commanding Officer
Naval Facilities Engineering Service Center
Port Hueneme, California 93043
Attn: Code OP62

(3) Department of the Air Force
Aerospace Structures
Information and Analysis Center
Wright Patterson Air Force Base
Ohio 45433
Attn: AFFDL/FBR

If any modifications to these programs are required, they will be submitted for review by
DDESB and the above services. Upon concurrence of the revisions, the necessary
changes will be made and notification of the changes will be made by the individual
repositories.

2-5 FORMAT.

This manual is subdivided into six specific chapters dealing with various aspects of
design. The titles of these chapters are as follows:

Chapter 1 Introduction

Chapter 2  Blast, Fragment, and Shock Loads
Chapter 3  Principles of Dynamic Analysis
Chapter4  Reinforced Concrete Design

Chapter 5  Structural Steel Design
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Chapter 6 Special Considerations in Explosive Facility Design
When applicable, illustrative examples are included in the Appendices.

Commonly accepted symbols are used as much as possible. However, protective
design involves many different scientific and engineering fields, and, therefore, no
attempt is made to standardize completely all the symbols used. Each symbol is defined
where it is first used, and in the list of symbols at the end of each chapter.

CHAPTER CONTENTS

2-6 GENERAL.

The purpose of this manual is to present methods of design for protective construction
used in facilities for development, testing, production, storage, maintenance,
modification, inspection, demilitarization, and disposal of explosive materials.

2-7 EFFECTS OF EXPLOSIVE OUTPUT.

In the design of protective structures to resist the effects of accidental explosions, the
principal effects of the explosive output to be considered are blast overpressures
(hereafter referred to as blast pressures or pressures). fragments generated by the
explosion and the shock loads produced by the shock wave transmitted through the air
or ground. Of these three parameters, the blast pressures are usually the governing
factor in the determination of the structure response. However, in some situations,
fragments and/or shock loads may be just as important as the pressures in determining
the configuration of the facility.

Although the quantitative data presented pertain to the blast output of bare
trinitrotoluene (TNT) spherical or hemispherical charges considered as point source
explosions, and other explosives which have been specifically tested. These data can
be extended by appropriate means including testing to include other potentially mass-
detonating materials (solid, liquid, or gas) of varying shape.

BLAST LOADS

2-8 BLAST PHENOMENA.
2-8.1 General.

Bare, solid explosives must detonate to produce any explosive effect other than a fire.
The term detonation refers to a very rapid and stable chemical reaction which proceeds
through the explosive material at a speed, called the detonation velocity, which is
supersonic in the unreacted explosive. Detonation velocities range from 22,000 to
28,000 feet per second for most high explosives. The detonation wave rapidly converts
the solid or liquid explosive into a very hot, dense, high-pressure gas, and the volume of
this gas which had been the explosive material is then the source of strong blast waves
in air. Pressures immediately behind the detonation front range from 2,700,000 to
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4,900,000 psi. Only about one-third of the total chemical energy available in most high
explosives is released in the detonation process. The remaining two-thirds is released
more slowly in explosions in air as the detonation products mix with air and burn. This
afterburning process has only a slight effect on blast wave properties because it is so

much slower than detonation.

The blast effects of an explosion are in the form of a shock wave composed of a high-
intensity shock front which expands outward from the surface of the explosive into the
surrounding air. As the wave expands, it decays in strength, lengthens in duration, and
decreases in velocity. This phenomena is caused by spherical divergence as well as by
the fact that the chemical reaction is completed, except for some afterburning
associated with the hot explosion products mixing with the surrounding atmosphere.

As the wave expands in air, the front impinges on structures located within its path and
then the entire structure is engulfed by the shock pressures. The magnitude and
distribution of the blast loads on the structure arising from these pressures are a
function of the following factors: (1) explosive properties, namely type of explosive
material, energy output (high or low order detonation), and weight of explosive; (2) the
location of the detonation relative to the protective structures; and (3) the magnitude
and reinforcement of the pressure by its interaction with the ground barrier, or the
structure itself. The first of these three factors are discussed in Sections 2-8.2 and 2-9
below and the latter two factors are discussed throughout the remainder of this section.

2-8.2 Explosive Materials.

Explosive materials may be classified according to their physical state: solids, liquids,
or gases. Solid explosives are primarily high explosives; however, other materials such
as flammable chemicals and propellants may also be classified as potentially explosive
materials. Liquid and gaseous explosives encompass a wide variety of substances used
in the manufacture of chemicals, fuels, and propellants. The blast pressure environment
produced will vary not only among the different materials but may also differ for a
particular material. Such factors as methods and procedures used in manufacturing,
storage, and handling, in addition to specific individual physical and chemical
characteristics, may alter the blast effects of an explosive material.

The blast effects of solid materials are best known. This is particularly true for high-
explosive materials. The blast pressures, impulses, durations, and other blast effects of
an explosion have been well established. These effects are contained in this chapter.

Unlike high-explosive materials, other solid, liquid, and gaseous explosive materials will
exhibit a variation of their blast pressure output. An explosion of these materials is in
many cases incomplete, and only a portion of the total mass of the explosive (effective
charge weight) is involved in the detonation process. The remainder of the mass is
usually consumed by deflagration resulting in a large amount of the material's chemical
energy being dissipated as thermal energy which, in turn, may cause fires or thermal
radiation damage.
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2-9 TNT EQUIVALENCY.

The major quantity of blast effects data presented in this manual pertains to the blast
pressures output of bare spherical TNT explosive. These data can be extended to
include other potentially mass-detonating materials (Class 1.1) by relating the explosive
energy of the "effective charge weight" of those materials to that of an equivalent weight
of TNT. In addition to the energy output, other factors may affect the equivalency of
material compared to TNT. These factors include the material shape (flat, square,
round, etc.), the number of explosive items, explosive confinement (casing, containers,
etc.), and the pressure range being considered (close-in, intermediate or far ranges).
These other factors will be discussed later in this manual.

For blast resistant design, the effects of the energy output on explosive material, of a
specific shape, relative to that of TNT, of similar shape, can be expressed as function of
the heat of detonation of the various materials as follows:

Hd
We = ﬁ Wexe 2-1
TNT
where

WEe = effective charge weight

Wexp = weight of the explosive in question

H°xp = heat of detonation of explosive in question
Hnr = heat of detonation of TNT

The heat of detonation of some of the more commonly used explosives are listed in
Table 2-1.

The above equation for the effective charge weight is related primarily to the blast
output associated with the shock effects of unconfined detonations (Section 2-13). The
effective charge weight produced by the confinement effects of explosions (Section
2-14) will differ. These differences will be discussed later in this manual.

2-10 BLAST-LOADING CATEGORIES.

Blast loads on structures can be divided into two main groups based on the confinement
of the explosive charge (unconfined and confined explosions) and can be subdivided
based on the blast loading produced within the donor structure or acting on acceptor
structures. These blast loading categories are illustrated in Figure 2-1. Figure 2-1 gives
the six blast loading categories possible. Figure 2-1 also shows the five possible
pressure loads associated with the blast load categories, the location of the explosive
charge which would produce these pressure loads, and the protective structures
subjected to these loads.
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The blast load categories and the resulting pressure loads listed in Figure 2-1 are
qualitatively and, quantitatively defined below and in subsequent sections, respectively.

2-10.1 Unconfined Explosion.
2-10.1.1 Free Air Burst Explosion.

An explosion, which occurs in free air, produces an initial output whose shock wave
propagates away from the center of the detonation, striking the protective structure
without intermediate amplification of its wave.

2-10.1.2 Air Burst Explosion.

An explosion which is located at a distance from and above the protective structure so
that the ground reflections of the initial wave occur prior to the arrival of the blast wave
at the protective structure. As used in this manual, an air burst is limited to an explosion
which occurs at two to three times the height of a one or two-story building.

2-10.1.3 Surface Burst Explosion.

A surface burst explosion will occur when the detonation is located close to or on the
ground so that the initial shock is amplified at the point of detonation due to the ground
reflections.

2-10.2 Confined Explosion.
2-10.2.1 Fully Vented Explosion.

A fully vented explosion will be produced within or immediately adjacent to a barrier or
cubicle type structure with one or more surfaces open to the atmosphere. The initial
wave, which is amplified by the nonfrangible portions of the structure, and the products
of detonation are totally vented to the atmosphere forming a shock wave (leakage
pressures) which propagates away from the structure.

2-10.2.2 Partially Confined Explosion.

A partially confined explosion will be produced within a barrier or cubicle type structure
with limited size openings and/or frangible surfaces. The initial wave, which is amplified
by the frangible and nonfrangible portion of the structure, and the products of detonation
are vented to the atmosphere after a finite period of time. The confinement of the
detonation products, which consist of the accumulation of high temperatures and
gaseous products, is associated with a buildup of quasi-static pressure (hereafter
referred to as gas pressure). This pressure has a long duration in comparison to that of
the shock pressure.

2-10.2.3 Fully Confined Explosions.

Full confinement of an explosion is associated with either total or near total containment
of the explosion by a barrier structure. Internal blast loads will consist of unvented shock
loads and very long duration gas pressures which are a function of the degree of

41



UFC 3-340-02
5 December 2008

containment. The magnitude of the leakage pressures will usually be small and will only
affect those facilities immediately outside the containment structure.

2-11 BLAST LOADING PROTECTION.

Protection of personnel and valuable equipment (acceptor system) will usually involve
protective shelters located away from the detonation. Their design may involve one or
more of the following blast-loading categories: free-air burst, air burst, surface burst,
and exterior or leakage pressures from either vented or partially confined explosions.
These shelters are usually enclosed buildings located at pressure ranges of a few
hundred pounds per square inch (psi) or less. Depending on the shelter design
pressures, these structures can be either above, below, or at ground surface. In this
manual, primary consideration is given to above-ground shelters. However, some
consideration is given in Chapter 6 regarding shelters positioned at other locations. For
the third type of pressure loading of Figure 2-1 (interior shock pressure), protection is
required when the shelter is located immediately adjacent to the explosion. The
reflected pressure there may be in thousands of psi, but with pressure durations usually
small. The acceptor portion of such an explosive system may include other explosive
materials and/or personnel. The structure associated with the fifth pressure-loading type
is a containment type building and is usually used to prevent escape of toxic chemicals,
radiological and/or biological materials, or to limit blast pressures at the exterior to a
level consistent with personnel protection.

Of the six categories, those from air bursts are seldom encountered and the free air
burst is the least likely to occur. The possibility of such blast environments exists where
potentially explosive materials are stored at heights adjacent to or away from protective
structures such as in manufacturing (process or storage tanks) or missile sites. In the
latter, the rocket propellant would be a source of explosive danger to the ground crew
and control facilities.

The other four blast-loading categories can occur in most explosive manufacturing and
storage facilities. In such installations, transportation of explosive materials between
buildings either by rail, vehicle, or in the case of liquid or gases, through piping, is a
possibility. Also, storage and handling of explosives within buildings are common
occurrences.

Although the blast-loading categories can be separated and classified individually, no
clear-cut limits differentiate each category. In most explosive facilities, the various blast
environments will overlap, and judgment should be used in the application of the
following recommendations for determining the blast parameters consistent with the
various blast-loading categories.

212 BLAST-WAVE PHENOMENA.

The violent release of energy from a detonation converts the explosive material into a
very high pressure gas at very high temperatures. A pressure front associated with the
high pressure gas propagates radially into the surrounding atmosphere as a strong
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shock wave, driven and supported by the hot gases. The shock front, termed the blast
wave, is characterized by an almost instantaneous rise from ambient pressure to a peak
incident pressure Ps, (Figure 2-2).

This pressure increase or shock front travels radially from the burst point with a
diminishing shock velocity U which is always in excess of the sonic velocity of the
medium. Gas molecules behind the front move at lower flow velocities, termed particle
velocities u. These latter particle velocities are associated with the dynamic pressures,
whose maximum values are denoted go' or the pressures formed by the winds
produced by the passage of the shock front. As the shock front expands into
increasingly larger volumes of the medium, the peak incident pressures at the fronts
decrease and the durations of the pressures increase. Those parameters which vary as
the peak incident pressure varies are presented in Figure 2-3.

At any point away from the burst, the pressure disturbance has the shape shown in
Figure 2-2. The shock front arrives at a given location at time t4 and, after the rise to the
peak value, P, the incident pressure decays to the ambient value in time to which is the
positive phase duration. This is followed by a negative phase with a duration ¢, that is
usually much longer than the positive phase and characterized by a negative pressure
(below ambient pressure) having a maximum value of P, as well as a reversal of the
particle flow. The negative phase is usually less important in a design than is the
positive phase, and its amplitude Ps must, in all cases, be less than ambient
atmosphere pressure p,. The incident impulse density associated with the blast wave is
the integrated area under the pressure-time curve and is denoted as is for the positive
phase and is for the negative phase.

An additional parameter of the blast wave, the wave length, is sometimes required in
the analysis of structures. The positive wave length L, is that length at a given distance
from the detonation which, at a particular instant of time, is experiencing positive
pressure. The negative wave length L, is similarly defined for negative pressures.

The above treatment of the blast wave phenomena is general. In subsequent sections
of this chapter, the magnitude of the various parameters is presented depending upon
the category of the detonation as previously described: free air burst, surface burst,
exterior or leakage pressures, or interior or high pressure blast loading.

2-13 UNCONFINED EXPLOSIONS.
2-131 Free Air Burst.

When a detonation occurs adjacent to and above a protective structure such that no
amplification of the initial shock wave occurs between the explosive source and the
protective structure, then the blast loads acting on the structure are free-air blast
pressures (Figure 2-4).

As the incident wave moves radially away from the center of the explosion, it will impact
with the structure, and, upon impact, the initial wave (pressure and impulse) is
reinforced and reflected (Figure 2-5). The reflected pressure pulse of Figure 2-5 is
typical for infinite plane reflectors.
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When the shock wave impinges on a surface oriented so that a line which describes the
path of travel of the wave is normal to the surface, then the point of initial contact is said
to sustain the maximum (normal reflected) pressure and impulse. Figure 2-6 presents
the ratios of the normal reflected pressures to the incident pressures as a function of the
incident pressures.

The peak pressure and impulse patterns on the structure vary with distance from a
maximum at the normal distance R4 to a minimum (incident pressure) where the plane
of the structure's surface is perpendicular to the shock front. The positive phase
pressures, impulses, durations, and other parameters of this shock environment for a
spherical TNT explosions are given in Figure 2-7 versus the scaled distance

(Z = RIW'"™).

The smallest scaled distance of 0.136 ft/Ib'" represents the radius of the spherical TNT
explosive and, therefore, represents the surface of the explosive. Some parameters
have been extrapolated to the charge surface which are shown as dashed portions of
the curves. These dashed curves represent an upper limit of scatter in experimental
data and variation in theoretical predictions, giving for design purposes conservative
limits for these parameters.

In some blast loading situations, negative blast wave parameters (Figure 2-8) are
needed to predict the loading-time function of the blast wave acting on a structure. This
is particularly true in flexible type protective structures (usually steel-frame structures)
where the overall motion of the structure will be affected by the phasing of the blast
loads acting on the various structure surfaces. The effects of the negative phase
parameters are usually not important for the design of the more rigid type structures
(reinforced concrete).

The curves presented in Figures 2-7 and 2-8 which give the blast wave parameters as a
function of scaled distance, extend only to a scaled distance Z = 100 ft/Ib". For most
protective structures, or even light structures, damage is relatively superficial beyond
this scaled distance, consisting at most of broken windows or deformation of light
panels or blow-out walls. But, the curves are also not extended beyond these levels
because the blast wave properties start to be seriously affected by atmospheric
conditions so that overpressures are very much less or very much more than the "ideal"
parameters transmitted through a homogeneous atmosphere.

In the low pressure region, the pressure varies as a function of sound velocity with
altitude above the ground surface. At very far distances from an explosion (Z= 1000
ft/Ib"?, the peak pressures (really sound pressures at these levels) can be ten times
greater or more than ten times less than the ideal pressures for a homogenous
atmosphere.

Even with enhancement caused by real atmospheric conditions (also called blast
focusing), the pressures are still quite low and structural damage should be superficial.
If it is necessary to predict such low levels, one should obtain and study more detailed
reports listed in the bibliography.
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The variation of the pressure and impulse patterns on the surface of a structure
between the maximum and minimum values is a function of the angle of incidence. This
angle is formed by the line which defines the normal distance R4 between the point of
detonation and the structure, and line R (slant distance) which defines the path of shock
propagation between the center of the explosion and any other point in question on the
structure surface (Figure 2-4).

The effects of the angle of incidence on the peak reflected pressure P, and the
reflected impulse i, are shown in Figures 2-9 and 2-10, respectively. The figures are
plots of the angle of incidence versus the peak reflected pressure or the reflected
impulse as a function of the scaled normal distance between the charge and the surface
in question. The usual load condition involves the ground surface and, therefore, this
normal scaled distance is referred to as the scaled height of charge above the ground
(Ho/W'"). All other blast parameters are obtained from Figures 2-7 and 2-8 for the
scaled slant distance R/W'"? to the point in question.

2-13.2 Air Burst.

The air burst environment is produced by detonations which occur above the ground
surface and at a distance away from the protective structure so that the initial shock
wave, propagating away from the explosion, impinges on the ground surface prior to
arrival at the structure. As the shock wave continues to propagate outward along the
ground surface, a front known as the Mach front (Figure 2-11) is formed by the
interaction of the initial wave (incident wave) and the reflected wave. This reflected
wave is the result of the reinforcement of the incident wave by the ground surface.

Some variation of the pressures over the height of the Mach front occurs, but for design
purposes, this variation can be neglected and the shock considered as a plane wave
over the full height of the front. The blast parameters in the Mach front are calculated at
the ground surface. The pressure-time variation of the Mach front (Figure 2-12a) is
similar to that of the incident wave except that the magnitude of the blast parameters
are somewhat larger.

The height of the Mach front increases as the wave propagates away from the center of
the detonation. This increase in height is referred to as the path of the triple point and is
formed by the intersection of the initial, reflected, and Mach waves. A protected
structure is considered to be subjected to a plane wave (uniform pressure) when the
height of the triple point exceeds the height of the structure. The scaled height of the
triple point Hi/W"? versus scaled ground distance Zg and scaled charge height H/W"?
is plotted in Figure 2-13.

If the height of the triple point does not extend above the height of the structure, then
the magnitude of the applied loads will vary with the height of the point being
considered. Above the triple point, the pressure-time variation consists of an interaction
of the incident and reflected incident wave pressures resulting in a pressure-time
variation (Figure 2-12b) different from that of the Mach incident wave pressures. The
magnitude of pressures above the triple point is smaller than that of the Mach front. In
most practical design situations, the location of the detonation will be far enough away
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from the structure so as not to produce this pressure variation. An exception may exist
for multistory buildings even though these buildings are usually located at very low-
pressure ranges where the triple point is high.

In determining the magnitude of the air blast loads acting on the surface of an above-
ground protective structure, the peak incident blast pressures in the Mach wave acting
on the ground surface immediately before the structure are calculated first. The peak
incident pressure P, is determined for this point from Figure 2-9 using the scaled height
of charge above the ground H,/W'"? and the angle of incidence .

A similar procedure is used with Figure 2-10 to determine the impulse iy, of the blast
wave acting on the ground surface immediately before the structure. An estimate of the
other blast parameters may be obtained from Figures 2-7 and 2-8 by setting the values
of P, and iy, equal to the values of the peak incident pressure P, and incident impulse
is of the Mach wave, respectively. The scaled distances corresponding to Ps, and is are
determined from Figure 2-7. The scaled distance corresponding to Ps, is used to obtain
values of P;, Ps;, talW'"®, U, Lw/W" and Ly//W'" while the scaled distance
corresponding to is is used to obtain values of iy, is, i7, t/W'" and t,/W'"3.

2-13.3 Surface Burst.

A charge located on or very near the ground surface is considered to be a surface burst.
The initial wave of the explosion is reflected and reinforced by the ground surface to
produce a reflected wave. Unlike the air burst, the reflected wave merges with the
incident wave at the point of detonation to form a single wave, similar in nature to the
Mach wave of the air burst but essentially hemispherical in shape (Figure 2-14).

The positive phase parameters of the surface burst environment for hemispherical TNT
explosions are given in Figure 2-15 while the negative phase parameters are given in
Figure 2-16. A comparison of these parameters with those of free-air explosions
(Figures 2-7 and 2-8) indicate that, at a given distance from a detonation of the same
weight of explosive, all of the parameters of the surface burst environment are larger
than those for the free-air environment.

As for the case of air bursts, protected structures subjected to the explosive output of a
surface burst will usually be located in the pressure range where the plane wave (Figure
2-14) concept can be applied. Therefore, for a surface burst, the blast loads acting on
structure surface are calculated as described for an air burst except that the incident
pressures and other positive phase parameters of the free-field shock environment are
obtained from Figure 2-15, and theoretical negative phase blast parameters are shown
in Figure 2-16.

As for the case of an air burst, the curves presented in Figures 2-15 and 2-16 which
give the blast wave parameters as a function of scaled distance, extend only to a scaled
distance Z = 100 ft/Ib" (see Section 2-13.1).

Blast parameters for explosives detonated on the ground surface other than
hemispherical TNT are listed in Table 2-2. These explosives include both uncased and
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cased high explosives, propellants and propelling charges as well as pyrotechnic
mixtures. The various shapes of the explosive materials are given in Figure 2-17. The
blast parameters for the various explosives are illustrated in Figures 2-18 through 2-49.
For each explosive material considered, the peak incident pressure Ps, and scaled
incident impulse is/W'"? is presented as a function of the scaled ground distance

Zc = Re/W'" from the point of detonation. The charge weight W is equal to the actual
weight of the explosive material under consideration increased by the required factor of
safety (20 percent).

An estimate of the blast parameters other than incident pressure and impulse, may be
obtained from Figures 2-15 and 2-16. The scaled ground distance corresponding to the
incident pressure Ps, is used to obtain the values of P;, Ps,, Py, ta/W'", U, L,,/W"® and
L,/W'". In addition, this scaled ground distance Zg = Re/W'"? is used to calculate the
equivalent TNT design charge weight W for pressure using the actual ground distance
Re. The absolute values of the scaled blast parameters are obtained by multiplying the
scaled values by the equivalent TNT design charge weight.

The scaled ground distance corresponding to the incident impulse requires a graphical
solution. The point corresponding to the scaled incident impulse and scaled ground
distance for the explosive material in question is plotted on Figure 2-15. A 45 degree
line is drawn through this point. The point where the line intersects the scaled impulse
curve corresponds to the scaled impulse and scaled ground distance for the equivalent
TNT charge. This scaled ground distance is then used to obtain the values of i./W'"?,

is /W isIW'"B, t, IW' and t,/W'"3. In addition, this scaled ground distance and the
actual ground distance is used to calculate the equivalent TNT design charge weight for
impulse. The absolute values of the scaled blast parameters are obtained by multiplying
the scaled values by the equivalent TNT design charge weight.

It may be noted that the above data for explosives other than TNT is limited to surface
bursts with container shapes indicated in Figure 2-17. This data should not be
extrapolated for scaled distances less than those indicated on Figures 2-18 through
2-49. In addition, the blast pressure and impulse for propellants and, in particular, the
pyrotechnic mixtures were obtained from tests which utilized booster charges to initiate
the explosive material. Therefore, the blast parameters for both of these materials
should be considered as upper limits.

2134 Multiple Explosions.

When two or more explosions of similar material occur several milliseconds apart, the
blast wave of the initial explosion will propagate ahead of the waves resulting from the
subsequent explosions, with the phasing of the propagation of these latter waves being
governed by the initiation time and orientation of the individual explosives. If the time
delay between explosions is not too large, the blast waves produced by the subsequent
explosions will eventually overtake and merge with that of the initial detonation. The
distance from the explosion at which this merger occurs will depend on: (1) the
magnitude of the individual explosions, (2) the time delays between the initiation of the
explosions, (3) the separation distances between and orientation of the explosives, and
(4) obstructions between the explosives themselves and other obstructions between the
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explosives and other parts of the facility (buildings, walls, barricades, terrain, etc.) which
will distort, hinder, and generally interfere with wave propagation.

The pressure time relationships associated with the wave propagation will depend upon
the interaction of the individual waves themselves. After all the waves have merged, the
pressures associated with the common or merged wave will have a pressure-time
relationship which is similar to that produced by a single explosion (Figure 2-12).
However, at closer distances to the explosion, the pressure-time relationship will be
more closely represented by a pressure-time curve with multiple peak pressures (similar
to that occurring above the triple point (Figure 2-12)). The multiple peak pressures
represent the interaction as the various waves reach the point in question. At distances
even closer to the explosion, the time history of the pressures acting on the ground
surface may consist of a series of completely separate blast loads. This loading
condition is a result of the arrival of the subsequent blast waves at a particular point
during or after the occurrence of the negative phase pressures produced by the initial
wave at that point.

The latter pressure-time relationship is probably most likely to occur at high pressures
close to the explosions while the multiple peak pressure pulse is normally associated
with low pressures at far distances. However, in many instances, the multiple peak
pressure pulse will occur at high pressures, in particular where the individual explosives
are positioned close together, e.g., in a cubicle or other storage facility.

2-14 CONFINED EXPLOSIONS.
2-14.1 Effects of Confinement.

When an explosion occurs within a structure, the peak pressures associated with the
initial shock front (free-air pressures) will be extremely high and, in turn, will be amplified
by their reflections within the structure. In addition, and depending upon the degree of
confinement, the effects of the high temperatures and accumulation of gaseous
products produced by the chemical process involved in the explosion will exert
additional pressures and increase the load duration within the structure. The combined
effects of these pressures may eventually destroy the structure unless the structure is
designed to sustain the effects of the internal pressures. Provisions for venting of these
pressures will reduce their magnitude as well as their duration.

The use of cubicle-type structures (Figure 2-50a) or other similar barriers with one or
more surfaces either sufficiently frangible or open to the atmosphere will provide some
degree of venting depending on the opening size. This type of structure will permit the
blast wave from an internal explosion to spill over onto the surrounding ground surface,
thereby, significantly reducing the magnitude and duration of the internal pressures. The
exterior pressures are quite often referred to as "leakage" pressures while the pressures
reflected and reinforced within the structure are termed interior "shock pressures." The
pressures associated with the accumulation of the gaseous products and temperature
rise are identified as "gas" pressures. For the design of most fully vented cubicle type
structures, the effects of the gas pressure may be neglected.
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Detonation in an enclosed structure with relatively small openings (Figure 2-50b) is
associated with both shock and gas pressures whose magnitudes are a maximum. The
duration of the gas pressure and, therefore, the impulse of the gas pressure is a
function of the size of the opening. It should be noted that the onset of the gas pressure
does not necessarily coincide with the onset of the shock pressure. Further, it takes a
finite length of time after the onset for the gas pressure to reach its maximum value.
However, these times are very small and, for design purposes of most confined
structures, they may be treated as instantaneous.

The term "frangible" pertains to those elements of a protective structure which fail and
whose strength and mass are such as to reduce the amplification of the shock
pressures and the confinement of the explosive gases. To reduce the amplification of
the shock pressures, frangible elements must fail so as to relieve quickly the interior
pressures acting on those surfaces and minimize their reflection to the nonfrangible
elements of the structure. Blast tests of glass panels have shown that a true frangible
material does not exist and that some reflection of the initial blast pressures may be
expected from very weak and light elements. Further, the buildup of gas pressures is a
function of the ratio of the weight of the charge to the volume of the confining structure
and the venting area. As stated, this pressure buildup will not begin until sometime after
the onset of the shock pressures. Therefore, an element which is not considered
frangible for the shock pressure may be frangible for gas pressures.

In addition to being dependent upon the physical properties of an element, frangibility
will also be a function of the magnitude of the applied blast loads and, therefore, a
function of the quantity of explosive being contained and the distance from the frangible
element. Although frangibility is imperfectly understood and difficult to measure, in
general, it can be assumed that if a closure's resistance to outward motion is equal to or
less than 25 pounds per square foot of surface area, the resistance can be neglected
since the time to reach failure is practically zero. In this case, frangibility can be stated
solely in terms of the weight (inertial force) of the vent area closure. For resistances
greater than 25 psf, the evaluation of frangibility must include the effects of resistance in
addition to the weight of an element. The combined effects of the inertial force and the
resistance can be accounted for by performing a dynamic analysis and determining the
time to reach failure. However, if the blast pressure is very large in comparison to the
resistance of the element, the effects of the resistance can be neglected without
introducing significant errors. Therefore, it is advantageous to use vent closures that are
light and inherently weak and/or weakly supported; such as, corrugated metal decking
supported on steel joists, metal panels for walls, plexiglass or thin fiberglass panels
supported by wood or lightweight steel frames or gypsum board panels.

In the following paragraphs of this section, a simple cantilever barrier as well as cubicle-
type and containment type structures will be discussed. The cubicles are assumed to
have one or more surfaces which are open or frangible while the containment structures
are either totally enclosed or have small size openings. The effects of the inertia of
frangible elements of these structures will be discussed in subsequent sections.
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2-14.2 Shock Pressures.
2-14.21 Blast Loadings.

When an explosion occurs within a cubicle or containment-type structure, the peak
pressures as well as the impulse associated with the shock front will be extremely high
and will be amplified by the confining structure. Because of the close-in effects of the
explosion and the reinforcement of blast pressures due to the reflections within the
structure, the distribution of the shock loads on any one surface will be nonuniform with
the structural surface closest to the explosion subjected to the maximum load.

An approximate method for the calculation of the internal shock pressures has been
developed using theoretical procedures based on semi-empirical blast data and on the
results of response tests on slabs. The calculated average shock pressures have been
compared with those obtained from the results of tests of a scale-model steel cubicle
and have shown good agreement for a wide range of cubicle configurations. This
method consists of the determination of the peak pressures and impulses acting at
various points of each interior surface and then integrating to obtain the total shock
load. In order to simplify the calculation of the response of a protective structure wall to
these applied loads, the peak pressures and total impulses are assumed to be uniformly
distributed on the surface. The peak average pressure and the total average impulse
are given for any wall surface. The actual distribution of the blast loads is highly
irregular, because of the multiple reflections and time phasing and results in localized
high shear stresses in the element. The use of the average blast loads, when designing,
is predicated on the ability of the element to transfer these localized loads to regions of
lower stress. Reinforced concrete with properly designed shear reinforcement and steel
plates exhibit this characteristic.

The parameters which are necessary to determine the average shock loads are the
structure's configuration and size, charge weight, and charge location. Figure 2-51
shows many possible simple barriers, cubicle configurations, and containment type
structures as well as the definition of the various parameters pertaining to each.
Surfaces depicted are not frangible for determining the shock loadings. The effects of
frangibility will be discussed later.

Because of the wide range of required parameters, the procedure for the determination
of the shock loads was programmed for solutions on a digital computer. The results of
these calculations are presented in Figures 2-52 through 2-100 for the average peak
reflected pressures p, and Figures 2-101 through 2-149 for the average scaled unit
impulse i/W'". These shock loads are presented as a function of the parameters
defining the configurations presented in Figure 2-51. Each illustration is for a particular
combination of values of h/H, I/L, and N reflecting surfaces adjacent to the surface for
which the shock loads are being calculated. The wall (if any) parallel and opposite to the
surface in question has a negligible contribution to the shock loads for the range of
parameters used and was therefore not considered.

The general procedure for use of the above illustrations is as follows:
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1. From Figure 2-51, select the particular surface of the structure which
conforms to the protective structure given and note N of adjacent reflecting
surfaces as indicated in parenthesis.

2. Determine the values of the parameters indicated for the selected surface of
the structure in Item 1 above and calculate the following quantities:
hIH, lIL, LIH, LIR,, and Za = Ra/W'">.

3. Refer to Table 2-3 for the proper peak reflected pressure and impulse charts
conforming to the number of adjacent reflected surfaces and the values of //L
and h/H of Item 2 above, and enter the charts to determine the values of p,
and i/W'",

In most cases, the above procedure will require interpolation for one or more of the
parameters which define a given situation, in order to obtain the correct average
reflected pressure and average reflected impulse. Examples of this interpolation
procedure are given in Appendix 2A.

Because of the limitations in the range of the test data and the limited number of values
of the parameters given in the above shock load charts, extrapolation of the data given
in Figures 2-52 through 2-149 may be required for some of the parameters involved.
However, the limiting values as given in the charts for other parameters will not require
extrapolation. The values of the average shock loads corresponding to the values of the
parameters, which exceed their limiting values (as defined by the charts), will be
approximately equal to those corresponding to the limiting values. The following are
recommended procedures which will be applicable in most cases for either extrapolation
or establishing the limits of impulse loads corresponding to values of the various
parameter which exceed the limits of the charts:

1. To extrapolate beyond the limiting values of Z,, plot a curve of values of p,
versus Z, for constant values of L/Rj, L/H, h/H and //L. Extrapolate curve to
include the value of p; corresponding to the value of Z, required. Repeat
similarly for value of i,/W"?,

2. To extrapolate beyond the limiting values of L/R4, extrapolate the given curve
of p, versus L/Rx for constant values of Z,, L/H, h/H and //L to include the
value of p, corresponding to the value of L/R,4 required. Repeat this
extrapolation for value of i,/W".

3. Values of p, and i,/W" corresponding to values of L/H greater than 5 shall be
taken as equal to those corresponding to L/H = 6 for actual values of Z,, h/H,
and //L but with a fictitious value of L/R, in which Ry is the actual value and L
is a fictitious value equal to 5H.

4. Values of p, and i,/W" corresponding to values of //L less than 0.10 and
greater than 0.75 shall be taken as equal to those corresponding to /L = 0.10
and 0.75, respectively.
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5.  Values of p, and i./W"? corresponding to values of h/H less than 0.10 and
greater than 0.75 shall be taken as equal to those corresponding to h/H =
0.10 and 0.75, respectively.

A computer program is available which executes the interpolation procedure using
numerical tables equivalent to Figure 2-52 through 2-149. Availability of this program is
listed in Section 2-4.

A protective element subjected to high intensity shock pressures may be designed for
the impulse rather than the pressure pulse only if the duration of the applied pressure
acting on the element is short in comparison to its response time. However, if the time
to reach maximum displacement is equal to or less than three times the load duration,
then the pressure pulse should be used for these cases. The actual pressure-time
relationship resulting from a pressure distribution on the element is highly irregular
because of the multiple reflections and time phasing. For these cases, the pressure-
time relationship may be approximated by a fictitious peak triangular pressure pulse.
The average peak reflected pressure of the pulse is obtained from Figures 2-52 through
2-100 and the average impulse from Figure 2-101 through 2-149 and a fictitious
duration is established as a function of the reflected pressure p- and impulse i, acting on
the element.

to = 2’r/pr 2'2

The above solution for the average shock load does not account for increased blast
effects produced by contact charges. Therefore, if the values of the average shock
loads given in Figures 2-52 through 2-149 are to be applicable, a separation distance
between the element and explosive must be maintained. This separation is measured
between the surface of the element and the surface of either the actual charge or the
spherical equivalent, whichever results in the larger normal distance between the
element's surface and the center of the explosive (the radius of a spherical TNT charge
isr=0.136 W”3). For the purposes of design, the following separation distances are
recommended for various charge weights:

Weight of Explosive (lb) Separation Distance
up to 500 1.0
501 to 1,000 1.5
1,001 to 2,000 2.0
2,001 to 3,000 2.5
above 3,000 3.0
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The above separation distances do not apply to floor slabs or other similar structural
elements placed on grade. However, a separation distance of at least one foot should
be maintained to minimize the size of craters associated with contact explosions.

It should be noted that these separation distances do not necessarily conform to those
specified by other government regulations; their use in a particular design must be
approved by the cognizant military construction agency.

Average shock loads over entire wall or roof slabs were discussed above. An
approximate method may be used to calculate shock loads over surfaces other than an
entire wall. These surfaces might include a blast door, panel, column, or other such
items found inside any shaped structure.

The method assumes a fictitious strip centered in front of the charge having a width
equal to the normal distance R4 and a height equal to that of the structure. This is the
maximum representative area that may be considered. Average shock loads can be
determined on entire area or any surface falling within the boundaries of the
representative area.

The procedure for determining the shock loads consists of partitioning the surface under
consideration into subareas. These subareas do not need to be the same size. The
angle of incidence to the center of each subarea is calculated. The reflected pressure
and scaled impulse are determined for each subarea using Figures 2-9 and 2-10
respectively. A weighted average with respect to area is taken for both pressure and
scaled impulse.

Both the pressure and the impulse are multiplied by a factor of 1.75 to account for
secondary shocks. ldealized duration is calculated using Equation 2-2.

2-14.22  Frangibility.

A frangible element, as defined here, is an element that exhibits a resistance to internal
shock loads equal to or less than 25 pounds per square foot and will undergo significant
displacement during the loading time of the shock pressures and, thereby, reduce the
effects of the shock pressures acting on both the frangible panel itself and reflections to
other elements of the structure.

The following are design procedures for determining the magnitude of applied shock
pressures which will contribute to the displacement of the frangible element:

(1) Determine the peak average reflected pressure P, and average impulse i,
acting on the frangible element assuming that the element is rigid (Figures
2-52 through 2-149).

(2)  Calculate the unit weight of the frangible element and divide this weight by the
sixth root of charge weight, W=/W'"®.

(3) Determine the fictitious scaled distance Z from Figure 2-7, which corresponds
to the average impulse determined in Step 1.
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Determine the value of the factor f,, of average impulse by using the value of
W W' from Step 2 and the fictitious scaled distance of Step 3 and utilizing
Figure 2-150, contributing to the translation of the frangible element (may
require interpolation).

Calculate the value of the average impulse contributing to the translation of
the frangible element by multiplying the values of i- and f, of Steps 1 and 4
respectively.

Contribute the value of the peak average pressure to the translation of the
frangible element that is assumed to be equal to the value of P, of Step 1.

The step by step procedure for determining the shock loads being reflected from a
frangible element to an adjacent element is to:

(1)

(9)

Determine the average peak reflected pressure P, and the average reflected
impulse J, acting on the element in question, assuming that the adjoining
frangible element will remain in place (Figures 2-52 through 2-149).

Determine the average impulse acting on the element in question assuming
that the adjoining frangible element is removed (Figures 2-52 through 2-149).

Subtract the average impulse determined in Step 2 from the average impulse
determined in Step 1.

Calculate the unit weight of the frangible element and divide this weight by the
sixth root of the charge weight, W/W"®.

Calculate the normal scaled distance Z between the center of the charge and
the surface of the frangible element.

Utilize Figure 2-150 to determine the value of the fraction f, of the average
impulse reflected to the element in question using the scaled weight density
and scaled distance of Steps 4 and 5, respectively (may require interpolation).

Determine the magnitude of the impulse load reflected to the element in
question from the frangible element by multiplying the value of the average
impulse of Step 3 by the value of f. of Step 6.

Determine the total impulse load acting on the element in question by adding
the impulse loads determined in Steps 2 and 7.

Calculate the peak average reflected pressure of the shock loads acting on
the element in question making it equal to the value of P, of Step 1.

In the above procedure, it is assumed that the frangible element will remain intact while
being displaced away from the structure. If the element fails while being translated, then
the portion of the shock pressure impulse displacing the element as well as that portion
of the impulse being reflected to other elements will be reduced because of additional
venting area produced by the element's "break up."
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2-14.2.3 TNT Equivalency.

The shock loads presented in Figures 2-52 through 2-149 pertain to the blast effects of
bare spherical TNT explosives and must be extended to include other potentially mass-
detonating materials. However, only a limited amount of testing has been performed to
determine the TNT equivalency of confined explosives. Therefore, as an interim
procedure, it is suggested that the determination of shock pressures for confined
explosives other than TNT utilize equivalencies based on Equation 2-1.

The above relationship assumes that the explosive in question is a bare charge and
spherical in shape. If the charge is not spherical, then it is suggested that the explosive
be subdivided into several segments which will have approximately equal dimensions
and that the reflected impulse for any segment be calculated, as previously discussed.
The reflected impulse of the total charge is then determined by multiplying the impulse
of the individual segments by the total number of segments. The peak average reflected
pressure is calculated by assuming the total charge as having a spherical shape. The
impulse load for multiple explosives is obtained in a similar manner except that the
locations of the individual charges are considered in calculating their individual impulse
load. The impulse load of the total charge is determined by adding together the
individual impulse loads. The average peak reflected pressure is calculated using the
total weight of the explosive located at the centroid of the individual charges.

The explosive casing will have an effect on the magnitude of the shock pressures.
These effects are dependent on the properties of the casing such as material,
thickness, shape, etc. A review of a limited amount of surface detonated test data has
indicated that the effects of the casing are not severe and, therefore, for design
purposes it is recommended that casing effects be neglected.

2-14.2.4 Multiple Explosions.

The blast pressures and impulse loads, acting on various elements of cubicle or other
similar structures, which are produced by multiple explosions, will usually differ from
those produced by a single explosion of the same amount of explosives.

Although the magnitude of the total combined impulse produced by the multiple
explosions will usually be larger than that produced by the single explosion, the damage
to a protective element due to the impulse of the multiple detonation may be either
greater, equal to, or less than that produced by the impulse of the single explosion. For
a given total impulse, the degree of damage to a protective element will be defined by
the duration of the entire load relative to the response time of the element (time to reach
maximum deflection).

A minimum amount of theoretical and experimental data is available concerning the
degree of damage sustained by structural elements due to multiple explosions.
However, results of response tests of reinforced concrete slabs have indicated that if
the total combined duration of the blast loads produced by simultaneously or near
simultaneously exploded charges is equal to or less than one-third the response time
(time to reach maximum deflection) of the element, then the total combined impulse
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acting on the element can be estimated by numerically adding the impulse loads
produced by the individual explosions. However, if the total combined duration of the
blast loads is greater than one-third the response time, the actual pressure-time
relationship of the combined loads approximated by a fictitious peaked triangular
pressure pulse (similar to that of a single explosion) should be considered. The blast
loads produced by charges that are not simultaneously or near simultaneously exploded
may be considered as two or more impulse loads, two or more pressure-time loads, or a
combination of impulse and pressure-time loads depending on the time delay and the
duration of the individual loads compared to the response time of the element. A load or
group of loads should be treated as an impulse load if the duration (one load or the
combined duration of two or more loads) of the loading is less than one-third the time
interval between the on-set of the load or group of loads and the response time of the
member.

The duration of the blast loads due to multiple explosions may be approximated by
considering the interrelationship between (a) the time intervals between individual
explosions, (b) arrival times of the blast waves of the individual explosions at the
element and (c) the fictitious duration of the pressure load from individual explosions.
Because of the many variables involved, a relationship cannot be given to obtain the
duration of the blast loads due to multiple explosions. Each situation will require a series
of computations involving the time increments outlined above.

2-14.3 Gas Pressures.
2-14.31 Blast Loadings.

When an explosion occurs within a confined area, gaseous products will accumulate
and temperature within the structure will rise, thereby forming blast pressures whose
magnitude is generally less than that of the shock pressure but whose duration is
significantly longer. The magnitude of the gas pressures as well as their durations is a
function of the size of the vent openings in the structure. For very small openings or no
openings at all, the duration of the gas pressures will be very long in comparison to the
fundamental periods of the structure's elements and, therefore, may be considered as a
long duration load similar to that associated with a nuclear event.

These conditions usually occur in total or near containment type structures. In the
former, the internal blast pressures must be contained because of the presence of toxic
or other harmful materials in the structure. In near containment structures, the leakage
of pressure flow out of the structure usually must be limited because either personnel or
frangible structure are located immediately adjacent to the donor structure. In other
cases, however, openings in structures may be quite large, thereby minimizing the
products' accumulation and limiting the temperature rise, hence producing gas
pressures with limited duration or no duration at all. The structures without gas pressure
buildup are referred to as fully vented structures.

A typical pressure-time record at a point on the interior surface of a partially vented
chamber is shown in Figure 2-151. The high peaks are the multiple reflections
associated with shock pressures. The gas pressure, denoted as py, is used as the basis
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for design and is a function of the charge weight and the contained net volume of the
chamber.

Figure 2-152 shows an experimentally fitted curve based upon test results of partially
vented chambers with small venting areas where the vent properties ranged between:

0 <A/V?3 <0.022 2-3

The values of A and V;are the chamber's total vent area and free volume which is equal
to the total volume minus the volume of all interior equipment, structural elements, etc.
The maximum gas pressure, Py, is plotted against the charge weight to free volume
ratio.

Figures 2-153 through 2-164 provide the relationship of the gas pressure scaled
impulse ig /W' as a function of the charge weight to free volume ratio W/V;, scaled
value of the vent opening A/V#?, the scaled unit weight of the cover W+/W"? over the
opening, and the scaled average reflected impulse ir/W" of the shock pressures acting
on the frangible wall (Section 2-14.2.2) or a non-frangible wall with a vent opening. (The
curves in Figures 2-153 through 2-164 for We/W'" = 0 were obtained from data with
AIVA® <1.0. Extrapolated values, for which there is less confidence, are dashed.
Curves for We/W"> > 0 are not dashed at A/V#?® > 1.0 because they are not strongly
dependent on the extrapolated portion of the curve for We/W'"? = 0. Even lightweight
frangible panels displace slowly enough that the majority of the gas impulse is
developed before significant venting (A/V/#? > 1) can occur.) For a full containment type
structure the impulse of the gas pressure will be infinite in comparison to the response
time of the elements (long duration load). For near containment type structures where
venting is permitted through vent openings without covers, then the impulse loads of the
gas pressures are determined using the scaled weight of the cover equal to zero. The
impulse loads of the gas pressures corresponding to scaled weight of the cover greater
than zero relates to frangible covers and will be discussed later. The effects on the gas
pressure impulse caused by the shock impulse loads will vary. The gas impulse loads
will have greater variance at lower shock impulse loads than at higher loads.
Interpolation will be required for the variation of gas impulse as a function of the shock
impulse loads. This interpolation can be performed in a manner similar to the
interpolation for the shock pressures.

A computer program is available which executes the interpolation procedure. Availability
of this program is listed in Section 2-4.

The actual duration and the pressure-time variation of the gas pressures is not required
for the analysis of most structural elements. Similar to the shock pressures, the actual
pressure-time relationship can be approximated by a fictitious peak triangular pulse.
The peak gas pressure is obtained from Figure 2-152 and the impulse from Figures
2-153 through 2-164 and the fictitious duration is calculated from the following:
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Figure 2-165a illustrates an idealized pressure-time curve considering both the shock
and gas pressures. As the duration of the gas pressures approaches that of the shock
pressures, the effects of the gas pressures on the response of the elements diminishes
until the duration of both the shock and gas pressures are equal and the structure is
said to be fully vented.

If a chamber is relatively small and/or square in plan area then the magnitude of the gas
pressure acting on an individual element will not vary significantly. For design purposes
the gas pressures may be considered to be uniform on all members. When the chamber
is quite long in one direction and the explosion occurs at one end of the structure, the
magnitude of the gas pressures will initially vary along the length of the structure. At the
end where the explosion occurs, the peak gas pressure is Py (Figure 2-165b) which
after a finite time decays to Py, and finally decays to zero. The gas pressure Py, is
based on the total volume of the structure and is obtained from Figure 2-152 while the
time for this pressure to decay to zero is calculated from Equation 2-4 where the
impulse is obtained from Figures 2-153 through 2-164 again for the total volume of the
structure. The peak gas pressure Py is obtained from Figure 2-152 based on a pseudo
volume (Figure 2-165b) whose length is equal to its width and the height is the actual
height of the structure. The time ¢, for the gas pressure to decay from Py to Py, is taken
as the actual length of the structure minus the width divided by the velocity of sound
(1.12 fpms). At the end where the explosion occurs, the peak gas pressures (Pgy,

Figure 2-165b) will be a maximum and, after a finite time, they will decay to a value (Pgp,
Figure 2-165b) which is consistent with full volume of the structure; after which they will
decay to zero. The magnitude of the peak gas pressures (Py1) may be evaluated by
utilizing Figure 2-152 and a pseudo volume whose length is equal to its width and the
height is the actual height of the chamber. The length of time t, between the two peak
gas pressures may be taken as the length minus the width of the structure divided by
the velocity of sound.

2-14.3.2  Frangibility.

Similar to shock pressures, an element can be considered frangible if it is designed
such that its resistance to internal blast forces does not exceed 25 psf and that it will
undergo significant displacement during the shock and gas loading phases. Figures
2-153 through 2-164 present the method for determining the gas pressure impulse
acting on the interior surfaces of the donor structure. These impulse loads will vary as
the mass of the cover over the vent opening varies; that is, the heavier the vent opening
cover, the larger the gas pressure impulse. Like the vented structures, the internal gas
pressure impulse loads produced by a frangible cover must be interpolated as a
function of the shock pressure impulse loads.

2-14.3.3 TNT Equivalency.

The data presented in Figure 2-152 and Figures 2-153 to 2-164 are for TNT only and
must be extended to include other potentially mass-detonating materials. Similar to the
shock pressures, only a limited amount of data is available regarding the TNT
equivalency of confined explosions and in particular the effects produced on gas
pressures. It has been suggested that the TNT equivalency of explosives relating to gas
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pressures is a function of both the heat of detonation as well as the heat of combustion,
while for the shock pressures, the TNT equivalency is a function of the former only. A
relationship has been developed based on a limited amount of testing as follows:

_ ¢[HEXP _HZXP]-’_HEXP -
E, = o q s Wee 2-5
¢[HTNT - HTNTJ+ HTNT

where

Wey = effective charge weight for gas pressure
H°rnt = heat of combustion of TNT

H°exp = heat of combustion of explosive in question
¢ = TNT conversion factor (Figure 2-166)
Hnr = heat of detonation of TNT

Hxp = heat of detonation of explosion in question
Wexp = weight of explosive in question

Gas pressures will be increased because of casings, in particular, if the casing is
combustible. Since only unrelated data are available concerning the effects on gas
pressures by the casing, a method of compensating for these effects is to adjust the
heat of combustion of the given explosive material in Equation 2-5 to account for the
heat of combustion of the casing material. This adjustment should be made by
chemically combining the heat of combustion of the explosive and casing.

21434 Multiple Explosions.

The gas pressure produced by the release of the gaseous products of multiple
explosions in a confined area may be approximated by considering the explosion to be
produced by a single explosive whose weight is equal to the combined weights of the
individual charges. This approximation is accurate if the individual charges are
positioned in the immediate vicinity of one another and if near simultaneous detonation
of the individual charges occurs. If the individual charges are not close to one another
and/or positioned at one end of the structure, the magnitude of the gas pressures will
initially vary along the length or width of the structure. This variation may be determined
in a manner similar to that described in Section 2-14.3.1.

2144 Leakage Pressures.
2-14.41 Introduction.

When an explosion occurs inside a vented chamber, shock pressures escape to the
outside along with venting of the gas pressures. Trailing shocks overrun and coalesce
with the lead shock at some distance to form a single diverging shock wave. Close to
the structure, the blast pressures are affected by the structure itself as the shock
pressures spill around the edges of the structure and form highly turbulent vortices. At
further distances, this effect is no longer present and the shock pressure decreases with
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increasing distances. The leakage pressures are enhanced in the direction of venting
(front) and reduced to the side and rear. The enhancement of pressures in the front and
reduction of pressures to the side and rear are less extreme as the distance away from
the structure is increased.

The blast environment outside of cubicle containing fully and partially vented explosions
is presented in this section. Pressures and impulses acting on the ground surface are
provided as a function of distance from the explosion, direction (front, side, back)
relative to the vent opening in the structure, area of the vent opening and volume of the
structure. For design purposes, the remaining blast parameters corresponding to the
pressure and impulse acting on the ground surface may be obtained from Figure 2-15
and 2-16 in exactly the same manner as a surface burst of an explosive other than TNT.

Explosions in three and four wall cubicles are considered. Three wall cubicles are fully
vented structures. The blast environment is furnished for cubicles with or without roofs.
Four wall cubicles with a vent opening located either in the roof or one wall are
considered. The size of the vent opening is varied from that of a fully vented cubicle
through a full range of partially vented structures.

The data presented is based on tests in which the vent openings were completely open.
There were no frangible covers over the vent area which might inhibit the pressure flow.
Vent openings in protective structures are normally covered with frangible panels for
weather protection, separation of operations, etc. These panels will affect the leakage
pressures. However, it is assumed that these frangible panels will reduce the shock
pressures leaking through the opening to a greater extent than the increase in the
internal gas pressure buildup. Therefore, use of this data will predict conservative
leakage pressures from cubicles with frangible covers.

2-14.4.2 Fully Vented Three Wall Cubicles.

For cubicle-type structures where full venting is provided through the frangible or open
portion of the structure, the resulting blast wave exterior of the cubicle will be
appreciably modified as compared to an unbarricaded detonation. As the blast wave
propagates out from the center of the explosion, the shock front will collide with the
interior surfaces of the structure. These collisions will reflect and reinforce the initial
loads (pressure and impulse). Eventually these pressures will spill over and around the
blast walls, and in the event of rapid collapse of frangible walls, through the structure to
the surrounding area. The exterior pressures will not initially have a definite shock front
but will, at some distance from the structure, shock-up with frontal pressures similar to
those produced by a surface burst. The pressure distance gradients away from the
explosion will vary in all directions. This variation is defined by the configuration (shape,
openings, etc.) of the protective structure containing the explosion.

A series of tests have been performed on three wall cubicle type structures illustrated in
Figure 2-167. Cubic and rectangular three wall cubicles with and without a roof were
tested. The results indicated that several parameters were important:
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(1)  Direction. Three directions illustrated in Figure 2-167 are considered. The
direction normal to the open wall is called the front. The directions
perpendicular to the front normal are called the sides. The direction opposite
the normal to the open wall is called the back. The blast pressures out the
front are greater than that to the side which, in turn, are greater than that to
the back.

(2)  Structure geometry. Differences were found in the blast environment
depending upon whether the shape of the structure was cubic or rectangular.
This was true for pressure and impulse measurements to the side and back,
and only impulse to the front. There were no differences in pressure out the
front for the cubicle and rectangular structures. The difference in pressures to
the side and back occur only close to the structure. Far from the structure,
there is no effect on pressure in any direction due to structure shape.
However, impulse does not converge with distance for differences in cubicle
shape.

(83) Charge weight to volume ratio W/V and distance. The ratio W/V does not
have an effect on the pressure to the front of any cubicle. There is an effect of
WIV on pressure to the side and back of all cubicles, but only close to the
structure. For a particular W/V, the pressure is affected differently for a cubic
or rectangular structure. Thus, the effect on pressure close in depends both
on structure size and W/V. But, for further out, neither affect the pressures.
For all values of Z, there is a measured effect of W/V on impulse.

(4)  Venting through the roof. For any direction, cubicle shape, and W/V value,
there are differences in blast pressure and impulse based solely on whether
or not venting could occur through the roof.

(5)  Scaled distance Z. Both blast pressure and scaled impulse are affected by
scaled distance from the explosion. This parameter is not independent of
other factors.

The pressure variation in the front, side, and back direction of any three wall cubicle
without a roof is given in Figure 2-168 while for a three wall cubicle with a roof the
pressure variation is given in Figure 2-169. Due to interferences from the side and back
walls which cause complex vortices near the structure and coalescence of shock waves
in close, there is a maximum pressure produced in the side and back directions. These
pressures are a function of the charge weight to cubicle volume ratio, W/V, and the
configuration of the cubicle. The maximum peak pressure in the side or back direction of
three wall cubicles with or without a roof are given in Figure 2-170.

The scaled peak positive impulse in the front, side, and back direction of three wall
cubicles is given in Figures 2-171 through 2-182. The scaled impulse is given as a
function of scaled distance from the explosion for various values of charge weight to
structure volume ratio. The curves are presented in two groups; three wall cubicles
without roofs and then cubicles with roofs. For each direction, the impulse is given for
explosions in cubic and rectangular cubicles, respectively.
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2-14.4.3 Partially Vented Four Wall Cubicles - Vent Opening in Roof.

Four wall cubicles with a vent openings located in the roof will produce blast pressures
on the ground surface which are symmetric about the vent opening. Leakage pressures
were determined for a below ground cubicle with its roof flush with the ground surface
(Figure 2-183a). Figure 2-183b shows the above-ground four wall cubicle. The vent
opening was centrally located in the roof, and various vent areas were considered. The
blast pressure was determined to be a strong function of the vent area divided by the
structure volume to the two-thirds power (A/V??) and the scaled distance, and a very
weak function of the charge weight to volume ratio W/V which can be ignored with
negligible error.

The leakage pressures resulting from an explosion in a partially vented belowground
cubicle with a vent opening in its roof is given in Figure 2-184, and the impulse is given
in Figure 2-185. The scaled ground distance as indicated in Figure 2-183a is used in
these charts for the below-ground structures.

Figures 2-184 and 2-185 may also be used to determine the pressure and impulse
acting on the ground surface for above-ground four wall cubicles (Figure 2-183b). For
an above-ground structure, the shock front must travel a longer distance than a below-
ground structure. Therefore, the scaled distance that must be used in Figures 2-184 and
2-185 is approximated by the addition of the slant and horizontal distances indicated in
Figure 2-183b.

The figures are useful in selecting the degree of venting required to limit leakage
pressures outside roof-vented four wall cubicles to a specified safe level at safe given
distance. From a knowledge of the pressure and impulse on the ground surface, the
blast load acting on a structure may be obtained from the procedures given in this
report. Thus, an adjacent structure may be designed to resist a blast load resulting from
a given vent opening or the vent opening may be varied to suit the capacity of an
adjacent structure.

2-14.4.4 Partially Vented Four Wall Cubicle - Vent Opening Through Wall.

Leakage pressures resulting from an explosion in a partially vented four wall cubicle
where the vent opening is located in a wall (Figure 2-186) have not been documented.
These leakage pressures have a variation in direction similar to a three wall cubicle with
a roof and a variation with vent opening similar to a roof vented four wall cubicle.
Extrapolation of the data for these types of cubicles have resulted in Figures 2-187
through 2-189. These figures present a reasonable estimate of the pressures produced
in the front, side, and back directions (Figure 2-186). In addition to direction, these
pressures are a function of scaled distance and the vent area divided by the volume to
the two-thirds power (A/V??).
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2-15 EXTERNAL BLAST LOADS ON STRUCTURES.
2-151 General.

The blast loading on a structure caused by a high-explosive detonation is dependent
upon several factors:

(1)  The magnitude of the explosion.

(2)  The location of the explosion relative to the structure in question (unconfined
or confined).

(83)  The geometrical configuration of the structure.

(4)  The structure orientation with respect to the explosion and the ground surface
(above, flush with, or below the ground).

The procedures presented here for the determination of the external blast loads on
structures are restricted to rectangular structures positioned above the ground surface
where the structure will be subjected to a plane wave shock front. The procedures can
be extended to include structures of other shapes (cylindrical, arch, spherical, etc.) as
well as structures positioned at and below the ground surface.

2-15.2 Forces Acting on Structures.

The forces acting on a structure associated with a plane shock wave are dependent
upon both the peak pressure and the impulse of the incident and dynamic pressures
acting in the free-field. The peak pressures and impulses associated with the free-field
shock wave have been presented for various explosives.

For each pressure range there is a particle or wind velocity associated with the blast
wave that causes a dynamic pressure on objects in the path of the wave. In the free
field, these dynamic pressures are essentially functions of the air density and particle
velocity. For typical conditions, standard relationships have been established between
the peak incident pressure (Ps,), the peak dynamic pressure (q,), the particle velocity,
and the air density behind the shock front. The magnitude of the dynamic pressures,
particle velocity and air density is solely a function of the peak incident pressure, and,
therefore, independent of the explosion size. Figure 2-3 gives the values of the
parameters versus the peak incident pressure. Of the three parameters, the dynamic
pressure is the most important for determining the loads on structures.

For design purposes, it is necessary to establish the variation or decay of both the
incident and dynamic pressures with time since the effects on the structure subjected to
a blast loading depend upon the intensity-time history of the loading as well as on the
peak intensity. The form of the incident blast wave (Figure 2-190) is characterized by an
abrupt rise in pressure to a peak value, a period of decay to ambient pressure and a
period in which the pressure drops below ambient (negative pressure phase).

The rate of decay of the incident and dynamic pressures, after the passage of the shock
front, is a function of the peak pressure (both positive and negative phases) and the
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size of the detonation. For design purposes, the actual decay of the incidental pressure
may be approximated by the rise of an equivalent triangular pressure pulse. The actual
positive duration is replaced by a fictitious duration which is expressed as a function of
the total positive impulse and peak pressure:

tor = 2i/p 2-6

The above relationship for the equivalent triangular pulse is applicable to the incident as
well as the reflected pressures; however, in the case of the latter, the value of the
pressure and impulse used with Equation 2-6 is equivalent to that associated with the
reflected wave. The fictitious duration of the dynamic pressure may be assumed to be
equal to that of the incident pressure.

For determining the pressure-time data for the negative phase, a similar procedure as
used in the evaluation of the idealized positive phase may be utilized. The equivalent
negative pressure-time curve will have a time of rise equal to 0.25 to whereas the
fictitious duration fyf is given by the triangular equivalent pulse equation:

tof = 20" 2-7

where i and p are the total impulse and peak pressure of the negative pulse of either
the incident or reflected waves. The effects of the dynamic pressure in the negative
phase region usually may be neglected.

Since the fictitious duration of the positive phase will be smaller in magnitude than the
actual duration, a time gap will occur between the fictitious duration and the onset of the
negative phase. This time gap, which is illustrated in Figure 2-190, should be
maintained in an analysis for consistency of the onset of the various load phasings.

2-15.3 Above-Ground Rectangular Structure without Openings.
2-15.31 General.

For any given set of free-field incident and dynamic pressure pulses, the forces
imparted to an above-ground structure can be divided into four general components:
(a) the force resulting from the incident pressure, (b) the force associated with the
dynamic pressures, (c) the force resulting from the reflection of the incident pressure
impinging upon an interfering surface, and (d) the pressures associated with the
negative phase of the shock wave. The relative significance of each of these
components is dependent upon the geometrical configuration and size of the structure,
the orientation of the structure relative to the shock front, and the design purpose of the
blast loads.

The interaction of the incident blast wave with a structure is a complicated process. To
reduce the complex problem of blast to reasonable terms, it will be assumed that (a) the
structure is generally rectangular in shape, (b) the incident pressure of interest is 200
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psi or less, (c) the structure being loaded is in the region of the Mach stem, and (d) the
Mach stem extends above the height of the building.

2-15.3.2 Front Wall Loads.

For a rectangular above-ground structure at low pressure ranges, the variation with time
on the side facing the detonation (front face) when this side is parallel to the shock front
(normal reflection) is illustrated in Figure 2-191a. At the moment the incident shock front
strikes the front wall, the pressure immediately rises from zero to the normal reflected
pressure, P,, which is a function of the incident pressure (Figure 2-15). The clearing
time, t;, required to relieve the reflected pressure is represented as:

t, = —— 2-8

=  clearing distance and is equal to H or W/2 (Figure 2-191a), whichever is the
smallest
= height of the structure
= ratio of S/G where G is equal to H or W/2 (Figure 2-191), whichever is larger
Cr= sound velocity in reflected region (Figure 2-192)

The pressure acting on the front wall after time ¢ is the algebraic sum of the incident
pressure Ps and the drag pressure Cpq or:

P = Ps+ Cpq 2-9

The drag coefficient Cp gives the relationship between the dynamic pressure and the
total translational pressure in the direction of the wind produced by the dynamic
pressure and varies with the Mach number (or with the Reynold's number at low
incident pressures) and the relative geometry of the structure. A value of Cp=1 for the
front wall is considered adequate for the pressure ranges considered in this manual. At
higher pressure ranges, the above procedure may yield a fictitious pressure-time curve
because of the extremely short pressure pulse durations involved. Therefore, the
pressure-time curve constructed must be checked to determine its accuracy. The
comparison is made by constructing a second curve (dotted triangle as indicated in
Figure 2-191a) using the total reflected pressure impulse i from Figure 2-15 for a
normal reflected shock wave (Figure 2-191a). The fictitious duration ¢ for the normal
reflected wave is calculated from:

tr= 2i/ P, 2-10

65



UFC 3-340-02
5 December 2008

where P, is the peak normal reflected pressure (Figure 2-15). Whichever curve (Figure
2-191a) gives the smallest value of the impulse (area under curve), that curve should be
used in calculating the wall loading.

If the shock front approaches the structure at an oblique angle (Figure 2-191b), then the
peak pressure will be a function of the incident pressure and the incident angle between
the front and the front wall and is obtained from Figure 2-193.

An equation similar to that used for the manual shock front may be used when the angle
of obliquity is greater than zero as follows:

trf = 2ry, / Prq 2-11

where peak reflected impulse J;, is obtained from Figure 2-194.

Usually only the positive pulse of the pressure-time relationship of Figure 2-191b is
utilized for the front wall design since the negative pulse seldom affects the design. For
determining the overall motion of the structure, the effects of negative pressures should
be included. The peak negative reflected pressure (Figure 2-190) and reflected impulse
are obtained from Figure 2-16 and correspond to the peak incident pressure (Figure
2-15) acting on the front wall. The rise time and decay of the negative pressures are
similarly calculated as described in Section 2-15.2.

2-15.3.3 Roof and Side Walls.

As the shock front traverses a structure a pressure is imparted to the roof slab, and side
walls equal to the incident pressure at a given time at any specified point reduced by a
negative drag pressure. The portion of the surface loaded at a particular time is
dependent upon the magnitude of the shock front incident pressure, the location of the
shock front and the wavelength (L,, and L") of the positive and negative pulses.

To determine accurately the overall loading on a surface, a step-by-step analysis of the
wave propagation across the surface should be made. This analysis includes an
integration of the pressures at various points (Figure 2-195a) on the surface and at
various times to determine the equivalent uniform incident pressure acting on a span L
as a function of time (Figure 2-195b). Since the point of inflection of the element will
vary as the shock front traverses the surface, in order to make the assumption of the
uniform pressure valid, the reinforcement on both faces must be continuous across the
span length.

As the shock wave traverses the roof, the peak value of the incident pressure decays
and the wave length increases. As illustrated in Figure 2-195b, the equivalent uniform
pressure will increase linearly from time t; when the blast wave reaches the beginning of
the element (point f) to time ty when the peak equivalent uniform pressure is reached
when the shock front arrives at point d. The equivalent uniform pressure will then
decrease to zero where the blast load at point b on the element decreases to zero.
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To simplify the calculations, the equivalent uniform pressure has been expressed as a
function of the blast wave parameters at point f. The equivalent load factor Cg, the rise
time, and duration of the equivalent uniform pressure are obtained from Figures 2-196,
2-197, and 2-198, as a function of the wave length-span ratio L,r/L.

The peak value of the pressure acting on the roof Pg is the sum of contribution of the
equivalent uniform pressure and drag pressure:

Pr = CePsor + CpQor 2-12

where Psr is the incident pressure occurring at point f and qris the dynamic pressure
corresponding to Cg Psor.

The drag coefficient Cp for the roof and side walls is a function of the peak dynamic
pressure. Recommended values are as follows:

Peak dynamic pressure Drag coefficient

0-25 psi -0.40
25-50 psi -0.30
50-130 psi -0.20

The data presented above for the equivalent uniform roof and side wall blast pressures
are used principally for the design of individual elements. For overall motions of a
structure, the effects of the negative phase pressures should be included. The
equivalent load factor Cg for the peak equivalent uniform negative pressure is obtained
from Figure 2-196 as a function of the wavelength span ratio L,s/L. The value of the
negative pressure acting on the roof, Pr is equal to Cg Psor Where the value of Cg is a
minus value. The value of the equivalent negative pressure duration t,r is obtained from
Figure 2-198.The value is not a function of the peak incident pressure at point f. The
rise time of the negative phase is equal to 0.25 t,r.

If a side wall is positioned at an oblique angle to the shock front, then blast loads acting
on the side wall are calculated in the same manner as that described for front walls.

2-15.3.4 Rear Wall.

As the shock front passes over the rear edges of the roof and/or side walls the pressure
front will expand, forming secondary waves which propagate over the rear wall. In the
case of long buildings, the secondary wave enveloping the back wall essentially results
from the spillover from the roof, and the side walls. In both cases, the secondary waves
are reinforced due to their impingement with reflecting surfaces. The reinforcement of
the spillover wave from the roof is produced by its reflection from the ground surface at
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the base of the rear wall, and the reinforcement of the secondary waves from the side
walls is produced by their collision near the center of the wall and/or their interaction
with the wave from the roof. Little information is available on the overall effects on the
rear wall loading produced by the reflections of the secondary waves.

In most design cases, the primary reason for determining the blast loads acting on the
rear wall is to determine the overall drag effects (both front and rear wall loadings) on
the building. For this purpose, a procedure may be used where the blast loading on the
rear wall (Figure 2-199a) is calculated using the equivalent uniform method used for
computing the blast loads on the roof and side walls. Here the peak pressure of the
equivalent uniform pressure-time curve (Figure 2-199b) is calculated using the peak
pressure that would accrue at the back edge of the roof slab Ps.,. The equivalent
uniform load factors Ce and Cg are based on the wave length of the peak pressure
above, and the height of the rear wall Hs, as are the time rises and durations of both the
positive and negative phases.

Like the roof and side walls, the blast loads acting on the rear wall are a function of the
drag pressures in addition to the incident pressure. The dynamic pressure of the drag
corresponds to that associated with the equivalent pressure Ce Psop, While the
recommended drag coefficients are the same as used for the roof and side walls.

In the event that the back wall is positioned at an oblique angle to the shock front, peak
incident pressure at point b should be calculated at the mid width.

2-15.3.5 Multiple Explosions.

As previously mentioned, the blast loads, produced by multiple explosions, acting on
structures located far from an explosion may consist of a series of separate pressure
pulses rather than a single pulse blast load. However, the multiple pressure-pulse
loading is usually associated with weights of explosives which are very small (several
pounds) and, therefore, will not be the usual design situation. For large charge weights,
however, the single pressure pulse loading with multiple peak pressures will occur. At
the present time no specific method has been devised which will enable one to evaluate
this type of blast loading. In the interim, it is suggested that the multiple peak pressure
type loading be replaced by the pressure-pulse which is associated with the merged
shock wave. The parameters of this shock wave and corresponding pressures are
determined assuming a single explosion, the explosive weight of which is equal to the
combined weight of the individual charges.

2154 Above Ground Rectangular Structures with Openings.
2-15.41 General.

Two structural configurations are usually encountered when blast loads are determined
on structures with unsealed or unprotected openings in exterior surfaces. The first
configuration includes windows, doors or other openings located in both the front and
rear walls as well as along the side walls of the structure. The second would include
openings located only in the front face of the structure. The remaining surfaces are void
of openings. The second configuration is the one most likely to be encountered since
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interior partitions will restrict the flow of the blast wave through the structure. Increased
interior blast loads are produced due to the reflection of the blast wave on interior
components. The blast loads associated with the second configuration are primarily
discussed in this section with comments regarding the loads pertaining to the first
configuration.

When a shock front strikes the front wall of a structure, the incident pressure is
amplified. Windows and doors will fail almost immediately (approximately one
millisecond) after the onset of the shock front unless they were designed to resist the
applied load. As a result, blast pressures will flow into the structure through these
openings. This sudden release of high pressure will cause a shock front to form inside
of each opening. Each individual front will expand and tend to combine into a single
front which will further expand throughout the structure's interior. This interior shock is
initially weaker than the incident pressure at the building's exterior. However, the interior
pressure will tend to get stronger due to reflections off interior building components.

An idealized structure configuration is shown in Figure 2-200. The incident shock front
arriving at the front wall of the structure has an incident pressure Ps, and wave length
L,. As the shock front sweeps across the structure, blast pressures enter the interior of
the building through the opening in the front wall of area A,. The area of multiple
openings are added to obtain a fictitious single opening located at the center of the front
wall. The blast pressures entering the building first load the interior surface of the front
wall, followed by the interior surface of the side walls and roof, and finally the interior
surface of the back wall. The idealized pressure-time load curves for these surfaces are
presented in Figure 2-201. The procedures necessary to obtain the magnitude of the
parameters given on the idealized load curves for a particular explosion are presented
in the remainder of this section. Except for the front wall, the blast pressures acting on
the exterior of the structure are not affected by the opening and are determined
according to the procedures of the previous section.

The primary purpose of this section is to provide the blast loading on the interior surface
of an exterior wall so that the maximum outward motion of the wall may be determined.
It is not the intent to use these interior loads to reduce the exterior positive phase
loading. Except for the front wall, accurate phasing of the interior and exterior blast
loads are not possible. The interior loads will always lag the exterior positive phase
loading and, due to reflections off interior components, the duration of the interior load is
always longer. For design, the interior blast loads should be added to the negative
phase exterior loading to obtain the maximum outward motion (negative response) of a
side wall, roof or back wall. The maximum positive response should be determined for
the exterior positive phase loading without any reductions due to internal pressures. In
most instances, interior partitions are required to withstand the blast pressures leaking
into a structure. The procedures presented in this section may be used to determine the
design blast load acting on these elements. An interior partition located parallel to the
front wall will reflect the shock front and, therefore, is considered as a back wall. The
length of the side wall would then be taken as the distance between the front wall and
this partition. An interior partition(s) perpendicular to and framing into the front wall may
be considered as a side wall(s). The length of the front wall would then be taken as the
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distance between an interior partition and a side wall or between two interior partitions.
In both cases, only the openings located between these partition walls would be
considered as the vent opening.

The procedures presented in this section to determine interior blast loads acting on a
structure with an opening in the front wall were developed for a shock front striking the
front wall head-on. For the same size opening in a front wall, this orientation of the
approaching shock front results in the most severe interior shock wave effects. The use
of these procedures for shock fronts approaching at all other angles will result in
conservative estimates of the blast loadings acting on the interior of the structure.

2-15.4.2 Exterior Front Wall Loads.

The time required for reflected pressures to clear a solid front wall is expressed in
multiples of the time necessary for a rarefaction wave to sweep the wall. When walls
with openings are considered, clearing takes place ground the edges of the opening in
addition to the edges of the wall. Depending upon the size of the overall wall and the
openings, the clearing time of the reflected pressures may be significantly reduced.

The pressure-time relationship of the applied blast load acting on the front wall of a
structure with openings is the same as that of a solid front wall (Figure 2-191) except
the clearing time will be reduced. To evaluate this reduced time, the value of S'is
introduced into Equation 2-8. This value is the weighted average distance that the
rarefaction wave must travel to cover the wall assuming immediate access of the
incident shock to the interior of the structure. If frangible covers (windows, doors) do not
fail immediately, the clearing time should not be reduced.

The method for evaluating S'is illustrated in Figure 2-202 where the face of the front
wall is divided into rectangular areas. These areas are determined by the location and
dimensions of the openings in the wall, and by consideration of the direction along
which the reflected pressure clears around the area in the shortest possible time. The
individual areas are labeled depending upon the number and location of the clearing
sides of the individual areas. Clearing factors ¢, are established for these areas as
follows:

Area Sn Number of Clearing Sides
1 1.0 Two adjacent sides
2 0.5 Two opposite sides
3 1.0 One side
4 1.0 None
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The weighted average clearing distance S'is expressed as:

h A

Sl:Zé‘n n n SS 2'13
Af

where

S’ = weighted average clearing distance with openings

On = clearing factor

hn = average clearing distance for individual areas as follows:

Area 1 - width or height of area, whichever is smaller
Area 2 - distance between opposite sides where clearing occurs
Area 3 - distance between side where clearing occurs and opposite side
Area 4 - same as Area 1
An = area of individual wall subdivision
Af = net area of the wall excluding openings

The clearing time ¢’ for a front wall with opening is calculated from Equation 2-8 in
which S'is substituted for S or

po_ 4S

48T 2-14
° (1+R)C,

where all components of Equation 2-14 have been previously defined. It should be
realized that the load acting on the front wall with openings is still the same as that
shown in Figure 2-191 except with the reduced clearing time, t’.. The curve which
represents the wall loading is still the curve which gives the lower impulse.

As previously stated, window breakage will require a finite length of time. This time may
be evaluated using the resisting functions of Chapter 6 and the dynamic procedures of
Chapter 3. This time must be accounted for in determining the window contribution to
the blast pressures acting on the wall.

2-15.4.3 Interior Front Wall Loads.

The average pressure acting on the interior face of the front wall will initially build up in a
similar manner as the average pressure on the exterior back wall of a closed structure.
However, vortices are located all around the interior edges of all openings in the front
wall. The effect of these vortices, which tend to reduce the blast load, has been
neglected.

The shock front entering through the opening in the front wall travels along the interior
face of the front wall, thereby subjecting the wall to incident pressures. When the front
reaches the side wall, it is reflected back. The length of wall loaded by this reflected
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wave is a function of the wave length, L,. The average pressure acting on the wall is
determined assuming a single opening of area A, located at the center of the wall. In
the case of multiple openings, a single opening equal to the combined area of all
openings is located in the center of the front wall.

The idealized pressure-time blast load acting on the interior face of the front wall is
shown in Figure 2-201a. The time at which the shock front arrives at the exterior surface
of the front wall is taken as zero (T, = 0). The blast load acting on the wall begins at
time T4. This time represents the time it takes for the shock front to enter the structure
through the opening A,. The pressure buildup is linear from time T4 to a maximum
pressure Pnax at time T, and then it decays linearly to zero at time Ts.

The maximum average pressure Ppax acting on the interior face of the front wall varies
as a function of the incident pressure Ps, and the wavelength L, corresponding to that
pressure, and the geometry of the wall. Figures 2-203 through 2-206 give the maximum
pressure Ppnax acting on front walls having width to height ratios (W/H) equal to 3/4, 3/2,
3 and 6, respectively.

The idealized times T4, T, and T3 are also obtained from plots of front walls having width
to height ratios W/H equal to 3/4, 3/2, 3 and 6. The arrival time T4 of the load is given in
Figures 2-207 and 2-208 as a function of the incident pressure acting on the exterior
surface of the front wall P, for various opening to wall area ratios A,/A,. The rise time
of the load, T - Ty is given in Figures 2-209 and 2-210 as a function of Ps, and various
wave length to width of front ratios L, /W. Finally, the duration of the load T; - T; is given
in Figures 2-211 and 2-212 again as a function of Ps, and L, /W. The times T, and T3
are obtained from subtracting T from the rise time and duration, respectively.

Failure of the cover sealing openings in a building (windows, doors) will affect the onset
of the blast load acting on the interior surface of the front wall. Due to the time required
to cause failure of the covers, the onset of the interior pressures may not be in phase
with the onset of the exterior blast load. Therefore, care must be taken to arrive at a
combined loading for the structural element.

2-15.4.4 Interior Side Wall and Roof Loads.

The blast pressures entering the interior of the building through the opening in the front
wall (multiple openings are combined to form a single opening) must travel along the
interior face of the front wall before arriving at the side wall. The incident pressures
arriving at the side wall are increased due to reflection off the wall itself. The front
expands and travels across the side wall until it reaches the back wall. It is then
reflected off the back wall, and the reflected wave travels back across the side wall
towards the front wall. The length of side wall loaded by this reflected wave is a function
of the wave length L,

The idealized pressure-time blast load acting on the interior face of the side wall and
roof is shown on Figure 2-201b. The same assumption is made for the side wall and
roof as for the interior front wall. That is, the time at which the shock front arrives at the
front wall of the structure is taken as zero (T, = 0). The time T4 represents the time it
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takes the shock front to travel from the opening across the interior face of the front wall
to the side wall (or roof). The pressure build up is linear from time T; to a maximum
pressure Pnax at time T, remains constant until time T3 and decays linearly to zero at
time T4. This idealized curve applies to both the side walls and roof. The structure
configuration parameters as given in Figure 2-200 apply for side wall loadings.
However, to determine the roof loading, the structure must be rotated 90 degrees so
that the roof takes the position of a side wall. The width and height of the structure must
be interchanged. All other parameters are not affected.

The maximum average pressure Pnax acting on the interior face of the side wall (or roof)
varies as a function of the incident pressure P, acting on the exterior face of the front
wall, the wavelength L, corresponding to Ps,, and the geometry of the structure. Since a
large number of plots would be required to describe Ppax for the blast and geometric
parameters involved, an equation has been developed. The value of P, is given by:

Pmax=K/(Lw/L) 2-15

For 6 > W/H < 3/2

K={A+[Bx(Ly/L)°]}xDxE xPs,"%° 2-16
where

A =[0.002 (W/H)"*%7] - 0.0213 2-17
B =2.2075 - [1.902 (W/H) %] 2-18
C = 1.231 + [0.0008 (W/H)?°78] 2-19
D =[2.573 (L/H) %% - 0.3911 2-20
E =0.4221 + [1.241 (AJ/A,)* %] 2-21
For W/H = 3/4

K=AxB x CFx F' x Pg,0%""® 2-22
where

A =[0.5422 (L,/L)"**] - 0.001829 2-23
B =[0.654 + 2.616 (AJ/Ay) - 4.928 (AJ/AL)?]{2.209 (L/H)3*" - 0.739] 2-24
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C= 0.829 +0.104 (L,/L)"® + [0.00124 + 0.00414 (L./L)**] [L/H]P 2-25
D= 2.579 - 0.0534 (L,/L)>5%" 2-26
E = 999 (A/A)" %% 2-27
F = 1.468 - 1.6627 (AJ/Ay)" %" +[1.8692 - 1.1735 (AJ/Aw) *??%°] [L,, /L]° 2-28
G = 0.2979 (AJ/A,) *7% - 0.8351 2-29
H= (5.425x 10*) + (1.001 x 10°°) (L/H)**%° 2-30

For 3/2 > WIH > 3/4, graphical interpolation is required to determine Pp,.x. Several
values of P, are determined from Equation 2-15 for values of W/H equal to 3/4, 3/2,
and preferably two values greater than 3/2. A plot of P« versus W/H is prepared and
the value of P4 is read for the required W/H.

The idealized times T4 and T, are determined from Figure 2-213. These times are
presented as a function of the incident pressure P, arriving at the exterior of the
building and the width to height ratio W/H of the front wall. Since the distance that the
shock front must travel across the front wall is taken from the center of the opening,
times T4 and T, are not a function of the area of the opening. This assumption will not
result in significant errors since the openings considered are comparatively small.

The idealized times T3 and T, are determined from Figures 2-214 through 2-229. Each
figure is prepared for a given structure configuration defined by the length to height ratio
of the side wall L/H and the width to height ratio of the front wall W/H. The times T3 and
T4 are given on each figure as a function of the incident pressure Ps, and various values
of the wave length to side wall length ratio L, /L. As explained above, these times are
not a function of the area of the opening. For ease of reference, these figures are listed
in Table 2-4 for the various L/H and W/H ratios provided. In most cases, interpolation
will be required to obtain the correct values of T3 and T4 for the given structure
configuration.

2-15.4.5 Interior Back Wall.

The blast pressures entering the interior of the building through the opening in the front
wall must travel the full length of the building before arriving at the back wall. The
incident pressure arriving at the back wall is essentially uniform over the wall. This
pressure is immediately increased to the normal reflected pressure when it strikes the
back wall.

The idealized pressure-time blast load acting on the interior face of the back wall is
shown in Figure 2-201c. Again, the time at which the shock front arrives at the front wall
of the structure is taken as zero (T, = 0). The time T, represents the time it takes the
shock front to travel from the opening to the back wall. The pressure buildup is
instantaneous to Pr;s due to the normal reflection of the shock front and then decays to
zero at time T». This loading is similar to the loading of an exterior front wall except that
clearing is not possible.
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The maximum average pressure Pgjg acting on the back wall is obtained from Figures
2-230 and 2-231. Each figure is prepared for a given value of L/H. The ratio of the
maximum average pressure on the back wall to the incident pressure Pris/Pso is given
as a function of Pg, for various values of A,/A,. Interpolation between figures may be
necessary for a given structural configuration.

The idealized time T; is determined from Figures 2-232 and 2-233. Each figure is
prepared for a given value of the width to height ratio of the wall W/H. The time T; is
given as a function of the incident pressure Ps, for various values of the wall length to
height ratio L/H and the ratio of the opening area to the wall area A,/A,. The duration of
the load T, -T; is determined from Figure 2-234. The time is given as a function of the
incident pressure Ps, for various values of A, /A. Since the back wall is located at the
greatest distance from the front wall, the area of the opening has a significant effect on
these times and must be considered.

2-15.5 Pressure Buildup in Structures.
2-15.5.1 General.

The procedures in Section 2-15.4 are for determining the net effects of shock loads
entering openings in structures from windows or doors which are not designed to
withstand the applied blast loads. In certain cases, structures may have closures which
are designed to resist the blast loading, but have very small openings due to vents and
ducts, which will not withstand the blast. In this case, the small opening will not allow the
shock front to develop inside the structure. However, the structure experiences an
increase in its ambient pressure (a "filling" pressure) in a time that is a function of the
structure volume, area of the openings, and applied exterior pressure and duration.
Since personnel exhibit a tolerance limit to such pressure increases, a method of
determining the average pressure inside the structure is needed. It should be noted that
the interior pressures immediately adjacent to the openings will be higher than the
average pressure.

2-15.5.2 Method of Calculation.

The following procedure is applicable for structures with small area-volume ratios and
applied blast pressures less than 150 psi. The change in pressure 6P, inside the
structure within a time interval ot is a function of the pressure difference at the openings,
P-P;, and the area-volume ratio, A,/Vo:

5P =Cy (Ae/ Vo) &t 2-31

where

C. = leakage pressure coefficient and a function of the pressure difference P-P; and is
obtained from Figure 2-235

applied exterior pressure

interior pressure

T
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= Interior pressure increment
area of openings

structure volume

time increment

The interior pressure-time curve is calculated as follows:

(1)

(2)

3)

(4)

Determine the pressure-time history of the applied blast pressures P acting
on the surface surrounding the opening as presented in Section 2-15.3.

Divide the duration t, of the applied pressure into n equal intervals (ot), each
interval being approximately £,/10 to {,/20, and determine the pressures at
the end of each interval.

Compute the pressure differential P-P; for each time interval, determine the
corresponding value of C; from Figure 2-235, and calculate 6P; from Equation
2-31 using the proper values of A,/V, and ot. Add 6P; to P; for the interval
being considered to obtain the new value of P, for the next interval.

Repeat for each interval using the proper values of P and P;. When P-P;
becomes negative during the analysis, the value of C; must also be taken as
negative.

The above procedure is most easily accomplished by using a tabular arrangement for
the required computations. An illustrative example is presented in Appendix 2A.
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Figure 2-1 Blast Loading Categories
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Figure 2-2 Free-Field Pressure-Time Variation
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Figure 2-3 Peak Incident Pressure versus Peak Dynamic Pressure, Density of
Air Behind the Shock Front, and Particle Velocity
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Figure 2-4 Free-Air Burst Blast Environment
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Figure 2-5 Pressure-Time Variation for a Free-Air Burst
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Figure 2-6 Peak Incident Pressure versus the Ratio of Normal Reflected
Pressure/Incident Pressure for a Free-Air Burst
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Figure 2-7 Positive Phase Shock Wave Parameters for a Spherical TNT
Explosion in Free Air at Sea Level
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Figure 2-8 Negative Phase Shock Wave Parameters for a Spherical TNT
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Figure 2-9 Variation of Reflected Pressure as a Function of Angle of Incidence
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Figure 2-10 Variation of Scaled Reflected Impulse as a Function of Angle of

Incidence
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Figure 2-11 Air Burst Blast Environment
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Figure 2-14 Surface Burst Blast Environment
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Figure 2-15 Positive Phase Shock Wave Parameters for a Hemispherical TNT
Explosion on the Surface at Sea Level
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Figure 2-16 Negative Phase Shock Wave Parameters for a Hemispherical TNT

Explosion on the Surface at Sea Level

1000 | | lllllll 1 rlll'lll 1 1 IIIIIL_'1OO
= -1
t-o- e
100-:'—- —:10
n 3 o
. ] .sl::
L 4 iz
Q
- J...o‘—g
10 |— —{ 1.0
1 1 i lllllll L i 1141 0.1
0.1 1.0 10 100

SCALED DISTANCE , Z = R/WY3 |, (#t/1bV3)

91



Figure 2-17 Explosive Shapes
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Pressure, p, (psi)

.

Pressure, p, (psi)

UFC 3-340-02
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Figure 2-52 Average Peak Reflected Pressure (N =1, I/L =0.10, h/H =0.10)
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L/H=1.250
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Pressure, p, (psi)

Pressure, p, (psi)

UFC 3-340-02
5 December 2008

Figure 2-53 Average Peak Reflected Pressure (N =1, I/L = 0.25 and 0.75, h/H =

0.10)
Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Pressure, p; (psi)
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Pressure, p, (psi)
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Figure 2-54 Average Peak Reflected Pressure (N =1, I/L = 0.50, h/H = 0.10)
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Figure 2-55 Average Peak Reflected Pressure (N =1, I/L =0.10, h/H = 0.25)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-56 Average Peak Reflected Pressure (N =1, |/L =0.25 and 0.75, h/H =

0.25)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-57 Average Peak Reflected Pressure (N =1, I/L = 0.50, h/H = 0.25)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-58 Average Peak Reflected Pressure (N =1, I/L =0.10, h/H = 0.50)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-59 Average Peak Reflected Pressure (N =1, |/L =0.25 and 0.75, h/H =

0.50)
Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-60 Average Peak Reflected Pressure (N =1, I/L = 0.50, h/H = 0.50)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-61 Average Peak Reflected Pressure (N =1, I/L =0.10, h/H = 0.75)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-62 Average Peak Reflected Pressure (N =1, |/L =0.25 and 0.75, h/H =

0.75)
Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-63 Average Peak Reflected Pressure (N =1, I/L = 0.50, h/H = 0.75)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-64 Average Peak Reflected Pressure (N =2, I/L =0.10, h/H =0.10)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-65 Average Peak Reflected Pressure (N =2, I/L = 0.25, h/H =0.10)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-66 Average Peak Reflected Pressure (N =2, I/L = 0.50, h/H =0.10)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-67 Average Peak Reflected Pressure (N =2, I/L = 0.75, h/H =0.10)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-68 Average Peak Reflected Pressure (N =2, I/L = 0.10, h/H = 0.25)
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Figure 2-69 Average Peak Reflected Pressure (N = 2, |/L = 0.25, h/H = 0.25)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-70 Average Peak Reflected Pressure (N = 2, I/L = 0.50, h/H = 0.25)
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Figure 2-71 Average Peak Reflected Pressure (N = 2, |/L = 0.75, h/H = 0.25)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-72 Average Peak Reflected Pressure (N =2, I/L = 0.10, h/H = 0.50)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-73 Average Peak Reflected Pressure (N = 2, |/L = 0.25, h/H = 0.50)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-74 Average Peak Reflected Pressure (N = 2, I/L = 0.50, h/H = 0.50)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-75 Average Peak Reflected Pressure (N =2, I/L = 0.75, h/H = 0.50)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-76 Average Peak Reflected Pressure (N =2, I/L =0.10, h/H = 0.75)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-77 Average Peak Reflected Pressure (N = 2, |/L = 0.25, h/H = 0.75)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-78 Average Peak Reflected Pressure (N = 2, I/L = 0.50, h/H = 0.75)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-79 Average Peak Reflected Pressure (N = 2, I/L = 0.75, h/H = 0.75)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)

L/H =0.625 L/H =1.250
50000 50000
20000 20000
10000 10000
5000 5000
2000 2000
1000 4 1000 0.25
500 025 & 500
g 0.50
200 0.50 ﬁ 200
100 E 100 1.00
50 1.00 50
20 20
1 ] 2.00
0 2.00 0
5 5
4.00
2 4.00 2
1 2 3 4 5678 10 20 1 2 3 4 5678 10 20
L/Ra L/Ra
L/H =2.500 L//H = 5.000
50000 50000
30000 30000
20000 20000
10000 10000
3000
3000
2000 0.5 g 2000 0.25
1000 E 1000
0.50
500 0.50 e‘
300 ﬁ 500
200 1.00 E 288 1.00
100
50 100
gg 2.00 50 2.00
30
10 20
5 4.00 10 400
1 2 3 4 5678 10 20 1 2 3 4 5678 10 20°
L/Ra L/Ra

154



Pressure, p, (psi)

)

Pressure, p; (psi)

UFC 3-340-02
5 December 2008

Figure 2-80 Average Peak Reflected Pressure (N = 3, I/L =0.10, h/H =0.10)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-81 Average Peak Reflected Pressure (N = 3, I/L = 0.25 and 0.75, h/H =

0.10)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-82 Average Peak Reflected Pressure (N = 3, I/L = 0.50, h/H = 0.10)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-83 Average Peak Reflected Pressure (N = 3, I/L = 0.10, h/H = 0.25)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-84 Average Peak Reflected Pressure (N = 3, I/L = 0.25 and 0.75, h/H =

0.25)
Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-85 Average Peak Reflected Pressure (N = 3, I/L = 0.50, h/H = 0.25)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-86 Average Peak Reflected Pressure (N = 3, I/L = 0.10, h/H = 0.50)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-87 Average Peak Reflected Pressure (N = 3, I/L = 0.25 and 0.75, h/H =

0.50)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-88 Average Peak Reflected Pressure (N = 3, I/L = 0.50, h/H = 0.50)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-89 Average Peak Reflected Pressure (N = 3, I/L =0.10, h/H = 0.75)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-90 Average Peak Reflected Pressure (N = 3, I/L = 0.25 and 0.75, h/H =

0.75)
Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-91 Average Peak Reflected Pressure (N = 3, I/L = 0.50, h/H = 0.75)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-92 Average Peak Reflected Pressure (N =4, |/L =0.10, h/H =0.10)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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5 December 2008

Figure 2-93 Average Peak Reflected Pressure (N =4, |/L = 0.25 and 0.75, h/H =

0.10)
Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Pressure, p; (psi)

UFC 3-340-02
5 December 2008

Figure 2-94 Average Peak Reflected Pressure (N =4, |/L = 0.50, h/H =0.10)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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UFC 3-340-02
5 December 2008

Figure 2-95 Average Peak Reflected Pressure (N =4, |/L =0.10, h/H = 0.25 and

0.75)

Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Pressure, p, (psi)

Pressure, p; (psi)

UFC 3-340-02
5 December 2008

Figure 2-96 Average Peak Reflected Pressure (N =4, |/L = 0.25 and 0.75, h/H =
0.25 and 0.75)

Numbers adjacent to curves indicate scaled range (ft/Ib'?)

L/H=0.625 L/H=1.250
50000 50000
20000 20000
10000 10000
5000 5000
2000 2000
@
1000 & 1000 0.25
500 025 & 500
g 0.50
200 0.50 § 200
100 g 100 1.00
50 1.00 50
20 20
2.00
10 500 10
5 5
4.00
2 4.00 2
1 2 3 4567810 20 1 2 3 4567810 20
L/Ra L/Ra
L/H = 2.500 L/H =5.000
50000 50000
30000 30000
20000 20000
10000 10000
5000 5000
3000
__ 3000
2000 0.5 .g 2000 0.25
1000 & 1000
0.50
500 0.50 g
300 § 500
200 100 £ 288 1.00
100
50 100
gg 2.00 50 2.00
30
10 20
5 4.00 10 400
1 2 3 4567810 20 1 2 3 4567810 20°
L/Ra L/Ra

171



Pressure, p, (psi)

Pressure, p; (psi)

UFC 3-340-02
5 December 2008

Figure 2-97 Average Peak Reflected Pressure (N =4, I/L = 0.50, h/H = 0.25 and

0.75)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Pressure, p; (psi)

UFC 3-340-02
5 December 2008

Figure 2-98 Average Peak Reflected Pressure (N =4, |/L = 0.10, h/H = 0.50)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Pressure, p; (psi)

UFC 3-340-02
5 December 2008

Figure 2-99 Average Peak Reflected Pressure (N =4, |/L = 0.25 and 0.75, h/H =

0.50)
Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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UFC 3-340-02
5 December 2008

Figure 2-100 Average Peak Reflected Pressure (N =4, I/L = 0.50, h/H = 0.50)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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UFC 3-340-02
5 December 2008

Figure 2-101 Scaled Average Unit Reflected Impulse (N=1, I/L =0.10, h/H =
0.10)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-102

UFC 3-340-02
5 December 2008

Scaled Average Unit Reflected Impulse (N =1, I/L = 0.25 and

0.75, h/H=0.10)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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UFC 3-340-02
5 December 2008

Figure 2-103 Scaled Average Unit Reflected Impulse (N =1, I/L =0.50, h/H =
0.10)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-104
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UFC 3-340-02
5 December 2008

Scaled Average Unit Reflected Impulse (N=1, I/L =0.10, h/H =

Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-105 Scaled Average Unit Reflected Impulse (N =1, I/L = 0.25 and
0.75, h/H = 0.25)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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UFC 3-340-02
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Figure 2-106 Scaled Average Unit Reflected Impulse (N =1, I/L =0.50, h/H =
0.25)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-107
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Scaled Average Unit Reflected Impulse (N=1, I/L =0.10, h/H =

Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-108

UFC 3-340-02
5 December 2008

Scaled Average Unit Reflected Impulse (N =1, I/L = 0.25 and

0.75, h/H = 0.50)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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UFC 3-340-02
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Figure 2-109 Scaled Average Unit Reflected Impulse (N =1, I/L =0.50, h/H =
0.50)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-110
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Scaled Average Unit Reflected Impulse (N=1, I/L =0.10, h/H =

Numbers adjacent to curves indicate scaled range (ft/Ib'?)

L/H = 0.625

2000

1000
700
500
300
200

100
70
50
30
20

4

N W O ~N O

N

4 5678 10
L/Ra

L/H =2.500

3

N

5000

3000
2000

1000
700
500
300
200

100
70
50
30
20

~

N

3 4 5678 10
L/Ra

N

0.25

i/w! (psi-ms/Ib"3)

W

0.50

1.00

2.00
4.00

0

0.25

i/w' (psi-ms/Ib"3)

0.50

1.00

2.00

4.00

0

185

L/H =1.250

5000

3000
2000

1000

500

300
200

100

50

30
20

10

N

5000

3000
2000

1000
700
500
300
200

100
70
50
30
20

~

N

3 4 5678 10

L/Ra
L/H = 5.000

/

N

3 4 5678 10
L/Ra

N

0.25
0.50
1.00
2.00

4.00

0

0.25

0.50

1.00

2.00

4.00

0



i/w! (psi-ms/Ib"3)

i/w'? (psi-ms/lb'?)

V

Figure 2-111

UFC 3-340-02
5 December 2008

Scaled Average Unit Reflected Impulse (N =1, I/L = 0.25 and

0.75, h/H = 0.75)

Numbers adjacent to curves indicate scaled range (ft/Ib"?)
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Figure 2-112
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Scaled Average Unit Reflected Impulse (N =1, I/L =0.50, h/H =

Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Scaled Average Unit Reflected Impulse (N =2, I/L =0.10, h/H =

Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-115 Scaled Average Unit Reflected Impulse (N =2, I/L =0.50, h/H =
0.10)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-117 Scaled Average Unit Reflected Impulse (N =2, I/L =0.10, h/H =
0.25)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-118 Scaled Average Unit Reflected Impulse (N =2, I/L =0.25, h/H =
0.25)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-119 Scaled Average Unit Reflected Impulse (N =2, I/L =0.50, h/H =
0.25)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-121 Scaled Average Unit Reflected Impulse (N =2, I/L =0.10, h/H =
0.50)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
L/H = 0.625 L/H = 1.250
5000 10000
3000 2888
2000
3000
1000 2000
500 1000
& 700
309 = 500
200 %
£ 300
100 w200
R
50 0.25 g; 100
30 T 10 0.25
2 0.50 50
20
500 1.00
5 4.00 10 2.00
7
5 5 4.00
1 2 3 4567810 20 1 2 3 i/R56781° 20
L/RA A
L/H = 2.500 L/H = 5.000
10000 10000
7000 7000
5000 5000
3000 3000
2000 2000
1000
700 &~ 1000
500 o 700
300 g 500
200 % 300
Q.
= 200
100 025 =3 0.25
10 X 100
0.50
70 0.50
30 50
>0 1.00
30 1.00
2.00 2
10
] 4.00 2.00
5 10 4.00
1 2 3 4567810 20 1 2 3 4567810 20"
L/Ra L/Ra

196



idw'? (psi-ms/ib'3)

i/w'? (psi-ms/lb'?)

UFC 3-340-02
5 December 2008

Figure 2-122 Scaled Average Unit Reflected Impulse (N =2, I/L =0.25, h/H =
0.50)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-123 Scaled Average Unit Reflected Impulse (N =2, I/L =0.50, h/H =
0.50)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-124 Scaled Average Unit Reflected Impulse (N =2, I/L =0.75, h/H =
0.50)
Numbers adjacent to curves indicate scaled range (ft/Ib'?)
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Figure 2-127 Scaled Average Unit Reflected Impulse (N =2, I/L =0.50, h/H =
0.75)
Numbers adjacent to curves indicate 