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The ASCE Task Committee on Blast Resistant Design

This report was prepared to provide guidance in the blast resistant design of
petrochemical facilities.  Though the makeup of the committee and the writing of this
document are directed at petrachemical facililies, these guidelines are applicable to similar
design situations in other industrics. Those interested in this report should inciude
structural design engineers with dynamic design training and experience as well as
operating company personnel responsible to establish internal design and construction
practices.  The task committee was established because of a significant interest in the
petrochemical industry in dealing with costly process accidents, in interpreting
govermment safety standards, and in the desire to protect employees. One purpose of this

report is to help provide some uniformity to the current mix of internal and published
criteria,

This report is intended (o be a State-of-the-Practice set of guidelines, The
recommendations provided are based on published information and actual design, A
review of current practice, internal company standards, published documents, and the
current work of related groups was conducted The report includes a list of refere,ices to
provide additional information. The reference fist emphasizes an emphasis on readity
available commercial publications and government reports. Because of their relevance to
this report, several pubfications deserve mention here. Two widely used documents
dealing generaily with blast resistant design are JMS5-1300, Structures to Resist the Effects
of Accidental Explosions from the Department of Defense and ASCE manual 42, Design
of Structures to Resist Nuclear Weapons Effects.  Two publications which greatly
supplement chapters 2 and 3 are Guidelines Jor Evaluating the Characteristics of Vapor
Cloud Explosions, Flash Fires, and BLEVESs, and Guidelines for Lvaluating Process
Plant Buildings for External Explosions and Fires. These last two documents are from
the AIChE Center for Chemical Process Safety.

In helping to create a consensus set of guidelines, a number of individual and groups
provided valuable assistance and review. These include Ted Krauthammer of Penn State,
chairman of ACI committee 370 {Short Duration Dynamic and Vibratory Load Effects),
Paul Mlakar of Jaycor, chairman of the ASCE Task Committee on Physical Security, and
Quentin Baker of Wilfred Baker Engineering. Reviewers included Brad Otis of Shell Oil

Company, Al Wussler of EI Paso Natural Gas Company, and Eve Hinman of Failure
Analysis Associates.
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CHAPTER 1
INTRODUCTION

The focus of this report is on structural aspects of designing or evalualing
buildings for blast resistance. Generally this involves quantifying  the blast
overpressures that could result from accidental explosions, establishing the design
blast loads from these overpressures, setting the structural peclormance requirements,
and designing the bpilding structure to withstand these foads within the required
performance limnits.

Blast resistant design, or the structural strengthening of buildings, is one of the
measures an owner may employ to minimize the risk to people and facilities from the
hazards of accidental explosions in a plant. Other mitigative or preventive measures,
including siting (adequate spacing from potential explosion hazards) and hazard
reduction (inventory and process controls, occupancy limitations, cte.), are nol
covered in this report.

I.I  BACKGROUND

Process plants in the petrochemical industry handle hydrocarbons and other fuels
that can and have produced accidental explosions. Plants are designed Lo minimize
the occurrence of such incidents. Although such incidents may be relatively rare,
when they do occur the consequences can be extremely severe involving personnel
casualty and financial loss and potentially impacting public safety. In some instances
the consequences have involved plant buildings. For cxample, Klerz 1975 reports 18
fatalities due to the collapse of a control building in the 1974 Flixborough (UK)
explosion incident involving the accidental release of about 40 tons of cyclohexane.
‘The property loss was reparted to have exceeded 50 million dolars, Similarly, in the
US, recent petrochemical plant explosions have resulted in a significant number of
fatalities from the severe damage or collapse of buildings. The concentration of such
fatalities Th buildings points to the need (o design plant buildings 10 withstand
explosion effects in order 1o protect the people inside so that, at least, the buifding
does not pose an added hazard to the occupants. In addition to persannel safety,
some companies in the industry also consider blast resistance for certain critical




buildings such as control centers, even if unoceupied, to minimize the impact of
accidental explosions on plant operation.

For buitdings, usually the overpressure from the blast wave is the most damaging
feature of an accidental explosion in a process plant. However, in addition to the air
blast effects, such incidents can result in fires, projectiles and ground transmitted
shocks that also can be damaging to buildings and their contents.

Historically, blast resistant design technology in the petrochemical industry has
evolved from equivalent static loads and conventional static design methods
(Bradford and Culbertson), to simplified dynamic design methods that take into

. account dynamic characteristics and ductility of structurgl compenents, and based on

TNT equivalent blast toading (Forbes 1982), and {inally to more complex and rationat
methods involving vapor cloud explosion models to characterize the blast loading and
nonlinear multi-degree of freedom dynamic models to analyze the building structure.
Current practices within the industry appear to cover all these approaches. This
report is intended to provide guidelines on the various methods available for the
structural design of blast resistant buildings in petroleum and chemical process plants,

1.2 PURPOSE AND SCOPE

- The purpose of this ASCE report is to provide a guide to design engincers and
athers in the petrochemical industry involved in the design of new blast resistant
buildings and in assessing existing buildings for blast resistance. It provides the basic
considerations, principles, procedures and details involved in structural design and
evaluation of buildings for blast overpressure cffcets,

This report focuses primarily on “how to” design, or evaluation of buildings for
blast resistance once the bast loading is defined for a postulated explosion scenario.
Chapter 2 discusses the basic philosophy and general considerations involved in
establishing design requirements for blast resistance in buildings to resist the effects
of accidental explosions in petrochemical processing plants, Chapter 3 describes the
types of explosions that may occur and the general characteristics of the resulting
blast load, but does not prescribe magnitudes for design. The chapter provides a brief
review of the approaches used in the industry to quantify blast loads for design
burposes and gives typical examples of such loads. In Chapter 4 the types of building
construction appropriate for various levels of biast resistance are discussed. The
dynamic ultimate strength desipn criteria, including the dynamic material properties
and deformation limits applicable to blast resistant design are covered in Chapter 5.

The methods and procedures for blast resistant design can vary considerably in
complexity, accuracy, cost and efliciency from simple conventional static design
approach to complex transient nonlinear, multi-degree of freedom dynamic design
methods. To assist designers in striking a balance amongst these, Chapter 6 provides
a discussion of the various blast resistant analysis methods, identilying the main
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features, advantages and disadvantages of each method. Cha.plcr 7 outlines
recommended procedures and provides aids for the design ofll.lc various ccrflponcnts
of reinforced concrete, reinforced masonry and structural stect buildings. (_,impacr 8
provides some typical structural details for doors and frames, wall penctrations, :}nci
connections for steel and reinforced concrele components, Blast protection
considerations for non-structural items such as interior details, \lmndows, openings,
and HVAC ducts are covered in Chapter 9. Chapler 10 gives guldancrf on strategics
for evalualing the blast resistance of existing buildings and provides practical
measures for upgrading masonry and metal building‘s, the most common types of
building construction for plants in the petrochemical industry. Design examples are
provided in Chapters 11 to 13 to illustrate the use of these procecures and tools in
the design of typical buildings for blast resistance,

L3 RELATED INDUSTRY GUIDELINES, SPECIFICATIONS AND CODES

Currently, there are no specific industry standards or gL!i(IC]iI‘I(".S for blast resistant
design of process plant buildings. However, the design practices .uscd by some
operating companies and contractors are based on a number of existing documents
dealing with this subject including:

a. Siting and Construction of New Control Houses for Chemical Manufacturing
Plants, (8G-22), Chemical Manufacturing Association.

b An Approach to the Categorization of Process Plant Hazerd and Control
Building Designs, (C1A 1992), Chemical Industries Association,

c. Design of Struciures to Resist Nuclear Weapons Fiffects, (ASCE Manual 42),
American Socicty of Civil Engincers

d. Structures to Resist the Iiffects of Accidentul Lxplosions, (TM5-1300),
Department of the Army, Navy, and Al Force.

The $G-22 and CIA documents are similar and cover the siting, design and
construction of control buildings in petrochemical plaats for a specified sct of ‘I'NT.
cquivalent blast loads and the simplificd dynamic (claslo-[?laslic, single degree of
freedom} design approach.  The other documents, C.I(Ed .abovc, are moere
comprehensive but are generally geared to design for high-yicld cp-cplomycs. for
military and munitions applications. However, the fundamentals and design pr.mcmlcs
covered in these documents are applicable to designs for other types of explosions.

In addition 1o the publications cited above, the Amcricanl Institute of (Il\cn?icnl
Engineers, Center for Chemical Process Safety (CCPS) committee and the Amcrt(.;:m
Petroleum Institute (AP1) recently have addressed various aspects of bIzEsl protection
technology relevant to this report. In particuiar, CCPS has dcvc[npc.:d (fl'h’f{('fn’.'f{'.\'{/(”'
Fvaluating the Characteristics of Vapor Clowd Fxplosions, {ash Fires, and
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BIEVEs (CCPS Ex plosion Guidelines), and Guidelines for Lvaluating Process Plant
Buildings for External Lxplosions and Fire (CCPS Building Guidelines), API and
CMA have published a recommended practice titled Management of Hazardy

Associated With Location of Process Plant Buildings (AP1 RP-752).

L.4 BLAST RESISTANT DESIGN PROCESS

The overall process involved in the evalvation and design of petrochemical plant
buildings for explosion hazards is iltustrated in Figure 1.1, This flowchart shows
fifieen basic steps in the overall blast assessment and design process, as follows:

2. Define Scope: Steps 1 and 2 are to define the owner's requirements and
needs for the building,

b, Anaiyze Explosion Hazards: Steps 3 and 4 are to identify the explosion

scenarios Lo be used to quantily the design blast overpressures (sce Chapter
3.

¢. Determine Performance Criteria: Step 5 is to determine how the building
should perform during the explosion scenario (see Chapter 3),

d. Determine Blast Loads: Step 7 is to determine the blast loadings for the
various componems of the building (see Chapter 3).

e. Select Structural System and Material and Response Criteria: Steps 6, 8, and
9 are to choose the structural materials and systems for the building and the
associated structural properties and response limits consistent with the
performance requirements for the building (see Chapters 4 and 5).

. Perform Structural Analysis and Component Design: Steps 10 to 12 are 1o

select and perform the level of struclural calculations appropriate for the
particular situation (see Chapters 6 and 7).

8. Finalize and Detail Design:  Steps 13 to 15 are te proportion and detail
building components and document design (sec Chapters 8 and 9),

Itis expected that the owner will provide or direct items a, b and ¢, {steps 1 to 5).
[G(OVIAY Huilding Gridelines, COPS Explosion Guidelines, and API RP-752 provide
guidance on these steps. The design engineer's responsibilities fall in d to g (steps 6
lo 15) of the process. These steps are the main focus of this ASCE report,

Owner Spees
& Standards

2
3 Duilding Requirements:
Explosion Hazard Criticalily, Oceupancy,
Identification Layout, Siting, elc.

’ ’ | ” :
Standord Sile Lixisting 5
Praclice Study

3 ®
e [ Building Performance
Frec Pield Requirements
Blast Paramucters
: :
Sclect Materials & Mnlcri:'li
Companeat Structural Sysiem 'roperties
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i 1] [0 9
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Method Member Sizes Limils
Equivalent|i gy | [MpOF
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[ ] i
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No i
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FIGURE 1.1: Petrochemical Buildings, Blast Resistant Design Process
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CHAPTER 2
GENERAL CONSIDERATIONS

2.1 INTRODUCTION

The n;ed and requirements for blast resistance in plant buildings within the
petrochemical industry have evolved over recent years. Petrochemical processes
have b_ecomc more complex and plants have increased in size thus increasing the risk
of acc;dcntgl explosions, Such explosiens have demolished plant buildings, in some
cases rgsu]tmg in substantial personnel casualtics and business losses. Sut’:h events
have }1eighlened the concerns of the industry, plant management, and regulatory
agencies .about the issues of blast protection in plants having t'he potential for
explosions, Cfenera[ly, these issues relate to plant safety and risk management to
prevent or minimize the occurrence of such incidents and to siting, design, and

Constwction p!’actices fbl plant bu]ldings 1o miti ate ‘hc eHcclS o)
. n W
l . g pEant Of kers and

. T.his c!zaptc{ covers the general considerations pertaining to the design of plant
buildings 1o resist the effects of accidental explosions in petrochermical plants. First
the rele\:rarzt regulatory requirements are briefly discussed. Next is a discussgon of
current industry practice and the objectives for providing blast resistance in plant

buildings. In Section 2.4, some factars are discussed on how to identifs

ildi ! the plant
buildings Iha.t should.bf_: considered for blast resistance. Siting plays a zey rori)e in
blast protection of buildings in a plant. Oflen the need for blast protection has to be

weighed against functional or operation ) iti i
/ . ; al needs. These siting considerati
discussed in Section 2.5. s aions are

2.2 OSHA REQUIREMENTS

The Genera! Duty Clause of the Occupational Safety and Health Act (OSHA) of
1970 states that “Each emplayer .. shall furnish to each of his employees
employnjcm and a place of employment which are free from recognized hazards tha;
are causing or are likely to cause death or serious physical harm to his employees;..."
More .spcmﬁcaiiy, Scction (e}(3) of 29 CFR 1910.119 states that process haz,;t;d
analysis shall address facility siting. OSHA has recognized and pointed out the

2-1

potential hazards associated with process control centers of normal construction,
Appendix C 13 of 29 CFR 19/0.119 states "The use of process control cenlers or
similar process buildings in the process area as safe arcas is discouraged. Recent
catastrophes have shown that a large life loss has oceurred in these structures because
of where they have been sited and because they are not necessarily designed 1o
withstand overpressures from shockwaves resulting [rom explosions in the process
areg.”

2.3 OBJECTIVES OF BLAST RESISTANT DESIGN
The primary objectives for providing blast resistant design for buildings are:

a. personnel safety.
b. controffed shutdown,
¢. financial consideration,

Blast resistant design should provide a level of safely for persons in the building
that is no less than that for persons outside the building in the event of an explosion.
Evidence from past incidents have shown that many of the fatalities and serious
injuries were due to collapse of buildings onto the persons inside the building. This
objective is to reduce the probability that the building itself becomes a hazard in an
explosion,

Preventing cascading events due to loss of control of process units not invoelved in
the event is another objective of blast resistant desipn. An incident in one unit should
not affect the continued safe operation or orderly shutdown of other units,

Preventing or minimizing fnancial losses is another objective of blast resistant
design.  Buildings containing business information, crilical or essential equipment,
expensive and long lead time equipment, or equipment which, il destroyed, would
constitute significant interruption or financial loss to the owner, should be“pmicc!cd.

2.4 BUILDINGS REQUIRING BLAST RESISTANT DESIGN

The decision regarding blast resistant requirements is made by the owner,
typically through standard practice or by following a site specific methodology as
described in CCPS Building Guidelines or AP IP-752. Both decision mechanisms
may employ a plant classtfication or categorization approach based on the severily of
blast hazards.

The requirements for the building are greatly influenced by the factors of distance
from blast source, criticality of the function, and expected occupancy. For example, a
critical building sited far enough from a poifhtial blast source may not need increased
blast resistance. But if' a remote location is unavailable, or proximity of the building

2.2
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to the unit is important, then the chojce may be to provide a high level of blast
resistance.

One should keep in mind that every building has some level of blast resistance and
the term is not synonymous with a bunker design. Blast resistant construction is
sometimes referred to as “blast proof™ This is a misnomer since it is not realistic to
provide an absolute leve! of blast protection. In other words, there is always some
probability that a design basis event can be exceeded.

When a building or installation is not sited far enough away from a blast source,

the building is potentially exposed to damaging overpressures. A blast resistant
design is then recommended if either of the following apply:

a. The building meets the owner's occupancy criteria (AP RP.752). Even
where evacuation is used as a mitigation strategy, blast resistance should be
considered for occupied buildings because complete evacuation is unlikely in

the short response time due to the number of occupants or size and layout of
the building,

b. The building or installation is cxpecled to perform critical services. One
critical service is where procedures require that personnel remain inside
during an accident to regain, or maintain control, or to safely shut down
operating units. Another critical service is where a building controls multiple
units or controls a particularly high risk unit, Risk relates to the volume of

stored flammables, the proximity to a blast source, and the consequences of a
major accident.

3,5 SITING CONSIDERATIONS

The siting of a typical plant building is unlikely to be based upon & single factor,
Hazards, exposures, fiture expansions, and spacing establishes the selected site,

Siting a plant building should consider the hazards in the adjacent and nearby
processing operations and the possible results of an incident involving these hazards.

As a minimum, blast resistant buildings should be sited to mect the appropriate
guidelines for fires such as those in IR7 1984 and company engineering practices,

Blast protection can be provided by adequate spacing from a potentizl hazard or

by strengthening the building, Spacing should be the primary choice in providing blast
protection.

Generally, buildings designed for conventional loads can be siled in areas where
the peak side-on overpressure is less than 1.0 psi (6.9 kI'a) or the side-on impulse is
less than 30 psi-ms (207 kPa-ms). This can be implied by the provisions of Dol
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6055.9-STD and TM 5-1300. DoD 6055.9-5TD stales that at l}]e “Inhabited Bui!;i;’ng
Distance” (where peak side-on overpressure is 0.9 to 1.2 psi, or 6.2 tp ?.3 c:;ﬂ
unstrengthened buildings can sustain damage less than five percent of %hc;ep acem '
cost and personnel are provided a high degree of protection from death or seriou

injury.
When siting buildings one should consider the following:

a. Buildings should be oriented such that the short side faces the most probable
explosion source. :

b. Buildings housing personnel not required for actual operation of the unit
should be sited as far away as possible.

¢. Buildings should be sited away from areas of congestion and confincment as
these contribute to the severity of the explosion.

d. Buildings should not be sited downhill from potential release sources of
heavier thap air materials,

¢. Buildings should not be sited in prevailing downwind direction [rom polential
release sources.
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CHAPTER 3
DETERMINATION OF LOADS

3.1 INTRODUCTION

The preceding chapters discussed the considerations involved in deciding the need
for blast protection for buildings located in petrochemical plants.  Structural
strengthening, or design to resist the effects of accidental explosions, was identified
as one of the options available 1o achieve the appropriate level of blast protection.
Blast resistant design requires that the loads from such events be quantified and that
the structural performance requirements be established for buildings subjected to
these loads. Methods (o determine the blast loading and structural performance limits
are well established in 73 5-7300 for buildings exposed to explosions from TNT or
other high-yield explosives in military applications and munitions plants. However,

this is not the case for the kinds of accidental explosions that have occurred in
petrochemical plants,

This chapter provides general information on the characteristics of blast loads. A
detailed discussion can be found in several publications including Baker /983 and
'(.‘(.‘!’S Explosion Guidelines. The chapter afso discusses how explosions that occur
in process plants are characterized in order to determine the blast loads for structural
design.  First, Section 3.2 discusses the types of explosions that may occur in
petrochemical plants.  Section 3.3 provides a description of the basic parameters
which define a blast wave. Some of the methods currently in use in the industry and
same blast overpressure values for accidental explosions used for design are covered

in Scct_ion 3.4 Finaily, Seetion 3.5 provides a method for determining the blast loads
on various parts of a rectangular building.

3.2 TYPES OF EXPLOSIONS

Lxplosions in the petrochemical industry can be classified into four basic types:
Vapor Cloud Explosions, Pressure Vessel Explosions, Condensed Phase Explosions,
f'md Dust Explosions.  Baker 1983 and CCPS Explosion Guidelines also provide
mnlormation for characterizing some of these types of explosions,
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3.2.1 Vapor Cloud Explesions

Four conditions are necessary for a vapor cloud explosicn (VCE) with damaging
overpressures to occur (ref. CCPS Explosion Guidelines).

First, there must be & release of a fanumablc material sl suitable conditicns of
pressure or temperature. These include fiquified gascs under pressure, ordinary
flammable liquids (especially at elevated pressures andfor temperatures), and
flammable gasses. When a flammable liquid spills, some or all of it will vaporize
andfor form an aerosol. This dispersion is called a vapor cloud.

Second, ignition must be delayed long enough for a vapor cloud of sufficient size
to form. Maximum flammable cloud size is usually reached in 30 to 60 scconds, so
the ignition delay is not long. If ignition occurs nearly instanily, a fire or fircball, but
not a VCE, would occur.

Third, the fuel-air ratio of a sufficient amount of the vapor clot:d must be in the
flammable range. The more uniform the fuel-air mixture, pear the stoichiometric fucl-
air ratio, the stronger the explosion.

Finally, there must be a flame acceleration mechanism, such as congested areas,
within the flammable portion of the vapor cloud. The overpressures produced by a
vapor cloud explosion are determined by the speed of flame propagation through the
cloud. Objects in the flame pathway (such as congested arcas of piping, process
cquipment, etc.) enhance vapor and flame turbulence. This turbulence results in a
much faster flame speed which, in turn, can produce significant overpressures,
Confinement that limits fflame expansion, such as solid decks in multj-leve! process
Structures, also increases flame speed. Without Rlame acceleration, a large fircbalt or
flash fire can result, but not an explosion.

Thus, the center of a VCE is nol necessarily where the flammable material is
released, the point of ignition, or the center of the vapor cloud, Rather, the center of
a vapor cloud explosion is usually an area of congestion/confinement within the vapor
cloud. If there are multiple areas of congestion or confinement within the Nlammable
portion of a vapor cloud, multiple explosions can oceur as the flame [ront propagates
through each congested/confined area.

3.2.2 Pressure Vessel Explosions
In petrochemical plants, vessel explosions may occur as one of several subtypes:
a. Deflagrations and Detonations of Pure Gases Nat Mixced with Oxidants:

Acetylene is an example of a gas that would undergo a self-sustaining
decomposition that refeases energy. Acetylene can burn with the oxygen in
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the air as cither a deflagration or a detonation, However, acetylene alone,
with no oxygen, can also deflagraie or detonate.

b. Combustion Deflagrations and Detonations in Enclosures: These can be
fueled by gaseous, liquid, or dust particle fuels {see Dust Explosions, below).

IT an enclosure is too weak to sustain the pressure resulting from the
combustion, it wili explode,

¢. Runaway Exothermic Chemical Reactions: Many industrial chemical
reactions are exothermic, i.e. they release energy. Certain reactions can go
into accelerated (runaway) conditions if the released energy is not removed
fast enough. If a containment vessel has insufficient venting capabilities,

considerable pressure can build up. If this pressure exceeds the pressure
capabilities of the vessel, it will explode,

d. Simple Overpressure of Lquipment with Nonreactive Gaseous Contents:
These are also called mechanical explosions. Rupture of pressure vessels due

to overpressure may occur if human error or anciliary equipment failures
allow too high an internal pressure to accumulate.

e. Physical Vapor Explosions: Physical vapor explosions occur when two
streams of widely differing temperatures mix suddenly, such that the cooler
liquid Nashes rapidly to vapor and generates a pressure beyond the pressure
capability of the container. The container thus explodes. Foundries may

experience such explosions if molten metal is accidentally poured into a moist
mold, or water into hot oil.

i Boiling Liquid Expanding Vapor Explosions (BLEVE): This occurs when a
large amount of pressurized liquid is suddenly vented to the atmosphere as the
result of a containment vessel rupture. The rupture may be from a number of
causes, but often it is from excessive heating by external fire that contacts the
vessel walls above the liquid level. In this case, the vessel is not pressured
above its rated pressure, but is weakened by the heat. Much of the liquid
flash vaporizes, and much of the remainder is broken up into aerosol droplets.
The vapor aerosol mixture is typically ignited as the material is suddenly
vented to the atmosphere. The combustion rate is fimited to the rate at which
air can mix into the fuel. In terms relative to the speed of flames, the rate of

mixing with air is relatively slow. A huge, biffowing, highly radiant fireball
results, and a pressure wave may also occur.

3.2.3  Condensed Phase Explosions

Condensed phase materials are those in the liquid or solid pkase, in contrast to
gascous phase. The classic exampie of condensed phase materials that can detonate
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FIGURE 3.1: Characteristic Shapes of Blast Waves

are high explosives. Some materials found in petrochemical plants have properlies
that cause them to explode under upset process conditions.

3.2.4 Dust Explosions

Suspensions of finely divided combustible solids (lammable dusts) can cxplodg in
much the same fashion as flammable gases. 1t is significant that, in a dust suspension
in air, small concentrations of fiammable gas, even well below the lower flammable
limit of the gas, can contribute to a more severe explosion than that of the dust alone.
Such mixtures are called hybeid mixtures.

3.3 BLAST WAVE PARAMETERS

For blast resistant design, the most significant feature of an °*5"°5i°". is the
sudden release of energy to the atmosphere which resulls in a pressure transient, or
blast wave. The blast wave propagates outward in all directions from the source at
supersonic or sonic speed. The magnitude and shape of the blast wave depgnds on
the nature of the energy release and on the distance from the cxplosion epicenter.
The characteristic shapes of blast waves are shown in Figure 3.1

The two types of blast waves are:

!

a. Shock Wave: This has a sudden, almost instantaneous rise in pressure above
ambient atmospheric conditions 1o a peak free field (side-on or incidgnt)
overpressure, The peak side-on overpressure gradualiy returns to ambl?nt
with some highly damped pressure oscillations. This resulis in a ncgative
pressure wave following the positive phase of the blast wave.
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b. Pressure Wave:  This has a pradual
overpressure followed by a g
similar to that for a shock wave,
Shock waves in the near and far ficlds usuall

detonations, or from an extremely energetic vapor cloud explosion,

cloud deflagrations will give rise 1o

propagate as a shock wave, or “shock-up,” in the far field.

The negative phase of a shock or
gradual than the positive phase, and
design. For situations where the ne
reader is referred to 7Af 5-7300 for the characterization and treatment of this loading.

In Figure 3.1, the time over which the
as the positive phase duration, or simply d
curve is the impulse of the bl

ast wave. Consequently,
is defined as foliows:

the positive phase impulse, I,

L= {p@a (3.1)

=0.5P, 1y fora triangular wave
=0.04 P, 1y, for a half-sine wave

=C Py ly, fOr an exponentially decaying shock wave

where,
P(1) = overpressure function with respect to time
Pw = peak side-on, or incident, overpressure
l = duration of positive phase
¢ =avalue between 0.2 and 0 5 depending on P,,

3.3.1 Blast Wave Parameters For Biast Loading

For blast resistant design of buildin

g5, the principal parameters of the blast wave
required to define the blast loading for

a building's components are

*  Peak side-on positive overpressure, P

corresponding positive impuise, 1,
Peak side-on negative pressure (suction), |7
the associated negative impulse, [,

1, POsitive phase duration, ty, and the

w, Negative phase duration, 1, and

The blast wave attenuates as jt propagates outward from the explosion epicenter.
Consequently, 1he values of peak overpressure angd impulse decrease with distance
while the duration 1ends 1o increase. Values for these blast wave parameters can be
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pressure rise to the peak side-on
radual pressure decay and a negative phase

y result from condensed phase

Most vapor
pressure waves in the near field which may

pressure wave is usually much weaker and more
consequently is usually ignored in blast resistant
gative phase blast loading may be important, the

blast wave overpressure lasts is referred to
uration. The area under the pressure-time

determined from published data in the form of scaled values (overpressure, impulse or
duration} as a function of scaled distance. 7Af 5-1300 provides data on high energy
condensed phase explosives while Baker 1983, TNOQ 1985, and CCPS !z‘xp."o.w:rm
Guidelines provides values for vaper cloud explosions according to their respective
models. These sources do not provide data on the negative phase of the blast wave
from a vapor cloud explosion. Because negative phase pressures arc refalively small,
and oppose the primary lateral force, it is usually conservative (o ignore them for

design. The values of blast overpressure and duration appropriale for petrochemical
design are discussed in Section 3.4.

In addition to peak overpressure, duration, and impulse, other blast wave

parameters that may enter into the determination of the blast loads for a structure
include:

*  Peak reflected pressure, I,

* Peak dynamic (blast wind) pressure, q,
* Shock front velocity, U

* Blast wave length, L.,

Usually these secondary parameters can be determined from the primary blast
wave parameters as discussed below.

3.3.2 Peak Reflected Pressure, P,

When the free field blast wave from an explosion strikes a surface, it is rellecied.
The effect of this blast wave reflection is that the surface will expericnce a pressure
much more than the incident side-on value, The magnitude of the refiecied pressure
is usually determined as an amplifying ratio of the incident pressure:

P.=CP, (3.2)
where,

C, = reflection coefficient

The reflection coefTicient depends on the peak overpressure, the angle of
incidence of the wave front relative o the reflecting surface, and on the type of biast
wave. The curves in Figure 3.2 shows reflection coefficients for shock waves and
pressure waves, for angles of incidence varying from 0° (wave [ront parafiel to

surface} to 90° (wave front perpendicular to surface), and for peak overpressures up
to about 5-times atmospheric pressure,

For peak overpressures up to 20 psi (138 kPa), the expected range for most
accidental vapor cloud explosions, Newmark 1956 provides a simple Tormula for the
blast wave reflection coefficient at normal, 0°, incidence as lollows:
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FIGURE 3.2: Blast Wave Reflection Coefficient vs, Angle of Incidence
(from TNO Green Book)
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Co=P /Py =(2+0.05P,) (P, in psi) a.3)
(
= (2+0.0073 P,y) (Pso in kPa)

The duration of the reflected pressure depends on the dimensions of the reflecting
surface, up to a maximum time approximately equal to the positive phase duration of
the incident blast wave. This upper limit corresponds to the total reflection of the
enlire blast wave without any diffraction around the edges of the reflzeting surface.
Turther details of the duration are provided in Section 3.5, 1,

3.3.3 Dynamic (Blast Wind) Pressure, Qo

This blast effect is due to air movement as the blast wave propagates through the
atmosphere. The velocity of the air particles, and hence the wind pressure, depends
on the peak overpressure of the blast wave. Baker /983 and 7M 5-7300 provide data
to compute this blast effect for shock waves. In the low averpressure range with
normal atmospheric conditions, the peak dynamic pressure can be calculated using
the following empirical formula from Newmark /956

Qo =2.5 Py’ / (7 Po + Py} 0.022 P2 (psi) (3.4)
= 0.0032 P,.? (kPa)

where,
P, = ambient atmospheric pressure,

The net dynamic pressure on a structure is the product of the dynamic pressure
and a drag corfficient, Cs. The drag coefficient depends on the shape and orientation
of the obs.ructing surface. For a rectangular building, the drag cocfficient may be
taken as +1.0 for the front wall, and -0.4 for the side and rear walls, and roof’

The dynamic pressure exerts the dominant blast effect on open frame structures,
framed structures with frangible cladding, and on small structures or components
such as poles, stacks, etc. The dynamic pressure also influences, but to a lesser

extent, the net blast Joads on the walls and roof of an enclosed building as discussed
in Section 3.5,

3.3.4 Shock Front Velocity, U

In the free field, the blast wave from an explosion travels at or above the acoustic
speed for the propagating medium. TA 5-7300 provides plots of shock front velocity
vs. scaled distance for high energy TNT explosives. There are no similar plots
available for pressire wave propagation, However, for design purposes it can be
conservatively assumed that a pressure wave travels at the same velocity as a shock
wave. In the low pressure range, and for normal atmospheric conditions, the
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a) Shock Load b) Pressure Load

FIGURE 3.3: Idealized Shock and Pressure Logads

shock/pressure from velocity in air ¢

! : an be approximated using the following
relationship from Newmark 1954

U = 1130 (1 + 0. g5 p, )0

(ft/sec)
=345 (1 4 0.0083 p, )"

(3.5)
(m/scc)_
3.3.5 Blast Wave Lengih, L,

The Propagating blast wave a an

distance as the shock/pressure front travels outward from the explosion,  The

_ ambient over g distance L., the blagt
for high energy explosives can be obtained from 7af 5.

Lo = Ut (3.6)

3.3.6 ldealized Blast Wave Parameters

procedure, the generalized blast wave
X linearized, ag illustrated in

: . _ is simplified by using an
equivalen! shock loading which hag the same peak overpressure and impulse, This

sin.lp!_iﬁcmion is shown in Figure 3.4, The blast loads on the various parts of
building based on these simplified blast wave parameters are discussed in Section 3.5.

3.9

FIGURE 3.4: Idealized Equivalent Pressure Load

3.4 DETERMINATION OF VAPOR CLOUD DESIGN OVERPRESSURES

erpressures should be used, the
design blast loads are usually supplied by the facility owner. Considering the wide

within a single facility.
classify different plant
nd the process used.

The actual design over

pressures may be stated to the design engineer in 1wo
ways:

2. The simplest is a get blanket statement such as, “All buildings shall be
designed for a peak reflected overpressure of X psi (kPa), a peak side-on
overpressure of Y psi (kPa), and 2 duration of Z milliseconds."

b. A further refinement is 1o specify overpressures and durations based on the
distance between the structure and a potential source. The distanc
given in stepped blocks or & continuous function,
would then determine design loads ba

€s may be
The building designer
sed on the appropriate distance,

The basis for the above design criteria may have been

developed from a site
specific study, from commeonly used criteria, or fram historical '

data.

A site specific study is the most comprehensive approach. Site specific studies to
identify and quantify explosion hazards are usually conducted by the owner”
safety specialist or by specialty consultants, There are several steps whicl
taken, each of which may be done in a variety of wa
with some of the available methods. More det
Building Guidelines and APy p-752.

1 need to be
ys. The steps are outlined below
ailed information is available in (218
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1. Define the release: This step may be based on a worst possible case based on

the maximum amount of material within a process loop, or a worst probable
{credible} case selected from a hazards review.

2. Formation of an explosive cloud: This step is often done using two computer
models. The first is a source emissions model which calculates what happens
at the interface between the contained material and the atmosphere into which
it is being released. The second is a dispersion mode! which calculates how
the released material disperses and mixes with the air,

3. Amount of energy contributing to the explosion: This may be based on a
fraction of the total amount of material available or by determining the mass
of the cloud that is within the flammable limits, Tt may be further refined by
looking at the level of confinement within the area of the cloud,

4. Calculation of blast overpressure parameters: There are three major methods
m use today. One is the TNT Equivalency Method which gives inaccurate
results for vapor cloud explosions. The other two methods are the Strehlow
Curves from Baker 1983 and the Multi-Energy Method from TNO 7985.
Both provide a family of curves based on flame speed or explosion strength.
These curves are used to select dimensionless parameters which are then
unscaled to determine the actual overpressures.

Overpressures may be determined at the point of the structure closest to the
source and then applied to the entire structure. If the structure is large, the average
overpressure on the surface or the overpressure at the centroid of the surface may be
used. Normally a building should be designed considering the potential blast wave
from any horizontal direction, but not all directions simultaneously.

Commonly used criteria includes SG-22, and (74 7992, Both documents specify

at least two blast overpressures for buildings spaced 100 feet (30 meters) from a
vapor cloud explosion hazard as follows:

a. High pressure, short duration, triangular shock loading: Side-on overpressure
of 10 psi {69 kPa) with a duration of 20 milliseconds.

b. Lew pressure, long duration, triangular toading: Side-on overpressure of 3

Blast overpressures are specific to companies, processes and siles and it is
therefore impractical to quantify a uniform minimum or maximum biast overpressure.
A survey of the blast resistant design practices of some opierating companics and
contractors within the industry shows that blast resistant design is considered for
buildings 50 to 1,200 feet (15 to 365 meters) from vaper cloud explosion hazards,
However, most industry standards cover buildings in the 100 to 400 foot (30 10 120
meter) range. The blast foading specified varies considerably depending on plant
type, spacing and model used to quantify the explosion. Overall, the specificd blast
loads used for design have side-on averpressures ranging from 1.5 ta 15 psi (10 1o
103 kPa) with positive phase duration ranging from 20 to 200 ms. These oads are
for buildings spaced from 100 to 200 feet (30 to 60 meters) from an explosion
source. Generally, the greater the spacing, the lesser the overpressure and impulse,
but the longer the duration of the blast loading.

Historical data from industrial explosions are hard to accurately quantify as these
can only be approximated by back calculating from observed deformations of
structures, Blast overpressures from vapor cloud explosions are especially difficult to
quantify because they tend to be directional, come from multiple sources, and vary
with site conditions. Additionally, there is less information available than for high
explosives. In one company’s review of five recent vapor cloud explosion incidents,
as measured at a range of 200 1o 1,000 feet (60 to 300 meters), peak reflected
pressures in the range from 2 psi (14 kPa) with a 35 ms duration to 12 psi (83 kPa)
with & 33 ms duration have occurred. These pressures correspond to side-on
overpressures ranging from 1 psi (7 kPa) to 5.5 psi (38 kPa), An extensive list of this
type of explosion data is included in Lenoir /993,

3.5 BUILDING BLAST LOADING

To design a blast resistant building, the design engincer first has to determine
foads on the building as a whole and on each individual structural component such as
wall, roof, frame, etc. from the free field blast overpressure usurlly provided by the
facility owner. To establish these loads, the design engincer should understand the
interaction of the propagating blast wave with the building.

When a blast wave strikes a building, the building is foaded by the overpressure
and drag forces of the blast wave. The interaclion between the blast wave and a
structure is quite complex as shown schematically in Figure 3.5, Tor the purpose of

psi (21 kPa) with a duration of 100 milliseconds.

EU.Q'L

design, the resulting blast loading can be simplified, as illustrated in Figure 3.6, based
on the idealized shock wave discussed in Section 3.3.6. The blast wave in Figure 3.6
is shown traveling horizontally left to right. However, depending on the location of
potential explosion hazards relative to the building site, the blast could strike the
building from any direction and may, in the case of an elevated explosion source,
slant downward towards the building,

T mL A S T L o T T

These blast loadings have been widely used in the past for blast resistant design
throughout the industry. However, many owners have developed specific blast
loading crileria more in line with their specific circumstances. With advances in the
modeling of vapor cloud explosions (Baker 1983, CCPS Explosion Guidelings), the
trend is toward the use of VCE based blast loads.
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Depending on its distance and orientation, relative to the blast source, the
building and its components will experience various combinations of blast effects
(reflected overpressure, side-on overpressure, dynamic pressurc and negalive
pressure) discussed previously. Based on the owner specificd side-on overpressure
and duration, the design engineer can determine the blast loads for the various

components of the building, as illustrated below, for a closed rectangular box-shaped
building.

3.5.1 Front Wall Loading

The walls facing the explosion source will experience a reflected overpressure.
As discussed previously, the reflected overpressure amplification of the blast wave
depends on the angle of incidence, &, and on the rise-time, t,, of the side-on
overpressure pulse, For design purposes, the normal shock reflection conditions (=
0, t, = 0) should be assumed unless the specified design explosion scenario dictates
otherwise. However, in some cases oblique reflection (about 30° to 60°) may be
more critical to the overall building because the full reflected overpressure could load
two adjacent sides of the building. The reflected overpressure decays to the

stagnation pressure, P,, in the clearing time, L, as defined below and illustrated in
Figure 3.7,

pu = P)u + Cd qo (]7)




P
P / Equivalent Loading
:,ju_ p.';
o 2
¢ - t,=LU, 1,=LU+14
% t FIGURE 3.8: Roof and Side Wall Loading
;3;“ FIGURE 3.7: Front Wall Loading .
!" . ﬁ As a blast wave travels along the length of a structural e]ement,. the peak side-on
L e=35/U<y (3.8 overpressure will not be applied uniformly. it varies with both time and distance.
For example, if the length of the side wall equals the length of the blast wave, when
where, the peak side-on overpressure reaches the far end of the wal, the overpressurc at the
S = clearing distance, the smaller H, or B/2 near end has returned to ambient. A reduction factor, C., is used to account for this
M = building height effect in design. Values for C., see Figure 3.9, are dependent on the length of the
B = building width

structural element, L., in the direction of the traveling blast wave. Ef'th'e blast wave is
traveling perpendicular to the span, then L should be equal to a nominal unit widih

As indicated in Equation 3.8 and Section 33.2, the duration of the reflected of the element.

overpressure effect, i, should not exceed that of the free field positive overpressure,
Ly,

R

J

The equation for side walls is as follows:

4
g
. g
g
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:
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In order to use the dynamic response charts based on a triangular shaped load, the

: Py =Ce P+ Cs g 3.1
B bilinear pressure-time curve shown in Figure 3.7 can be simplified to an equivalent
?‘L, triangle.  This equivalent load is computed by equating the impulse for each load where,
E shape and using the same peak pressure, P, The impulse, I,, under the bilinear P, = cffective side-on overpressure
: pressure-time curve is:
;:, ‘ ' The side wall load has a rise time equal to the time it takes for the blast wave to
. =05 (PPt + 05 Py g (3.9 travel across the element being considered. The overall duration is equal to this rise
! E time plus the duration of the free-field side-on overpressure.
. The duration, t., of the equivalent Iriangle is determined from the following
;g equalion:
; E =2 /Pty L) PP, (3.10) 19
; =
. - P
% 3.5.2 Side Walls : A
;',{“ Cc » /I
. The side walls are defined relative 1o the explosion source as shown in Figure 3.6. . //
}P These walls will experience less blast loading than the front wall, due to lack of :
7 averpressure reflection and to attenuation of the blast wave with distance from the |
i E explosion source. In certain cases, the actual side wall loading is combined with T 01
other blast induced forces (such as in-plane forces for exterior shear walls). The 0.1 1.0 100

geaeral form of side wall blast loading is shown in-Figure 3.8, L. /L
w

FIGURE 3.9: Effective Overpressure Values {from TM 5-1300)
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3.5.3 Roof Loading dealing with this situation.

For a building with a flat roof (pitch less than 10°} it is normally assumed that . M 5'1302 provifdestriter}iIa comlfmi:‘f t?;v;c?:zj ‘;Voa]:jé?:ril?jeﬂtlt?:&i:ls:z;::fcma:z
reflection does not occur when the blast wave travels horizontally. Consequently, the extension of the roo . 11ough graphs are p tive bh AL ¢ fime of
roof will experience the side-on overpressure combined with the dynamic wind duration, for most typical control bu111c!ngs,fthe ];?SIUV‘ZPI Oal:}e will have a rise tim
pressure, the same as the side walls, The dynamic wind farce on the roof acts in the approximately $/U followed by a duration of t, (Figure 3.10b).
opposite direction to the overpressure (upward). Also, consideration should be given .
to variation of the blast wave with distance and time as it travels across a roof 3.5.5 Frame Loading
element. The resulting roof loading, as shown in Figure 3.8, depends on the ratio of . ) . _— . .
blast wave length 10 the span of the roof element and on its orientation refative to the In addition to the roof loading, the framing system for the fJiU”de “;;” cxklzcrjfff‘fc
dicection of the blast wave. The effective peak overpressure for the roof elements are the dltTractlm:a Ioadmg‘ which s the net !oadmg on thc.front an "cﬂlr walis takg i1 fi
calculated using Equation 3.11 similar to the side wall account the time phasing. During the time, L/U, that it takes }hc b fsst wave _so trave

. . from the front to the back of the building the structural framing will be subjected to
3.5.4 Rear Wall Loading the large horizontal unbalanced pressure on the front wall, Afier that time the front
- wall loading is partially offset by the rear wall loading. Figure 3.11 shows the general

Rear wall loading is normally used only to determine the net gverall frame form for the lateral frame loading.
loading. Because the rear wall load s opposite in direction to the front wall load, its . d Rebound Loadin
inclusion tends to reduce the overall tateral blast force. Rear wall effects are many 3.5.6 Negative Pressure And Rebound Loading

times conservatively neplected. , . . s
S The components of a building will also experience blast load efTects, opnposite in

3-i7 ' . 3-18

The shape of the rear wall loading is similar te that for side and roof loads, direction to thc‘ primary.blasl lf)ad Zﬁ';c]ts, ddug ;ozth%gﬁgai:ee?;::(ivffﬁiﬁgnig;}::j
however the rise time and duration are influenced by a not well understood pattern of blast wave as discussed in sccfhonsth. ; zn | ckftlzct: of the oscr ressure loading, As
spillover from the reof and side walls and from ground reftection cffects. The rear of the structural components trom the 1;.1(: a are generally i ngrcd since lhcy. are
wall blast load lags that for the front wall by L/U, the time for the blast wave to travel notcfﬂ above, the negative prets'i_urg i.orces orr c%oud cxy EogSim_]S Mooy o

’ the length, L., of the building. The effective peak overpressure is similar to that for relatively small or are ?nq:anbl ifd' ’or hvap]d be ade uaF:el detailed to pc;Forlll
side walls and is calculated using Equation 3.11 (P, is normally used to designate the structural components of the building shou qb Y ified from the time
rear wall peak overpressure instead of P)). Avaitable references indicate two distinct satisfactorily for the rebound cffects. These effects can ¢ Quantifie r?m 6
] i values for the rise lime and positive phase duration, history dynamic analysis of the structura) components as d}sa?s?scd in Chapter , or
; approximated by use of design charts such as provided in YA 35-1300 or ASCHE
E INO Green Book and ASCE Manual 42 use criteria that appears to be based on Maral 42.
tonger duration hlast loads. The positive phase has rise time of 4$/U and a total
l‘ duration of 1, {Figure 3.10a). Note that for blast loads of a moderate to short
g duration, the rise time may approach or exceed t,, Information is not provided on
P P
i; ' | L [— : P, |-
7 E b b Ps + CDQ 0-
! EVTIS 5o oy Ty ty t
. _ =LU+4S/U, 13=L/U+14 t=L/U+SIU, ty=t,+14 ’ (
L a) Based on TNO Green Book b) Based on TM 5-1300 FIGURE 3.11: Net Lateral Load on a Rectangular Building
g FIGURE 3.10: Rear Walt Loading (from TNO Green Book)
b
g
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APPENDIX
BLAST LOAD EXAMPLE

This example illustrazes the caleulation of blast loading on the components of a

building subjected to a shock wave traveling horizontally, The building dimensions
are as follows:

widith, B=93f  (28.4 m) 931
length, =670 (20.4 m) blast »
height, IT= 1500 (4.5 m)
15t
Biast Loading: 67/

A blast wave has been given and will be applied normal to the long side of the
building. It is farther determined that the distance to the explosion and the length of
the building are such that the overpressure and duration do not change significantly
over the length of the building. The biast {shock) wave parameters are as follows:

peak side-on overpressure, P,, = 6 psi (41 kPa) (Figure 3.3)
duration, t; = 0,05 sec
shock front velocity,
U = 1130 (1 +0.058 p,,)"*
= 1130 [1 +0.058 (6 psi)]*
=5L312 fifsec (400 m/sec)

{Equation 3.5)

lenglh of pressure wave,

(Equation 3.6)
Lo =U (1) = (1,312 Nsec) (0.05 sec) = 66 (20.1 m)

peak dynamic wind pressure,

=0 2 _ 2 . (Equation 3.4)
Qo = 0.022 (P.,)* = 6,022 (6 psi)“=08psi (6 kPa)

Front Wall Loading:

. The front wall is assumed 10 span vertically from foundation to roof. The design
will be for a typical wall scgment one foot wide,

reflected overpressure, {Equations 3.2 and 3.3)
Pe=[2+0.05 (P)] Py =[2 +0.05 (6 psi)] (6 psi) = 13.8 psi (95 kPa)

clearing distance,

i (Section 3.5.1)
S = minimum of H or /2 = 15 A (4.5 m)

reflected overpressure clearing time,

(Equation 3.8)
te=3(8/Uy<t4=3 (I5ft)/ (1,312 ftfsec) < 0.05 sec = 0.034 sec

drag coefficient, C4 = 1.0 (Sections 3.3.3)

stagnation pressure,
Py =Pu + Cs (ge) = (6 psi) + (1.0)(0.8 psi) = 6.8 psi {47 kPa)

(Equation 3.7)

front wall impulse, -

Ly =05 (P «-PM.+05D,t4
= 0.5 [(13.8 psi) - (6.8 psi)] (0.034 sec) + 0.5 (6.8 psi) (0.05 sec)
=0.289 psi-sec (2 kPa-sec)

(Eqguation 1.9)

effective duration,
1.=21,/ P =2(0.289 psi-sec)/ (13.8 psi} = 0.042 sec

(Equation 3.10)

Side Wall Loading:

The side wall is the same as the front wall, spanning vertically from foundation to
roof. Because the highest loads are on the front wall, a side wall analysis would only
be necessary to check the interaction of in-plane and out-of-plane shear wall forces.
This calculation will be for 4 wall segment, L1, 1 foot wide (0.3 m).
drag coefficient, Cq =-0.4 (Section 3.3.3)
equivalent load coefficient, (Figure 3.9)
Lu/Ly = (66 ) / (1 ft) = 66, therefore C, = essentially 1.0
equivalent peak overpressure, {Equation 3,11}
P.=Co P+ Cs Qo = (1.0) (6 psi) + (-0.4) (0.8 psi} = 5.7 psi {39 kPa)

rise time, (Figure 3.8)
t=L/U=(11)/(1,312 fi/sec) = essentially 0.0 sec

duration, ty = 0.05 sec

If an average overpressure over the entire side wall is needed, the value of L,
would then be the length of the building. The value of C, would then be less than onc
and thus reduce the value of P,. The rise time would become sighificant.
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Roof Loading:

The roof is a slab spanning between roof beams. For the design of the roof, a
section | foot wide by 8 feet long will be used.

Li=80f (24m)

drag cociliciem, Cy = -0 4 (Section 3.3.3)
equivalent load coefficient, (Figure 3.9)
Lo/ Ly = (86 1t)/ (8 A1) = 8.25, therefore Ce=09

equivalent peak overpressure, (Equation 3.11)
Po= CoPo+ Cygo= (0.9} (6 psi) + (-0.4) (0.8 psi)= 5.1 psi (35 kPa)

rise time,

(Figure 3.8)
=L/ U=(8R)/{1,312 ft/sec) = 0.006 sec

time of duration, 14 = 0.05 sec

lotal positive phase duration,
la =1, + ty = (0,006 sec) + {0.05 sec) = 0.056 sec

For & structural roof eiement oriented in the opposite direction, the lenpth of the
clemment in the direction of the traveling wave, L| would be only 1 foot. In this case,
like the side wali panel, there would be essentially no averaging necessary, '

If an average overpressure over the entire roof is needed, the value of L, would

then be the length of the building. The value of C. would then be reduced along with
the value of P,. The rise time would be greater.

Rear Wall Load:

The rear wall is proportioned the same as the front and side walls, spanning
vertically from foundation to roof. Because the highest loads are on the front wall, a

rear wall analysis would only be necessary to determine a net loading on the overali
building. The analysis will be for a wall segment 1 foot wide.

drag coeflicient, C3 = -0.4 (Section 3.3.3)

equivalent load coeflicient,

(Figure 3.9)
Lo /S={66M)/(150) = 4.4, therefore C. =0 .88

equivalent peak overpressure, {Equation 3.11)
Pu = Co Puat Caqu = (0.88) (6 psi) 1 (-0.4) (0.8 psi) = 5.0 psi (34 kPa)

3-21

time of arrival, (Figure 3.8)
=L/ U=(67ft) /(1,312 fV/sec) = 0.051 sec

rise time, {TM 5-1300 criteria)

4=S/U=(15R)/ (1,312 ftfsec) = 0.01] sec

duration, tg = 0.05 sec

total positive phase duration,
to =t 1y = (0.011 sec) + (0.05 sec) = 0.061 sec
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CHAPTER 4
TYPES OF CONSTRUCTION

4.1 INTRODUCTION

The design of blast resistant structures require the use of good design and
construction practices as well as a knowledge of the characteristics of the blast
loading and the behavior of structures and their components under these loadings.
/\ﬂc‘r determining the loading condition and the siting considerations, the engineers
participates in selecting the type of construction that is required to withstand the
potential loading condition, Although all types of construction provides some leve!

of blast resistance there are some types of construction that are more appropriate
than others.

Non-structural considerations such as safety, operation, architecture, cost and
owner preference may dictate the shape, orientation, and layout of a plant building,

In establ‘ishing these, however, the engineer should also consider the requirements for
blast resistant construction,

4.2 GENERAL CONSIDERATIONS

The most important feature of blast resistant construction is the ability to absorb
blast energy without causing catastrephic failure in the structure as a whole,
Construction materials in blast protective structures rmust have ductility as well as
strength. Furthermoare, in a plant explosion, a building will be exposed to a lateral
force resulting from the biast loading on one side. For a structure 10 exhibit any
measure of blast resistance, its frame and foundation must be capable of absorbing
this. large lateral load. This requirement is similar to that for earthquake resistant
des_xgm I general, structures and types of construction which are earthquake
fesistant are also (o some degree blast resistant.  Structure component parts must
possess adeguate deformation capacity to form the yield mechanism.

Rcinﬁ_}rccd concrete is gencrally considered the most suitable and economical
construct:on material for blast resistant buildings, especially for those close in to a
poiential blast source where they are likely to be subjected to relatively high
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overpressure and thermal effects in the event of an explosion.  However, pre-
engineered metal buildings, properly enhanced, can be used if sited at appropriate
distances from hazards.

Brittle material is not suitable for blast resistant structures. Unreinforced
concrete, brick, timber and unreinforced masonry are examples of this (ype of
construction material. Besides being vulnerable to catastrophic sudden failure under
blast overload, they provide a source of debris which can cause major equipmicnt
damage and serious personnel injuries when hurled by the blast. Timber and wood
products, used for plant buildings can become fire hazards. The principal criterion
for evaluating such construction is its mode of failure if severe overloading occurs.
This type of material should only be used in the exterior shell of a blast resistant
structure when adequate steel reinforcing is used to assure ductile behavior and
ductile frames are provided to give the structure lateral resistance to blast loads. Ifin
an otherwise ductile structure, brittle behavior of some eiements cannot be avoided,
as is the case for axially loaded reinforced concrete columns or for shear walls, the
macgin of safety for these elements should be increased; that is, their capacity should
be downgraded.

Generally, for given building volume, the cost of blast resistance increases with
the building height. A fow profile building experiences lower blast loads and
overturning effects compared with a tall structure. Buildings over two slorics in
height are, therefore, not recommended as blast resistant structures.

The plan (outline) and elevation profiles of a blast resistant building should be as
“clean and simple” as possible. Reentrant corners and offsets, in particular, should be
avoided. Such features, create local high concentrations of blast loading. The
orientation of the building should be such that the blast induced loads are reduced as
much as possible. This requires that as small an area of the building as possible
should face the most probable source of an explosion,

4.3 COMMON SYSTEMS FOR PETROCHEMICAL BUILDINGS

Ordinary building construction may provide some level of blast resistance,
However, certain features of ordinary building construction, such as large windows,
unreinforced masonry walls, and weak structural connections, could make these
buildings vulnerable to even low-level blast effects. Conventional construction
includes pre-engineered steel framing with metal cladding, and steel framing with
masonry or precast concrete walls.  Usually these buildings are designed only for
dead, live, wind, and seismic loads. These types of structures could withstand
(without collapse) blast loadings on the order of 1.0 psi (6.8 kPa) sidc-on
overpressure,  Qutlined below are types of common construction appropriate for
increasing levels of blast forces and decreasing spacing from potential hazards.
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FIGURE 4.1: Enhanced Pre-Engineered Metal Building

4.3.1 Enhanced Pre-engineered Metal Building Construction

Enhanced pre-engineered metal buildings are comprised of stee] frames with cold-
fc?rmed stec! panels supported on cold-formed steel girts and purlins as illustrated in
_F|gure 4.1. The steel frame is designed to resist all vertical and lateral loads. Design
improvements to erhance blast resistance can be achieved by:

Y Specifying closer spicing of steel rames

Using symmetric sections (back-to-back C-shapes) for girts and purling and
reducing their spacing.

[ncreasing size of anchor bolts and strengthening wall panel connections at the
foundation and at the rool”

Increasing the number of cladding fastencrs and using oversized washers to
reduce tear-out of sicling material.

Fixed base of columns

With enhancements, (hese buildings have blast resistance ranging from [ to 3 psi
(6.9 to 21 kPa) side-on overpressure,

4-3

4.3.2 Masenry Wall Construction

Reinforced masonry clad buildings are very similar to conventional commercial
buildings normally constructed to resist conventional loading. A structural siee! or
concrete frame is used to support vertical loads and in some cases to resist lateral
forces. Reinforced masonry is used for the exterior walls and is designed to span
cither vertically or horizontally. The reinforced masonry walls that run parallel with a
directional blast force can also be used as shear walls to transmit tateral forces to the
foundation. The reinforced masonry wall is altached to the building frame 1o tic all
components together and provide resistance to rebound forces, This type of building
can be economically designed to withstand blast loadings on the order of 3 psi {2!
kPa) side-on overpressure.

v 4 M . _:; f=1 [ uin I
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/ on Steel
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r I I @ T
Precast = | /(
R/C Wall “,'- Girder .
p—d r
i |
4 Column = |
. / Grade Slab '
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x| +PET
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FIGURE 4.2: Preeast Concrete Wall Building
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4.3.3 Metal Clad Construction

Metal clad buildings utilize conventional “stick-built" design and use hot-rolled
structural shapes for frame, girts, and purlins.  Metal siding or insulated sandwich
panels, with thicker gauge metal and more cennectors, are used for exterior walls,
Like pre-engineered metal buildings, the steel frame resists aii vertical and lateral
ioads. The connections are enhanced to develop the full plastic strength (ultimate
moment and/er shear capacities) of the structural members. This type of building can

be economicaily designed to withstand blast loadings on the order of 3 psi (21 kPa)
side-on overpressure

— - —
[ — (3
I } T it J
PLAN
R/C Roof Slab
/ on steel
v .'-\-..."-'-.‘g. LR ) - {
I I
R/C Wall~—. /
Girder L
11 ‘ |
/ Grade Slab Column
Y L YT ——yy o T
T X T 1}
z W |! |
SECTION

FIGURE 4.3: Cast-in-Place Concrete Wall Building
(steel frame)
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4,3.4 Precast Concrete Wall Construction

This type of construction uses precast concrete walls with steel or concrete
frames (Figure 4.2). The frame resists all vertical loads and precast shear walls resist
lateral loads. Ductile connections for precast panels are an important consideration.
Precast panels are made with embedded steel connection devices attached to the
building frame by bolting or welding, The roof is ususlly a concrete slab on metal
deck. The metal deck is attached to steel framing by studs or puddie welds. This
type of construction can be economically designed to withstand blast loading on the
order of 7 to 10 psi (48 to 69 kPa) side-on overpressure,

4.3.5 Cast-in-Place Concrete Wall Construction

Cast-in-place concrete construction {Figures 4.3 and 4.4) is used to resist
relatively high blast overpressures where precast concrete is not economical or
practical. Horizontal loads are resisted by shear walls. The structure depends on a
structural steel or concrete frame to support vertical loads, Thickness of the concrete
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FIGURE 4.4: Cast-in-Place Concrete Wall Building

(concrete frame)
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walls, and size and placement of the reinforcing steel, can be chosen to provide
resistance to any anticipated design blast loads. This type of construction would
norimally be required for side-on blast overpressures greater than 7 psi (48 kPa),

4.4 OTHER SYSTEMS

Under special circumstances

the following types of construction may be
considered.

441 Pre-Engincered Concrete Boxes

Pre-engineered concrete boxes can be used to provide smaller buitdings. These
buildings are manufactured in a factory, are pre-wired, come with HVAC installed
and are truck delivered to the site ready to be secured to a foundation and connected

to desired utilities. These buildings are economically designed 10 withstand 1 to 3 psi
{6.910 2] kPa} side-on OVerpressures,

4.4.2 Arch and Dome Structures

4.4.3 Earth Embanked Structures

Earth embanked structures can be used if space is available (Figure 4.6). When
possible, advantage can be taken of the high blast resistance of earth-covered
structures either above or below ground since this form of construction is extremely
resistant to high blast overpressures.  Disadvantages include additional space

required, non-conventional appearance, and effects of site conditions such as high
waler table.

Ribbed R/C Arch

/ L Suspended Floor \

_W% &w

FIGURE 4.5: Arch Building

4.7

Earth Embankment

FIGURE 4.6: Earth Embanked Building
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N CHAPTER 5
DYNAMIC MATERIAL STRENGTH AND RESPONSE CRITERIA

5.1 INTRODUCTION

Desipn ‘cf Struclures 1o resist the effects of accidental explosions at petrochemical
plants requires 2 knowledge of the dynamic properties of Sstructural materials a5 well
as the allowable responses of components and systems, Materials and structural
Sysiems respond differently o dynamic loads produced by explosions then to
smlicall.y applied conventional loads and it is imperative that
lhc.se dxﬂ’crgan:s. Under dynamic loading, materials achieve & strength increase
which can significantly enhance struciural resistance.  Structures subjected to blast
loads are typically allowed to undergo plastic (permanent) deformation to absorb the

expiqsngn energy, whereas response to tonventional foads is normally required to
Femaimn in the clastic range.

Design of petrochemical facilities for accidental
ways o design of facilities for high explosive detona
a"d. nuclear power accidents for which design guides are available. However, blast
design for. petrockemical plants is different in that more structural damage rr{a be
folezated, in accordance with a company's blast protection philosophy, ’

explosions is similar in many
tions, nuclear weapons effects

_This chapter provides material properties and
design facilitjes constructed of reinforced concrete
steel and cold formed steel.  Static ang dyn
materials used in these facifitics. Ai‘fowublc r
Individual members ang structural systems,

, Teinforced masonry, structural
anue properties are covered for the
esponse criteria are covered for both

ST OSTATIC VERSUS DYNAMIC RESPONSE
Conventional loads, such as wind and five lo
structure and remain constang for a relatively |
response time of the struciyre, Blast loaded

application of the load and g correspending rapi

ads, arc applied relatively slowly to a
ong period of time compared 10 the
Structures expericnce a2 very rapid
d rise in member stresses. This load

31

is transient and will normally return to ambient conditions in a short period of time
(typically milliseconds).

In conventional design, stresses are limited to the elastic range.  In blast design,
yielding is acceptable and in fact desirable for economic reasons.  As the member s
stressed in the plastic region, it continues to absorb the blast by balancing the kinetic
energy of the explosion against the strain encrgy of the member. Total strain energy
available is a function of dynamic material propertics, section properties and the
amount of plastic deformation permitted. The total amount of blast energy required
to be absorbed is a function of the peak load and duration of the blast. Adequacy of a
blast loaded member is based on maximum deformation rather than stress level,

Material response under dynamic loads is markedly different than for static loads.
As a material is loaded rapidly, it cannot deform at the same rate at which the load is
applied. This creates an increase in the stress level at which yield occurs as well as
the ultimate stress achieved prior to rupture. In general, the fester the material is
deformed (strain rate) the greater the increase in strength. The resulting strength
increase allows members to develop structural resistance in excess of their static
capacity, This increase can be on the order of 10-30%, thus it is too significant to
ignore these effects when computing flexural response. Conneclion forces and loads
on supporting members will be underestimated (unconservative) if this strength
increase is ignored. This effect is accounted for in blast design by the use of a
dynamic increase factor, or DIF (refer to Section 5.5.4).

3.3 RESISTANCE-DEFLECTION FUNCTION

Structural elements resist blast loads by developing an internal resistance based on
material Stress and section properties. To design or analyze the respoase of an
element it is necessary to determine the relationship between resistance nnd
deflection. In flexural response, stress rises in direet proportion to strain in the
member,  Because resistance is also a function of material stress, it also rises in
proportion to strain. Afier the stress in the outer fibers reaches the yield limit, (he
relationship between stress and strain, and thus resistance, becomes ronlincar. As the
outer fibers of the member continue 1o yield, siress in the interior of the sectjon also
begins to yield and a plastic hinge is formed at the locations of maximum moment in
the member. If premature buckling is prevented, deformation continues as (he
member absorbs load until rupture strains are achieved. :

Variation in internal resistance can be related to the strain because stress iy a
member is a function of the strain experienced at a given point.  Deformation of a
key point on the member can also be related to the strain producing a relationship
between resistance and deflection as shown by the curve in Figure 5.1, Clastic
resistance is the level at which the material reaches yield at the focation of maximum
moment in the member. Beyond the peint of first yield of a member, plastic regions
are formed in the section and an elastic-plastic condition occurs. [nternal resistance
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FIGURE 5.1: Typical Resistance-Deflection Curve

continues to increase as the stress in other locations of the member rises in response
to the applied load although at a lower slope than the elastic region. During this
period, portions of the member are responding plastically while other sections are
responding elastically based on cross section and focation along the member, As the
Tesponse continues, other criical sections reach yield and additional plastic hinges are

formed. Each yield point changes the slope of the resistance-deflection curve. When
the last section yields,

defiection curve i flat. The are
available to resist [oad at a given deflection,

54 MATERIAL AND STRUCTURAL ELEMENT TYPES

A brief description of the materiais and st
applications is coverg in this section. Resp
described along with typicai applications.

ructural elements used in blast design
onse of each material 1o blast loads is

5.4.1 Reinforeed Concrete

or buildings located in close proximity to explosion sources.
Concrete also provides effective resistance to fire and Projectile peretration which
arc Impertant consideratjons in many explosion accidents,

Reinforced concrete i A complex material to model due to the by
concrete and non-homogenous properties.
available to model crack bropagation and other Fesponses, simplified methods are
normally used in blag: design of facilities, These methods are based on 2 flexural
fesponse and rely on climination of brittle modes of faiture. To achieve 2 ductile

fesponse for congrete, proper proportioning and detailing of (he reinforcing s
necessary.

ittle nature of
Although sophisticated methods are
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As the member is strained, the reinforcing bars yield and allow formation of
plastic hinges. Concrete in these regions is cracked on the tensile face and

dislodged and will be incapable of providing a compressive component for the
internal resisting couple. Additional Totation can be achieved in doubly reinforced
sections if flexural reinforcing is sufficiently restrained by shear reinforcing. In these
plastic hinge regions, the internal resistance of the section is provided by a couple
formed between the reinforcing bars, Sections that are singly reinforced must be
limited to a low fesponse to avoid brittle failyre ang their use ig discouraged in blast
design. Rebound of & structural member under dynamic loads produces a reversal of
the forces in the section and also dramatically reduces the resistance of g singly
reinforced member, Additional discussion of reinforced concrete response s
provided in Chapter 7.

Prevention of brittle failure modes is accomplished by limiting concrete shear
stresses or by increasing material strength, section thickness or shear reinforcing,
The amount of flexyral reinforcing in a member is also limited 1o agsure that the
lension reinforcing Yields before conerete crushing can occur. Shear steel may be
used to increase shear resistance, confine the flexural reinforcing and prevent
buckling of the bars in compression.

TM 5-1300 indicates that Grade 60 reinforcing bars {No. 11 and smaller) have
sufficient ductility for dynamic loading. Bars with a higher yield strength may not
have the Necessary ductility for flexural resistance and shop bending, thus straight
bars should be used when possible for these materials. Welding of reinforcement is
generally discouraged for blast design applications; however, §t may be required for
anchorage. In these cases, ASTM A706 bars may be used.

A minimum concrete compressive strength of 3,000 psi (20,7 MPa) should be

" used to reduce the probability of shear failures, A value of 4000 psi (27.6 MPa) s

preferred.

5.4.2 Reinforced Masonry

competitive with lightweight metal buildings for low range blast loads. Reinforeed
masonry responds to dynamic loads similar to reinforced concrete, with similar
i i Limited options for
placement of reinforcing and low shear strength of mortar joints are significant
disadvantages as compared to reinforced concrete. Although unreinforced masonry
Structures are common in older facilities, they typically do not have suflicient ductility
to resist any significant blast foad and may be totally inadequate,
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Hollow masonry units should conform to ASTM C90, Grade N, Joint reinforcing
should meet the requirements of ASTM A82 with a minimum vield stress of 70 ksi

(483 MPa) and a minimum ultimate strength of 80 ksi (552 MPa). Grade 60 bars
should be used for primary reinforcing,

5.4.3 Structural Steel

Low and medium carbon structural steels, such as A36 and AS50, are sufficiently
ductile for blast design applications. Use of high strength materials should be avoided
in most applications 1o prevent problems with decreased ductility. AS0 material is
very common for conventional and blast loaded structures. A dual specification is
currently being produced by several suppliers. Additionally, a maximum strength
steel is being evaluated by the industry to guard against elements which possess

i This can produce 2 situation in which support
reactions may be greater than predicted. In certain situations, such as blast door latch
bolts, high strength steel may be required to provide the required resistance. Brittle
modes of failure, such as shear, should be examined carefully in these applications.

To achieve large deformations without failure, steel members

faterally braced and connected to avoid buckling and instabil
unstiffened elements buckle,

resistance is lowered.

must be sufficiently

ity problems, As
the cross sectional properties are reduced and the

5.44 Cold Formed Steel

For low blast pressure applications, cold formed steel m
effective cladding for buildings. Cold formed members include decking panels as well

as "Z"and "C" shapes. Members complying with the requirements of ASTM Ad46
have yieid strengths ranging from 33 ksi (228 MPa) 10 65 ksi (450 MPa).

embers can provide a cost

A key consideration in the design of cold formed
buckling of the relatively thin webs.
wiich can be obtained by reducing the
section. A factor of 0.9 js recommende
model this reduction.

members for blast is premature
This respanse limits the ultimate resistance
load capacity due to a change in the cross
d 10 be applicd to the design resistance to

Special precautions muyst be 1aken regarding end bearin
avoid crushing of the web at peak response. If end bearing controls, the allowable
tesponse is limited to reduce the chance for non-ductile failure.  Connections for
these members also present difficuity because of the thin web material, To develop

the ultimate strength of a member, multiple fasterers may be required so that the
shear strength of the material is not exceeded.

g for these members to

At large deflections, metal pancis respond in membrane action. In this mode,
resistance to blast loads is provided by stretching of the panel rather then flexure
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FIGURE 5.2: Typical Membrane Response (from T™M 5-1300)

(Figure 5.2). Panels can be quite strong since this is a very eﬂ“lcierlu s‘truczural actipn;
however, end anchorage is extremely important to achieving significant capacity.
Resistance to blast loads of more than 2.4 psi (14-28 kPa) will normally require
tensile membrane response.

Where fragment hazards are a concern, cold formed panels may not be suitable
because they have a very low resistance to fragment penetration,

5.4.5 Open Web Steel Joists

Conventional reinforced masonry sicuctures as well as steel frame buildings ofien
utilize open web steel joists 1o provide support for rool decks. Principal concerns for
these members are crushing of the web at the ends due to high shear forces and
instability in the bottom chord during rebound of the section. Older steel joists have
performed surptisingly well in many explosion accidents provided they are adequately
attached at the supports. This typically requires additional welding of the chord
members to the embedded plate, Bracing for the bottom chord throughout the length
of the member is not normally provided for conventional designs but is crucial to
achicving acceptable response,

Quality of joist welds is also critical to achieving a ductile response. We{ding is
performed to Steel Joist Institute standards and the lack o.!' specific criteria may
prevent development of a predictable ultimate capacity, Spgcna! precaullons. must be
taken to remedy this problem such as requiring manufacture in ac-cordancc with AWS
criteria. Open web steel joists are intended for relatively low static loads and thus are
suitable only for low dynamic loads as well.
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5.4.6 Anchor Bolts

Blast loaded structures produce high reaction loads at column supports, This
usually requires substantial base plates as well as high capacity anchor bolts.
Achieving full anchorage of these bolts is of primary importance and will usually
require headed bolts or plates at the embedded end of the bolts 1o prevent pullout.
When anchor bolts are securely anchored into concrete, the failure mechanism is a
ductile, tensile failure of the bolt steel, Insufficient edge distance or insufficient
spacing between bolts results in a lower anchorage capacity and a brittle failure mode.

Post-installed bolts will be required at times for attachment of equipment which
may be subjected to large accelerations during a blast. Expansion anchors should be
avoided for most biast design applications unless the load levels are low, Typically
"wedge” type anchors are qualified for dynamic loads although most of these ratings
are {or vibratory loads and are based on cyclic tests at low stress levels. These should
only be used where ultimate loads are less than the rated capacity with a margin of

safety.  Epoxy anchors have shown excellent dynamic capacity and may be
considered for critical applications.

Ofen anchor bolts are designed for the maximum axial and shear reactions at the
base of the columms as a static foad. This method requires 4 large number of bolts
even using dynamic material properties. In reality, the bolts will yield under tensile
loads and to some degree, shear loads. That is why it is important to use ductile
materials for bolis 10 guard against sudden failure under peak stress, It is possible to
model the tensile response dynamically and take advantage of the strain energy
capacity of the bolts. This allows the bolts to respond to the load-time history rather
than just & peak load. A dynamic analysis is warranted only for special situations,
such as where the reuse of existing bolts is important. For typical designs, a dynamic
analysis is not performed because there may not be a cost benefit over a static bolt
design. Because shear deformations are more difficult to model and generally don't

control bolt sizing, bolts are designed for the maximum predicted shear load rather
than a time history response.

5.4.7 Soil

Blast accident experience has shown that foundation failures are rare. This
appears to be the result of simplified conservative designs, underestimated soil
strengths, and the large energy absorbing capacity of the soil. Soil properties should
be obtained from a subsurface investigation. Properties from a subsurface
investigation include recommended allowable bearing pressures, cohesion values,
angle of internal friction as well as active and passive earth pressures for static loads.
The values reported normally incorporate a factor of safety so that they can be used
with service loads. This factor of safety can be used to convert service load

capacities to ultimate strength values. A geotechnical engineer should be retained to
provide scil properties for blast loads,
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Soil lacks significant tensile capacity and friction strength drops off dramalica!?y
under dynamic loading. Provisions must be made in the design to resist uplifi loads in
columns foundations and other areas where soil is placed in tension. The nonii:jear
nature of soil makes modeling of dynamic response difficult. Typically, foundations

are designed to resist the peak blast load or the maximum dynamic reactions of the. I

supported member applied as a static load. It is possible to modef dynamic rcsplonsp
but the engineer must be careful not to overestimate allowable response. "Wcakl' soil
properties (low strength) should be used to conservatively dctcrmnnxc maximum
dynamic response of the soil and supported structure. "Strong" propertics should h.c
used for the same soil to obtain maximum bearing pressures and member forces. 7R
4921 (ref.} provides a detailed discussion of soif behavior and recommendations for
analysis and design.

5.5 DYNAMIC MATERIAL PROPERTIES

- This section describes the dynamic properties of materials used in structures
designed to resist blast loads at petrochemical facilities. Static properlies are
available from a number of references and are not repeated in this chapter, except to
indicate minimum acceptable values. Dynamic response of these materials has. been
studied extensively, however, their dynamic properties are not as widely pubhs]_wci.
Procedures for obtaining these properties will be covered here in sufficient detail to
permit an accurate determination for design and analysis of petrochemical structures,

7
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5 " 5000 psi
4000 psi
e A :
,;’{ 3000 psi
g 3l ‘ ;
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0 0.001 0.002 0.0G3 0.004
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FIGURE 5.3: Typical Stress-Strain Curve for Concrete
(from ASCE Mangual 42)
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5.5.1 Stress-Strain Relationships

Response of a material under static or dynamic load is governed by the stress-
strain relationship. A typical stress-strain diagram for concrete is shown in Figure
5.3. As the fibers of a material are deformed, stress in the material is changed in
accordance with its stress-strain diagram.  In the elastic region, stress increases

linearly with increasing strain for most steels. This relation is quantified by the
modulus of elasticity of the material,

Concrete, does not have well defined elastic and plastic regions due to its brittle
nature. A maximum compressive siress value is reached at relatively low $trains and
is maintained for small deformations until crushing occurs. The stress-strain
relationship for concrete is a nonlinear curve. Thus, the elastic modulus varies
continucusly with strain. The secant modulus at service load is normally used to
defize a single value for the modulus of elasticity. This procedure is given in most
concrete texts. Masonry has a stress-strain diagram similar to concrete but is
typically of lower compressive strength and modulus of elasticity.

For steel materials, the shape of the curve is much different than for concrete as
can be scen in Figure 5.4, Steet is refatively ductile and is able to achieve large
strains prior to rupture. Low carbon structural grade steels (e.g. A36, A572) exhibit
a well defined yield point followed by a flat yield plateau. High strength steels do
not have a sharp break al the clastic limit and the yield region is very nonlinear. Low
carbon steel materials are particularly suited to blast resistant design because they are
able to deform well beyond the elastic imit without rupturing. This produces 2 long
resistance-deflection curve 1o absorb the blast enerpgy while avoiding brittle fracture
problems. High strength steels should be aveided for general construction due to
their low ductility. Special applications, such as blast doors and shields, may require
high strength materials to achicve the desired resistance.  Selection of static
properties for high strength materials should be made conservatively.

Stress-strain relationships for soil are difficult to model due to their complexity,
In normal practice, response of soil consists of analyzing compression and shear
stresses  produced by the structure, applied as static loads. Change in soil strength
with deformation is usually disregarded. Clay soils will exhibit some elastic response
and are capable of absorbing blast- energy, however, there may be insufficient test
data to define this response quantitatively. Soil has a very low tensile capacity thus

the stress-strain relationship is radically different in the tension region than in
compression.

5.5.2 Strength Increase Factor (S81F)

Static properties are readily available from a variety of sources and are well
defined by national codes and standards organizations. Specifications referenced in
the codes define minimum mechanical properties for various prades of material. In
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FIGURE 5.4; Typical Stress-Strain Curve for Steel
{from ASCE Manual 42)

practice, the average yield strength of steel materials being installed is apprgximatcly
25% greater than the specified minimum values. A strengrh increase factor is used‘ to
account for this condition and is unrelated to strain rate properties of the mntcr.ml.
1M 5-1300 suggests using a 1.1 strength increase factor applied Lo the minimum yield
stress for structural steel with a yield of 50 ksi (345 MPa) or less and for Grade 60
reinforcing.  Several references addressing nuclear facilities suggest ignoring_ thgsc
strength increase factors to add a larger margin of safety to the design. Appl:ca}sc}_n
of the recommended 1.1 factor is warranted for petrochemical facilities where it is
desired to reduce conservatism and make use of the full available blast capacity.

Cold-formed steel also exhibits an average yield strength well in excess of the
specified minimum. 7AS 5-1300 recommends a strength increase factor of 1.21 for
this material.

Concrete strength is specified as minimum compressive strenpth at 28 days. Th_is
value is used for design and is not typically increased to account for an increa-se in
strength with age. For evaluation of an existing structure, it may be worthw]plc to
determine the in-situ strength of the concrete 1o use in the analysis, This will not
make a great difference in flexural capacity but it could be very important when
examining shear resistance.

5.5.3 Dynamic Strength Increase

Concrete and steel experience an increase in strength under rapidly applicd loads.
These materials cannot respond at the same rate as which the load 15 applied. Thus
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the yield strength increases and less plastic deformation will oceur. At a fast strain
rate, a greater load is required to produce the same deformation than at a lower rate,
This increase in the yield stress is quite significant for lower strength materials and
decreases as the static yield strength increases,

For steel, the modulus of elasticity is the same in the elastic region and yield
plateau for static and dynamic response. In the strain hardening region the slope of
the stress-strain curve is different for static and dynamic response, although this
difference is not important for most structural design applications.

A strength increase is also produced at ultimate strength (Fu) for steels; however,
the ratio Af dynamic 10 static strength is less than at yield, A typical stress-strain
curve déscribing dynamic and static response of steel is shown in Figure 5.5.
Elongation at failure is refatively unaffected by the dynamic response of the material.

Aluminum exhibits a modest increase with strain rate which is typically ignored.
Lindholm 1969 surveyed available test data on dynamic properties for a numrber of

materials. This is an extremely useful resource for information on fess commonty
used materials.

Ultimate strength for concrete is greater under dynamic loads, Though the
modulus of elasticity is also greater, this difference is small and is usually ignored.

Figure 5.6 describes the relationship between dynamic and static response for
concrete.

Rapid Strain Rate

]
i
;
I
|

£y = 0.07100.23

£=001t00.02

Strain
FIGURE 5.5: Effect of Strain Rate on Stress-Strain Curve for Steel
(from TN 5-1300)
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FIGURE 5.6: Effect of Strain Rate on Stress-Strain Curve for Concrete
(from TM 5-1300)

The magnitude of dynamic increase is dependent upon several factors including
static material strength and strain rate, In general, the higher the static strength of a
material, the lower the increase in dynamic strength. The faster a material is strained,
the higher the increase in dynamic yield and ultimate strength,  Figure 5.7 describes
the relationship between strain rate end the ratio of dynamic to static material
strength for structural steel, concrete and reinforcing steel,

Standard geotechnical test reports address typical static properties of soil such as
shear strength and bearing capacity but may not provide dynamic properties unless
they are specifically requested. In these situations, it is necessary to use the static
properties. Dynamic soil properties which are reported may be based on low strain
amplitude tests which may or may not be applicable to the situation of interest. Soils

5.5.4 Dynamic Increase Factors

To incorporate the effect of material strength increase with strain rate, a dynamic
increase factor (DIF) is applied to static strength values, DIFs are simply ratios of
dynamic material strength to static strength and are a function of material type as well
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FIGURE 5.7; Effect of Strain Rate on Dynamic Material Strength
(from TM 5-1300)

It is possible to determine the actual strain rate of a material during calculation of
dynamic response using an iterative procedure. A rate must be assumed and z DIF
selected.  The dynamic strength is determined by multiplying the static strength
{increased by the strength increase factor) by the DIF. The time required to reach
maximum response can be used to determine a revised strain rate and a revised DIF.
This process is repeated until the computed ‘strain rate matches the assumed value,
There are uncertainties in many of the variables used to calculate this response and
determinalion of strain rates with great accuracy ts not warranted.

TM 5-1300 and other references suggest selecting DIF values based on pressure
range or scaled distance to the explosion source. This method groups biast loads of
less than a few hundred psi into the low pressure category with a single DIF value for

F:ach stress type. Tor petrochemical facilities, the vast majority of structures will fall
in this low pressure categoty.

DIF values vary for difTerent stress types in both concrete and steel for several
reasons.  Flexural response is ductile and DIF values are permitted which reflect
actual strain rates. Shear stresses in concrote produce brittle failures and thus require
a degree of conservatism to be applied to the selection of a DIF. Additionally, test
data for dynamic shear response of concrete materials is not as well established as
compressive strength. Strain rates for tension and compression in steel and concrete
members are lower than for flexure and thus DIF values are necessarily lower,

Values for dynamic increase factors are presented in a varicty of references
although most are based on the same data source. Additional data has been produced
in various test programs but has not been assembled into a central source.  Much of
the data that has been published is based on high strain rate tests and many of the
recommended values are arbitrarily chosen,  Table 5.A.1 provides recommended
DIFs for reinforced concrete and masonry and Table 5.A.2 contains values for
structural steel, cold-formed steel and aluminum.

3.58.5 Dynamic Design Stress

Strain hardening effects in steel members and concrete reinforcing are modeled in
SDOF analysis by using a design stress which is greater than yield. During dynamic
response, the stress level at critical sections in a member vary with strain of the
section. In the elastic region, the strain across the section varies with location from
the neutral axis of the member. Beyond this region, the member expericnces plastic
response in which the fiber stress of the entire section exceeds the elastic limit. At
this point, the stress is constant over the cross section but is still changing with total
member strain. Steel members experience an increase in stress in the strain hardening
region until the ultimate dynamic material stress is reached. After this point, the fiber
stress decreases with increasing strain untif rupture occurs. Concrete exhibits an
increasing stress until the maximum compressive stress is reached after which the
stress level decreases with additional deformation. Because of its brittle nature, strain
hardening does not occur in concrete; however, reinforcing steel will exhibit this
effect.

To predict true dynamic response, it would be necessary to continuousty vary the
material stress with deformation. This variation is difficult to model using SDOF
analysis methods because it requires tracking a complex resistance-deflection curve at
each time step. It is desirable to represent the design material stress as a bilincar
stress-strain curve in which stress increases linearly with strain to yield and a constan:
value after yield (refer to Section 7.2.5). This produces a simple, bilinear resistance-
deflection curve as shown in Figure 5.8 which includes strain hardening effects and is
relatively easy to incorporate into the SDOF analysis. To achieve this simplification,
while accurately modeling the dynamic response, it is necessary to select a design
stress equal to the average stress occurring in the actual response. This can be done
by estimating & maximum response range and using recommendations in Tables 5.A.4
and 5.A.5 for steel members and reinforcing.

At low response ranges, the maximum design stress is equal to the dynamic yicld
stress. At higher response ranges, the design stress is increased to account for strain
hardening. In the-initial portion of the response, this increased design stress wil!
result in an overprediction of resistance. As greater deformations occur, the stress
level, and thus resistance, will be underpredicted by the design stress.
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FIGURE 5.8: Bilinear Resistance-Deflection Curve

Finite element methods {FEM) are capable of incorporating complex variations in
material stresses in the time varying response, While these methods are widely
available, they are quite complex and, in many cases, their use is not warranted due to
uncertainties in blast load prediction. The dynamic material properties presented in
this section can be used in FEM caleulations; however, the simplified response limits
in the next section may not be suitable. Most FEM codes contain complex failure

models which are better indicators of acceptable response. See Chapter 6, Dynatnic
Analysis Methods, for additional information,

5.6 DEFORMATION LIMITS

Re.sponse‘deformation limits are used to ensure that adequate response to blast
loads is provided. These limits are based on the type of structure or component,
construction materials used, location of the structure and desired protection level,

.The.~primary method for determining adequacy of a structure for conventional

design is evaluation of the stress level
permitted. Deflections are also checked
done for serviceability or architec

Blast loaded members however,

for certain members although this is typically
tural reasons rather than structural requirements.

‘ . reach or exceed yield stresses to achieve an
economic design. In general, the more deformation the structure or member is able

to underge without failure, the more blast energy that can be absarbed. As member
stresses exceed the yield limit, stress level is not approprizte for judging member
response as is done for static elastic analysis. 1n dynamic design, the adequacy of the
structure is judged on maximum deformations. Limits on displacements are based on
test data or other empirical evidence, A degree of conservatism is included to engure

adequate capacity because the applied loads are not "factored up" to provide a factor
of safety.

The allowable response of individua

I frame components is less than that permitted
for the same member res

he - respording as an isolated clement. This is done to reduce the
POS.Sl.blhly o_F progressive collapse and to increase redundancy of the frame. Failure of
individual girt and purlin components is not as catastrophic as failure of a frame
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member and thus a difference in criteria exists. Load bearing walls should normatly

be allowed less deformation than non-load bearing elements also because of the
consequences associated with failure.

The struclure's performance goa! becomes an important factor in selection of
maximum response values. If it is desired to provide a high degree of protection to
personnel or equipment, a low response limit is chosen. This situation may be typical
of a control room in which personnel are required fo remain at their workstaltion
during an emergency or for critical equipment which must be protected 1o implement
a safe shutdown. On the other hand, if a building is frequently unoccupied or
contains low value equipment, significant damage may be permitted, up to the point
of failure. Structures which are required to be reusable following a blast are typically
designed to remain elastic under the predicted loads. )

The capacity of a member 1o deform significantly and absorb energy is dependent
on the ability of the conneclions to maintain strength throughout the response. 1f
connections become unstable at large responses, catastrophic failure can occur. The
resistance will drop thereby increasing deflections. Connections often control blast
capacity for structures which have been designed for conventional loads only.

Appropriate response (deformation) limits are selected based on the factors
discussed above as well as company/owner safety philosophies, blast protection
guidelines, and risk considerations. Risk assessments which evaluate accident
probability and potential conscquences can be helpful in making the appropriate
sclection. The deformation fimits chosen relate 1o a specified degree of response
which can be characterized as low, medium or high. At the highest response limits,
catastrophic failure of the structure should not occur, Points of highest stress in the
members will be near incipient collapse and local failures may occur but the overall
structure should remain intact. It is important to remember that predicted responscs
may not always account for local instabilities and the actual response can be
significantly greater. The engincer must take these factors into consideration when

designing or analyzing the structure to ensure the proper degree of protection is
provided.

Many petrochemical companies have adopted & "neutral risk" philosophy for
facilities where personne! are normally required to evacuate during an emergency.
This philosophy preseribes that personnel are not to be placed in greater danger inside
2 building than if they were outside. Blast pressures and fragments cntering the
structure are not considered in the design since personnel would be exposed to these
hazards outside the-building. The performance goal for the structure then becomes
incipient failure in which portions of the structure are damaged severety but do nal
tear foose and become missiles. Structural collapse is not permitted and suspended
equipment must be adequately anchored within the structure. Chapter 2, General
Conside: ations, contains additional discussion of protection philosophies,
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FIGURE 5.9: Hinge Rotation

5.6,1 Deformation Limit Parameters

The primary method for evaluation of structure response is evaluation of the
duetility ratio and hinge rotations of individual members, Ductility ratio is defined as
the maximum displacement of the member divided by the displacement at the elastic
flimit and is commonly designated by the symbol1l. It is a measure of the degree of
inetastic response experienced by the member. Hinge rotation s another measure of
member response which relates maximum deflection to span and indicates the degree
of instability present in critical areas of the member, It is designated by the symbol 6

and is defired in two ways in various references (see Figure 5.9), The first definition
is the angle, 8, formed between a fine cenrecting the endpoints and a line between an
endpoint and the point of maximum deflection, This is also referred to as support
rotation. The other definition is the included angle, 8y, formed by two lines extending
from the point of maximum deflection and the endpoints, Hinge rotations for fixed
end members are calculated in a similar manner. 1t is important to note that the hinge
rotation at the support is not related to the end curvature of the member. In the

respense limit tables in Appendix 5.8, hinge rotation refers to support rotation,

Frame members have additional criteria. Sidesway limits are applied to frame
systems to reduce the chance of progressive collapse and to minimize P-delta effects
on columns. It is quite possible to maintain acceptable response of individual
members but experience large lateral displacements of roofs and upper floors which

cause collapse. The sidesway limits indicated in the tables are fairly liberal and should
not be exceeded without detailed analysis or testing,

5.6.2 Deformation Limit Values'

Maximum acceptable values for ductility and support rotation are presented in
Appendix 5.B. Predicted response must be compared to ductility ratio and support
rolation limits_to ensure that neither is exceeded. The engineer must determine if
lower limits are appropriate. The values vary with material type, section type and
protection category requircd. For reinforced concrete members, response limits are
influenced by the shear reinforcing provided as well as the type of response (i.e.,
flexure, shear, compression). In general, for elements in which shear or compression
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is significant, the allowable response is quite low. Where adequate shear capacity is
provided, large deflections are permitted,

Many references (ACI 349, ASCE Manual 58, etc.) use ductility rati_os as the
primary pauge of response for concrete members and treat hinge I"(.)lallOI'l.S as &
secondary criteria. Other references (TM 5-1300) do not use ductility ratios for

reinforced concrete and masonry, The relatively stiff nature pf concrete clements
produces very high ductility ratios for low maximum deformations. _In these cascs,
ductility ratios may not be indicative of the adequacy of the member and will

artificially limit the depree of response. In this guideline, hinge rotations alone are

specified for concrete and masonry elements responding in ﬂcxu.re. Elements which
respond primarily to shear or axial loads are subject to brittle failure at low support
rotations. For these elements, ductility ratio is the primary criterion for determining
adequate response.

Limits on absolute deformations are used when the there is a rigk of a stmct‘ural
member (i.e. wall panel) impacting critical equipment. This limit hag no direct
relationship with failure criteria and may be greater or less tha_m _!he displacement
which causes failure. Member shrinkage limits are used to limit the amoust of
movement in member ends which are not restrained axially during lateral loading.
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APPENDIX 5.A
SUMMARY TABLES FOR DYNAMIC MATERIAL STRENGTH

TABLE 5.A.1; Strength Increase Factors (SIF)

Material SIF
Structural Steel (f, < 50 ksi) i1
Reinforcing Steel (f, < 60 ksi) 1.1
Cold-Formi@ Steel 1.2]
Concrete {1 [\ 1.0

{1} The results of compression tests are usually well above the specified concrete
strengths and may be used in liey of the above factor. Some conservatism may be

warranted because concrete strengths have more influence on shear design than
bending capacity.

TABLE 5.A.2: Dynamic Increase Factors (DIF)
for Reinforcing Bars, Concrete, and Masonry

DIF

Stress Type Reinforcing Bars Congrete Masonry
Fy /T, Fu/F, falfe fun/ e
Flexure 1.17 1.05 1.19 1.19
Compression 1.10 1.00 1.12 1.12
| Diagonal Tension [.00 .00 1.00 1.00
Direct Shear 1.10 1.00 1.10 1.00
Bond 1.17 1.05 1.00 1.00
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TABLE 5.A.3: Dynamic Incrense Factors (DIF)
for Structural Steel, Cold-Formed Steel, and Aluminum

DIF
Yield Stress Ultimate

Material . Bending/Shear ‘Tension/Compression Stress

Fol/F, F,/F, F./F,
Ad6 1.29 [.19 110
A588 '1.19 1.12 1.05
AS14 .09 1.05 1.00
A446 1.i10 1.10 [.00
Stainless Steel Type 304 1.18 1.15 1.00
Aluminum, 6061-T6 1.02 1.00 1.00

TABLE 5.A.4: Dynamic Design Stress for Reinforced Conercte

Type Type Maximum Dynamic
of of Support Design
Stress Reinforcement | Rotation Stress (Fy,)
Bending Tension 0<@<g2 Fay
and 2<8¢g5 Fd). + (qu - F,}y) /4
Compression | 5<8<12 | (F, +F,)/2
Diagonal Tension Stirrups _ By
Direct Diagonal 0<8s52 Fay
Shear Bars 2<035 | Fy+ (Fy-Fy) /4
5<0<g]2 (Ftly"‘qu)n__‘
Compression Column all Fy,

TABLE 5.A.5: Dynamic Design Stress for Structural Stecl

Type Maximum Dynamic

of Ductility Design
Stress Ratio Stress

atf P10 Fay

all u>10 Fa + (Fy, ~ Fy) /4
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APPENDIX 5.B
SUMMARY TABLES FOR RESPONSE CRITERJA

The following descriptions apply to the response ranges mentioned in the tables:

L.ow Response: Localized buildin
however repairs are require
repairs is moderate.

g/component damage. Building can be used,
d to restore integrity of structural envefope. Total cost of

Medium Response: Widespread building/component damage. Building cannot be
used until repaired. Tolal cost of repairs is significant.

High Response: Building/component has lost structural integrity and may collapse
due te environmental conditions {i.e. wind, snow, rain

}. Total cost of repairs
approach replacement cost of building,

TABLE 5.B.1: Response Criteria for Reinforced Concrete

Element Controlling H, Support Rotatioen, 8, (2)
Type Stress Low | Medium | High
Beams Flexure N/A
Shear: (1)
Conerete Only 1.3 1 2 4
Concrete + Stirrups 1.6
Stirrups Only 10
Compression 1.3
Slabs Flexure N/A
Shear: (1)
Concrete Only 1.3 2 4 8
Concrete + Stircups 1.6
Stircups Only 3.0
. Cempression 1.3
Beam- Flexure:
Columns Compression (C) 1.3
Tension (T) | %) 1 2 4
BetweenC & T 10.0
Shear (1) 1.3
Shear Walls, | Fiexure 3 1 1.5 2
Diaphragms | Shear (1) 1.5

(1) Shear controls when shear resistance is less than 120% of flexural resistance.
(2) Strrups are required for support rotations greater than 2 degrees,
(3) Dugtility ratio = 0.05 (P-pY<10
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TABLE 5.B.2: Response Criteria for Reinforced Masonry

Element U, Support Rotation, §, (2)

Type (1) Low | Medium | High
One-Way ] 0.5 0.75 1
Two-Way ] 0.5 | 2

(i) Ductility ratio values (11,) apply to fow response range.

TABLE 5.B.3: Response Criteria for Structural Steel

Element Response Range

Type Low Medium High

TR I M. 8 p | 8

Beams, Girts, Purlins | 3 10 6 | 200 12

Cold-Formed Panels | 1.75 | 1.25 3 2 6 4

2

Frame Members (1) 1.5 1 2 5] 3 2
2
1

Open-Web Joists 1 2 1.5: 4 2

Plates 5 3 16 G 20 12

(1) Sidesway limits for frames: low = H/50, medium = H/35, high = 1725
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CHAPTER 6
DYNAMIC ANALYSIS METHODS

6.1 INTRODUCTION

This chapter discusses various analysis methods for determining the dynamic
response of structural members subjected to blast toading. In order to perform the
dynamic analyses, it is necessary to have previously defined the loading as well as
memb.er properties such as stiffness and mass. The design of new structures
sometimes involves several iterations of the analysis, where trial member sizes are

us_ed vand the resulting response quantities are compared against the acceptance
criteria defined in Chapter 5.

. Several dynamic analysis methods are used for blast resistant design ranging from
szmg]e l.nmd calculations and graphical solutions to more complex computer based
applications. One of the purposes of this chapter is to convey analysis methods which
provide the necessary balance between sufficient accuracy and calculation simplicity.

6.2 KEY CONCEPTS

Severai key concepts relating to the dynamic analysis of structures for blast
loading are discussed below. The main objectives of the znalysis are discussed
foilqwcd by a general discussion on the level of accuracy used in typical blast design
applications. The approach for separating integrally connected structural members

into manageaPic parts for analysis purposes is described. A brief discussion on the
treatment of live loads is also given. .

6.2.1 Objectives

The overall objective of a dynamic blast analysis is to assess the capability of a
structure to resist a specified blast load. To accomplish this goal, the analysis should
be able to predict, with a fair degree of accuracy, the dynamic respanse of the
structure.  The analysis of a typical member begins with a given structural
cenfiguration, which includes the type of material, span length, support conditions
and applied loading. Material properties are then used to estimate member stiffness,
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mass and section capacities, Determination of member stifness and section
capacities are described in Chapter 7. A resistance function, or applied force versus
displacement relationship, is developed based on assumed failure mechanisms, the
member configuration and estimated section capacities. The analysis proceeds to
determine the response lo a given blast load. Specifically, the analysis should
provide:

a. Maximum relative deflections of each structural element.
b. Relative rotation angles at plastic hinge locations.

¢. Dynamic reactions transmitted to the supporting elements.
d. Deflections and reactions due to rebound.

Once the analysis is complete, the design can proceed to determine the adequacy
of the member through the application of the acceptance criteria.

6.2.2 Accuracy

A typical blast analysis contains a number of approximations which affect the
accuracy of the results. Some of the approximations most often used are:

a. Usually, the blast loads postulated in petrochemical company facilities are not
accurately known and are at best an approximation. For other types of
facilities, such as munitions plants, the blast load may be accurately predicted
based on a known quantity and type of explosive.

b. The blast pressure-time relationship is almost always approximated by a single
straight line as is discussed in Section 3.3.6, which introduces additional
inaccuracies,

¢ Structural modeling of uncoupled single degree of freedom (SDOF) system
analyses for interconnected structural members neglects the deformation
compatibility and equilibrium of forces at contact points between members.
I otner words, dynamic interaction effects which may increase or decrease
the calcutated responses are usually not considered.

d. Approximate dynamic properties of the structural materials combined with
simplified bilinear resistance-deflection curves are commonly used along with
equivalent SDOF system approximations. ‘The solution azcuracy decreases
for more complex materials and member configurations,

The degree of complexity of the structural representation and analyses can vary
considerably, depending on the effort to which the engineer determines is necessary
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to achieve 2 safe, economical desiga. Except for the blast load, each of the above
approximations could be impraved through the use of more complex procedures,
Such procedures would involve a preater engineering effort and sti]| produce resuits
limited by the blast load determination. The approach recommended herein is 1o use
generafly accepted procedures which maintain the blast load as the greatest
approximation, produce the desired resuits, and utilize relatively simple calculations,

6.2.3 Interaction Of Structural Elements )

For encloseg buildings, the biast loads are typically applied to the exterior walls
and roof and are transmitted through various structura) members to the foundation,
The energy of the blast i absorbed through efastic and more importantly, plastic
deformation of the Structure.  The portion of blast energy not absorbed by the
structure is transmitted into the ground, 1t is therefore necessary to establish a

contiruous load path with consistent tracking of the dynamic loads through the
structure to ensure a safe design,

It is common practice (o analyze a structure using a member by member
approach.  The envisioned load path, established using engineering Judgment and
experience, forms the basis for determining the member by member analysis
Sequence, Tracking of the member dynamic reactions and loads throughout the
structure is performed manually. This basic approach is similar to the practice used in

conventional staric analyses, The mejor difference is the consideration of inertja
forees which Mmay act in any direction, :

In less frequent situations a more comprehensive analysis approach is used to
analyze the structure as g whole. For example, a finite element analysis of an entire
building may be performed. Obvicusly, the load path need not be predetermined
when such global analysis methods are used. However, the load path is influenced by
the type and level of detail of the modeling so that engineering judgment and
experience are also fecessary 1o achieve a safe and economical design,

As mentioned above, il is common practice to separate a structure into its major
cemponents for purposes of simplifying the dynamic analyses, This uncoupled
member by member approach approximates (he actual dynamic response since

Resulting calculated dynamic responses, which include deflections and support
reactions, may be underestimated or overestimated, depending on the dynamic
characleristics of 1he loading and the structure. This approximation pecurs regardiess
of the solution method used in performing the uncoupled dynamic analyses,

Dynamic  interaction cffects  are commonly neglected. Under centain
circumstances, unconservalive answers coyld resull from neglecting the effects of

Roof Diaphragm _X MY,
>
a1~ Shear Wall
H é Pa(t)
Pr (1) ;L
lilff/].’/fffllff—f\ *
- ?‘ca'i B - )
NG Front Wa
v /:) Typical Box Structure
B Va (0 |
» L
H
P(t) H

T rrTiTTY

Vertical Wall Strip Roof Diaphragm Shear Walt

b) Forces Acting on Primary Structural Elements

FIGURE: 6.1: Forces Acting on Primary Structural Elements

connected elements differ by a factor of two or mare according to the tcghmcal
puidance given by Biggs 1964 (pp. 183-184 and 237'2.38)'. Frcqucncl[cs of
interconnected members are sometimes tuned by changing their suﬂ'nessl or welg]\! in
order to aznieve this separation of frequencies, If neglecting dynamic interaction
effects cannot be justified, the connected members can t_>e analyzed as a mulli-degree
of freedom system in which these effects are considered inherently.

Some studies on dynamic interaction effects for two degree of f'n?_edom systems
have been done by Baker 1983 (pp. 415-418), Although %hcsg studies were mml.c
using a limited range of variables, results indicate that conservative responses can b
obtained using uncoupled SDOF System approximations versus a coupled approach,

A series of separate SDOF dynamic analyses are performed f'or.cach of the
primary structural components. For example, a 1ypicaf roo'f' system consists of a rool’
slab supported on structural steel roof beams which are in turn supported by roof
girders. Separate SDOF dynamic analyses are performed for the slab, bcgms and
girders using the reaction time history of the supported member as toading input 10
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the supporting member.
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_The same member by member approach is commonly used for lateral analyses of
buildings as illustrated by Figure 6.1. Front walls facing the blast are typically

d.eSIglt]E:d as a unit widj{h,\one-way member spanning vertically.  Reaction time
histories of a representative wall stri

N
-
Q
S
2
o
-~
k=)
o
=
o
o)
3
3
=
=
o
a
wl
=

the blast. These wal]
frames. The analysis proceeds from the front wall to the roof dj

walls and finally 10 the foundation. A consistent, continuous load path is thug
establisheg,

6.2.4 Live Loads
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z 0l a supporting member should not be included in the mass
calculation, Additiorally, some judgment is needed tg estimate the portirn of 5

design live loads which i normally present, For example, snow Ioads in eold climates
may be present for relatively long durations i

included in the mass caiculation, Another
personnel and furnishings which should not

example is a floor live load representing
be included in the mass calculation,

6.2.5 Confirmation of Assumed Faiiure Mechanisms
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6.4 SINGLE DEGREE OF FREEDOM SYSTEMS

The besic analytical model used in most blast design applications is the simgle
degree of freedom (SDOF) system. A discussion an the fundamentals of dynamic
analysis methods for SDOF systems is given below which is followed by deseriptions
on how to apply these methods to structural members,

6.4.1 Basics

All structures, regardless of how simple the construction, posses more than onc
degree of freedom. However

series of SDOF systems for an

resistance can be represented with res

be obtained for primary load carrying components of structures such as beams,
girders, columns, wall panels, diaphragm slabs and shear walls,

The majority of dynamic analyses performed in blast resistant design of
petrochemical facilities are made using SDOF approximations. Common types of
construction, such as single story plane frames, cantilever barrier walls ard compact

box-like buildings are approximated as SDOF systems. Several examples of such
structures are ilustrated in Figure 6.2

p (1) P

// Ly w P (1) /

Sty

w e
L + ,\/ La \/
A P
a) Beam t) Slab or Plate
F ()
B
Me
K¢
77
¢} One Story Frame

d) Equivalent SDOF System

FIGURE 6.2: Typical Structures Represented as Equivalent SDOF Systems
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The dynamic equilibrium of damped, linear clastic, SDOF system illustrated in

- Figure 6.3 is expressed mathematically as follows.

Ma+Cv+Ky=Fq

(6.1)

where,

M = mass

a = acceleration

€ = viscous damping constant

v =velocily

K =stiffness

y  =displacement

F(t) = applied force as a function of time

F{)
F
Vi “

v, a
M
T ]
C v i K b4
7 : Ma
a) Damped SDOF System b) Free Body Diagram

FIGURE 6.3: SDOF Modet for Dynamic Analysis

Dalmpir?g is gsually conservatively ignored in blast resistant design. Due to the
s.hort time in which the structure reaches its maximum response, damping effects have
little effect on peak displacements. Taking credit for energy dissipation through

viscous di?mping during the plastic response phase is qQuestionable, which is another
reason to ignore damping,

.When damping is ignozed, the three forces then acting on the mass are the
rcmstar&cc (K‘y}, the inertia force (M a), and the external applied force (F,). The
dynamic equilibrium equation for the undamped, clastic system then becomes,

Ma+Ky=F (6.2)
I Dblast analyses, the resistance is usually specified as a nonlinear function to
sumullalc elastic, perfectly plastic behavior of the structure. The ultimate resistance,
(R.,_) is reached upon formation of a collapse mechanism in the member. When the
resistance is nonlincar, the dynamic cquilibrium equation becomes:

Ma+R=F, 6.3)
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where,
R=lessorof Kyor R,

Solutions for Equation 6.3 can be obtained by various methods, depending on the
complexity of the loading function, F,.

Rigorous analyses of SDOF systems are usually not required or warranted in
typical blast design applications. However, special cases may arise where a more
sophisticated solution is justified, perhaps to analytically qualify an existing structure
for new increased loading conditions. Refinements can be made in the analyses in
areas such as strain hardening, progressive hinge formation, cquivalent replacement
of arbitrary pulse loading and large deformations. Discussion of these methods is
» yond the scope of this report, however, technical guidance can be found in Stronge
aSgl Yu, ASCE Manual 42 (Section 7.6), Krauthammer 1986, and Krethemmer
1980,

6.4.2 Transformation Factors

Examples of some typical SDOF approximations were bricfly introduced in
Section 6.4.1 and illustrated in Figure 6.2. These SDOF models greatly simplify the
dynamic analysis effort compared to that of structures having distributed mass. For
structures having a single concentrated mass, the SDOF system can be defined
without an approximation.

The nrocedure for obtaining an equivalent SDOF approximation for a siructural
component is based on its deformed shape under the applied loading and the sirein
energy equivalence between the actual structure and the SDOF approximation. The
deformed shape of the member is usually dominated by blast [uading rather than by
normal design loads. In addition to strain energy equivalence, the motion of the
SDOF system (displacement, velocity and acceleration) is equivalent to the selected
control point on the actual structure. The controf point is usually selecled at a point
of maximum response such as a plastic hinge location within the span. However, the
spring foree is not equal the support reactions of the actusl member.

Equivalent mass, stiffness and loading are obtained through the use of
transformalion factors. Several widely uscd texts on biast design such as Rigpy 19641,
(Chapter 5) and 7M 5-/300 (Chapter 3) contain tabulated teansformation fictors for
typical structural elements such as beams and slabs. The derivations of the equalions
for these transformalion factors are also given by these references.  Transformation
factors used to obtain appropriate properties for the cquivitent SDOF system are o
follows: :

Kc= KL K
Nlc = KM M

Equivalent stiffness,
Equivalent mass,

{fHdn
{6 1y
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Equivalent force, Fe =K. F {6.4¢c)

Equivalent resistance, R, = K, R (6.4d)
where,

Ky, =load or stiffness transformation factor

K = mass transformation factor

The dynamic analysis can be performed using these equivalent parameters in place
of the corresponding actual values. The alternate form of the bilinear dynamic
equilibrium equation (equation 6.3) then becomes:

M.a+R.=F. (6.5)

TFor convenience, Equation 6.5 i sometimes simplified throu

gh the use of a single
load-mass transformation factor, Ky, as follows:

*Am.r_ Ma+K Y= F, ﬁ&Ou

where,
Kin = Kuw/K,,

Shape functions, e(x), used in the transformation factor equations above are
charged according to the stress range of the member. These changes are illustrated
in Figure 6.4 for a simply supported beam with uniform mass and uniform pressure
loading. The resulting transformation factors arc also shown in the figure.

) C__s\‘
W)

Y Y
p(t) p(t)
N 0 3 T
// M \\vazx . . M \\\N?x
~._ - R
L
L 4 LT
A6 s 3,4 2
er.nxvemﬁ"mr x-2Lx"+xy G:Axv.;_t ,Xxs L/2

Ki=064 Ky=050.K, ;=078 K, =0.50,Kp=0.33, Ky =066

a} Elastic Response b) Plastic Response

FIGURFE 6.4: Shape Function and ‘Transformation Factors for a SImply
Supported Beam
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Note: (1) Equal portions of the concentrated mass are lumped at each concentrated load.

(2} M pcis the ultimate moment capacity at midspan.
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TABLE 6.2 Transformation Factors for One Way Members, 27T
Fixed End Boundary Conditions (from Biggs 1964)

Lgading Strain | Load Factor Lumped Mass | Uniform Mass Bending Spring Dynamie
Diagram Range K. Factor, K, (1) Factor, Kyy | Resistance, Ry Constant, K Reactien, v
F=p*L 53 3 ‘ |
P Elastic 0.53 - 0.41 12Mp /L 384 EVL’ | 0.36R + 0.14F -
E-P(2) 0.64 — 0.50 8MpstMpc L] 334°EVSE? | 0.39R + 0.11F
Plastic 0.50 - 0.33 8(Mps+Mpc WL 0 038R, + 0.12F
- F "
@ Elastic 1.00 1.00 0.37 4(MpetMpc VLI 192 E1p 3 0.7IR - 0.21F
Plastic 1.00 1.00 0.33 M e Mp )Y o 0.75R,, - 0.25F
F/2 F/2 X Elastic 0.87 0.76 052 6M /L 564 EVL | 0.53R-0.03F
\ .
L/31L/73 |L/3h{ Plastic 1.00 1.00 0.56 6M /L 0 0.52R, - 0.02F

Note: (1) Equal portions of the concentrated mass are lumped at each concentrated load.
{2) E-P is Elastic-Plastic.
GyM peiS the ultimate moment capacity at midspan; M psis the ultimate momen: capacity at support.

TABLE 6.3: Transformatisn Facters for One Way Memoers,
Sienple-Fixed Boundary Conditions (from Biggs 1964)
Strain Load Factor | Lumped Mass | Uniform Mass Bending Sprng Dynamic
Range K Factor, Ky (1) Factor, Ky Reststance, Ry, Constant, K Reaction, V
Elastic 0.58 — 0.45 BM e /L I8SEVLY | VI =026R+0.12F
o V2 =0,43R +0.19F
E-P (2) 0.64 - 0.50 M+ IM L 383 vyl 0.39R +0.11F M, /L
Plastic 0.50 —_ 0.33 4M g 2M YL 0 038R +0.12F M ./t
& Elastic 1.00 1.00 0.43 16Mp. /3L § 107EVL} | VI=025R+0.07F
] V2 =0.54R + 0.14F
E-P 1.00 1.00 0.4% 2Mp2M VL | 48 EV} | 0.7BR-028F M /L
Plastic 1.00 1.00 0.33 2(M o ZM VL 0 0.75R ;- 0.25F £ M, /L
Fi2 F2 Elastic 0.81 0.67 0.45 6M e /L 132EVL7 | Vi=017R+0.17F
L V2 =033R + 0.33F
L33 1L/30 EP 0.87 0.76 052 Mt 3M VLT S6EV3 [0.525R - 6.025F + M L
Plastic 1.00 1.00 0.56 2(M #3M L VL 0 0.52R, - 0.02F + ML

Notes: (1) Equal portions of the concentrated mass are lunped ar each concentrated load.
(2} E-P is Elastic - Plastic.
(3) My is the ultimate moment capacity at midspan: M ps is the ultimate moment capacity at support.




Transformation factors also change as the structural member progresses from the
elastic to plastic ranges and back to elastic response range. The resistance also
changes for the plastic range as shown by Equation 6.3, .

Tn actual practice, il is common to keep the transformation factors consiant
throughout the analysis. Engineering judgment is used to select the appropriate
factors, depending on the predominant respense mode anticipated. A trial and error
approach may be used 10 evaluate the response mode behavior. An average of the
elastic and plastic transformation factors is sometimes used.

Transformation factors for commen one-way and two-way structural members
are readily available from several sources (Bipgs 1964, TM 5-1300). Refer to Tables
6.1,0.2, and 6.3 for a summary of such factors for ane way members,

The mass of the structure includes its self weight and the weight of permanently
attached equipment. Mass is simply weight divided by gravity. Approximations are
sometimes used in determining mass distributions of members analyzed as SDOF
systems in order to be able to use readily available tabulated transformation factors,

When performing dynamic analyses of a series of SDOF Systems representing a
Structure, an estimate of the amount mass “riding along” with a supporting member
often must be made. For example, a roof girder supports a portion of the mass of the
roof beams it supports which needs 1o be added to the girder's mass as illustrated in
Figure 6.5. Engincering judgments are often used in lieu of rigorous mathernatical
procedures. One recommendation for continuous reinforced concrete slab and beam
type construction given by 7Af 5-7360 (Section 4-43.1) is to include 20% of the
supported member’s mass with the mass of the supporting member, This would
correspond to a supported member which is relatively flexible in comparison to the
supporting member. For the structure illustrated in Figure 6.5, 50% of the beam’s
mass is considered to be lumped at the midspan of each girder. In this example, the

beam is considered to be rigid in comparison to each girder. Each case is judged
individually.

General transformation factor cquations for distributed mass systems and
malti-degree of freedom systems are given by Biggs /964 (Chapter 5), and Clough
1993 (Chapter 2). These general methods can be used in determining transformation

factors for nonprismatic members or members which have nonuniform mass
distributions.

6.4.3 Graphieal Solution Methods
Blast loadings, F,, act on a structure for relatively short durations of time and are

therefore considered as transiens dynamic loads. Solutions for Equation 6.3 are

available in the form of nondimensional charts and graphs (TM 5-1300 and Biggs
1964)
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Fg3 = K| (beam reaction force)
Mc2=0.5 z‘n! L] + sz Mz

Beam SDOF System Girder SDOF System
b) Uncoupled SDOF System
FIGURE 6.5: Mass Distribution of a Typical Multi-Member System

A typical graphical solution for a triangular pulse joad with.an clas!o—p§a§l|c
resistance function is shown in Figure 6.6. Additional charts covering other |Oﬂd"l'18
canditions and elastic rebound are available in Biggs 1964, ASCI Manual 42 and 1A
J-1300. Such charts can be used to determine the maximum ductifity demand, [T
and the time of maximum response, t,. Parameters needed to enier Flgyrc 6.6
include the maximum applied force, F,, the loading dura!iop, t4, 'ullazpate resistance,
Ry, and the period, t,, of the equivalent SDOF system. This period it bas:cd on ic
deformed shape of the member and therefore differs from 1h:_: nalyral vibration period
which is independent of the loading. The equation for the vibration frequency of the
SDOF system is expressed in cycles per second:

I‘= EE-‘,KEI M.
[

(6.7)
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FIGURE 6.6: Typical Graphical Solution Chart
For Elasto-Plastic SDOF System (from Biggs 1964)
and the period is expressed in seconds as follows:
i
= — =2 < '
- M /K . (6.8)

This mc‘thod is suitable for obtaining maximum responses of elasto-plastic SDOF
syslcms subjecled Lo simple loading functions. It is generally not practical to develop
solution charts when loads become more complex. A shoricoming of this method is

thal the time history of the response is not available to evaluate support reactions and
rebound effects.

Another graphical method which is sometimes used in the evaluation of SDOF
struetusal elements for blast loading is the Pressure-Impulse, or P-1, method, The P-1
method combines both dynamic analysis and design evaluation into a single procedure
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which can be used to rapidly assess potential damage levels for certain types of
structural .members, such as reinforced concrete panels, steel beams, masonry walls
and other common building elements. Damage levels are usually defined as low,
medium or high which relate to increasing ductility demands.

The basic concept of the P-I method is to mathematically relate a specific damage
level to a range of blast pressures and corresponding impulses for a particular
structural elcinent. Damage levels essentially correspond to deformation states within
the member, The relationships, which may be theoretical or empirical, are plotied in
graphical format as illustrated by Figure 6.7. Knowing the blast pressure and impulse
at a specific structure’s location relative to the biast source enabies the user to read
the damage leve! directly from the P-1 damage curves.

Two basic types of P-1 diagrams are commonly used.  Traditionally,
inondimensionalized “Py,,” and “IL,"* terms have been used to define the abscissa and
ordinate values of the diagram. These terms contain parameters defining the stiffness,
resistance and mass for a particular type of member. Refer to Baker /043 and
FACEDAP 1994 which define Py, and Iy, terms for common structural member
types. More recently, P-I diagrams similar to the one shown in Figure 6.7 in which
the abscissa and ordinate values are given dircclly in terms of pressure and impulsc
have come into use for evaluation of building components and in some cases, an
entire structure. The curves shown in Figure 6.7 define combinations of pressure and
impulse which produce a constant damage level. Three regions defined by the
constant dammage curves are designated as light, medium and collapse in this particular
figure. More or less refinement may be used in defining damage levels.

W
o .
- Line of Constant
8_.
— Damage
=6
S Moderate \ Collapse
2+ Damage
2 4 \\-
g - T —
a3
2"7Light -
— Damage
1 »
o) WU T S S A S O O O S
0 50 100 150 200

Impulse (psi-ms)
"FIGURE 6.7: P-I Versus Structurat Damage
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Theoretical solutions generally tend to underestimate blast re
actual structures. Blast testing is therefore sometimes used to establish a series of
data points for the purpose of developing realistic damage curves, However, when
using test data 1o establish the damage curves, test scatter inevitably requires the
introduction of some conservalism in order to produce smooth boundaries between
the damage regions of the P-I diagram. Also, qualitative interpretations of the tes
specimen responses introduce some uncertainties in the definition of the damage
levels. For these reasons, the P-1 method has been used primarily as a screening tool.

sistance capacities of

6.4.4 Closed Form Solutions

Closed form solutions (i.e. equations) are available only for some simple loading
cases for SDOF systems (Biggs 1964, Clough 1993, Paz 1991). Published solutions
exist for both elastic and elastic-plastic responses, and for triangular and rectangular
lead pulses. The analysis can also be greatly simplified when the duration of the
loading, t,, is either very short or extremely long compared to the period, t,.

When the loading duration is short com

pared with the member’s natural period, {4
M. <01,

the shape of the load-time finction becomes insignificant, The maximum
Tesponse can be calculated using the impulse-momentum principle. The ductility
demand, py, can be determined in terms of the impulse, I

. and the maximum
resistarce of the member:

Ha= 05 [(l2mf/RY +1) 6.9
In the other extreme case, when the toadin
natural period, 14 / 1,
apphied and constant.
convenient form:

g duration is long compared with the

Again, the maximum ductility demand can also be expressed in

He=1/[2(1-Fy /R, (6.10)

Empirical formulas have been developed to transition between these two extreme
dynamic response cascs. ASCE Manual 42 provides the following relationship over
the full response range of T =1,/ 4,

@iti-1) | Qpue-~1)(1)
n{t) 2ua(T+0.7)

Fo/R

(6.11)

Comparisons with more exact solutions show that this relationship yields results
to within 5%, which is usually accurate enough for most applications. This formula

does not lend itself 1o a direct calculation of ductility demand in terms of the other
parameters. However, it can be solved for p, by trial iterations.
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> 10, the system responds as though the load were suddenly

6.4.5 Numerical Integration

When simple graphical, closed form or empirical solution mc.thod.s are nol
appropriate or do not provide sufficient information, the numerical time integration
method can be used. This method is also known as the time history method. Mgsl
texts on structural dynamics (Biggs 1964, Clough 1993, Paz 1991) provide extensive
coverage on numerical solution methods for nonlinear, SDOF systems.

A brief summary will be given of the Newmark numerical integration proccdurc:
which is commonly used to obtain the time history response for nonlincar SD()I'
systems. It is most commonly used with either constant-average or hn_u:ar
acceleration approximations within the time step. An incremental solution ls.obtamcd
by solving the dynamic equilibrium equation for the displacement at egch time step.
Results of previous time steps and the current time step are usgd with recurrence
formulas to predict the acceleration and velocity at the current time step. In some
cases, a total equilibrium approach (Paz 1991) is used to solve for the acceleration at
the current time step.

To ensure an accurate and numerically stable solution, a small time increment
must be selected. A rule of thumb is to use a value less than or equal to 1/10th qf
either the natural vibration period of the structure or the load duration, wh'zchcvq is
smaller, Refer to the appendix for an outline of the basic steps involved with soiang
the equation of motion using Newmark’s method. Computer programs using
numerical time integration methods for nonlinear analyses of SDQF systems (for
example BIGGS, WBE 1990, PLASTIC, Paz 1984, and CBARCS) arc avall:llbic,
Refer to Chapter 11 for the implementation of numerical integration in a blast design.

6.4.6 Support Reactions
Perhaps the most commonly overlooked. aspect of using SDOF npproxin}mions is
the determination of the dynamic reactions for the actual member, The spring force

_in the SDOF system is not equat to the support reaction. In order to determine the

dynamic reactions, the distribution of the inertia force within the mcn}bcrlmust be
considered (Biggs 1964, Chapter 5). The basic approach as illustrated in Figure 6.8

- is to express the dynamic forces acting on the member, or a segment of the member,

in terms of the displacement and acceleration at the control point. This displacement,
y(t) is determined in the solution of the time history analysis of the equivalent SDOF
system,

Equations for the dynamic reactions of typical structural members are available
from the same sources which provide the transformation factors. Refer to Tables 6.1,
6.2, and 6.3. These equations express the dynamic reaction in terms of the resistance
and applied load, both of which vary with time.
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6.5 MULTI-DEGREE OF FREEDOM SYSTEMS

systems to mulli-degree of freedom (MDOF) systems is discussed below. Technicat

Euzd fice is provided to aid in the selection of appropriate solution methods
tructures w!uc‘h may not be adequately represented as a SDOF system incl d.
multfs{ory building frames, slab/beam/girder framing systems and structure hCL'l :
muiltipie concentrations of significant fumped masses. An example of g 1ypic§! f::ilrtlig
This two story building is
nd second stories, as would
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FIGURE 6.9: Typical MDOT Structure

6.5.1 Dynamic Equilibrium Equation

When the structura configuration is complex or, significant dynamic interaction
between interconnected members can not be avoided, a coupled analysis approach
can be used. The coupled analysis approach can include as few as two degrees of
freedom to represent a structural system or it can involve the use of many degrees of
freedom in a single, comprehensive dynamic analysis of the entire superstructure.

The MDOF approach will require the use of a contputer program to perform the
structural dynamic analyses due to the extensive computations. Frame analysis type
programs using beam elements may be used if the structural configuration lends itself
to this type of modeling. Use of generai purpose finite element analysis programs
may be necessary in order to accurately represent the structure with the appropriate
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type of element, such as plate and shell elements for continuum type structures,

orthogonal horizontal direction can be used i
dimensional model.  Refer to Section
considerations for this type of structure.

Responses of MDOF sysiems are determined from the solution of the following

dynazpic equilibrium cquation.  This cquation is the matrix form of the equilibrium
equation for a SDOF system (Equation 6 1),

(MJ{a} + [C]{v) + [K]{y} = {F,) (6.12)
For pracl.ica] purposces, manual solutions of this equation can be obtained for only
two or possible three degrees of frecdom. An example of an elastic-plastic, twg

d.egrce of freedom system analysis is given by Biggs 1964 {(pp. 237-242). sven this
simple problem involves significant ¢ffort.

Solutions for MDOF systems are usually obtained through the use of finite
element procedures. Due 1o nonlinecarities associated with plasticity and possibly
Igrge c{isp[acements, the direct time integration method should be used. Various
direct integration methods for fime integration are employed but, the Newmark

6.5.2 Advanced Analysis Methods

Ina s{.rict sense, an “advanced analysis” is one in which the nonlinear geometric
and mgtgnal_ef‘fccts are accounted for in the analysis of the structure as a whole in
determining sas.u]umatc load carrying capacity. In addition, effects of Jocal as well as

A comprehensive list of behavioral phenomena and physical attributes affecting
}'he strength and stability of steel frames is compiled in White 199;. Some of the
Iems fisted include jnjtinl mperfections, residual stresses, initial strains, constnuction
sequence, effects of simultancous axial force, shear and moment on section
capacilies, P-delta effect, Jocal buckling and spread of inelastic zones in members. A
similar list of items could be compiled for reinforced concrete and other strucniral
malerials. 1t is clear that a comprehensive advanced analysis can become quite
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complex.

The tools needed to perform such advanced analyses are not yet generally
available. However, a number of commerciatly available finite element programs
possess sophisticated nonlinear analysis capabilities. These analysis codes do not
incorporate the design code checks for local member instabilitics as is done in
advanced analyses. In spite of this obvious and significant difference, the finite
element analysis method is considered as an advanced analysis methad for purposes
of this report.

6.5.3 Tinite Element Analysis Methods

A finite element analysis method is recommended when one or more of the
follewing conditions exist:

2. The ratio of 2 member’s natural frequency 10 the natural frequency of the
support systém is in the range of 0.5 to 2.0, such that an uncoupled analysis
approach may yield significant inaccurate results.

b. Time varying support reactions or member forces are desired in order 1o
evaluate the structure or its foundation in great detail in an effort to minimize
costs of structural backfit modifications,

c. Overall structural behavior is to be evaluated with regard to structural stability
{frame buckling), gross displacements and P-delta effects.

d. The structure has unusual features such as unsymmetrical or nonuniform mass
ang stiffness characteristics.

Many commercial finite element computer programs (for example ABAQUS,
ADINA, ANSYS, DYNA, DYNA3D, L5-DYNA, NASTRAN and NONSAP) arc
readily available for nonlinear dynamic analysis. Other computer codes, such as
CBARCS, COSMOS/M, STABLE, ANSR-1 have been developed specifically for the
design of structures to resist blast loads. All these computer programs possess
norlinear analysis capabilities to varying degrees.

Certain considerations should be given to achieve adequate results at a reasonable
cost when using finite element analysis methods. One item lo consider is the
appropriateness and practicality of the element type. The most suitable element typés
from the simplest to the most complex include spring elements, line {bearn} elements,
plate/shell elements and solid elements.

Another important item is to consider how the finite element output data would
be used to confirm compliance with acceptance criteria. For example, using stross

output data from plate or shell elements lo evaluate a reinforced concrete slab is not
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very practical.  Some computer codes employ a yield criterion for plate and shell
cicmcn!s based on stress resultants (forces and moments), which is much more
convenient for structyral design purposes.  Another difficulty arises when trying to

{Iclcrm_me I‘Eff}tive displacements of a member in order to check its maximum
deflection against the allowable deflection,

f\lﬁxough the finite clement method can provide the most accurate means for
analyzing Structures for blast loads, the uncertainty associated with determination of
loads generally does nol justify its use.  Also, the effort associated with finite element
model development and interpretation of results is often greater that what is required
by the simplified methods outlined above. The simpler SDOF based analyticat
mcthods are recommended for use except in those cases, as described above, where
the inaccuracies associated witly SDOF approximations may be unacceptable, l

6.6 APPLICATIONS

Dynamic analysis approaches for some typical applications are described below.

6.6.1 Shear Wall/Diaphragm Type Structures

foot print, The usual approach for designing for lateral blast loads is to design the

wall facing the blast as a flexural member spanning vertically between the roof and
the foundation, !

between the side walis of the building.  Side walls are ¢

which carry the lateral joads as well as the overturning effects to the foundation. This

f:o]ri'cept Folllows the approach used in seismic design (Derecho 1974) and is illustrated
mn Figure 6.1,

Several considerations are essential when analyzing this type of structure First
N ) 4
the usu_al toad path Fiescnbed above may not be appropriate depending on the

Alnother consideration in the analysis of the shear wall/diaphragm systems is the
effective width of the diaphragm flanges. Some portion of the front and rear walls
can be expected to act as compression and tension flanges, respectively of the
horszor}ial diaphragm stab. The effective widih of the flange is usually taken as
approximately six times the wall thickness (Derecho 1974). Since the dynamic
response of a member is affected by its natural frequency and maximum resistance,

the flanges should be considered when determining the diaphragm's stiffness and
sirength,
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A similar situation exists for the side shear walls. Some portion of the connesting
front and rear walls will act as beam flanges as in a C-shaped cross section in plan.
Here again, an effective width of six times the flange watl thickness may be used.

6.6.2 Frame Strucfures

Madeling of frame type structures gencrally involves use of a MDOF approach
due to simultancous application of lateral and vertical blast loads on the frame. A
simultaneous application of these forces generally results in combined axial and
bending foad conditions in the individual frame members which significantly aflect the
member design. Otherwise, a conservative combination of the separate clfects of
each loading condition on the response of the frame must be used. Advantage can be
taken of the fact that peak responses due to the vertical and lateral loads do not
generally oceur simultaneousty.

Another consideration for frame type structures is whether to use a two or three
dimensional model. The appropriate choice depends on the symmetry of the
structural resistance, mass and the loading. If all three are symmetric, a two
dimenstona! plane frame model will generally suffice,

Some studies of one and two story plane frames have examined the level of
modeling detail required to obtain reasonable results which are summarized by Baker
1983 (pp. 442-453). These studies considered factors such as the number and
spacing of joints, member loads versus joint loads, girder flexibility, sweeping roof
loads and mass distribution among other factors. Due to the large number of variables
studied, the reader is encouraged to refer to the referenced document to obtain a
clear understanding and appreciation of the results,

Selection of the material mode! is another important factor to be considered,
Some programs allow the user to specify plastic moment-rotation curves for beam
elements. However, the more rigorous and most widely available method of defining
nonlinear material properties is to specify the stress versus strain data. Plastic
behavior is approximated at the section level in the former method whereas, the latter
method tracks plastic behavior at the individual integration points (fibers) through the
thickness of the member. Each method has its advantages and disadvantages.

The plastic hinge nonlinear material model is easier to use but usually can not
consider axial load effects. Plastic hinge locations must usually be predetermined and
are usually limited to the ends of the member. Analysis results which inchide
displacements and plastic hinge rotations which are directly comparable against
acceptance criteria, -

The more rigorous stress/strain nonlinear material model, often referred 1o as the
plastic zone method, is theoretically capable of handling any peneral cross section
Both isotropic and kinematic hardening rules are usualty avaitable, This method is
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most practical for homogenous materials such as structural steel due to the
complications involved with modeling composite materials such as reinforced
coencrete. Qutput results include stresses and strains at various locations along the
length and through the thickness of each member. Obviously, the amount of output
data that can be penerated can become very large.

6.6.3 Slender Box-Type Structures

A typical slender box-type structures is a rectangular, reinforced concrete building
having a width and length relatively small compared to its height. The response of
such 2 building subjected to fateral loads is characterized by cantilever beam action
rather than shear wall/diaphragm action as described in Section 6.6.1 above. In other
words, the front and rear walls of the building act as the flanges of a vertical

cantilever beam while the side walls act as beam webs. This behavior is sometimes
discussed in terms of shear lag phenomena,

Some studies have been made to investigate when the cantilever beam mode
becomes significant (Gupta 1984). Guidelines are available for determining when
such a structure can be analyzed as a cantilever beam, as opposed to a shear
wall/diaphragm type structure. A cantitever type building can be analyzed as a SDOF

system whereas, the shear wall/diaphragm type structure is usually analyzed as a
series of interconnected structural elements,

6.6.4 Empirical Methods

Empirical metheds based on structural damage data collected from tests and
actual explosions are paining use in evaluating existing structures for blast loading,
Similar experienced based methods of structural evaluation have been developed for
seismic loading. Although these empirical methods are not yet common for blast

resistant design, their use is expected to increase as more data is collected and
evaluated,

As briefly mentioned in Section 6.4.3, the P-1 Method is sometimes based on

empirical relationships. Mathematical expressions of P-1 damage curves are derived
from test results. Refer to Baker 1983 and FFACEDAP 1994 for further details,
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APPENDIX
NUMERICAL INTEGRATION METHQD

The basic steps for numerical integration using the linear accc%cra'tion mclhod,_uml
a bilinear resistance-deflection function for compression and tension, arc outlined
below, These steps are casily programmed for use with personal computers 1|1ﬂsmg
programming languages such as BASIC or FOR”E‘RAN, or sp{eadshcci temp .lc's
One source of software is Microcomputer-Aided Engmeerrfrg: kSrrucfufaI l)yn(m{f:: s,
{(Paz 1986). Another useful program, BIGGS, is aiso a.vmlablc {WBE !‘_)‘)f))‘ ; -lgl'm
fellowing procedure is based on Paz 7986, Tmplementation examples are included in
Chapter 11,

Enitialize:

a. Determine the stiffhess, K, mass, M, tension resistance, Ry, compression
resistance, R,., damping coefficient, C, forcing function F(i.), time increment, At,
reaction resistance coefficient, a, and reaction force coefTicient, b.

For blast design, the damping is usually set to zero.

To include the effects of static [oads, the tension and cormnpression resistance
should be adjusted accordingly.

b. At each time step (step = 0 to last}, determine the value of the forcing function,
FG---FFHI

c. For the initial time step (step = 0), initialize the displacement, velocity,
acceleration, yield displacements, and resistance,

L=F, /M

Yo = Ru/ K
yc,O = Ruc‘j K

Re=0
d. Initialize the response indicator, KEY

v

KEY,=0 (elastic)
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For each time step: (stegs = f, beginning with | = o)

a.

b.

o

25

o

™

Caleulate the effective stifness,
If(KEY; = 0) then K, = K + (6/AHM + (3 TAYC
otherwise K'; = (6 / AM+(3 A C
Caiculate the effective incremental force,
AFi=(F. -F)+ (6/Aa)M+(3)C v, + [(B)M + (At/2) Cla
Solve for the incremental displacement,
Ay; = AF/ K
Calculate the incremental velocity,
Avi= (31 At) Ay, - (3ai- (A7 2) g
Calculate displacement, and velocity at the next time step (Step = i + 1),

Yin =yt Ay,
Vier = vit Ay

Determine the caleulation case, Z, for the next time step, (Z is used as a switching
mechanism in sclecting the appropriate formulas for KEY, y, and y.)

if(KEY; < 0} and (v;.; < 0) then Z;,, = 1
if(KEY; < CythenZi, =2

tF(KEY; > 0) and (Via > 0)then Z;,, = |
il (KEY, > O)thenZ;,, =3
i (v < Y)thenZi =35
if'(y;q > yi;) then Zin=6

otherwise Z,,, = 4

B Determine the response indicator for the next time step,

if(Ziy=1or 4} then KEY;,, = KEY; (same as previous time step)
i (Zi) = 5) then KEY., =.] {piastic compression)
if (Zict = 6) then KEYi =1 (plagtic tension)

otherwise KEY,,, = 0 (clastic)
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Determine the tension yield displacement at the next time step,

if‘(Zm = 2) then Yeis =y + (Rug - R.,c) /K
if(Z;., = 3) then Yiitt = Vi

otherwise y,,, = y;
i. Delermine the compression yield displacement at the next time step,

if(Zivs = 2) then ye0, = Yin
if (Zyo) = 3) then Yeint = ¥i- {Ru - Ry) 7K

| otherwise yg ;. = Yei
j- Calculate the resistance at the next time step based on the valug of KEY,

if (KEYi; = 0) then Rivi = Ry - (01 - yior) K
3 IF(KEY,'H = ]) then Riol = I{(;[

atherwise Ri.; = R,,
k  Caleulate acceleration at the next time step,

iy = [Fiu - (C) Visp - R;.)]/M

Caleulate the dynamic reaction,
Vi=(@ R+ (b F

m. Repeat the loop until the desired deformations are reached.
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CHAPTER 7
DESIGN PROCEDURES

7.1 INTRODUCTION

Tke purpose of this chapter is to tie together all the subjects of the preceding chapters
and to discuss design requirements for structural elements. General blast design concepts
which apply to all struciures are discussed. Next, a design sequence is outlined, Finally,
specific design methods for blast resigtant building construction are presented. '

7.2 GENERAL DESIGN CONCEPTS

. Several important concepts should be kept in mind while designing buildings for blast
resnsts‘inct:. These. concepts include energy absorption, safety factors, limit states, load
combinations, resistance functions, structural performance considerations, and most

Ergpogant]y, redundancy. A design satisfying all required strength and performance
crteria would be unsatisfactory without redundancy.

Allhc_mgh the structural desipn codes (ie. AISC LRFD, ACI 318, and UBC 1994) do
n()l'speciﬁcally cover blast resistant design, they remain the best design tools commonly
available which are supplemented by these design recommendations.

.21 Energy Absorption

The need for achieving ductile responses has been discussed previously in Chapter 5.
However, both strength and duclifity are necessary 10 achieve high energy absorption.
Enwrgy absorption capacity equates to the area under the load versus displacement
diagram, or resistance finction, of a member or overall structure (see Figure 5.1). High
energy absorption capacity is achieved through the use of appropriate structural materials
and details. These details must accommodate relatively large deflections and rotations in
order to provide redundancy in the load path. High strength with low ductility is
undesirable for conventional design, and ever less desirable for blast resistant design.
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7.2.2 Safety Factors

Traditional definitions of safety factors in terms of strength requirements, such as
load-resistance factors or allowable stresses, are nol applicable in blast resistant design.
Safety factors are more appropriately measured in terms of strain energy demand versus
strain energy absorption capacity. Allowable deformations are a practical method to
quantify energy absorption capacity.

Margins of safety against structural failure are achieved through the use of allowable
deformation criteria as presented in Chapter 5. As long as the caleulated deformations do
not exceed the allowable values, a margin of safety against failure exists.

An additional method which has been used to achieve a margin of safety is {o increase
the design blast pressure loading, For example, 734 5-/300 recommends adding 20% to
the weight of the charge. However, increasing the blast load is not common, and is not
recommended, for petrochemical explosions because of the methods used in load
prediction,

7.2.3 Limit State Design

Limit state design methads are used in blast resistant design, These methods provide
a comprehensive, reliable and realistic means of predicting failure mechanisms and
structural capacities, Limit state design methods for structural steel, cold formed steel,
reinforced concrete and reinforced masonry are available. However, as of now, no similar
design specification is available for aluminum structures.

For structural and cold formed steel, the Load and Resistance Factor Design (LRFIY)
method is used. The Strength Design Method is used for reinforced concrele and
masonry materials.  Details on the implementation of these methods are pgiven in
subsequent sections in this chapter for each class of material.

Each of the limit state design specifications contain special pravisions for high seismic
conditions, which are commonly used for blast resistant design. These provisions are
intended to protect against nonductile failure modes, such as buckling or premature
crushing of britile materials, through use of special detailing and design requircments.

7.2.4 Loading Combinations

Limit state design specifications define the load factors and combinations of lodds 1o
be used for conventional loading conditions such as dead, live, wind and carthquake.
However, no current limit state design specifications cover bfast loading conditions. Blast
loads are combined with only those loads which are expected to be present at the time of
the explosion, Therefore, blast loads are not combined with earthquake and wind loads,
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The basic limit state loading combination for all material types used in blast resistant
design is as follows:

1.O(DL) + 1.0(LL) + 1.0(BL)

€A)]
where,
DL = dead load
LI =live load

BL = blast Joad

All or part of the live load may not be used, refer to Section 6.2.4. Unit load factors

are based on the presumption that the accidentat blast loading condition is an extremely
rare occurrence,

7.2.5 Resistance Functions

In order to determine the dynamic response of a System, one needs to develop
generalized force versus deflection relationships for the overall structure or each member.
These force versus deflection relationships are usually nonlinear (due to materials or
geometry) and are called resistance functions, They are an essential input parameter for
the analysis of equivalent single degree of freedom (SDOF) systems. Resistance functions
are not usually needed for analyses of multi-degree of freedom (MDOF) systems.

Material models emplaying nonlinear stress versus strain data, as discussed in Chapter 5,
are used in MDOF systems,

The first step in developing a resistance function is to determine the plastic section
capacities, such as plastic moment, M, as shown in Figure 7.1. The next step is to
determine the sequence of plastic hinge formation and the comresponding load and
deformation values. This is done by incrementally applying loads until a collapse
mechanism is formed as illustrated in Figure 7.2 for a fixed end beam with a uniform load.
Collapse loads for other common one way members are included in Tables 6.5 through
6.7. For a more complete treatment see Chapter 5 of Biggs 1964,

The piecewise lincar curve Tepresenting the resistance function shown in Figure
7.1 is an approximation made to simplify the analysis and design process. This
approximation ignores some nonlinear elfects such as:

* concrete and masonry - softening due to cracking, initial yielding

* reinforcing steel and structural steel - strain hardening

* structural steel - progressive vielding of fibers through the section
thickness

7-3

M fo ee<eyy 085 ecxgy,
ey ]
M T Lt s‘l!'o.
Mu T / ﬁf“»_".: C c
d tensile steel i:;‘-'_- y My
M| ff yields §".‘ T T
/ conerete cracks Eo=t, Eozey
=  Scction Forces Strains TForces  Sirains
® Yield Moment Ultimate Moment
a) Moment Versus Curvature for R/C Section
M l Fully Plastic Section P
Mli T £ T e e e e Y
My T = ﬁ—c
C
Extreme Fiber Yielding My My < E__
T T
Fy
Yield Moment  Ultimate Moment
B

b) Moment Versus Curvature for Steel Wide Flange Section

FIGURE 7.1t Typical Moment Versus Curvature Dingrams

: |
. . \ . , ‘
Preloads are sometimes considered in developing resistance functions. Preloads _

are any dead or live loads which cause a deformation in the member aqd tlzcrcgy)t(s)s;
up some of the available strain energy. Eﬁ‘ec.:ts of preload on eq.uwazcm 81
system analyses are sometimes handled by reducing the. calculgtcd avallablf: rcsusmnlce
by the amount of the preload. Another approach is to simply superimpose the
preload on top of the blast load.

Resistance functions can be further approximated by elastic, perfectly plastic
bilinear functions which are used in the development of'rcs‘ponse charts and _formulas.
The approximation is made by maintaining maximum resistance and cqual!ngfircas
under the curve (strain energy) up to maximum resistance, Ry, as shown in I'lgl.li'c
7.2, Maximum resistance values may be different fo.r the positive fmd negative
loading directions. Strain hardening efTect§ can be considered, sce Scetion 5.5.5. A
typical resistance function is illustrated in Figure 7.3.

The basic steps outlined above for the design of flexural m.cmt.)crs .also apply for
shear members. One major difference is the determination the initial stiffiess {slope)
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FIGURE 7.2 Resistance Function for Member With Sequential Plastie Hinges
of the resistance function.  Shear deformations ar

deformations for these types of members and therefore can not be neglected as is the
case of flexural members. Maximum resistance is determined in accordance with the
shear strength design provisions of ACT 318 using unit strength reduction factors,

¢ as large or larger than flexural

7.2.6 Struetural Performance Considerations

Structural performance requirements for blast r
imposed on member deflections,

Conventional serviceability requireme
blast loading conditions. See Chapter

esistant design include limits
story drifis and damage tolerance levels.

nts are not applicable for the one time severa
5 for additional information.

7.3 MEMBER DESIGN PROCESS

The following steps  depict

the design process for individual members,
Descriptions of each individual step

are given in the following sections,

STEP I LOAD DETERMINATION

STEP 2: DETERMINATION OF MEMBER PROPERTIES
STEF3: MODEL REPRESENTATION

STEP 4:

TRIAL MEMBER SELECTION
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STEP 5: DYNAMIC ANALYSIS
STEP 6; DEFORMATION CRITERIA CHECK
STEP 7: CONNECTION DESIGN

These steps are deseribed in the following sections.

7.3.1 Load Determination -

For primary members (external walls, roof stabs, etc.), ?he ]oac‘i computation is
performed in accordance with Chapter 3. Loads on supporting, or interior mcmbcr§,
are determined either by 1. the tributary area method or 2, from a compu.tec.i dynamic
reaction. In the tributary area method, external blast pressures are‘muluplledlby the
exterior surface area tributary to a support location. The resulnqg fo.rce is, then
applied to the next membar, Dynamic rgactions result from 3 numer:ga] time hlsto}ry
analysis (refer to Section 6.5.3) and provide a more accurate time-varying load on the
supporting member.,

7.3.2 Determination Of Member Properties

Member properties are determined in accordance with Chap};r 5, R.eqwlrcd
dynamic properties usually include unit weight,‘ modulus of ‘elaslvlcsiy, elastic yield
strength, and allowable deformations, Additional properties include post-yield
strength or membrane resistance.

Fi SR S Ry

FIGURE 7.3: Typical Simplificd Elasto-Plastic Resistance Function
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T.3.3 Model Representation

The engincer must develop  mathematical models for individual structural
members. This includes a decision on the most appropriate structurat representation,
such as one-way versus two-way action, and loading distributions for each member.
Fdividual members ae asually idealized as simple one way beams or two way plates
siawve these types of members can be adequately analyzed as equivalent SDOF systems
wiit minimal engineering effort, One way members are the most common.

Boundary conditions need 1o be assessed based on the type of connections to be
ased lor the member supports. The engineer must keep in mind that support details
must provide sufficient strength, ductility and stability to enable the member to
develop full collapse mechanism, Support capability to resist reaction forces for both

the loading and rebound phases of the response must be considered when assessing
boundary conditions,

1.3.4 Triat Member Selection

Unlike most static design procedures, dynamic design requires a trial and error
approach. Only ia the verification of shear capacities and in the design of support
connections can member proportions be directly determined, For the dynamic
analysis, the needed nonfinear response properties are determined from a trial section,
The snalysis results then indicate the adequacy of the trial section. Experience on the
part of the designer wilt help in reducing the number of iterations. The use of simple

computer based design approaches help to reduce the time required for each analysis
iteration.

7.3.5 Bynamic Analysis

The dynamic analysis #tseif is then performed by one of a number of different
methods ranging from simple chart or equation solutions to complex nonfinear finite
clement analysis.  Analysis methods are covered in Chapter 6. The purpose of this
step is Lo compute member deformations and reactions,

7.3.6 Deformation Criterin Check

Analysis results will indicate peak element deformations which should be
compared to the allowable values given in Chapter 5. Deformations will be dealt with
in terms of ductility ratios, support rotations, deflections, or as deflection-span ratios.

[f the allowable values are not met, then some changes to trial member sizes or to

structural configurations must be made and the analysis repeated. Material specific
criteria is provided in Sections 7 4 throuph 7.6,
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7.3.7 Connection Sizing

Connections must be sized to transfer computed rez}ction forces fmd to assure that
plastic hinges can be maintained in the assumed [ocat:ons. For rel_nforceé C(')!}crcl?
design, splices and development lengths are provu?ed for the ﬁ_lll yield capacfmcs Irl)
reinforcing.  For structural steel design, connections are df:s:gned .for a cnp@;i
somewhat greater than that of its supported member. Fu'rther mforr'nauo.n is prowu;
in later sections of this chapter. Typical connection details are provided in Chapter 8.

7.4 REINFORCED CONCRETE DESIGN

Reinforced concrete is often used in petrochemical buildings f‘or the exterior faces
directly exposed to blast effects. The extertor faces may be cast-in-place or precast.

Wall and roof elements are usually made of reinforced concrete for projectile
penetration resistance. Roof and side wall structural elements may leso use ti;e
inherent in-plane strength of concrete to resist latera:i blast forces. I}emg re!atwg y
thin flexural elements, walls and roofs should be des:gned' f'c_;r a_consnderablc duc}t%c
response in order to absorb blast energy without transmitting it to t]_1e-supporlss1g
elements.  Construction preferences often indicate the need to |etrr1)|naae shear
reinforcing if at all possible to reduce field labor costs. The combination of these
objectives leads to the need for higher strength concrete.

Precast walls are used for two reasons: 1o reduce the cost of :hg building through
decreased field labor, and to shorten the schedule by constructing the walls and
foundations simultaneously. The largest drawback for the use .of precast strucutfal
elements is the design and detailing of connections. As in seismic design, special
attention to ductility must be vsed.

Foundations are always constructed of reinforced concrete. B!asl resistant
buildings can be supported on piled or soil supported mats. Spread fool1ng§ arc .usctl
with a grade beam system to minimize relative displacements between individual
footings.

7.4.1 Design Principles

The Strength Design Method of ACT 318 is used to exlgnd standard conc.rilc
strength and ductility requirements to the desigz? of blast resistant structures. l.‘cf
resistance of concrete elements is computed using the dyn.armc. material strengths
given in Section 5.4. Strength reduction factors are not apph_ed ('l.c.ld:_= I.G) to ifmd
cases involving blast. The plastic response used in blast deslign is similar in concept
to the moment redistribution provisions in ACT 3/&, Section '8.4 ar'1d !hc seismic
criteria provided in AC/ 3/8, Chapter 2i. The more extensive scismic detailing
provisions are applied to provide the necessary ductile response.
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742 Supplementary Design Requirements

in ac‘idilion to ACT 318 requircments, the following items should be considered for
blast resistant design.

b.

com‘rollcd‘ by the uncracked strength of the member., To prevent a premature
ductile failure, reinforcing in excess of the cracking moment should be

provided. IIn computing minimum reinforcing, the dynamic raterial strengths
discussed in Chapter 5 should be used.

Maximum rcmfor.cing: Code provisions for maximum reinforcing are included
1o prevent crushing of concrete prior to yielding of steel. Code provisions

Subs.litutéon of higher grades of reinforcing: The substitution of higher grades
of reinforcing should not be allowed. Stronger reinforcing tends to increase
the moment capacity of a concrete sectign while not affecting the concrete
shea_r capacity. This could cayse a ductile response 1o become non-duyctile,

Addlllionally, a higher moment capacity will tend to increase the dynamic
feaclion which the supporting member muyst resist.  Because ASTM
spc'c:ﬂcations provide minimum requirements, mill test reports should be
reviewed for possible significant over strength,

Devc[qpmenf lengths: Development lengths shoutd not be reduced for
excessive relnfqrccmcnt. Because plastic hinges will cause over designed
reinforcing to yield, the full actual strength of reinforcing should be used in

computing section capacities. The development of reinforcing should be
computed accordingly.

Serviceability requirements: Criteria intended 1o reduce cracking at service
load !evels need not be applied to load combinations including blast,

Cracking, as wefl as permanent deformations resulting from a plastic range
fesponse, are an expected resylt of such an unusual type of load. The ductility

Is’n}ilsl of Chapter § are consistent with the performance requirements of the
building under blag(.

Lacing: This a special type of shear reinforcing that uses a continuous zigzag
shape (o very cffcctively tie together longitudinal bars. Lacing is traditionally
used only in highty special situations, such as containment walls, where very
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large deformations are tolerable, Recent reports on slabs indicate adequate
plastic rotation capacity can be achieved with the use of standard tie bars, or
stirrups to restrain longitudinat reinforcing,

Combined Forces: Some concrete elements are simultaneously subjected to
out-of-plane bending loads in combination with in-plane shear loads. For
example, side walls must resist side overpressures acting into the plane of the
side wall. Additionally, reactions from the roof diaphragm acting in the plane
of the side wall must also be resisted. There are three means of dealing with
this situation:

1. Separate sets of reinforcing may be determined for cach type of foree to
be resisted. For example, exterior reinforcing may be sized to resist
bending while a layer of center reinforcing nay be used to resist in-plane
shear. Care must be used to make sure hinge capacities are not changed
as a result of reinforcing intended for other purposes.

2. An interaction equation, based on criteria from ASCE Ml 42 can be
applied to determine acceptable behavior:

[AVAE + [AdA], <= 1.0 (7.2)

- where,
Ay = computed deformation {ductility ratio or support rotation)
4, = allowable deformation (ductility ratio ar support rolation)
i =in-plane deformations
o = out-of-plane deformations

3. The time phasing of in-plane shear and normal loads can be determined
from a numerical integration. Provided the peak forces are reached at
different times, these forces can be treated separately. Judgment must be
used {0 make this determination,

7.4.3 Failure Mechanisms

The primary failure mechanisms encountered in reinforced concrete buildings arc
flexure, diagonal tension, and direct shear. Of these three mechanisms, flexure is
preferred under blast loading because an extended plastic response is provided prior
to failure. To assure a ductile response, sections are designed so that the Mexural
capacity is less than the capacity of non-ductile mechanisms.

Shear reinforcing is not commonly used in wall and roof elemafits even though
reinforced elements can undergo an extended plastic response,

Shear reinforcing

increases the diagonal shear capacity of the member, but more importantly, it
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provides lateral restraint for the principle reinforcing. Such restraint is vital for large
deformations where exterior protective concrete will spall.

4

Other failure mechanisms involve portions of structural elements or the
transmissions of loads between elements. These other mechanisms must be sized 50
as not to control the overall structural response.  Such failure mechanisms include
reinforcing development failures, precast connection failures, anchor bolt embedment,

and door connections. This type of failure involves reinforcing development and
anchor bolt embedment. Non-ductile failures are prevented by providing a concrete
embedment strength preater than the material strength of the anchor bolt or
reinforcing bar. Connection type failures involving precast connections or door and

window frame embedment are avoided by designing these connections so that the
plastic hinge occurs away from the connection.

Situations will occur where a ductile bending mechanism is not attainable. Deep
roof diaphragms and side walls resisting in-plane shear are two examples. For these
cases, the response must be fimited accordingly. Refer to Chapter 5 for these limits,

1.5 STEEL DESIGN

Applications for structural steel in blast resistant design include beams and
columns for the support of vertical loads, braced and rigid frames for the support of
vertical and horizontal toads, and specialized elements such as doors, window frames,

decking, and protection for duct openings. For lower blast loads, steel siding can be
used.

Structural steel has the advantage of quick assembly at the jobsite. Specialized
clements, such as doors, are usually delivered in one piece ready for installation into
concrete formwork or inte the building frame. Being a factory produced material,
steel has well controlled and predictable strength and post-yield properties. Unlike
concrete, steel has good tensile as well as compressive strength,

The disadvantages of structural steel in blast design are twofold, The most
significant is the inherent slenderness of steef and the possibility of premature local or

general buckling. A less significant disadvantage is that steel siding has a lower
resistance to projectile penetration,

7.3.1 Design Principles

The AISC Load and Resistance Factor Design Specification (AlSC LRFD) is
used as the basis for blast resistant design. The resistance of structural steef elements
is computed using the dynamic material strengths given in Section 5.4, Strength
reduction factors are not applied (i.e. ¢ = 1.0) to load cases involving blast, The

resistance of structural steel elements are computed using plastic analysis techniques
and seismic detailing provisions.
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Stenderness considerations are of particular importance to the ductility of
structural steel members. Steel, as compared to other building materials used in blast
design, is considerably thinner, both in terms of the overall structure and the
components of a typical member cross section. Ag a result, the effect of overall and
local instability upon the ultimate capacity is an important consideration. Width-
thickness provisions must be applied not anly to the extent that a full plastic capacity
can be achieved, but to the extent that higher ductility ratios can also be safely
reached. The width-thickness ratios, from Table 8- of Seismic Provisions for
Structural Steel Buildings (AISC 1992) are used for this purpose.

7.5.2 Supplementary Design Requirements

In addition to A/SC LRFFD requirements, the following should be considered for
blast resistznt design:

a. Substitution of higher grades of steel: Substitutions of higher grades of steel
should not be allowed. Higher grades of steel possess less effoctive
resistance-deflection curves, may alter the relationship between flexural and

shear capacity, and tend to increase the dynamic reaction which supporting
members must resist,

b. Cold formed steel: A/S/ 1997 is used with several adjustments. The special

provisions within these specifications pertaining to seismic design are adopted
for blast resistant design

c. Diaphragms: In the design of walls to resist blast pressure loads, it is generally
assumed that the walls are supported at opposite sides for one way slab design
or supported at four sides for two way slab design. Therefore, the roofs or
the floors should be designed adequately as diaphragms to resist the in-plane
foads and transmit them 1o the resisting shear walls,

In addition to the above in-plane loads, the roof diaphragms also are subjected

to normal positive overpressures and, to a less severe extent, normal negative
pressures.

Roof diaphragms should be designed to resist lateral wal! reactions applied as
in-plane loads as well as blast overpressures applied as out-of-plane loads.

Though Equation 7.2 could be used for this toad interaction, scparate
structural bracing members are normally added to transfer lateral wall
reactions. Refer to A1S7 /997 for further information.

d. Connection design: To maximize the plastic response, the connection must
not control the capacity of the member. Preferably, a moment connection will
force a plastic hinge away from the connection and into the member.
Connection strength is determined through AISC LRI design methods
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Ductilit)f requirements are implemented through the use of appropriate
connection details.

Both welded and boited type connections are used in rigid and semi-rigid
construction. There is no particular advantage of using one type over the
other with regard to joint performance under blast loading conditions, Since
plastic ‘hingcs are likely to be formed at member connections special
connection details require carefy] consideration of the effects of possibie
stress concentrations.  Sharp corners and weld details prone to undercutting

should be avoided. AJ8¢ LRFD fatigue eriteria  should be consulted for
additional information.

Som‘c insight on what types of details should be used or avoided can be

Detailed evaluations of connection ductility are usually not performed.

However, in some special cases it may be necessary to evaluate moment
versus rotation characteristics. Theoretical methods for predicting connection
behavior, as wel! an electronic database of actual test data, are available from
Chen 1994 Usefil information on moment Versus rotation relationships for

various types of connections can also be obtained from Committee 43, White
1991, and ASCE Manual 47

Cladding: Cold-formed light gauge sheet metal panels are a common cladding

maerial used in petrochemical buildings. Prefab buildings with metal siding and
roof deck panels are quite common in petrochemical facilities. These are used

ohnly in low blast pressure applications due to premature buckling of the relatively
thin webs,

manufacturer catalogs: It is also to be noted that section properties of cold-
formcd stcel panels will change with the increase of joad intensity. As the l[oad
increases beyond the level of iocal buckling, properties fike area, moment of
mertia decreases and deflection increases, Deflection increase causes steel panel

toactasa membrane in tension. Therefore care must be exercised in selecting the
proper section for the anticipated load.

The resigancle of cold-formed steel panel is computed using dynamic ingrease
factors given in Chapter 5. Chapter 5 also supgests a factor of 0.9 in computing

resistance in flexure and provides necessary equations.
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The primary failure mechanisms encountered in cold-formed steel panels are
bending arid shear. Care must be exercised to preclude shear failure by increasing
the span length ete.. Since cold-formed steel panels will usually have thin webs,
webs must be checked to preclude crippling problems by providing larger bearing
area,

Acceptable response ranges are given in Chapter 5. Use low response range
values when tension membrane action is not present. Use high range vatues when
tension membrane action is permitted and stecl panel end connections are properly
designed.

7.3.3 Failure Mechanisms

Ductility limits for structural steel members are established such that gross
member collapse due to failure of the member itself or its connections is precluded. It
is presumed that local and gross member instabilitics are prevented by providing
adequate bracing and stiffeners. Shear failure modes are also to be precluded by
design.  Determination of failure mechanisms and corresponding  capacities for
fexural meembers and beam-columns arc adequately covered by the LRFD
specifications.

Connections structural steel members are generally designed to develep the full
strength of the member, With regard to ductility cvaluations for connections, explicit
checks are generally not made, It is presumed that satisfaction of the gross member
displacement ductility criteria ensures the integrity of the member connoctions.

7.6 REINFORCED MASONRY DESIGN

Masonry, both reinforced and unreinforeed, is a common construction material in
petrochemical facilities. However, unreinforced masoary is inappropriate in blast
resistant design due to its limited strength and its nonductile failure mechanisms.

Reinforced masonry walls with independent structural framing for vertical loads are
commonly used in blast resistant design.

The blast capacity and ductility of reinforced masonry walls is much lower than the
capacity that can be achieved with reinforced concrete of comparable dimensions.
The lower capacities are due to the limited available space for placing steel
reinforcing, the lower compressive strength of the masonry, and the limited mortar
bond strength.

7.6.1 Design Principles
Chapter 21 of the Uniform Building Code (UBC 1994} is used to design blast

resistant masonry structures, The resistance of masonry elements is computed using
the dynamic materia! strengths given in Section 5.4, Strength reduction factors are
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not applied (i.e. ¢ = 1.0) to load cases involving blast, Additionally, strength design
principles for reinforced masoary are well documented in many texts such as

Schneider 1987, Ductility is achieved by adhering to URC 1994 detailing provisions
for high seismic zones.

7.0.2 Supplementary Design Requirements

Design requirements corres

ponding to /BC 1994 seismic criteria are used in blast
resistant design of masonry st

ructures, with some minor adjustments:

a. Interaction: Interaction between in-plane and out-of-plane loading effects is
considered by using Equation 7.3 defined in Section 7.4.2g.

b. Shear Walls:  As is the case for reinforced congrete, it is not generally
practical to achicve flexyral failure modes for reinforced masonry shear walls.
However, the use of shear reinforcing in the form of horizontal joint
reinforcing does provide some limited ductility.

7.6.3 Failure Mechanisims

The failure mechanisms of interest in reinforced ma
flexural, transverse shear, in-plane shear and
compression and flexure. Buckling failure mod
connection failures are 1g be avoided.

sonry wall elements include
in some cases, combined axia}
es of compression elements and

7.6.4 Diaphragms

Diaphragms transfer blast loads to supporting members through in-
The most common type of steel diaphragm is a cold-formed, corrugated

deck which transfers lateral loads to shear walls or braced frames,
published technical guidance exists

loading conditions. The recomm
clastically using conventional design methods outlined by the SDI 1987 and Alst
1967 Refer to Yu 199/ {Chapter 9) for a comprehensive discussion including

examples on the design of steel diaphragms. The design of meta cladding on the
exterior surfaces of buildings for flexurdl action is discussed in Section 7.7.

plane action.
floor or roof

Very little
pertaining to the design of diaphragms for severe

Special considerations for atlaching roof decking to the structural frame are listed
in 7A 5-7300, Sections 6-17 through 6-22 and in NEFC 19886, Section 5.4 for blast
loading conditions.  These considerations include items such 8s material
specifications, minimum recommended rib depth and sheet metal gage, side lap
requirements and fastener details, The emphasis is on providing connections having
adequate strength to secure the roof deck under combined inplane and normal loads,

In addition to the in-plane loads, roof diaphragms also are subjgcted to normal
positive overpressures and, to a less severe extent,‘ normal negative !pbrlesstu;;e:(.ls
Diaphragms should be designed to resist Stmultan.eous in-plane anq nolrma n;snorma]
in conjuniction with other applicable loads, Ti}e time lag bclwegn in-p a?e ad_ ormal
loads can be taken into account in the design. The deflection .of'.ne iaphrag
should be checked to confirm that it does not ecxceed permissible defiections
established for attached elements,

7.7 FOUNDATION DESIGN

Normally, the overall blast capacity of a building is not controlled byl its
foundation because there is usually adequate inherent strength to p;'cvc;n a
catastrophic failure. However, excessive dynamic movements _from 8 E?Ia‘s‘t oa m;y
result in unacceptable foundation damage, which because of inaccessibility, can be
difficult and expensive to repair.

There are two basic approaches to foundation design: equivalent static fa!ul
dynamic. The equivalent static approach is almost a]ways s:elccted because oTiss
simplicity. However, sometimes an overly conservative des1gq could result.] The
dynamic approach involves a very complex analysis, although’it should result in a
more realistic design.

Typical structural foundation types used_ fo.r blast resistant structures tend :'?3 nbaei
more rigid and tend to provide more continuity than those used for conven ld ‘m
design. Relative displacements beiween co!utr}ns .am.j walls ne'cd to be _mmlm;:?e] i
order to maintain structural integrity. This is simitar to seismic de.mgn w1zc1bs
accomplished by using grade beams to tie together spread footings or pile caps, o;i ,ﬁ
using combined mat foundations. Bn?cause lateral E?]ast forces are quite hip
compared to conventional loads, batter piles may be required.

77.1  Equivalent Static Design Method

In the Equivalent Static Design Method, foundations are ty.pically dgsngmf;lh Fo;
the peak reactions obtained from the superstructure dynamic anal.yms.}. ;}s
reactions are treated as static loads, disregarding any time phase relationship. The
basis for equivalent static design is discussed in TM 5-856.

The downward force from the overpressure on the roof is applied simuisaneousllly'
with the horizontal force from the peak reflected pressure on the f'rlcl)rzl wab.
However, the compensating effects of blast forces acting on the rear wa may be
conservatively neglected.

Under blast conditions, maximum soil bearing and pgssivc pressures are sclccﬁcd
to prevent excessive foundation movement. The following design criteria are often
used in equivalent static design for foundations:
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1.2 for vertical loads on soil
1.2 for vertical loads on piles

1.5 for lateral loads on vertical piles with or without passive resistance
1.2 for fateral loads on battered piles without passive resistance -
2.0 for lateral Joads on battered piles with passive resistance

1.0 for lateral loads resisted by frictional soil resistance
1.5 for lateral loads {in cxcess of friction) resisted by passive resistance

1.2 for overturning

In no case, should the capacity of the foundation be less than ultimate static
capacity of the component it supports.

7.7.2 DYNAMIC DESIGN METHOD

The equivalent static design procedure described above is widely used in the
petrochemical industry, Oceasionally, the results of a equivalent static design results
in a foundation which i impraciical, or oo costly. In this situation, the dynamic
analysis method can be used. A dynamic analysis takes into account the inertia of the
foundation mass in resisting the load, and will generally vield a more economical
design. The procedure is described in detail in 7Af 5-856 (volume 4) and TR 492;.

The forces acting on a foundation are indicated in Figure 7.4. The equations of

motion for the foundation can be derived from the equilibrium of forces and moments
at the center of gravity:

vertical forces:

Ma,+K,y~*—P(t)+Mg

(7.3)
horizontal forces:
Mac+Ke(x-0h)= H{) (7.4)
rotations:
lhao + Ko O-Ke(x-0hyh= M(t) (7.5)
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FIGURE 7.4: External Forces on a Foundation {(from TM 5-856)

where,
M = mass of structure
&, = vertical acceleration
Ky = vertical soil stiffness
y = vertical deflection
P(t) = vertical dynamic load
A = horizontal acceleration
Ki = horizontal soil stiffness
X = horizontal deflection
8 = rotation
H(t) = horizontal dynamic load
g = acceleration of gravity .
Lo = mass moment of inertia about center of gravity
a4 = rotational acceleration
Ks = rotational soil stiffness .
h = height from lateral soil resistance 1o center of gravity

M(t) = rotational dynamic load

As for other materials, the soil stiffnesses, K., Ky, and Kq are limited by ultimate |

soil capacities. Furthermore, reversals of movement and uplift can gencrate zero
resistance and must be appropriately included in the analysis. The later:&l stlane§s, K,
is determined from friction, adhesion, and passive pressure as applicable with an
appropriate moment arm, h.

Knowing the forcing functions, reactions from supported membcrs,. the
translation:] and rotational movements of the footing can be calculated using a
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nonlinear numerical integration similar to tha described in Section 6.4.4, Note that
the fateral and rotational movements are coupled and require a modified numerical
integration for 1wo degrees of freedom. If maximum movements are found to be
excessive, the foundation should be enlarged to increase its contact with the soil or

. '
cﬁ‘ec%.of‘ the superstructure is more pronounced and should be included in the
analysis. In general, the foundation model shoutd include all structural elements

which tend to. move rigidly with the foundation, Refer to 7Af 5-856 (volume 7),
Section 9.06 and 7R 492/ for further details.

Allowsble foundation movements are usually leff to th
foundation designer.  As for structural elements, it js usually impractical to limjt
foundations movements to elastic limits. Thus, a certain level of stiding and/or
overturning is often tolerable, The building designer should consider such things as
repair and reusability of the building, the effect of foundation movement to

underground utility penetrations, and the effect of differential foundation movement
on structural elements.

e judgment of the

CHAPTER 8
TYPICAL DETAILS

8.1 INTRODUCTION

This chapter presents an overview of various details applicable to blast resistant
structures. Many details for conventional steel and concrete structures, and specific
details for seismic design, are applicable to these structures and are not included.
Details should meet the requirements of design capacity, energy absorption, and
ductility,

8.2 GENERAL CONSIDERATIONS

It is essential that the design engincer recognize the job is not complete untif the
structural system has been detailed in a manner that assures the response will be
consistent with the design intent, The development of details should also consider
cost and constructability.

The details discussed or lustrated in this chapter are some of those that have
been found to be cost effective and easily constructed. Structural steel connections
are designed to move plastic hinge formation away from the connection and into the
member.  Reinforced concrete connections must provide ful! development of
reinforcing with ties to permit extended plastic deformations, The design details
included are not intended to limit the use of alternate designs.

8.3 ENHANCED PRE-ENGINEERED METAL BUILDING CONSTRUCTION

The enhancement of these types of buildings is achieved by using closer gpacing
for the building frames and girts and ccmbining sections of the standard AlSI cold
formed shapes to achieve symmetry.

Ovarsized washers are used to secure the cladding to the frames to mininize
tearing under the effects of blast or rebound loads. Figure 8.1 ilfustrates the use of
oversized washers. An alternative is to use conventional plug or puddle welds at
spacings required to meet the load conditions.
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8.4 MASONRY WALL CONSTRUCTION

All masonry must be reinforced and detajls typically used for reinforced masonry
construction are applicable 1o blast resistant design.

However, one addilional requirement for blast resistant design should be
considered. The presence of negative pressures and rebound forces require that wall
to frame connections be provided to assure proper transfer of these outward acting
forces. Figure 8.2 shaws an application of anchor straps to handle rebound forces.

8.5 METAL CLAD CONSTRUCTION

Most details for this lype of constrection are not uniquely influenced by blast
resistant design.  For steel frame buildings, appropriste AISC steel details used for
plastic design methods should be used, The attachment of the siding and roofing
requires special attention and the details shown in Figure 8.1 are applicable.

8.6 PRECAST CONCRETE WALL CONSTRUCTION

This type of construction uses a steel or concrete frame and precast concrete wall
panels. Many details have been developed for precast concrete walls. Details for

precast walls should be in accordance with the scismic requirements of ACS 318,
Chapter 21.

The precast details covered in this section can be grouped into two categories;
conventional enhanced details, and cast-in-place mimic details,  Conventional
enhanced details necd to be strengthened for blast resistant design. Figures 8.3, 8.4,
8.5, and 8.6 are examples of these details, One way to provide a reliable degree of
strength and ductility is to mimic cast-in-place construction. This approach has been

suggested for conventional precast construction in seismic areas. Figures 8.7, 8.8,
and 8.9 are examples of these details,

8.7 CAST-IN-PLACE CONCRETE WALL CONSTRUCTION
This type of construction may be totally reinforced concrete, or may be a

combination of concrete or steel frames with cast-in-place or precast walls, Shear

wall details should be developed using the seismic provisions of ACT 3/8, Chapter 21.
Figures 8.10 and 8.11 are typical cast-in-place details.
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CHAPTER 9
ANCILLARY AND ARCHITECTURAL CONSIDERATIONS

2.1 INTRODUCTION

This chapter addresses blast resistant considerations for doors, windows, utility

opgnlings, and special exterior and interior requirements. These considerations should
be jointly addressed by the building design team.

9.2 GENERAL CONSIDERATIONS

When t‘here is an opening in the blast resistant envelope, the blast wave will
propagate inside and result in an increase in the interior pressure.  7A 5-71300
nl!uslra:cs a method for calculating the change in pressure inside a building. As
dlslcu‘sscd earlier, there should be a vatue established for the tolerable increase in the
buildings internal pressure and all interiar walls should be designed accordingly,

‘ Ift a maximlllm permissible interior pressure is specified in the building's design
criteria, the demgn team must assure that each opening either completely blocks the
nterior propagation or that the effects are suitably mitigated,

The design of the various devices used to protect building openings is a very

specialized field. Normally, the detailed design of the different elements and
components of doors, window glass and frames, blast valves and attenuators is

performed by the manufacturer based on design criteria provided by the design team,

9.3 DOORS

This section deals with door design for resistance a
Types and applications of blast resistant door
are provided.

gainst an accidental explosion,
s are discussed, and design approaches

The building's doors,
hardware limitations, are
to be the

duc lo their functional requirements and associated
ire a weak link in blast resistant design. Since doors are tikely
argest opening inta a building they provide the largest potential source of
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blast wave propagation if the opening fails. Therefore, doors need to be no weaker
than the requirements for the design areas walls, floors, roofs, and other structural
components.

9.3.1 Definitions

Throughout this section the terms low-range, mid-range, and high-range are used
to distinguish varying levels of blast pressures applied to blast resistant doors. 'The
ranges come from the research of product literature of several blast resistant door
manufacturers. The terms are loosely defined as;

Low-Range Door - A door designed to withstand an equivalent static pressure
that is less than 3 psi (21 kPa).

Mid-Range Door - A door designed to withstand an equivalent static pressure in
the range of 3 psi 1o 25 psi (21 kPato 172 kPa).

‘ High-Range Door - A door designed to withstand an equivalent static pressure
that exceeds 25 psi (172 kPa),

For elastic behavior, an applied static force is half that of an applied dynamic
foree of infinitely long duration.

1t is typical for manufacturers to have several models in each range. The doors
may vary significantly in material, thickness, restraining hardware, frame profile and
anchorage.

9.3.2 Performance Limitations of Commercial Industrial Doors

The average industrial personnel door is a hollow steel or composite deor
typically 1-3/4 in (4.4 cm) thick with [B-gauge steel facing. A composite door
consists of a center, sound-deadening noncombustible core, usually of polyurethanc
foam or slab. Light gauge vertical reinforcement channels are used in hollow metal
panels to add strength and rigidity.

These doors are often inappropriately considered as acceptable equipment for
withstanding blast overpressures in the 0.7 psi (5 kPa) to 1.0 psi (7 kPa) range.
When the initial direction of the blast wave tends to scat the deor into the frame,
these doors are susceptible to localized deformations or component failure that could
render the door inoperable. If the magnitude of the blast is significant enough,
catastrophic failure of the entire door assembly could occur. Rebound forces can also
create concern. These doors are equipped with standard builders hardware. This type
of hardware has severe limitations for withstanding forces resulting from a blast. The
forces created by the blast often exceed the load ratings of the mest commonly used
latchsets and hinges. Knowing this, one realizes that there is little, if any factor of

9.2
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safety when an untested com

| mon door is accepted as a suitable alternate to a certified
blast resistant door,

9.3.3 Guidelines for Blast Resistant Door Design

E%ased. on the desired end-use of the door, puidelines for acceptance have been
classified into three categories:

Category 1 - The door is to be operable afler the loading event and pre-
established design criteria for stress, deflection, and the limitation of permanent
deformation have not been exceeded. A ductility ratio of 1.0 or less (elastic
range) and a door edge rotation of | 2 degrees should be specified. This category
should be specified when the door may be required to withstand repeated blasts

or when entrapment of personnet is of concern and the door is & primary exit to
the building,

2 - 3 and a door edge rotation of 2.0 is recommended. The door must remain

operable and this category should be specified when entrapment of personnel is a
concern,

a door edge rotatim‘) of no greater than 8 degrees is recommended. This category
should only be specified when entrapment of personnel is not a possibility.

Catepory 1V - Ouiward rebound force and resulting hardware failure js
acceptable.

9.3.4 Coordinating Efforts with a Blast Resistant Door Manufacturer

Since the blast door designs interfaces with the other structural components of a

facé!z}‘y, it is wi;e to approach the preliminary design of the blast resistant door system
early in thfz clqsrgn stage of the project. As a minimum, door manufacturers wilf need
the fellowing information 1o firnish pricing and complete detail design of the doors:

i. Blast resistant door frames may be anchored into surrounding walls by
several methods. They may be cast in place in new concrete, bolted in with
cancrele expansion anchors, welding the frame to an existing steel embed or

stlmcture, or bolted to an existing structure. What method of anchorage
will be used?
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2. What is the wall's rough opening size and the door's jamb opening size?

3. Furnish the same information relative 1o peak incident overpressure, peak
reflected pressure, and blast load duration that has been used lor the
structural components.

4. Does the direction of the blast force act to seat the door inlo the frame or
unseat the door from the frame?

5. Must the door's material remain in the clastic or clasto-plastic range? s
permanent deformation permitted?

6. What is the limit for the ductility ratio?

7. What is the total permissible deflection at the mid-span of the door panel or
the degrees of end rotation of the door panel?

8. Must the door be operable after the blast?

9. Furnish information about such architectural requirements as: hardware
functions, door closers, door opening assists, paint and finish, fire labeling
requirements, ete,

9.3.5 Testing and Structural Analysis Methods

Most blast door manufacturers opt to perform static load tests on prototype
assemblies of low-range blast doors to demonstrate that the assembly will resist the
blast overpressure specified. Static tests should be accepted only if the dynamic
structural response and dynamic load factors have been considered and the door,
frame, and restraining hardware are manufactured using the same materials,
dimensions, and tolerances as those in the prototype static test.

It is common practice among manufacturers to substantiate the structural integrily
of mid- and high-range blast resistant doors by design calculations. Calculations
supporting the ability of the door to meet performance criteria under the specified
blast loading should be supplied to the specifier for review before manufacturing of
the dror proceeds. The calculations must cover the initial response of the door,
rebound, and all secondary items such as stresses in welds and fasteners, local
buckling and web crippling in structural members, and the structural capacity of the
hinges and latches, and frame anchorage to the surrounding structure.

9.3.6 Fire Labels and Fire Label Construction

Many blast resistant door manufacturers can offer 3-hour “A" and 1-1/2-hour "3"
fire labels on low-range and mid-range doors that certify that the construction of the

door has been fire tested by an agency such as Underwriters Laboratories. Few
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manufacturers offer a fire label on high-range doors,
with a manufacturer’s fire label procedure, often the
certifying that the doors are fabricated from fire F
contribute to flame spread. Ofen this method is accepted by fire protection

authorities on the project, however the specifier should consult the authorities early in
the design stages of the project to verify acceptance,

When a door design conflicts
manufacturer will offer a letter
esistant materials that will not

9.3.7 Dciivery Lead Times

BBlast sesistant doors are not "off the shelf items. They are built to order and
manufacturers generally require 6 to 8 weeks after notification of approval of the
shop drawings and design data 10 schedule and fabricate low-range doors, 10-12
weeks for mid-range doors, and 12 weeks or more for high-range doors,

9.4 WINDOWS

Historically, ordinary glass windows are not adequate for blast overpressures as

low as 0.2 psi (1.4 kPa). Many injurtes in explosion accidents result from glass
fragments. Therefore, the use of windows should be discouraged.

When it is necessary to include windows in the building, there are higher strength
type glass and glazing materials such as laminated glass, polycarbonate, and plastic
interlayer that may be considered acceptable depending on the design overpressures.

These materials may be used either by themselves or as components in a composite
construction.

Wire glass is an annealed glass with an embedded laver of wire mesh used an a
fire resistant barrier. Annealed glass is of relatively low strength when compared to
tempered glass and tends to fracture into dagger shaped razor-sharp fragments.

Although the wire helps bind fragments, wire glass should be avoided unless required
by NFPA considerations.

Chapter 5 of the ASCE Physical Security report addresses the various types of

glazing materials and structural components of window frames and should be referred
to for a detailed discussion of the topic.

Windows should be designed to withstand the same blast loads as the walls. The

engineer should define the structural design criteria and coordinate with the building's
architect 10 assure the manufacturer's correct interpretation,

2.5 UTILITY OPENINGS

Blast resistant buildin

g5 require the same openings for air intake, exhaust, power
and control cables, and

service piping as conventional buildings. For blast resistant
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buildings, it may be necessary to provide protection at the openir}gs. Mfunlfaclurcrs
of protective devices for these openings normally provide the detailed desipn.

Electrical and pipe penetrations may be brought into thp building underground.
Based on economy and design, this type of entry may be preferred.

9.5.1 Blast Dampers

HVAC blast dampers are devices with mechanical clcmgms whiclh chsc wuh!n
milliseconds of the blast wave arrival. Blast dampers are available which will remain
closed or which will reopen after pressures return to ngrmal. Blast dampers arc
furnished in frames that require attachment to properly designed structural elements.

Because of the need to close within milliseconds, open blast dampers create a
significant operating pressure loss. Therefore, the resulting blast dampgr opening is
usually much larger than a normal duct penetration. This must be considered in the
buitding opening layout.

9.5.2 Blast Attenuators

HVAC blast attenuators are similar to blast dampers except they do not have any
moving parts. They are stationary devices used to reduce or lessen titc blast r;gwc
effects by reducing the interior increase in pressure. Thgy are mtcnd'ccl for short blast
durations. Manufacturers will provide the necessary design information.

9.53 Cable and Conduit Penetrations

Large concentrations of unprotected cable or conduit penekra-tions can _rf::sull %uj
significant entry of blast pressures. Through the use of proprietary dcvu,cs., ilm
annulfar space around cable or conduit can be completely sealed.  Alternatively,
custom designed closure plates may also be used.

3.6 INTERIOR DESIGN CONSIDERATIONS

Considciation should be given to certain interior items. Funclimjlal or dccorali\"c
objerts should not be mounted on the interior surface of an exterior wall. Rapid
inward movement of the wall may dislodge objects causing injury to people or
damage equipment. For the same reason, file cabinets and other fur.rushmgs sh_oulj
not be placed closer to the interior surface of a wall than the maximum predicte
defiection of the wall.

Suspended ceiling components are particularly susceptible to being dislodged

during a .blast.  Ceiling lighting fixtures, diffusers, ctc should be supported
independently of the suspended ceiling. -
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2.7 EXTERIOR CONSIDERATIONS

The peak reflected blast loading is calculated assuming the air can move around
the structure and efficiently relieve the pressure. Buildings should be configured to
brevent trapping of the blast wave and therein increasing the load above those

spec.iﬁcd. Items such as re-entrant corners and set back doors can experience
loadings that are considerably higher than the pe
should be avoided.

The building design should not contribute to the likelihood of flying debris.

: ! j CHAPTER 190
Canopies and vestibules should be avoided since they frequently become dislodged 3 EVALUATION AND UPGRADE OF EXISTING BUILDINGS
and could block criticat means of egress.

Normally, the effects of missite impact and penetration on buildings are not 10.1 INTRODUCTION
coqsudgred in detail. It is difficult, if noy impossible, to predict the size and velocity of ]
prO}CCil[ES.. Usually a concrete wall wil| prevent the penetration of most projectiles, This chapter discusses structural evaluation strategies and upgrade options for
A neutral risk philosophy does not consider the effects of external projectiles. buildings at petrochemical plants which may not be adequate for bfast hazards. A
aumber of actions can necessitate an evaluation, including a change in building
cccupancy er building function, addition of building floor space, change in process
explosion hazard, change in corporate policy, or completion of a Process Hazards
Analysis which indicates a problem may exist,

This chapter assumes that a decision has been made to evaluate and possibly
upgrade a building that may not have adequate blast resistance. This decision
depends on safety and economic considerations. Assistance in making this decision is
provided in APf RP-752 and CCPS Building Guidelines,
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Retrofitting existing structure is discussed in Structural Design for Physical
Security: State of the Practice Report (ASCE Physical Security). Although the blast b
load is specifically related to external or internal bomb threats, the analysis technique i
P and design approaches for hardening structures are simitar in tany ways.
1

',a
g 10.2 EVAT.UGATION STRATEGIES

: . A primary consideration in the evaluation strategy is the sclection of the
™ appropriate- response criteria for existing buildings. For existing buildings, the
incremental cost for upgrades using the same criteriz as new designs can be very
significant, A common performance goal for existing structures is to absorb blast
loads through inelastic response near incipient failure. If it can be shown that
personnel will be protected, dynamic response near incipient failure of the structure b
may be acceptable for existing buildings. Selection of response limits is discussed in o
Chapter 5. L

An important but sometimes overlooked evaluation is a check of the as-built
conditions of a building. Modifications made since the original construction may rot

|
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be reflected in the design drawings. In many cases, these modifications can reduce

the blast resistant capacity of the structure such as construction of openings for doors
and other large penetrations.

Upgrade of existing buildings can range from minimal, such as window
replacement, to very significant, such as providing a concrete shell or perhaps
relocating the facility operations. It is important to remember that costs tnvolve not

only construction bul alse downtime due to the interniption of operations which may
be necessary to implament the upgrades.

Typicaily, a blast protection study for an existing building involves the following
sleps:

1. Determine the location and size ol potential explosions, and establish blast
loads on the building.

2. Establish appropriate level of blast protection based on building category or
finction.

3. Inspect the building and cvaluate the structural components for bilast
resistance.

4. Determine if structural deficiencies exist based on structural evaluations and
blast resistance required.

5. Identify different upgrade options and make selection based on technical
feasibility and cost effectiveness,

10.3 UPGRADE OPTIONS

Upgrade to the existing facility depends on the increase in blast capacity reqtiired.
Level of blast protection ig generally based on building category, function, risk level

and blast loads.  Stryctural assessment and cost evaluation are then made to
determine the best alternative to use,

The following aiternatives are avaitable to increase the blast capacity of existing

buildings. Note that each upgrade option is generally limited in terms of how much
blast resistance it can provide.

* Strengthen member connections (o prevent shear failures may be all that is
necessary if the blast capacity is marginal. More expensive aptions may

include replacement of existing members which cannot be adequately
strengthened. i
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*  Increase moment capacity of structures by adding new lateral bracing between
structural elements.

*  Strengthen metal panels by improving end connections, and reducing span of
panels by adding girts and purlins.

*  Strengthening concrete masonry walls by reinforcing and grouting, or adding
shotcrete layer on the outside walls.

*  Place cast-in-place or precast reinforced concrete panels in front of existing
walls.

*  Build a shell around the existing building,

*  Build a barrier wall on the sides of the existing building facing possible blast
sources.

*  Replace or climinate windows, and replace doors of insulficient blast crpacity
with blast resistant doors.

¢+ Bome other methods for reducing blast hazards include modifying the
architectural configuration of the building, removing parapet wglls,
eliminating exterior enclosures around doors, replacing hard conneclions
between exterior and interior walls, and replacing interior concrete block
partitions. Even though these methods do not increase the b!zfst -re.sistance of
the building directly, they are effective in reducing the pozential injury Lo the
personnel inside the building,

10.3.1 Connections

Strengthening of the connections is often the most cast cﬂ‘ectiv.e upgrade for
existing Luildings if it does not require removal of existing Entenor. wni']s and
equipment. For a member to absorb blast energy and be structura.lly.emczcnt,‘ it must
develop its full plastic flexural capacity. This requires a substantial increase in shear
capacity at the connections to avoid failure,

A typical shear connection for a wall girt might consist of a refatively thin two
bolt shear tab. As a blast load is applied to the girt, tearout of the tab may occur due
to an inadequate number of bolts or insufficient weld capacity. This will prevent
development of plastic moment capacity of the member and lhps reduce its blast
resistance. A typical upgrade for this type of connection is addition of a new shear
tab welded or bolted to the existing column and girt.

Flexural members which must develop moment capacity at the end of the member
may be inadequate because they were designed for predicted member stresses due to
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a static load rather than to develop the ultimate strength of the member. Standard
{rame connections are based on the elastic distribution of stress rather than a plastic
distribution acress the section. Connection plates must provide a capacity in excess
of the dynamic yield strength of the flanges.

Another consideration in developing connection details for blast resistant
structures is the provision for redundant load path. Because these elements may be
stressed near their ultimate capacily the possibility of single failures must be
considered. Where possible, it is desirable to provide an alternate load path should a
failure occur.  Consideration should be given to the number of components in the
load path and the consequences of single failures. The key concept in the
development of these details is to trace the load or reaction through the connection,
This is much mare eritical in blast design than in conventionally loaded structures,

Load reversal is typically not considered in the design of connections for
conventioral loads. As discussed in the design procedure chapter, rebound forces
produced in a member's response can be quite high. These forces are a furction of
the mass and stiffness of member as well as the ratio of blast load to peak resistance.
Connections which provide adequate support during a positive phase load must also
be analyzed for the rebound load, 1f the member becomes dislodged during rebound
due to inadequate connections, progressive collapse or failure of the structure may
occur. When these members fail, a loss of lateral bracing for other components may
occur, dramatically decreasing their resistance. The concept of connections for
rebound forces is important, not only for steel structures but also for concrete
structures.  In a typical design for external loads, support for an element in the
positive load phase may be provided by direct bearing, such as the top of a wall sfab
against a concrete roof deck. In rebound the reaction must be provided by
reinforcing bars tied into the roof or floor slab. If these bars are not sized to resist

the rebound load, the wall may fall away from the structure and cause collapse of thg
roof deck.

Itis important that connections for blast loaded members have sufficient rotation
capacity. A connection may have sufficient strength to resist the applied load;
however, when significant deformation of the member occurs this capacity may be
reduced due to buckling of stiffeners, flanges, etc. Figure 10.1 is an example of a
connection design for large rotation capacity.

Connections for precast panels can be a problem for blast loaded buildings.
Typical connections for walls rely on direct bearing for support of the panel for
positive loads, and weld plates for negative loads such as wind suction. Rebound of
stiff panels due to blast load can be very high, and the connections typically used in
conventional design may be inadequale to resist this load. Substantial and expensive
changes arc often required to develop the fult capacity of precast panels.
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FIGURE 10.1: Large Rotation Connection Detail
(based on TM 5-1300)

It is often desirable to utilize the in-plane capacity of precast panels to function as
shear walls in resisting lateral loads. The connections typically prov1§cd l?etvxl'cen
adjacent precast members are often inadequat_e to dc_eveiop the lre.qmrcd in-plane
capacity. It is normally very expensive to add this capacity 1o an existing structure.

Headed studs are normally used to secure a roof siab to 2 structural stet?] framing
system for rebound loads in new designs. This option may not available fgr
upgrading existing structures. It may be necessary to provide through bolts to the
structural frame with a backing plate on the top side of the slab.

16.3.2 Bracing

Many roof beams, roof purlins and wall girts in existing Pc!rcchcmica} structurcs
are not capable of developing their full plastic moment capacity for loads in the planc
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of their webs due 10 inadequale lateral support of the compression flan e. Thes
elcm'cnls Mmay have some bracing of their compression flanges for cogmlrcnai E;
gravity or wind loads in one direction, and no bracing for blast rebound loads inotl;la
other (fll’CC.lloﬂ, An econontiea] way o increase the blast resistance is to add .
lateral bracing to these elements, or to take advantage of the lateral strength of i]vz\?l’

and roof membpers ih 1t ese C]el! ent. ty ICa”y Tt V T ”d I p051t”e t]es
] 5
) wo, P suppo b p o ! g

(:ccrdmg factors in whether of not a “bracing upgrade” can be considered as
:,cgno;;uc;%. In conlrol;ooms and laboratory facilities, the roof beams and purlins are
ypcally below the Primary roof and above an interior or dropped ceiling, The

construction effort would have to be direc insi ildi
\ ‘ C ed from inside th
mterfere with building operations, " buldig, and -

~ Taking advantage of existing structura members, [ateral bracing may inclug
tying the flanges of the steel members to {he elements that they suppm‘ty such E
pres{.rcssed concrete decks, concrete decks on metal forms, metal or ﬂber-reinforc:d
plastic (FRP) panels. Note that this bracing Benerally only i;mreases moment capacit
for downward blast loads. If analysis shows that upward rebound occurs, the bgtton):
Nanges may also need new bracing.  See Figure 10.2 for a typi’cal bracing

New Anchor

Existing Concrete
Deck

New Bottom Angle Existing Beams

for Rebound (diagona!)

FIGURE 10.2; Typical Bracing Details
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‘\— Stiffeners

Bracing Rod
(bolted or welded)

FIGURE 10.3: Typical Bottom Flange Bracing

configuration. Bracing rods can also be used 1o tis the bottom flange to the roof
beams (Figure 10.3).

Care must be exercised when using metal or FRP panels for lateral suppori. They
may have been forced into membrane action by the blast load, and may not be able to
offer any resistance against lateral buckling of supporting members, The panel’s in-
plane capacity should be evaluated, and additional bracing provided where required.

Bar joists have adequate lateral support to prevent the top chords of the joists
from laterally buckling under the loads published in the manufacturer's load tables,
For required resistance higher than the load tables or for plastic behavior of the joists,
additional lateral bracing may be required. Evaluations should be based on as-built
dimensions and field inspections at the elements and welds. If rebound resistance is
required, zJditiona) uplift bridging may be required.

For plate girders, the addition of transverse intermediate stiffeners at various
spacings along the span length will increase the web buckling strength, thereby
increasing the web resistance to shear and moment. On deep web plates, longitudinal
web stiffeners will also increase section capacity. If rebound of the system occurs,
lateral bracing of the other flange will need to be evaluated.

In many existing buildings there are opportunities to increase the capacity of stecl
columns by providing additional bracing to the weak axis (or strong axis if required).
Columns around the perimeter of the building may be tied to the walls to add lateral
support in the plane of the wall, provided that out-of-plane deformation of the wall is
minimal under the blast load. Substantial deformation of the wall will linit its
capability to be a brace. To increase the capacity of columns where bracing is not
feasible, reinforcing with plates or other shapes may be considered.

10-7
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10.3.3 Metal Panels

Metal panels are commonly used as exterior cladding for buildings in
petrochemical facilities. Metal panels do not provide good blast resistance in most
cases without modification. Because they are constructed of thin gauge material,
they tend to buckle before reaching their ultimate plastic capacity. When this
buckling occurs the cross section at the critical point becomes very flat and section
byt propcnies are greatly reduced. The flexural resistance at this point is essentially nil,
) Resistance provided beyond this region is due to membrane response which is
ﬁ characterized by stretching of the panel rather than flexure. To achieve this type of

response it is necessary to restrain the ends of the panel to provide the required
reaction.

; A typical conventional design wtilizes small setf-drilling/tapping screws attachad

‘:j_. to base angles and wall girts to secure the panels in place. These screws are not
suflicient to develop the membrane capacity of the panels due to tearout through the

, panel ends as well as pull-out over the head of the screws. To increase this membrane

ﬁ capacity it is necessary to reduce the load in each screw andfor to increase the edge

dislance in the end of the panel This will provide additional shear length to avoid a
prematuore failure.

Another option to increase capacity is to limit the amount of load produced at the
ends of the panel, It is ofien unnecessary to develop the full membrane capacity of
the panel in order to resist the blast load. An enalysis may be performed to determine
the actual maximum resistance in the panel and size the connections for this [oad,
Use of a flexible support will also limit the magnitude of load occurring at the ends of

Steel Base Angle Plastic Hinge

A325 Balts or forms here

E / Metal Panel

Metal Screws ™
with oversized i ]
E washers e
Steel
‘, Expansion e ?
Bolts
‘“ﬁ .
| s,
~ NP

_ ‘ﬁ FIGURE 10.4: Base Angle Detail for Flexible Connection
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the member. This can be accomplished by developing a support which deforms in
flexure and limits the end reaction. This type of connection is shown in Figure 10.4.

To increase the connection capacity at the end of metal pancls, oversized washers
shoutd be used. This provides additiona! friction area to resist in-plane loads and also
prevents tearout of the panel over the head of the screw.

Reducing the span increases the capacity of metal panels in flexure.  Since
resistance is a function of the square of the span length, addition of intermitlent
supporting members can be very effective in increasing in blast capacity of panels.
This can be accomplished by adding wall girts or roof purlins to the structure, Cost
for this upgrade can be quite high if the interior of the structural system is not casily
accessible, or if construction requires interruption of operations.

When strengthening of existing panels is not feasible, panels can be replaced with
bieavier gauge metal pancls or specially designed blast resistant panels. There are
commercially available panels which have been developed for protection against
terrorist attacks,

10.3.4 Concrete Masonry Units

Many petrochemical structures have concrete masonry unit {CMU) walls with
little or no steel reinforcement. This type of construction lacks ductifity and has
relativity low resistance to blast loads.

One upgrade option is to add reinforcing bars to the CMU cells and then £l the
cells with grout. Attention must be paid to the amount of reinforcement so as not to
exceed the maximum code limit. Access to the top of cells will require portions of
the roof to be demolished and replaced. The cells should be rodded out prior to
pouring grout 10 remove excess mortar and rodded during the grout lifts to
consolidate the grout, The process of upgrading an existing CMU wall with this
method is a very labor intensive operation. Economics may prove to justify other
upgrade options. Also, interference with conduit banks or bond beams may preciude
reinforcing and grouting existing CMU walls.

IF reinforcing and grouting is a viable option, the walls should bz analyzed for
out-of-plane shear and bending using the procedure outlined in Chapter 7. One key
concern may be developing the dynamic reactions from the out-of-plane blast loads.
Unreinforced concrete masonry walls are typically constructed with little or no
connections to the floor slab or foundation or to the roof diaphragm. To improve
these conncctions, the bottom of the upgraded wall can be connected to ils
supporting element by:

* Using concrete curb on one or both sides of the wall,
*  Using structural steci angles as curbs on one or both sides of the wall,

10-9




* Knocking out the face shells of the lower blocks, and drifiing holes into the

slab for the wall reinforcing to be inserted in.

The process of gaining access to the

lop of the wall cells for the addition of

reinforcing bars will provide an opportunity to connect the top of the wall to the
concrete roof diaphragm. If the conerete roof was originally covering the top of the
wall, it will need to be removed for installing the reinforcing bars and grout in the

vertical cells,  When the removed section
reinforcing, If the roof is not concrete, the

is replaced, it should be tied to the new
modifications will need to incorporate the

design of the roof supporting system to provide for the transfer of the wall reaction to

the roof diaphragm.

The upgraded masonry walls perpendicular to the blast loads can also serve as
shear walls. They should be analyzed for in-plane shear and bending according to the

procedure outlined in Chapter 7. Connecti
foundation must also be evaluated,

ons between shear wall and diaphragm or

There are other options for upgrading existing CMU masonry wails. One option

would be 10 add steel members b

etween the frame to reduce the vertical spans of the

wall. Steel members should normally be tied to the existing wall, If they are not,

then rebound load should be evaluated.

Dowel new R/C walt —:

10 existing concrete
beam as shown.

.‘
Secure new concrete — 7

wall to existing wall.

. Z)
New Cast-in-Place 7 v

Existing Roof Slab

T~ Existing

Masonry Wall

\ Existing R/C

Column Beyond

Expansion Joint
R/C Walt.
Existing Slab
on Grade
Grade
T NI
Attachment of new wall ——1 -, !../ Existing wall
to existing footing. e footing,

FIGURE 10.5: Wall Upgrade With Cast-In-Place Concrete Panels
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10

Existing Roof Slab

El

New Cast-in-Place AL
R/C Beam NI

\

1
\‘ Existing R/C Girder

Y
N

Gap, Ito2in
(25 to 50 mm) — ||

New Precast
Concrete Pan;\ : g

Existing Brick
Masonry

\Exis%ing R/C Column

Existing Slab
/_,on Grade

Grade ‘3'-'4.-#

New Cast-in-Place
R/C Grade Beam

FIGURE 10.6: Wall Upgrade With Precast Concrete Panels

Existing Wall Footing

Another option would be to add steel or fiber reinforced shotcrete layer o the
exterior surface of a CMU wall, The shotcrete adds significant duetility 1o the wall,
increases the inertia mass and bonds the existing blocks  This prevents the blocks
from becoming dislodged when the wall undergoes deflections. Tlis type of exterior
construction can be accomplished with minimal interruptions to the building
functions, Foundation modifications may be needed to accommodate additional dead
load from shoterete application.

A cast-in-place or precast concrete panel can be placed on the exterior of the
walls as shown in Figures 10.5 through 10.7. A girt/steel cladding system as shown
in Figure 10.8 is another option. A gap, greater than the predicted response, should
be maintained between the panels and the CMU wall. This will prevent the biocks
from being knocked into the building when the outside panel deflects under the blast
load. The foundation, floor slab and the roof diaphragm will probably need 1o be
expanded to pravide support for the panels. Connections for the panel 1o the existing
foundation or roof system must also be incorporated into the design.
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i Existing Precast or Expansion Bolts

i . Cast-in- Flashin [ .

j i gonnm_zous Cf;lcir];ti?xe[s ashing N . /—— Existing Roof Slab

i ] xXpansion ] 1 Beam Column Support. .'..’I' —

% oint R i . e . R Cut hole in masonry wal} o I/ *

mm . [ . and anchor to existing roof e .

: Continuous Stec]—\ L beam X

i Angle Attached to e e ) » ;

2 Panel with Steel Bolts ¥ / Attachment of Steel ]

Gn [+ AR o i i Existing R/C Girder

: % _p o Existing Steel Cladding to Steel Girts ]

d . Beams & Girders Light Gauge Steel Girls \

4 ’ a8 T~ Bxisting Brick

,r . . 1~ Existing Steel _/ \ Masonry Wall

; . Column New Corrugated / Existing R/C Column

5 New Precast ——1j~ Metal Cladding, v

5_ Concrete Panel New Wide Flange—/

B + \ + Steel Column o

B \‘ o Existing Slab on Grade

3 Existing Concrete Grade

4. Masonry Cladding £ (EEMPRE.

: 2 b n‘ - gl H

f E FIGURE 10.7: Precast Concrete Panels Connection Details . . ._1/5’“5““8 Wall Footing

B '

# 10.3.5 Shells

gf FIGURE 10.8 Wall Upgrade With Girt/Steel Cladding System

E When options for reinforcing an exi.sting structure are not feasible, an independent + Foundations: A gap should be maintained between the new and the existing

) : concrete shell (or coc_oon) can be built around the structure, Factors which make wall t Ient the existing wall or blocks from being kuocked inlto the

i shells an attractive option inciude: all fo prev € existing wall or biacks fro ng xioe .

ﬁ building when the outside pane! deflects under blast loading. The width of
4 +  Interruption of ongoing operations is minim: this gap affects the location of the foating for the outer shell. Ideally the shell

i< donepoutsidc of%he ]?UHE?;;.IOHS 1s minimized because the bulk of the work i will rest on its own new footing, But a thick wall required by high blast load

may require a large footing which could encroach on the existing foundation.
In this case, techniques will include staggering the horizontal leve! of the
footings, or perhaps using piers or piles adjacent to the existing footing,

TR

o

A shell can provide almost any specific blast resistance of buildings, This is
not true for other upgrade options where certain upper limits wilf apply,

+ Structural: The depth of structural steel columns should fit in the gap
between the new and the existing building walls.

[ ocomeg

Consiru_ctability can be less of a problem with shells. The logistics of
conventional reinforcement schemes with alternative upgrade options can be
quite difficult. Reinforcing connections and bracing may require temporary

' . + Ancillaries:  Pipe racks and cable trays that are in place adjacent to the
.;- supports of the members being reconnected. Accéss to the eritical joints for fetd e ; ; . h o
4 inft : . . . existing building will require special attention. Penctrations in the new wall
- g reiniorcement can sometimes be virtually impossible. . . .
g are necessary fpr power cables and instrument lines. These openings should
i . t the pressure rating of the building.
% Supgestions on some of the shelt upgrade options are shown in Figure 10.9. A not adversely affec P g b
‘:?;' number of issues, however need to be addressed. The following considerations arc
Fow 4 not all inclusive:
it '
_%,; 10-12 10-13
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New Cast-in-Place
R/C Walls/Roof {box)

Existing Building

e
St=
I[,Ji
[ ‘:/,/

Foundation —/ '

Cast-in-Place

Cast-in-Place R/C Roof,
R/C Roof and Walls

Steel Decking, Precast R/C Walls

R/C Roof
Structural Steel

Structural Steel Frame

Structural Steel Frame,
R/C Wails and Roof

R/C Roof, Cald Formed Steel Cladding

FIGURE 10.9: Blast Resistant Sheli Around Existing Building

10.3.6 Barrier Walls

 Another possible protective scheme, although rarely used in the petrochemical
dustry, is a blast resistant barrier wall. A barrier wall can be used to provide
protection from fragments and reduce reflected wall loads. However, it will not
reduce averpressures on the reof and unprotected side walls,

The load on the existing buitding will depend on the proximity of the barrier wall,
Some reduction of reflected overpressure results within a horizontal distance of
.abm‘.ll twice the barrier wall height. Beyond this distance, the effects of a barrier wall
1s virtually nil. Quantification of the pressure reduction is difficult and ofien times
requires sophisticated computer modeling.  Normally, it is more cost effective to
upgrade the strength of the structure 1o be protected than it is to construet a barrer

wall. This‘is especially true when the structure of interest does not have sufficient
blast capacity in the roof to resist the blast load.

10-14
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[0.3.7 Windows

Windows can be a significant hazard to the occupants of existing buildings.
Choosing the most appropriate option 10 upgrade windows requires knowledge of the
relationship between glass strength and blast loads. There is limited blast test data
avaitable from glazing manufacturers on specific products.

In general, upgrading of windows may include:

+ Elimination of windows. A common requirement is that no window is
allowed within 200 feet (61 m) from a poteatial blast source. Many
petrochemical control rooms use closed circuit TV monitors to watch the
Process units.

*+  Placement of plastic film on windows. It should be noted that application of
film does not improve the strength of the glass, but only reduces glass
fragments. Care must be exercised not to trade off small glass hazard with
blunt impact hazard,

*  Reduce the span width of the open glass area by adding support struts or
mullions,

*  Instaliation of a "catch system" to block larger glass fragments, or even the
entire window pane or frame. The system must be able o stop the entire
window missile within a reasonable distance.

*  Replacement of ordinary annealed glass with :
a. Heat strengthened or tempered glass with higher strength,
b. Polycarbonate glazing such as Lexan®,
¢. Laminated glass which typically consists two or more plies of heal

strengthened glass bonded by polyvinyt butyral {PVDB) interlayer such as
Saflex®.

A more detailed description on the design and types of glazing can be found in
Structural Design for Physical Security: State of the Practice Report (ASCE
Physical Security). The effects of negative pressure and rehound can be very
important for glazing, and should be evaluated for the upgrade design. 1t should be
noted that even if a window is upgraded with a higher strength type plass, the
structural integrity of the window frame must be investigated. Ef the frame support is
not able to withstand the blast load, the entire window Frame will become a hazard
instead of the small lass fragments.
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10.3.8 Doors

T}'w t.;East resistance of conventional doors is generally limited by the reboung
capacity in the unseating direction. A conventional unreinforced hollow metal door
with a cylindrical latch may be adequate to withstand a rebound force of 50 psf (2.4
kPa). Door with a mortised latch may be adequate for a rebound force of 100 psf
(4.8 kPa}. If the blast pressure exceeds this, other alternatives may be considered.
Thf:se include placing interior or external barrier walls, or installation of blast
resistant doors and frames. Unlike conventional doors, blast doors are typically
provided as a complete assembly including the door, frame, hardware and
accessories. This is because all the components are dependent on each other to

provide.the overall blast resistance. Refer to Chapter 9 for performance requirements
and design detatls for blast resistant doors,
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CHAPTER 11
SHEAR WALL BUILDING DESIGN EXAMPLE

11.1 INTRODUCTION

The followirg is a sample blast design for a control building using reinforced
concrete vvalls, a structural steel frame for vertical support, and a pile foundation.
There are two blast load cases, one applied to the long side of the building, and the
other applied to the short side. The explosion source and side-on overpressure (6 psi,
or 41 kPa, for 0.05 seconds) are determined by others with the blast design
parameters coming from Appendix 3.

~ For brevity, design for static loads is not included.

11.2 STRUCTURAL SYSTEM

The structure in this example is-of Cast-in-Place Concrete Wall Construction as
described in Section 4.3.5. Vertical loads are resisted by a structural stee! frame.
Lateral loads are resisted by the concrete roof diaphragm and by the side shear walls.

11.2.1 Description of Structure

A section though the reinforced concrete shear wall is shown on the following
page. This section applies to each of the four sides of the building.

11,2.2 Framing Plan
The structural steel roof framing is shown on page 11-3.
11.2.3 Components.for Blast Design

The design will proceed component by component. Each component will be
designed as an independent uncoupled structural member,
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Lateral load resisting components include the front wall, back wall, side wall, roof
diaphragm, shear walls, angd foundation. Vertical |oad resisting components include
the roof slab, roof beam, roof girder, column, and foundation. The foundation will be
designed for verticaf and lateral loads using equivalent static design method described

in Section 7.7.]

1L3 DESIGN DATA

IL3.1 Material Propertics

As is typical for blas design in the petrochemical industry, commonly used
Structural materials wilt be used.

structural steel: A36, fy =36 ksi (248 MPa)
reinforcing steel: grade 69, fy =60 ksi(414 MPa)
concrete: . = 4 pop psi (27.6 MPa)

steel modulus, E¢ = 29,000,000 psi (199,948 MPa)
toncrete modulus, ¢ = 3,605,000 psi (24,856 MPa)
n=Eg/E; = {29,000,000 psi} / (3,605,000 psi) = 8.04

soil density: 115 pef (181 kN/m3)

roof dead load: w = 25 psf (1,197 pay
Roof'live loads are assumed to be negligible at the time of a potential blast incident.
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11.3.2 Design Loads
The design load is taken from that calculated in Appendix 3.

Case A, explosion occurs on long side of'bui!dipg.
Case B, explosion occurs on short side of building.
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11.3.3 Building Performance Requirements - Deformation Limits

The low response range (refer to Appendix 5.B) is selected to maximize reiise of
the building with minimal cost of repairs,

Because low response limits (less than 2 degrees) will be used, dynamic design
stresses will be equal to yield dynamic stresses. Refer to Table 5.4 4,

1.4 EXTERIOR WALLS (out-of-plane loads)

The walls are 12 f (366 cm) from foor slab to roof. The shorter walls are 66.67
ft (2,032 cm) long, 2 56 1o | height to width ratig, Therefore all walls will e
analyzed as ane way beams pinned at the base by a crossed reinforcing configuration
at the slab level {similar 1o Figure 8.10), ang pinned at the top due to a thinner roof
slab (Figure 8.1 1), The wall is assumed to be unrestrained (for axial forces) at the
top end and will not respond in tensile membrane action.

span, L =12 feet or 144 in (366 ¢m) from floor siab to base of roof siab
design width, b= 1.0 Rorizin@os cm}

Refer to the Chapter 3 Appendix for load determination,

1L4.1 Front Wall Load (for maximum wal response)

reflected overpressure, Py = 13,8 psi (95 kPa) 218

rise lime, 1, = 0 geoc kips

efTective duration, 1, = 0.042 sec ;

T

'0.042 sec
peak load,

Po =(144in span)(12 in width)(13 8 pst) /{1,000 klb)=12338 kips {106 kN)
11.4.2 Side Wall Load (for shear wa]} interaction)

equivalent peak overpressure, Py, =57 psi (39 kPa) 9.8

Lo, . kips
Fise e, tr = essentially 0 see P

time of duration, lg = 0.05 see

0.05 sec
peak load,

Po = (1441in span) (12 in widih) (5.7 psi) /{1,000 kflb) = 9.8 kips (44 kN)

11-4

11.4.3 Rear Wall Load (for net diaphragm load)
equivalent peak overpressure, Py =5.0 psi (34 Pa)
time of arrival, t; = 0.057 sec
B.6 e |
rise time, tr = 0.011 sec kips A\
time of duration, tqg = 0.05 sec T T

0.051 0.062 0.112

from Figure 3.8,
t1 =ta=G.051 sec
27+t =0.05] sec+ 0.011 sec = 0.062 sec
13=12 +1t4=0.062 sec + 0.05 sec = (.| 12 sec

peak load, ‘
Pp ={144 in span} (12 in width) (5.0 psi) /(1,000 k/ib) = 8.6 kips (38 kN)

11.4.4 Trial Size

The following trial dimensions and material proportions may be obtained from
trial calculations, by inspection of similar structures, or from experience. The results
of this dynamic calculation will determine the adequacy of the trial size,

10 inch concrete wall (25.4 cm}

#5 @ 6 in (15.2 cm), each face, vertical
#5,As=031in? (2 cmY

vertical bars outside of horizontal bars

11.4.5 Compute Bending Resistance

for dynamic bending; '
fay = (SIF)(DIF) fy = (1.1)(1.17) 60 ksi = 77.2 ksi (532 MPa)
Pac = (SIFYDIF) £, = (1.0)(1.19) 4 ksi = 4,76 ks (33 MPa)

(Appendix 5.A)

b=12in (30.5 cm)
d=(10in thick) - (1.5 in clear) - (0.625 in bar) /2 = 8.19 in (20.8 cm)

As = (0.31in®)(12 in/RY(6 in bar spacing) = 0.62 in’ (400 mm?) per foot width
P =Ag/bd

=(0.62in%) / (12 in)(8.19 in)
= 0.0063 > 200 / £4,, OK

(ACI 318, Equation 10-3)
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& = A (fdy) £ 0.35 (Fci(b)

=(0.62 in>)(77.2 ks) / (0.85)(4.76 ksi)(12 in)
=0.9%in (2.51 cm)

Mp =Mp = A (fdy)[d - af2]
=(0.62in")(77.2 ksi) [(8.19 in} - (0.99 in)/2]
=368 ink (4,158 cm-kN)

Rb=8Mp /L =8 (368 in-k) / (144 in) = 20.44 kips (90.9 kN)

11.4.6 Compute Shear Resistance

for dynamic shear,
Pac= (SIF)(DIF) ' = (L.0)(1.0} 4 ksi = 4.0 ks {27.6 MPa)

Va=2JF. bd

=2 f(4,000 psi) (12 iu)(s.19 in) / 1,000
= 12.43 kips (55.29 kN)

the critical section for shear is d from the support,

Re =VaL/(05L.q) WECE YL e e
={12.43 kips)(144 iny/{0.5 (144 in) - (8.19 in))
= 28.05 kips (124,77 kN)

11.4.7 Compute SDOF Equivalent System

because Ry, < R,, bending controls, Ry =Ry =20.44 kips (90.9 kN)

allowable response, Ba = 2.0° (low range)

£ross moqwnl of inertia,
Ig=bM)'712=(12in)10 iny*/ 12 = 1,000 in* (41,623 cm®)

cracked moment of inertia,
N As = (8.04)(0.62 in?) = 4.08 jn? (32.13 cmb

¢ = As + JnAs(nAs + 2bd)
= —— Y _ASNAS + Jbd)
b
_ -4.98in’ +/4.98in? (4 08 in? +2(12in)(8.19in))

12in

=223in (5.66 cm)

(MacGregor, Equation 4-9)

(MacGregor, Equation 4-10g)

(Table 6.1)

(Appendix 5.A)

(ACI 318, Equation 1 1-3)

(Table 5.B.1)

. K =384E[/5L}

e =bC3+nAg(d - C)

=(12n)(2.23 in)"/3 + (4.98 in%)(8.19 in - 2.23 in)?
=221in* (9,199 em?)

averaged moment of inertia,
lo=(g+1er) /2=(1,000in* + 221 in%) /2 = 611 it (25,432 cm*)

effective stiffness,

(Table 6.1)
=384 (3,605 ksi)(611 in') / 5(144 in)*

= 56.65 k/in (99.21 kN/cm)

yield deflection,
Ye= Ry /K =(20.44 kips) / (56.65 k/in) =0.36in (0.91 cm}

beam mass = (wall weight) / (gravity)

= (0.15 kef)(0.83 ft thick)(1.0 ft unjt width)(12 fi span} / (386 infsech)
=0.00387 k-sec¥in (0,00678 kN-sec¥/cm)

Because of the expected response, use an average of values for K,
elastic Ky =0.5/064 =078 . - .

(Table 6.1}
plastic Kin = 0.33/0.5 = 0.66

average Kin = (0.78 + 0.66) /2 = 0.72

equivalent mass,
Me = (Kim)(beam mass)
=(0.72)(0.00387 k-sec¥in)
=0.00279 k-sec¥in {0.00489 kN-scc?/em)

period of vibration, {Equation 6.8)
th =27 JMTR) =21 {/{0.00279k -sec? /In){56.65k /in) =0.044 sec

time increment = tn/ 10 = 0.0044 sec
use 0.002 seconds to match what will be needed for stiffer supporting clements

For support reaction, average elastic and plastic conditions,

V=0.385R + 0.115F (Table 6.1)

11.4.8. Chart Solution (front wall}

Note: Both charts and numerical integration need not be used but are presented in
this sample design to illustrate implementation.
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Figure 6.6 uses tg to represent the time of duration, thus tg = t, = 0.042 sec

14/ tn = (0.042 sec) / (0.044 sec)=0.95
Ry /Py = (20.44 kips) / (23.8 kips) = 0.86

using the chart: Lg=24 (Figure 6.6)

maximum deflection, yy, = (Ha)(ye) = (2.4)(0.36 in)=0.86in (2.18 cm)

suppaort rotation, (Figure 5.9)
Bd = arctan (yy, / 0.5L) = arctan [(0.86 in) / (0.5)(144 in)] = 0.68° < 2°, QK. -

-

11.4,9 Numerical Integration Solution {front wall)

{(Appendix 6)
time force y v a resistance | reaction
{sec) (kips) (in} (infsee) | (in/sec2) (kips) (kips)

0.000 23.80 0.000 0.00 8530.5 0.00 2.74
0.002 22.67 0017 16.32 7787.9 0.94 2:97
0.004 21.53 0.064 30.53 64212 3.62 3.87
0.006 2040 0.137 41.49 4540.0 7.73. 5.-32
0.008 19.27 0.227 48.32 2295.0 12,86 7.17
0,010 18.13 0.327 30.48 -133.9 18.51 9.21
6.012 17.00 0426 47.80 | -1233.0 20.44 9—..82
0.014 15.87 0.519 4493 [ -16392 20,44 9.69
G.0i6 14.73 0.605 4124 | -20454 20.44 9.56
0.018 13.60 0.683 36.75 | 24516 20.44 9.43
0.020 12.47 0.751 Jbd44 1 -2857%8 20.44 9:30
0.022 11.13 0.808 2531 | 32640 20.44 9.17
0.024 14.20 0.852 18.38 | -3670.3 20.44 9:04
0.026 9.07 0.881 10.63 | -4076.5 20.44 8.9]
0.028 7.93 0.894 2.07 | -44827 20.44 8..78
0.030 6.80 0.889 -7.30] -4888.9 20.44 '8.65
0,032 5.67 0.865 -16.99 | 4801 4 19.06 7:99

The positive peak deflection is Yo' =10.894 in (2.27 cm) at t = 0.028 sec,

Note: the plastic deformation is,
yp =¥Ym-ye=0.2894n- 036in= 0.534 in (I36 Cln)

The rebound peak defleclion (not shown above) is ¥m=0.218 in (0.55 cm)
al t =0.052 sec.

Note the rebound elastic deformation is,
¥m-yp=0218in-0.534in=-0316in(-0.81 cm)

The peak reaction is -9.82 kips (43.68 kN) at t = 0.012 sec.

The peak rebound reaction (not shown above} is -6.76 kips {-17.17 kN)
att = 0.052 sec.

support rotation, (Figure 5.9)
B4 = arctan (yn / 0.5L) = arctan [{0.894 in) / (0.5)(144 in)] = 0.71° < 2° OK

11.4.10 Numerical Integration Solution (side wall)

time force v v a resistance | reaction

{scc) (kips) (in) {in/scc) | {infscc2) (kips) (kips)
0.000 9.80 0,000 0.00 315125 0.00 1.13
0.002 941 0.007 6.75 [ 32332 0.39 1.23
0.004 9.02 0.026 12.67 2694.7 1.50 1.61
0.006 8.62 0.057 17.31 19401 3.2t 2.23
0.008 8.23 0.095 20.28 1030.5 5.36 3.01
0.010 7.84 0.137 21.35 38.0 7.73 3.88
0.012 7.45 0.179 2043 -957.5 10.12 4.75
0.014 7.06 0.217 17591 -1876.3 12.29 5.54
0.016 6.66 0.248 13.07 | -2644.7 14.04 6.17
0.018 6.27 0.268 7.23 | -3201.2 15.20 G.57
0.020 5.88 0.276 0,53 | -3501.1 15.65 6.79
0.022 5.49 0.270 -6.50 1 -3520.5 i5.3) 6.53
0.024 5,10 0.250 -13.37 ] -32518 14.19 6005
0.026 4.70 0.218 -19.274 -2734,| 12.33 5.29
0.028 4.31 0.174 =23.99 ¢ -199).2 9.87 4.29
0.030 3.92 0.123 <27.07 1 -1088.8 6.96 3.13
0.032 3.53 0.067 -28.26 -99.1 3.80 .87
0.034 3.14 0.041 -27.46 BU8.5 0.63 .60
0.036 2.74 -0.041 -24.74 1824.1 -2.33 (.59
0.038 2.35 -0.087 -20.31 2603.0 -4.91 -1.62
0.040 1.96 -0.122 -14.53 | 31744 -6.90 -2.43

The positive peak deflection is y; = 0.276 in (0.70 cm) at t = 0,020 scc.

support rotation;
By = arctan (ym / 0.5L) = arctan [(0.276 in) / (0.5)(144 in)] = 0.22°

(Figure 5.9)

Refer to the design for wall in-plane loads for the interaction check,
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#1.4.11 Numerical Integration Solution (rear wall)

time force ¥ v a resistance | reaction
{scc) (kips) {in) {in/sce) (in/sec2) (kips) (kips)
0.000 0.00 0.600 0.00 0.0 0.00 0.00
0,002 1.56 0.000 0.55 553.0 0.02 .19
0.004 3.13 0.003 2171 10616 0.17 0.42
0.006 4.69 0.010 471 | 14852 0.55 0.75
0.008 6.25 0.022 7991 17R9.7 1.26 £.20
0.010 7.82 0.042 1173 ] 19509 2.33 1.81
¢.012 8.43 0.069 1530 16184 3.91 2.48
0.014 8.08 0.102 17.74 818.9 5.80 3.16
0.016 7.74 0.139 18.51 -46.2 7.87 3.92
0.018 7.40 0.175 1756 |  .907.6 .93 467
0.020 7.05 0,208 1495 16963 11.78 535
0.022 6.71 0234 1091 [ 23409 13.26 5.88
0.024 6.36 0.25] 574 28135 1421 6,20
0.026 6021 0257 0.127| -30526 14.54 6.29 |
L eb ) 602
| 0.028 5.68 0.250 6221 -3047.0 14.18 6.11
0.030 5.13 02321 -1207] 27973 13.14 5.67
0.032 4.99 02021 1719 2334 .47 4,99
0.034 4.64 0.164 | -21.17] -18633 928 4.1
’* 0.036 4.30 G197 2377 -§70.0 6.73 3.08
| 0038 3.96 0.070] 2458 6.9 3,98 1.99
0.040 361 00221 2373 $56.7 1.22 0.89
0.042 3271 0024 2133 1651.7 -1.34 -0.14
0.044 292] 0062 1726] 23 143 -3.53 -1.02
0.046 258 | 0092 ‘1215 27915 -5.21 -1.71
0.048 2241 010 -6.32 | 30450 -6.26 2,15
¢.050 L8 0117 <022 | 30544 -6.63 -2.33

When combined for the diaphragm load, the reactions will need to be shified by the
time of arrival whici, is 0.051 seconds, '

The peak reaction is 6.29 Kips (28.0 kN) at t = 0.026 sec.
The peak rebound reaction is-2.33 kips {-10.36 kN) at t = 0.05 sec,

Use the dynamic reaction for the roof in-ptane loads analysis.

Wall design is OK s far

1%-10

The roof diaphragm is designed to transfer wall loads to the side shear walls. The
diaphragm is fixed at both ends by continuous attachment to the walI.s. The center of
mass coincides with the center of rigidity indicating no incidental torsion
span, L = (9:'2.667 ft out-to-out) - (10 in wall)/12=9183 ftor 1,102 in {2,800 ¢m)
depth = 66.67 f or 800 in (2,032 cm), out-to-out

determine width of composite (wall) flange: (ACI 318, Section 8.10.3)

A%
8. (92.67 ft span) /3= 7.72 ft

b. 6(10inwal) /12=50f <== controls -
¢. (12 ft wall span) 2 =604
use cffective width, br= 5.0 il or 60 in {152 cm)
1.1 Load Case A (applied to long side of building)
Combine reactions from the front and rear wall numerical integration
foad = (L) [{front wall reaction) - (rear wall reaction delayed by 0.051 sec)]
11.52 Load Case B {applied to short side of building)
neglect this case because it will not control
{1.5.3 Trial Size
concrete roof slab ‘
5 in (13 cm) thickness, Plus 2 in (5 cm) steel decking
for an average of 6 inches (15 cm)
roof reinforcing (used to resist shear) !
#3 @ 7 in (18 cm), each face A
#3, Ag=0.11in" (0.7t cm?) :
chord reinforcing (used to resist bending)

10 in (25 cm) conerete walls ,
10#8 bars, A; =10 (0,79 in®) = 7. jn? (51 cm?)

t1-11
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.54 Compute Beading Resistance

for dynamic bending,
fgy = (SIFYDIF) fo= (1.1 17) 60 ksi = 77.2 ksi (532 MPa)
fge = (SIFYDIF) £ = (1.0)(1.19) 4 ksi = 4.76 ksj (33 MPa)

(Appendix 5.A)

d = {800 in depth) - (10 in wall) /2=795in (2,019 cm)
P=Ag o) = (7.9 Ty 7 {60 in)(795 in) = 0.0002, not greater than 200 / f'd},

The response will be limited to the elastic range even thou
probably be caused anyway by out-of-
reliable enough for a design basis unless
ensure behavoir,

plane bending. Such pre-cracking is not
special construction details are provided to

2 = (A)fgy) / (0.85)(Fy)(bp)
=(7.9 i_n?)m_z ksi) / (0.85)(4.76 k3i)(60 in)
=2.51in (6.4 cm), within thickness of wait

Mp = (Ag)(fyy)ld - /2]
= (7.9i0°)(77.2 ksi) [(795 in) - (2.51 in) /2]
= 484,089 in-K (5,469,469 cm-kN)

(MacGregor, Equation 4-10a)

Rpy =8 (Mpg + M) /L= 16 M, / L
= 16 (484,089 K-in) / (1,102 in)
= 7,029 kips (31,266 kN)

(Table 6.2)

11.5.5 Compute Shear Resistance From ACT Deep Beam Criteria

lor dynamic diagénal shear,
Pie = (SIFYDIF) £, = (1 O)1.0)4ksi=40ksi (27.6 MPa)
fay = (SIFY(DIF)(fy) = (L.1)(1.0)(60 ksi) = 66 ks {455 MPag)

(Appendix 5.A)

Ve=24T: bd

=2 (4,000 psi) (5in)(795 in)/ 1,000

=303 kips (2,227 kN)

(ACI 318, Equation 11.29)

Because of out-of-plane bending,

_ use only half the slab reinforcing for resisting
in-plane shear.

Ay=Ay=0.11in?
5=352="7ipn

(0.7t cm2)
(18 cm)

‘]1~]2

gh cracking will
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(MacGregor, Equation 4-9) .

B R e e S e ot

U,

o/ d = (1102 in) / (795 in) = 1.39

nominal shear capacity,
Ve =[A, (1 +1,/d¥(128) + A (11 - 1/d) 7 (12 520 fdy d
=[(0.11 in®)(1 + 1.39) 7 (12)(7 in)
+(0.11 inl)(l 1 - 1.39) 7/ {12){(7 in)] (66 ksi)(795 in)
=825kips (3,670 kN)

(ACI 318, Equation 11-31)

Vo=V + V=503 k+825k= 1,328 kips (5,907 kN)
critical section for shear is 0.15 L from support
Re =2 (Vp}/0.7=2(1,328 kips) /0.7 = 3,794 kips (16,877 kN)

11.5.6 Compute Shear Resistance From Shear Friction Criteria

for shear friction:
fay = (SIF)(DIF) fy= (L1160 ksi) = 72.6 ksi (501 MPa)

(Appendix 5.A)

friction coefficient,
#t=10()=1.0 (intentionally roughened surface)

(ACI1318, Scction 11.7.4.3)

Ayg=(0.11 inz)(12/7 spacing/ft}(2 layers)(66.67 f tength) = 25.14 in” (162 cm?)

Vi = (A )
=(25.14 in®)(72.6 ksi)(1.0) = 1,825 kips (8,118 kN)

{ACI 318, Equation [ 1-26}

Ry =2 (V) = 2 (1,825 kips) = 3,650 kips {16,236 kN)
11.5.7 Compute SDOF Equivalent System

by inspection Rgy < Ryy < Ry, shear friction controls,
Ry =R =3,650 kips (16,236 kN)

Because shear controls, and because minimum reinforcing is not provided,
use po = 1.0, (Table 5.13.17

Because the roof diaphragm is a deep and relatively short beam, the stiffness must
include shear deformations. Compute the total midspan deflection for an arbitrary
toad of 1,000 Ibfin.
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For moment of inertia calculations,

1o out-of-plane loads, use haif the roof slab thickness,

Chord height = say 4b +{ = 4 (10in)+5in=45in (114 cm)

10 in (25 cm)
I

780 in (1,981 cm)

to approximate the effect of roof cracking due

10in (25 &m)

!

45
5in - f \ roof slab
(114 cm) 2.5 in {6 cm) chord —"1
T

include chokd reinforcing,
N As=(8.04)(7.9inY) = 63.52 in?

I =Zb(m)'/12+ZA

(410 cm?)

=2(45in)(101in)’ / 12 + (2.8 in)(780 in' 712
+2[{45 in)(10 in) + 63.52 in2)(395 in)®
=239,116,000in"  (10,785,240,000 cmé)

flexural deflection,
£ = (w)(L)'/ 384 (E)(1,)

= (1,000 Io/in)(1,102 in)* / 384 (3,605,000 psi)(259, 116,000 in)

=0.0041in (0.0104 cm)

shear modulus,

{AISC LRF¥D, beam Tabtes)

G =Ec/2(1 +v) = (3,605,000 psi) /2 (1 +0.2) = 1,502,083 psi

shear deflection,

$ = 0.125 (F)(w)(L)* / A(G)
=0.125 (6/5)(1,000 Ib/in)(1,102
=0.0305in (0.077 cm)

effective stifThess,
K ={w){L)/{f+35)

= (1,000 1b/in)(0.001 ¥/1bY(1,102 in

=31,850 kéin (55,780 kN/emy)

yield deflection,

(10,357 MPa)

(Roark, page 185)

in)*/ (5 in}(795 in)(1,502,083 psi)

)/ {0.0041 in + 0.0305 in)

Yo = Ra /K= (3,650k)/ (31,850 kfin) = 0.11in  (0.28 om)

Include 20% of the tributary wall weight with the beam mass.

(Section 6.4.2)

beam mass = [(diaphragm weight) + 0.2(tributary wall weight)] / {(gravity)
= (0,15 kef)(91.83 f)((0.5 R)(66.67 ) + {0.2)(0.83 f)(12/2 A)2 walls)]
1386 fifsec?) io!
= 1.26 k-sec/in (2,21 kN-sec/cm)

Because of the expected response, use elastic values to compute K,
elastic Ky = 0.5/ 0.64 = 0.78 (Table 6.2)

equivalent mass,
M, = (Kim) (beam mass)

= (0.78) (1.26 k-sec/in)
= 0.98 k-sec’in  (1.72 kN-sec¥/cm)

period of vibration, (Equation 6.8)

=27 M. 7K =2x J(0.98k-sec2/in)/ {31,850k /in) = 0.035 sec ol

use time increment =t / 10 = 0.0035, say 0.002 matching walt

For support reactions, use elastic condition,

Y =036R +0,14F = (Table 6.2)
11.5.8 Numerical fﬁtegrnlion Solution (load case A) (Appendix 6)

time force y v & resistance | reaction

_(sec) {kips) {in} (infsec) | (infsee2) | (kips) (kips)

0.000 | 25134 0.000 0.00 256.5 0.00 35.19

0002 27255 0.001 0.52 261.3 16.44 44.08

0.004 355,32 0.002 1.07 294.4 66.77 73.78

0.006 | 483.84 0.005 171 340.8 154.90 124.20

0.008 658.25 0.009 2.43 379.6 286.28 195.22
0.010 845.80 0.013 3.20 JR8.2 465.37 28595
0.012{ 902.17 0.022 3.80 2164 690.09 374.74
0.014 850,21 0.030 3.97 -51.2 940.35 463.15

0.016 878.24 0.037 3.60 -312.2 ] 1184,22 549.27
0.018 866.27 0.044 2.76 -533.6 | 1338%.16 621.38
0,020 | 85430 0.048 1.54 -687.0 | 1527.57 669.53
0.022 842.33 0.050 | 0.10 -753.0 | 1580.3) 686.84 |,
0.024 330.36 0.048 -1.38 =723.2 1 1539.14 670,34

0.026 | 8i8.40 0.044 -2.70 -601.4 1 1407,79 621.38

The peak reaction is 686.84 kips (3,055 kN) at t = 0.022 sec

11-15




A continuation of the preceeding diaphragm integration indicates a seerningly
fesonant condition after several cycles of the applied wall reactions. This result has

litle effect on the first response peaks and disappears with the application of g
reasonable amount of damping,

The positive peak deflection is Yoo = 0.050in (0.13 em) at t = 0.022 sec.

The rebound peak defiection (not shown above) is yp, = -0.048 in (-0.12 cm}
att = 0.062 sec.

ductility ratio,
Ha =y} / (o) = (0.05in)/(0.11in} =0 45 <1 0 OK .

Refer to Lhe design for out-of-plane [oads for the interaction check.

Roof slab design is OK so fyr’

11.6 SIDE WALL {in-plane loads)

The side shear wall is a cantilever which transfers roof diaphragm reactions to the
Noor slab and foundation. The |7 foot (518 cm) heipht is a bit conservative because
some of the lateral force is remaved at the floor slab level.

height = 17.0 0, or 204 in (518 cm)
length = 66.67 A1, or 800 in (2,032 con)

11.6.1 Load Case A
use the reaction from the roof diaphragm analysis

11.6.2 Load Case B
neglect this case because it will not controf

11.6.3 Trial Size

Side wall should match front wall design
#3@6in (15 cm) horiz, each face

#3, Ag=0.11in" (0.71 cn?)

#5 @ 6 in (IS cm) vertical, each face
H5, Ag=0311in" (2.0 cm?)
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11.6.4 Cum-pute Bending Resistance

for dynamic bending,
fay = (SIF)(DIF) £, = (1.1)(1.17) 60 ksi = 77.2 ksi (532 MPa)
Pae = (SIFYDIF) F. = (1.0)(1.19) 4 ksi = 4.76 ksi (33 MPa)

(Appendix 5.A)

For bending, assume 12 bars at the cormer provide the tension component for
resisting in-plane moment. An accurate assessment of the contributing bars woukl‘hc
difficult because of out-of-plane bending tension on bars away from the buiding
corners. Because of this approximation, the in-plane response will be limited 1o the
elastic range.

Ag=12(031in°)=3.72in* (24.0 cm?)
by=10in (25 cm) '

d = say (800 in depth) - (10 in wall) + (1.5 in clear} + (0.625 in bar) / 2
=792in (2,012 cm)

p=Ag/ ()Y = (3.72in) / (10 in)(792 in) = 0.0005, not greater than 200/ fay

The response will be Fmited to the clastic range cven though cracking will
probably be caused by out-of-plane bending and by the construction joint at the lm_sc
of the wall, Such pre-eracking is not reliable enough lor a design basis unless special
construction details are provided to ensure behavoir.

by = say 24 in for width of beam flange at corner

1= (Aghfay) / (0.85)(F4c)(b)
=(3.72in%) (772 ksi) / (0.85) (4.76 ksi) (24 in)
=2.961in (7.5 cm) < 10 in (25 cm), within thickness of intersecting wall

(MacGregor, Equation 4-9)

Mp = (Ag(fay) {d - a/2]
=(3.72in)(77.2 ksi) [(792 in) - (2.96 in) 2]
= 227,025 ink (2,565,037 cm-kN)

{MacGregor, Equation 4-10a)

Ry =Mp /L = (227,025 k-in}/ (204 in) = 1,113 kips (4,951 kN)

1.6.5 Compute Shear Resistance From Shear Friction Criteria

for shear friction:

{Appendix 5.A)
fay = (SIF)(DIF) fy = (1.1)(1.1)(60 ksi) = 72.6 ksi (501 MPa)
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friction coeflicient,

{ACI 318, Section 11.74.3)
H=06(R)=06 {(not intentionally roughened)

Avr=[(0.31 in®) /(6 in spacing)] (800 in depth)(2 faces)
=82.67in* (533 cm?)

R =V, = Avr {f)(1)
= (82.67 in%) (72.6 ksi) (0.6)
=3.601 kips (16,018 ki)

(ACI 318, Equation 11.26)

1L.6.6 Compute SDOF Equivalent System
The shear wall is effectively a single degree of freedom system,

By inspection R, <Ry, bending controls and Ry= 1113 kips (4,951 kN)
Because of analysis

approximations and because minimum reinforcing was not
provided, use, Hy= 1.0

Because the shear wall is
include shear deformations. ¢
1,000 kips.

a deep and relatively short beam, the stiffness must
ompute the total deflection for an arbitrary load of P =

For moment of inertia caleulations, to approximate the effect of wall cracking due
lo out-of-plane [oads, use haif the wall thickness,

Chord height = say b + 1 = 4 (10 +10in =501 (127 ¢m)

include chard reinforeing,
nAs=(8.04)(3.72 in?) = 29 9] in’ (193 cm?)

I =Zbmy'/12+3 a4
=2 (50in)(10inY /12 + (5 iny(780 i)'/ 12
+2[(50in)(10 in) + 29.91 in2}(395 in)?
= 363,096,750 " (15,113,227 300 cm®)

flexural deflection,

F=p(Hy /3B
= (1,000 k)(204 in)* / 33,605 ksi)(363,096,750 in)
=0.002in  (0.005 cmy}

{AISC LRFD, beam Tables)

11-18

shear deflection,

s =12 (H)}P)/ A(G) _ .
= 1.2 (204 in)(1,000 k) / (10 in}(800 in){1,502 ksi)
=0.0204in  (0.052 cm)

{Roark, page 185)

tiffness, .
,[’fi"},s,’m $)= (1,000 k) / (0.002 in +0.0204 in) = 44,643 /in (78,182 kN/cm)

ield deflection, '
;'(c = Ry /K ={1,113 k}/ (44,643 K/in} = 0.025 in _(0,064 cm)

tributary front & rear wall weight, ‘
wp = (315 kef)(0.83 f1)(92.67 ft /2)(12 £ /2)(2 walls) = 69.2 kips (308 kN)
Int

tributary roof weight, .
wy = ((?., 15 kef)(0.50 f)(92.67  /2)(66.67 R) = 231.7 kips (1,031 kN)

shear wall weight, '
wy = (0.15 kef)(0.83 R)(66.67 R)(17 R /2) = 70.6 kips (314 kN)

Include 20% of the front wall and roof with the shear wall's mass. (Section 6.4.2)

beam mass,

Mg = [(w3) + 0.2(w, + w/)]/ (gravity) _
=[(70.6 k) + 0.2 (231.7 k + 69.2 k)] / (386 in/sec?)
= 0.339 k-sec™/in  (0.594 kN-sec¥cm)

peried of vibration, . (Equation 6.8)
=21 VM 7K =21 (0339 k-sec2/in) /(44,643 k/in} =0.017 sec

use time increment =t,, / 10 = 0,0017, say 0.002

Because the side wall is effectively an SDOF system, the support reaction is, V= R
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11.6,7 Numerical Integration Solution (load case A)

lime foree y v a resistance | rcaction
{sce) {kips) {in) (infsec} | (infsec2) (kips) (kips)
0.000 35.19 10.000 G.00 199.6 0.00 0.00
0.002 44 0§ 0.000 0.22 107.1 9.71 9.71
0.004 7378 0.001 0.43 109.3 38.68 38.68
0.006 124 20 0.002 (.66 115.0 87.28 87.28
0.008 195.22 0.004 (.89 120.8 156.42 156.42
0.010 28595 0.006 1.14 121.4 246.99 246.99
G.012 374.74 0.008 1.31 54.6 357.22 357.22
(1.014 463,15 0.011 1.32 -41,] 476.34 476.34
0.016 549.27 0.013 1.16 -122.4 588.55 588.55
0.018 | 62138 0.015 0.86 <1813 | 67958 679.58
0.020 669.53 0,017 0.46 «216.2 738.94 738.94
0.022 ] 68684 0.017 0.02 -229.0 |  760.35 | 7€0.35
(0.024 670.34 6.017 -0.44 -221.6 741.47 741.47
0026 | 621.3% 0.015 085 |- -1939 | 68362| &83.62
(.028 345.42 0.013 -1.19 -144.5 59179 591.79
0,030 451.36 0.011 =141 -73.1 474.83 47483
(.032 343.23 0.008 -1.48 -4.6 344,72 344.72
0.034 232.50 0.005 -1.43 58.8 213.63 213,63
0.036 126.94 0.002 -1.26' 107.0 92,59 92.59
0.038 32.68 6.000 -1.02° 133.0 =10.00 -10.00
0.040 -47.71 -0.002 -{.76 1308 -89.69 -89.69

The positive peak deflection is ¥Ym=0.0i7 in {0.043 cm) at t = 0.024 sec.

The peak dynamic reaction is 760.15 kips (3,382 kN) at 1 = 0.022 sec,

The rebound peak deflection (not shown above) is y = -0.017 in (-0.043 ¢m)
at t = 0.062 sec.

The peak rebound dynamic reaction {not shown ai)love) is -743.06 kips (-3,305 kN)
at t = 0.062 sec.

ductility ratio,
Ha = (ym) / (ye) = (0.017in) / (0.025 in) = 0.68 < 1.0 OK

side wall interaction, , . (Equation 7.3)
g7 55"+ [Ag / Ay)y? = 1(0.68) / (LOY +1(0.22) / (2.00],7 = 0.47<1.0, OK

USE wall ag sssumed
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11,7 ROOF SLAB (out-of-plane loads)

The roof panels are 18 8 (549 cm) by 8 1 (244 om), a2 2.3 10 1 ratio. Therefore
the roof will be analyzed as a one way beam fixed at both ends. End roof spans arc
moment connected to thicker walls.

To add the effects of dead load to the SDOF calculation, the resiste}nce \{vill l?c
adjusted by the magnitude of the dead load (refer to the pre-load discussion in
Section 7.2.5). For an alternate means of handling dead load, refer to chapter 12.

A non-composite deck will be used as a form only. According 10 manufacturer's
fiterature, composite metal decking is not intended for dynamic loads.

A2in (5.1 cm) deep metal deck, temporarily propped at mid-span, is selected.

span, L = 8 feet or 96 in (244 cm) from center to center of supporting beams
design width, b = 1.0 feet or 12 in (30 cm)

Refer to Appendix 3 for load determination.
11.7.1 Load Case A (parﬁ!!el to B ft span of slab)
peak overpressure, P, = 5.1 psi (35 kPa)

rise time, t, = 0.006 sec kips

L} I
time of duration, ty = 0.05 sec 0 006 0.056

peak load, )
Po= (96 in span)(12 in width)(5.1 psi) / (1,000 k/lb) = 5.9 kips (26.2 kN)

11.7.2 Load Case B (perpendicular to span)

Ly =11 {30 cm), 6.6
this leads to C = 1.0 and t, = 0.0 sec kips

peak overpressure, J 0. (') 5
Py = Co(Pg) +Cy Q)

= (1.0) (6 psiy + (-0.4) (0.8 psi)

=5.7psi (39.3 kPa)
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peak load,

Iy = (96 in span)(12 in width) {5.7 psi) / (1,000 /by = 6.6 kips {29.4 k)
time of duration, tg =003 sec
.73 Trinl Bize

5 inch conerete slab plus metal deck {12.7 cm)
A 0 7in (17 § om} each way, top & bottom
#3, A= 011in" (0.7 em?)

bars in span direction are outside of bars in perpendicular direction
7.3 Compute Bending Resistance:

for dynamic bending:

gy = (SI)DIF) £, = (1.1)(1.17) 60 ksi = 77.2 ksi (532 MPa)
Cac = (SHY(DIF) £ = (1.0)(1.19) 4 ksi = 4,76 ksi (33 MPa)
Ag={011in*)(12in)/ (7 in) = 0.19 in? (1.2 ens)

de = (Sinslab) - (0.75 in clear) - (0.375 in bar)/2 = 4.06 in (10.3 em)

de = (5 in slab) - (0.75 in clear) - (0.375 in bar)/2 + (2 in deck) /2=5.06in (12.9 cm)

Pe= Ag /b dy = (0.19in%) /(12 in)(4.06 in) = 0.0039
Pe= Ag /b dy = (0.10107) /(12 in)(5.06 in) =0.0031> 200/ fay, OK

A= Ag (4.} 1 0.85 (£4,)(b)

= (019 in%)(77.2 ksi) / (0.85)(4.76 ksi)(12 in)
=0.30in (0.76 cm)

Mpe = Ag (f,)d,, - /2]
= (0.19in%)(77.2 ksi) ((4.06 in) - (0.30 in)/2]
=574 m-k (649 cm-kN) .

Mps = Ag (F)[d - 2/2]
= (0.19/in*)(77.2 ksi) [(5.06 in) - {0.30 in)/2]
=T720ink (813 cm-kN}

Rp =8 Mg+ M0 /L

=8 [(574in-k) + (72.0 in-k)} / 96 in
=108 kips (48.0 kN)
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{Appendix 5.A)
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{ACI 318, Equation 10-3)

(MacGregor, Equation 4-9)
(MacGregor, Equation 4-10a)
(MacGregor, Equation 4-10a)

(Table 6,2)

T A Y S

=X

g o s

I1.7.4 Compute Shear Resistance

for dynamic shear, ‘
fac = (SIFY(DIF) fg = (1.0)(1.0) 4 ksi= 4.0 ksi (27.6 MPa)

Vn=2 \,‘f‘dc bd

=2 J{4,000 psi} (12in)(5.06 in)/ 1,000

=768 kips (34.2 kN)
Ry =V, L/[05L-d)
= (7.68 k)(96 in) / [0.5 (96 in) - 5.06 in]
= 17.2kips (76.5 kN)
11.7.5 Compute SDOF Equivalent System

because Ry, < Ry, bending controls, Ry, = Ry, = 10.8 kips (48.0 kN)
altowable response B, = 2.0° (fow range)

slab weight, w = (0.15 kef)(0.5 ) = 0.075 ksf (3.6 kPa)

static foad = (8 ft)(1 &) [(0.075 ksf slab) + 0.025 ksf dead load)] = 0.8 kips (3.6 kN)

positive Ry, = Ry, - (static load) = (10.8 k) - (0.8 k) = 10.0 kips
negative Ry = Ry, + (static load) =- (10.8 k) - (0.8 k) =-11.6 kips

use average p = (0.0039 + 0.0031) /2 = 0.0035

gross moment of inertia, ) \
Ig=b(h)’/12=Q12in)(5in)* /12 =125 in* (5,200 cm )

cracked moment of inertia, ,
nAs=(8.04)(0.19in*) = 1.53 in> (9.87 cm?)

-nAs + \/n As (nAs + 2bd)
c = -
-1.53in2 + 13302 {1.53in2 + 2012 n)(4.06 i)
12 in
050in (2,29 cm)
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{Appendix 5.A}

(ACT 318, Equation 11-3)
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lee =bCY3 +n Ag (d - C)2

= (12 n)(0.90 in)"/3 + {1.53 in?)(4.06 in - 0.90 in)?
=18in" (749 cma)

averaged moment of inertia,
bt den) /2= (125 in* + 18 in%) /2 = 71§ in (2,976 cm*)

cifective "hilinear” stiftness,

K- 307E1/1)]
A07 (3,605 ksi)(T1.S in") 7 (96 in?
=894 kin (1566 kN/em)

positive yield deflection,

Ye = (positive R} /K =(100 kips) / (8%.4 k/in) = 0.11 in {0.28 cm)

negative yield deflection,

(Biggs, Table 5.2)

Yo (negative R 3/ K = (-11.6 kips) / (82.4 kfin) = -0.13 in (-0.33 cm)

heam mass = (beam weight) / (gravity)

=015 kef)(0.5 1t thick)(1.0 &t width)(8 f span) / (386 in/sec?)
= 0.0016 k-sec¥in  (0.0028 kN-sec¥em)

because of the expected Tesponse, use an average of values for Ky
clastic Kyng=0.41/ 053 =077

plastic Kin = 0.3370.50 = 0.66
average K = (0.77 - 0.66) /2 =0.715

equivalent mass,
Me = (Kia)(beam mass)
=(0.715)(0.0016 k-sec¥in)
=0.0011 k-sec™in (0.0019 kN-sec2/cm)

period of vibration,

w=2x Mo /K =27 (00077 k-sec? 7in)(39 4 k/in) =

use lime increment = t,, / 10 = 0,002

For support reactions, average elastic and plastic conditions
V=037R +0.13F

]
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(Table 6.2)

{Equation 6.8)

0.022 sec

* (Table 6.2)

11.7.6  Chart Selution (load case B)

Note: Both charts and numerical integration need not be used but are presented in
this sample design to illustrate implementation.

ta !ty = (0.05 sec) / (0.022 sec) = 2.3
Ry /Py =(10.0 kips)/ (6.6 kips} = 1.5

using the chart: py=1.25 (Figure 6.9)
Ym = (Hg)(ye) = (1.25X(0.11 in) = 0. 14 in  (0.36 cm)
By = arctan (yp,) / (0.5 L) = arctan [(0.14 in) / (0.5)(96 in)] =0.17° < 2° OK

IL7.7 Numerical Integration Solution (load case A)

time force v a

¥ resistance | reaction
{sec) (kips) (in} {in/sec)

(infsec2) | (kips) (kips)

0.000 0.00 0.000 0.00 0.0 0.00 0.00
0.002 1.97 0.001 1.70 1696.0 0.10 0.29
0.004 3.93 0.009 6.26 2869.0 0.78 0.80
0.006 5.90 0.027 12.29 31572 241 1.67
0.008 5.66 (.056 16.02 3723 5.01 2.60
0.010 5.43 0.088 1440 | -2189.1 7.84 3.60
0.012 5.19 0111 794 | -4275.4 9.89 4.34
0.014 4.96 0,117 -1.38 1 -45855 10.00 4.34
0.016 4.72 0.105 -10.77 1 -4800.0 10.00 4.3}

The positive peak deflection is y,, = 0.117 in (0.30 cmyatt=0.014 sec.

Note the plastic deformation is,
¥p=¥m-Y¥e=0117in-0.11in=0.007in (0.018 cm)

The rebound peak deflection (not shown above) is Ym = -0.071in (-0.18 cm)
at t =0.070 sec.

and the rebound elastic deformation is,
Ym-Yp=0.11720.007=0.11in (0.28 cm)

Note that the rebound peak is conservative because it occurs alter the load dissipates
and after several cycles of response without reductions due to damping.
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(Figure 5.9)
8q = arctan (y,, / 0.5L) = arctan [(Q.117 in) / (0.5)(96 in)}=0.14°

roof slab interaction, T {Equation 7.3)
[Bg 7 A% + [Ag 7 A,]43= ((0.45) 7 (1.0)]2 + [(0.14) (2.0)),2=0.21 < 1.0, OK

.

[L7.8 Numerical Integration Solution (load case B)

Limg force y v a resistance | reaction
{sec) (kips) (in) {ivsee) | (infsec2) (kips) {kips}
0.000 6.60 0.000 (.00 6000.0 0.00 0.86
0.002 0.34 0.011 10.85 48472 1.00 1.20
0.004 607 0.041 17.89 21996 3.635 2.14
0.006 5.81 0,079 18971 -1126.3 7.05 3.36
0.008 5.54 0113 13.74 | -4050.9 10.00 4.42
0.010 5.28 0,132 539 -4290% 10.0C 4.39
0.012 5.02 0.134 -343 | -45309 10.00 4.35
0.014 4.75 0.119 -11.49 {1 -35314 8.64 3.81
0.016 4.49 0.090 -1646 1 -1442.9 6.08 2.83
0018 4.22 0.056 -16.82 1090.5 3.02 .67
| 0.020 3.96 0.026 -12.44 3287.7 0.34 0.64
0.022 3.70 0.008 -4.68 4471.0 -1.22 0.03
0.024 3.43 0.0608 4.07 4275.5 -1.27 -0.02
0.026 3.17 0.023 H.10 2761.6 0.13 0.46
0.028 2.90 0.050 14.26 396.0 2.47 1.29
0.030 2.64 0.077 12571 -2091.7 4.94 2.17

The positive peak deflection is Ym=0.1341in (0.34 cm) at t = 0.012 sec,

The rebound peak deflection (not shown above) is Ym =-0.029 in (0.074 cm)
att=0.068 sec.

Note that the rebound peak is conservative because it occurs after the load dissipates
and after several eyeles of response without reductions due to damping,

support rotation,

{Figure 5.9)
Oy = arctan (y,, 7 0.5L) = arctan [(0.134in) / (0.5)(%6 i =0.16°

This interaction case will not control.

Reof Slab reinforcing coutd be reduced somewhat.

USE roof slab as analyzed
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1.8 ROOF BEAMS

Each interior roof beam supports a roof slab width of 8 fect (244 cm).

The roof beam is connected to the roof slab to prevent separation during rebound.
In this case, the connection is to be designed to prevent composite action between .“w
roof slab and the roof beam. Because composite action greatly incrcases_lhc bending
capacity while not increasing the beam's shear capacity, neglecting this eftect could be
very unconservative,

To add the effects of dead load to the SDOF calculation, the resistance wilt l?c
adjusted by the magnitude of the dead load {refer to the pre-load discussion in
Section 7.2.5). For an alternate means of handling dead load, refer to chapter 12,

span, L = 18 feet or 216 in (549 cm), pinned connections at each end
tributary slab width, B = 8.0 feet or 96 in (244 cm}

11.8.1 Loead Case A (perpendicular to span of beam}

travel time between slabs=L, /U= (8 ft ofcy /(1,312 fsec) = 0.006 sec
load = (18 ft span)[(slab reaction) + {slab reaction with 0.006 sec delay)]
11.8.2 Load Case B (parallel to span of beam)

travel time for length of beam=L; / U = (18 ft span) / (1,312 W/sec) = 0.014 sec

load = (18 ft, span) [average of delayed slab reactions to 0.014 sec] * {2 sides)

Example:

roof slab B 2'ms 4 ms 6 ms 8 ms 10 ms 12 ms 1dmy 36 thines
time reaglion delay delay delay delny delay delay delny nverape
(sec) (xif) D) Ckify ki) (k1D (kif) kD N (kips)
0.000 0.86 R0
0.002 1.20 0.86 9.24
0.004 2.14 1.20 0.86 18 K7
{1.006 135 2.14 1,20 0.85 . RERIY
0.008 442 3.36 2,14 1.20 0.86 5400
0.010 4.39 442 3.36 214 £.20 0.86 EAXIT]
00121 ™" 435 4.39 4.42 336 2.14 1.20 0.86 Y3122
0.014 3.81 4.35 4.39 4.42 3.36 FAL 120 .56 110,38
0.016 2.83 3.81 4,315 4,39 442 336 2.14 1,20 11026
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I'L.8.3 Trial Size W14x38

beam depth, d = 14.1 in (35.8 cm)

flange width/thickness, bp/2tr= 6.6
web thickness, t,, =031 in (0.79 ¢m)

web depthithickness, hot,, = 39.6

radius of gyration, ry = 1.55 in (3.94 cm)
moment of inertia, I = 385 in* (16,025 em*)
piastic modulus, Z, =61.5 in’ (1,008 cm’)

18,4 Compute Bending Resistance

for dynamic bending, (Appendix 5.A)
fd), = (SIF){DIF) fy =(L1)(1.29) 36 ksi = 51.1 ksi {352 MPa)

check flange,

(AISC LRFD, Table BS.1)
My =65/ Fyr =65/ JSTTksi =9.1>6.6, OK

check web,

{AISC LRFD, Table B5.1)
hp=06407 JJFy =640/ J3T.Tksl =89.5>396, OK
unbraced length for plastic design,
Lpg= (3,600 + 2,200 My/Mpyry/ fuy

= (3,600 + 0 ){1.55in) / (51.1 ksi)

= 109in,or9ft 1in (277 cm)

(AISC LRFD, Equation F1-1)

Mp=Z (fay) = (61.5 in®)(51.1 ksi) = 3,143 in-k (35,511 em-kN)
Ry=8(Mp)/L=8(3,143 in-k) / (216 in) = 116.4 kips (518 kN)
11.8.5 Compute Shear Resistance

for dynamic shear, {Appendix 5.A)
fay = (SIF)(DIF) fy = (1.1{1.29) 36 ksi = 51.1 ksi {352 MPa)
Vh=06 (fdy)(d)(tw)
=0.6 (S1.1 ksi)(14.1 in)(0.31 in)
=134.0kips (596 kN)

(AISC LRFD, Equation F2-1)

Ry =2V, =2 (134 kips) = 268 kips (1,192 kN)
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11.8.6 Compute SDOF Equivalent System

because Ry, < Ry, bending controls, R, = Ry = 116.4 kips {518 kN)

aflowable response, 1, = 3.0, 8, = 2.0 {low response range) {Table 5.13.3)
static load = (beam weight) + (slab load)

= {0.038 kID(18 /1) + (8 A)(18 ) (0.075 ksl siab) + (0.025 ksf dead load)]

= 0.7 kips + 4.4 kips = 15.1 kips  (67.2 kN)

positive R, = Ry, - (static load) = 116.4 kips - 15.1 kips = [01.3 kips (451 kN)
negative Ry = - Ry, - (static load) = - 116.4 kips - 15.1 kips =-131.5 kips (-585 kN)

effective stiffness,

K=384EI/5L} _
=384 (29,000 ksi)(385 in*) / (5}(216 in)? .
=85.1kfin (149 kN/cm) N

(Table 6.1)

positive yield deflection,
Yo = {positive R}/ K = (101.3 kips) / (85.1 kfin) = 1.19 in (3.02 om)

TWIPT L Ll

negative yield deflection,
Yo = (negative R}/ K = (-131.5 kips) / (85.1 k/in) =-1.55 in (3.94 cm)

Include 20% of tributary slab weight {Scction 6.4.2)

beam mass = [{beam weight) + 0.2(tributary slab weight)}/ (gravity)
= [(0.7 kips) + 0.2 (14.4 kips)] / (386 in/sec?)
= 0.0093 k-sec’fin  {0.0163 kN-sec¥cm)

because of the expected response, use an average of valu 25 for K u
elastic Kine=0.5/0.64=0.78
plastic Kym=0.33 /0.5 = 0,66

average K;m = (0.78 + 0.66)/2=0.72

equivalent mass,
M, = (Kias)(beam mass)

= (0.72)(0.0093 k-sec’/in) = 0.0067 k-sec’fin (0.0117 kN-sec¥cm)

period of vibration, (Equation 6.8)
=21 yMe / K =2 f(0.0067k-sec2/in) / (85.1 k/in}) =0G.056 scc
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use time increment = t, / 10 = 0.006, say 0.002 matching slab

For suppont reaction, use an average of dynamic and plastic conditions,
V =0385R +0.]15F

{Table 6.1)
11.8.7 Numerical Integration Solution (load case A)
| lime force y v a resistance | reaction
(sce) {kips) (i) (in/scc) (in/see2) (kips) (kips)
0.600 0.00 0.000 0.00 0.0 0.00 0.00
0.002 5.2% 0.001 0.78 780.7 0.04 0.62
0.004 14,38 0.005 3.65 2089.2 0.33 1.80
0.006 29.97 0.017 9.99 425].7 1,48 4.02
0.008 52.06 0.048 21.41 7162.0 4.07 7,55
0.010 79.27 0.107 39.04 | 104699 9.12 12,63

0.012 108.02 0,208 62.98

13477.6 17,72 19.24
0.014 124,93 0.362 50.52

.14061.7 30.77 26.22

0.016 142.53 0,571 118.61 | 14025.2 48.57 35.09
0.018 137.47 0.833 142 57 | 993534 70.9] 43.11
0.020 113.52 1.133 155.06 3548.8 96.45 30.19
0.022 89.77 1.444 15267 | -17215 101.30 49.32
0.024 35.74 1.742 144,151 -6300.0 101.30 45.4]
0.026 27.45 2.014 126,32 | -1102274 141.30 ‘42.16
0.028 1231 2.243 102,02 | -13282.2 101.3¢ 40.42
0.030 13.68 2.421 75.66 | -13077.8 101.30 40.57
0.032 29.82 2.547 31.91 | -10668.0 101.30 42.43
0.034 54,46 2.632 3435 ] -69914 101.3¢ 45.26
| 0.036 78.67 2.689 23881 -33772 101.39 48.05
0.038 93.69 2.732 1937 | -11356 101.30 49.78
0.040 93.57 2.768 1708 -1153.4 101.30 49.76
0.042 77.04 2.798 1231 | -36205 101.30 47.86
0.044 47.89 2.813 0721 -71971.3 101,30 44.51
0.046 £3.79 2,795 -20.32 [ -13060.8 101.30 40.59

0.048 -16.04 2.726 -50.01 | -16635.6 95.42 34.89

The peak positive deflection i Ym=2.8131in (7.15 cm) at t = 0,044 sec.

The peak rebound deflection {not shown above) is Ym =0.599 in (1.52 cm)
at £ =0.070 sec.

, 1130

P T ——

11.8.8 Numerical Integration Solution (load case B)

time force y v a resistance rcns:tinn

{sec) (kips} {in) (infsec) | {in/scel) {kips) (kips)
0.060 3.86 0.000 0.00 576.3 0.00 0,44
0.002 9.24 0.002 1.93 1357.8 0,14 1.12
0.004 18.87 0.009 5.99 2700.6 0.7% 2.47
0.006 34,00 0.028 13.44 4721.0 2.37 4 82
0.008 53.90 0.066 25.34 7208.4 5.60 §.35
0.010 73.64 0.132 4]1.86 9309.8 11.26 1280

0.0]12 93.22 0.236 62.09
0.014 110.38 0.382 84.63

10919.3 20.66 14.44
11619.8 32,53 25.22

0.016 119.26 0.574 106.76 | 10509.6 48.83 32.52
0.018 121.39 0.807 125.14 7870.6 68.66 40.39
0.620 114.64 1.070 136.53 3521.9 2i.05 48.24
0.022 99.64 1.346 137.83 -247.8 101.30 3046
0.024 79.64 1.619 134,35 | -3233.2 101.30 48.16
0.026 61.97 1,880 125.24 | -5870.3 101.30 46.13
0.028 48.19 2,117 111,45 | -7926.3 101,30 44.54
0.030 40,80 2323 9449 { -9029,2 101,30 43.69
0.032 40.62 2.494 7640 | -9057.3 101.30 43.67
0.034 46.22 2.630 59.13 ] -8221.0 101.30 44.32
0.036 54.42 . 2.732 4391 | -6996.6 101.30 45.26
0.038 61.23 2.807 30.93 | -5980.6 101.30 46.04
0.040 63.08 2.857 1924 | -5705.0 10#.30 46.25
0.042 57.93 2.883 7.07] -64735 101.30 45.66
0.044 45.91 2.883 -7.671 -8267.8 i01.30 44.28

0.046 2025 2.850 -26.27 | -10330.9 98.47 41.27

The peak positive deflection is y,,, = 2.883 in (7.32 cm) at t = 0.042 sec.

The peak rebound deflection (not shown above) is y, = 0.623 in (1 .58 cm)
att=0.072 sec.

ductility,
Md=Ym/ Yo = (2883 in)/(1.19in) = 2.42 < 3.0, OK

support rotation, ‘ . )
By = arctan {yg) / (0:5 L) = arctan [(2.883 in)/ (0.5)(216 in)] = 1.53° < 2.0°, OK

ide lateral bracing at midspan,
Provide lateral bracing p USE W14x38 bea
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1.9 ROOF GIRDERS 11.9.4 Compute Bending Resistance

The roof girders are simply supported at both ends with loads from roof beams

for dynamic bending, (Appendix 5.A)
applied at quarter points.

f foy = (SIF)DIF) £, = (1.1)(1.29) 36 ksi = 51.1 ksi (352 MPa)
I
: .
The roof girder is connccted to the roof slab to prevent separation during ifl check flange, {AISC LRFD, Table B5.1)
rebound. In this case, the connection is to be designed to prevent composite action A=65/ JE =65/ JB1Tks) =9.1>71, OK
between the roof slab and the roof girder. Because composite action greatly check web {AISC LRFD, Table 135.1)
increases the bending capacity while not increasing the girder's shear capacity, ’

negiecting this effect could be Very unconservative,

A= 640/ JE =640/ J(5T.TksT) =89.5> 341, OK

A T i e e ey LR LAty
H Sy

To add the effects of dead load to the SDOF calculation, the resistance will be
adjusted by the magnitude of the dead load (refer to the pre-load discussion in
Section 7.2.5). For an alternate means of handling dead load, refer to chapter 12.

unbraced length for plastic design, {AISC LRFD, Equation F1-1)
Lpa= (3,600 + 2,200 M/Mp) ry / fay
=(3,600 + 0 )(2.90in) / (51.1 ksi)

=204in,0r 178 0in (518 cm)
span, L =52 {1, or 384 in (975 cm), pinned connections at each end

tributary slab width, B = 18 f, or 216 in (549 cm) My =2 (£,) = (279 in') (S1.1 ksi) = 14,257 in-k (161,082 cm-kN)
11.9.1 TLoad Case A (parallel to span of girder) Ry=8 (M)} /L =8 (14,257 in-k) / (384 in) = 297 kips (3,321 kN)

2!
travel time between roof beams = Li/U=(8f)/(1,312 ft/sec) = 0.006 sec 11.9.5 Compute Shear Resistance:
load = 2 sides * [(beam reaction} for dynamic shear, {Appendix 5.A)

+ (beam reaction with 0.006 sec delay) + (beam reaction with 0.012 sec delay)] fay = (SIF)(DIF) f, = (1.1)(1.29) 36 kst = §1.1 ksi (352 MPa)
11.9.2 Load Case B (perpendicular to span of girder) Vi = 0.6 (£,)(d)(t) {AISC, Equation £2-1)
n= Yo lly
=0.6 (51.1 ksi){21.51 in}(0.55 in)

travel time between roof beam centers = Li/U=(181)/(1,312 fifsec) = 0.014\sec =363 kips (1615 kN)

load =3 beams * [(beam reaction) + (beam reaction with 0.014 sec delay))

Rg=2 V=2 (363 kips) = 726 kips (3,229 kN)

119.3 Trial Size W21x111 (AISC LRFD)

. [1.9.6 Compute SDOF Equivalent System
beam depth, d = 21.51 in (54.64 cm)

flange width/thickness, b2ty =171
web thickness, ty, = 0.55 in (1,40 cm)

: <Ry, bending controls and Ry, = Ry, = 297 kips (1,321 N}
web depth/thickness, h/t,, = 34.1 because Ry, <Ry, bending u™ Ry

radius of gyration, 6, =290 (737 cm)
moment of inertia, I = 2670 in' (111,134 cm‘)
plastic modulus, Z =279 in’ (4,572 ch)

i

allowable ductility, 1, = 3.0, 8, = 2.0° (low response range) (Table 5.13.3)

static foad = (girder weight) + (beam weight) + (slab load)
=(0.111 KIf)(32 ft) + 3(0.038 kif)(18 f1) + (32 R)(18 RY[(0.075 ksf slab)
+(0.025 ksf dead load))
=3.6 kips + 2.1 kips + 57.6 kips = 63.3 kips (282 kN)

)
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Ay
positive R, = Ry, - (static load) = 269 kips - 63.3 kips = 233.7 kips (1,040 kN)
negative Ry, = - Ry, - (static load) = - 269 kips - 63.3 kips = -360.3 kips {(-1,603 ki)

!

o No?e that Table 6.1 does not include a case for three point loads. In fieu ofa
.+, derivation of the needed values, the stiffness and transformation factors for uniform

loading will be used as an approximation.

effective stiffness,
K =384E1/5L°

= 384 (29,000 ksi)(2,670 in") / (5)(384 in)’
=105 0 kfin  (183.9 kNfom)

(Table 6.1)

positive yield deflection,
Ye = (positive R} / K = (233.7 kips) / (105 k/in) = 2.23 in (5.66 cm)

negative yietd deflection,
Ye = (negative Ry) / K = (-360.3 kips) / (105 kfin) = -3.43 in (-8.71 cm)

Include 20% of the tributary slab and beam weight
beam mass = [(girder weight) + 0.2(tributary slab & beam weight)] / (gravity)
= (3.6 kips) + 0.2 (2.1 kips + 57.6 kips)) / (386 insec’)
=0.040 k-sec /in (0070 KN-sec’/cm)

Because of the expected response, use an average of values for Ky
elastic Ky = 0.5/0.64 =0.78

] (Table 6.1)
plastic Kia=0.33/0.5 =066
average Kjy = (0.78 + 0.66)/2=0.72
equivalent mass,
M, = (Kum)(beam mass)
= (0.72)(0.040 k-sec2fin) = 0.029 k-sec’fin (0,049 KN-sec’/om)
period of vibration, (Equation 6.8)
h=2m M TK =27 {0039 k- sec2 7im) 7(i03 k7in) =0.104sec
use time increment = T, / 10 = 0.01041, say 0.002 matching slab
For support reaction, use an average of dynamic and plastic conditions,
V=039R +0.1IF (Table 6.1}
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(Section 6.4.2) B

11.9.7 Numerical Integration Solution (load case A)

time force y ¥ 2 resistance | reaction
{sec) {kips) {in} (infscc) | (infsec2) | (kips) {kips}
0.000 0.00 0.000 0.00 0.0 0.00 0,00
0.002 1.25 0.000 0.04 42.9 0.00 .14
0.004 3.60 0.000 0.21 123.3 0.03 0.41
0,006 8.04 0.001 0.61 2734 0.11 0.93
0.008 16.36 0.003 1.43 5533 0.31 1.92
0.010 28.86 0.607 2,96 969.1 0.76 347
0.012 46.52 0.015 5.47 1548.4 1.62 5.75
0.014 68.79 0.030 928 22637 3.15 8.79
0.016 99.04 0.054 14.77 | 32207 5.64 13.09
0.018 132.74 0.090 22,24 4250.1 9.49 18.30
0.020 167.92 0,144 31.76 5268.8 15.12 24,37
0.022 194.08 0.219 42931 5901.4 22,94 30.30
0.024 | 21553 0.316 55,121 62864 33.22 36.67
0.026 | 237.12 0.439 67.99 1 6585.6 46.14 44,08
0,028 249.66 0.589 81.05 6478.1 61,79 51.56
0.030 258.19 0,763 93,67 6139.2 80.15 39,66
0.032 269.55 0.963 105.62 5809.0 101.09 69.07
0.034 270.01 1.185 116,45 3019.8 124,43 78.23
0.036 | 268.06 1.427 125.54 |  4075.5 149.87 87.94
0.038 | 268,73 1.686 132.78 1 3161.9 177.03 98.60
0.040 | 27088 1.957 13820 2254.1 205,51 109.95

peak positive deflection (not shown above)is Ym = 3.864 in (14.9 cm)

att = 0,072 sec.

The peak rebound deflection (not shown above) is Ym=L541in(3.91 cm)

at{=0.112 sec.

ductility,

He™ Y/ ¥ = (5.864 in) / (2.23 in) = 2.63 < 3, QK

support rotation,
By = arctan (yp;) /(0.5 L} = arctan [(5.864 in}/ (0.5 * 384 in)] = 1.7° < 2°, QK
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11.9.8 Numerical Integration Solution (load case B) 11,10 COLUMNS

lime force y v a resistance | reaction

The column is pinned at both ends.
(scc) | (kips) (m)__ | (iw/sec) | (in/sec) | (kips) | (kips)

To add the effects of dead load to the SDOF calculation, the resistance will be

0.000 1.33 0.000 0.00 45.9 0.00 0.15 adjusted by the magnitude of the dead load ‘ {refer 10 the pre-load discussion in
0.002 3.35 0.000 0.16 115.1 0.01 0.37 Section 7.2.5). For an alternate means of handling dead load, refer to chapter 12,
0.004 74 0.001 0.53 252.7 0.08 0.85

0.006 447 0.003 1.27 490.0 0.26 1.69 length, L =12}, or 144 in (366 cm)

0.008 25.06 0.006 2.60 3416 0.66 3.01

0.010 | 3841 0.013 472 | 12758 141 4.78 11.10.1 Load Case A (parallel to roof girder)

0.012 55.33 0.026 7.81 1814.6 2.71 7.14

0.014 76.0% 0.043 1212 [ 34898 4.78 10.33 travel time between girders = Ly / U= (32 R) / (1,312 fi/sec) = 0.024 sec

G016 100,94 0.075 17.81 3207.6 7.89 14.18

0.018 128.59 0.118 25.03 4007.6 12.36 18.97
0.0290 159.18 0.176 33.89 4850.4 18.52 24,73
0.022 176.44 0.254 43.90 5164.2 26.68 29.81
0.024 182.89 0.352 54.10 5031.5 36.97 34.54
0.026 193,71 0.470 64.10 4976.3 49.38 40.57
0.028 209,28 0.609 74.09 5013.2 63.89 47.94
0.030 228.64 0.767 84,22 5107.8 80.51 36.55
0.032 252.19 0.946 94.60 32726 99.28 66.46
0.034 27766 1.145 105.30 34273 120.27 77.45
0.036 287.15 [.367 115.68 4954.1 143.49 87.55

load = (girder reaction) + 2 each {(beam reaction with 0.012 sec delay)
+ (girder reaction with 0.024 sec delay)

11.10.2 Load Case B (parallel to roof beam)

travel time between beams =L, /U= (18 1)/ (1,312 ftfsec) 0.014 sec

load = (beam reaction} + 2 each * (girder reaction with 0.007 sec delay)
+ (beam reaction with 0.014 sec delay)

0038 | 28260 T.607 124.56] 3936.1] 168751 D55 _

0040 | 27714] 1863 | 13129 | J810.1] 19545 Tocs 11.10.3  Trial Size Wi0xd45

0042 | 27061 | 2137 13572 16168] 233 11703 , ;

00441 26392 2405 | 13773 | To420] 2337901 2515 area, A=13.3in° (86 cm’)

0046 | 25484 2.687] 139.50] 72891 533701 T10 13 radius of gyration, r, =2.01in (.11 cm)
0048 | 24339 2962 | 14057 | 33411 237011753

00301 22922 304a| 14075 ] -fsa6] 233707 TTede

11.10.4 Compute Compression Resistance

The peak positive deflection {not shown above) is ¥Ym = 5553 in (14.1 ¢cm)

for dynamic compression, (Appendix 5.A)
al 1 =0.074 sec.

fay = (STF)(DIF) f, = (1.1)(1.19) 36 ksi = 47.1 ksi (325 MPa)

Provide lateral bracing at & (.244 cm) spacing (at beam connections). 1 Ae = (KXL) JFTE /n ") . (AISC LRFD, Equation £2-4)

= (K)(144 in) {47 Tksi) /(29,00 ksi) / % (2.01 in) ‘
=092K<I15K, OK

USE W21x]11 pirder

L 1)

E for = (0.658)"(he)’ (fy) (AISC LRFD, Equation £2-2)
=33.1ksi (228 MPa)

E = (0.658)~(0.92)" (47.1 ksi)

| I 11-36 ' 11-37
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compresion capacity, (AISC LRFD, Equation E2.])

L2
P, = Ag ) = (133331 ksi) = 440 kips (1,957 kN}Y
LL10.5 Cempute Tension Resistance

for dynamic tension,

Appendix 5.4
fd_‘. = (SIFY(DIF) L= (L1){1.19) 36 ksi = 47.1ksi (325 MPa) (Appendix .4y

lensile capacily, (AISC LRFD, Equation D1-1)

.2
Pn= Ag () =133 in)(47.1 ksi) = 626 kips (2,785 kN)
ILI0.6 Compute SDOF Equivalent System

for compression, Ry =P, = 440 kips (1,957 kN)
for tension, R, = Pn=626 kips (2,785 kN)

Because the column supports major structural roof components, the aflowable

response will be limited to the elastic range, thus Hp=1°

Note: The column is alr

) eady a SDOF g stem, therefore no transf i
wil bs ol y ranstormation factors

roof slab = (18 f)(32 ft) [(0.075 ksf slab) + (0.025 ksf)] = 576 kips (256 kN)
beam weight = (3 ea) (0.038 kify (13 B)=21kips (9.3 kN)

girder weight = (0.101 K (3z2f)=32 kips (14.2 kN)

column weight = (0.045 kif) ¢12 f)/2=027 kips (1.2 kN)

static load = {roof slab) + (beam) + (girder) + (column)
=(57.6k)+ (2.1 k}Y+(3.2k) +(0.27 k) =63.2 kips {281 kN)

positive R, = R, - (static load) = 440 kips - 63.2 kips = 377 kips (1,672 kN)
negative R, = R, + (static load) = -626 kips - 63.2 kips = -689 kips  {-3,065 kN)

effective stiffness,

_— . 2
K=AE)/L={1330 H29,000 ksi) / (144 in} = 2,678 kfin (4,690 kN/cm)

positive yield deflection,
Yo = {positive R/ K=(377 k) /(2,678 kfin)=0.14 in (0.36 cm)
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negative yield deflection,
Ye = (negative Ry} / K = (-689 k) / (2,678 kin)=-0.26in (0.66 cm)

Include 20% of weight of supported companents {Section 6.4.2)

column mass,
M = [(column weight) + 0.2(tributary roof weight)] / gravity
=[(0.27 kips) + 0.2 (57.6 kips + 2.1 kips + 3.2 kips)]/ (386 infsec2)

=0.033 kesec/in  (0.058 KN-sec /om)

period of vibration,
h=2n JM/K =21 f0.033k ~se€2/in)/ (2,678 k /in) =0.022 sec

use time increment = t, /10 = 0,0022, say 0.002 sec matching other components

For support reaction, V=R

11.10,7 Numerical Integration Solution (toad case A)

time foree y v a resistance | reaction

(sec) (kips} (in) (infsec) | (in/sec2) (kips) {kips)
0.000 0.00 0.000 6.00 0,0 0.00 (.00
0,002 0.14 0.000 0.00 4.0 0.01 0.01
0.004 0.41 0.000 0.02 10,5 0.06 0.06
0.006 0.93 0.000 0.05 20.9 0.23 0.23
0.008 1.92 0.000 0.1 38.6 0.65 0.65
0.010 347 0.001 0.21 60.4 I.48 i.48
0.012 515 0.001 0.35 84.5 2.96 2.96
0.014 10.04 0,002 0.58 140.5 5.41 5.41
0.016 16.70 0.004 0.94 2211 9,40 9.40
0,018 26.34 0.006 1.48 JI9.5 15.79 15.79
0.020 39.48 0,010 2,22 420, | 2562 25.62

The peak positive deflection (not shown above) is v, = 0.123 in {0.312 cm)
att = 0.058 sec.

The peak positive reaction (not shown above) is 328.07 kips (1,459 kN)
att=0.058 sec

The peak rebound reaction (not shown above} is -24.15 kips (-107 kN)
at t = 0.092 sec
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11.10.8 Numerical Integr

ation Solution (load case B)

force |y v a resistance | reaction

{scc) {kips) {in) {in/sec) (infscc?) (kips) (kips)

—

0.000 0.44 6.000 0.00 13.5 0.00 0.00
0.002 112 0.000 0.04 30.7 0.10 0.10
0.004 247 .000 0.13 58.1 0.55 0.55
0.006 3.12 0.001 0.30 104.8 1.66 1.66
0.008 .10 0.001 0.56 157.7 3.90 3.90
0.010 14.50¢ 0.003 0.92 202.5 7.82 7.82
L 0.012 21.83 0.005 1.36 240.8 13.39 13.8¢
0.014 31.69 0.008 1.88 2773 22.54 22.54
f_ 0.016 43.19 0.013 2.43 275.8 34.09 34.09
0.018 57.15 0.0i8 297 260.0 48.57 48.57
0.020 7372 0.025 347 239.4 65.82 65.82
0.022 87.17 0.032 3.76 | 35.1 85.35 85.35
0.024 98.90 0.039 3.62 -195.7 105.35 105.35
0.026 114.04 0.046 3.14 -288.0 123.54 123.54
( _ 0.028 129.38 0.052 2.56 -285.7 138.81 138.81
0.030 145.29 0.056 2.10 -179.5 151.21 151.2]
0.032 165.20 0.060 2.02 97.3 161,99 161,99
E0.0M 188.43 0.065 2.55 439.5 173.93 173.93
0.036 208.82 0.07] 3.56 564.7 150.19 190.19
0.038 | 227.12 0.079 4.58 45601 212.08] 21208
0.040 247.27 0.089 3.30 260.0 238.70 238.70
0.042 26530 0.100 3.48 -77.3 267.85 26785
0.044 281.77 0.1 4.97 -435.4 296.13 296.13
0.046 208.52 0.119 3.88 -651.1 320.0! 320,01
0.048 31517 0.126 2.56 -669.5 337.27 317.27
0.050 |  316.75 0.130 0971 -9149] 34694 346.94
0.052 308.96 0.130 -109 | -11479 346.84 346.84
0.054 | 29945 0.125 330} -1077.0 ] 33399 334.99

The peak positive deflection is Y

=0.1301in(0.33 cm) at t = 0.050 sec.

ductility,
He = Ym/¥e =(0.130in) / (0.14 in) = 0.93 < 1, OK

USE W 10x45 column
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IL11 FOUNDATION

The following design represents one way of handling a foundation for this
situation.  Other design options might include a combination of verlical piles and
passive resistance. The Equivalent-Static Design Method will be used as described in
section 7.7.1,

Precast concrete piles will be used with an allowable compression force of 80 kips
(356 kN) and an allowable tension force of 50 kips (222 kN), both with a safely
factor of 3 against ultimate capacity, Because battered piles will resist all lateral
forces without the need for passive soil pressure, a safety factor of 1.2 may be used,
Permissible blast capacities will be adjusted accordingly.

permissible compressior,
Pe = (80 kips) (3/1.2) = 200 kips {890 kN)

permissible tension,
Py=(50kips) (3/1.2) =125 kips (556 kN)

3
Pile batter will be 3 horizontal to 12 vertical,
resultant axial dimension = /37 + 127 =124 12.4 12

ILILY Load Case A (applied to long side of building)

Several methods are used to determine peak loads for the static design of the
foundation. Such methods may be determined from the blast pressure applied to the
building, the bending or shear capacities of supported structural elements, or dynamic
reactions of supported elements. In this example, maximum loads from cach of the
companents directly supported by the foundation are used,

from front wail'ana]ysis, {Section 11.4.9)
V=+9.82kIf (1.43 kN/em) blast direction, -6.76 kIf (0.99 kN/cm) rebound direction
from side wall (in-plane) analysis, (Section 11,6.7)
V =+760.35 kips (3,382 kN) 1o -743.06 kips (-3,305 kN)
from rear wall analysis, (opposite to blast direction) (Section 11.4.1t ]
V=629kIf (0.92 kN/em) to -2.33 kif {-0.34 kN/em)

from column ar;;xtysis, (Section 11,10.7)
P =+328.07 kips (1,459 kN) compression, -24.15 kips (107 kN) tension
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total lateral force on building in direction of bast,

V+ = (2 side walls) (760.35 k) + (92.67 1t bld id
; . g width) (9.82 kIf + 2.33 kI
=2,64T kips (11,774 kN) ( )

total lateral force on building opposite direction of blast,

V- = (2 side walls) (-743.06 k) + (92.67 ft bldg wi
: . g width) (6,76 kIf - 6.29
=2,695 kips (11,988 kN) ¢ Ko

IL11.2 Load Case B (applied to short side of building)

This case will not control.
ILIL3 Layout

91'- 10" (2,800 cm), 48 battered

2I 5p@4‘=84'-0" 3"II"
(2r1 sp!@ 1|22 ¢m = 2,562 ¢m)

4. 1 |
- FET P
H 1]

f L]
ola 71

Typical Column Ftg

!
|

1,708 cm)

65'- 10" (2,008 cm), 30 battered, 4 vertical

F2)
]
wy
g
o
f‘ g) = battered pile
e " = vertical pile
-
-]
(150 cm) PLAN
11-42

The floor slab will be designed to act as a diaphragm to evenly spread lateral
forces to all piles battered in the direction of loading. For load distribution purposcs,
the foundation is presumed infinitely stiff in comparison to the stiffness of pifes in soil.
11114 Lateral Load on Battered Piles

For loading case A (blast on long side of building), there are 48 pair of battered
pites resisting blast loads.

lateral component of battered pile,
R horiz = (2,695 k) / (2 * 48 pair) = 28.1 kips (125 kN)

axial component of battered pile,
Ri=(28.1k)(124/3)= 116 kips (516 kN)

1L1LS Front Wall Foundation

Analyze an § foot long (244 cm) section of
wall with 4 piles,

|
y!

Neglect any small eccentricities involving Py
or the slab weight.

static load from concrete wall,
Py = wall weight + pile cap weight + soil
weight + slab weight
=538kips (239kN)

6.5' (198 cm)
pile cap Ay

i

maximum blast load = 328.07 kips * (0.5) = 164 kips (730 kN)
minimum blast foad = -24.15 kips * (0.5) =12 kips  (~53 kN})

Z(6lem} s (152 cm)
’-/

static load from stee! column, (Sect 11. 10.6)
Py: = pier weight + side column roof load

= 0.9 kips + (63.2 kips) /2

=325kips (145 kN)

Pymax=(325k)} + (164 k) = 1965 kips (down) (874 kN)
Prmin=(32.5k)-(12k) =205 kips {up} (91 kN)
Vi = (8 battered piles) (28.1 kips) = 224.8 kips (1,000 kN}

maximum axiat pile compression,

Rmax = (R1)+(12.4/12) [P, + Py max] / (piles)
= (L6 K} +(12.4/12) [(53.8k + 196.5 k) / (4 ca)]
= 181 kips (805 kN) < 200 kips, OK
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maximuin axial pile tension,
Rmin = (-Ry))+(12.4/ 12) [Py + Py min) / (piles)

={-116k) +(12.4/12) [(53.8%-205k)/ (4 piies)]
= 107 kips (476 ¥N) < [25 kips, OK

Because reinforFing is determined using conventional equations, the details of this
procedure are ommitted for brevity

1L11.6 Side Wall TFoundation

- | iy
lpl lPZ PIJ N,
Ll A_0 ' [ ' ] '] ] Ve | ?—T

N (number of piles) = 38
moment of inertia,
I =Zad

= (4 piles)[(4 1Y + (8 Y’ + (12)* + (16 )+ (20 ) + (24 ) + (28 ']
+ (8 piles)(32.92 1y’
=176308° (15217 m)

for corner columns,

) ' (Section 11.10.6
static load = 63.2 kips * {say 0.25) = 15.8 kips (70 kN) )

mfax.imum blast load = 328,07 kips * (0.25) =82 kips (365 kN)
minimum blast load = -24.15 kips * (0.25) = -6 kips  (-26.7 kN)

pier weight = 0.9 kips  (4.0kN)
Py max = (15.8k)+ (82 k) + (0.9 k) = 98.7 kips (down) {439 kN)
Pymin = (15.8 k) - (6 k) + (0.9 k) = 10.7 kips (down) (47.6 kN)
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for side column, (use results from Py, front wall calc)
P2 max = 196.5 kips (down) (874 kN)
P2 min = 20.5 kips (up) (91 kN)

weight of wall and pile cap, (detailed calc omitted for brevity)
Pg=478kips (2,126 kN)

from roof diaphragm cale,
Vi =67034 kips (2,982 kN)

{Section 11.5.8)

floor stab load is V) minus the four battered piles at the shear wall,
V2 =1670.34 k - (4 battered piles)(28.1 k) = 558 kips (2,482 kN)

total vertical downward load,

P =P max+ Py max +P| min+Py
“(98.7k) + (196.5 k) + (10.7k) + (478 k)
= 7839 kips (3,487 kN)

overturning moment at grade,

M = (V) (roof height) + [P} max - P, min} (column spacing)
=(670.34 k) (12 ft) + [(98.7 k) - (10.7 k)] (32 )
=10,860 k-t (14,724 kN-m)

maximum axial compression,

Romax =Ry + [(P/N)+ (M)c) /1] (12.4 / 12)
= {116k} + [(783.9 k) / (38 ca) + (10,860 R-k)(3z92 )/ (17,630 M"Y (12.4/ 12)
=158 kips (703 kN) < 200 k, OK

total vertical upward load,

P =P} max + Py min + P| min + P4
=(98.7k) + (-20.5 k) + (10.7 k) + (478 k)
=367 kips (2,522 kN)

overturning moment at grade,
M = same as preceeding case = 10,860 k-N} (14,724 kN-m)

maximum axial tension, -
Rmin =Ry +[(P/N)+ (M)(c) 1] (12.4/ 12)
=(-116 k) + [(567 k) / (38 ea) + (-10,860 R-k) (32.9211)/ (17,630 11 (12.4 / 12)

=122 kips (543 kN)< 125k, OK

Because reinforcing is determined using conventional equations, the details of this
procedure are ommitted for brevity.
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1117 Column Foundation:

Individual column foundations «onsist of 3 pier, P2
pile cap, and four vertical piles.
static toad from column, E /
P1 = roof load, weight ol picr, pile cap, and soil -
ad, ' »and s o [ 2.5(76
=56.4 kips (251 kN) 25 p(ieﬂl i
n

P2 max = 328.07 kips (1,459 kN) 1
P2 min = 2415 kips  (-107 k) E 7 (213 cm)

_ ) o il
maxisum pile compression, : I_Isq pre cap n

Rmax = [P max + P11/ (piles)
= [(328.07 k) + (56.4 k)] / (4 ca)
=96 kips (427 kN) <200k, OK

maximum pile tension,

Rmin =[Py min + Py17/ (piles)
=[(-24.15 %) + (56.4 k)1/ (4 ea)
=+8kips (35 kN) OK, not in tension

Because reinforcing is determined using conventional equations, the details of thig
procedure are omitted for brevity.
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CHAPTER 12
METAL BUILDING DESIGN EXAMPLE

12.1 INTRODUCTION

The following is a sample blast design for a controf buitding using metal cladding,
a structural steel frame, and a spread footing type foundation, Because of the
relatively thin metal cladding, this building represents an example of neutral risk
philosophy.

In this example, blast loads and dynamic properties are computed on a unit area
basis in contrast to chapter 11 calculations.

For brevity, evaluation of conventional loads are not included in this example.
Design of blast doors are not included in this example,
122 STRUCTURAL SYSTEM

The structure in this example is of Metal Clad Construction as described in
Section 4.3.3.

12.2.1 Deseription of Structure

Ore story meta! frame/metal cladding.

Plan dimensions are 50 ft (15.2 m) by 100 & (30.5 m).

Eave height is 16 ft (4.9 m).

Rigid frames across short dimension, 20 ft (6.1 m) spacing,

Braced frames on exterior walls, long dimension, 25 # (7.6 m) spacing.
Metal deck roof over structural steel purlins at 5% slope.

Metal siding over structural steel girts.

* Foundation consists of shallow spread footings.

-« * » 2 P @
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12.2.2 Framing Plan
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250 @200 (6.1 m) =100 R (30,5 m)

50(15.2m) j

®
Sp@25f (7.6 m)

2
}

16 8 (4.9 m)

o

PLAN (roof purlins not shown)

i

ELEVATION (wall girts not shawn)

roof panel \roof purlin

[— T sty
wall =]
panel .
roof girder
A
wall \ exterior
girt _ column
t floor slab
stem -

wall s column
- ﬁ footing
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12.2.3 Components for Blast Design

The metal building cladding will fail in flexure at a low overpressure unless girt
spacings are low. Tensile membrane response is possible; however, care must be paid
to detailing to ensure that membrane response can be achieved. Tension membranc
response can also be exhibited by girts and purlins. For this example problem, ali
clements will be designed for flexure,

Metal panels and girts along the Jong sides will load the main frames of the
building. Loads on the back wall will be ignored to maximize Sidesway. Reaclions
form these members will be transferred to the frame. Loads on the side walls will be
resisted by braced frames in the end bays

A preliminary design for each members will be accomplished through the use of
required resistance formulas then check for response to time dependent loads. Final
design would requite evaluation of connections, bracing and other items which would

prevent the members from reaching their plastic capacity.
Determine required member sizes for:

Roof deck

Wall panels (facing blast)
Purlins

Girts (facing blast)

Rigid frame (facing blast)
Braced frame

Spread footing

A

12.2.4 Genera! Solution Procedure:

Determines dynamic material properties

Select trial sizes

Compute section properties

Compute SDOF properties {if applicable)

Compute response

Compare response to deformation limits

Revise section as required

Check secondary failure modes (shear, buckling, etc.)

Design connections for controlling reactions. (not included for brevity)

IS

N R S
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2.3 DESIGN DATA
12.3.1 Material Properties

for frame design:
Metal decking, Fy=50ksi (345 MPa)
Structural steel, Fy = 36 ksi (248 MPpa)

soil properties:

Stiff silty clay, allowable bearing (service load) = 5500 psf@ 2 ft (120 kPa @ 0.6 m)

Safety Factor = 2 {for conventional inads from soil report}
Cohesion = 1,010 psf  (48.4 kPa)

Dry Unit Weight = 85 pef (13,3 kN/m')

Angle of internal friction = 27°

CoelMicient of friction = 0.3

Active Earth Pressure Coefficient; K, = 0.55

P’assive Earth Pressure Coeflicient: Kp=138

Water Tableat 15t (4.6 m) below grade

12.3.2 Dynamic Material Properties
Fas = Fgy because of low permissible dynamic response.(Tables 5.A 4 and 5.A5)

Strength increase factors are from Table 5.A.1.
Dynamic increase factors are from Tables 5 A2 and 5.A.3,

Materint Fyorf, SIF DIF Moedulus of Elasticity, E
Metal decking 50 ksi 121 11 29x10° ksi
Structural Steel 36 ksi 1.1 1.29 29x10° ks

12.3.3 Design Loads

Dead Load;

Roof mechanical = 3 psf (239 Pa)
The following are initial estimates:

Roof deck = 3 psf (144 Pa) Wall siding =2 psf (96 Pa)
Roof framing = 3 psf (144 Pa) Wall framing = 4 psf (192 Pa)

12-4
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Blast Load;

The design blast direction is parallel to the main frames, The long (front) wall
1eceives a reflected load, All other walls and toof receive side-on (free air) load. Free
field blast wave parameters are assumed to have been provided by others.
Calculations for blast pressures on the building surfaces are omitted for brevity (such
a caleulation is provided in the Chapter 3 appendix). The resulting blast loads
indicated in the following figures represent a far range (fow pressure)'load.

2.4 psi 1.2 psi

-
45 ms 4 rlns 54 mg
Front Wall Load Roof Load

12.3.4 Building Performance Requirements - Deformation Limits

Damage level = Medium, reference Appendix 5.B.

Element Support Rotation, 6 | Ductility Ratio, p
Roof decking 2° 3
Wall decking 20 3
Purling 6° 10
Girts 6° 10
Rigid frames 1.5° 2
Braced frames 1.5° 2

Maximum Sidesway at Eave: H/35=5.5in {14 cm)
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12.4 ROOF DECKING

R

Worst case span is exterior, fixed-pinned boundary conditions. To add the effects
of degd load to SDOF calenlations, each pressure-time pair will be increased by the
magnitude of the dead load and the initjal displacement will be set equal to the dead
load deflection. This will create a balanced condition at the start of the SDOF
response calcutation (refer to the pre-toad discussion in Section 7.2.3),

Treat the roof deck as a 1 inch (2.5 cm) wide, one-way strip.

Response fimits; 9, = 2°, Hy =3

Dead Load, (initial guess)
DL =13 psf, or 0.02 psi (0.14 kPa)

i e e S i e gt g vy ok e

Blast Load,
BL=12psi (827 kPa)

4 ms 54 ms

Impuise,
= (1.2 psi){54 ms) /2 = 32 psi-tns (221 kPa-ms)

12.4.1 Dynamic Material Properties

for dynamic bending and shear,
Fas = Fay = (SIFY(DIF) f; = (1.21)(1.1) 50 ksi = 66.5 kst (459 MPa)

12.4.2 Calcwdate a Trial Size

Try 4 ft purlin spacing, L = 4 ft or 48 in (122 cm)
Let the ductility demand equal the limiling value, ;g = 1y = 3

As an initial guess, fet t=1q/1, = 3 (in the dynamic range of response) i

apply equation 6.11,

Fo/ Ry =NHD) | Gue-lo)  TO)-T @) - )3

(7)) (T +0.7) n(3)

200 + 07y

peak load, Fo=BL +DL =12 psi+0.02psi=122psi (8.41 kPa)

resistance,
R =T/ 0.9t = (122 psi)/0.91 = | 34 pst (9.24 kPa)

12-6
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effective ultimate moment, from Ry, = 4 (Mps+2Mpc} /L (Table 6.3)
Mp=RmL/12=(1.34 psi * 48 in * 1in)(48 in)/ 12 =257 in-b (2,904 kN-cm)

ultimate moment,
Mp = Mp /0.9 = (257 in-Ib} / 0.9 = 286 in-Ib (3,231 kN-cm)

{Seclion 5.4 4)

section modulus,
§ = Mp / Fag = (286 in-ib) / (66,500 psi) = 0.0043 in®  (0.070 em’)

Note that the section modulus, S, is used to compute the moment capacity instead
of the plastic section modulus, Z, mainly because section modulus values are readily
available. The difference is minor due to relatively low response and due to capacily
reductions from buckling of the thin web.

Select panel type and thickness from vendor catalog,

“R” panel. thickness = 24 gage

Weight = 1.25 psf  (0.06 kPa)

1= 0.0548 in*/R = 0.0046 in%in  (0.075 cm*/cm)

§=0.0573 in’/ft = 0.0048 in¥in  (0.031 com’/cm)
A=0310in*R = 0.0258 in%in (0.066 cm¥cm)

Perform a detailed check of this section

12,43 Compute Section Properties

effective moment capacity, (Scction 5.4.4)
Mp = 0.9 8 (Fg) = 0.9 (0.0048 in’) (66,500 psi) = 287 in-Ib (3,243 kN-cm)

shear capacity,
Vi =0.55 (Ay)(Fgv) = 0.55 (0.0258 in?)(66,500 psi) = 945 Ib (4.2 kN)

12.4.4 Compute SDOF Propertics

ultimate resistance, from Ry = 4 (Mps + 2 Mpe) / L (Table 6.3)
Ry=12 (Mp) /L =12 (287 in-lb) / (48 in) = 72 b, or 1.50 psi  {10.3 kPa)

The numerical integration in this example uses a trilincar resistance-deflection curve,
thus several additional values are needed:

elastic resistance, (Table 6.3)
Re=8Mpc/L=8My/L=8(287in-1b)/(48in) =48 Ib, or t psi (5.9 kPa)
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clastic stiffness,

Table 6.

Ke=18sp1/100 (Teble62)
= 185 (29,000,000 psi)(0.0046 in') / (48 in)’
=223 b/in, or 4.65 psifin - (12.62 kPa/em)

first yield deflection,

Ye = Re/ Ky = (1 psi)/ (4.65 psifin) = 0.22 in {0.56 cm)

clasto-plastic stifThess, (aller fiest yield) T

Kep =384E1/5 L] {ble63)

= 384 (29,000,000 psi)(0.0046 in")/ 5 (48 in)"
=93 ibfin, or 1.93 psifin (5.27 kPa/cm)

linat yicld deflection,

Yep = (Ry - Ry) / Kep +ye
={1.49 psi - | psi}/ (1.94 psifin) + 0.215 in
=047in (1.19cm)

Compute the effective "bilinear" elastic stiffness and de
natural period, ductility ratios, and hinge rotations.

effective "bilinear" elastic stiffness,
Ke=160E71/1}
= 160 (25,000,000 psi)(0.0046 in*)/ (48 in)®
= 193 1b/in, or 4.02 psifin (10.91 kPa/cm)

effective elastic deflection,
¥ = Ry / Kg *= (1.49 psi) / (4.02 psifin} = 6,37 iy (0.94 cm)

weight = 1.25 pef (0.083 N widthy(4 length) = 0.417 Ib, or 0,009 psi (0.062 I-cP.a)

mass,
M = weight / gravity
=(0.417 1b) / (386 in/sec?)
= 0.00108 Ib-sec™in, or 22.5 psi-ms¥in {61.1 kPa-ms*/cm)

load - mass factors,
clastic, Kin = (0.45) 7 (0.58) = 0.78
clasto-plastic, Kinr = (0.50)/ (0.64)=0.78
plastic, ), = (0.33)/7(0 50)=0.66

(Table 6.3)

tse anaverage value, K, = [{0.78 + C.78) /2 + 0.66]/2=072
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flection to determine the

(Biggs, Table 5.3)

equivaient mass, :
Me = Ko (M)= 0.72 ( 22.5 psi-ms¥in) = 16.2 psi-ms*/in  (44.0 kPa-ms¥cm)

naturat peried: (Equation 6.8)
=27 Me /K =21 \J(16.2 psi-ms? /in)/ (4.02 psi / in} =12.6 ms

12.45 Compute Response (chart solution}

Note: Both charts and numerical integration need not be used, but are presented in
this sample design to itlustrate implementation.

In order to use Figure 6.9, an instantaneous load rise must be assumed.

td/ tn = (54 ms) /(12.6 ms) = 4.3 (3.0 was originally assumed)
Ru/Fo=(1.5 psi) /(1.2 psi) = 1.25

Using these values in Figure 6.9, pa=2

maxirmum deformation,
Y = (1) {ye) = (2) (0.37 in) = 0.74 in (1.88 cm)

support rb:ation,
84 = arctan (ym /0.5 L) = arctan [(0.742 in} / (0.5)(48 in)] = 1.8° < 2°, OK

Note: 0.5 L is used even for nonsymmetric boundary conditions,
12.4.6 Compute Response {(numerical integration solution)

dead load deformation,
yd = DL/ Kg = (0.009 psi) / (4.65 psifin) = 0.002 in  (0.005 cm)

Ordinarily a dead load this low would be insignificant, however this load will be
included in order to illustrate implementation.

time increment = t, / 10 = (26 ms/ 10~ 1.0 ms, use 0.4 ms to obtain at least 10
increments of loading in the first section of the pressure-time history.

pinned end reaction,
elastic, Vi = 0.26R + 0.12F
plastic, Vi = 0.39R, + 0.11F - Mp/L

fixed end reaction,
elastic, V, = 0.43R + (. 16F
plastic, Vo= 0.30R, + 0.1 [F + My/L

note, Mp/L = (287 in-Ib)/(48 in) =6 1b (27 ™)
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Roof Deck Analysis, 1.2%

Equiv. Elastic Displac. = 3.731E-01

psf dead load

Max Force = 1.209E+00
Max Displacement = 6. 600E~-0] Min Force = 3,6B0E-03
Min Displacement = 2.004E-~03 Max Resistance = 1.500E+00
Time of Max Displacement = 1.0B0E+0} Min Resistance = -4.435E-01
Time of Min Displacement = 1,000E-01 Max Shear A = 8.605E-01
MU = 1.769E+0Qp Min Sheaz A = -1.889g-0)
Max Shear B = 5,261E-01
Min Shear B = «1.142E-01
o8 — 2
-5
086 fred
z 1+ &
= M
g g
= b
_§ o / 05 §
B - o ¥
[
v St k]
02 i~
. ' ’,//" ~{ 05
Displacement Resistance
0 1 I 1 I3 1

0 10 20 30
Time {ms)

4G 50

The paositive peak deflection is Y =0.66in (1.68 cmyatt=10.8 ms

The positive peak reaction is 20 6 tb/in (36.1 N/em) at t = 10.8 mg

The peak rebound reaction is 10,6 Ib/in (18.6 Nicm) att = 54 ms

Note that the peak rebound reaction occurs after 4 number of cycles, and after the

blast load disappears.

ductility,
M = () / (y6) = (0.6 in) / (0,37 in) = 1.8

support rotation,

04 = arctan (y,;, /0.5 L) = arctan [(0.66 in}/ (0.5)(48 in)} = 1.6°
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12,.4.7 Compare Response to Deformation Limits

B1=16°<2° OK

Hg=12<3 QK Response 1s Adeguate

12.4.8 Revise section as required

A revision is not necessary.

12.4.9 Check Secondary Faiture Modes {in this case, shear)

reaction at ultimate resistance,
Vu=Ry/2+My/L=(801b)/2+6lb=461b (205 NY <V, OK

Check manufacturer's catalog for maximum permitied reaction,

Shear Capacity Is Adequate
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125 WALL PANELS

Warst case span is top or bottom, fixed-pinned boundarv conditions. Treat the
wall panels as | inch wide, one-way strip.
Response limits; @, = 2° 15 =3
2.4 psi
Dead Load =0
Biast Load,
BL=24psi (165 kPa) 45ms

impulse = (2.4 psi)(45 ms) /2 = 54 psi-ms (372 kPa-mg)
12.51 Dyonamic Material Properties

for dynamie bending or shear,
Fs = Fay = (SIFYDIF) £, = (121)(1.1) 50 ksi = 665 ksi (459 MPa)

12.5.2 Catenlate a Trial Size
Try 3 ft girt spacing, L =3 A or 36 in (91 cm)
Let the duetility demand equal the limiting value, pg =, = 3

As an initial guess, let ¢ = ta/ th =13 (in the dynamic range of response)

apply equation 6,11,

Fo/Ry =\/{2m~1)+ @ua-1)v) _ J2(3) - I ORRE!

n{7) 2ua(1+0.7) n(3)

203 + a7 00!

peak load, Fy=BL =24 psi (16.5 kPa)

resistance,
Rn=Fo/091=(24 psi)/ 0.91 = 2.6 psi (17.9 kPa)

effective ultimate moment, from Ry, = 4 (Mps + 2 Mpc) /L (Table 6.3)
Mp=RmL/12=(2,6psi*36in* | in}(36 in) /12 = 281 in-fb (3,175 kN-cm)

ultimate moment,

‘ (Section 5.4.4)
Mp=Mp/0.9 = (28] n-th) /0.9 = 312 in-lp (3,525 kN-gm)

12-12

section modulus,
§=Mp/ Fys = (312 in-ib) / (66,500 psi) = 0,0047 in*  (0.077 cm’)

Note that the section modulus, S, is used to compute the moment capacity instead
of the plastic section modulus, Z, mainly because section modulus values are readily
available. The difference is minor due to relatively low response and due 10 capacity
reductions from buckling of the thin web.

Select panel type and thickness consistent with roof,

“R” panel, thickness = 24 gage

Weight = 1.25 psf  (0.06 kPa)

1= 0.0548 in"/ft = 0.0046 inin  (0.075 cm*/em)
8 =0.0573 in"/ft = 0.0048 in%fin (0.031 em’/em)
A=0310in"8 = 0.0258 in%in (0.066 cm/em)

{

Perform a detailed check of this section

12.5.3 Compute Section Properties

effective moment capacity, (Section 5.4.4)
Mp = 0.9 8 (Fgs} = 0.9 (0.0048 in®} (66,500 psi) = 287 in-Ib (3,243 kN-cm)

shear capacity,
Va = 0.55 (Ay){Fay) = 0.55 (0.0258 in?)(66,500 psi) = 945 b (4.2 kN)

12.5.4 Compute SDOF Properties

ultimate resistance, from Ry =4 (Mas + 2 Mye) / L (Table 6.3)
Ru=12 (Mp) /L = 12 (287 in-1b) / (36 in) = 96 Ib, or 2.66 psi (18,3 kpa)

The numerical integration in this example uses a trilinear resistance-deflection curve,
thus several additional values are needed:

elastic resistance, (Table 6.3)
Re=8Mpc/L=8Mp/L =8 (287 in-Ib) / (36 in) = 64 Ib, or 1.78 psi (12,3 kPa)

elastic stiffness,

Ke =185E1/L}
= 185 (29,000,000 psi)(0.0046 in*) / (36 in)°
=529 Ibfin, or 14.7 psi/in (40 kPa/cm)

(Table 6.3)

first yield deflection, .
Yo =Re/ Ke=(1.78 psi}/ (14.7 psifin) = 0,12 in {0.30 ¢m)
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elasto-plastic stiffness, (after first vield) (Table 6.3)
Kep =384 E1/51°

= 384 (29,000,000 psi)(0.0046 i) /5 (36 in)?
=220 Iofin, or 6.1 psifin  (16.6 kPa/cm)

12.5.5 Compute Response (numerical integration solution)

time increment = th/10=72ms/ 1007 ms, use 0.4 ms to obtain at least 10
increments of loading.

final yicld deflection,

=(Ry-R) /K pinned end reaction, fixed end reaction,

o2 R TKep v " . elastic, Vi = 0.26R + 0,12F elastic, V; = 0.43R + 0, 9F
= (2_66. psi- 1.78 psi) 7 (6.} psifin) + 0.12in plastic, Vi = 0.39R, + 0.11F - My/L plastic, V2= 0.39R, + 0.11F + ML,
=026in  (0.66 cm)

te, MpL = (287 in-b)/(36 i) =8 b (36 N
Compute the effective "bilinear" elastic stiffness and de note, Mp/L = (287 in-1b)/(36 in) ( )

: ti : flection to determine the
natural period, ductility ratios, and hinge rotations,

Wall Panel Analysis, 0.0 psf dead load
cffective "bilinear” elastic stiffness,

Equiv. Elastic Displac. = 2,089E-01 Max Forge = 2.400E+00
Ke=160E1/10 A Max Displacement = 6,294F-01 Min Force = 0,000E+00
k . (Biggs, Tabla 5.3) Min Displacement = &,816E-04 Max Resistance = 2.660E+G0
= 160 (29,000,600 psi)(0.0046 iny/ (36 in)* Time of Max Displacement = 7.000E400 Min Resistance - -6.334E-01
=457 Ibfin, or 12.7 psifin (14.5 kPa/cm) Time of Min Displacement = 1.000E-01 Mc:ax Shear A = 1.574E+00
MU = 3,014E+00 Min Shear A = -2,724E-01
. . . Max Shear B = 9,636E-01
effective elastic deflection, Min Shear B = -1,647E-01
¥ Ru/ Ky = (2.66 psi) / (12.7 psifin) = 0,21 in (0.53 cm)
0a 3
weight = 1.25 psf (0.083 ft width)(3 ft length) = 0.312 Ib, or 0.0087 psi (0.06 kPa)
vy,
mass, 08} Load iz
M = weight / gravity F ' &
=(0.312 Ib) / (386 in/sec?) g 8
= 0.000808 Ib-sec¥in, or 22.5 psi-ms’in  (61.1 kPa-ms¥em) E 04 ; 2 .§
4 - g
load - mass factors, (Table 6.3) g ‘ ™ \/\ /\ /\ il
. . Q
clastic, Kin = (0.45) 7 (0.58) = 0.78 02 o o 7y
‘ clasto-plastic, Ky = {0.50)/ (0.64) = 0,78 v U V \} !
- plastic, Kiy = (0.33) 7 (0.50)=0.66 Displacement  peictance =7
B 0 . . . . . N
B usc an average value, K,,, = [(0.78 + 0.78) /2 + 0.66]/2=072 0 1o 20 30 40 50 50
; Time (ms)
P equivalent mass, - . : =1
ﬁ' Me = Kia (M)=0.72 (225 psi-msz/in) = 16.2 psi-ms¥in (44.0 kPa-mszfcm) The positive peak deflection is Ym=0063in(L.6cm)att="7ms
natural period: (Equation 6.) The positive peak reaction is 28 Ib/in (49 N/em)at t = 2.5 ms
'E h=2n yM. / K =21 J{16.2 psi - ms? Fin)/(12.7 psi/in) = 7.2 ms The peak rebound reaction is 4.9 Ib/in (8.6 N/em) at t = 45 ms
Note that the peak rebound reaction occurs after 2 number of cycles, and afler the
Bji blast load disappears.
12-14 12-15
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ductility,
Hd = (ym) / (yz) = (0.63 in) / (0.21 in) = 3

support rotation,
84 = arctan (ym /0.5 L) = argtan {(0.63 in} / (0.5)(36 in)] = 2°

12.5.6 Compare Response to Deformation Limits

Bg=2°=2° QK

tg=3=3 QK Response Is Adeauate

12.5.7 Revise section as required

A revision is not necessary.

12.5.8 Check Secondary Failure Modes (in this case, shear)

reaction at ultimate resistance,
Ve=R,/2+ Mp/L =(961b)/2+8b=561b (249 Ny < v, OK

Check manufacturer's catalog for maximum permitted reaction.

Shear Capacity s Adequate
[2,6 ROOF PULINS

Purlins are continuous over beams, worst case is at ends for fixed-pinned

boundary conditions.  Assume A8 relled shapes. Loads are light enough that cold
formed steel could also be used.

To add the effects of dead load to SDOF calculations, each pressure-time pair H
will be increased by the magnitude of the dead load and the initial displacement will
be set equal to the dead load deflection. This will create a balanced condition at the

start of the SDOF response calculation (refer to the pre-load discussion in Sectien
7.2.3)

Span, L =20 1}, or 240 in (610 cm)
purlin spacing = 4 . or 48 in (122 em)

Response limits: 8, = 6°, 1= [0

Two methods for applying blast foads will be used. The first is the Tributary Area
Method which applics the roof panel pressure-time history to the loaded area of the
purlin. The second niethod will use the dynamic reactions of the roof panel ag the
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load applied to the purlin, The purlin load is determired at each time step as follows:
Load, psi = (2 sides) {roof panel reaction, Ib/in} / (48 in purlin spacing)
12.6.1 Dynamic Material Propertics

for dynamic bending or shear, ' .
Fgs = Fay = (SIF)DIF) £, = (1.1)(1.29) 36 ksi = 51 ksi (352 MPa)

12.6.2 Calculate a Trial Size
Use the Tributary Width Method for applying load to the purlin in initial sizing,
tributary width =4 ft, or 48 in (122 cm)

Dead Load, (initial guess)
DL =6 psf, or 0.04 psi  (0.28 ¥Pa)

T 1
Roof blast load: 4 ms 54 ms
BL = 1.2 psi (8.27 kPa)

I=(1.2 psi)(54 ms) /2 =32 psi-ms (221 kPa-ms)

Let the ductility demand cquat the limiting value, j1g = 1, = 10
As an initial guess, let T =tg/ty =3 (in the dynamic range of response)

apply equation 6.11,

Foily =MD | Q- _ V20 -1 @ao) - )3 i
ormm n(t)  2ue(r+0.7) x(3)..  2010)3 + 0.7)

peak load, Fo=BL + DL = 1.2 psi + 0.04 psi = | .24 psi (8.55 kPa)

resistance,
Rm=Fo/ 123 ={124psi)/ 123 =101 psi (696 kP*a)
vitimate moment, from Ry, = 4 (Mpg + 2 Mpe) / L {Table 6.3)
Mp= R L 412

= (1.01 psi * 240 in * 48 in)(240 in) / 12

=232700in-lb (2,629 kN-cm)
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section modulus,
= Mp / Fag = (232,700 in-1b) /(51,000 psi) = 4.56 in” (75 cm‘l)

Tlie moment capacity is based on Z because the target (1> 3.

Select member from 47807 LRETY manual,

C6x8.2

I=131in' (545 cm"
Z=513in" (84.1cm’)
ty=0.537in (136 cm)

Av(area of web) = 1.21in*  (7.74 cm?)
Perform a detailed check of this section

12.6.3 Compute Section Properties

unbraced length for plastic design.

Lpd = (3,600 +2,200 My/My) ry / fy,
= (3,600 + 0) (0.537 in) / (51 ksi)
=38in (96 cm)

effective moment capacity,
Mp = Z (Fys) = (5.13 in®)(51,000 psi) = 261,63C in-Ib (2,956 kN-cm)

shear capacity, (AISC LRFD, Equation F2-1)
V= 0.6 (Av)(Fav) = 0.6 (1.21n%)(51,000 psi) = 36,720 1b (1633 kN

12.6.4 Compute SDOF Properties

ultimate resistance, from Ry =4 (Mps + 2 Mpe} /L

{Table 6.3}
Ra =12 (Mp) /L = 12 (261,630 in-Ib) / (240 in) = 13,082 I, or 1.14 psi

{7.86 kPa)

The numerical integration in this example uses a trilinear resistance-deflection curve,
thus several additional vatues are needed:

elastic resistance, (Table 6.1)
Re =8 Mpe /L =8 M, /L.

=8 (261,630 in-Ib) / (240 in)

=8,7211b,0r 0.76 psi  (5.24 kPa)
elastic stifthess, (Table 6.3)

I8SE1/L
185 (29,000,000 psi)(13.1 in') / (240 in)®
= 5,084 Ibfin, or 0.44 psifin (1.19 kPascm)

Ke =
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first yield deflection,
Yo = Re/ Ke = (0.76 psi) / (0.44 psifin}) = 1.72in  (4.37 cm)
elasto-plastic stiffness, (afier first yield) {Table 6.3}
Kep =3B4E1/5L° ;

= 384 (29,000,000 psi){(13.1 in") / § (240 in)

=2,111 Ib/in, or 0.18 psifin (0,49 kPajem)

final yield deflection,

Yep = (Ry - Re) / Kep + ye
=(1.14 psi - 0.76 psi) / (0.18 psifin) + 1.72 in
=3.83in (9.73 cm)

Compute the effective "bilinear" elastic stiffness and deflection to determine the
natural period, ductility ratios, and hinge rotations,

effective “bilinear” elastic stiffness,

Ke =160 EI/L}
= 160 (29,000,000 psi)(13.1 in*} / (240 in)*
= 4,397 Ibfin, or 0.38 psifin  {1.03 kPa/em)

(Biggs, Table 5.3)

effective elastic defliestion,

ve=Ru/ Ke= (1.14 psi) / (0.38 psifin) =3.0in  {7.62 cm)

weight = {1.25 psf deck) + (8.2 plf purlin) / (4 ft trib. width) + (5 psf mechanical)
=83 psf, or 0.058 psi  (0.40 kPa)

initial deflection, .
yd = weight / Kp = (0.058 psf) / (0.38 pst/in) = 0.15in  (0.38 em)
mass,
M = weight / gravity
= (0.058 psi) / (386 infsec?) .
=0.00015 psi-sec™in, or 150 psi-ms¥in (407 kPa-ms*/cm)
foad - mass factors, (Table 6.5)
elastic, Kyp = (0.45) / (0.58)=0.78
elasto-plastic, Kpy = (0.50)/ (0.64) = 0.78
plastic, Kyne = {0.33)/(0.50) = 0.66

use an average value, Ky, = [(0.78 +0.78) /2 + 0.66) /2 = 0.72

equivalent mass, . ,
Me = Kiy (M)=0.72 (150 psi-ms¥in} = 108 psi-ms¥in (293 kPa-ms fem)
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natural period; (Equation 6.8)

t=2m M 7 K =2% (108 psi-ms? /in)/ (0.38 psi/ in) =106 ms

Note that the roof panel has a period, tn, of 12.6 ms. Analyzing the roof panel

and purlin separately should be adequate with this difference in periods {refer to
scction 6,2.3).

12.6.5 Compute Response (numerical integration: of tributary area load)
Refer to Section 12.6.2 for the tributary area load.

time increment,
{106 ms period) / 10~ [ 1 ms
(4 ms rise time) / 10 = 0.4 ms, use 0.1 ms

pinned end reaction,
elastic, V) = 0.26R + .12F
plastic, Vi = 0.39Ry + 0.11F - MpL

fixed end reaction,

elastic, V3 = 0.43R + 0.19F

plastic, V2= 0.39Ry + 0,1 1F + My/L
note. Mp/l = (261,630 in-Ib)/(240 in) = 1,090 |b (4.85kN)

Purlin Analysis - Tributary Load

Equiv. Elastic Displac. = 3.007E+00 Max Force = 1.257E+00
Max Displacement = 4.B02E+00 Min Force = 3,142E-02
Min Displacement = -3.422E-01 Max Resistance = 1.140E+D0
Time of Max Displacement = 4.540E+01 Min Resistance = -8,727E-01
Time of Min Displacement = 9.070E+01 Max Shear A = 5.060E-01
MU = 1.5318+00 Min Shear A = -3.341E-01
Max Shear B = 5.060E~01
Min Shear B = -3.341E-01
8 15
!\ - I
4 13 y Load ~
z f £
= 05 3
5 i g
E 2 5
! y
k) \\ N/ . &
2 q
= S
0
\-,/ -1 .05
Displacement
Resistance
‘E 1 1 L 1 1 _1
[s] 25 50 75 106 125 150
Tine (ms)
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The positive peak deflection is ym = 4.6in (11.7 cm)at t = 454 ms

ductility,
#d = (ym)/ {ye) = (4.6 in) / (3.0in) > 1.5

support rotation, )
B¢ = arctan (ym / 0.5 L) = arctan [(4.6 in) / (0.5)(240 in)] = 2.2°

12.6.6 Compute Response (numerical integration of dynamic reaction)

Refer to Section 12.6 for the dynamic reaction load.

Purlin Analysis - Dynamic Reactions

Equiv. Elastic Dispiac., = 3.007E+00 Max Force = 9.060E-01
Max Displacement = 2,604E+00 Min Forge = 0.000E+00
Min Displacement = -1,481E+00 Max Resistance = 9,178E-01
Time of Max Displacement = 4.100E+01 Min Resistance = -8.088E-01
Time of Min Displacement = 1,736E+02 Max Shear A = d.844E-01
MU = B8.661E-01 Min Shear A = -3.478E-01
Max Shear B = 2.956E-01
Min Shear B = -2.103E-01
3 t5
Displacement
oL o iy
::’? Load g
=y 05 8
b 5
2 : o
& g
a 3
1t = - - -05
Resistance
.2 Il : } ' 1 )
a 25 50 75 100 125 150
Time {ms)

The positive peak deflection is yy =2.6in (6.6 cm) at t =41.1 ms
The positive peak reaction is 19.3 b (85.9 N)at 1 = 35.5 ms

The peak rebound reaction is 15.1 1b (67.2 N) at t = 86 ms
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ductility,
e = (yed / (yi) = (2.6 im) / (3.0in)=09

support rotation,
B4 = arctan (yp £ 0.5 L) =arctan [(2.6 in) / {0.5)(24Q in)] = 1,20

Note that this response from the dynamic reactions is approximately half of that
produced by applying the blast load by tributary area.

12.6.7 Compare Response to Deformation Limits

Ba=12°<6° 0K
Hg=09<10 OK Response [s Adequate

12.6.8 Revise section as required

Reyise size t0 get closer to the -arget deflection. Try a lighter channel. Use
dynamic reactions.

Cd4x5.4

1=385in" (160 cm")

Z2=226in" (37.0cm?)

fy=0.44%in  (1.14 cm)

Ay (area of web) = 0.74 in®  (4.77 cm?

Perform a detailed check of this section

12.6.9 Compute Section Properties

unbraced tength for plastic design,

Lpd = (3,600 + 2,200 My /M) ry / tgy
=(3,600 + 0} (0.449 in) 7 (51 ksi)
=32in (8] cm)

effective moment capacity,
Mp = Z (Fyg) = (2.26 IN“Y51,000 psi) = 1 15,260 in-1b (1,302 kN-cm}

The moment capacity is based on Z because the target i >3,

shear capacity, (AISC LRFD, Equation F2-n
Vin = 0.6 (AV)(Fav) = 0.6 (0.74 in?)(51,000 psi) = 22,6441b (101 kN)
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12.6.10  Compute SDOF Propertics

ultimate resistance, from Ry, = 4 (Mps + 2 Mp) /L. (Table 6.3)
Ry 12 (Mp) /L =12 (115,260 in-lb) / (240 in) = 5,763 Ib, or 0.50 psi (3 45 kPa)

The numerical integration in this example uses a trilincar resistance-deflection curve,
thus several additional values are nceded:

efastic resistance, (Table 6.3)
Re =8Mpe /L=8Mp/L
=8 (115,260 in-1b) / (240 in)
=3,8421b,0r 0.33 psi (2.28 kPa}
elastic stiffness, (Table 6.3)
K. =185E1/1°
= 185 (29,000,000 psi)(3.85 in') / (240 in)®
= 1,494 [b/in, or 0.13 psifin  (0.35 kPa/cm)
first yield deflection,
Ye = Re/ Ko = (0.33 psi) / (0.13 psifin) = 2.54 in (6.45 cm)
elasto-plastic stiffness, (after first yield} (Table 6.3)

Kep =384EF/51°
=384 (29,000,000 psi)(3.85 in*) / 5 (240 in)®
=620 ibfin, or 0.05 psi/in  (0.14 kPa/em)

final yield deflection,

Yop = (Ru - Re) / Kep + v,
=(0.50 psi - 0.33 psi) / (0.05 psifin) + 2.54 in
=594in  (15.09 cm)

Compute the effective “bilinear” elastic stiffness and deflection to determine the
natural period, ductility ratios, and hinge rotations.

effective "bilinear” elastic stiffness,
Ke=160EL/L}

160 (29,000,000 psi)(3.85 in") / (240 in)®
= 1,292 Ibfin, or .11 psifin  (0.30 kPa/em)

(Biggs, Table 5.3)

effective elastic deflection,
¥ = Ry / Ky = (0.50 psi) / (0.11 psifin} =4.55in  (7.62 cm)

weight = (1.25 psf deck) + (5.4 pif purlin) / (4 ft trib. width) + (5 psf mechanical)
=7.6psf, or 0.033 psi  (0.37 kPa)
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initial deflection,
Yd = weight / Ky = (0.053 psf) / (0.11 psi/in) = 0.48 in (1.22 em)

mass,
M = weight / gravity
= (0.053 psi}/ (386 in/sec?)
= 0.000137 psi-sec’/in, or 137 psi-ms¥in (372 kPa-ms¥cm)

load - mass factors,

elastic, Kuag = (0.45) / (0. 58)=0.78 (able )
elasto-plastic, Ky, = (0.50)/ (0.64)=0.78
Plastic, Kin =(0.33) / (0.50) = 0.66

use an average value, K, =[(0.78 + 0.78)/2+0.66]/2=072

equivalent mass,

Me = Koy {M)=0.72 (139 psi-ms¥in) = 98 ¢ psi-ms¥in (268 kPa-mszf\:m)

t iod: :
najlral period: (Equation &.8)
=27 yM: 7K =27 /(98,6 psi-ms? 70}/ (011 psi /in) =188 ms

Note that the roof panel has a period, t5, of 12.6 ms.

and purlin separately should be adequate with this differ
section 6.2 3).

Analyzing the roof panel
ence in periods {refer to

12.6.11  Compute Response (numerical integration of dynamic reaction)

time increment,
(188 ms period) / 10 = 19 ms
{4 mis rise time) / 10=0.4 ms, use 0.1 ms

pinned end reaction,
elastic, V) = 0.26R + 0.12F
plastic, V= 039R, + 0.11F - Mp/L

fixed end reactlion,
elastic, V; = 0.43R + 0,10F
plastic, V, = 039R, +0.11F + Mp/L

note, My/L = (115,260 in-1b)/(240 in) = 480 It (2,135N)
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Purlin Analysis - Revised Section

Equiv. Elastic Displac. = 4.558E+00 Max Force =  9,150E-01
Max Displacement = 7.001E+00 Min Force = G.000E+00
Min Displacement = ~8,624E-01 Max Resistance = 5,000E-01
Time of Max Displacement = 6.820E+01 Min Resistance = «-d4,(039E-GCl
Time of Min Displacement = 3.115E+02 Max Shear A = 2.760E-01
MU = 1,536E+060 Min Shear A = -1.7237E-01
Max Shear B = 1,687E-0]
Min Shear B = -1.05%0E-01
) 1
AI/ Displacement
B~
E Resistance dos &
= 4 it
5 5
g ]
@ 173
8, P
[=5
5 ° 3
v} \\~ '
2 1 t 1 1 1 05
i) 25 50 75 100 125 150
Time {ms)

The positive peak deflection is yy = 7.0 in (17.8 cm) at t = 68 ms
The positive peak reaction is 12.5 Ibfin (21.9 N/cm)at t = 49 ms
The peak rebound reaction is 8,3 Ib/in (14.5 Nfem) at t = |50 ms

duectility,
d={ym) / {yr) ={7.0in}/ (4.55in)= 1.5

support rotation,
B¢ = arctan {ym / 0.5 L) = arctan {{7.0in} / (0.5)(240 in)] = 3.3°

Note that this response from the dynamic reactions is approximately half of that
produced by applying the blast load by tributary area.

12.6.12 Comp?are Response to Deformation Limits

gg=133°<6° 0K

pd=15<i0 OK Response Is Adeguate
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12.6.13 Revise section as required

Member size could be reduced but approaching minimize size for constructability,

A heavier panel would allow a greater spacing and make the purlin more efficient,
Cold formed members would work welt for this load tevel.

A revision is not necessary,

12.6.14 Check Secondary Failure Modes (in this case, shear)

reaction at ultimate resistance,
Vo= R/ 24 My/L = (5,763 b) /2 + 480 b = 3,362 1 (14.95 kN) < V,,, OK

Shear capacity is adequate.

12.7 WALL GIRTS

Tt

he gicts are flush with the columns and are simply supported. Assume A36
rofled

shapes. Loads are light enough that cold formed steel coutd also be used.
Span, L =20 8, or 240 in (610 cm)

Response limits: 8, = 69, 11, = 10

Two methods for applying blast loads will be used. The first is the Tributary Area
Method which applies the wall panel pressure-time history to the loaded area of the
girt. The second method will use the dynamic reactions of the wall panel as the load
applied to the girt. The girt load is determined at each time step as follows:

Load, psi = (2 sides) [wall panel reaction, W/in] / (36 in girt spacing)
12.7.1 Dynamic Material Properties

for dynamic bending or shear,
Fas = Fay = (SIF)DIF) £ = (1,1)(1.29) 36 ksi = 51 ksi (352 MPa)
11.7.2 Calculate a Trial Size

Use the Tributary Width Method for applying toad to the purlin in initiat sizing,

tributary width =3 ft, or 36 in (91 cm)
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Dead Load, DL = 0 2.4 psi
Roof blast load:
BL =24 psi (16.55 kPa) PP
[ =(2.4 psi)(45 ms) /2 = 54 psi-ms (372 kI'a-ns)
Let the ductility demand equal the limiting value, g = 1y = 10
As an initial guess, let T =ty /1, =3 {in the dynamic range.ofresponsc)
apply equation 6.11,
_JCua-1) . (2 = 1)(1) L ¥2(10) -1 N (200) - 13 “ 123
Fo/Rm = 1) 2m(t+0.7) n(3) 201003 + 0.7)
peak load, Fo=DBL =24psi {1655 kPa)
resistance, .
Rm=Fo/1.23= (24 psi)/ 1.23 = 1.95 psi (13.44 kPa)
ultimate moment, from Ry =8 (Mpc) /L (Table 6.1)

={1.95 psi * 240in * 36 in)(240in)/ 8
= 505,440 in-Ib (5,711 kN-cm)

section modulus, . » ,
Z =Mp/Fys = (505,440 in-1b) / (51,000 psi) =991 in® (162 cm)

The moment capacity is based on'Z because the target 1> 3.
Note that the value of Z determined above is not a minimum rquircment, but
rather an initial estimate. Based on the results of the roof purlin caleutation, a smaller

trial size will be selected.

Select member from A/SC LRFD manual,

C6x8.2 '
1=13.1in" (545 cm")

Z2=513i"" (84.1emY)

ry=0.537in (1.36cm)

Ay (area of web) = 1.2in>  (7.74 ¢m?) . .
Perform a detaiied check of this section
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12.7.3 Compute Section Properties

unbraced length for plastic design,

Lpa =(3,600 + 2,200 M]/Mp) ty / fay
= (3,600 + 0) (0.537 in) / (51 ks)
=38in (96cm)

effective moment capacity,
Mp =2 (Fas) = (5.13 in%)(51,000 psi) = 261,630 in-lb 2,956 kN-cm)

The moment capacity is based on Z because the target > 3,

shear capacity, . (AISC LRFD, Equation F2.1)
Vo = 0.6 (Av)Fav) = 0.6 (1.2 in)(51,000 psi) = 36,720 Ib (163.3 kN)

12.7.4 Compute SDOF Properties

ultimate resistance, from Rp=8 (Mpc) /L

{Table 6.3)
Ru =8 (Mp}/ L = § (261,630 in-Ib) / (240 in) = 8,721 Ib, or 1.0 psi

(6.89 kPa)

effective stiffness,

Kz =384E1/5L°
= 384 (29,000,000 psi)(13.1 in*) / 5 {240 in)*
= 2,111 b/ir, or 0.24 psifin (0.65 kPa/cm)

(Table 6.1)

elastic deflection,
ye =Ry /Kg=(1.0 psi) / (0.24 psifin) = 4.1 in (104 om)

weight = (1,25 psf deck) + (8.2 pifgirt) / (3 £ trib. width)
=3.98 pst. or 0.028 psi (0.19 kPa)

mass,
M= weight / gravity
= (0.028 psi) / (386 in/sec?)
=0.000073 psi-sec¥in, or 73 psi-ms¥in (198 kPa-ms¥em)

foad - mass factors,
clastic, Kiac = (0.50) / (0.64) = 0.78
plastic, K= 033/ (0.50) =066

(Table 6.5)

HEe an average value, K, = (0.78+066)/2=0.72

equivalent mass,
Me = Kuae (M)= 0.72 (73 psi-ms%in) = 53 psi-ms’fin (365 kPa-ms’/cm)
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natural period:
=27 M7 K =21 (53 psi-ms® /in)/ (024 psi/ in) =93 ms

(Equation 6.8)

Note that the wall panel has a period, ty, of 7.2 ms. Anglyzing the wall panel and
girt separately should be adequate with this difference in periods (refer to section

6.2.3).

12.6.11 Compute Response (numerical integration solution)

time increment = tn / [0 =93 ms/ 10 = 9 ms, however use 0.1 ms as for the girt
design in order to catch all of the abrupt changes in the dyramic wail reaction.

end reaction,
elastic, V=039R + 0.11F
plastic, V = 0.38R,, + 0.12F

Girt Analysis - Dynamic Reactions

Equiv. Elastic Displac. = 4.167E+00 Max Force = 1,570E+00
Max Displacement = 6,618E+00 Min Force = 0,000E+00
Min Displacement = -1.716E+00 Max Resistance = 1.000E+00
Time of Max Displacement = 1.649E+02 Min Resistance = -1,000E+00
Time of Min Displacement = 2,237E+02 Max Shear A = 4.463E-01
MU = 1.588E+00 Min Shear A = -3,900E~01
Max Shear B = 4,463E-01
Min Shear B = -3,900E-01
[:] 2
Displacement
6
Resistance 1~
= 2
=2 48 § oz
z Load g
E 2 o =
g g
5, 4
[a)
\:‘Q:‘"-v’// - -1 3
o -
2+
-4 1 3 H . i .2
[¢] X 25 50 75 100 125 150

Time {ms)

The positive peak deflection is ym = 6.6 in (17 cm) at t = 48 ms
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The positive peak reaction is 16.1 lb/in {28.2 N/em)at t = 26 ms
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The peak rebound reaction is 14.4 b/in (25.2 N/em) at t = 106 ms

ductility,
Hd = {ym) /{yg) = (6.6 n)/ (4.1 in) = 1.6

support rotation,
84 = arctan (yy / 0.5 L) = arctan [{6.6 in) / (0.5)(240 in)] = 3.1°

12.6.12 Compare Response to Defermation Limits
Ba=3.1°<6 (OK

Hg=1.6<10 OK Response Is Adequate

12.6.13 Revise section as required

A revision is not necessary.

12.6.t4 Check Secondary Failure Modes {in this case, shear)

reaction at ultimate resistance,
Va=Ru/2=(87211b)/2=43601b (19.4kN)<V, OK

Shear capacity is adequate.

e T e o

Mg iy v
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12.8 RIGID FRAMES

load from roof purlins

IRRERIRRERRRRN

load from —w 6l

wall girts — {488 cm)

25t . 25@; g
(762om) (762 cm} |

Frame Spacing =20 f1, or 240 in (610 cm)
Column bases are pinned.

Initial member sizes for the rigid frame will be estimated using a SDOF
approximation of the frame, These estimated sizes will be used in the more detailed
MDOF frame analysis to verify adequacy. Maximum deflection of individual
members as well as frame sidesway will be used to evaluate the adequacy of the
selected members,

12.8.1 Dynamic Material Properties

for dynamic bending and shear,
Fas= Fay = (SIF)(DIF) fy = (1.1)(1.29) 36 ksi = §1 ksi (352 MPa)

12.8.2 Trial Sizing (General)

Use tributary width method for applying load to frame for initial sizing (refer to
Section 6.2.3). The tributary width will be equal to the frame spacing of 20 1t (610
cm). Blast loads will consist of the externally applicd roof and wall loads {refer to
Section 12.3.3).

The natural period of the rame and girt/purling are suMiciently different to make
this simplification valid. ~ Girt response would net be significantly affected by
including interaction, but column flexural response would probably be less. Dynamic
reactions from the girts and purlins will have a lower pressure than the blast load but
a longer duration. Because of the relatively slow global response of the frame,
sidesway will be controfled by impulse and will not be significantly affected by load
shape. -
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12.83 Trial Sizing (Column)

8] sﬁt in inilial CO}[]I“ S1ze, treat o as 1 [[’(Cd“p]]l ed p
I d n size, H S 1 lllenlbel Suppoy tﬁd at !hc
{le ora ({ gave !.

Blast Load, (front wall load) 2.4 psi

BL=24psi (165 kPa)

45 ms

Response limits: ¢, = 1.5% 1y =2 (Table 5.B.3)

Let the ductility demand equal the limiting value, pg = Mg =2

As an initial guess, let t = taliy =1

apply equation 6.11,

Fo/Ry =YD Qo) _ VIR -1, @)- 11

n{1) 2ud{t +0,7) n(1)

2@ +on 0

peak load, Fo=BL =24 psi (16.5 kPa}

resistance,
Rim=Fo/1.0=(24psi)/ | D=24 psi (16.5 kPa)

effective ultimate moment, from Rp =4 (Mps +2 Mpe) /L
Mp =R L/12= (2.4 psi * 240 in * 192 in}(192 in) /12
= 1,769,472 in-ib (19,992 kN-cm)

(Table 6.3)

sectian moduius, (for selection purposes)
S = Mp/ Fys = (1,769,472 in-Ib) / (51,000 Psi)=34.7in" (569 cm®)

Select member from AISC LD mantal,

Wi0x30

I=170in* (7.076 cm

S=324m" (531 cm

Z=366in' (600 cm®)

A=884in’ (57.0cm?)

Ay (area of web} =314 ji? (203 em®) -
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moment capacity,
Mo = Z (Fa) = (35,6 in3)(51,000 psi) = 1,866,600 in-1b

(21,090 cm-kN)
Check sidesway response,
The columns are simply supported at the base and contintous at the beam-column

connection. This confipuration can be madeled as 3 cantilevered columns acting in
parallel with a concentrated load and mass at the tip.

o X

L |

Tributary area for sidesway load is equal to % the wall base to eave height. Use
the wall blast load impulse for the forcing function.

Impulse,

lo= (2.4 psi}(192 in /2){240 in)(45 ms} /2 = 1,244,160 lb-ms (5,534 kN-ms)

(Table 5.B.3)

Allowable sidesway,
Xa=H/35=(192in)/35=55in (14.0cm)

Sinple column resistance,
Ry =Mp/L=(1,866,600 in-lb) / (192 in) = 9,722 b (43.2 kN)

Totat resistance = (3 cols)(9,722 1b) = 29,166 Ib  (129.6 kN)

Single column stiffness, (AISC LRFD, beam diagrams)
Ke=3EI/L? C
= 3 (29,000,000 psi) (170 in)/(192 in)*
=2,090 Ibfin  (3.66 kN/em)
Total stiffress = (3cols}(2,090 kNfem) = 6,270 ib/in  (10.98 kN/em)
Elastic deflection,
Ye= Ry / Ke = (29,166 [b)/(6,270 Ibfiny = 4.65in  (11.8 cm)

Use 1/3 mass of walls + mass of roof
weight = {{2 walls)(16 11 height /3} + (50 f roof span)] (20 ft width)(say & psf)
=72801bs (32.4 kN)
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This analysis is similar to a conventional static analysis with the exception of non-
lin-ar member properties and pressure-time leadings. Member adequacy is judged by

maximum deflection and support rotation rather than the member stress criteria used
i static design,

Quiput includes node displacements, member end forces

and support reactions
A three-dimensional  model

would praduce more aceurate results but a two-
dintensional analysis normally is suflicient for this type of structure. Members will be
subjected to loads from both long and shorl walls. The member capacily used in the
model or the allowable deformation must be limited to account for the fact that the
members will be subjected to simultaneous bi-axial loading. A typical capacity

reduction factor is 25%. This factor reflects the fact that peak stresses from each
direction rarely occur at the same time.

The model is shown below:
ENMORNORIORONN:
@
2 ® _ 9
© ®

! G 1o

Columns: W10x30 Beams: W 10x30

Two load cases were run. The first used blast loads applied over a tributary area,

The second used dynamic reactions from the girts and purlins. Results of the analysis
are indicated in the following sections
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12.8.6 - MDOF Analysis (Tributary Area Loading}

3
.
f/"
g1 e
bad _//
: /
G/
i
o i . . . ]
0 50 100 150 200

Time (ms)
Plot Of Node 3 Sidesway Response

Maximum sidesway, (note 3)
Xm=264in (6.7 cm)

Column response, (member 1)
Be=1.3° ym=29in(74cm), ng=0.63

Beam response, (member 3) _
0g=0.27° yn=14i0(3.6cm), Lq=038

Peak support reactions,
Horizontal = 18.8 kips  {83.6 kN) node !
Vertical = 96.4 kips  (428.8 kN} node &
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12.8.7 - MPOF Ana

lysis (Dynamic Reaction Loading)

| ;
= f
= s
% S
=
w

0.2

0 ; :

100 150 200
Time (ms)

Plot Of Node 2 Sidesway Response

Maximum sidesway, (node 3)

Xm=085in (22a

m)

Column response, (member ]

8e=0.15° yu=05

Tin{l5em), pg=007

Beam response, (member 3)

8d=021° yy, =04

Sin(Ilem), jg=006

Peak support reactions.

Horizantal = 4.1 kips
Vertical = 27,7 kips

(I2kN) node |
(1Z32kN) nodes

12.8.8 Check Adeq uacy of Member Sizes

Columa,
Bg=0.13<15° QK
Hg=007<2 OK

Beam,
Ba=021°<15° DK
g =0.06<2 0OK

Tep " ' i a ¥ I 1
Use of dynamic reactions does make a noticeable difference in the maximum

predicted response whi

ch would permit adjustment of sizes if desired.
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12.8.9 Additional considerations

Connections - Design to develop ultimate strength of the members being
connected. Peak member end forces from the frame analysis can be used; however,
this can be extremely conservative since the peak force occurs for only a short time.

Bracing - Members should be braced in accordance with AISC specification
requirements to develop full moment capacity of each member. Both flanges should
be braced to accommodate rebound forees.

12.9 BRACED FRAMES

The lateral load resisting system for blast loads along the short side of the
building is shown schematically in the following diagram.

le F 11 Fy
S A S N S ) B
E ——
o ‘i g / 5
o | & 2 <9 o Fs / ?O:“\,
€ =
g i H H E

258 | osa | 208 |

I (760 cm) T (760 cm) 1 (6 i0 Cm)

PLAN ELEVATION

Loads applied to panels on the short wall will be resisted by the three end
columns, The roof panels will act as a diaphragm to distribute the loads but they
must also resist vertical blast foads in bending which reduces in-plance capacity. To
avoid this problem, the top of the center column will be supported by a truss in the
roof of the end bay. This truss will utilize the rigid rame beams as chord members
with additional angles added to form the struts” Braced frames in the end bay wall
will provide the support reaction for the roof truss as well as the load from the corner
columns. The end bay braced frame will consist of the rigid frame columns and x-
bracing. Since the columns must resist loads from both directions, the axial capacity
in each direction is artificially reduced for the analysis.

The braced frame will be designed using static design process based on the

capacity of supported members. Bracing provides a stiff system which responds to
pressure without-absorbing much energy.
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1291 Bynanie Material Properties

for dynamic bending and shear,
Fus ™ Fay = (SIFYDIF) fy = (1. 1)) 29) 36 ksi= 51 ksi (352 MPa)

for dvnamic tension and compression,

Fier Fd_\, = (SUDNDIFY g‘ = (L 1X1.19) 36 ksi = 47 ks (325 MPa)

F29.2 Determine Blast Load

The braced lrame must develop the wltimate capacity of the members which i
supponts, namely the girts and end wall columns. The force applied to the top of the
colunm is equal to the tributary area times the resistance as a static foad. Bach braced
frame will be designed 10 resist the entire load even though there will be a frame at

each end of the building. This will provide redundancy and will eliminate large axial
forees in the top perimeter beams at the interior frames.

1) Load based on column capacity

Column ultimate moment, (Section 12.8.3)
My = 1,866,600 in-Ib (21,090 cm-kN)
Column resistance,
Rip = 4{Mpg + 2 Mpe) / L
=12 (1,866,600 in-1b} / (192 in)
= 110,663 1 (519 kN)

{Table 6.3)

Column unit resistance,

Ry = Ry /(25 & width)(16 & heiglt)
= (L16,663 ) /{300 in)(192 )
=20psi (138 kPa)

2} Load based on girt capacity

Girt vitimate moment, {Scction 12.7.3)
M, = 261630 in-lb (2,956 cra-kiN)
Girt resistance,
Ry = 8(Mpe) / L
=8 (261,630 in-lb) / (300 in)
=69771b (31.0kN)

'

(Table 6.3)

t2-40

Girt unit resistance,

Ry =Rp /(3  width)(25 fi length)
= (6,977 1b) / (36 in)(300 in)
=0.65pst (4.5 kPa)

The larger column capacity controls, Ry = 2.0 psi  (13.8 kPa)

12.9.3 Braced Frame Forces

. . . . 0 Cross
Because of differences in stiffhess, compression forces will be neglected in cro
mesmbers,

Load on top of center column,

Fi =Ry (25 ft width)(16 ft height /2)
= (2.0 psi)(300 in)(96 in)
=357,6001bs (256 kN}

Load at top of corner columns, ‘

Fy = Ry (25 ft width /2)(16 R height /2)
= (2.0 psi)(150 in)(96 in)
=28,8001tbs (128 kN)

Angle of roof brace,
oy = Tan™ (25 ft /20 Ay =51.3°

Tension force in roof brace,

Fp =% Fy/ Cos (o))
=% (57,600 Ib} / Cos (51.3%)
=46,06016 (205 kN)

Axizl force in roof truss chord member,
Fe = Fy (8in {at))
= (46,060 ib) (Sin (51.3°%)
=359501b (160 kN)

Load in top perimeter member along long wall,
Fy =Fp+ ¥ Fy

= {28,800 Ib} + ¥4 (57,600 Ib)

=57,6001b (256 kN)

Angle of vertical brace,
o = Tan (161t /20 ft) = 38.7°
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Load in vertical-brace will include cont ribution from reof truss,
Fa o P2/ Cos {aa)

= {57,600 b}/ Cos (38.79)

= 73,805 s (328 kN)

Load i column due to braced frame response:
Fo By (Sin alpha2)y

* (73,805 1b) (Sin (38.7%)

=461501b (205 kN)

1194 Design Top Perimeter Member

Applied load, (Section 12.9.3)

Pu=F3=576kips (256 kN)

Try a Wiox19
A=562in" (363 cmd)
lx=96.3in" (4,008 cm") e=4.14in (105 cm)
Iy =4.29 in® (178 cm‘} ry=03874in (2.2 em)

For compression, capacity is determined by buckling,

A brace wiil be provided at mid-span for the weak axis. Therefore the unbraced
lengths are,

Ly=20 0 or240in (610 cm)
Ly=200/2 or 120 in (305 em)

Use effective length factor, K = 1.0

(KL r)y=(1X2401in) / {4.14 in) = 58
KL/r)y= (1)(_! 20in)/(0.874 in) = 137 (controls)

Column slenderness factor, (AISC LRFD, Equation E2-4)

A= (KL/1) {_1:.1_, - (U37) | {47 ksi) =196 > 1.5
T E t V(29,000ksi) ’

Critical compression stress,

_ | 0.877 0.877 .
Fer= [__5_] {Fag) = {WJ@? ksi) = 13.3 ksi

(AISC LRFD, Equation E2.3)
{91.7 MPa}

12-42

R e e

Required area,

Ag = pn!Fcr
= (57.6 kips) / (13.3 ksi)
=43in* (27.7cm?) <A, OK

(AISC LRF¥D, Equation E2-1)

USEWlDx 12
12.9.5 Design Vertical Cross Brace

Applied load,
Py = 73.8 kips

{Section 12.9.3)
(328 kN}

Required area for tension,

Ag = Pn/Fy =P,/ Fys
=(73.8 kips} / (47 ksi)
=1.57in* (10.1 em?)

{AISC LRFD, Equation D1-1}

for L3x3x5/16, A= 178 in* (115 cm®) > A,, OK
USE L3x3x5/16

12.10 FOUNDATION

Preliminary design of the foundation will include evaluating ovesturning, bearing
pressures and lateral load resistance. The foundation must be able to resist the
applied blast loads with a degree of safety to account for uncertainties in prediction of
scil properties. Foundation failure can cause serious collapse hazards, thus it is
prudent to maintain a conservative design. Also, should an incident occur, it is many
times desirable to be able to remove the building structure and rebuild on the same
foundation,

Since a conservative approach is used, it is quite common practice to design the
foundation using static loads. Typically, this involves applying the resistance of the
roof and walls as uniform static lvads and computing reactions. Support reactions
from frame analyses are also checked to ensure that local foundation faflures dan't
gccur.  Dynamic analysis of foundations can be accompiished if appropriate sail
properties are provided.

The foundation for this problem will be a spread footing for the wall columns and
isolated interior column footings,

12,10.1 TFoundation Loads
Roof and wall loads are determined by the lowest resistance for each of the

members. The roof deck has a resistance of 1.5 psi (10.3 kPa) while the puriing have
a resistance of 0.5 psi (3.45 kPa). Thus the greatest load which can be transmitled to
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the frame is 0.5 psi (3.45 kPa). The wall panel resistance is 2.66 psi (18.3 kPa))

while the girt controls with 1.0 psi (6.89 kPa). These loads are shawn in the figure
below.

0.5 psi (3.45 kPa) roofload

ERINRERRERN

1.G psi
(6.89 kPa) lfsf;
wall foad (488 cm)
fw—25 1} Lo 251t -
(762 cm) (762 cm)

12.10.2 Gross Overturning

Gross overturning of the structure can be determined by summing moments about
the leeward column support.

Overturning Moment (OM), ’
OM = (1 psi}(144 in¥R%)(16 A height)? /2 = 18.432 A-Ib/ft (82.0 em-kN/em)

Resisting Moment (RM),
RM = (0.5 psi){(144 in¥R%)(50 ft width)® /2 = 90,000 A-Ib/ft {400.3 cm-kN/cm)

Net Overturning,

{Section 7.7.1)
RM/OM = (90,000 ft-lb/R) /(18,432 fi-lb/fty=4.9> 1.2, OK

E2.10.3 Lateral Load

Friction resistance under the spread footings combined with passive resistance
will be used to resist lateral forces, The following lateral forces are computed in
terms of load per unit length of wall even theugh much of the loads will be resisted by

individual spread footings. Frictional resistance is a function of vertical loads, not
footing width.

Applied lateral load per unit length of wall,
Wy = (1.0 psi * 144 n¥1%)(16 & height) = 2,304 b/t (0.34 kN/em)

Applied vertical load per unit length of wall,
V1 = vertical load from resistance of roof members plus stab dead weight

= (0.5 psi * 14400 + (0.5 ft slab)(150 pen)] (50 ft width)
=T73501b/ft (1,073 Niem)
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Frictional resistance from footing per unit length of wall,
Hy = Vg * Coefficient of friction

= (7,350 Ib/1t)(0.3)

=2,2051b/ft (322 N/em)

Net unbafanced load per unit length of wall,
Hz=Hj - Ha = (2,304 Ib/ft) - (2,205 ib/01) = 99 Ibs/Nl  (14.4 N/em)

Net unbaiaﬂced load to be resisted by passive pressure, (Section 7.7.1}

Hy = Hy (FS) = (99 Ib/R) 1.5 = 149 Ib/R  (21.7 Nfem)

Required passive resistance for each frame
Hs = Hs (frame spacing) = 149 (b/f (20 1) = 2,980 lbs  (13.26 kN)

Assume foundation will be stem walls along the exterior with spread footings at
columns. Passive resistance will be provided by stem wall over length of spread
footing. Passive resistance at center column will be ignored since the width of
column support is small. .

Required passive resistance at each footing,
Hg = Hs / (# of stem walls) = (2,980 [b) / (2 each) = 1,490 b (6.63 kN)

Assume a footing depth of 3 ft (31 ¢m) and neglect the top 1 £ (30 cm).

Passive force at bottom of footing,
Hy = Kp (v)(depth) = (1.8)(85 pef)(3 ft) = 459 psf (22 kPa)

Passive force at 1 ft (30 em) depth,
Hy = Kp (3)(depth) = (1.8)(85 pef)(1 f) = 153 psf (7.3 kPa)

Gt
Available passive resistance per unit width of footing, T I
Ho = (459 psf/R)(3 ) /2 - (153 pst/)(1 1) /2 I ft 15
=6121b/ft  (89.3 N/cm) Hy
if 459 1b/1t

Required width of footing,
B=Hg/Ho=(1,490 Ib)/ (612 /)= 2.5 (76 cm)

USE & 3 ft (91 cm) wide footing with a continuous stem wall to 3 1 (91 cm).depth

12.10.4 Vertical Load
Applied vertical load on exterior column per unit length of wall,
Va2 =[(0.5 psi * 144 in¥/ft%) + 15 psf dead load)(50 Al /4)

= 1,088 1o/t (159 N/em)
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Applied vertical load at each frame,
V1 =V (frame spacing) = (1,088 1b/ft)(20 ) = 21,760 b (87 kN)

Allowable bearing pressure for blast load,

q = (service load allowable)(static SF)/ (blast SF)
{2,500 psDN(2.0y 7 1.2
S 4167 psf (200 kPg)

(Section 7.7.1)

Required area of footing,

area = Load / q
= (21,760 1b) / (4,167 psf)
=5.22sf (4,850 em?)

Use 3 £t (91 em) square footing

Applied vertical load on interior column,
Va =[(0.5 psi * {44 %0 + 15 psf dead load](50 &t /2)
=275 /R (317 Nem)

Applied vertical load at each frame,
Vs =V (frame spacing) = (2,175 Ib/R)(2C /) = 43,500 Ib (193.5 ki)

Required arez of footing,

area = Load / q
=(43,5001b) / (4,167 psh
=1043sf (9,690 cm?)

USE 3 8 6 in {107 em) square footing

Check maximum dynamic reaction from frame analysis
\"nmx = 22,600 tbs (1005 kN)

Assume this is resisted by the 3.5 ft square footing. Area=1225R% (11,381 cm?)

bearing stress,
4=(22,6001b) / (12.25 sf) = 1,845 psf (88,3 kPa) < 4,000 psf allowable OK

Additional design would include flexure and shear on foolings.
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CHAPTER 13
MASONRY RETROFIT DESIGN EXAMPLE

13.1 INTRODUCTION

This chapter provides an example of the evaluation and retrofit of the masonry
walls of an existing reinforced concrete framed building using the principles outlined
in Chapter 10. The evaluation of the roof, structural framing and foundation are not
covered in this example. The explosion magnitude and front wall blast load arc
determined by others. The analysis of the exterior walls, and upgrade options, arc
presented in this example.

13.2 STRUCTURAL SYSTEM
Walls - Unreinforced masonry wall spanning between foundation and roof (one-way).
Roof - One-way reinforced concrete slab.

Structural framing - Reinforced concrete bents in each direction.

Note that though unreinforced masonry is not recommended for blast design due to a
lack of duetility, it is often encountered in existing buildings.

13.2.1 Description of Structure

One story reinforced concrete and masonry structure,
width =80 ft  (24.4 m)

length=601t (18.3m)

height =10t (3.0m)

area = 4,800 fi* (446 m?)
volume = 48,000 &2 (1,359 m*)
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13.2.2 Framing Plan
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13.2.3 Components for Blast Design

In this example calculation, only the exterior wall is evaluated for blast loads.

13.3 Design Data

13.3.1 Material Properties

masonry: (hollow units) fp, = 1,500 psi  (10.3 MPa)
(20.7 MPa)
reinforcement: (Grade 60 steel) fy =60 ksi (414 MPa)

concrete: f'c= 3,000 psi

acceleration of gravity, g = 386 in/sec® (980 em/sec?)

Blast
Direction

13.3.2 Design Loads

The following loads are computed from free field blast wave parameters. Refer
to Chapter 3 for load determination procedure. p
Peak reflecicd overpressure, 3.4 psi
=34psi (23.4 kPa)

Effective duration, tg = 90 ms
90 ms

13.3.3 Building Performance Requirements - Deformation Limits

For unreinforced masonry, the failure mode is based on tensile cracking. To avoid
the resulting catastrophic failure, the wall must remain elastic. Thus, pa = 1.0

For upgrade options a medium response is selected in accordance with Appendix 5.B.
13.4 FRONT WALL EVALUATION

Front walls are 30 £ by 10 f (5.1 m by 3.0 m) between supports, a 3 to | ratio.
Therefore the front wall will be analyzed as a one way simply supported beam,

spanning vertically between the grade beam and the roof beam,

span, L =101, or 120in (305 cm)

A

]

b 8in CMU
it =7.625in

(19.4 cm)

10 ft (305 cm)

IREREREREE

Wall Section

For an 8 inch nominal (26 cm) CM.U wall with ungrouted cells, the following
section properties are based on a one inch (2.54 cm) width of wail'

actual thickness, tw=7.625in  (19.4 cm)
area, A=4.18in" (27 cm?)
moment of inertie, I, = 30.3 in' (1,261 cm®)

(NCMA, Table 1b)
(NCMA, Table 1b)
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13.4.1 Compute Required Resistance

for dynamic flexure ' (A i
ly 2 ppendix 5.4)
fam = (SIF)(DIF) fim = (1.0)(1.19)(1,500 psi) = 1,785 psi  (12.3 MPa)

moduius of elasticity,
Eum =750 £ = 750 (1,785 psi) = 1,338,750 psi (9,239 MPa)

effective stiffness,

K =384E1,/5L}
=384 (1.338.75 ksi)(30.3 in*) / 5(120 iny?
= 1.80 kfin, or 15 psifin (40.7 kPa/em)

(Table 6.1)

weight of black wall,

weight = (density)(A)L)
= (144 peh)(4.18 in® / 144)(10 f)
=41.31b, or 0.348 psi (2.4 kPa)

compute mass
M = weight / gravity
=(0.348 psi) / (386 in/sec?)
= 0.0009 psi-sec¥in = 900 pst-ms*in (2,443 kPa-ms%cm)

because of the fimited allowable response, use elastic values for Ky

Kine=0.5/0.64 =078 (Table 6.1)

equivalent mass,
Me = (Kin)(mass) = 0.78 (900 psi-ms¥in) = 702 psi-ms¥in (1,906 kPa-ms¥cm)

natural period:

{Equation 6.8)
ta=21 M 7K =2 J(702 psi - sec? /in)/(15 psi/in) =43 ms

duration-period ratio,
T= 1/ e = (90 ms) / (43 ms) = 2.1

apply equation 6.11, let pg = Ha=1.0

Fo ! Ruy =%"(2“"'1}+M = Y2(L0) - 1, (.0 - l52.1

(1) 2pafT+ 0.7 n(2.1)

20021 + 07 0

required resistance,
Rm=Fy,/053= (3.4psi) /053 =647 psi (44 kPa)

Required resistance for rebound: Because of the symmetry of the wall system, the
rebound resistance case is not included in this example.

13.4.2 Available Flexural Capacity
For unreinforced masonry, flexure is based on the cracking strength of the masonry.

modulus of rupture, (UBC 94, Equation 8-41)

=25 VFem =25 /1,785 psi =106 psi (731 kPa)

weight of wall above mid-point,
w = (0.348 psi)(120 in height /2)(1 in width) = 20.9 1v (93 kN)

compute cracking moment from fy = (Mc/I) - (P/A),
Mer =(f+P/AYI/0.5 (ty)
=[106 psi +(20.91b) / (4.18 in®)] (30.3 in%) / 0.5 (7.625 in)
=882 in-lb (9,965 cm-N})
resistance at cracking moment, (Table 6.1)
Ry=8 M. /L
=8 (882 in-Ib) / (120 in)
=588 (262N)

unit resistance,
Rp = (58.81b) / (120 in span)(1 in width) = 0.40 psi (3.4 kPa)

13.4.3 Available Shear Capacity

for dynamic shear, . (Appendix 5.A)
fam = (SIF)DIF) Fry = (1.0)(1.0)(1,500 psi) = 1,500 psi (0.3 MPa)

Vi=2ATa (UBC 94, Equation 8-35)
=2(4.18 in% ,/[,500 psi

=3241b (1,441 N)

the critical section for shear is t,, from the support,
R =V L/(05L -ty
= (324 16)(120in) / [0.5 (120 in) - (7.625 in}]
=7421b (3,300 N)

unit resistance,
Rg= (742 1b) / (120 in span)(i in width) = 6.1% psi (42,6 kPa)
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13.4.4 Available Resistance

Because Ry < R, bending controls and R, = Rp =049 psi (3.4 kPa)

The existing wall only provides 7% of the required resistance for the specified
blast loads. For adequate resistance, the existing wall must either be strengthened
with steel reinforcement, or a new wall must be added next to the existing wall.

For this example, three options are considered:
Option #1: Add reinforeing steel and fill wall cavities solid with concrete.
Option #2: Add new reinforced concrete wall exterior 1o the existing wall.
Option #3: Add a new girt/steel cladding system exterior to the existing wall,

The first two options will be discussed below. The concept of Option #3 is

iliustrated in Figure 10.8, and the analysis and design procedure is detailed in Chapter
12,

13.5 OPTION #1: REINFORCE EXISTING WALL

In this upgrade option, longitudinal # 4 rebars are provided at 8 in {20 cm) on
center and the wall cavities are filled solid with concrete.

For an 8 inch nominal (26 cm) CM.U wall with fully grouted cells, the following
section properties are based on 2 one inch {2.34 cm) width of wall:

actual thickness, ty, = 7.625 in (19.4 cm)
area, A = 7.625 in® (492 cm?)

(NCMA, Table 1b)
moment of inertia, Iz =36.9in’ (1,536 cm")

{(NCMA, Table 1b)

#4, rebar area =0.20 in> (1.3 em?)
rebar spacing =8 in (20 cim}

13.51 Calculate Bending Resistance

for dynamic flexure,
fay = (SIF) (DIF) fy = (1.1)(1.17)(60 ksi} = 772 ksi (532 MPa)
fam = (SIF)(DIF) £y = (1.0)(1.19)(1,500 psi} = §,785 psi (123 MPa)

{Appendix 5.A)

As = (0.20n%)(1 in unit width) / (8 in bar spacing) = 0.025 in®  (0.16 cm?)

d=tw/2=(7625 in)/2=381in (9.68 cm)
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g = AS /bd
= (0.025 in%} /7 (1 in)(3.8) ir)
=0.0066 > 200 / fy, OK
a = As (fay)} / 0.85 (Pam)(b) (UBC 94, Section 2108.2.1.2)
= (0,025 in")(77.2 ksi) / (0.85)(1.785 ksi)(1 in)
=127in {3.23 cm)

Mp=Mp = Ag (fiy)ld - /2] .
= (0.025 in*)(77.2 ksi) [(3.81 in) - (1.27 in) / 2]
=6.13 in-k (69.3 cm-kN)

(UBC 94, Secticn 2108.2.1.2)

Ry =8 Mp/L=8(6.13 in-k) / (120 in) = 0.41 kips (1.8 kN) (Table 6.1)

unit resistance, .
Ry = (410 Ib) / (120 in span){] in width) = 3,42 psi  (23.6 kPa)

12,5.2 Calculate Shear Resistance

for dynamic shear, . . {Appendix 5.A)
Fam = (SIF)(DIF) £y = (1.0)(1.0)(1,500 psi) = 1,500 psi (103 MPa)

Vl’l =2 A ‘\If‘ m
=2 (4.18 in%) /1,500 psi

=3241p (1,441 N)

(UBC 94, Equation 8-35)

the ritical section for shear is ty, from the support,
Rs =VaL/(0.5L - ty)
= (324 1b)(120 in} / [0.5 (120 in) - (7.625 in)]
=7421b (3,300 N)

unit resistance, _
Rg=(7421b)/ (120 in span)(] in width) = 6.18 psi  (42.5 kPa)

12.5.3 Compute SDOF Equivalent System
because Ry, < R;, beading controls, Ry = Ry = 3.42 psi (23.6 kPa)

(Table 5.B.1)
(UBC 94, Equation 6-4)

aliowable response, 8, = 0.75° (medium range)
masonry modulus of elasticity, (based on flexure)

Em = 750 fam = 750 (1,785 psi) = 1,338,750 pst (2,236 MPa)
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rebar modulus of elasticity,

UBC 94, Equation 6-
ES = 29,000]0(}0 psl (199,948 Mpa) ( quation 6 5)

modular ratio,
n=Es/Em = (29,000,000 psi) / (1,338,750 psi) = 21 66

cracked moment of inertia,
i As=(21.66)(0.025 in") = 0.54 in? (348 em?)

C = A+ A (nAL + 2bd)

b
. 034in® + J054in*(054in’ +201 in)(3.81 in))
in

1.56in  (3.96 cm)

e =b C¥3+nAg(d-C)

= (1 in)(1.56 )"/ 3 + (0.54 i"®)(3.81 in - 1.56 in)?
=4.0in* (166 em)

averaged moment of inertia,
la=(g+1)/2=(369i* + 40 in)/2=205in" (853 cm®)

effective stiffness,

K =384E1/51°
=384 (1,338.75 ksi)(20.5 in) / 5(120 in)?
=1.22 k/in, or 10.2 psifin (27.7 kPa/cm)

(Table 6.1)

yield deflection,
Ye=Ry /K =(342 psi) /{102 psifin) = 0.34 in (0.86 cm)

beam mass = (wall weight) / (gravity)

= (0 144 kct)(()z.@ 1 thick)(0.083 N unit width} (10 & span) / (386 infscch
= 0.0002 k-sec™in, or 1,651 psi-ms¥in {4,482 k]’a-msz/cm)

B(‘CE!.USC of the expected response, use an average of values for Kim
elastic Ky = 0.5/ 0.64 = 0.78

: T
plastic Kin =033 /0.5 = 0.66 (Table 6.1)

average KLM = (078 + 066) /2= 0.72

13-3

equivalent mass,
Me = (Kpm){beam mass)
=(0.72)(1,651 psi-msfin)
= 1,189 psi-ms¥in (3,228 kPa-ms¥/cm)

period of vibration, (Fquation 6.8}
=27 JMc/KY =2 J(1,189 psi-ms’ /in) / (10.2 psi / in) = 68 ms

12.5.4 Chart Solution

g/ tn = (90 ms) / (68 ms) = 2,1
Ry/Po=(3.42psi)/ (3.4 psi)=1.0

using the chart: pg=1.8 (Figure 6.9)

maximum deflection, ym = (Lg)(ye) = (1.8)(0.34 in) = 0.61 in {1.55 cm)

support rotation, (Figure 5.9)
94 = arctan (ym / 0.5L) = arctan [(0.61 in) / (0.5)(120 in)] = 0.58° < 0.75°, OK

13.6 OPTION #2: NEW REINFORCED CONCRETE WALL

A new reinforced concrete wall has been determined to be a constructable
solution to provide the required blast resistance, The new wall is simply supported at
top and boitom.

span, L = 10 feet or 120 in (305 ¢m) from foundation to base of extended roof slab

try:
8 inch concrete wall {20.3 cm)
¥5 @ 16 in (41 cm) at center of wall, vertical
4 @ 12 in (30 cm}) at center of wall, horizontal
5, As=0.311in (2 em?)

13.6.1 Compute Bending Resistance
for dynamic flexure,

fay = (SIF) (DIF) fy = (1.1Y(1AT)(60 ksi) = 77.2 ksi (532 MPa)
gc = (SIF) (DIF) fc = {1.0)(1.19)(3,000 psi) = 3,570 psi (24.6 MPa)

{Appendix 5.A)

useb=121in (30.5 cm)

d=1/2=40in (10.2 cm)
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A= (0.31inY(12 VARG in bar spacing) = 0.23 in? {1.48 sz)

P =As/bd
=(0.23in%) / (12 in)(4.0 in)
=0.0048 > 200 / f,, OK

(ACI 318, Equation 10-3)

a = As (fay) 1 0.85 (Pc)(b)

=(0.23 in}){77.2 ksi) / (0.85)(3.57 ksi)(12;
=0.49in (1.24 cm) 2

{MacGregor, Equation 4-9)

Mp=Mn = Ag (fgy)(d - a/2]

=(0.23 in)(77.2 ksi) {(4.0 in) - (0.49 in) / 2
=66.7 in-k {754 cm-kiNY W w

(MacGregor, Equation 4-10a)

Ry=8Mp/L=8(66.7 in-k) / {120 in) = 4.45 kips (19.8 kN) (Table 6.1)
unit resistance,

Ry = (4,4501b) /{120 in span)(12 in width) = 3,09 psi (213 kPa)

13.6.2 Compute Shear Resistance

for dynamic shear,

- A i
fae = (SIF) (DIF) £, = (1.0)( 1.0)(3,000 psi} = 3,000 ksi (20.7 MPa) (Appendix 3.A)

Va=2 Jfa bd
+ - {ACI 318, Equation 11-3

=2 f(3,000 psi) (12 in)(4.0 in) )
=352581b (23.4 kN

the critical section for shear is d from the i

Re SViL)oon "y support, (ACI 318, Section 11.1.3. 1)
=(5,25810)(120in) / {0.5 (120in) - (4.0 in)]
= 11,267 b {50.1 kN)

unit resistance,
Re= (11,267 Ib)/ (120 in span){12 in width) = 7.82 psi (54.0 kPa)

13.6.3 Compute SDOF Equivalent System
hecause Ry, < Ry, bending controls, Ry, = Rp=3.09psi (21.3 kPa)

allowable response, 0, = 4.0° (medium range) (Table 5.B.1)
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gross moment of inertia,
lo=b(h)’/12=(12m)8 in)' / 12=512in' (201,311 cm®)

concrete modulus of elasticity, (based on flexure) {ACL 318, Scction 8.5.1)
Ege= 57.000 +F & = 57,000 /3,570 psi = 3,405,720 psi {23,482 MPa)

rebar modulus of elasticity, {ACI 318, Section 8.5.2)
Eg = 29,000,000 psi (199,948 MPa)

modular ratio,
n = Eg / Eg = (29,000,000 psi} / (3,405,720 psi) = 8.52

cracked moment of inertia,
nAg={8.52)(023 in?) = 1.96in” (12.6 cm?)

- “nAs + 4fn As (l’le + 2bd)

b
-1.96in + J1.96in® (1.96in> +2(12in)(4.0 in))
12in

0.9%9in (2.51 cm)

i

ler =b C¥3+n Ag{d-C)?
= (12 1n)(0.99 in)’/ 3 + (1.96 in®){4.0 in- 0.99 in)®
=21.6in" (899 cm®)

averaged moment of inertia,
Ta = (g + I /2= (512in" + 21,6 in"} /2= 267 in" (11,113 cm")

effective stiffness,

K =384E1/5L} (Table 6.1)
=184 (3,405.72 ksi)(267 in") / 5(120 in)*
= 40.4 kfin, or 28 psifin (76 kPa/cm)

yield deflection,
ve =Ry /K =(3.09 psi)/ (28 psifin) = 0.11 in (0.28 cm)

beam mass = (wall weight) / (gravity)
= (0.15 kef)(0.67 R thick)(1.0 ft unit width)(10 &t span) / (386 in/sec”)
= (0.0026°k-sec’/in, or 1,800 psi-ms™in (4,886 kPa-ms*/cm)

Because of the expected response, use an average of values for Ky
elastic Kepy = 0.5/0.64 =078 (Table 6.1}
plastic Kgm = 0.33/0.5=0.66
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average Kiy = (0.78 + 066)y/2=072

equivalent mass,
Me = (Kuu(beam Mass)
= (0.72)(1,800 psi-ms¥in)
= 1,296 psi-ms¥in (3.51% kPa-ms¥/cm)

period of vibration, {Equation 5.8)

h=2x JMJK) =21 V(1,296 psi - ms? fin) /(28 psi/in) =43 mg

13.6,4 Chart Solution

td/ ty = (90 ms) /(43 mg) = 2.3
Ru/Py=(3.09 psi) /(3.4 psi) =0.9]

using the chart; iy =34 (‘igure 6.9)

maximum deflection, Y = (Ug)(ye) = (3.4)0.11 in)=0.37in (0.94 ¢m)

Support rotation, (Figure 5.9)
84 = arctan (yp / 0.5L) = arctan [(0.37 in) /(0.5)(120 iM] =0.35° < 4°, QK

An illustration of this option is presented in Figures 10.5 and 10 6,

13.7  CONCLUSION

The analysis of the existing masonry wall revealed

small percentage of the required resistance for the specified blast,
symmetry of the wall and the reinforceme 3
the rebound blast loads Was not required.

A complete analysis of the walls wil] need te include the cvatuat]
connection of the wall 1o {he grade beam and roof. The evaluatio
the connections are inadequate for the specified loads, thus & cor
should be specified. For Oplien #1 where reinforcement is added to the existing wall,
dowels should be specified and embedded in the masonry and the concrete beams
(refer to Figure 10-5}, Alternatively continuous steel angels can be used 10 connect
the walls 1o the roaf and grade beam. This approach can alsg be applied to Qption

#2. However, if new precast concrete walls are added next to the existing wall, the

wall can be directly boited to the grade beam and r00f beam (refer to Figure 10-7).
In this case, the boits should be checked for rebound pullout forces,

on of the existing
0 may reveal that
rective procedure
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In this example, retrofit Option #1 is likely to be the most cos‘l.eﬁi?;:?nigﬁ e

because of the mini’ma! usage of new materials an¢ Forqurk. 'il'hls:t(_)p on Might no!

b:cfeasibie due to existing obstructions, or due to ext;z}swe gttre):iéggal orq;‘easib[c

i if Option #1 is n : ible,

i sed reinforcement scheme, : ‘ :

ﬂCth: :l:]: mi? oplions may be used. The cost differential between the option
one o

should be minimal,
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NOMENCLATURE

= acceleration

= horizontal acceleration
= vertical acceleration

= rotational acccleration

= buiiding width
= blast load

= impulse factor for 2 decaying shack wave
= viscous damping constant, or cothpression
= drag coefficient

= side wail reduction factor

= reflection coefficient

= dead load
= modulus of elasticity

= frequency of vibration

= concrete stress

= nominal concrete strength

= dynamic concrete strength

= dynamic masonry strength

= nominal masonry strength

= blast force

= biast force as function of time
= steel dynamic ultimate strength
= equivalent SDOF force

= equivalent SDOF foree as function of time
= inertia force as function of time
= peak blast force

= steel ultimate strength

= steel yield strength

= acceleration of gravity

= height to center of gravity
= building height

= horizontal dynamic load as function of time

= moment of incrita

= positive phase impulse, or mass moment of inertia
negative phase impulse

1. = equivalent triangular impulse

K  =stiffhess

K. = horizontal soil stiffness

K, =vertical soil stiffness

K, =rotational soil stiffness

K. = equivalent SDOF stiffiess

K; =load or stiffness transformation factor

Kin = load-mass transformation factor
Ky = mass transformation factor

L =building depth, or member span length
L. =blast wave length
L, =length of element parallel to traveling blast wave

LL = live foad

M = mass, or moment
M(t) = rotational dynamic load
M., = cracking moment

M. = equivalent SDOF mass

M, = positive ultimate moment

M,, = moment capacity at support

M, =moment capacity at midspan

M, =ultimate moment

M, =yield moment

N, =in-plane capacity of efement

N’, = ultimate applied in-plane load

P =pressure ]
P{1) = blast overpressure function with respect to time
P, = effective side-on overpressure

P, = rear face overpressure .
P, = ambient atmospheric pressure

P, = peak reflected overpressure

P.(1) = reflected overpressure as function of time
P, = stagnation pressure

I = peak incident overpressure

P,{t} =incident overpressure as function of time
P =incident negative overpressure

0. = peak dynamic pressure

Q. =shear capacity of element

Q. = ultimate applied shear load
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R

R,
R.(t)
R,
R..
R,
R,

%]

Eun
£y

= resistance

= equivalent SDOF resistance

= equivalent SDOF resistance as a function of time
= ultimate resistance

= ultimate compression resistance

= ultimate tension resistance

= resistance at yield

= clearing distance

= time

= reflected overpressure clearing time
= positive phase duration

= negative phase duration

= equivalent impulse duration

= time of maximum response

= natural period

= rise time

= tension

= shock front velocity

= velocity
= dynamic reaction
=reaction as function of time

= lateral axis or deflection
= lateral deflection as function of time

= vertical axis or deflection

= veriica deflection as function of time
= yield deflection

= compression yield deflection

= tension yield deflection

= maximum deflection

plastic deflection

= angle of incidence

= maximum strain

= concrete strain

= steel strain

= ultimate concrete strain
= steel vield strain

e

T T Ty

L] = curvature
¢ = capacity reduclion factor
$(x) = deflected shape as Ruinction of location

ik =ductility ratio
o = allowable ductility ratio
i = ductility demand

&  =rotation, or hinge rotation

8, = allowable suppori rotation

8, = support rotation

8; = mid-span rotation

p = tension reinforcing ratio

p' = compression reinforcing ratio

T = ratio of load duration te natura! period (14 / tn)
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GLOSSARY

ACI - American Concrete Institute
ATISC - American Institute of Steel Construction

Aungle of Incidence - The angle between the direction of the blast wave movement
and a flat surface.

ASCE - American Society of Civil Engineers

Blast Wave - A transient change in the gas density, pressure, and velocity of the air
surrounding an explosion.

BLEVE - Boiling Liquid Expanding Vapor Explosion

Conventional Loads - Load normally considered in structural design such as dead
loads, live loads, wind loads, ana seismic loads.

Deflagration - A propagating chemical reaction of a substance in which the reaction
front advances into the unreacted substance rapidly but at less than sonic velocity,

Detonation - A propagating chemical reaction of a substance in which the reaction
front advances into the unreacted substance at or greater than sonic velocity,

DIF - Dynamic Increase Factor

Ductility Ratio - A measure of the energy absorbing capacity of a structural member.

The ratio is computed by dividing the clement's maximum deformation to by the yield
deformation. )

Duration - The time from initial change in pressure to return to ambient pressure.

Dynamic Increase Factor - The ratio of dynamic to static strength which is used to
campute the effect of a rapidly applied load to the strength of a structural clement,

Elastic Region - The deformation range from zero up to the formation of the first

plastic hinge. !

Elasto-Plastic Region - The deformation range from formation of the first plastic
hinge up to formation of the final plastic hinge (i.e. ultimate capacity).

FEM - Finite Element Method

Flammable Range - The range of mixture of fuel and air that will support flame
propagation.

Free Field - Air or ground blast waves which are unimpeded by obstructions in the
path of the wave.

Hinge Rotation - A measure of the energy abserbing capacity of a structural
member. This is the angle of deformation at a plastic hinge.

Impulse - The integrated area under the overpressure time curve,

Inelastic - Beyond the elastic response range.

Incident Side-On Overpressure - Initial peak pressure riss, abpvc ambxelrlni
produced by a shock wave or pressure wave as felt by a flat surface oriented paralle

to the direction of wave propagation.

Incipent Failure - The level of deformation where collapse can be expected to
occur.

Linear - A response limited to the elastic range.

Lower Flammable Limit - The lowest mixture of fuel in air that will support flame
propagzation.

MDOF - Multi-Degree Of Freedom

Neutral Risk - The idea where a person inside a building should not be at an
additional risk of injury than another person just outside,

NFPA - National Fire Protection Association
Nonlinear - A response which includes the é]aslic-piastic and/or plastic ranges.
OSHA - Occupational Safety Hazards Act (or Administration)

Overpressure - Pressure rise above ambient produced by a shock wave or pressure
wave.

Plastic Region - The deformation range from ultimate capacity up to failure of the
element.

Positive Phase ~ The portion of the pressure time history where the pressure is above
ambient pressure.
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Pressure Wave « A blast wave that produces a gradual rise in pressure.

Reflected Overpressure - The rise in pressure produced by a shock wave or

pressure wave as felt by a flat surface oriented perpendicular to the direction of wave
propagation.

Resistanee-Deflection Function - The vaiue of the stress in a structural clement as
the deformation is increased from zero through the elastic range, the clastic-plastic
range, ultimate capacity, and finaily to failure of the element.

SDOF - Single Degree of Freedom.
Shockwave « A blast wave that produces a near instantaneous rise in pressure,
Sidesway - The lateral movement of a structure due to vertical or horizantal loads.

Strain Energy - The energy stored within a structural element deforred due to the

application of foad. The value of strain energy is the area under the resistance-
deflection function.

Strain Hardening - The observed increase in strength as a material is deformed well
into the plastic range. -

Strain Rate - The speed at which load is applied to material. The higher the strain
rate, the higher observed material strength.

Strength Increase Factor - The ratio of actual to nominal strength of a material,
This factor takes into account conservatism in the manufacturing process.

Support Rotation - A measure of the blast absorbing capacity of a structural

element. This is the same has hinge rotation except that the angle is computed at the
member's support focation. '

TNT - Trinitrotoluene, o high explosive used as the basis for many charts describing
blast effeets.

TNT Equivalent - The amount of TNT which will produce similar effects as the
actual amount of explosive material under consideration. An equivalent between two

explosives can be determined based on equating the quantity of energy released or by
relating observed levels of damage. :

UBC - Uniform Building Code

e e
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Ultimate Capacity - The load applied to a structural element as the final plastic
hinge, or collapse mechanism, is formed.

Ultimate Strength - A method of design in which structural members are
proportioned by total section capacities rather than by extreme fiber allowable
stresses.

Upper Flammable Limit - The maximum mixture of fuel in air that will support
flame propagation.

Volatile - A substance which evaporates quickly or is unstable.

VCE - Vapor Cloud Explosion

B-4




REFERENCES

ACE 318, Building Code Requirements Jor Reinforced Concrete (ACT 318-89) and

Commentary (4C1 3/8R-89), ACI Committes 318, American Concrete Institute,
Detroit, M. 1989 '

.-\CI-3-(9, Ct?de Requirements for Nuclear Safety Related Concrete Structures,
Specrg! Provisions for Impulsive and Impactive Lffects, ACI 349 Appendix C
American Concrete Institute, Detroit, MiI, 1985 '

AISC} LRFD, and and Resistance Factor Design Specification Jor Structural Steel
Buildings, American Institute of Steel Construction, Chicago, IL, 1993

AISC 1992, Seismic Provisions Jor Structural Steel Buildings, American Institute of
Steel Construction, Chicage, IL, 1992

AIS} 1867, Design of Light Gage Steel Diaphragms, American Iron and Steel
Institute, New York, NY, 1967

AlISY 1994, Load and Resistance Factor Design Specification for Cold-Formed Steel
Structural Members, American Iron and Steel Institute, New York, NY, 1991

APL RP-752, Management of Hazards Associated with Location of Process Plant

Buf!d‘r‘ngs, APl Recommended Practice 752, American Petroleum Institute
Washingten, DC, 1995 ,

ASCE Manual 41, Plastic Design in Steel: 4 Guide and Commentary, ASCE

M Ual Nu ]bc I, S Cond d[tlon, A.I“e 1can SOClet
an I\\ I¥ r 4 £ E H Yy Of Cl\”l Engl[iee!s, New

ASCE Manual 42, Design of Structures 1o Resist Nuclear Weapons Effects,

I.C\Ilgnunitt*e«: on Dynamic Effects, American Society of Civil Engineers, New York
7, 1985 ’ l

ASCE Mauual 58, Structural Analysis and Design of Nuclear Plant Facilities,
Manual Neo. 58, American Society of Civil Engineers, New York, NY, 1980

A’LSCE Physical Security, Structural Design for Physical Security: State of the
}rm.:ncc Report, Task Committee on Physical Security, American Society of Civil
Engineers, New York, NY, (to be published)

Bakf:r _1983, Explosion Hazards and Evaluation, W. E. Baker, Elsevier Scientific
Publishing Company, New York, NY, 1983

prie

i g e b

e

FIVE AR

S R R

Py

[T

ek 2k e

Bathe 1995, Finite Element Procedures in Engineering Analysis, I{. Bathe, Prentice-
Hall Inc., Englewoocd Cliffs, NI, 1995

Bigps 1964, /ntroduction fo Structural Dynamics, J. M. Biggs, McGraw-Hill Book
Company, New York, NY, 1964

Bradford and Culbertson, “Design of Control Houses to Withstand Tixplosive
Forces", W. J. Bradford and T. L. Culbertson, Loss Prevention, Vol, 1, American
Institute of Chemical Engineers, New York, NY, 1967, pp 28-30

CCPS Building Guidelines, Guidelines for Evatuating Process Plant Buildings for
External Explosions and Fires, Center for Chemical Process Safety of the American
Institute of Chemical Engireers, New York, NY, (to be published)

_CCPS Explosion Guidelines, -Guidelines for Evaluating the Characteristics of

Vapor Cloud Explosions, Flash Fires, and BLEVEs, Center for Chemical Process
Safety, American Institute of Chemical Engineers, New York, NY, 1994

29 CFR 1910.119, 29 Code of Federal Regulation (CFR) 1910.119, Process Safety
Management of Highly Hazardous Chemicals, National Archives and Records
Administration, Washington, DC

Chen 19%4, Advanced Analysis of Steel Frames; Theory, Software and Applications,
W, F, Chen and S, Toma (eds.), CRC Press, Inc,, Boca Raton, FL., 1994

CIA 1992, An Approach fo the Categorisation of Process Plant Hazard and Controf
Building Design, Issued by the Safety Committee of the Chemical Industry Safety
and Health Council, Chemical Industries Association, London, England, 1992

Clough 1993, Dynamics of Structures, 2™ edition, R. W. Clough and J. Penzien,
McGraw-Hill Book Company, New York, NY, 1993

Committee 43, Semi-Rigid Connections in Steel Frames, Council on Tall Buildings
and Urban Habitat Committee 43, McGraw-Hill, Inc., New York, NY, 1993

Derecho 1974, Analysis and Design of Small Reinforced Concrete Buildings for
Earthquake Forces, A. T. Derecho, D. M. Schultz and M. Fintel, Engineering
Bulletin No, EB004,05D, Portland Cement Association, Skokie, 1., 1974

DoD 6055.9-STD, Ammunition and Explosives Safety Standards, DoD 6055.9-5TD,
Change No. 3, Department of Defense, Washington, DC, 19%1

c-2




T

F,ikC‘E‘[)AI’ 19'9‘4, Facility and Component Explosive Domage Assessment Program
(FACEDAP) - Theory Manual, version 1.2, Protective Design - Mandatory Center of

}E;:g:rtise Technical Report 92-2, Corps of Engineers, Omaha District, , Omaha, NE

CBARCS, CBARCS - Optimann Nonlinear Dvnamic Design of Reinforced Concrete

Slnblx Under Blost Loading, Program No. 713-F3-R0056, US Army Corps of
Engineers, Waternways Experiment Station, Vicksburg, MS, 1980

Forbef 1982, "Design of Blast-Resistant Buildings in Petroleum and Chemical
Ple_ir?ts DL Fgrbes, Safery and Accident Prevention in Chemical Operations, 2nd
edition, Johr Wiley & Sons, New Yark, NY, 1982, pp 489-506 l

Forbes 1995, "Protecting Petroleum Process Plant Buildings from Vapor Cloud

Expl{)sions" D J i Orbes Amelican COHC ete [ tt i
i 2 . 3
h ) T st Ute, Detmlt, M[, ('.O be

Gupta 1984, “Modeling of Shear Wall Buildings”, A. K. Gupta, MNuclear

Lngineering and Design, Vol. 79, No. 1. Elsevi i icati
: Sign, - 79, No. 1, Elsevier Science Publ .
Switzerland, May 1984, pp 69-80 eeions, Lavsanne,

IRI 1984, General Recommendations Jor Spacing in Refineries, Petrochemical

Plants, Gasoline Plants, Terminals Qil Pun !
» as \ 3 n Stations, and Offsh i
Industrial Risk Insurers, Hartford, CT, 1984 4 Dr? Froperties

Ifletz 1975, ""I'he Fliafborough Cyclohexane Disaster”, T, A. Kletz, Loss Prevention
Vol. 8, American Institute of Chemical Engineers, New York, NY, 1975, pp 106-1 18'

I’{rauthnmnwr 1986, "Modified SDOF Analysis of RC Box-Type Structures”, T
E\‘rauthamme.r, N, Ba.zeos, and T, J. Holmquist, ASCE Structiral Journal, Vol. E12,
No. 4, American Society of Civil Engineers, New York, NY, April, 1986, pp 726-744‘
Krm:t?mmmer ) 1990, “Response of Reinforced Concrete Elements to Severe
Impulsive Loads™, T. Rrauthammer, 8. Shahriar, and H. M, Shanaa, ASCFE Structural

Journal, Vol 116, No. 4, American Socict ivi i
4 , NS y of Civil Engineers, New Y
Apeil, 1990, pp 1061-1079 # W York, MY,

Lenoir 1993, "A Survey of Vapor Cloud Explosions: Second Update®, E. M: Lenoir
and 1. A Davenport, Drocess Safety Progress, Vol. 12, No. 1, Industrial Risk,
Tnsurers, Hartford, CT, January, 1993, pp 12-33

L.Endholm 1969, 4 Survey of Rate Dependent Strength Properties of Metals, U. §.
Lindholm and R L. Bessey, Southwest Research lnstitute, San Antonio, TX, 1969

C-3

R S R R R e (NS et T S e o

R e T T

o

v e

PR

MacGregor, Reinforced Concrete, Mechanics and Design, James G. MacGregor,
Prentice Hall, Englewood Cliffs, NJ, 1988

NCMA, TEK Manual for Concrete Masonry Design and Consiruction, Mational
Concrete Masonry Association, Herndon, VA, January, 1995 .

NEFC 1986, Blast Resistant Strucinres, Naval Facilities Engincering Command,
Design Manual 2.08, Alexandria, VA, 1986

Newmark 1956, "An Engineering Approach to Blast Resistant Design”, Nathan M.
Newmark, ASCE Transactions, Vol. 121, Paper 2786, American Society of Civil
Engineers, New York, NY, 1956, pp 45-64

Paz 1986, Microcomputer-Aided Engineering: Structural Dynamics, M. Paz, Van
Nostrand Reinhold Company, New York, NY, 1986,

Paz 1991, Structural Dynamics: Theory and Compulation, third edition, M. Paz,
Van Nostrand Reinhold Inc., New York, NY, 199]

Roark, Formulas for Stress and Strain, sixth edition, Raymond J. Roark and Warren
C. Young, McGraw-Hill Book Company, New York, NY, 1989

Schneider 1987, Reinforced Masonry Design, second edition, R, R. Schneider and
W. L. Dickey, Prentice-Hall, Inc., Englewoad Cliffs, NI, 1987

8G-12, Siting and Construction of New Control Houses for Chem{'ca.’
Manufacturing Plants, Safety Guide SG-22, Manufacturing Chemists Association,
Washington, DC, 1978

SDI 1987, Steel Deck Institute Destgn Manual, Steel Deck Institute, Canton, OH,
1987

Stronge and Yu, Dynamic Models for Structural Plasticity, W. J. Stronge and 7. X.
Yu, Springer-Verlag London, Ltd,, London, England, 1993

TM 5-856, Design of Structures o Resist the Lffects of Atomic Weapons, Technical
Manuais 5-856-1 through 9 (9 volumes), Department of the Army, Washington, DC,
January, 1960

TM 5-1300, Struciures to Resist the Effects of Accidental Lxplosions, Téghnicai
Manual TM 5-1300, Department of the Army, Navy, and Air Force, Washington,
DC, 1990

C-4




T
I 3]

TNO Green Boak, Method for the Determination of Possible Damage to People
and  Ubjects Resulting from Releases of Hazardous Materials (CPR 16E)
Committee for the Prevention of Disasters Due to Dangerous Substances Ti‘lé
Director-General of Labour, The Hague, The Netherlands, 1992 ’

T?\'Q 1985, "The Multi-Energy Method - A Framework for Vapor Cloud Biast
Prediction”, A. C. Van Den Berg, Journal of Hazardous Materials, Vol. 12, No. 1

Elsevier Science Publications, Amsterdam, The Netherlands, September, 1985, pp 1-
" ) )

:I:I{ {SS?_ Design of Steel Struetures to Resist the Iffects of HE Ilixplosions,
Vechnical Repert 4837, Picatinny Arsenal, Dover NJ, 1975

TR A9V Overmrning and Shiding Analvsis of Reinforced Concrete Protective
Struciures, Technical Publication 4921, US Army Pictanny Arsenal, Dover, NJ, 1976

UBC 1994, Uniform Building Code, International Conference of Building Officials
Whittier, CA, 1994 ,

WBE 1990, Biges Version 2.6 User's Marnual, Wilfred Baker Engineering Inc., San
Antonio, TX, 1990

_\“\’hit{“ V931, Second-Qrder Inelastic Analysis for Frame Design: 4 Report to SSRC
hm’{{ (u-m.vtn 28 on Recent Research and the Perceived State-of-the-Art, D. W. White,
LY R Lz‘cw, and W. F. Chen, Report No CE-8TR-91-12, School of Engineering,
Purdue University, West Lafayette, IN, 199]

\‘Vhitc ‘1993, Plastic Hinge Based Methody Jor advanced Analysis and Design of
ifm'.f /.'JU"”{"_‘" 0. \.\’. White and W. F. Chen (eds), Structural Stability Research
Council. Lehigh University, Bethlehem, Pennsylvania, 1993

Yu 1991, Cold-Formed Steel Design, W W. Yu, John Wiley & Sons, Inc., New
York, NY, 190} , ’

C-5

Syoepor il

A

American Concrete Institute [ACH: AC
318, concrete design 7-8—7-9

American Inslitute of Chemical
Engineers 1.3

American Institute of Steel
Consiruction: AISC LRFD, steel
design 7-11—7-13

American lron and Steel Institute: AlSI
LRFD, steel design 7-13

American Petroleum Institute [APl) 1.
3—14, 2.2

American Society of Civil Engineers
[ASCE) {ASCE Manual 42) 1.3

Anchor bolts 5-7

Angle of incidence: defined B8.1; vs.
reflection coefficients 3-7

Approximations: See Equations

Arch building 4-7

B
Barrier walls 10-14
Beam system 6-14

Blast loads: building design 3-12-3-

18; defined 3-5—3-6; example
caleulation 3-19—-3-22

Blast resistant buildings: construction
type 4-1-—4-8; dears 9-1--9.5;
exterior design 9-7; interior
design 9-6; need for 1-1—1.2;
structural detail 8-18.7; utility
openings 9-5—9-6; windows 9-
5. See also Building upgrades;
Structures

Blast resistont design: design process
1-4:—1.5; design VCE overpres-
sures 3-10-—3-12; idenlifying
need for 2.2—2-3; objectives 2-
2; practices 3-11--3-12; related

-

INDEX

4

PFE N

guidelines 1.3—1-4; site consider-
ations 2-J--2.4; site specific
design methods 3-10—3-11. See
olso Design process

Biost wave length, L,, 3-9, 3-19

Blast wove pressura: See Dynamic
pressure

Blast waves: and building interaclions
3-13, 3-14; cheracteristic shapes
of 3-4; defined B-1; parameters
of 3-4-39

Boiling liquid expanding vapor exple-
sions [BLEVE) 3-3

Bracing upgrade 10-5—10-7

Building materials: blast response 5
3—5-8; considerations 4-1—4.2;
dynamic properties of 5-8—5-15

Building upgrades: adding lateral
bracing 10-5—10-7; adding
shells 10-12—10-14; barrier
walls 10-14; metal panels 10-8-—
10-9; reinforcing CMUs  10-9-—
10-12, 10-13; strengthening con-
nections 10-3—10-5; upgrade
evaluation 10-1—10-2; upgrad-
ing windows ond doors 10-15—
10-16. See afso Cuase studies

C

Case studies: blast load example 3-
19---3-22; masonry refrofit design
example 13-1-13-13; metal
building design example 12.1—
12-46; shear woll building design
example 11.1—11.4%

Cenler for Chemicol Process Sofety
(CCPS) 1.3, 2.2

Chemical Industries Associotion [CIA),
(CIA 1992} 1.3




Chemical Manufacturing Association,
5G-22 1.3, 1.4
Chemical reaction explosions 3-3

Cleoring time, te 3-14, 3-15

Cedes 1-3—1.4
Columns: load calculotions 11.37—
11-40

Concrete construction; castinplace 4-
5, 4-6-4-7; costin-place, structyral
delail 8.2, 87, design axample
11—11-46; precast 44, 4-6;
precast, structural detail 8.2, 8-
4—8-6; pre-engineered boxes d-
7 reinforced 5-3-.5.4; rein-
forced, design 7.8—7.1 1
response crileria 5-21; stress-strain
curve 5.8

Conerete masonry unit (CMU} walls:
upgrading existing buildings 10-
9—1012, 1013

Condensed phase explosions 3-3—3.
4

Configurations: arch building 4.7;
beam and girder system 6-14;
blast resistont shell 10-14: botom
flange bracing 10-7; bracing
detail 10-6; castin-place concrete
4-5, 4-6; costin-place concrete
wall connections 8-7; cladding
connections 8-3; design process
flowchart 1-5; earth embanked
building 4.8; masonry anchors 8-
3. metef panels 10-8; precast con-
crete 4-4; precast concrete wall
connections and joints 8-4—8-6;
pre-engineered metal construction
4-3; rotation connection 10.5;
SDOF siructures 6-6; Slmply sup-
ported beam 6-9; wall upgrades
1610, 10-11, 1012, 10-13

Connecfions: costin-place concrete

wail 8-7; cladding 8-3; precast
concrete wall 8-4—8-4; upgrad-
ing 10-3—10-5
Construction practices: considerations
4-1—4-2; types of 4-3-—4.8
Control buildings 1-1—1.2
Conventional loads, defined B-1

D

Deflagrations B.1, 3-7-.3.3

Deformation limits 515518, 7.7

Department of the Army, Navy, and
Air Force (TM 5-1300) 1.3

Design methods, site specific studies
3-10—3-11

Design overprassures, VCE 3-10—3.
12

Design process: concepts 71—-7.5;
dynamic design method 7.17-—7.
19; reinforced concrete 7.8—7-
11; reinforced masonry 7-14—7.
16 steel 7-11; structural members
7-5—7-8. See also Blast resistant
buildings

Design stress 5.14—5-15, 5.20

Defonations B.1, 3-2--3-3

Diaphragms 7-15—7.16

Doors 9.1—9.5, 10.16

Drag coefficient, C4 3-8

Ductility rafios B-1, 5.17, 5.18

Duration: defined B.1: te equation 3-
15; types 3-5

Dust explosions  3-4

Dynamic design method: foundations
7-17—=7.19 ,

Dynamic increase factors [DIF) B-1, 5.
12—5.14, 5.19, 5.20

Dynomic material strength: construc-
fion materials 5.3—~5-8; deforma
tion limits 5-15—35.18: or static
loads 5.1—5.2; properties of 5

B ot g

8—5-15; summary fables for 5-
19—-5-20

Oynamic pressure, q, 3-8

Dynamic response: fimits 5-15--5.18:
materials criteria 5-1—35-3; sum-
mary tables 5-21—5.22. See also
Dynamic material strength

Dynamic response analysis: applico-
tions of 6-23-—6-25; considera-
tions &-1—6.5, 7-7; é‘quivcfent
static method 6-5; multi-degree of

freedom {MDOF) systems 6-19—

&-23; numerical integration method

6-26—6-28; single degree of free-

dom {SDOF) systems &-6—6é-18
Dynamic strength factors 5.10—5.12

E

Earth embanked building 4.8
Elastic range 5-2

Elastic region B-1

Elasto-plastic region B-1

Elasto-plastic SDOF system &-15

Energy absorption 7-1

Equations: accepiable behavior, con-

"~ crele {7.2) 7-10; blast wave
fength, Ly, (3.6] 3-9; blast wave
reflection coefficient C, (3.3) 3-8;
clecring time, t, {3.7] 3-14—3-
15; ductility demand, py (6.9-
6.10) 617; duration, 1, {3.10) 3-
15; dynamic equilibrium {6.1-6.3)
6-7—6-8; dynamic equilibrium,
matrix (6.12} 6-21; dynamic
loads {7.3-7.5) 7-17—7.18;
dynamic pressure q,, (3.4) 3-8;
dynamic response range {6.11) 6.
17; impulse, L, {3.9} 3-15; limit
state loading combination (7.1} 7.
3; natural period, t, (6.8) 6-15;
positive phase impulse, 1, (3.1) 3-

5; reflected prassure, P, (3.2) 3-6;
shock front velocity, U (3.5) 3.9;
side-on overpressure, P, (3.11);
stagnation pressure, P, (3.7) 3-
14--3-15; transtormation facters
(6.4-6.8) 6-8—4-9; vibration fre-
quency, [ [6.7) 6-14

Equivalent stalic method 6-5, 7-1 6w
717

Explosions 3-1—-3.4

F

Failure mechanisms: masonry 7.15;
reinforced concrete 7-10—7.11;
steel 7-14; structural models 6-5

Fields 3-4, 3-5

Finite element method [FEM) 5.15

Flammable range 8.2, 3.2

Flexurcl response 5.2, 619

Foundations: design 7-16—7.19;
load calculations 11-41—11.45,
12.43—12-46

Frame loading 3-18

Frames: braced, load calculations 172
39—12-43; rigid, load calcula-
tions 12-31—12.39

Free field B.2

Free field overpressure 3-4

Front wall loading 3-14—3.15, 3.
19—-3.20

G

General Duty Clause, of OSHA 2.1—
22

Girder system &-14

H
Hinge rotations B-2, 5.17

1
Impulse; defined 8-2; equation !, 3




Incident side-on overpressure 8.2
Incipent failure B.2
Inelastic 8.2

L

Lateral bracing 10-5—10.7

Limit state design methods 7.2—7.3

Lingar B-2

load and Resistance Factor Design
(LRFD} method 7.2

load calculations: braced frames 12.
39—12-43; columns 11.37—11.
40; exterior walls 171-4—] 1.10;
foundations 1 1-41—11-45, 12.
43—12.46; rigid frames 12-371—
12-39; roof beams 11-27—11.
31; roof decking 12-4—1 2.1
roof girders 11-36; roof puling
12-16—12-26: roof slabs, in-plane
T1-11—11-16; roof slabs, out-of-
plane 11-21.—-11.2¢; side walls,
in-plane 11-16—11.20; wall girts
12-26—12-30; wall panels 12.
12—12-16

Loads: blost loading 3-12—3-18;
combinations of 7-2—7-3; deter-
mination of 7-6; dynamic or static
5-2; ideclized 3.9, 3-10; live 6.
5; net lateral 3.18; path 10-4;
preloads 7-4

Lower flammabie fimit B.2

M

Masonry construction: considerations
4-4; design, reinforced 7-14—7.
16, response considerations 5.4
-3 response criteria 5-22; reirofit
design example 13-1—1313;
structural detail 8-2, 8.3

Mechanical explosions 3-3

Membrane response 5.6

Metal buitding construction: clad 4-5;
clad, structural detqil 8-2, 8.3;
design example 12.1_1 2-46;
enhanced pre-engineered 4-3:
panels 10-8—] 0-9; structural
detait 8-1; upgrading exisfing
buildings 10-8—109. See ofso
Steel construction

Moment, or curvature 7.4

Multi-degree of freedom IMDOF} sys-

tem: advanced analysis method &

271--6-22; dynamic equilibrium
equation 6-20-6-21; finile ala
ment analysis method 6-22.—4.
23; rigid frame caleulation 12
35—12-38; typical structure 620

Multi-Energy Method, overpressure cal-

culations 3-11

N

Negative phases 3-5, 36, 3-18
Neutral risk B-2

Nonlinear B-2

Numerical integration method 6-1 8,
6-26—6.28

o

Occupational Safety Hazards Act
(OSHA): General Duty Clause 2.
1.—-2.2

Open web steel joists 5.6

Overpressures: calculation methods 3.

10—-3-12; defined B-2; free field
3-4; side-on or incident 3-4, 3-5;
VCE created 3.2

p

Physicat vapor explosions 3.3
Plant operation 1.1—1.2
Plastic hinges 5.3, 7.5

Plastic moment, Mp 7-3

Plastic range 5.2

Plastic regions B.2, 5.4

Positive phase impulse, lg 3-5

Positive phases 8.2, 3-5, 3.4

Pre-engineered construction 4.3, 4.7

Preloads 7.4

Pressure-dmpulse {P] method &-15—¢.
17

Pressure loads 3.9, 3-10, 319

Pressure vassel explosions 3-23.3

Pressure waves ' B.3, 3-5

R

Rear wall loading 3-17--3-18, 3-
21—3.22

Rebound loading 3-18

Reduction factor, Ca 316

Reflected overpressure B-3

Reflected pressure, P, 36

Reflection coefficients 3-6—3.8

Reinforced concrete design 7.8—7.1 ]

Reinforced masonry design 7.14—7.
16

Resistance-deflection funciion B-3, 5-
2—5-3

Resistence functions 7375 76

Roof beams, load caleulations 11.
271131

Roof decking, load calculations 1 2.
6—12.11

Roof girders, load calculations | 1.
32—11.34

Root loading 3-17, 3-21

Roof pulins, load calculations 17
16—12.24

Roof slabs, in-plane load caleulations
11.11—11.14

Roof slabs, outolplane load coleula.
tions 11.21—11.26

S

Safety: factors of 7-2; personnel 1.1;
protection philosophy 2-1—.2.4

Shells 10-12—10.14

Shock front valocity, U 3-8—-3.9, 3-1%

Shock loads 3.9, 310, 3¢

Shock waves B-3, 3.4, 3.5

Side-on overpressures 3-4, 35, 316

Sidesway B-3

Side wall loading 3-15.—3.1 6, 3-20

Single degree of freedom (SDOF| sys.
lem: closed form solutions 6-17:
columns caleulations 11-38—11.
39, exterior wall caleviation 11.
6—11.7; graphical solution meth.
ods 6-13—6.17; masonry wall
calevlation 13.7-13.9, 13.10—
13-12; model 6-6—64-7; numerical
infegration 6-18; roof beams cal
culation 11-29-—11.30: roof deck-
ing calculation 12.7._1 29 roof
girders caleulation 11.33—] 1.34;
roof pulins calevlation 12.18—12.
20, 12-23--12.24; reof slab {in-
plane load) calculation 11.] 3—
11-15; roof slab (out-of-plane load)
caleulation 11.23.—1 1.24: side
wall {in-plane lcad) calculation
11-18—11-19: ransformation fac-
tors 6-8—6-13; wall girts ealeulg
tion 12-28-—12.29: wall panel
caleulation 12.13—12.14

Site considerations 2-3_%.4

Site specific studies 3.10--3.11

Soil 5.7—5.8

Specifications 1.3—1.4

Stagnation pressure, P, 3.14-—3.15

Steel conshruction 5.5—_5.4: design
711—7-14; response criteria 5.
22; stresssstrain curve 5-10. See
also Metal building consiruction



Strain energy B-3

Strain hardening B-3, 5-14

Strain rates 8.3, 5.2, 5.10—5-15

Strehlow Curves, overpressure calcula-
tions 3-11

Strength increase factor [SIF) 3.3, 5.
$—-5-10, 519

Stress-strain relationships 5-9

Structural detail 8-1--8.7

Structural failure 7.2

Structural strengthening: See also Blast
resistant design

Structural strengthening, existing build-
ings 10-2—10-16

Structures: arched 4-7; dome 4.7;
earthen 4-7-—4.8: framed 6-24.—

&-25; interaction of compenents 6.

3—6-5; shear wall/diaphragm

type 6-23—6-24; siender-box type

6-25. See also type of construction
Support rotation 8.3

T

TNT Equivalency Method, overpressure
caleuictions 3-11
TNT equivalent B-3

Transformation factors, SDOF  6-8—&.
13

Tributary arec method 7-6

u

Ultimate capacity B-4

Ultimate strength B-4

Uniform Building Code (UBC) 7-14—
7-15

Upper flammable limit B.4

Utility openings 9-5.—96

v

Vopoar cloud explosions [VCE): defined
3-2; overpressure caleulation 3-

10—3-12

Vibretion frequency, SDOF &-14—46-
15

Volatile B-4

w

Walls: borrier 10-14; exterior, load
caleslations 11-4—11-10; front
wall loading 3-14—3-15, 3.19—
3-20; girts, load calculations 12-
26—12-30; masonry wall caleule.
tien 13-7—13.9, 13-10—13-12;
panels, load calculations 12-12-
12-16; rear wall loading 3-17—3.
18, 3-21—3-22; shear wall &-
23—6-24; side, in-plane load cal
culations 11-1¢—11-20; side wall
loading 3-15—3-16, 3-20:
upgrading CMUs  10.9—10-12,
10-13

Windows 95, 1015




	Blast load example
	Appendix 5A
	Transformation factors
	Chapter 11

