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CHAPTER 5

STRUCTURAL STEEL DESIGN

INTROLCUCTION
5-1. Purpose

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

5-2. Objective

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

The secondary objectives are to:

(1) Establish the blast load parameters required for design of protec-
tive structures.

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

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

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

5-3. Background

For the first 60 years of the 20th century, criteria and methods based upon
results of catastrophic events were used for the design of explosive facili-
ties. The criteria and methods did not include a detailed or reliable quanti-
tative basis for assessing the degree of protection afforded by the protective
facility. 1In the late 1960's quantitative procedures were set forth in the
first edition of the present manual, "Structures to Resist the Effects of
Accidental Explosions". This manual was based on extensive research and
development programs which permitted a more reliable approach to current and
future design requirements. Since the original publication of this manual,
more extensive testing and development programs have taken place. This
additional research included work with materials other than reinforced con-
crete which was the principal construction material referenced in the initial
version of the manual.

Modern methods for the manufacture and storage of explosive materials, which
include many exotic chemicals, fuels, and propellants, require less space for
a given quantity of explosive material than was previously needed. Such
concentration of explosives increases the possibility of the propagation of
accidental explosions. (One accidental explosion causing the detonation of
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other explosive materials.) It is evident that a requirement for more accu-
rate design techniques is essential. This manual describes rational design
methods to provide the required structural protection.

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

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

5-4. Scope

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

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

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

Other manuals are available to design protective structures against the
effects of high explosive or nuclear detonations. The procedures in these
manuals will quite often complement this manual and should be consulted for
specific applications.
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Computer programs, which are consistent with procedures and techniques con-
tained in the manual, have been approved by the appropriate representative of
the US Army, the US Navy, the US Air Force and the Department of Defense
Explosives Safety Board (DDESB). These programs are available through the
following repositories:

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

(2) Department of the Navy
Commanding Officer
Naval Civil Engineering Laboratory
Port Hueneme, California 93043
Attn: Code L51

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

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

5-5. Format

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

Chapter 1 Introduction

Chapter 2 Blast, Fragment, and Shock Loads

Chapter 3 Principles of Dynamic Analysis

Chapter 4 Reinforced Concrete Design

Chapter 5 Structural Steel Design

Chapter 6 Special Considerations in Explosive Facility Design

When applicable, illustrative examples are included in the Appendices.

Commonly accepted symbols are used as much as possible. However, protective
design involves many different scientific and engineering fields, and, there-
fore, no attempt is made to standardize completely all the symbols used. Each
symbol is defined where it is first used, and in the list of symbols at the
end of each chapter.
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CHAPTER CONTENTS
5-6. General

This chapter contains procedures and guidelines for the design of blast-
resistant steel structures and steel elements. Light construction and steel
framed acceptor structures provide an adequate form of protection in a
pressure range of 10 psi or less. However, if fragments are present, light-
gage construction may only be partially appropriate. The use of structural
steel frames in combination with precast concrete roof and wall panels
(Chapter VI) will provide a measure of fragment protection at lower pressure
ranges. Containment structures or steel elements of containment structures,
such as blast doors, ventilation closures, fragments shields, etc. can be
designed for almost any pressure range. This chapter covers detailed
procedures and design techniques for the blast-resistant design of steel
elements and structures subjected to short-duration, high-intensity blast
loading. Provisions for inelastic, blast-resistant design will be consistent
with conventional static plastic design procedures. Steel elements such as
beams, beam columns, open-web joists, plates and cold-formed steel panels are
considered. In addition, the design of steel structures such as rigid frames
and braced frames are presented as they relate to blast-resistant design.
Special considerations for blast doors, penetration of fragments into steel,
and unsymmetrical bending are also presented.
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STEEL STRUCTURES IN PROTECTIVE DESIGN

5-7. Differences Between Steel and Concrete Structures in Protective Design

Qualitative differences between steel and concrete protective structures are
summarized below:

(1)

(2)

(3)

(4)

(3)

In close-in high-impulse design situations where a containment
structure is utilized, a massive reinforced concrete structure,
rather than a steel structure, is generally employed in order to
limit deflections and to offer protection against the effects of
primary and secondary fragments. However, elements of containment
structures such as blast doors, ventilation closures, etc., are
generally designed using structural steel. Fragment protection is
usually accomplished by increasing the element thickness to resist
fragment penetration or by providing supplementary fragment
protection. In some cases, structural steel can be used in the
design of containment cells. However, explosive charge weights
are generally low; thereby preventing brittle modes of failure
(Section 5-18.3) due to high pressure intensity.

Structural steel shapes are considerably more slender, both in
terms of the overall structure and the components of a typical
member cross section. As a result, the effect of overall and
local instability upon the ultimate capacity is an important
consideration in steel design. Moreover, in most cases, plate
elements and structures will sustain large deformations in
comparison to those of more rigid concrete elements.

The amount of rebound in concrete structures is considerably
reduced by internal damping (cracking) and is essentially elimi-
nated in cases where large deformations or incipient failure are
permitted to occur. In structural steel, however, a larger
response in rebound, up to 100 percent, can be obtained for a
combination of short duration load and a relatively flexible
element. As a result, steel structures require that special
provisions be made to account for extreme responses of comparable
magnitude in both directions.

The treatment of stress interaction is more of a consideration in
steel shapes since each element of the cross section must be
considered subject to a state of combined stresses. In reinforced
concrete, the provision of separate steel reinforcement for
flexure, shear and torsion enables the designer to consider these
stresses as being carried by more or less independent systems.

Special care must be taken in steel design to provide for connec-
tion integrity up to the point of maximum response. For example,
in order to avoid premature brittle fracture in welded connec-
tions, the welding characteristics of the particular grade of
steel must be considered and the introduction of any stress
concentrations at joints and notches in main elements must be
avoided.
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(6) If fragments are involved, special care must be given to brittle
modes of failure as they affect construction methods. For
example, fragment penetration depth may govern the thickness of a
steel plate.

5-8. Economy of Design of Protective Structures in the Inelastic Range

The economy of facility design generally requires that blast-resistant struc-
tures be designed to perform in the inelastic response range during an acci-
dent. In order to ensure the structure’s integrity throughout such severe
conditions, the facility designer must be cognizant of the various possible
failure modes and their inter-relationships. The limiting design values are
dictated by the attainment of inelastic deflections and rotations without
complete collapse. The amount of inelastic deformation is dependent not only
upon the ductility characteristics of the material, but also upon the intended
use of the structure following an accident as well as the protection required.
In order for the structure to maintain such large deformations, steps must be
taken to prevent premature failure by either brittle fracture or instability
(local or overall). Guidelines and criteria for dealing with these effects
are presented in the body of this chapter.

5-9. Applications of Steel Elements and Structures In Protective Design

The design procedures and applications of this chapter are directed toward
steel acceptor- and donor-type structures.

Acceptor-type structures are removed from the immediate vicinity of the
detonation. These include typical frame structures with beams, columns and
beam-columns composed of standard structural shapes, and built-up sections.

In many cases, the relatively low blast pressures suggest the use of standard
building components such as open-web joists, prefabricated wall panels and
roof decking detailed as required to carry the full magnitude of the dynamic
loads. Another economical application can be the use of entire pre-engineered
buildings, strengthened locally, to adapt their designs to low blast pressures
(up to 2 psi) with short duration. For guidelines on the blast evaluation of
pre-engineered buildings, see "Special Provisions for Pre-engineered Build-
ings", Chapter VI.

Donor-type structures, which are located in the immediate vicinity of the
detonation may include steel containment cells or steel components of rein-
forced concrete containment structures such as blast doors or ventilation and
electrical closure plates. In some cases, the use of suppressive shielding to
control or confine the hazardous blast, fragment, and flame effects of
detonations may be an economically feasible alternative. A brief review of
suppressive shield design and criteria is outlined in Section 6-23 to 6-26 of
Chapter VI. The high blast pressures encountered in these structures suggest
the use of large plates or built-up sections with relatively high resistances.
In some instances, fragment impact or pressure leakage is permitted.

5-10. Application of Dynamic Analysis

The first step in a dynamic design entails the development of a trial design
considering facility requirements, available materials, and economy with
members sized by a simple preliminary procedure. The next step involves the
performance of a dynamic analysis to determine the response of the trial
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design to the blast and the comparison of the maximum response with the
deformation limits specified in this chapter. The final design is then
determined by achieving an economical balance between stiffness and resistance
such that the calculated response under the blast loading lies within the
limiting values dictated by the operational requirements of the facility.

The dynamic response calculation involves either a single-degree-of-freedom
analysis using the response charts in Chapter 3, or, in more complex struc-
tures, a multi-degree-of-freedom analysis using available dynamic elasto-
plastic frame programs.

A single-degree-of-freedom analysis may be performed for the design analysis
of either a given structural element or of an element for which a preliminary
design has been performed according to procedures given in this chapter.
Since this type of dynamic analysis is described fully with accompanying
charts and tables in Chapter 3, it will not be duplicated herein. 1In
principle, the structure or structural element is characterized by an
idealized, bilinear, elasto-plastic resistance function and the loading is
treated as an idealized triangular (or bilinear) pulse with zero rise time
(Chapter 3). Response charts are presented in Chapter 3 for determining the
ratio of the maximum response to the elastic response and the time to reach
maximum response for the initial response. The equations presented for the
dynamic reactions are also applicable to this chapter.

Multi-degree-of-freedom, nonlinear dynamic analyses of braced, and unbraced
rigid frames can be performed using programs available through the reposito-
ries listed in Section 5-4 and through the reports listed in the bibliography
at the end of this chapter.
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PROPERTIES OF STRUCTURAL STEEL
5-11. General

Structural steel is known to be a strong and ductile building material. The
significant engineering properties of steel are strength expressed in terms of
yield stress and ultimate tensile strength, ductility expressed in terms of
percent elongation at rupture, and rigidity expressed in terms of modulus of
elasticity. This section covers the mechanical properties of structural steel
subjected to static loading and dynamic loading. Recommended dynamic design
stresses for bending and shear are then derived. Structural steels that are
admissible in plastic design are listed.

5-12. Mechanical Properties
5-12.1. Mechanical Properties Under Static Loading, Static Design Stresses

Structural steel generally can be considered as exhibiting a linear stress-
strain relationship up to the proportional limit, which is either close to or
identical to the yield point. Beyond the yield point, it can stretch substan-
tially without appreciable increase in stress, the amount of elongation
reaching 10 to 15 times that meeded to reach yield, a range that is termed
"the yield plateau". Beyond that range, strain hardening occurs, i.e.,
additional elongation is associated with an increase in stress. After
reaching a maximum nominal stress called "the tensile strength", a drop in the
nominal stress accompanies further elongation and precedes fracture at an
elongation (at rupture) amounting to 20 to 30 percent of the specimen’s
original length (see Figure 5-1). It is this ability of structural steel to
undergo sizable permanent (plastic) deformations before fracturing, i.e., its
ductility, that makes steel a construction material with the required proper-
ties for blast resistant design.

Some high strength structural steels do not exhibit a sharp, well defined
yield plateau, but rather show continuous yielding with a curved stress-strain
relation. For those steels, it is generally accepted to define a quantity
analogous to the yield point, called "the yield stress", as that stress which
would produce a permanent strain of 0.2 percent or a total unit elongation of
0.4 to 0.5 percent. Although such steels usually have a higher yield stress
than those steels which exhibit definite yield and tensile stresses, their
elongation at rupture is generally smaller. Therefore, they should be used
with caution when large ductilities are a prerequisite of design.

Blast-resistant design is commonly associated with plastic design since
protective structures are generally designed with the assumption that economy
can be achieved when plastic deformations are permitted. The steels to be
used should at least meet the requirements of the American Institute of Steel
Construction (AISC) Specification in regard to the adequacy for plastic
design.

Since the average yield stress for structural steels having a specified
minimum yield stress of 50 ksi or less is generally higher than the specified
minimum, it is recommended that the minimum design yield stress, as specified
by the AISC specification, be increased by 10 percent. That is, the average
yield stress to be used in a blast resistant design shall be 1.1 times the
minimum yield stress for these steels. This increase, which is referred to as
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the increase factor (a), should not be applied to high strength steels since
the average increase may be less than 5 percent.

The minimum yield stress, f,, and the tensile stress, £ (minimum) for struc-
tural steel shapes and plates which conform to the American Society for
Testing and Materials (ASTM) Specification are listed in Table 5-1. All are
admissible in plastic design except for ASTM A514 which exhibits the smallest
reserve in ductility since the minimum tensile stress is only 10 percent
higher than the minimum yield stress. However, elastic dynamic design may
require the use of this steel or its boiler plate equivalent, as in ASTM AS517.

5-12.2. Mechanical Properties Under Dynamic Loading, Dynamic Increase Factors

The effects of rapid loading on the mechanical behavior of structural steel
have been observed and measured in uniaxial tensile stress tests. Under
rapidly applied loads, the rate of strain increases and this has a marked
influence on the mechanical properties of structural steel.

Considering the mechanical properties under static loading as a basis, the
effects of increasing strain rates are illustrated in Figure 5-1 and can be
summarized as follows:

(L The yield point increases substantially to the dynamic yield
stress value. This effect is termed the dynamic increase factor
for yield stress.

(2) The modulus of elasticity in general will remain insensitive to
the rate of loading.

(3 The ultimate tensile strength increases slightly. However, the
percentage increase is less than that for the yield stress. This
effect is termed the dynamic increase factor for ultimate stress.

(4) The elongation at rupture either remains unchanged or is slightly
reduced due to increased strain rate.

In actual members subjected to blast loading, the dynamic effects resulting
from the rapid strain rates may be expressed as a function of the time to
reach yielding. 1In this case, the mechanical behavior depends on both the
loading regime and the response of the system which determines the dynamic
effect felt by the particular material.

For members made of ASTM A36 and A514 steels, studies have been made to deter-
mine the percentage increase in the yield stress as a function of strain rate.
Design curves for the dynamic increase factors (DIF) for yield stresses of A36
and A514 structural steel are illustrated in Figure 5-2. Even though ASTM
A514 is not recommended for plastic design, the curve in Figure 5-2 may be
used for dynamic elastic design.

The strain rate, assumed to be a constant from zero strain to yielding, may be
determined according to Equation 5-1:
€ = de/EStE 5"1

where
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€ = average strain rate in the elastic range of the steel
(in/in/sec)
tg = time to yield (sec)

fys = dynamic design stress (Section 5-13)

Dynamic increase factors for yield stresses in various pressure levels in the
bending, tension, and compression modes are listed in Table 5-2. The values
for bending assume a strain rate of 0.10 in/in/sec in the low design pressure
range and 0.30 in/in/sec in the high pressure design range. For tension and
compression members, the DIF values assume the strain rates are 0.02 in/in/sec
in the low design pressure range and 0.05 in/in/sec in the high design
pressure range. Lower strain rates are selected for the tension and compres-
sion members since they are likely to carry the reaction of a beam or girder
which may exhibit a significant rise time, thereby increasing the time to
reach yield in the tension or compression mode.

On the basis of the above, the dynamic increase factors for yield stresses
summarized in Table 5-2 are recommended for use in dynamic design. However, a
more accurate representation may be derived using Figure 5-2 once the strain
rate has been determined.

Steel protective structures and members are generally not designed for
excessive deflections, that is, deflections associated with elongations well
into the strain-hardening region (see Figure 5-1). However, situations arise
where excessive deflections may be tolerated and will not lead to structural
failure or collapse. In this case, the ultimate stresses and associated
dynamic increase factors for ultimate stresses must be considered. Table 5-3
lists the dynamic increase factors for ultimate stresses of steels. Unlike
the dynamic increase factors for yield stress, these values are independent of
the pressure ranges.

5-13. Recommended Dynamic Design Stresses
5-13.1. General

The yield point of steel under uniaxial tensile stress is generally used as a
base to determine yield stresses under other loading states namely, bending,
shear and compression, or tension. The design stresses are also functions of
the average strength increase factor, a, and the dynamic increase factor, c.

5-13.2. Dynamic Design Stress for Ductility Ratio § < 10

To determine the plastic strength of a section under dynamic loading, the
appropriate dynamic yield stress, fj,, must be used. For a ductility ratio
(see Section 5-16.3) 4 < 10, the dynamic design stress, f4s, is equal to the
dynamic yield stress, fj,. In general terms, the dynamic yield stress, f4,,
shall be equal to the product of the dynamic increase factor, c, the average
yield strength increase factor, a, (see Section 5-12.1) and the specified
minimum yield stress of the steel. The dynamic design stress, fj., for
bending, tension, and compression shall be:

fds - fdy = Cc X a X fy 5-2
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where

fdy - dynamic yield stress

c = dynamic increase factor on the yield stress (Figure 5-2 or
Table 5-2)

a = average strength increase factor (= 1.1 for steels with a
specified minimum yield stress of 50 ksi or less; = 1.0
otherwise)

fy - static yield stress from Table 5-1

5-13.3. Dynamic Design Stress for Ductility Ratio, i > 10
Where excessive deflections or ductility ratios may be tolerated, the dynamic
design stress can be increased to account for deformations in the strain-

hardening region. In this case, for g > 10, the dynamic design stress, L P
becomes

de - fdy + (fdu - fdy)/l& 5-3
where:
fdy - dynamic yield stress from Equation 5-2

fau = dynamic ultimate stress equal to the product of f, from
Table 5-1 and the value of ¢ from Table 5-3 or Figure 5-2

It should be noted that the average strength increase factor, a, does not
apply to f,,.

5-13.4. Dynamic Design Stress for Shear
The dynamic design stress for shear shall be:
de - 055 de 5-[&

where f;. is from Equation 5-2 or 5-3.
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Stress, f(psi)

——— ASTM STRAIN RATE
————RAPID STRAIN RATE

0.070 <€, <0.23 in./in. APPROX.

/0.0l TO 0.02 in./in. APPROX.

STRAIN, €{in./in)

Figure 5-1 Typical stress-strain curves for steel
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Table 5-1 Static Design Stresses for Materials

Material fy min fu min
(ASTM) (ksi) (ksi)
A36 36 58
A529 42 60
A441 40 60

42 63

46 67

50 70

AS72 42 60
50 65

60 75

65 80

A242 42 63
46 67

50 70

A588 42 63
46 67

50 70

AS514 90 100
100 110
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Table 5-2 Dynamic Increase Factor, c, for Yield Stress of Structural Steels

Bending Tension or Compression
Material
Low High Low High
Pressure Pressure Pressure Pressure
(€ = 0.10 in/in/sec) | (€ = 0.30) (€ = 0.02) (€ = 0.05)
A36 1.29 1.36 1.19 1.24
AS588 1.19%* 1.24% 1.12% 1.15%
A514 1.09 1.12 1.05 1.07
*Estimated

Table 5-3 Dynamic Increase Factor, c, for Ultimate Stress of Structural

Steels
Material c
Al6 1.10
A588 1.05*
AS514 1.00

*Estimated
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DYNAMIC RESPONSE OF STEEL STRUCTURES IN THE PLASTIC RANGE
5-14, Plastic Behavior of Steel Structures

Although plastic behavior is not generally permissible under service loading
conditions, it is quite appropriate for design when the structure is subjected
to a severe blast loading only once or at most a few times during its exis-
tence. Under blast pressures, it will usually be uneconomical to design a
structure to remain elastic and, as a result, plastic behavior is normally
anticipated in order to utilize more fully the energy-absorbing capacity of
blast-resistant structures. Plastic design for flexure is based on the
assumption that the structure or member resistance is fully developed with the
formation of near totally plastified sections at the most highly stressed
locations. For economical design, the structure should be proportioned to
assure its ductile behavior up to the limit of its load-carrying capacity.

The structure or structural element can attain its full plastic capacity
provided that premature impairment of strength due to secondary effects, such
as brittle fracture or instability, does not occur.

Structural resistance is determined on the basis of plastic design concepts,
taking into account dynamic yield strength values. The design proceeds with
the basic objective that the computed deformations of either the individual
members or the structure as a whole, due to the anticipated blast loading,
should be limited to prescribed maximum values consistent with safety and the
desired post accident condition.

5-15. Relationship Between Structure Function and Deformations
5-15.1. General

Deformation criteria are specified in detail for two categories of structures,
namely, acceptor-type structures in the low pressure range and structures in
the high pressure range which may either be acceptor- or donor-type. A
description of the two categories of structures follow.

5-15.2. Acceptor-type Structures in the Low Pressure Ranges

The maximum deformations to be specified in this category are consistent with
maintaining structural integrity into the plastic range while providing safety
for personnel and equipment. The type of structure generally associated with
this design category may be constructed of one or two stories with braced or
rigid frames. Main members consisting of columns and main beams should be
fabricated from hot rolled steel while secondary members, consisting of
purlins or girts which span the frame members, can be hot-rolled I-shapes and
channels or cold-formed Z-shapes and channels. The structure skin shall
consist of cold-formed siding and decking spanning between the wall girts or
roof purlins.

5-15.3. Acceptor- or Donor-type Structures in the High Pressure Range

The deformation criteria specified in this category cover the severe condi-
tions associated with structures located close-in to a blast. 1n cases where
the design objective is the containment of an explosion the deformations
should be limited. 1In other cases where prevention of explosion propagation
or of missile generation is required, the structure may be allowed to approach
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incipient failure, and deformations well into the strain hardening region may
be permitted for energy absorption. In general, plate elements and curved
plate-type structures fall under these categories.

5-16. Deformation Criteria
5-16.1. General

The deformation criteria presented in this chapter will be consistent with
designing the structure for one accident. However, if it is desirable for a
structure to sustain two or three "incidents" in its lifetime, the designer
may limit design deformations so that, in its post accident condition, the
structure is suitable for repair and reuse.

The deformation criteria for beams (including purlins, spandrels and girts)
are presented in Section 5-16.5. The criteria for frames, including sidesway,
are presented in Section 5-16.6 and that for plates are given in Section 5-
16.7. Special consideration is given to the deformation criteria for open-web
joists (Section 5-33) and cold-formed metal decking (Section 5-34). Deforma-
tion criteria are summarized in Section 5-35.

5-16.2. Structural Response Quantities

In order to restrict damage to a structure or element which is subjected to
the effects of accidental explosion, limiting values must be assigned to
appropriate response quantities. Generally speaking, two different types of
values are specified, namely, limits on the level of inelastic dynamic
response and limits on the maximum deflections and rotations.

For elements which can be represented as single-degree-of-freedom systems such
as beams, floor and wall panels, open-web joists, and plates, the appropriate
quantities are taken as the maximum ductility ratio and the maxXimum rotation
at an end support.

For systems such as frame structures which can be represented by multi-degree-
of-freedom systems, the appropriate quantities are taken as the sidesway
deflection and individual frame member rotations.

5-16.3. Ductility Ratio, U

Following the development in Chapter 3 of this manual, the ductility ratio, u,
is defined as the ratio of the maximum deflection (X)) to the equivalent
elastic deflection (Xg) corresponding to the development of the limiting
resistance on the bilinear resistance diagram for the element. Thus, a
ductility ratio of 3 corresponds to a maximum dynamic response three times the
equivalent elastic response.

In the case of individual beam elements, ductility ratios as high as 20 can be
achieved provided that sufficient bracing exists. Subsequent sections of this
chapter cover bracing requirements for beam elements. In the case of plate
elements, ductility ratios are important insomuch as the higher ductility
ratios permit the use of higher design stresses.

Support rotations, as discussed in the next paragraph, provide the basis for
beam and plate design. For a beam element, the ductility ratio must be
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checked to determine whether the specified rotation can be reached without
premature buckling of the member. A similar provision shall apply to plates
even though they may undergo larger ductility ratios in the absence of
premature buckling.

5-16.4. Support Rotation, ©

The end rotation, ©, and the associated maximum deflection, Xn» for a beam are
illustrated in Figure 5-3. As shown, 8 is the angle between the chord joining
the supports and the point on the element where the deflection is a maximum.

5-16.5. Limiting Deformations for Beams

A steel beam element may be designed to attain large deflections corresponding
to 12 degrees support rotation. To assure the integrity of the beam element,
it must be adequately braced to permit this high level of ductile behavior.

In no case, however, shall the ductility ratio exceed 20.

A limiting support rotation of 2 degrees, and a limiting ductility ratio of 10
(whichever governs) are specified as reasonable estimates of the absolute
magnitude of the beam deformation where safety for personnel and equipment is
required. These deformations are consistent with maintaining structural
integrity into the plastic range. Adequate bracing shall be present to assure
the corresponding level of ductile behavior.

The interrelationship between the various parameters involved in the design of
beams is readily described in the idealized resistance-deflection curve shown
in Figure 5-4. 1In the figure, the values shown for the ductility ratio, u,
and the support rotation 8, are arbitrary. For example, the deflection
corresponding to a 2-degree support rotation can be greater than that cor-
responding to a ductility ratio of 10.

5-16.6. Application of Deformation Criteria to a Frame Structure

In the detailed analysis of a frame structure, representation of the response
by a single quantity is not possible. This fact combined with the wide range
and time-varying nature of the end conditions of the individual frame members
makes the concept of ductility ratio intractable. Hence, for this case, the
response quantities referred to in the criteria are the sidesway deflection of
each story and the end rotation, 8, of the individual members with reference
to a chord joining the member ends, as illustrated in Figure 5-3. 1In addi-
tion, in lieu of a ductility ratio criterion, the amount of inelastic deforma-
tion is restricted by means of a limitation on the individual member rotation.
For members which are not loaded between their ends, such as an interior
column, 0 is zero and only the sidesway criteria must be considered. The
maximum member end rotation, as shown in Figure 5-3, shall be 2 degrees. The
maximum sidesway deflection is limited to 1/25 of the story height.

These response quantities, sidesway deflection, and end rotation are part of
the required output of various computer programs which perform an inelastic,
multi-degree-of-freedom analysis of frame structures. These programs are
available through the repositories listed in Section 5-4 and several reports
listed in the bibliography at the end of this chapter. The designer can use
the output of these programs to check the sidesway deflection of each story
and the maximum rotation of each member.

5-18



TM 5-1300/NAVFAC P-397/AFR 88-22

5-16.7. Limiting Deformations for Plates

Plates and plate-type structures can undergo large deformations with regard to
support rotations and ductility ratios. The effect of overall and local
instability upon the ultimate capacity is considerably more important to
structural steel shapes than to plates. Depending upon the functional
requirements for a plate, the following deformation criteria should be
considered in the design of a plate:

(1) Large deflections at or close to incipient failure.

(2) Moderate deflections where the structure is designed to sustain
two or three "incidents" before being nonreusable.

(3) Limited deflections where performance of the structure is critical
during the blast as in the case of a blast door designed to
contain pressure and/or fire leakage.

4) Elastic deflections where the structure must not sustain permanent
deflections, as in the case of an explosives test chamber.

This 1s a partial list of design considerations for plates. It can be seen
that the designer must establish deformation criteria based on the function of
the plate or plate system.

A plate or plate-type structure may undergo a support rotation, as illustrated
in Figure 3-22 of Chapter 3, of 12 degrees. The corresponding allowable
ductility ratio shall not exceed 20. It should be noted that higher design
stresses can be utilized when the ductility ratio exceeds 10 (See Section 5-
13.3).

A limiting support rotation of 2 degrees is specified as a reasonable estimate
of the absolute magnitude of the plate support rotation where safety for
personnel and equipment in an acceptor-type structure is required. As in the
deformation criteria for beams, the ductility ratio shall not exceed 10.

Two edge conditions may govern the deformation of plates in the plastic
region. The first occurs when opposite edges are not built-in. In this case,
elastic plate deflection theory and yield-line theory apply. The second
involves tension-membrane action which occurs when at least two opposite edges
are clamped. In this case, tensile-membrane action can occur before the plate
element reaches a support rotation of 12 degrees. Tensile-membrane action of
built-in plates is not covered in this chapter. However, the designer can
utilize yield-line theory for limited plate deflection problems.

The interrelationship between the various parameters involved in the design of
plates is readily described in the idealized resistance-deflection curve shown
in Figure 5-5. The figure shows the values for the ductility ratio, 4, and
the support rotation, 6, are arbitrary. For example, the deflection cor-
responding to a 2-degree support rotation can be greater than that correspond-
ing to a ductility ratio of 10.
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5-17. Rebound

Another aspect of dynamic design of steel structures subjected to blast
loadings 1is the occurrence of rebound. Unlike the conditions prevailing in
reinforced concrete structures where rebound considerations may not be of
primary concern, steel structures will be subjected to relatively large stress
reversals caused by rebound and will require lateral bracing of unstayed
compression flanges which were formerly in tension. Rebound is more critical
for elements supporting light dead loads and subjected to blast pressures of
short duration. It is also a primary concern in the design of reversal bolts
for blast doors.

5-18. Secondary Modes of Failure
5-18.1. General

In the process of designing for the plastic or ductile mode of failure, it is
important to follow certain provisions in order to avoid premature failure of
the structure, i.e., to ensure that the structure can develop its full plastic
resistance.

These secondary modes of failure can be grouped in two main categories:
(1) Instability modes of failure
(2) Brittle modes of failure

5-18.2. Instability Modes of Faillure

In this category, the problem of structural instability at two levels is of
concern, namely, overall buckling of the structural system as a whole, and
buckling of the component elements.

Overall buckling of framed structures can occur in two essentially different
manners. In the first case, the load and the structure are symmetric;
deformations remain also symmetric up to a critical value of the load for
which a sudden change in configuration will produce instant anti-symmetry,
large sidesway and displacement, and eventually a failure by collapse if not
by excessive deformations. This type of instability can also occur in the
elastic domain before substantial deformation or any plastification has taken
place. It is called "instability by bifurcation".

In the second case, the loading or the structure or both are nonsymmetric.
With the application of the load, sidesway develops progressively. In such
cases, the vertical loads acting through the sidesway displacements, commonly
called "the P-A effect", create second order bending moments that magnify the
deformation. Because of rapidly increasing displacements, plastic hinges
form, thereby decreasing the rigidity of the structure and causing more
sidesway. This type of instability is related to a continuous deterioration
of the stiffness leading to an early failure by either a collapse mechanism or
excessive sidesway.

Frame instability need not be explicitly considered in the plastic design of
one- and two-story unbraced frames provided that the individual columns and
girders are designed according to the beam-column criteria of Section 5-37.
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For frames greater than two stories, bracing is normally required according to
the AISC provisions for plastic design in order to ensure the overall stabili-
ty of the structure. However, if an inelastic dynamic frame analysis is
performed to determine the complete time-history of the structural response to
the blast loading, including the P-A effects, it may be established, in par-
ticular cases, that lateral bracing is not necessary in a frame greater than
two stories. As mentioned previously, computer programs which perform an in-
elastic, multi-degree-of-freedom analysis of frame structures may be employed
for such an analysis,

Buckling of an element in the structure (e.g., a beam, girder, or column) can
occur under certain loading and end conditions. Instability is of two types,
namely, buckling of the member as a whole (e.g., lateral torsional buckling)
and local buckling at certain sections, including flange buckling and web
crippling.

Provisions for plastic design of beams and columns are presented in a separate
section of this chapter.

5-18.3. Brittle Modes of Failure

Under dynamic loading, there is an enhanced possibility that brittle fracture
can develop under certain conditions. Since this type of failure is sudden in
nature and difficult to predict, it is very important to diminish the risk of
such premature failure.

The complexity of the brittle fracture phenomena precludes a complete quan-
titative definition. As a result, it is impossible to establish simple rules
for design. Brittle fracture will be associated with a loss in flexural

resistance.

Brittle fractures are caused by a combination of adverse circumstances that
may include a few, some, or all of the following:

(1) Local stress concentrations and residual stresses

(2) Poor welding

(3) The use of a notch sensitive steel

(4) Shock loading or rapid strain rate

(5) Low temperatures

(6) Decreased ductility due to strain aging

(7 The existence of a plane strain condition causing a state of tri-
axial tension stresses, especially in thick gusset plates, thick
webs and in the vicinity of welds

(8) Inappropriate use of some forms of connections

The problem of brittle fracture is closely related to the detailing of connec-
tions, a topic that will be treated in a separate section of this chapter.
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However, there are certain general guidelines to follow in order to minimize
the danger of brittle fracture:

(L

(2)

(3)

Steel material must be selected to conform with the condition
anticipated in service.

Fabrication and workmanship should meet high standards, e.g.,
sheared edges and notches should be avoided, and material that has
been severely cold-worked should be removed.

Proportioning and detailing of connections should be such that
free movement of the base material is permitted, stress concen-
trations and triaxial stress conditions are avoided, and adequate
ductility is provided.
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DESIGN OF SINGLE SPAN AND CONTINUOUS BEAMS

5-19. General

The emphasis in this section is on the dynamic plastic design of structural
steel beams. Design data have been derived from the static provisions of the
AISC Specification with necessary modifications and additions for blast
design. It should be noted that all provisions on plastic design in the AISC
Specification apply, except as modified in this chapter.

The calculation of the dynamic flexural capacity of beams is described in
detail. The necessary information is presented for determining the equivalent
bilinear resistance-deflection functions used in evaluating the basic flexural
response of beams. Also presented are the supplementary considerations of
adequate shear capacity and local and overall stability which are necessary
for the process of hinge formation, moment redistribution and inelastic hinge
rotation to proceed to the development of a full collapse mechanism.

5-20. Dynamic Flexural Capacity

5-20.1. General

The ultimate dynamic moment resisting capacity of a steel beam is given by
Mpu - deZ 5'5

where fds is the dynamic design stress (as described in Section 5-13) of the

material and Z is the plastic section modulus. The plastic section modulus

can be calculated as the sum of the static moments of the fully yielded

elements of the equal cross section areas above and below the neutral axis,

i.e.:

Z - Acml + Atm?_ 5-6

Note: A.m; = Am) for a doubly-symmetric section

where A, = area of cross section in compression
At - area of cross section in tension
my = distance from neutral axis to the centroid of the area in
compression
mn = distance from neutral axis to the centroid of the area in
2
tension

For standard I-shaped sections (S, W, and M shapes), the plastic section
modulus is approximately 1.15 times the elastic modulus for strong axis
bending and may be obtained from standard manuals on structural steel design.

It is generally assumed that a fully plastic section offers no additional
resistance to load. However, additional resistance due to strain hardening of
the material is present as the deformation continues beyond the yield level of
the beam. In the analysis of structural steel beams, it is assumed that the
plastic hinge formation is concentrated at a section. Actually, the plastic
region extends over a certain length that depends on the type of loading
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(concentrated or distributed) on the magnitude of the deformation, and on the
shape factor of the cross section. The extent of the plastic hinge has no
substantial influence on the ultimate capacity; it has, however, an influence
on the final magnitude of the deflection. For all practical purposes, the
assumption of a concentrated plastic hinge is adequate.

In blast design, although strains well into the strain-hardening range may be
tolerated, the corresponding additional resistance is generally not sufficient
to warrant analytical consideration since excessive support rotation and/or
ductility ratios of beams, which are susceptible to local flange or lateral
torsional buckling, are not recemmended.

5-20.2. Moment-curvature Relationship for Beams

Figure 5-6 shows the stress distribution at various stages of deformation for
a plastic hinge section. Theoretically, the beam bends elastically until the
outer fiber stress reaches f;, and the yield moment designated by is
attained (Figure 5-6a). As the moment increases above , the yield stress
progresses inward from the outer fibers of the section towards the neutral
axis as shown in Figure 5-6b. As the moment approaches the fully plastic
moment, a rectangular stress distribution as shown in Figure 5-6c is ap-
proached. The ratio between the fully plastic moment to the yield moment is
the shape factor, f, for the section, i.e., the ratio between the plastic and
elastic section modulii.

A representative moment-curvature relationship for a simply-supported steel
beam is shown in Figure 5-7. The behavior is elastic until the yield moment
My is reached. With further increase in load, the curvature increases at a
greater rate as the fully plastic moment value, M,, is approached. Following
the attainment of M,, the curvature increases significantly, with only a small
increase in moment capacity.

For design purposes, a bilinear representation of the moment-curvature
relationship is employed as shown by the dashed lines in Figure 5-7. For
beams with a moderate design ductility ratio (4 £ 3), the design moment -
M;. For beams with a larger design ductility ratio (4 > 3), the design moment

M, = M.

5-20.3. Design Plastic Moment, Hp
The equivalent plastic design moment shall be computed as follows:

For beams with ductility ratios less than or equal to 3:

My = £4g (S + 2)/2 5-7

where S and Z are the elastic and plastic section modulii, respectively.
For beams with ductility ratios greater than 3 and beam columns:

M, = £452 5-8

Equation 5-7 is consistent with test results for beams with moderate ductili-
ties. For beams which are allowed to undergo large ductilities, Equation 5-8,
based upon full plastification of the section, is considered reasonable for
design purposes.
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It is important to note that the above pertains to beams which are supported
against buckling. Design provisions for guarding against local and overall

buckling of beams during plastic deformation are discussed in Sections 5-24,
5-25, and 5-26.

$5-21. Resistance and Stiffness Functions
5-21.1. General

The single-degree-of-freedom analysis which serves as the basis for the
flexural response calculation requires that the equivalent stiffness and
ultimate resistance be defined for both single-span beams and continuous
beams. The ultimate resistance values correspond to developing a full
collapse mechanism in each case. The equivalent stiffnesses correspond to
load-deflection relationships that have been idealized as bilinear functions
with initial slopes so defined that the areas under the idealized load
deflection diagrams are equal to the areas under the actual diagrams at the
point of inception of fully plastic behavior of the beam. This concept is
covered in Section 3-13 of Chapter 3.

5-21.2. Single-span Beams

Formulas for determining the stiffness and resistance for one-way steel beam
elements are presented in Tables 3-1 and 3-8 of Chapter 3. The values of M in
Table 3-1 represents the plastic design moment, . For example, the value of
r, for the fixed-simple, uniformly loaded beam becomes r, = 12 MP/LZ.

5-21.3. Multi-span Beams

The beam relationships for defining the bilinear resistance function for
multi-span continuous beams under uniform loading are summarized below. These
expressions are predicated upon the formation of a three-hinge mechanism in
each span. Maximum economy normally dictates that the span lengths and/or
member sizes be adjusted such that a mechanism forms simultaneously in all
spans.

It must be noted that the development of a mechanism in a particular span of a
continuous beam assumes compatible stiffness properties at the end supports.
If the ratio of the length of the adjacent spans to the span being considered
is excessive (say, greater than three). it may not be possible to reach the
limit load without the beam failing by excessive deflection.

For uniformly distributed loading on equal spans or spans which do not differ
in length by more than 20 percent, the following relationships can be used to
define the bilinear resistance function:
Two-span continuous beam:
R, = r,bL = 12 Mp/L 5-9
Kg = 163 EI/L3 5-10
Exterior span of continuous beams with three or more spans:
R, = r,bL = 11.7Mp/L 5-11
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Kg = 143EI/L3 5-12
Interior span of continuous beam with three or more spans:

R, = r,bL = 16.0MP/L 5-13

Kg = 300EI/L3 5-14

For design situations which do not meet the required conditions, the bilinear
resistance function may be developed by the application of the basic proce-
dures of plastic analysis.

5-22. Design for Flexure
5-22.1. General

The design of a structure to resist the blast of an accidental explosion
consists essentially of the determination of the structural resistance
required to 1limit calculated deflections to within the prescribed maximum
values as outlined in Section 5-35. 1In general, the resistance and deflection
may be computed on the basis of flexure provided that the shear capacity of
the web is not exceeded. Elastic shearing deformations of steel members are
negligible as long as the depth to span ratio is less than about 0.2 and
hence, a flexural analysis is normally sufficient for establishing maximum
deflections,

5-22.2. Response Charts

Dynamic response charts for one-degree-of-freedom systems Iin the elastic or
elasto-plastic range under various dynamic loads are given in Chapter 3. To
use the charts, the effective natural period of vibration of a structural
steel beam must be determined. The procedures for determining the natural
period of vibration for one-way elements are outlined in Section 3-17.4 of
Chapter 3. Equation 5-15 can be used to determine the natural period of
vibration for any system for which the total effective mass, M;, and equiva-
lent elastic stiffness, Kg are known:

Ty = 21 (Mg /Rp)L/2 5-15
5-22.3. Preliminary Dynamic Load Factors

For preliminary flexural design of beams situated in low pressure range, it is
suggested that an equivalent static ultimate resistance equal to the peak
blast pressure be used for those beams designed for 2 degrees support rota-
tion. For large support rotations, a preliminary dynamic load factor of 0.5
is recommended. Since the duration of the loading for low pressure range will
generally be the same or longer than the period of vibration of the structure,
revisions to this preliminary design from a dynamic analysis will usually not
be substantial. However, for structures where the loading environment
pressure is such that the load duration is short as compared with the period
of vibration of the structure, this procedure may result in a substantial
overestimate of the required resistance.
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5-22.4. Additional Consliderations In Flexural Design

Once a dynamic analysis is performed on the single span or continuous beam,
the deformations must be checked with the limitations set in the criteria.
The provisions for local buckling, web crippling and lateral bracing must be
met. The deformation criteria for beam elements including purlins, spandrels
and girts are summarized in Section 5-35.

The rebound behavior of the structure must not be overlooked. The information
required for calculating the elastic rebound of structures is contained in
Figure 3-268 of Chapter 3. The provisions for local buckling and lateral
bracing, as outlined in subsequent sections of this chapter, shall apply in
the design for rebound.

5-23. Design for Shear

Shearing forces are of significance in plastic design primarily because of
their possible influence on the plastic moment capacity of a steel member. At
points where large bending moments and shear forces exist, the assumption of
an ideal elasto-plastic stress-strain relationship indicates that during the
progressive formation of a plastic hinge, there is a reduction of the web area
available for shear. This reduced area could result in an initiation of shear
yielding and possibly reduce the moment capacity.

However, it has been found experimentally that I-shaped sections achieve their
fully plastic moment capacity provided that the average shear stress over the
full web area is less than the yield stress in shear. This result can
basically be attributed to the fact that I-shaped sections carry moment
predominantly through the flanges and shear predominantly through the web.
Other contributing factors include the beneficial effects of strain hardening
and the fact that combinations of high shear and high moment generally occur
at locations where the moment gradient is steep.

The yield capacity of steel beams in shear is given by:

Vo = £avhy 5-16

where V_ is the shear capacity, f4,, is the dynamic yield stress in shear of
the steel (Equation 5-4), and A, is the area of the web. For I-shaped beams
and similar flexural members with thin webs, only the web area between flange
plates should be used in calculating A,.

For several particular load and support conditions, equations for the support
shears, V, for one-way elements are given in Table 3-9 of Chapter 3. As
discussed above, as long as the acting shear V does not exceed V_, I-shaped
sections can be considered capable of achieving their full plastic moment. If
V is greater than V_, the web area of the chosen section is inadequate and
either the web must be strengthened or a different section should be selected.

However, for cases where the web is being relied upon to carry a significant
portion of the moment capacity of the section, such as rectangular cross
section beams or built-up sections, the influence of shear on the available
moment capacity must be considered as treated in Section 5-31.
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5-24. Local Buckling

In order to ensure that a steel beam will attain fully plastic behavior and
attain the desired ductility at plastic hinge locations, it is necessary that
the elements of the beam section meet minimum thickness requirements suffi-
cient to prevent a local buckling failure. Adopting the plastic design
requirements of the AISC Specification, the width-thickness ratio for flanges
of rolled I- and W-shapes and similar built-up single web shapes that would be
subjected to compression involving plastic hinge rotation shall not exceed the
following values:

£, (ksi) be /2ts
36 8.5
42 8.0
45 7.4
50 7.0
55 6.6
60 6.3
65 6.0

where f, is the specified minimum static yield stress for the steel (Table 5-
1), bf is the flange width, and te is the flange thickness.

The width-thickness ratio of similarly compressed flange plates in box sec-
tions and cover plates shall not exceed 190/(f,) . For this purpose, the
width of a cover plate shall be taken as the distance between longitudinal
lines of connecting rivets, high-strength bolts, or welds.

The depth-thickness ratio of webs of members subjected to plastic bending
shall not exceed the value given by Equation 5-17 or 5-18 as applicable.

d 412 P P
- —|1 - 1.4 — when < 0.27 5-17
ty fy Py Py
d 257 P
- when —— > 0.27 5-18
ty fy Py
where
P = the applied compressive load
Py = the plastic axial load equal to the cross sectional area

times the specified minimum static yield stress, fy
These equations which are applicable to local buckling under dynamic loading
have been adopted from the AISC provisions for static loading. However, since
the actual process of buckling takes a finite period of time, the member must
accelerate laterally and the mass of the member provides an inertial force
retarding this acceleration. For this reason, loads that might otherwise
cause failure may be applied to the members for very short durations if they
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are removed before the buckling has occurred. Hence, it is appropriate and
conservative to apply the criteria developed for static loads to the case of
dynamic loading of relatively short duration.

These requirements on cross section geometry should be adhered to in the
design of all members for blast loading. However, in the event that it is
necessary to evaluate the load-carrying capacity of an existing structural
member which does not meet these provisions, the ultimate capacity should be
reduced in accordance with the recommendations made in the Commentary and
Appendix C of the AISC Specification.

5-25. Web Crippling

Since concentrated loads and reactions along a short length of flange are
carried by compressive stresses in the web of the supporting member, local
yielding may occur followed by crippling or crumpling of the web. Stiffeners
bearing against the flanges at load points and fastened to the web are usually
employed in such situations to provide a gradual transfer of these forces to
the web.

Provisions for web stiffeners, as given in Section 1.15.5 of the AISC Specifi-
cation, should be used in dynamic design. In applying these provisions, fy
should be taken equal to the specified static yield strength of the steel.

5-26. Lateral Bracing
5-26.1. General

Lateral bracing support is often provided by floor beams, joists or purlins
which frame into the member to be braced. The unbraced lengths (lcr' as
defined in Sections 5-26.2 and 5-26.3) are either fixed by the spacing of the
purlins and girts or by the spacing of supplementary bracing.

When the compression flange is securely connected to steel decking or siding,
this will constitute adequate lateral bracing in most cases. In addition,
inflection points (points of contraflexure) can be considered as braced
points.

Members built into a masonry wall and having their web perpendicular to this
wall can be assumed to be laterally supported with respect to their weak axis
of bending. In addition, points of contraflexure can be considered as braced
points, if necessary.

Members subjected to bending about their strong axis may be susceptible to
lateral-torsional buckling in the direction of the weak axis if their compres-
sion flange is not laterally braced. Therefore, in order for a plastically
designed member to reach its collapse mechanism, lateral supports must be
provided at the plastic hinge locations and at a certain distance from the
hinge location. Rebound, which constitutes stress reversals, is an important
consideration for lateral bracing support.
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5-26.2. Requirements for Members with gy < 3

Since members with the design ductility ratios less than or equal to three
undergo moderate amounts of plastic deformation, the bracing requirements are
somewhat less stringent.

For this case, the following relationship may be used:
1/2
1/tp = [(102 x 103Cb)/fds] 5-19

where
l = distance between cross sections braced against twist or
lateral displacement of the compression flange

rp = radius of gyration of a section comprising the compression
flange plus one-third of the compression web area taken
about an axis in the plane of the web

Cp = bending coefficient defined in Section 1.5.1.4.5 of the AISC
Specification

5-26.3. Requirements for Members with g > 3

In order to develop the full plastic moment, for members with design
ductility ratios greater than three, the distance from the brace at the hinge
location to the adjacent braced points should not be greater than 1., as
determined from either Equation 5-20 or 5-21, as applicable:

| 1375 M
B8 - + 25 when 1.0 2 —— > -0.5 5-20
Ty fas Mp
1.y 1375 M
B - when -0.5 2 2z -1.0 5-21
ry fas Mp
where ry = the radius of gyration of the member about its weak axis
M - the lesser of the moments at the ends of the unbraced
segment
M/Mp - the end moment ratio. The moment ratio is positive when the
segment is bent in reverse curvature and negative when bent
in single curvature.
B~ critical length correction factor (See Figure 5-8)

The critical length correction factor, B, accounts for the fact that the
required spacing of bracing, l.., decreases with increased ductility ratio.
For example, for a particular member with r, = 2 in. and f4, = 51 ksi and
using the equation for M/Mp =0, we get 1, "= 71.7 in. for 4 = 6 and 1, =
39.7 in. for u = 20.
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5-26.4. Requirements for Elements Subjected to Rebound

The bracing requirements for nonyielded segments of members and the bracing
requirements for members in rebound can be determined from the following
relationship:

fas (1/rp)?
f=1.67 |2/3 - fae 5-22
1530 x 103 ¢y

where

f =- the maximum bending stress in the member, and in no case
greater than f;g

When f equals f,,, this equation reduces to the 1/ry requirement of Equation
5-19.

5-26.5. Requirements for Bracing Members

1n order to function adequately, the bracing member must meet certain minimum
requirements on axial strength and axial stiffness. These requirements are
quite minimal in relation to the properties of typical framing members.

Lateral braces should be welded or securely bolted to the compression flange
and, in addition, a vertical stiffener should generally be provided at bracing
points where concentrated vertical loads are also being transferred. Plastic
hinge locations within uniformly loaded spans do not generally require a
stiffener. Examples of lateral bracing details are presented in Figure 5-9.
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Figure 5-6 Theoretical stress distribution for pure bending at
various stages of dynamic¢ loading
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Figure 5-7 Moment-curvature diagram for simple-supported,

dynamically loaded, I-shaped beams
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Figure 5-9 Typical lateral bracing details
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DESIGN OF PLATES
5-27. General

The emphasis in this section is on the dynamic plastic design of plates. As
in the case for simply supported and continuous beams, design data have been
derived from the static provisions of the AISC Specification with necessary

modifications and additions for blast design.

This section covers the dynamic flexural capacity of plates, as well as the
necessary information for determining the equivalent bilinear resistance-
deflection functions used in evaluating the flexural response of plates. Also
presented 1Is the supplementary consideration of adequate shear capacity at
negative yield lines.

5-28. Dynamic Flexural Capacity

As is the case for standard I-shaped sections, the ultimate dynamic moment-
resisting capacity of a steel plate is a function of the elastic and plastic
modulii and the dynamic design stress. For plates or rectangular cross
section beams, the plastic section modulus is 1.5 times the elastic section
modulus.

A representative moment-curvature relationship for a simply-supported steel
plate is shown in Figure 5-10. The behavior is elastic until a curvature
corresponding to the yield moment is reached. With further increase in
load, the curvature increases at a greater rate as the fully plastic moment
value, My, is approached. Following the attainment of M,, the curvature
increases while the moment remains constant.

For plates and rectangular cross section beams, M, is 50 percent greater than
, and the nature of the transition from yield to the fully plastic condition
depends upon the plate geometry and end conditions. It is recommended that a
capacity midway between My and M, be used to define the plastic design moment,
Mg (M; in Figure 5-11), for plates and rectangular cross section beams.
Therefore, for plates with any ductility ratio, Equation 5-7 applies.

5-29. Resistance and Stiffness Functions

Procedures for determining stiffness and resistance factors for one- and two-
way plate elements are outlined in Chapter 3. These factors are based upon
elastic deflection theory and the yield-line method, and are appropriate for
defining the stiffness and ultimate load-carrying capacity of ductile struc-
tural steel plates. In applying these factors to steel plates, the modulus of
elasticity should be taken equal to 29,600,000 psi. For two-way isotropic
steel plates, the ultimate unit positive and negative moments are equal in all
directions; i.e.

Mo = Mvp = My, = Mhp = Mp

where is defined by Equation 5-7 and the remaining values are ultimate unit
moment capacities as defined in Section 3-9.3 of Chapter 3. Since the stiff-
ness factors were derived for plates with equal stiffness properties in each
direction, they are not applicable to the case of orthotropic steel plates,
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such as stiffened plates, which have different stiffness properties in each
direction.

5-30. Design for Flexure

The procedure for the flexural design of a steel plate is essentially the same
as the design of a beam. As for beams, it is suggested that preliminary
dynamic load factors listed in Table 5-4 be used for plate structures. With
the stiffness and resistance factors from Section 5-29 and taking into account
the influence of shear on the available plate moment capacity as defined in
Section 5-31, the dynamic response and rebound for a given blast loading may
be determined from the response charts in Chapter 3. It should be noted that
for 4 > 10, the dynamic design stress, incorporating the dynamic ultimate
stress, fdu' may be used (see Equation 5-2).

5-31. Design for Shear

In the design of rectangular plates, the effect of simultaneous high moment
and high shear at negative yield lines upon the plastic strength of the plate
may be significant. In such cases, the following interaction formula de-
scribes the effect of the support shear, V, upon the available moment capaci-
ty, M:

MM, =1 - (V/vp)4 5-23

where is the fully plastic moment capacity in the absence of shear calcu-
lated from Equation 5-7, and V_ is the ultimate shear capacity in the absence
of bending determined from Equation 5-16 where the web area, Ay, is taken
equal to the total cross sectional area at the support.

For two-way elements, values for the ultimate support shears which are
applicable to steel plates are presented in Table 3-10 of Chapter 3.

It should be noted that, due to the inter-relationship between the support
shear, V, the unit ultimate flexural resistance, I, of the two-way element,
and the fully plastic moment resistance, , the determination of the resis-
tance of steel plates considering Equation 5-23, is not a simple calculation.
Fortunately, the number of instances when negative yield lines with support
shears are encountered for steel plates will be limited. Moreover, in most
applications, the V/V_ ratio is such that the available moment capacity is at
least equal to the plastic design moment for plates (Equation 5-7).

It is recommended that for a V/V_ ratio on negative yield lines less than
0.67, the plastic design moment %or plates, as determined from Equation 5-7,
should be used in design. However, if V/V_ is greater than 0.67, the in-
fluence of shear on the available moment capacity must be accounted for by
means of Equation 5-23.
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Figure 5-10 Moment-curvature diagram for dynamically loaded plates
and rectangular cross-section beams
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Figuwe 5-11 Biaxial bending of a doubly-symmetric section
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Table 5-4 Preliminary Dynamic Load Factors for Plates
Deflection Deformation#*
DLF
Magnitude 0 max 4 max
Small 2 5 1.0
Moderate 4 10 0.8
Large 12 20 0.6

* Whichever governs
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SPECTIAL CONSIDERATIONS, BEAMS
5-32. Unsymmetrical Bending
5-32.1. General

ln blast design, the number of situations where unsymmetrical bending occurs
is limited and where encountered, it can be treated without serious economic
penalty. Due to the fact that blast overpressure loads act normal to the
surfaces of a structure, the use of doubly-symmetric cross sections for
purlins and girts (e.g., hot-rolled S- and W-sections or cold-formed channels
used back-to-back) is generally recommended. In such cases, the deformation
criteria for flexural members in Section 5-22 apply.

Unsymmetrical bending occurs when flexural members are subjected to transverse
loads acting in a plane other than a principal plane. With this type of
loading, the following are applicable:

(1) The member’s neutral axis is not perpendicular to the plane of
loading.

(2) Stresses cannot in general be calculated by means of the simple
bending formula (MC/I).

(3) The bending deflection does not coincide with the plane of loading
but is perpendicular to the inclined neutral axis.

(4) If the plane of loads does not pass through the shear center of
the cross section, bending is also accompanied by twisting.

Doubly-symmetric S, W, and box sections acting as individual beam elements and
subjected to biaxial bending, i.e., unsymmetrical bending without torsion, can
be treated using the procedures outlined in the following sections.

5-32.2. Elastic and Plastic Section Modulus
The inclination of the elastic and plastic neutral axis through the centroid

of the section can be calculated directly from the following relationship (see
Figure 5-11):

tan a = (Ix /Iy) tan ¢ 5-24
where a=- angle between the horizontal principal plane and the neutral
axis
¢ - angle between the plane of the load and the vertical

principal plane

and x and y refer to the horizontal and vertical principal axes of the cross-
section.

The equivalent elastic section modulus may be evaluated from the following
equation:

S = (SxSy)/(Sycos @ + S;sin @) 5-25
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where Sx - elastic section modulus about the x-axis

Sy - elastic section modulus about the y-axis
The plastic section modulus can be calculated using Equation 5-6. With these
values of the elastic and plastic section modulii, the design plastic moment
capacity can be determined from Equation 5-7.

5-32.3. Equivalent Elastic Stiffness

In order to define the stiffness and bilinear resistance function, it is
necessary to determine the elastic deflection of the beam. This deflection
may be calculated by resolving the load into components acting in the prin-
cipal planes of the cross section. The elastic deflection, §, is calculated
as the resultant of the deflections determined by simple bending calculations
in each direction (see Figure 5-11). The equivalent elastic deflection on the
bilinear resistance function Xp, may then be determined by assuming that the
elastic stiffness is valid up to the development of the design plastic moment

capacity, Mp.
5-32.4. Lateral Bracing and Recommended Design Criteria

The bracing requirements of Section 5-26 may not be totally adequate to permit
a biaxially loaded section to deflect into the inelastic range without
premature failure. However, for lack of data, the provisions of Section 5-26
on lateral bracing may be used if the total member end rotation corresponding
to the total deflection due to the inclined load is limited to 2 degrees. In
addition, the actual details of support conditions and/or bracing provided to
such members by the other primary and secondary members of the frame must be
carefully checked to ensure that the proper conditions exist to permit
deflections in the inelastic range.

5-32.5. Torsion and Unsymmetrical Bending

The inelastic behavior of sections subjected to unsymmetrical bending, with
twisting, is not totally known at present. Consequently, the use of sections
with the resultant load not passing through the shear center is not recom-
mended in plastic design of blast-resistant structures, unless torsional
constraints are provided for the elements. In actual installations, however,
the torsional constraint offered to a purlin or girt by the flexural rigidity
of the floor, roof, or wall panels to which it is attached may force the
secondary member to deflect in the plane of loading with little or no tor-
sional effects. Under such conditions or when some other means of bracing is
provided to prevent torsional rotation in both the loading and rebound phases
of the response, such unsymmetrically loaded members may be capable of
performing well in the plastic range. However, because of the limited data
presently available, there is insufficient basis for providing practical
design guidelines in this area. Hence, if a case involving unsymmetrical
bending with torsion cannot be prevented in design, the maximum ductility
ratio should be limited to 1.0.

Furthermore, special precautions may have to be taken to restrict the tor-

sional-flexural distortions that can develop under unsymmetrical loading,
thereby reducing the flexural capacity of the member.
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5-33. Steel Joists and Joist Girders (Open-web Steel Joists)

Open-web joists are commonly used as load-carrying members for the direct
support of roof and floor deck in buildings. The design of joists for conven-
tional loads is covered by the "Standard Specifications, Load Tables and
Weight Tables for Steel Joists and Joist Girders", adopted by the Steel Joist
Institute. For blast design, all the provisions of this Specification are in
force, except as modified herein.

These joists are manufactured using either hot-rolled or cold-formed steel. H-
Series joists are composed of 50-ksi steel in the chord members and either 36-
ksi or 50-ksi steel for the web sections. LH Series, DLH Series and joist
girders are composed of joist chords or web sections with a yield strength of
at least 36 ksi, but not greater than 50 ksi.

Standard load tables are available for simply supported, uniformly loaded
joists supporting a deck and so constructed that the top chord is braced
against lateral buckling. These tables indicate that the capacity of a
particular joist may be governed by either flexural or shear (maximum end
reaction) considerations. As discussed previously, it is preferable in blast
applications to select a member whose capacity is controlled by flexure rather
than shear, which may cause abrupt failure.

The tabulated loads include a check on the bottom chord as an axially loaded
tensile member and the design of the top chord as a column or beam column.
The width-thickness ratios of the unstiffened or stiffened elements of the
cross section are also limited to values specified in the Standard Specifica-
tions.

The dynamic ultimate capacity of open-web joists may be taken equal to 1.7 a x
c times the load given in the joist tables. This value represents the safety
factor of 1.7 multiplied by a dynamic increase factor, ¢, and the average
strength increase factor, a (see Section 5-12).

The adequacy of the section in rebound must be evaluated. Upon calculating
the required resistance in rebound, r /r,, using the rebound chart in Chapter
3 (Figure 3-268), the lower chord must be checked as a column or beam column.
If the bottom chord of a standard joist is not adequate in rebound, the chord
must be strengthened either by reducing the unbraced length or by increasing
the chord area. The top chord must be checked as an axial tensile member, but
in most circumstances, it will be adequate.

The bridging members required by the joist specification should be checked for
both the initial and rebound phase of the response to verify that they satisfy
the required spacing of compression flange bracing for lateral buckling.

The joist tables indicate that the design of some joists is governed by shear,
that is, failure of the web bar members in tension or compression near the
supports. In such cases, the ductility ratio for the joist should not exceed
unity. In addition, the joist members near the support should be investigated
for the worst combination of slenderness ratio and axial load under load
reversal.

For hot-rolled members not limited by shear considerations, design ductility
ratios up to the values specified in Section 5-35 can be used. The design
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ductility ratio of joists with light gauge chord members should be limited to
1.0.

The top and bottom chords should be symmetrical about a vertical axis. If

double angles or bars are used as chord members, the components of each chord
should be fastened together so as to act as a single member.
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SPECIAL CONSIDERATIONS, COLD-FORMED STEEL PANELS
5-34. Blast Resistant Design of Cold-Formed Steel Panels
5-34.1. General

Recent studies on cold-formed panels have shown that the effective width
relationships for cold-formed light gauge elements under dynamic loading do
not differ significantly from the static relationships. Consequently, the
recommendations presently contained in the AISI Specifications are used as the
basis for establishing the special provisions needed for the design of cold-
formed panels subjected to blast loads. Some of the formulas of the Specifi-
cation have been extended to comply with ultimate load conditions and to
permit limited performance in the inelastic range.

Two main modes of failure can be recognized, one governed by bending and the
other by shear. In the case of continuous members, the interaction of the two
influences plays a major role in determining the behavior and the ultimate
capacity. Due to the relatively thin webs encountered in cold-formed members,
special attention must also be paid to crippling problems. Basically, the
design will be dictated by the capacity in flexure but subject to the con-
straints imposed by shear resistance and local stability.

5-34.2. Resistance in Flexure

The material properties of the steel used in the production of cold-formed
steel panels conforms to ASTM A446. This standard covers three grades (a, b,
and c¢) depending on the yield point. Most commonly, panels are made of steel
complying with the requirements of grade a, with a minimum yield point of 33
ksi and an elongation of rupture of 20 percent for a 2-inch gauge length.
However, it is generally known that the yield stress of the material used in
the manufacture of cold-formed panels generally exceeds the specified minimum
yield stress by a significant margin; therefore, it is recommended that a
design minimum yield stress of 40 ksi (corresponding to an average strength
increase factor of a = 1.21) be used unless the actual yield stress of the
material is known. For grades b and c which exhibit higher minimum yield
points, an average strength increase factor of 1.21 is also recommended.

In calculating the dynamic yield stress of cold-formed steel panels, it is
recommended that a dynamic increase factor, c, of 1.1 be applied irrespective
of actual strain rate and, consequently, the value of the dynamic design
stress to be used is

fgs =axcx £, =121 x 1.1 x £, = 1.33 £ 5-26

and hence, f ., equals 44 ksi for the particular case of fy = 33 ksi.

Ultimate design procedures, combined with the effective width concept, are
used in evaluating the strength of cold-formed light gauge elements. Thus, a
characteristic feature of cold-formed elements is the variation of their
section properties with the intensity of the load. As the load increases
beyond the level corresponding to the occurrence of local buckling, the
effective area of the compression flange is reduced; as a result, the neutral
axis moves toward the tension flange with the effective properties of the
cross section such as A (area), I (moment of inertia) and S (section modulus),
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decreasing with load increase. The properties of the panels, as tabulated by
the manufacturer, are related to different stress levels. The value of S
referred to that of the effective section modulus at ultimate and the value of
I related to a service stress level of 20 ksi. In the case of panels fabri-
cated from hat sections and a flat sheet, two section modulii are tabulated,
s* and s°, referring to the effective section modulus for positive and
negative moments, respectively. Consequently, the following ultimate moment
capacities are obtained:

Myp = £4s5" 5-27
Myn = £465° 5-28
where Mup - ultimate positive moment capacity for a 1l-foot width of
panel
Min = ultimate negative moment capacity for a 1l-foot width of
panel

It should be noted that in cases where tabulated section properties are not
available, the required properties may be calculated based upon the relation-
ships in the AISI Design Specification.

As for any single-span flexural element, the panel may be subjected to
different end conditions, either simply supported or fixed. The fixed-fixed
condition is seldom found in practice since this situation is difficult to
achieve in actual installations. The simply fixed condition is found because
of symmetry in each span of a two-span continuous panel. For multi-span
members (three or more), the response is governed by that of the first span
which is generally characterized by a simply supported condition at one
support and a partial moment restraint at the other. Three typical cases can,
therefore, be considered:

(1) Simply supported at both ends (single span).

(2) Simply supported at one end and fixed at the other (two equal span
continuous member).

(3 Simply supported at one end and partially fixed at the other
(first span of an equally spaced multi-span element).

The resistance of the panel is a function of both the strength of the section
and the maximum moment in the member.

The ability of the panel to sustain yielding of its cross section produces
significant moment re-distribution in the continuous member which results in
an increase of the resistance of the panel.

The behavior of cold-formed steel sections in flexure is nonlinear as shown in
Figure 5-12. To simulate the bilinear approximation to the resistancedeflec-
tion curve, a factor of 0.9 is applied to the peak resistance. Therefore, for
design purposes, the recommended resistance formula for a simply supported,
single-span panel is given by:

2 2
ry = 0.9 x 8 M, /L% = 7.2 My /L 5-29
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where r, is the resistance per unit length of panel, and L is the clear or
effective span length.

The recommended resistance formula for a simply-fixed, single-span panel or
first span of an equally spaced continuous panel is given by:

2 2
r, = 0.9 x 4 (M, + 2Mup)/L - 3.6 (M, + 2Mup)/L 5-30
5-34.3. Equivalent Elastic Deflection

As previously mentioned, the behavior of cold-formed sections in flexure is
nonlinear as shown in Figure 5-12. A bilinear approximation of the resis-
tance-deflection curve is assumed for design. The equivalent elastic deflec-
tion Xp is obtained by using the following equation:

Xg = (Br,L*)/EI, 5-31

where B is a constant which depends on the support conditions and whose values
are as follows:

B = 0.0130 for a simply supported element
B = 0.0062 for simply fixed or continuous elements

I59 is defined as the effective moment of inertia of the section at a service
stress of 20 ksi. The value of I;3 is generally tabulated as a section
property of the panel. The value of r, is obtained from Equation 5-29 or 5-
30.

5-34.4. Design for Flexure

When performing a one-degree-of-freedom analysis of the panel’s behavior, the
properties of the equivalent system can be evaluated by using a load-mass
factor, Kyy = 0.74, which is an average value applicable to all support condi-
tions. The natural period of vibration for the equivalent single-degree
system is thus obtained by substituting into Equation 5-15:

Ty = 21 (0.74 mL/Kg)L/2 5-32
where m = w/g is the unit mass of the panel
Kg = r,L/Xg is the equivalent elastic stiffness of the system

5-34.5. Recommended Ductility Ratios

Figure 5-12 illustrates the nonlinear character of the resistance-deflection
curve and the recommended bilinear approximation. The initial slope of the
actual curve is fairly linear until it enters a range of marked nonlinearity
and, finally, a point of instability. However, excessive deflections cause
the decking to act as a membrane in tension (solid curve) and, consequently, a
certain level of stability sets in. It should be noted that, in order to use
the procedure outlined in this section, care must be taken to adequately
connect the ends of the decking so that it can achieve the desired level of
tension-membrane action. A discussion of connectors at end panels is present-
ed in Section 5-48. When tension-membrane action is not presernt, increased
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deflection will result in a significant dropoff in resistance as illustrated
by the dotted curve in Figure 5-12.

Two limits of deformation are assigned, depending on end-anchorage condition
of the panel. For panels having nominal end anchorage, that is, where
tension-membrane action is minimal, the maximum deflection of the panel is X,
as illustrated in Figure 5-12, and is defined by:

X, = 1.75 Xg 5-33

For panels with sufficient end anchorage to permit tension-membrane action,
the maximum deflection of the panel is X, as illustrated in Figure 5-12, and
is defined by:

Xy = 6.0 Xg 5-34
5-34.6. Recommended Support Rotations

In order to restrict the magnitude of rotation at the supports, limitations
are placed on the maximum deflections X, and X as follows:

For elements where tension-membrane action is not present:

Xo = L/92 or 6 ,, = 1.25 degrees 5-35
For elements where tension-membrane action is present:

Xy = L/92 or 8 ,, = 4 degrees 5-36
5-34.7. Rebound

Appropriate dynamic response charts for one-degree-of-freedom systems in the
elastic or elasto-plastic range under various dynamic loads are given in
Chapter 3. The problem of rebound should be considered in the design of
decking due to the different section properties of the panel, depending on
whether the hat section or the flat sheet is in compression. Figure 5-13
presents the maximum elastic resistance in rebound as a function of T/Ty.
While the behavior of the panel in rebound does not often control, the
designer should be aware of the problem; in any event, there is a need for
providing connections capable of resisting uplift or pull-out forces due to
load reversal in rebound.

5-34.,8. Resistance in Shear

Webs with h/t in excess of 60 are in common use among cold-formed members and
the fabrication process makes it impractical to use stiffeners. The design
web stresses must, therefore, be limited to ensure adequate stability without
the aid of stiffeners, thereby preventing premature local web failure and the
accompanying loss of load-carrying capacity.

The possibility of web buckling due to bending stresses exists and the
critical bending stress is given by Equation 5-37:

2
for = 640,000/(h/t)“ < fy 5-37
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By equating f.. to 32 ksi, which is a stress close to the yielding of the
material, a value h/t = 141 is obtained. Since it is known that webs do not
actually fail at these theoretical buckling stresses due to the development of
post-buckling strength, it can be safely assumed that webs with h/t £ 150 will
not be susceptible to flexural buckling. Moreover, since the AISI recommenda-
tions prescribe a limit of h/t = 150 for unstiffened webs, this type of web
instability need not be considered in the design.

Panels are generally manufactured in geometrical proportions which preclude
web-shear problems when used for recommended spans and minimum support-bearing
lengths of 2 to 3 inches. In blast design, however, because of the greater
intensity of the loading, the increase in required flexural resistance of the
panels requires shorter spans.

In most cases, the shear capacity of a web is dictated by instability due to
either

1) Simple shear stresses
(2) Combined bending and shearing stresses

For the case of simple shear stresses, as encountered at end supports, it is
important to distinguish three ranges of behavior depending on the magnitude
of h/t. For large values of h/t, the maximum shear stress is dictated by
elastic buckling in shear and for intermediate h/t values, the inelastic buck-
ling of the web governs; whereas for very small values of h/t, local buckling
will not occur and failure will be caused by yielding produced by shear
stresses. This point is illustrated in Figure 5-14 for f; = 44 ksi. The
provisions of the AISI Specification in this area are based on a safety factor
ranging from 1.44 to 1.67 depending upon h/t. For blast-resistant design, the
recommended design stresses for simple shear are based on an extension of the
AIST provisions to comply with ultimate load conditions. The specific
equations for use in design for f ., = 44, 66 and 88 ksi are summarized in
Tables 5-5a, 5-6a, and 5-7a, respectively.

At the interior supports of continuous panels, high bending moments combined
with large shear forces are present, and webs must be checked for buckling due
to these forces. The interaction formula presented in the AISI Specification
is given in terms of the allowable stresses rather than critical stresses
which produce buckling. 1In order to adapt this interaction formula to ulti-
mate load conditions, the problem of inelastic buckling under combined
stresses has been considered in the development of the recommended design
data.

In order to minimize the amount and complexity of design calculations, the
allowable dynamic design shear stresses at the interior support of a con-
tinuous member have been computed for different depth-thickness ratios for f,
= 44, 66, and 88 ksi, and tabulated in Tables 5-5b, 5-6b, and 5-7b, respec-
tively.

5-34.9. Web Crippling

In addition to shear problems, concentrated loads or reactions at panel sup-
ports, applied over relatively short lengths, can produce load intensities
that can cripple unstiffened thin webs. The problem of web crippling is
rather complicated for theoretical analysis because it involves the following:

5-52



TM 5-1300/NAVFAGC P-397/AFR 88-22

(1) Nonuniform stress distribution under the applied load and the
adjacent portions of the web

(2) Elastic and inelastic stability of the web element
3) Local yielding in the intermediate region of load application
(4) The bending produced by the eccentric load (or reaction) when it

is applied on the bearing flange at a distance beyond the curved
transition of the web

The AISI recommendations have been developed by relating extensive experimen-
tal data to service loads with a safety factor of 2.2 which was established
taking into account the scatter in the data. For blast design of cold-formed
panels, it is recommended that the AISI values be multiplied by a factor of
1.50 in order to relate the crippling loads to ultimate conditions with
sufficient provisions for scatter in test data.

For those sections that provide a high degree of restraint against rotation of
their webs, the ultimate crippling loads are given as follows:

Allowable ultimate end support reaction
Q, = 1.5 £4.t2 [4.44 + 0.558 (N/t)1/?] 5-38

Allowable ultimate interior support reaction

Q, = 1.5 £4,t2 [6.66 + 1.446 (N/t)1/?] 5-39
where Q= ultimate support reaction
fas = dynamic design stress

N = bearing length (in.)
t = web thickness (in)

The charts in figures 5-15 and 5-16 present the variation of Q, as a function
of the web thickness for bearing lengths from 1 to 5 inches for fis = 44 ksi
for end and interior supports, respectively. It should be noted that the
values reported in the charts relate to one web only, the total ultimate
reaction being obtained by multiplying Q, by the number of webs in the panel.

For design, the maximum shear forces and dynamic reactions are computed as a
function of the maximum resistance in flexure. The ultimate load-carrying
capacity of the webs of the panel must then be compared with these forces. As
a general comment, the shear capacity is controlled for simply supported
elements and by the allowable design shear stresses at the interior supports
for continuous panels.

In addition, it can be shown that the resistance in shear governs only in
cases of relatively very short spans. 1If a design is controlled by shear
resistance, it is recommended that another panel be selected since a flexural
failure mode is generally preferred.
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5-35 Summary of Deformation Criteria for Structural Elements
Deformation criteria are summarized in Table 5-8 for frames, beams and other

structural elements including cold-formed steel panels, open-web joists and
plates.
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Figure 5-13 Elastic rebound of single-degree-of-freedom system
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Table 5-5 Dynamic Design Shear Stress for Webs of Cold-formed Members (f, =
44 ksi)

(a) Simple Shear

(h/t) € 57 fqy = 0.50 £4, < 22.0 ksi
57 < (h/t) < 83 f4, = 1.26 x 103/ (h/t)
83 < (h/t) < 150 f4, = 1.07 x 10°/ (h/t)

(b) Combined Bending and Shear

(h/t) f4y (ksi)
20 10.94
30 10.84
40 10.72
50 ~ 10.57
60 10.42
70 10.22
80 9.94
90 9.62

100 9.00
110 8.25
120 7.43
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Table 5-6 Dynamic Design Shear Stress for Webs of Cold-formed Members (f4, =
66 ksi)

(a) Simple Shear

(h/t) € 47 f4y = 0.50 f4, < 33 ksi
47 < (h/t) € 67 f4, = 1.56 x 103/(h/t)
67 < (h/t) < 150 f4y = 1.07 x 10°/(h/t)

(b) Combined Bending and Shear

(h/t) £y (ksi)
20 16.41
30 16.23
40 16.02
50 15.75
60 15.00
70 14.20
80 13.00
90 11.75

100 10.40

110 8.75

120 7.43
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Table 5-7 Dynamic Design Shear Stress for Webs of Cold-formed Members (f4, =
88 ksi)

(a) Simple Shear

(h/t) < 41 fqy = 0.50 f4 < 64 ksi
41 < (h/t) < 58 £4, = 1.78 x 103/(h/t)
58 < (h/t) < 150 £4y = 1.07 x 10%/(h/t)

(b) Combined Bending and Shear

(h/t) £ 4 (ksi)
20 21.60
30 21.00
40 20.00
50 18.80
60 17.50
70 16.00
80 14.30
90 12.50

100 10.75
110 8.84
120 7.43
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Table 5-8  Summary of Deformation Criteria

Element Highest level
of Protection
(Category No.)|Additional Deformation| Maximum
* Specifications Type ** |Deformation
Beams, purlins, 3] 2°
spandrels or 1 u 10
girts
e 12°
2 7’ 20
Frame § H/25
structures 1 8 1t 2°
Without tension- 2] 1.25°
Cold-formed membrane action M 1.75
steel floor and 1
wall panels With tension- e 4°
membrane action U 6
e 2°
Open-web 1 7 4
joists
Joists controlled by e 1°
maximum end reaction U 1
3] 2°
Plates 1 u 10
2] 12°
2 M 20
e = maximum member end rotation (degrees) measured from the

chord joining the member ends.
6 = relative sidesway deflection between stories.

H = story height.

m o= ductility ratio (Xm/XE)
* as defined in Chapter 1.
*% whichever governs.
t individual frame member.
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SPECIAL CONSIDERATIONS, BLAST DOORS
5-36. Blast Door Design
5-36.1. General

This section outlines procedures for the design of steel blast doors.
Analytical procedures for the design of the individual elements of the blast
door plate have been presented in earlier sections of this chapter. 1In
addition to the door plate, door frames and anchorage, reversal bolts, gaskets
and door operators are discussed. Blast doors are categorized by their
functional requirements and method of opening.

5-36.2. Functions and Methods of Opening
5-36.2.1. Functional Requirements

Blast doors may be designed to contain an accidental explosion from within a
structure so as to prevent pressure and fireball leakage and fragment propaga-
tion. Blast doors may also be designed to protect personnel and/or equipment
from the effects of external blast loads. In this case, a limited amount of
blast pressures may be permitted to leak into the protected area. In most
cases, blast doors may be designed to protect the contents of a structure,
thereby negating propagation when explosives are contained within the shelter.

5-36.2.2. Method of Opening

Blast doors may be grouped based on their method of opening, such as: (a)
single leaf, (b) double leaf, (c) vertical 1lift, and (d) horizontal sliding.

5-36.3. Design Considerations
5-36.3.1. General

The design of a blast door is intrinsically related to its function during
and/or after an explosion. Design considerations include whether or not the
door should sustain permanent deflections, whether rebound mechanisms or
fragment protection is required, and whether pressure leakage be tolerated.
Finally, the design pressure range may dictate the type of door construction
that is to be used, including solid steel plate or built-up doors.

5-36.3.2. Deflections

As stated in Section 5-16.7, plates can sustain a support rotation of 12
degrees without failing. This is applicable to blast doors providing that the
resulting plate deflection does not collapse the door by pushing it through
the opening. However, deflections may have to be limited if the mechanism
used to open the door after an explosion is required to function. In addi-
tion, if a blast door is designed with a gasket so as to fully or nearly
contain the pressure and fireball effects of an explosion, then deflections
should be limited in order to ensure satisfactory performance of the gasket.
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5-36.3.3. Rebound Mechanisms

Steel doors will be subjected to relatively large stress reversals caused by
rebound. Blast doors may have to transfer these reversal loads by means of
retracting pins or "reversal bolts." These heads can be mounted on any edge
(sides, top, or bottom) of a doorplate. Reversal bolts can be designed as an
integral part of the panic hardware assembly or, if tapered, they can be
utilized in compressing the gasket around a periphery. The magnitude of the
rebound force acting on the blast doors is discussed later.

5-36.3.4. Fragment Protection

A plate-type blast door, or the plate(s) of a built-up blast door may be sized
to prevent fragment penetration. However, when the blast door is subjected to
large blast loads and fragments, a supplementary fragment shield may be neces-
sary since the combined effects of the fragments and pressures may cause
premature door failure due to the notching effects produced by the fragments.
Procedures for predicting the characteristics of primary fragments such as
impact, velocity, and size of fragment are presented in Chapter 2. Methods
for determining the depth of penetration of fragments into steel are given in
Section 5-49.

5-36.3.5. Leakage Protection (gaskets)

Blast doors may be designed to partly or fully contain the pressure and
fireball effects of an explosion in which case gaskets may have to be utilized
around the edge if a door or its opening. A sample of a gasket is illustrated
in Figure 5-17. This gasket will have to be compressed by means of a hydrau-
lic operator which is capable of overcoming a force of 125 pounds per linear
inch of the gasket. This gasket is made of neoprene conforming to the
material callouts in Note 2 of Figure 5-17.

5-36.3.6. Type of Construction

Blast doors are formed from either solid steel plate or built-up steel
construction.

Solid steel plate doors are usually used for the high pressure ranges (50 psi
or greater) and where the ‘door span is relatively short. Depending on plate
thicknesses, these doors may be used when fragment impact is critical. These
plates can range in thickness of l-inch or greater. For thick plates, connec-
tions using high strength bolts or socket head cap screws are recommended in
lieu of welding. However, the use of bolts or screws must preclude the
passage of leakage pressures into or out of the structure depending on its
use.

Built-up doors are used usually for the low pressure range and where long
spans are encountered. A typical built-up blast door may consist of a
peripheral frame made from steel channels with horizontal channels serving as
intermediate supports for the interior and/or exterior steel cover plates.
The pressure loads must be transferred to the channels via the plate.
Concrete or some other material may be placed between the plates in order to
add mass to the door or increase its fragment resistance capabilities.
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5-36.4. Examples of Blast Door Designs
5-36.4.1. General

In order to illustrate the relationship between the function of a blast door
and its design considerations, four examples are presented in the following
section. Table 5-9 lists the design requirements of each of the above door
examples.

5-36.4.2. Door Type A (Figure 5-18)

This blast door is designed to protect personnel and equipment from external
blast pressures resulting from an accidental explosion. The door opening
measures 8-feet high by 8-feet wide. It is a built-up double-leaf door
consisting primarily of an exterior plate and a thinner interior plate both
welded to a grid formed by steel tubes. Support rotations of each element
(plate, channel, tube) have been limited to 2 degrees in order to assure
successful operation of the panic hardware at the door interior. The direct
blast load is transferred from the exterior plate to tubular members which
form the door grid. The grid then transfers the loads to the door frame at
the center of the opening through a set of pins attached to the top and bottom
of the center mullions of the grid. At the exterior, the loads are trans-
ferred to the frame through the hinges which are attached to the exterior
mullions and the frame. The reversal loads are also transferred by the pins
and by the built-up door hinges. The center pins are also operated by the
panic hardware assembly.

5-36.4.3. Door Type B (Figure 5-19)

This blast door is designed to prevent propagation from an accidental ex-
plosion into an explosives storage area. It is a built-up, sliding door
protecting an opening 1l-feet high by 16-feet wide, consisting of an exterior
plate and a thinner interior plate. These plates are welded to vertical §-
shapes which are spaced at 15-inch intervals. This door is designed to act as
a one-way member, spanning vertically. Since flange buckling of the S-shapes
is prohibited in the presence of the outer and inner plates acting as braces,
the composite beam-plate arrangement is designed for a support rotation of 12
degrees. The yield capacity of the webs of the S-shapes in shear (Equation 5-
16), as well as web crippling (Section 5-25), had to be considered in the
design. This door has not been designed to resist reversal or rebound forces.

5-36.4.4. Door Type C (Figure 5-20)

This single-leaf blast door is designed as part of a containment cell which is
used in the repeated testing of explosives. The door opening measures 4-feet
6-inches wide by 7-feet 6-inches high. It is the only door, in these samples,
designed elastically since it is subjected to repeated blast loads. It
consists primarily of a thick steel door plate protected from test fragments
by a mild steel fragment shield. It is designed as a simply-supported (four
sides) plate for direct internal loads and as a one-way element spanning the
door width for rebound loads. It is equipped with a neoprene gasket around
the periphery (Figure 5-17) as well as a series of six reversal bolts designed
to transfer the rebound load into the door frame. The large thickness of the
door plate warrants the use of high-strength, socket head cap screws in lieu
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of welding to commect the plate to the reversal bolt housing as well as to the
fragment shield.

5-36.4.5. Door Type D (Figure 5-21)

This single-leaf blast door is designed as part of a containment structure
which is used to protect nearby personnel and structures in the event of an
accidental explosion. The door opening measures 4-feet wide by 7-feet high.
It is designed as simply-supported on four sides for direct load and as a one-
way element spanning the door width for rebound loads. It is equipped with a
neoprene gasket around the periphery and a series of six reversal bolts which
transfer the rebound load to the door frame. The reversal bolt housing and
bearing blocks are welded to the door plate. Excessive deflections of the
door plate under blast loading would hamper the sealing capacity of the
gasket. Consequently, the door plate design rotation is limited to 2 degrees.

5-36.4.6. Other Types of Doors

Another type of blast door design is a steel arch or "bow" door. The tension
arch door requires compression ties to develop the compression reactions from
the arch. The compression arch door requires tension members to develop the

tension reactions from the arch. These doors are illustrated in Figure 5-42,

5-36.5. Blast Door Rebound

Plate or element rebound can be determined for a single-degree-of-freedom
system subjected to a triangular pulse (see Figure 5-13). However, when a
system is subjected to a bilinear load, only a rigorous, step-by-step dynamic
analysis can determine the percentage of elastic rebound. In lieu of a
rigorous analysis, a method of determining the upper bound on the rebound
force is presented here.

Three possible rebound scenarios are discussed. Figure 5-22 is helpful in
describing each case.

(a) Case I - Gas load not present (P as ™ 0). In this case, the
required rebound resistance is oétained from Figure 5-13.

(b) Case I1 - t_< t In this case, the required rebound resistance
is again obtained from Figure 5-10. This procedure, however, can
overestimate the rebound load.

(c) Case III - tj > ty Figure 5-22 illustrates the case whereby the
time to reach the peak response, t;, is greater than the point
where the gas load begins to act (t;). Assuming that the gas
pressure can be considered constant over a period of time, it will
act to lower the required rebound resistance since the resistance
time curve will oscillate about the gas pressure time curve. 1In
this case, the upper bound for the required rebound resistance is:

r=1r -P 5-40

However, in all three cases, it is recommended that the required rebound
resistance be at least equal to 50 percent of the peak positive door response.

5-67



TM 5-1300/NAVFAC P-397/AFR 88-22

5-36.6. Methods of Design
5-36.6.1. General

Techniques used for the design of two types of blast doors will be demonstrat-
ed. The first technique is used for the door illustrated in Figure 5-18 while
the second is used for the door shown in Figure 5-21. Detailed procedures for
the design of plate and beam elements, as well as the related design criteria,
are presented in earlier section of this chapter and numerical examples are
presented in Appendix A.

5-36.6.2. Built-up Door

The built-up steel door shown in Figure 5-18 is constructed by welding the
steel plates to the steel tubular grid (fillet welded to the exterior plate
and plug-welded to the interior plate). The heavy exterior plate is designed
as a continuous member supported by the tubes. The horizontal tubes, in turn,
are designed as simply supported members, transferring load to the vertical
tubes. The interior tubes are also designed as simply supported elements
which transfer the direct and rebound loads to the pins while the side tubes
transfer the direct load to the door frame proper and rebound loads to the
hinges. The exterior tubes are also designed as simply supported elements
with the supports located at the hinges.

5-36.6.3. Solid Steel Plate Door

The steel plate of the blast door shown in Figure 5-21 is initially sized for
blast pressures since no high speed fragments will be generated in the
facility. The plate is sized for blast loading, considering the plate to be
simply supported on four edges. The direct load is transferred to the four
sides of the door frame. In rebound, the plate acts as a simple beam spanning
the width of the door opening. The rebound force is transferred to the six
reversal bolts and then into the door frame. The door frame, as illustrated
in Figure 5-19, consists of two units; the first unit is imbedded into the
concrete and the second unit is attached to the first one. This arrangement
allows the first frame to be installed in the concrete wall prior to the
fabrication of the door. After the door construction is completed, the
subframe is attached to the embedded frame and, thus, the door installation is
completed.
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Table 5-9 Design Requirements for Sample Blast Doors

Door Description

Design Requirements

Permanent Rebound Fragment | Level of
Deflections Mechanisms |Protection| Leakage
Protection
Method Required
Door |Figure of
Opening |None{Limited|Large| Yes No | Yes No Low| High
A | 5-18 [Double-Leaf X X X X
B | 5-19 Sliding X X X X
C | 5-20 |Single-Leaf X X X X
D | 5-21 |Single-Leaf X X X X
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COLUMNS AND BEAM COLUMNS
5-37. Plastic Design Criteria
5-37.1. General

The design criteria for columns and beam columns must account for their
behavior not only as individual members but also as members of the overall
frame structure. Depending on the nature of the loading, several design cases
may be encountered. Listed below are the necessary equations for the dynamic
design of steel columns and beam columns.

5-37.2. In-plane Loads
In the plane of bending of compression members which would develop a plastic

hinge at ultimate loading, the slenderness ratio 1/r shall not exceed the
constant (C.) defined as:

2 172
¢, = (mlE/£4 )Y/ 5-41
where, E - modulus of elasticity of steel (psi)
f4s = dynamic design stress (see Section 5-13)

The ultimate strength of an axially loaded compression member shall be taken
as:

P, = 1.7AF, 5-42
where A = gross area of member,
2 2
(1 - (K1/x)“ / 2C.°) f,uq

Fa = , and 5-43
5/3 + 3(Kl/r)/8C, - (Kl/r)3 / 8c 3

Kl/r = largest effective slenderness ratio listed in Table 5-10 or
5-11

5-37.3. Combined Axial Loads and Biaxial Bending

Members subject to combined axial load and biaxial bending moment should be
proportioned so as to satisfy the following set of interaction formulas:

P/P, + Cp .M, /(1 - P/Pe MMy + CmyMy /(1 - P/Pey)My <1.0 5-44

P/Pp + M, /1.18Mpx + My /1.18Mpy < 1.0 for P/Pp > 0.15 5-45
or M, /Mpx + My /Mpy < 1.0 for P/Pp < 0.15 5-46
where My, My = maximum applied moments about the x- and y-axes

P =~ applied axial load

Poye = 23/12a8F'
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Pey - 23/12Af'ey
F' oy = 1272E/[23(K1y /1))
’ 2 2
F ey 127 E/[23(Klb/ry) ]
1}, = actual unbraced length in the plane of bending
Iy, Iy = corresponding radii of gyration
Pp - Afds
Coux s Cmy - coefficients applied to bending term in interaction
formula and dependent upon column curvature caused by
applied moments (AISC Specification, Section 1.6.1)
Mpx’ Mpy = plastic bending capacities about x and y axes
(Mpx = Zytys, Mpy = nyds)
. Mmy = moments that can be resisted by the member in the

absence of axial load.
For columns braced in the weak direction, Mix = Mpx and Mmy - Mpy'
When columns are unbraced in the weak direction:
Mo = [1.07 - (1/ry) (fds)]‘/2 /3160] Mpx < Mpx 5-47
Moy = [1.07 - (L/ry) (£4)1/2 /3160] M, < Mo 5-48

Subscripts x and y indicate the axis of bending about which a particular
design property applies. Also, columns may be considered braced in the weak
direction when the provisions of Section 5-26 are satisfied. In addition,
beam columns should also satisfy the requirements of Section 5-23.

5-38. Effective Length Ratios for Beam-columns

The basis for determining the effective lengths of beam columns for use in the
calculation of P, P_, Mnx» and Mmy in plastic design is outlined below.

For plastically designed braced and unbraced planar frames which are supported
against displacement normal to their planes, the effective length ratios in
Tables 5-10 and 5-11 shall apply.

Table 5-10 corresponds to bending about the strong axis of a member, while
Table 5-11 corresponds to bending about the weak axis. In each case, 1 is the
distance between points of lateral support corresponding to r, or ry, as
applicable. The effective length factor, K, in the plane of bending shall be
governed by the provisions of Section 5-40.

For columns subjected to biaxial bending, the effective lengths given in

Tables 5-10 and 5-11 apply for bending about the respective axes, except that
P, for unbraced frames shall be based on the larger of the ratios Kl/r, or
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Kl/r,. 1In addition, the larger of the slenderness ratios, 1/r, or 1/ry, shall
not exceed C,.

5-39., Effective Length Factor, K

In plastic design, it is usually sufficiently accurate to use the K factors
from Table C1.8.1 of the AISC Manual (reproduced here as Table 5-12) for the
condition closest to that in question rather than to refer to the alignment
chart (Figure C.1.8.2 of AISC Manual). It is permissible to interpolate
between different conditions in Table 5-12 using engineering judgment. 1In
general, a design value of K equal to 1.5 is conservative for the columns of
unbraced frames when the base of the column is assumed pinned, since conven-
tional column base details will usually provide partial rotational restraint
at the column base. For girders of unbraced frames, a design K value of 0.75
is recommended.
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Table 5-10 Effective Length Ratios for Beam Columns (Webs of members in the
plane of the frame; i.e., bending about the strong axis)

Braced Planar Frames¥*

One-and Two-Story
Unbraced Planar Frames¥*

u

Py Use l/ry

M.x Use l/ry

P Use larger ratio, 1/ry or 1/rX

Use larger ratio, l/ry or Kl/rX

Use Kl/r,

Use 1/ry

* 1/ry shall not exceed C,.

Table 5-11 Effective Length Ratios for Beam Columns (Flanges of members in
the plane of the frame; i.e., bending about the weak axis)

Braced Planar Frames¥*

One- and Two-Story
Unbraced Planar Frames*

P, Use larger ratio, 1/ry or 1/r, Use larger ratio, 1l/r, or Kl/ry
Pey Use 1/ry Use Kl/ry
Mmy Use 1/ry Use 1/ry

* 1/ry shall not exceed C.
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Table 5-12 Effective Length Factors for Columns and Beam—columns

(a) (b) (c) (f)
¢ | v |4 v e
i1 il

1T T

Buckled shape of ,/ " /, |
column is shown ) |‘ / /
by dashed line. \\ \ ,’ /
\ \ ”L /

e £

Theoretical K value.] 0.5 0.7 {.0 1.0 2.0 2.0
Recommended
design value when | o5 5 go| | 2 1o | 210 | 2.0

ideal conditions
are approximated.

Rotation fixed and translation fixed.

? Rotation free and translation fixed.

End condition code.
Rotation fixed and transiation free.

Rotation free and translation free.

5-80



T™ 5-1300/NAVFAC P-397/AFR 88-22

FRAME DESIGN
5-40. General

The dynamic plastic design of frames for blast resistant structures is
oriented toward industrial building applications common to ammunition manufac-
turing and storage facilities, i.e., relatively low, single-story, multi-bay
structures. This treatment applies principally to acceptor structures
subjected to relatively low blast overpressures.

The design of blast resistant frames is characterized by (a) simultaneous
application of vertical and horizontal pressure-time loadings with peak pres-
sures considerably in excess of conventional loads, (b) design criteria
permitting inelastic local and overall dynamic structural deformations
(deflections and rotations), and (c¢) design requirements dictated by the
operational needs of the facility and the need for reusability with minor
repair work after an incident must be considered.

Rigid frame construction is recommended in the design of blast resistant
structures since this system provides open interior space combined with
substantial resistance to lateral forces. In addition, this type of construc-
tion possesses inherent energy absorption capability due to the successive
development of plastic hinges up to the ultimate capacity of the structure.
However, where the interior since and wall opening requirements permit, it may
be as effective to provide bracing.

The particular objective in this section is to provide rational procedures for
efficiently performing the preliminary design of blast resistant frames.

Rigid frames as well as frames with supplementary bracing and with rigid or
nonrigid connections are considered. In both cases, preliminary dynamic load
factors are provided for establishing equivalent static loads for both the
local and overall frame mechanism. Based upon the mechanism method, as
employed in static plastic design, estimates are made for the required plastic
bending capacities as well as approximate values for the axial loads and
shears in the frame members. The dynamic deflections and rotations in the
sidesway and local beam mechanism modes are estimated based upon single
degree-of-freedom analyses. The design criteria and the procedures establish-
ed for the design of individual members previously discussed apply for this
preliminary design procedure.

In order to confirm that a trial design meets the recommended deformation
criteria of Table 5-8 and to verify the adequacy of the member sizes es-
tablished on the basis of estimated dynamic forces and moments, a rigorous
frame analysis should be performed. This analysis should consider the moments
produced by the axial load deflection P-delta effects) in determining the
sizes of individual elements. Several computer programs are available through
the repositories listed in Section 5-4. These programs have the capability of
performing a multi-degree-of-freedom, nonlinear, dynamic analysis of braced
and unbraced, rigid and nonrigid frames of one or more story structures.
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5-41. Trial Design of Single-Story Rigid Frames
5-41.1. Collapse Mechanisms

General expressions for the possible collapse mechanism of single-story rigid
frames are presented in Table 5-13 for pinned and fixed base frames subjected
to combined vertical and horizontal blast loads.

The objective of this trial design is to proportion the frame members such
that the governing mechanism represents an economical solution. For a
particular frame, the ratio of horizontal to vertical peak loading denoted by
a is influenced by the horizontal frame plan of the structure and is deter-
mined as follows:

a = q, /4y 5-49
where
qy = Pyby = peak vertical load on rigid frame

9 = Ppbp = peak horizontal load on rigid frame

Py = blast overpressure on roof
Ph = reflected blast pressure on front wall
b, = tributary width for vertical loading

by, = tributary width for horizontal loading

The orientation of the roof purlins with respect to the blast load directions
are shown in Figure 5-23. The value of a will usually lie in the range from
about 1.8 to 2.5 when the direction of the blast load is perpendicular to the
roof purlins. In this case, the roof purlins are supported by the frame and
the tributary width is the same for the horizontal and vertical load. The
value of @ is much higher when the direction of the blast load is parallel to
the roof purlins. In this case, the roof purlins are not supported by the
girder of the frame and the tributary width of the vertical loading (b, -
purlin spacing) is much smaller than the tributary width of the horizontal
loading (by, = frame spacing).

It is assumed in this procedure that the plastic bending capacity of the roof
girder, , 1s constant for all bays. The capacity of the exterior and
interior columns are taken as CM, and CiM_, respectively. Since the exterior
column is generally subjected to reflected pressures, it is recommended that a
value of C greater than 1.0 be selected. 1In analyzing a given frame with
certain member properties, the controlling mechanism is the one with the
lowest resistance. In design, however, the load is fixed and the required
design plastic moment is the largest Mp value obtained from all possible
mechanisms. For that purpose, C and C; should be selected so as to minimize
the value of the maximum required from among all possible mechanisms.
After a few trials, it will become obvious which choice of C and Cl tends to
minimize the largest value of Mp.
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5-41.2. Dynamic Deflections and Rotations

It will normally be more economical to proportion the members so that the
controlling failure mechanism is a combined mechanism rather than a beam
mechanism. The mechanism having the least resistance constitutes an accep-
table mode of failure provided that the magnitudes of the maximum deflections
and rotations do not exceed the maximum values recommended in Table 5-8.

5-41.3. Dynamic Load Factors

To obtain initial estimates of the required mechanism resistance, the dynamic
load factors listed in this section may be used to obtain equivalent static
loads for the indicated mechanisms. These load factors are necessarily
approximate and make no distinction for different end conditions. However,
they are expected to result in reasonable estimates of the required resistance
for a trial design. Once the trial member sizes are established, then the
natural period and deflection of the frame can be calculated.

It is recommended that the DLF for a beam collapse mechanism be equal to 1.25
while that for a panel or combined collapse mechanism be equal to 0.625. The
DLF for a frame is lower than that for a beam mechanism, since the natural
period of vibration in the sidesway mode will normally be much greater than
the natural periods of vibration of the individual elements.

5-41.4. Loads in Frame Members

Estimates of the peak axial forces in the girders and the peak shears in the
columns are obtained from Figure 5-24. 1In applying the values of Figure 5-24,
the equivalent horizontal static load shall be computed using the dynamic load
factor for a panel or combined sidesway mechanism.

Preliminary values of the peak axial loads in the columns and the peak shears
in the girders may be computed by multiplying the equivalent vertical static
load by the roof tributary area. Since the axial loads in the columns are due
to the reaction from the roof girders, the equivalent static vertical load
should be computed using the dynamic load factor for the beam mechanism.

5-41.5. Sizing of Frame Members

Each member in a frame under the action of horizontal and vertical blast loads
is subjected to combined bending moments and axial loads. However, the
phasing between critical values of the axial force and bending moment cannot
be established using a simplified analysis. Therefore, it is recommended that
the peak axial loads and moments cbtained from Figure 5-24 be assumed to act
concurrently for the purpose of trial beam-column design. The overall
resistance of the frame depends upon the ultimate strength of the members
acting as beam-columns.

When an exterior frame of a building is positioned such that the shock front
is parallel to frame, the loadings on each end of the building are equal and
sideways action will only occur in the direction of the shock wave propaga-
tion. Frame action will also be in one direction, in the direction of the
sidesway. If the blast wave impinges on a building from a quartering direc-
tion, then the columns and girders in the exterior frames are subjected to
biaxial bending due to the simultaneous loads acting on the various faces of
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the structure. This action will also cause sidesway in both directions of the
structure. The interior girders will usually be subjected to bending in one
direction only. However, interior columns may be subjected to either uniaxial
or biaxial bending, depending upon the column connections to the girder
system. In such cases, the moments and forces can be calculated by analyzing
the response of the frame in each direction and superimposing the respective
moments and forces acting on the individual elements. This approach is
generally conservative since it assumes that the peak values of the forces in
one direction occur simultaneously throughout the three-dimensional structure.

Having estimated the maximum values of the forces and moments throughout the
frame, the preliminary sizing of the members can be performed using the
criteria previously presented for beams and columns.

5-41.6. Stiffness and Deflection

The stiffness factor K for single-story rectangular frames subjected to
uniform horizontal loading is defined in Table 5-14. Considering an equiva-
lent single degree-of-freedom system, the sidesway natural period of this
frame is

Ty = 2m(mg /KKy )1/2 5-50

where K; is a load factor that modifies K, the frame stiffness, due to a
uniform load, so that the product KK; is the equivalent stiffness due to a

unit load applied at the equivalent lumped mass m,.

The load factor is given by
K = 0.55 (1 - 0.25B) 5-51

where B is the base fixity factor and is equal to zero and one for pinned base
and fixed base frames, respectively.

The equivalent mass m, to be used in calculating the period of a sidesway mode
consists of the total roof mass plus one-third of the column and wall masses.
Since all of these masses are considered to be concentrated at the roof level,
the mass factor, Ky is equal to one.

The limiting resistance R, is given by
R, = awH 5-52

where w is equal to the equivalent static uniform load based on the dynamic
load factor for a panel or combined sidesway mechanism.

The equivalent elastic deflection Xg corresponding to R, is

Knowing the sidesway resistance R, and the sidesway natural period of vibra-
tion T, the ductility ratio (i) for the sidesway deflection of the frame can
be computed using the dynamic response charts (Chapter 3). The maximum
deflection X is then calculated from
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Xp = BXg 5-54

where
K- ductility ratio in sidesway

5-42., Trial Design of Single-Story Frames with Supplementary Bracing
5-42.1. General

Frames with supplementary bracing can consist of (a) rigid frames in one
direction and bracing in the other direction, (b) braced frames in two direc-
tions with rigid connections, and (c) braced frames in two directions with
pinned connections. Most braced frames utilize pinned connections.

5-42.2. Collapse Mechanisms

The possible collapse mechanisms of single-story frames with diagonal tension
bracing (X-bracing) are presented in Tables 5-15 and 5-16 for pinned-base
frames with rigid and nonrigid girder-to-column connections, respectively. 1In
these tables, the cross sectional area of the tension brace is denoted by A,
the dynamic design stress for the bracing member is fj,, and the number of
braced bays is denoted by the parameter m. 1In each case, the ultimate
capacity of the frame is expressed in terms of the equivalent static load and
the member ultimate strength (either or Apfy.). In developing these
expressions in the tables, the same assumptions were made as for rigid frames,
i.e., for the roof girder is constant for all bays, the bay width L is
constant, and the column moment capacity coefficient C is greater than 1.0.

For rigid frames with tension bracing, it is necessary to vary C, Cj, and A
in order to achieve an economical design. When nonrigid girder to column
connections are used, C and C, drop out of the resistance function for the
sidesway mechanism and the area of the bracing can be calculated directly.

5-42.3. Bracing Ductility Ratio

Tension brace members are not expected to remain elastic under the blast
loading. Therefore, it is necessary to determine if this yielding will be
excessive when the system is permitted to deflect to the limits of the design
criteria previously given.

The ductility ratio associated with tension yielding of the bracing is defined
as the maximum strain in the brace divided by its yield strain. Assuming
small deflections and neglecting axial deformations in the girders and
columns, the ductility ratio is given by

p = & (cos?y) E/Lf4 5-55
where
o= ductility ratio
6 = sidesway deflection, inches
Y - vertical angle between the bracing and a horizontal plane
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are maximum slenderness requirements for the frame members. In general,
values of Ay of about 2 square inches will result in a substantial increase ir
the overall resistance for frames with rigid connections. Hence, an assumed
brace area in this range is recommended as a starting point. The design of
the beams and columns of the frames follow the procedures previously present-
ed.
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Figure 5-23 Orientation of roof purlins with respect to blast load
direction for frame blast loading
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Estimates of peak shears and axial loads in rigid

frames due to horizontal loads
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Figure 5-25 Estimates of peak shears and axial loads in braced
frames due to horizontal loads
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Table 5-13 Collapse Mechanisms for Rigid Frames with Fixed and

Pinned Bases
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Table 5-14 Stiffness Factors for Single Story, Multi-bay Rigid
Frames Subjected to Uniform Horizontal Loading

- EI
IFFNESS FACTOR K= --¢d C_. - -
STIFFNESS OR =3 C, [1+(o.7 0.18)(n |)_'l
NUMBER OF BAYS Ig

BASE FIXITY FACTOR! HI
Ig /7L

Ica (0.75+0.258) /H

n

B

N

o

Ica= AVERAGE COLUMN MOMENT
OF INERTIA= S Ic /(n+1)

Co
D
B=1.0 |B=05%|B=0
025 | 26.7 149 3.06
0.50 | 32.0 17.8 | 4.65
100 | 37.3 | 206 6.04

% VALUES OF Co ARE APPROXIMATE FOR THIS B
t B =10 FORFIXED BASE
=0.0 FOR HINGED BASE

WHERE:

E= MODULUS OF ELASTICITY(PSI)
Icarlg) Ic = MOMENT OF INERTIA(IN4)

H= HEIGHT (FEET)
L = BAY LENGTH(FEET)
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Table 5-15 Collapse Mechanisms for Rigid Frames with Supplementary
Bracing and Pinned Bases

COLLAPSE MECHANISM PLASTIC MOMENT Mp
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Table 5-16 Collapse Mechanisms for Frames with Supplementary
Bracing, Nonrigid Girder-to-Column Connections and
Pinned Bases

F

COLLAPSE MECHANISM ULTIMATE CAPACITY RTAYN,','SG
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CONNECTIONS
5-43. General

The connections in a steel structure designed in accordance with plastic
design concepts must fulfill their function up to the ultimate load capacity
of the structure. In order to allow the members to reach their full plastic
moments, the connections must be capable of transferring moments, shears and
axial loads with sufficient strength, proper stiffness and adequate rotation
capacity.

Connections must be designed with consideration of economical fabrication and
ease of erection. Connecting devices may be rivets, bolts, welds, screws or
various combinations thereof.

5-44. Types of Connections

The various connection types generally encountered in steel structures can be
classified as primary member connections, secondary member connections and
panel attachments. Primary member connections are corner frame, beam-to-
column, beam-to-girder and column base connections as well as splices.
Secondary member connections are purlin-to-frame, girt-to-frame and bracing
connections. Panel attachments are roof-to-floor panel and wall siding
connections.

Primary member connections refer to those used in design and construction of
the framing of primary members. They generally involve the attachment of hot-
rolled sections to one another, either to create specific support conditions
or to achieve continuity of a member or the structure. In that respect,
connections used in framing may be classified into three groups, namely,
rigid, flexible (nonrigid) and semirigid, depending upon their degree of
restraint which is the ratio of the actual end moment that may be developed to
the end moment in a fully fixed-ended beam. Approximately, the degree of
restraint is generally considered as over 90 percent for rigid connections,
between 20 to 90 percent for semirigid connections and below 20 percent for
flexible connections.

It should be mentioned that the strength and rotation characteristics of
semirigid connections are dependent upon the properties of the intermediate
connection elements (angles, plates, tees) and thus, are subject to much
variation. Since semirigid structural analyses are seldom undertaken due to
their great complexity, no further details on semirigid connections will be
given here.

Secondary member connections are used to fasten members such as purlins, girts
or bracing members to the primary members of a frame, either directly or by
means of auxiliary sections such as angles and tees.

Basic requirements for primary and secondary member connections, as well as
general guidelines for proper design, are presented in Sections 5-45 and 5-46.
In addition, dynamic design stresses to be used in the selection and sizing of
fastening devices are given in Section 5-47,

Panel attachments are used to attach elements of the skin or outer shell of an
installation as well as floor and wall panels to the supporting skeleton.
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Connections of this type are distinguished by the fact that they fasten rela-
tively thin sheet material to one another or to heavier rolled sections. Roof
decks and wall siding have to withstand during their lifetime (apart from
accidental blast loads) exposure to weather, uplift forces, buffeting and
vibration due to winds, etc. For this reason, and because of their widespread
use, special care should be taken in design to ensure their adequate behavior.
Some basic requirements for panel connections are presented in Section 5-48.

5-45. Requirements for Main Framing Connections

The design requirements for frame connections may be illustrated by consider-
ing the behavior of a typical corner connection as shown in Figure 5-26. Two
members are joined together without stiffening of the corner web. Assuming
that the web thickness is insufficient, the behavior of the connection is
represented by Curve 1 which shows that yielding due to shear force starts at
a relatively low load. Even though the connection rotates past the required
hinge rotation, the plastic moment is not reached. 1In addition, the
elastic deformations are also larger than those assumed by the theoretical
design curve.

A second and different connection may behave as indicated by Curve 2.
Although the elastic stiffness is satisfactory and the maximum capacity
exceeds , the connection failed before reaching the required hinge rotation
and thus, is unsatisfactory.

These considerations indicate that connections must be designed for strength,
stiffness and rotation capacity. They must transmit the required moment,
shear and axial load, and develop the plastic moment Mp of the members.

Normally, an examination of a connection to see if it meets the requirements
of stiffness will not be necessary. Compared to the total length of the
member, the length of the connection is small, and, if the connection is
slightly more flexible than the member which it joins, the general effect on
the structural behavior is not great. Approximately, the average unit
rotation of the connecting zone should not exceed that of an equivalent length
of the members being joined.

Of equal importance with the strength of the connection is an adequate reserve
of ductility after the plastic moment has been attained. Rotation capacity at
plastic hinge locations is essential cto the development of the full ultimate
load capacity of the structure.

5-46. Design of Connections

It is not the intent of this section to present procedures and equations for
the design of the various types of connections likely to be encountered in the
blast-resistant design of a steel structure. Instead, the considerations
necessary for a proper design will be outlined.

After completion of the dynamic analysis of the structure, the members are
sized for the given loadings. The moments, shears, and axial loads at the
connections are known. Full recognition must be given to the consideration of
rebound or stress reversal in designing the connections. Additionally, in
continuous structures, the maximum values of P, M, and V may not occur
simultaneously and thus, several combinations may have to be considered.
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With rigid connections such as a continuous column-girder intersection, the
web area within the boundaries of the connection should meet the shear stress
requirements of Section 5-23. If the web area is unsatisfactory, diagonal
stiffeners or web doubler plates should be provided.

Stiffeners will normally be required to prevent web crippling and preserve
flange continuity wherever flange-to-flange connections occur at columns in a
continuous frame. Web crippling must also be checked at points of load
application such as beam-girder intersections. In these cases, the require-
ments of Section 5-25 of this chapter and Sections 1.10.5 and 1.10.10 of the
AISC Specification must be considered.

Since bolted joints will develop yield stresses only after slippage of the
members has occurred, the use of friction-type bolted connections is not
recommended.

5-47. Dynamic Design Stresses for Connections

In accordance with Section 2.8 of the AISC Specification, bolts, rivets and
welds shall be proportioned to resist the maximum forces using stresses equal
to 1.7 times those given in Part 1 of the Specification. Additionally, these
stresses are increased by the dynamic increase factor specified in Section 5-
12.2; hence,

fq = 1.7cfyg 5-63
where fy = the maximum dynamic design stress for connections
c = the dynamic increase factor Figure 5-2 or Table 5-2)

fg the allowable equivalent static design stress of the bolt,
rivet, or weld

Rather than compiling new tables for maximum dynamic loads for the various
types of connections, the designer will find it advantageous to divide the
forces being considered by the factor 1.7c and then to refer to the allowable
load tables in Part 1 of the AISC Specification.

5-48. Requirements for Floor and Wall Panel Connections

Panel connections, in general, can be considered either panel-to-panel connec-
tions, or panel-to-supporting-frame connections. The former type involves the
attachment of relatively light-gage materials to each other such that they act
together as an integral unit. The latter type is generally used to attach
sheet panels to heavier cross sections.

The most common type of fastener for decking and steel wall panels is the
self-tapping screw with or without washer. Even for conventional design and
regular wind loading, the screw fasteners have often been the source of local
failure by tearing the sheeting material. It is evident that under blast
loading and particularly on rebound, screw connectors will be even more
vulnerable to this type of failure. Special care should be taken in design to
reduce the probability of failure by using oversized washers and/or increased
material thickness at the connection itself.
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Due to the magnitude of forces involved, special types of connectors, as shown
in Figure 5-27, will usually be necessary. These may consist of self-pierc-
ing, self-tapping screws of larger diameters with oversized washers, puddle
welds or washer plug welds, threaded connectors fired into the elements to be
attached, or threaded studs, welded to the supporting members, which fasten
the panel by means of a special arrangement of bushing and nut.

Apart from fulfilling their function of cladding and load-resisting surfaces,
by carrying loads perpendicular to their surface, floor, roof and wall, steel
panels can, when adequately connected, develop substantial resistance to in-
plane forces, acting as diaphragms contributing a great deal to the overall
stiffness and stability of the structure. As a result, decking connections
are, in many cases, subjected to a combination of shearing forces and pull-out
forces. It is to be remembered also that after the panel has deflected under
blast loading, the catenary action sustained by the flat sheet of the decking
represents an important reserve capacity against total collapse. To allow for
such catenary action to take place, connectors and especially end connectors
should be made strong enough to withstand the membrane forces that develop.
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FRAGMENT PENETRATION
5-49. Penetration of Fragments into Steel
5-49.1, Failure Mechanisms

In deriving a prediction equation for the penetration and perforation of steel
plates, it is important to recognize the failure mechanisms. The failure mode
of primary concern in mild to medium hard homogeneous steel plates subjected
to normal impact is ductile failure. In this mode, as the missile penetrates
the plate, plastically deformed material is pushed aside and petals or lips
are formed on both the front and back faces with no material being ejected
from the plate. For plates with Brinell hardness values above 300, failure by
"plugging" is a strong possibility. In this brittle mode of failure, a plug
of material is formed ahead of the penetrating missile and is ejected from the
back side of the plate. A third mode of failure is disking or flaking, in
which circular disks or irregular flakes are thrown from the back face. This
type of failure is mainly a concern with plates of inferior quality steel and
should not, therefore, be a common problem in the design of protective
structures.

5-49.2. Primary Fragment Penetration Equations

1n protective design involving primary fragments, a penetration equation is
required which yields reliable estimates corresponding to the standard primary
fragment illustrated in figure 4-77 of Chapter 4. These design equations
consider only normal penetration which is critical for the design of protec-
tive structures. These equations apply to penetration into mild steel and are
conservative for plates with a Brinell hardness value above 150. Steel
penetration equations in design for primary fragment impact are expressed in
the following forms:

For AP steel fragments penetrating mild steel plates,
x = 0.30 wg0-33 y 1.22 5-64

and for mild steel fragments penetrating mild steel plates,

x = 0.21 w033 y 1.22 5-65
where
X = depth of penetration (in.)
We = fragment weight (o0z.)

Vg = striking velocity of fragment (kfps)

Charts for steel penetration by primary fragments according to these equations
are presented in figures 5-28 and 5-29.

To estimate the penetration of metal fragments other than armor piercing, the

procedures outlined in Section 4-60.3 of Chapter 4 are entirely applicable to
steel plates.
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5-49.3. Residual Velocity After Perforation of Steel Plate

The penetration equations presented in Section 5-49.2 may be used for predict-
ing the occurrence of perforation of metallic barriers and for calculating the
residual fragment velocity after perforation.

For normal impact of a steel fragment, with the shape illustrated in figure 4-
77 of Chapter 4, the equation for residual velocity is

2,1/2

V. Vg = (1 - (v, V)22 /4 e/a) 5-66
where vV, = residual velocity
Vg = striking velocity

Vg = critical perforation velocity for the fragment of impacting

the plate of thickness t (see explanation below)

d = diameter of cylindrical portion of fragment (in.), as illus-
trated in figure 4-77 of Chapter 4

The value of V. is determined from Figure 5-28 or 5-29 by substituting the
plate thickness t for the penetration depth x and reading the corresponding
value of striking velocity, V.. This striking velocity becomes the critical
perforation velocity, V.. A plot of the residual velocity equation for a
range of t/d ratios is presented in Figure 5-30.

Multiple plate penetration problems may be analyzed by the successive applica-
tion of Equations 5-64 or 5-65 for predicting the depth of penetration and
Equation 5-66 for calculating the residual velocity upon perforation of the
plate. In addition, composite construction, consisting of concrete walls with
attached spall plates, can be analyzed for fragment impact by tracing the
motion of the fragment through each successive layer. The striking velocity
of the fragment upon each intermediate layer is the residual fragment velocity
after perforation of the previous layer. The conservative assumptions are
made that the fragment remains intact during the penetration and that it does
not deviate from a straight line path as it crosses the interface between the
different media.
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TYPICAL DETAILS FOR BLAST-RESISTANT STEEI. STRUCTURES
5-50. General

This section presents several examples of typical framing connections,
structural details and blast doors used in industrial installations designed
to resist accidental blast loadings. This section is intended to augment
those details presented in prior sections of this chapter.

5-51. Steel Framed Buildings

Such buildings are often rectangular in plan, two or three bays wide and four
or more bays long. Figure 5-31 shows an example of a typical framing plan for
a single-story building designed to resist a pressure-time blast loading
impinging on the structure at an angle with respect to its main axes. The
structural system consists of an orthogonal network of rigid frames. The
girders of the frames running parallel to the building length serve also as
purlins and are placed, for ease of erection, on top of the frames spanning
across the structure’s width.

Figures 5-32 to 5-35 present typical framing details related to the general
layout of Figure 5-31. As a rule, the columns are fabricated without splices,
the plate covers and connection plates are shop welded to the columns, and all
girder to column connections are field bolted. A channel is welded on top of
the frame girders to cover the bolted connectiocns and prevent (avoid) inter-
ference with the roof decking. All of the framing comnections are designed to
minimize stress concentrations and to avoid tyiaxial strains. They combine
ductility with ease of fabrication.

5-52. Cold-formed, Light Gage Steel Panels

Figure 5-36 shows typical cross sections of cold-formed, light gage steel
panels commonly used in industrial installations. The closed sections, which
are composed of a corrugated hat section and a flat sheet, are used to resist
blast pressures in the low pressure range, whereas the open hat section is
recommended only for very low pressure situations as siding or roofing
material. A typical vertical section illustrates the attachment of the steel
paneling to the supporting members. Of particular interest is the detail at
the corner between the exterior wall and the roof, which is designed to
prevent peeling of the decking that may be caused by negative pressures at the
roof edge.

Figure 5-37 gives some typical arrangements of welded connections for attach-
ing cold-formed steel panels to their supporting elements. Type A refers to
an intermediate support whereas Type B refers to an end support. It is
recommended that the diameter of puddle welds be 3/4 of an inch minimum and
should not exceed 1-1/2 inches because of space limitations in the panel
valleys. For deeper panels, it is often necessary tc provide two rows of
puddle welds at the intermediate supports in order to resist the uplift forces
in rebound. It should be noted that welds close tu the hooked edge of the
panel are recommended to prevent lifting of adjacent panels.

Figure 5-38 shows an arrangement of bolted connectiovns for the attachment of
cold-foruwed steel panels to the structural framing. The bolted conre tion
consists of: a threaded stud resistance welded to the supporting memk r, a
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square steel block with a concentric hold used as a spacer, and a washer and
nut for fastening. Figure 5-39 presents a cross section of that connection
with all the relevant details along with information pertaining to puddle
welds.

5-53. Blast Doors

Figures 5-40 and 5-41 show details of single-leaf and double-leaf blast doors,
respectively. Figure 5-40 presents a single-leaf door installed in a steel
structure. The design is typical of doors intended to resist relatively low
pressure levels, It is interesting to note that the door is furnished with
its tubing frame to ensure proper fabrication and to provide adequate stiff-
ness during erection. In Figure 5-41, the double-leaf door with its frame is
installed in place and attached to the concrete structure. In both figures
details of hinges, latches, anchors, and panic hardware are illustrated. It
should be noted that the pins at the panic latch ends are made of aluminum in
order to eliminate the danger of sparking, a hazard in ammunition facilities
which might arise from steel-on-steel striking.

Figure 5-42 shows details of compression arch and tension arch doors. The
tension arch door requires compression ties to develop the compression
reactions for the arch and to prevent the door from being blown through the
opening. The compression arch door requires a tension tie plate to develop
the reactions and to prevent large distortions in the door that may bind it in
place.
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This appendix presents detailed design procedures and numerical examples on
the following toplecs:

1. Flexural elements subjected to pressure-time loading
2. Lateral bracing requirements

3. Cold-formed steel panels

4, Columns and beam-columns

5. Open-web joists

6. Single-story rigid frames

7. Blast doors

8. Unsymmetrical bending

References are made to the appropriate sections of this chapter and to charts,
tables, and equations from Chapter 3 "Principles of Dynamic Analysis".

Problem 5A-1 Design of Beams for Pressure-Time Loading

Problem: Design of a purlin or girt as a flexural member which responds to
a pressure-time loading.

Procedure:
Step 1. Establish the design parameters:
a. Pressure-time load
b. Design criteria: Maximum support rotation, O, depending on
protection category.
c. Span length, L, beam spacing, b, and support conditions.
d. Properties and type of steel used, i.e., fy and E.
Step 2. Determine the equivalent static load, w, using the following
preliminary dynamic load factors as discussed in Section 5-22.3.
1.0 for 8 = 2°
DLF =
0.5 for 8 = 12°
Step 3. Using the appropriate resistance formula from Table 3-1 and the
equivalent static load derived in Step 2, determine Mp.
Step 4. Select a member size using equation 5-7 or 5-8. Check the local

buckling criteria of Section 5-24 for the member chosen.
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Step 5. Determine the mass, m, including the weight of the decking over a
distance center-to-center of purlins or girts, and the weight of
the members.

Step 6. Calculate the equivalent mass M, using Table 3-12 (Chapter 3).

Step 7. Determine the equivalent elastic stiffness Kp from Table 3.1.

Step 8. Calculate the natural period of vibration, Ty, using equation 5-
15.

Step 9. Determine the total resistance, , and peak pressure load, P.

Enter appropriate chart in Section 3-19.3 with the ratios T/Ty and
P/R,, and the values of C;, and C, in order to establish the
ductility ratio u.

Step 10. Check the assumed DIF used in Step 4. Enter the response charts
with the ratio T/Ty and 4 and to determine tg. Using equation 5-
1, determine the strain rate. Using figure 5-2, determine the DIF
and C. If there is a significant difference from that assumed,
repeat Steps 4 through 9.

Step 11. Calculate the equivalent elastic deflection Xg as given by the
equation
Xg = Ry/Kg
and establish the maximum deflection X given by
Xy = HXg

Compute the corresponding member end rotation. Compare ©
with the criteria summarized in Section 5-35.

tan © = X /(L/2)
Step 12, Check for shear using equation 5-16 and Table 3-9.

Step 13. If a different member size is required, repeat Steps 2 through 12
by selecting a new dynamic load factor.

Example 5A-1 Design of a Beam for Pressure-Time Loading

Required: Design a simply supported beam for shear and flexure in a low
pressure range where personnel protection is required.

Step 1. Given:

a. Pressure-time loading (Figure 5A-1)
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b. Criteria: Personnel protection required. Support rotation
limited to 2°.

c. Structural configuration (Figure 5A-1).
d. £y =36 ksi, E = 30 x 103 ksi, A36 steel
e. Compression flanged braced.
4
i
Eg 6.5 psi
17 Y
w
o
o
-
spacing b-4.5 TIME 40ms
Figure 5A-1 Beam configuration and loading, Example 5A-1
Step 2. Determine the equivalent static load (i.e., required resistance).

For this pressure range, the equivalent static load is assumed
equal to the peak pressure (Section 5-22.3). The running load
becomes:

w=1.0x6.5x4.5x 14471000 = 4.21 k/ft

Step 3. Determine required Mp.
wLZ  4.21 x 172
Mp - - = 152.1 k-ft (Table 3-1)
8 8
Step 4. Select a member.
2Mp 2 x 152.1 x 12
(S + 2) = - - 71.4 in3 (Equation 5-7)
f4s 51.1
where
fds = aXxcx fy =1.1x1.29 x 36 = 51.1 ksi (Equation 5-2)
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Step 5.

Step 6.

Step 7.

Step 8.

where
a=1.1 from Section 5-13.2

c = 1.29 corresponding to a DIF in the low
pressure range (see Table 5-2)

Select W12 x 26, S = 33.4 {n3 I = 204 in®
Z =37.2 in3
S+2Z =70.6 in3

My = (70.6 x 51.1)/(2 x 12) = 150.3 k-ft
Check local buckling criteria.
d/t, = 53.1 < 412/(fy)1/2 - 68.7 0.K. (Equation 5-17)
bg/2ty = 8.5 O.K. (Section 5-24)
Calculate M.

wL  [(4.5 x 4.8) + 26] (17 x 10%)

M- - - 25,130 (k-ms?)/ft
g 32.2 x 1000

Calculate the effective mass, M
plastic range.

e’ for a response in the elasto-

Kiy = (0.78 + 0.66)/2 = 0.72 (Table 3-12)
M, = 0.72 x 25,130 = 18,100 k-ms2/ft
Determine KE.

384 EI 384 x 30 x 103 x 204

KE - - - 664 k/ft (Table 3-8)
5.3 5 x 173 x 144

Calculate TN.

Ty = 2m(M/Kp) /2 = 2m(18,100/664)1/2 (Equation 5-15)
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Step 9.

Step 10.

Step 11.
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Establish the ductility ratio u and compare with the eriteria.
T/Ty = 40/32.8 = 1.22
6.5 x 17 x 4.5 x 144

P=pxLxbe = 71.6 kips
1000

R, = 8Mp/L - (8 x 150.3)/17 = 70.7 kips
P/R, = 71.6/70.7 = 1.01

From figure 3-64a,

b= X, /Xg =21

At this point, the designer would check lateral bracing require-
ments. Sample problem 5A-2 outlines this procedure.

Check the assumed DIF.

From Table 3-64a, for P/Ru = 1.01 and T/TN - 1.22,
tg/T = 0.24

tg = 0.24 x 40 = 9.6 ms

Find é :

€ = f4./Egtg = 51.1/30 x 103 x .0096 = 0.177 in/in/sec
(Equation 5-1)

From figure 5-2
DIF = 1,31 = 1.29 0.K.
Determine XE:

Xg = Ry/Kg = (70.7 x 12)/664 = 1.28 inch
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Find X :
Xp = UWXg = 2.1 x 1.28 = 2.69 inches
Find end rotation, ©.
tan 8 = X /(L/2) = 2.69/(8.5 x 12) = 0.0264 (Table 3-5)
® =1.52° < 2° O.K.
Step 12. Check shear.
Dynamic yield stress in shear
fyy = 0.55 fds = 0.55 x 51.1 = 28.1 ksi (Equation 5-4)
Ultimate shear capacity
Vp - f4y X A, = 28.1 x 0.23 x 12 = 77.6 kips (Equation 5-16)
Maximum support shear

Vg = r, x L/2 = Ry/2 = 70.7 /2 = 35.4 kips (Table 3-9)

Problem 5A-2 Spacing of Lateral Bracing

Problem: Investigate the adequacy of the lateral bracing specified for a
flexural member.

The design procedure for determining the maximum permissible
spacing of lateral bracing is essentially a trial and error
procedure if the unbraced length is determined by the consider-
ation of lateral torsional buckling only. However, in practical
design, the unbraced length is usually fixed by the spacing of
purlins and girts and then must be investigated for lateral
torsional buckling.

Procedure:
Step 1. Establish design parameters.

a. Bending moment diagram obtained from a design analysis.
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Step 2.

Step 3.

Step 4.

Required:

Step 1.

Step 2.

Step 3.
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b. Unbraced length, 1, and radius of gyration of the member,
ty, about its weak axis.

c. Dynamic design strength, fds' (Section 5-13)

d. Design ductility ratio, 4, from a design analysis.

From the moment diagram, find the end moment ratio, M/M,, for each

segment of the beam between points of bracing. (Note that the end
moment ratio is positive when the segment is bent in reverse
curvature and negative when bent in single curvature).

Compute the maximum permissible unbraced length, 1,., using
equation 5-20 or 5-21, as applicable. Since the spacing of
purlins and girts is usually uniform, the particular unbraced
length that must be investigated in a design will be the one with
the largest moment ratio. The spacing of bracing in nonyielded
segments of a member should be checked against the requirements of
Section 1.5.1.4.5a of the AISC Specification (see Section 5-26.3).

The actual length of a segment being investigated should be less
than or equal to 1,,.

Example 5A-2 Spacing of Lateral Bracing

Investigate the unbraced lengths shown for the W10 x 39 beam in
figure 5A-2.

Given:

a. Bending moment diagram shown in figure 5A-2.

b. Unbraced length (each segment) = 36 inches
ry = 1.98 inches

c. Dynamic design stress = 51.1 ksi

d. Design ductility ration, 4 = 5.

The moment ratio is -0.5 for segments BC and CD (single curvature)
and 0.5 for segments AB and DE (double curvature).

Determine the maximum permissible unbraced length. By inspection,
equation 5-21 results in the lower value of 1., .

81, 1375

b o fds
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3¢ _, 3¢ ., 36 .. 36
-Mp 1 -Mp A,E SUPPORTS
W10X39
| B;-f"’ BRACING
A 5 = 5 E LOCATIONS
Mp

Figure S5A-2 Bending moment diagram, Example 5A-2

From figure 5-9 for x,/xg =5, B =~ 1.36

. 1375 x 1.98
R - 39.2"
1.36 x 51.1
Step 4. Since the actual unbraced length is less than 39.2 inches, the

spacing of the bracing is adequate.

Problem 5A-3 Design a Roof Deck as a Flexural Member which Responds
to Pressure-Time Loading

Problem: Design of cold-formed, light gauge steel panels subjected to
pressure-time loading.
Step 1. Establish the design parameters:
a. Pressure-time loading
b. Design criteria: Specify values of U and 8 depending upon
whether tension-membrane action is present or not.
c. Span length and support conditions
d. Mechanical properties of steel
Step 2. Determine an equivalent uniformly distributed static load for a 1-
ft width of panel, using the following preliminary dynamic load
factors.
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Step

Step

Step

Step

Step

Step

Step

Step

10.
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Tension-membrane Tension-membrane
action not present action present
DLF 1.33 1.00

These load factors are based on an average value of T/Ty = 10.0
the recommended design ductility ratios. They are derived using
figure 3-64 of Chapter 3.

Equivalent static load w= DLF x p X b
b=1ft

Using the equivalent load derived in step 2, determine the
ultimate moment capacity using equation 5-29 or 5-30 (assume
positive and negative are the same).

Determine required section moduli using equation 5-27 or 5-28.
Select a panel.

Determine actual section properties of the panel:

st, 57, I,0, w.

Compute r,,, the maximum unit resistance per 1l-ft width of panel
using equation 5-29 or 5-30.

Determine the equivalent elastic stiffness, Kg = r L/Xp, using
equation 5-31.

Compute the natural period of vibration.
Ty = 2 @ (0.74 mL/Kg)l/2 (Equation 5-32)

Calculate P/r, and T/Ty. Enter figure 3-64 with the ratios P/r,
and T/Ty to establish the actual ductility ratio u.

Compare @ with the criteria of step 1. If 4 is larger than the
criteria value, repeat steps 4 to 9.

Compute the equivalent elastic deflection Xp using Xp = r L/Kg.
Evaluate the maximum deflection, X = uXg.

Determine the maximum panel end rotation.
8 = tan"! [X,/(1/2)]

Compare B with the criteria of step 1. If © is larger than
specified in the criteria, select another panel and repeat steps 5
to 10,
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Step 1l. Check resistance in rebound using figure 5-13.

Step 12. Check panel for maximum resistance in shear by applying the
criteria relative to:

a. Simple shear, Table 5-5a, 5-6a or 5-7a.
b. Combined bending and shear, Table 5-5b, 5-6b or 5-7b.
c. Web crippling, figures 5-15 or 5-16.

If the panel is inadequate in shear, select a new member and
repeat steps 4 to 12.

Example 5A-3 Design a Roof Deck as a Flexural Member which Responds
to Pressure-Time Loading

Required: Design a continuous cold-formed steel panel in a low pressure
range.

Step 1. Given:
a. Pressure-time loading (figure 5A-3).

b. Criteria: (Tension-membrane action present)

maximum ductility ratio =6

u’max

]
maximum rotation emax -4

c. Structural configuration figure 5A-3.
d. Steel A446, grade a
E =30 x 10° psi

fgg —axcx f,=1.21 x 1.1 x 33,000 = 44,000 psi

y (Equation 5-26)

Step 2. Determine the equivalent static load.
Say DLF = 1.0

w=DLFxpxb=10x5.0=x12x 12 = 720 1b/ft

Step 3. Determine required ultimate moment capacities. For preliminary
selection, assume

Myp = My = WL2/10.8 = 720 x (4.5)%/10.8 = 1,350 1b-ft
(Equation 5-30)
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:
S |5.0psi
v
2
w
1 o
A A A A P o
2-0" 1" —
- —1 40ms
- - 2 TIME
4-6" | 4-6" - 4-6" .
g N o o
Figure 5A-3 Roof decking configuration and loading, Example 5A-3
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Step 4.

Step 5.

Step 6.

Step 7.

Step 8.

Determine required section moduli.

st = 8™ = (1350 x 12)/44,000 = 0.368 in3
(Select Sec. 3-18, 1-1/2 inches deep)
Determine actual section properties.

For manufacturer’'s guide:

s* = 0.398 in3

S™ = 0.380 in3
A
120 - 0.337 in

w=2.9 psf

Compute maximum unit resistance r,.

Myn = (44,000 x 0.398)/12 = 1,459 1b-ft (Equation 5-27)
M = (44,000 x 0.380)/12 = 1,393 1b-ft (Equation 5-28)
3.6

Ty = 3.6 (M + 24,,)/1% - (1,393 + 2 x 1,459) = 766 lb/ft
4.5

(Equation 5-30)
Determine equivalent static stiffness.

ruL E120 X ru X L EIZO

Kg = - ; - 3 (Equation 5-31)
Xg 0.0062 x r, x L 0.0062 L

306x 10 x 0.337

- 124,260 1b/ft
0.0062 (4.53) x 144

Compute the natural period of vibration for the 1-ft width of
panel.

mL = w/g = (2.9 x 10% x 4.5)/32.2 = 4.05 x 10° 1b-ms2/ft
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Step 9.

Step 10.

Step 11.

Step 12.
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Ty = 2x[(0.74 x 4.05 x 105)/124,260]1/2 = 9.75 msec
Calculate P/r,, and T/Ty

P=pxb=50=x12x 12 = 720 1b/ft

P/r, = 720/766 = 0.94

T/Ty = 40/9.75 = 4.10

Entering figure 3-64a with these values.

Xp/Xg = 3.5 < 6 0.K.

Check maximum deflection and rotation.

Xg = r L/Kg = 766 x 4.5/124,260 = 0.028 ft

Xp = 3.5 X = 0.098 ft

® - tan"! [X /(L/2)] = tan"1[0.098/2.25] = 2.5 < 4"

Check resistance in rebound.

0.K.

From figure 5-13, r /r = 0.33; 0.K. since available maximum
elastic resistance in rebound is approximately equal to that under

direct loading.

Check resistance in shear.

a. Interior support (combined shear and bending).

dynamic shear capacity of a 1-ft width of panel:

h = (1.500 - 2t) inches, t = 0.048 inch

= 1.500 - 0.096 = 1.404 inches

h/t = 1.404/0.048 = 29.25 = 30

5A-13
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fyy = 10.84 ksi (Table 5-5)
Total web area for 1-ft width of panel:

(8 x h x t)/2 = 4 x 1.404 x 0.048 = 0.270 in®

Vy =~ 0.270 x 10.84 ~ 2.92 k = 2,922 1b

Determine maximum dynamic shear force:

The maximum shear at an interior support of a continuous
panel using limit design is:

Vpax = 0.55 r,L = 0.55 x 766 x 4.5 = 1,896 1b
- 1,896 1b < 2,922 1b 0.K.
b. End support (simple shear)

Determine dynamic shear capacity of a 1-ft width of panel:

For h/t £ 57, f4, = 0.50 f4, = 0.5 x 44.0 = 22.0 ksi
(Table 5-5a)

Vy = 0.270 x 22,000 = 5,940
Determine maximum dynamic shear force:

The maximum shear at an end support of a continuous panel
using limit design is

Vmax = 0.45 x ry, x L = 0.45 x 766 x 4.5
= 1,551 1b < 5,940 1b 0.K.
c. Web crippling (4 webs per foot)
End support (N = 2-% inches)

Q, = 1,200 x 4 -~ 4,800 1b > 1,551 O.K. (figure 5-15)
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Problem:

Procedure:
Step 1.

Step 2.

Step 3.

Step 4.

Step 5.
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Interior support (N = 5 inches)

Q, = (2,400 x 4)/2 = 4,800 1b > 1,896 O.K. (figure 5-16)
Problem 5A-4 Design of Columns and Beam-Columns

Design a column or beam-column for axial load combined with

bending about the strong axis.

Establish design parameters.

a. Bending moment M, axial load P, and shear V are obtained
from either a preliminary design analysis or a computer
analysis.

b. Span length 1 and unbraced lengths 1, and 1y.

c. Properties of structural steel:

Minimum yield strength fy
Dynamic increase factor c (Table 5-2)
Dynamic design strength f; (Equation 5-2)

Select a preliminary member size with a section modulus S such
that S 2 M/f;; and bg/2ty complies with the structural steel being
used (Section 5-24).

Calculate P, (Section 5-24) and the ratio P/P,. Using either
equation 5-¥7 or 5-18, determine the maximum allowable d/t, ratio
and compare it to that of the section chosen. If the allowable
d/t, ratio is less than that of the trial section, choose a new

trial section.

Check the shear capacity of the web. Determine the web area A,
(Section 5-23) and the allowable dynamic shear stress fav
(equation 5-4). Calculate the web shear capacity V_ (equation 5-
16) and compare to the design shear V. If inadequate, choose a

new trial section and return to Step 3.

Determine the radii of gyration, r, and r,, and plastic section
modulus, Z, of the trial section from the’ AISC Handbook.
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Step 6. Calculate the following quantities using the various design
parameters:
a. Equivalent plastic resisting moment
Mp = deZ (Equation 5-8)
b. Effective slenderness ratios Kl,/r, and Kly/r For the

effective length factor K, see Section 1.8 ofythe Commentary
on the AISC Specification and Section 5-38.

c. Allowable axial stress F, corresponding to the larger value
of Kl/r.

d. Allowable moment M from equation 5-47 or 5-48.

e. F', and "Euler” buckling load P, (Section 5-37.3).

f. Plastic axial load (Section 5-37.3) and ultimate axial load
P, (equation 5-42).

g. Coefficient Cj (Section 1.6.1 AISC Specification).

Step 7. Using the quantities obtained in Step 6 and the applied moment M

and axial load P, check the interaction formulas (equations 5-44
and 5-45). Both formulas must be satisfied for the trial section
to be adequate.

Example 5A-4 (a) Design of a Roof Girder as a Beam-Column

Required: Design a fixed-ended roof girder in a framed structure for
combined bending and axial load in a low pressure range.

Step 1. Given:

a. Preliminary computer analysis gives the following values for
design:
M, = 115 ft-kips
My =0
P = 53.5 kips
V = 15.1 kips

b. Span length 1, = 17'-0"
Unbraced lengths 1, = 17'-0" and 1, = 17'-0"

y
c. A36 structural eteel
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Step 2.

Step 3.

Step 4.
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fy = 36 ksi
c=1.29 (Table 5-2)
a=1.1 (Section 5-12.1)

. fgg=cxaxf, =129 x1.1x 36 =51.1 ksi (Equation 5-2)

s y

S = My/fqq = 115 (12)/51.1 = 27.0 in3

Try W 12 x 30 (S = 38.6 inJ)

A= 8.79 in? d/t, = 47.5
bg/2ty = 7.4 < 8.5 0.K. (Section 5-24)
Py - Afy = 8.79 x 36 = 316 kips (Section 5-24)
B/Py = 53.5/316 = 0.169 < 0.27

- 1/2 - -
d/t, [412/(fy) ][1 1.4 (P/Py)] (Equation 5-17)

- (412/(36)1/2) [1 - 1.4 (0.169)] = 52.4 > 47.5 O.K.
Vp - fdv A, (Equation 5-16)
fqy = 0.55 fds = 0.55 (51.1) = 28.1 ksi (Equation 5-4)
A, = ty(d - 2tg) = 0.260 [12.34 - 2 (0.440)]

- 2.98 in? (Section 5-23)

Vp - 28.1(2.98) = 83.7 kips > 15.1 kips O0.K.
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Step 5.

Step 6.

Ty = 5.21 in.
r, = 1.52 in. (AISC Manual)

Z = 43.1 ind

Mpx - f4g X 24 = 51.1 x 43.1 x 1/12 = 183.5 ft-kips
(Equation 5-8)

K=20.75 (Section 5-39)
Kl /ry = [0.75(17)12]) 7 5.21 = 29

Kl [0.75(17)12] / 1.52 = 101

y/Ty ~
F, = 12.85 ksi for Kly/ry = 101 and £, = 36 ksi
(Appendix” A, AISC Specification)

1.42(12.85) = 18.25 ksi for f4 = 51.1 ksi

(1/1y) (£g5) /2
Mo = (1.07 - Mpx < Mpx (Equation 5-47)

3,160

(204/1.52) (51.1)1/5|
- [1.07 - J183.5 = 140.6 < 183.5 ft-kips
3,160

12n2E 1212 (29,000)
F'ex - - 177.6 ksi
23 (Kly /r, )2 23(29)2

(Section 5-37.3)

23AF'ex 23(8.79)177.6
Pox = - - 2,992 kips
12 12 (Section 5-37.3)

Pp = f4gA = 51.1(8.79) = 449 kips (Section 5-37.3)
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P, = 1.7AF; = 1.7(8.79)18.25 = 273 kips (Equation 5-42)
g. C =0.85 (Section 1.6.1, AISC Specification)

Step 7. P Cox My Cmy My
— ¢ + <1 (Equation 5-44)

By (1 - B/Bo)My, (1 - B/Po )My,

53.5 0.85(115)
- + = 0.196 + 0.708 = 0.904 <1 O0.K.
273 (1 - 53.5/2992)140.6

P M, My
_—+ + <1 (Equation 5-45)
Pp 1.18Mpx 1.18Mpy
53.5 115
- + = 0.119 + 0.531 = 0.650 <1 O.K,

449 1.18(183.5)

Trial section meets the requirements of Section 5-37.3.

Example 5A-4 (b) Design of Column

Required: Design of an exterior fixed-pinned column in a framed structure
for biaxial bending plus axial loads in a low pressure range.

Step 1. Given:

a. Preliminary design analysis of a particular column gives the
following values at a critical section:
M, = 311 ft-kips
My = 34 ft-kips
P = 76 kips
V = 54 kips

b. Span length 1 = 17'-3"

Unbraced lengths 1, = 17’-3" and 1y = 4'-0" (laterally
supported by wall girts).
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Step 2.

Step 3.

Step 4.

c. A36 structural steel
fy = 36 ksi
¢ = 1,29 (Table 5-2
a =1.1 (Section 5-12.1;

fgo =axcx f, =1.1x1.29 x 36 = 51.1 ksi (Equation 5-2)

y
S = M /f4, = 311(12)/51.1 = 73.0 in>

Try W 14 x 68 (S = 103 in3)

A = 20.0 in? d/t, = 33.8
bg/2tg = 7.0 < 8.5  O.K. (Section 5-24:
Py - Afy = 20.0(36) = 720 kips (Section 5-24;

P/Py = 76/720 = 0.106 < 0.27

d4/t, = [412/(fy)1/2 ] [1 - 1.4(B/Py)] (Equation 5-17.
- [412/(36)1/2) (1 - 1.4(0.106)] = 58.5 > 32.9 O.K.

Vp = f4v Ay (Equation 5-16;
fgy = 0.55 f£44 = 0.55(51.1) = 28.1 ksi (Equation 5-4)

A, = t,(d - 2tg) = 0.415 [14.04 - 2(0.720)] = 5.23 in?
(Section 5-23]

Vp = 28.1(5.23) = 147 kips > 54 kips 0.K.
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Step 5.

Step 6.
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Iy = 6.01 inches

r, = 2.46 inches

y

- 115 in3 (AISC Manual)
Z,
z, = 36.9 in3

Mp = f452 (Equation 5-8)
Mpx = 51.1 x 115 x 1/12 = 490 ft-kips

Mpy = 51.1 x 36.9 x 1/12 = 157 ft-kips

Use K= 1.5 (Section 5-39)
K1, 1.5(17.25)12

Ty 6.01

Kly 1.5(4.00)12

Iy 2.46

Fo = 18.17 ksi for K1, /r, = 52 and fy = 36 ksi

1.42(18.17) = 25.79 ksi for f4 = 51.1 ksi

Mo = Mpx = 490 ft-kips

Mmy - Mpy = 157 ft-kips (Section 5-37.3)
12n2E 1272 (29,000)
F' oy = - - 55.2 ksi
23(K1, /r,,)2 23(52)2 (Section 5-37.3)
1212 1212 (29,000)
Floy = — - > - 178 ksi
23(Kly,/ry) 23(29) (Section 537.3)
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23AF',,  23(20.0)55.2

P, = - - 2,116 kips
ex 12 12
23AF'ey 23(20.0)178
Pey - - = 6,823 kips
12 12 (Section 5-37.3)
Pp - f4sA = 51.1(20) = 1,022 kips

P, = 1.7AF, = 1.7(20)25.79 = 877 kips
Chx = Cmy = 0.85 (Section 1.6.1, AISC Specification)
Step 7.

P Coxx CmyMy
— + + <1 (Equation 5-44)
P, (1 - P/Pg )My (1 - P/Pey)Mmy

76 0.85(311) 0.85(34)
+ + -
877 (1 - 76/2116)490 (1 - 76/6,823)157

0.087 + 0.560 + 0.186 = 0.833 <1 0.K.

P/Pp + Mx/(1.18Mpx) + My/(1.18Mpy) £ 1 (Equation 5-45)
76/1022 + 311/[1.18(490)] + 34/[1.18(157)] =

0.074 + 0.538 + 0.183 = 0.795 < 1 0.K.

Trial section meets the requirements of Section 5-37.3

Problem 5A-5 Design of Open-Web Steel Joists

Problem: Analysis or design of an open-web joist subjected to a pressure-
time loading.

Procedure:

Step 1. Establish design parameters.
a. Pressure-time curve

b. Clear span length and joist spacing
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Step 2.

Step 3.

Step 4.

Step 5.

Step 6.
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Minimum yield stress fy for chord and web members

Dynamic increase factor, c. (Table 5-2)

Design ductility ratio Y4 and maximum end rotation, 6.

Determine whether joist design is controlled by maximum end
reaction.

Select a preliminary joist size as follows:

a.

b.

Assume a dynamic load factor (Section 5-22.3)

Compute equivalent static load on joist due to blast over-
pressure

wp =DLF x pxb
(Dead load of joist and decking not included)

Equivalent service live load on joist
wyg =wy/l.7 xaxc (Section 5-33)

From "Standard Load Tables" adopted by the Steel Joist
Institute, select a joist for the given span and the
structural steel being used, with a safe service load (dead
load of joist and decking excluded) equal to or greater than
wy. Check whether ultimate capacity of joist is controlled
by flexure or by shear.

Find the resistance of the joist by multiplying the safe service
load by 1.7 x a x ¢ (Section 5-33),

Calculate the stiffness of the joist, Kg, using Table 3-8.
Determine the equivalent elastic deflection Xg given by

XE - ruL/KE

Determine the effective mass using the weight of the joist with
its tributary area of decking, and the corresponding load-mass
factor given in Table 3-12 of Chapter 3.

Calculate the natural period of vibration, Ty.

Follow procedure outlined in step 6a or 6b depending on whether
the joist capacity is controlled by flexure or by shear.
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Step 6a.

Step 6b.

Step 7.

Joist

a.

Joist

a.

Check

design controlled by flexure.

Find ductility ratio g = X /Xp from the response charts in
Chapter 3, using the values of T/Ty and P/r,.

Check if the ductility ratio and maximum end rotation meet
the criteria requirements outlined in Section 5-35.

If the above requirements are not satisfied, select another
dynamic load factor and repeat Steps 2 to 5.

Check the selection of the dynamic increase factor used in
Step 2c. Using the response charts, find tg to determine
the strain rate, € in equation 5-1. Using figure 5-2,
determine DIF. (If elastic response, use T/Ty and
appropriate response charts to check DIF).

Check if the top chord meets the requirements for a beam-
column (Section 5-37.3),

design controlled by shear.

Find ductility ratio g = X /X from the response charts in
Chapter 3, using the values of T/Ty and P/r,.

If 4 < 1.0, design is O.K.

If 4 > 1.0, assume a higher dynamic load factor and repeat
Steps 2 to 5. Continue until g £ 1.0. Check end rotation,
0, against design criteria.

Check the selection of the dynamic increase factor used in
Step 2c, using the value of T/Ty and the appropriate elastic
response chart in Section 3-19.3.

Since the capacity is controlled by maximum end reaction, it
will generally not be necessary to check the top chord as a
beam-column. However, when such a check is warranted, the
procedure in Step 6a can be followed.

the bottom chord for rebound.

Determine the required resistance, ;, for elastic behavior
in rebound.

Compute the bending moment, M, and find the axial forces in
top and bottom chords using P = M/d where d is taken as the
distance between the centroids of the top and bottom chord

sections.

Determine the ultimate axial load capacity of the bottom

chord considering the actual slenderness ratio of its
elements.
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Required:

Solution:
Step 1.

(a)]
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P, = 1.7AF,
where F, is defined in Section 5-37.3.
The value of F, can be obtained by using either equation 5-43 or
the tables in the AISC Specification which give allowable stresses
for compression members. When using these tables, the yield
stress should be taken equal to f;,.

d. Check if Pu > P.

Determine bracing requirements.

Example 5A-5 (a) Design of an Open-Web Steel Jolst

Design a simply-supported open-web steel joist whose capacity is
controlled by flexure.

Given:
a. Pressure-time loading (figure 5A-5
b. Clear span = 50'-0"

Spacing of joists = 7'-0"
Weight of decking = 4 psf

c. Structural steel properties
Chords fy = 50,000 psi
Web fy = 36,000 psi

Dynamic increase factor (chords only).

c=1.19 (Table 5-2, for A588)

Dynamic design stress, f4y5 = c x a x fy (Equation 5-2)

Chords fg¢ = 1.19 x 1.1 x 50,000 = 65,450 psi
d. Design criteria (Section 5-35)

Maximum ductility ratio: Bpax = 4.0

Maximum end rotation: Opax = 2°
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Figure 5A-5(a) Joist cross-section and loading, Example 5A-5(a)
Step 2. Selection of joist size

a. Assume a dynamic load factor. For preliminary design, a DLF
= 1.0 is generally recommended. However, since the span is
quite long in this case, a DLF of 0.62 is selected.

b. Equivalent static load on joist:
wp = 0.62x 2.0 x 144 x7.0 = 1,250 1b/ft

c. Service live load on joist:
wy =wy/1.7 x 1.19 x 1.1 = 1,250/2.23 = 561 lb/ft

d. Using the "Standard Specifications, Load Tables and Weight
Tables" of the Steel Joist Institute, for a span of 50'-0",
try 32LH11. Joist tables show that capacity is controlled

by flexure.

Total load-carrying capacity (including dead load = 602
1b/ft).

Approximate weight of joist and decking

- 28+ (4x7) =56 1b/ft
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Step 3.

Step 4.

Step 5.
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Total load-carrying capacity (excluding dead load = 602 - 56
= 546 1b/ft)

The following section properties refer to the selected joist
32LH11 [Figure 5A-5 (a)]:

Top Chord:
Two 3 x 3 x 5/16 angles

A = 3.56 in2

ry = 0.92 in.
ry = 1.54 in.
IX - 3.02 in4

Bottom Chord:
Two 3 x 2-1/2 x 1/4 angles

A = 2.62 in?

r, = 0.945 in,

ry = 1.28 in,

I, = 2.35 in®

I, for joist = 1,383.0 in®
Panel length = 51 inches

Resistance per unit length

r, = 1.7 x 1.19 x 1.1 x 546

1215 1b/ft (Section 5-33)

384 x 29 x 10% x 1,383
Kg = 384 EI/5L3 - - 14,260 1b/in
5(12 x 50)3 (Table 3-8)

1,215 x 50
4.26 inches

14,260

Total mass of joist plus decking

56 x 50 x 10°
M - = 7.25 x 10% 1b-ms2/in
386

Total effective mass Mg - KLMM

Kiq = 0.5(0.78 + 0.66) = 0.72 (Table 3-12)
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Mg = 0.72 (7.25 x 10%) = 5.22 x 10% 1b-ms?/in
Natural period Ty= 2m(M /Kp)1/2 = 2m(5,220,000/14,260)1/2 = 120.2 ms
Behavior controlled by flexure. Use Step 6a.
Step 6a. a,
T/Ty = 40/120.2 = 0.332
2.0 x 144 x 7

P/r, - - 1.82
1,105

From figure 3-64a,

Bb=X/Xp=23<4 0.K.
b.
Xp = 2.3 x 3.87 =8.9 inches
tan ® = X /(L/2) = 8.9/(25 x 12) = 0.0297
® = 1.7° < 2° 0.K.
c. Check selection of DIF.

From Table 3-64a, for 4 = 2.3 and T/Tyy = 0.33
tE/T = 0.55, tg = 0.55 x 40 = 22 ms
Find €

€ = f45/Egtg = 65.45/30 x 103 x .022 = 0.099 in/in/sec
(Equation 5-1)
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From figure 5-2 (average of A36 and A514)
DIF = 1.18 = 1.19 assumed 0.K.
Check top chord as a beam column.
Maximum moment at mid-span
1,105 x (50)2 x 12

M=r1%/8 - - 4,144 in-kips
8 x 1,000

Maximum axial load in chords
P - M/d
d = distance between centroids of top and bottom chords

[see figure 5A-5 (a)]
30.22 inches

P

4,144/30.22 = 137.1 kips

1 = panel length = 51 inches

Slenderness ratio, l/r, = 51/0.92 = 55.4 < C,

where C, = (21(2E/fds)1/2 = 95 (Equation 5-41)

F, = 23.5 ksi for fy = 50 ksi
(Table 3-50, AISC Specification)

1.31 (23.5) = 30.8 ksi for fds = 65,450 psi

P, = 1.7AF, = 1.7 x 3.56 x 30.8 = 186.4 kips
(Equation 5-42)

Considering the first panel as a fixed, simply supported
beam, the maximum moment in the panel is

1,105 (51)2
M= rL2/12 - - 19.96 in-kips
12 x 12 x 1,000

The effective slenderness ratio of the top chord in the
first panel is
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Kly/ry = (1.0 x 51)/0.92 = 55.4

1212E 1212 x 29,000
- 48.7 ksi

2 2
23(K1ly/ry) 23 (55.4)

Poy = (23/12)AF', = 23/12 x 3.56 x 48.7 = 333 kips
(1 - P/Pgy) = (1.0 - 126.6/333) = 0.62
To determine My, the plastic moment Mp is needed and the
value of Z_, has to be computed. The neutral axis for a
fully plastic section is located at a distance x from the
flange.
3x = (3 - 5/16) 5/16 + 3 (5/16 - X)

- (43) 5/(16 x 16) + 15/16 - 3x
X = 455/(6 x 256) = 0.296 inch

The plastic section modulus, Z is found to be

x,

(0.296)2 (0.3125 _ 0.296)2
Z, =2 ———— x 3 + (3.0 - 0.3125) +
2 2

(3 - 0.296)2

— % 0.3125| = 0.263 + 0.0007 + 2.285 = 2.549 in3
2

Mpx - deZx = 65.45 x 2.549 = 166.8 in-kips (Equation 5-8)

(1/ty) (£45)1/2

3160

me - [1,07 - ] Mpx < Mpx (Equation 5-37)

where Iy is least radius of gyration = 0.92

= [1.07 - (55.4/391)] 166.8 = 154.8 in-kips
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137.1
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Cp = 0.85 (Section 1.6.1, AISC)
P/P, + C M/[(1 - P/Po IMpy] S 1.10 (Equation 5-44)
+ 0.85 (19.96)

€1.0=0.736 + 0.176 = 0.912 < 1.0 O.K.

186.4

Check

0.62 (154.8)
bottom chord for rebound.
Calculate required resistance in rebound.
T/Ty = 0.33
From figure 5-13, 100% rebound
r/r, = 1.0
r =r,=1,105 1b/ft
Moment and axial forces in rebound
M = (r x L2)/8 = 4,144 in-kips
Maximum axial force in bottom chord
P = M/d = 137.1 kips (compression)
Ultimate axial load capacity
Stability in vertical direction (about x-axis)
1 = 51 inches ry = 0.945
1/r = 51/0.945 = 54.0 < C_
where C, = [(2m2E)/f4,11/2 = 95

F, = 23.72 ksi for fy = 50 ksi
(Table 3-50, AISC Specification)

1.31(23.72) = 31.1 ksi for f4q = 65,450 psi
P, = 1.7AF, = 1.7 x 2.62 x 31.1 - 138.5 kips

Check bracing requirements.
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Required:

Solution:
Step 1.

P-137.1 < P, - 138.5 0.K.

Adding a vertical member between panel joints of bottom chord
would have been required had P > P,. This additional bracing
would have been needed in mid-span but may be spared at the joist
ends.

Stability in the lateral direction (about y-axis)
P, = 137.1 kips

ry = 1.28 inches, A= 2.62 in?

Fg = P/(1.7 x 1.31A) = 137.1/(1.7 x 1.31 x 2.62) = 23.5 ksi

For a given F, = 23.5, the corresponding slenderness ratio is

1/r & 55 (Table 3-50, AISC Specification)
Therefore, the maximum unbraced length in mid-span is

1y = 55 x 1.28 = 70.4 inches

Use lateral bracing at panel points, i.e., 51 inches at midspan.
The unbraced length may be increased at joist ends, but not

greater than specified for bridging requirements in the joist
specification.

Example 5A-5 (b) Analysis of Existing Open-Web Steel Joist

Analyze a simply supported, open-web steel joist whose capacity is
controlled by shear.
Given:
a. Pressure-time loading [figure 5A-5 (b)]
Joist 22H11
b. Clear span = 32'-0Q"
Spacing of joists = 6’-0"

Weight of decking = 4 psf
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Figure 5A-5(b) Joist cross-section and loading, Example 5A-5(b)

c. Properties of structural steel:
Chords fy = 50,000 psi
Web fy = 36,000 psi

Dynamic increase factor
(chords only) c=1.19 (Table 5-2 for A588)

Dynamic design stress, fy, = ¢ x a x fy
Chords fge = 1.19 x 1.1 x 50,000 = 65,450 psi

d. Design criteria (Section 5-35)

For members controlled by shear:

Ppax = 1.0
Opax = 1°
Step 2. a. Assume the DLF = 1.25
b. Overpressure load on joist
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wy = 1.25 x 1.0 x 144 x 6 - 1,080 1b/ft
c. Equivalent service load
Wy = wy/1.7 x a x c =1,080/2.23 = 485 1lb/ft

d. From the "Standard Specifications and Load Tables" of the
Steel Joist Institute:

Total load-carrying capacity (including dead load) = 506
lb/ft.

Approximate weight of jolst plus decking =

17 + (6 x 4) = 41 1b/ft

Total load-carrying capacity (excluding dead load) =
506 - 41 = 465

From the steel joist catalog, the following are the section
properties of Joist 22H11 [figure 5A-5 (b)]:

Panel length = 24 inches

Top Chord:
A = 1.935 in?

I, = 0.455 in%

r, = 0.485 in.

r, = 1.701 in.
Bottom Chord:

A = 1.575 in?
I, ~ 0.388 in®
r, = 0.497 in.
r, = 1.469 in.

: 4
I.x for joist = 396.0 in
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Step 3. Resistance per unit length

r, = 2.23 x 465 = 1,035 1b/ft

Step &. 384EI 384 x 29 x 10% x 396
Kg - - - 15,580 1b/in (Table 3-8)
513 5 x (12 x 32)3
1,035 x 32
Xg = r L/Kgp= —M8M8888 = 2.13 inches
15,580
Step 5. Mass of joist plus decking
6
41 x 32 x 108
M- - 3.4 x 109 1b-ms2/in
186

Effective mass M, = K;yM

-0.78 x 3.4 x 105 = 2,65 x 10® 1b-ms?in
Natural period Ty = ZH(Me/KE)l/2

- 2m(2,650,000/15,580)1/2 = 81.8 ms

Behavior controlled by shear. Use Step 6b of the procedure.

Step 6b.
a. T/Ty = 25/81.8 = 0.305
6 x 144 x 1.0
P/r, = - 0.835
1,035
t From Figure 3-64a of Chapter 3:

B =X, /Xg < 1.0; elastic, 0.K.
tan © = X /(L/2)

= 2.13/(16.0 x 12) = 0.0111
8 = 0.64° < 1° 0.K.

c. Check selection of DIF from figure 3-49 of Chapter 3, for
T/Ty = 0.305, t,/T = 1.12; t; = 1.12 x 25 = 28 ms
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Step 7.

Check

Find é

€ = fds/Este (tg = ty) (Equation 5-1)
- 65.45/30 x 103 x 0.028 = 0.078 in/in/sec

From figure 5-2, (average of A36 and A514)

DIF = 1.18 = 1,19 assumed, 0.K.
Check of top chord as a beam-column is not necessary.

bottom chord in rebound.
For 4 = 1 and T/T = 0.305, rebound is 100X (Figure 5-13)
r=r,

Determine axial load in bottom chord, P = M/d.

For an elastic response, 4 < 1.0, where T/TN = 0.305, the
DLF = 0.87 (Figure 3-49)

Equivalent static load, w
w=DLF xbxp=0.87x12 x12 x 6 x 1.0 = 751 1b/ft
Maximum moment in rebound, M = wL2/8
M- [751 x (32)2/8) 12 = 1,155,000 in-1b
P=-M/d - 1,155,000/21.28 = 54,300 1b = 54.3 kips
Check bracing requirements.
(L Vertical bracing of bottom chord:
Panel length = 24 inches
r, = 0.497, r, = 1.469, A = 1.575 in?

y
1/r, = 24/0.497 = 48.3
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Problem:

Procedure:
Step 1.

Step 2.

TM 5-1300/NAVFAC P-397/AFR 88-22

Allowable P = 1.7 x a X ¢ X A X F,

=1.7x1.1x%x1.19 x 1.575 x 24.6 = 86.2 kips > 54.3 kips
(Table 3-50, AISC Specification)

No extra bracing required.
(2) Lateral bracing of bottom chord:
P = 54.3 kips, A = 1.575 in?
Fg = P/1.7A = 54.3/(1.7 x 1.575 x 1.1 x 1.19) = 15.5 ksi
For‘fy = 50 ksi and F, = 15.5 ksi
1/r = 96
1 =96 x 1.469 = 141 inches
(Table 3-50, AISC Specification)

Therefore, use lateral bracing at every fifth panel point
close to mid-span. The unbraced length may be increased at
joist ends, but not greater than specified for bridging
requirements in the joist specification.

Problem 5A-6 Design of Single-Story Rigid Frames for
Pressure-Time Loading

Design a single-story, multi-bay rigid frame subjected to a
pressure-time loading.

Establish the ratio a between the design values of the horizontal
and vertical blast loads.

Using the recommended dynamic load factors presented in Section 5-
41.3 establish the magnitude of the equivalent static load w for:
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Step 3.

Step 4.

Step 5.

Step 6.

Step 7.

Step 8.

a. local mechanisms of the roof and blastward column
b. panel or combined mechanisms for the frame as a whole.

Using the general expressions for the possible collapse mechanisms
from Table 5-13 and the loads from Step 2, assume values of the
moment capacity ratios C and C; and proceed to establish the
required design plastic moment considering all possible
mechanisms. 1In order to obtain a reasonably economical design, it
is desirable to select C and C, so that the least resistance (or
the required value of M ) corresponds to a combined mechanism.
This will normally require several trials with assumed values of C
and Cl .

Calculate the axial loads and shears in all members using the
approximate method of Section 5-41.4.

Design each member as a beam-column using the ultimate strength
design criteria of Sections 5-37.3, 38, and 39. A numerical
example is presented in Section 5A-4.

Using the moments of inertia from Step 5, calculate the sidesway
natural period using Table 5-14 and Equations 5-50 and 5-51.

Enter the response charts in Chapter 3 with the ratios of T/Ty and
P/R,. In this case, P/R, is the reciprocal of the panel or
sidesway mechanism dynamic load factor used in the trial design.
Multiply the ductility ratio by the elastic deflection given by
equation 5-53 and establish the peak deflection X, from equation
5-54. Compare the maximum sidesway deflection with the
criteria of Section 5-35. Note that the sidesway deflection § in
Table 5-8 is X .

Repeat the procedure of Step 6 for the local mechanisms of the
roof and blastward column. The stiffness and natural period may
be obtained from Table 3-8 of Chapter 3 and equation 5-15,
respectively. The resistance of the roof girder and the blastward
column may be obtained from Table 5-13 using the values of and
CM_ determined in Step 3. Compare the ductility ratio and
rotation with the criteria of Section 5-35.

a. If the deflection criteria for both sidesway and beam
mechanisms are satisfied, then the member sizes from Step 5
constitute the results of this preliminary design. These
members would then be used in a more rigorous dynamic frame
analysis. Several computer programs are available through
the repositories listed in Section 5-4.
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b. If the deflection criterion for a sidesway mechanism is
exceeded, then the resistance of all or most of the members
should be increased.

c. If the deflection criterion for a beam mechanism of the
front wall or roof girder is exceeded, then the resistance
of the member in question should be increased. The member
sizes to be used in a final analysis should be the greater
of those determined from Steps 8b and 8c.

Example 5A-6 Design of a Rigid Frame for Pressure-Time Loading

Required: Design a four-bay, single-story, reusable, pinned-base rigid frame
subjected to a pressure-time loading in its plane.

Given:

a. Pressure-time loading (Figure 5A-6)

b. Design criteria: It is required to design the frame
structure for more than one incident. The deformation
limits shall be half that permitted for personnel protec-
tion, that is:

§ = H/50 and
Onax = 1° for individual members

c. Structural configuration (figure 5A-6)

d. A36 steel

e. Roof purlins spanning perpendicular to frame (b, = b,
Figure 5-26)

f. Frame spacing, b = 17 ft

g. Uniform dead load of deck, excluding frame

Step 1. Determine «: (Section 5-41.1)

by, = by, = 17 ft

q, = 5.8 x 17 x 12 = 1,183 1b/in

Gy = 2.5 x 17 x 12 = 510 1b/in

a

ap/qy = 2.32
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4 @ 16-6" = 66-0°

Roof Dead Load = 13.5 psf
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Figure 5A-6. Preliminary design of four-bay, single-story rigid frame,
Example 5A-6
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Step- 2.

Step 3.
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Establish equivalent static loads (Section 5-41.3)
a. Local beam mechanism, w = DLF x q,
1.25 x 510 x 12

W = - 7.65 k/ft
1,000

b. Panel or combined mechanism, w = DLF x q},

0.625 x 510 x 12
W= = 3.83 k/ft
1,000

The required plastic moment capacities for the frame members are
determined from Table 5-13 based upon rational assumptions for the
moment capacity ratios C; and C. In general, the recommended
starting values are C; equal to 2 and C greater than 2. From
Table 5-13. for n = 4, a = 2,32, H=15.167 ft, L = 16.5 ft and
pinned bases, values of C; and C were substituted and after a few
trials, the following solution is obtained:

Mp = 130 kip-ft, C; = 2.0 and C = 3.5.

The various collapse mechanisms and the associated values of Mp
are listed below:

Collapse w TE
Mechanism (k/ft) k-ft
1 7.65 130
2 7.65 128
3a, 3b 3.83 128
4 3.83 129
5a, 5b 3.83 110
6 3.83 116

The plastic design moments for the frame members are established
as follows:

Girder, Mp = 130 k-ft
Interior column, C]_Mp = 260 k-ft

Exterior column, CMp = 455 k-ft
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Step 4. a. Axial loads and shears due to horizontal blast pressure.
w = 3.83 k/ft
From figure 5-27, R = oawH = 2.32 x 3.83 x 15.167 = 135 kips
1. Member 1, axial load
P;{ = R/2 = 67 kips
2. Member 2, shear force
Vo = R/2(4) = 135/8 = 16.8 kips
3. Member 3, shear force
V3 = R/2 = 67 kips
b Axial loads and shears due to vertical blast pressure,
w = 7.65 k/ft
1. Member 1, shear force
Vi =wxL/2=17.65x16.5/2 = 63.1 kips
2. Member 2, axial load
Pp =wx L=7.65x16.5 = 126.2 kips
3. Member 3, axial load
Py = wx L/2 = 63.1 kips
ote:
The dead loads are small compared to the blast loads
and are neglected in this step.
Step 5. The members are designed using the criteria of Sections 5-37.3, 5-
38, and 5-39 with the following results:
M, P v I,
Member  (k-ft) 5] 5] Use (in%)
1 130 67.0 63.1 wl2x35 285
2 260 126.2 16.8 wléx61l 640
3 455 63.1 67.0 wlix74 796
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Step 6. Determine the frame stiffness and sway deflection.

(3 x 640) + (2 x 796)

. 4
I, - - - 702 in (Table 5-14)
I, - 285 in%
B =0
I/Lg 285/16.8 ‘
D - - - 0.498 (Table 5-14)
0.75I_,/H  (0.75) (702/15.167)
Cy = 4.65
EI.::‘a C2
K= ———— [L+ (0.7 - 0.18) (n-1)] (Table 5-14)
H
(30) (10)3 (702) (4.65) [1 + 0.7(3)]
- - 50.2 k/in
(15.167 x 12)3
K, = 0.55 (1 - 0.258) = 0.55 (Equation 5-51)

Calculate dead weight, W:

W = b[(4Lwg,) + (1/3) (Hug,)] + (35 x 66)
+1/3 (15.167) [(3 x 61) + (2 x 74)] = 20,548 1b
m, = W/g = 20,548/32.2 = 638 lb-sec?/ft = 638 x 10% 1b-ms?/ft
Ty - 2m{m, /KKy )1/2 (Equation 5-50)

2m[ (638 x 10%)/(50.2 x 12 x 103 x 0.55)11/2 = 276 ns

T/Ty = 78/276 = 0.283
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Step 7.

P/R, = 1.6
B =X /Xg = 1.40 (Figure 3-64a)
2.32 x 3.83 x 15.167
Xg = R,/Kg = awl/Kg = = 2.68 inches
202 (Equation 5-52 and 5-53)
Xp= 6§ =1.40 x 2.68 = 3.75 inches (Equation 5-54)

6§ = 3.75/(15.167) (12)H = 0.0206H = H/48.5
Check deflection of possible local mechanisms.
a. Roof girder mechanism (investigate W12 x 35 from Step 5)
Ty = 27 (m /Kg)1/?2 (Equation 5-15)
m, = Ky xm

For an elasto-plastic response, take the average load-mass factor
for the plastic and elastic response, or:

Ky = (0.77 = 0.66)/2 = 0.715 (Table 3-12)
.. m = 0.715 x W/g
w = (13.5 x 17) + 36 = 265 1b/ft
W=wxL=265X16.5 = 4372 1b.
mp = 0.715 x 4372/368 = 8.1 1b-sec?/in.
Kg = 307 EL/L3 (Table 3-8)
307 (30) (10%) (285)

. K = - 332,000 1b/in.
(16.5 x 12)3

. Ty = 2m (8.1/332,000)1/2 x 1,000

= 31.0 ms
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T/Ty ~ 78/31.0 = 2.52
R, = 16MP/L = (16 x 130)/16.5 = 126 kips (Table 5-13)
P = pbL = (2.5) (17) (144) (16.5)/1,000 = 101 kips
P/R, = 101/126 = 0.80
b = X,/Xp = 1.80 (Figure 3-64a)
Check end rotation of girder.
Xg = R,/Kg = 126/332 = 0.380 inch
X, = 1.80 x 0.380 = 0.69 inch
Xy/(L/2) = 0.69/(8.25) (12) = 0.069 = tan O,
© =0.40° < 1° 0.K.

Exterior column mechanism (investigate W14 x 74 from Step
5).

Ty = 27 (m,/Kg)1/2 (Equation 5-15)
0.78 + 0.66 w
mg = Ky xm = | ]
2 g (Table 3-12)
- 0.72 w/g
w = (16.5 x 17) + 74 = 354 1b/ft
W = 354 x 15.167 = 5369 1b
M, = 0.72 (5369)/386 = 10.0 1lb-sec?/in.
Kg = 160 EI/L% (Table 3-8)
(160) (30) (10) (796)
Kg - - 632,000 1b/in

(182)3
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Ty = 2m(10.0/632,000)1/2 x 1000 = 25.0 ms
T/Ty = 78/25.0 = 3.12
4M,(2C + 1) 4 (130) [(2 x 3.5) + 1]

R, = - = 275 kips
H 15.167

(Table 5-13)

P = (2.32) (7.65/1.25) (15.167) = 215 kips
P/R, = 215/275 = 0.78
po= X /Xp = 1.80 (Figure 3-64a)
Check end rotation of columns.
Xg = R /K = 275/632 = 0.435 inch
X, = 1.80 x 0.435 = 0.78 inch
Xy/(L/2) = 0.78/(7.58) (12) = 0.0086 =~ tan ©
® = 0.49° < 1° 0.K.

Step 8. The deflections of the local mechanisms are within the criteria.
The sidesway deflection is acceptable.

Summary: The member sizes to be used in a computer analysis are as follows:
Member Size
1 W12 x 35
2 Wl4 x 61
3 Wl4 x 74

Problem 5A-7 Design of Doors for Pressure-Time Loading

Problem: Design a steel-plate blast door subjected to a pressure-time
loading.
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Procedure:
Step 1. Establish the design parameters
a, Pressure-time load
b. Design criteria: Establish support rotation, 8, .., and
whether seals and rebound mechanisms are required.

c. Structural configuration of the door including geometry and
support conditions

d. Properties of steel used:
Minimum yield strength, fy, for door components (Table 5-1)
Dynamic increase factor, ¢ (Table 5-2)

Step 2. Select the thickness of the plate.

Step 3. Calculate the elastic section modulus, S, and the plastic section
modulus, Z, of the plate.

Step 4. Calculate the design plastic moment, Mp, of the plate (equation
5-7).

Step 5. Compute the ultimate dynamic shear, Vp (equation 5-16).

Step 6. Calculate maximum support shear, V, using a dynamic load factor of
1.25 and determine V/Vp. If V/V_ is less than 0.67, use the
plastic design moment as computed in Step 4 (Section 5-31). If
V/V_ is greater than 0.67, use Equation 5-23 to calculate the
effective Mp.

Step 7. Calculate the ultimate unit resistance of the section (Table 3-1),
using the equivalent plastic moment as obtained in Step 4 and a
dynamic load factor of 1.25.

Step 8. Determine the moment of inertia of the plate section.

Step 9. Compute the equivalent elastic unit stiffness, Ky, of the plate
section (Table 3-8).

Step 10. Calculate the equivalent elastic deflection, Xg, of the plate as
given by Xp = r /Kg.

Step 11. Determine the load-mass factor K;y and compute the effective unit
mass, mg.
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Step 12. Compute the natural period of vibration, Ty.

Step 13, Determine the door plate response using the values of P/r  and
T/Ty and the response charts of Chapter 3. Determine X /Xp and
Tg.

Step 14, Determine the support rotation,

Tan © = (Xp) / (L/2)
Compare © with the design criteria of step 1b.
Step 15. Determine the strain rate, €, using equation 5-1. Determine the
dynamic increase factor using figure 5-2 and compare with the DIF

selected in Step 1d.

If the criteria of Step 1 is not satisfied, repeat Steps 2 to 15
with a new plate thickness.

Step 16. Design supporting flexural element considering composite action
with the plate (if so constructed).

Step 17. Calculate elastic and plastic section moduli of the combined
section.
Step 18. Follow the design procedure for a flexural element as described in

Section 5A-1.

Example 5A-7 (a) Design of a Blast Door for Pressure-Time Loading

Required: Design a double-leaf, built-up door (6 ft by 8 ft) for the given
pressure-time loading.

Step 1. Given:

a. Pressure-time loading (Figure 5A-7)

b. Design criteria: This door is to protect personnel from
exterior loading. Leakage into the structure is permitted
but the maximum end rotation of any member is limited to 2°
since panic hardware must be operable after an accidental
explosion.

c. Structural configuration (Figure 5A-7)

NOTE:

This type of door configuration is suitable for low-pressure
range applications,

d. Steel used: A36
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Figure 5A-7(a) Door configuration and loading, Example 5A-7(a)
Yield strength, £, = 36 ksi (Table 5-1)
Dynamic increase factor, ¢ = 1.29 (Table 5-2)

Average yield strength increase factor, a = 1.1
(Section 5-12.1)

Hence, the dynamic design stress,
fge = 1.1 x 1.29 x 36 = 51.1 ksi (Equation 5-2)

and the dynamic yield stress in shear,

fgy = 0.55 £4, = 0.55 x 51.1 = 28,1 ksi (Equation 5-4)
Step 2. Assume a plate thickness of 5/8 inch,
Step 3. Determine the elastic and plastic section moduli (per unit width).
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Step 5.

Step 6.

Step 7.

Step 8.

bd? 1 x (5/8)2
S - - - 6.515 x 1072 in3/in
6 6
ba? 1 % (5/8)2
Z - - - 9.765 x 102 in3/in
4 4
Calculate the design plastic moment, M.

M, = £4q (S +2)/2 = 51.1 [(6.515 x 10°2) (Equation 5-7)
+ (9.765 x 10°2)]/2 = 51.1 x 8.14 x 10°2 = 4,16 in-k/in

Calculate the dynamic ultimate shear capaclty, Vp, for a 1l-inch
width.

V? - fa Ay = 28.1x1x 5/8 =17.56 kips/in {Equation 5-16)

Evaluate the support shear and check the plate capacity. Assume
DLF = 1.25

1.25 % 14.8 x 36 x 1
V=DLF x P xL/2 = = 333 1b/in = 0.333 kip/in
2

17 7 . N 12
NV, = U.3

P

=N N
v

/19 £
dilI.01L = V., 0.6?

245 <
No reduction in equivalent plastic moment is necessary.

When actual DLF is determined, reconsider Step 6.

Calculate the ultimate unit resistance, r
be simply-supported at both ends).

u (assuming the plate to

8 x 4.16 x 103
r, = 8M,/L% - - 25.7 psi (Table 3-1)
(36)2

Compute the moment of inertia, I, for a l-inch width.

ba? 1 x (5/8)3
I- - - 0.02035 in*/in
12 12
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Step 9.

Step 10,

Step 11,
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Calculate the equivalent elastic stiffness, Kg.

) 384 x 29 x 106 x .02035
Kg = 3B4EI/5bL* = 4 = 27.0 psi/in
5 x 1= (36) {Table 3-8)

Determine the equivalent elastic deflection, Xg.
Xg = r,/Kg = 25.7/27.0 = 0.95 inch
Calculate the effective mass of element.

a v favaragca alaatins
a. RiM \avelage €iastic
- (0.78 + 0.66)/2

nr
QL
-

b. Unit mass of element, m

5/8 x 1 x1x 490 x 10°
m=w/g = = 458.0 psi—msz/in
1,728 x 32.2 x 12

c. Effective unit of mass of element, m,
m, = Kpym = 0.72 x 458.0
= 330 psi-msz/in
Calculate the natural period of vibration, Ty.

Ty = 27 (330/27.0)1/2 = 22 ms

Determine the door response.

Peak overpressure P = 14.8 psi
Peak resistance r, = 25.7 psi
Duration T =13.0 ms
Natural period of vibration Ty = 22 ms

P/r, = 14.8/25.7 = 0,58
T/Ty = 13.0/22.0 = 0.59

From Figure 3-64a of Chapter 3,
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Step 14.

Step 15.

Step 16.

X,/Xg < 1

Since the response is elastic, determine the DLF from Figure 3-49
of Chapter 3.

DLF = 1.3 for T/Ty = 0.59

Determine the support rotatiom.

T 71 o 1L 2
L. A 1.0 A

Xp = = 0.713 inch
25.7

N ag
v,J7J

tan 8 = X_/(L/2) = 0.713/(36/2) = 0.0396

6 = 2,27° > 2° N.G.

Evaluate the selection of the dynamic increase factor.

Since this is an elastic response, use figure 3-49(b) of Chapter 3
to determine t,. For T/Ty = 0.59, tm/T - (.7 and ty = 9.1 ms.

The straln rate is:

€ = f4./Estg (Equation 5-1)

Since the response is elastic,

) & 0,713
= 38.4 ksi

Xp 0.95
and tp = t, = 0.0091 sec. Hence,
€ = 38.4/29.6 x 103 x 0.0091 = .142 in/in/sec

Using figure 5-2, DIF = 1.31. The preliminary selection of DIF =
1.29 is acceptable.

Since the rotation criterion is not satisfied, change the thick.
ness of the plate and repeat the procedure. Repeating these
calculations, it can be shown that a 3/4-inch plate satisfies the
requirements.

Design of the supporting flexural element.

Assume an angle L4 x 3 x 1/2 and attached to the plate as shown in
Figure 5A-7(b).

Determine the effective width of plate which acts in conjunction
with the angle
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bf/2tf < 8.5 (Section 5-24)

where bg/2 is the half width of the outstanding flange or overhang
and tg 1s the thickness of the plate.

With tg = 3/4 inch, bg/2 < 8.5 x 3/4, i.e., 6.38 inches
Use overhang of 6 inches.

Hence, the effective width = 6 + 2 = 8 inches. The angle together
with plate is shown in Figure 5A-7(b).

Step 17. Calculate the elastic and plastic section modull of the combined
section.

Let ; be the distance of c.g. of the combined section from the
outside edge of the plate as shown in Figure 5A-7(b), therefore

_ (8 x 3/4 x 3/8) + (4 + 3/4 - 1,33) x 3,25
y = = 1.445 inches
{8 % 3/4) + 3.25

Let Yp be the distance to the N.A. of the combined section for
full plasticity.

1
v_ o= [(8B x 3/4) + 3.25] = 0.578 inch
J‘P [ SN 7 i H
8 x 2
8 x (3/4)3
1= —  +8x3/4x (1.45 - 3/8)2
12

+5.05 + 3.25 (4 + 3/4 - 1.33 - 1.445)2 = 24,881 in®

Hence, Spi = 24.881/(4.75 - 1.445) = 7.54 in3

Z -8 (0.578)2/2 + 8 (0.75 - 0.578)2/2

+3.25 (4.75 - 1.33 - 0.578) = 10.69 in3
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Figure 5A-7(b) Detail of composite angle/plate supporting element, Example
5A-7(b)

Step 18.

Follow the design procedure for the composite element using steps
4 through 13. Calculate the design plastic moment Mp of the
supporting flexural element.

M_p = 51.1 (7.54 + 10.69)/2 = 465.8 in-kips (Equation 5-7)
Calculate the ultimate dynamic shear capacity, Vp.
Vp = favhy = 28.1 (4.0 - 1/2) 1/2 = 49.2 kips (Equation 5-16)
Calculate support shear and check shear capacity.

L=28"'-0" = 96 inches

VP- (14.8 x 36/2 x 96)/2 = 12,790 1b =~ 12.79 kips < V 0.K.
(Section 5-23)

Calculate the ultimate unit resistance, r,

Assuming the angle to be simply supported at both ends:
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£, - anp/L2 - (8 x 465.8 x 1,000)/(96)2 = 405 1b/in  (Table 3-1)
Calculate the unit elastic stiffness, Kg.
384 x 29 x 106 x 24,881

K = 384EI/5L% = - 652.5 1b/in2
5 x (96)% (Table 3-8)

Determine the equivalent elastic deflection, Xg.
Xg = r,/Kg = 405/652.5 = 0.620 inch

Calculate the effective mass of the element.

Kjy = 0.72
11.1 3 490
W= + — x 18 x = (0.925 + 3.825) = 4.750 1b/in
12 4 1,728

Effective unit mass of element,
4.75 x 10° , o
m, = 0.72 x —— =0.89x 10* 1b-ms</in“
32.2 x 12
Calculate the natural period of vibration, Ty.

Ty = 27[(89 x 10%)/652.511/2 = 23.2 ms

Determine the response parameters. (Figure 3-64a)
Peak overpressure P=14.8 x 36/2 = 266.5 1b/in
Peak resistance r, = 405 1b/in

Duration = 13,0 ms

Natural period of vibration, Ty = 23.2 ms

P/r, = 266.5/405 = 0.658

T/Ty = 13/23.2 = 0.56
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Example 5A-7 (b)

Required:

Step 1.

From Figure 3-64a,
Bbo= X /Xp <1
From Figure 3-49 for T/Ty = 0.56,
DLF = 1.28
1.28 x 14.8 x 36/2

Hence, X, = = 0.522 in
652.5

tan € = X /(L/2) = 0.522/48 = 0.0109

8= 0,69 < 2° 0.K.
Check stresses at the connecting point.
g = My/I = 355 % 103 x (1.445 - 0.75)/24.881

0.522

X
= 9,900 psi (M = — x M, = x 405 = 341)

X 0.62
z )

12.79 x 103 x 8 x 3/4 x (1.445 - 0.75/2)

T = VQ/Ib =
24.881 x 1/2

Effective stress at the section = (02+ 72 )1/2

1 7

- 103 x (9.92 + 5.3212 y1/2 _ 11,239 psi < 39.600 psi

= 5,321 psi

0.K.

Design of a Plate Blast Door for Pressure-Time Loading

Design a single-leaf door (4 ft by 7 ft) for the given pressure-

time loading.

Given:
a. Pressure-time loading [figure 5A-7 (c)]
b. Design criteria: Door shall be designed to contain blast

pressures from an internal explosion. Gasket and reversal
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Figure 5A-7(c)Door configuration and loading, Example 5A-7(b)
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Step 2.

Step 3.

Step 4.

Step 5.

mechanisms shall be provided. Support rotation shall be
limited to 3°

c. Structural configuration [see figure 5A-7 (c)]

Note: This type of door 1s suitable for high pressure range

applications.
d. Steel used: ASTM A588
Yield strength, £, = 50 ksi (Table 5-1)
Dynamic increase fzctor, c=1.24 (preliminary, Table 5-2)
Average strength Increase factor, a = 1.1 (Section 5-12.1)
Hence, the dynamic design stress,
fds - 1,1x 1.24 x 50 = 68.2 ksi (Equation 5-2)
Note:

It is assumed, for the limited design rotation of 3° |, that
4 < 10, and, therefore, that equation 5-3 does not govern.

The dynamic design stress in shear

fav = 0.55 £4, = 37.5 ksi (Equation 5-4)
Assume a plate thickness of 2 inches
Determine the elastic and plastic section moduli (per unit width)

b2 1 (2)2

S - - - 0.667 in3/in
6 6
ba? 1 (2)?
Z = - - 1.0 in¥/in
4 4

Calculate the design plastic moment, Mp

Mp = fqq (8 + 2)/2 = 68.2 (0.667 + 1.0)/2 = 56.8 in-k/in
(Equation 5-7)

Calculate the dynamic ultimate shear capacity, Vp, for a 1-inch
width.
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Vp = fauhy = 37.5x 2 = 75.0 kips/in (Equation 5-16)

Evaluate the support shear and check the plate shear capacity.

Example 5A-7(b)

Step 7.

Step 8.

Step 9.

Assume DLF = 1,0 (Table 5-4)

PR, TR T
SCIHUCL el

=
n
T
-
m
o
o
(2]
w
[
o
bl
)
tl
m
]
gl

V=DLF x Px L/2 =1.0x 1100 x 48/2 = 26,400 1b/in

= 26.4 kips/in

V/Vp = 26.4/75. = 0.352 < 0.67 {Section 5-31)
No reduction in equivalent plastic moment is necessary.
Calculate the ultimate unit resistance, r,-
For a plate, simply-supported on four sides (direct load)
r, - sup/x2 (Table 3-2)
where Myp = Mp and Mpy = 0 and
X L
— = 0.35 for — = 1.75 (Figure 3-17)
L H
thus, X = 0.35 x 12 x 7 = 29.4 in
r, = 5 x 56.8/(29.4)2 = 329 psi
Compute the moment of inertia, I, for a l-inch width
ba} 1x 23

1 - - - 0.667 in%/in
12 12

Calculate the equivalent elastic stiffness, Kg

Kg = r/x = D/y H (Figure 3-36)
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where
Yy = 0.0083 (for H/L = 0,57)
D = EI/b (1 - v2) (Equation 3-33)
D -29.6 x 10 x 0.667/1 (1 - .32) = 2.17 x 107
Kg = 2.17 x 107/0.0083 x 48% = 492 psi/in
Step 10. Determine the equivalent elastic deflection, Xg.
Xg = r /Kg = 3297492 = 0.669 in
Step 11. Calculate the effective mass of the element
a. Kim (average elastic and plastic)

- (0.78 + 0.66)/2 = 0.72

b. Unit mass of element,
2x1x1x 49 x 106 psi-ms?
m=w/g = = 1,468
1,728 x 32.2 x 12 in
c.  Effective unit mass of element, m,
- psi-m52
mg = Kyy xm=0.72 x 1,468 = 1,057
in
Step 12, Calculate the natural period of vibration, Ty
Ty = 2m (1,057/492)1/2 = 9.2 ms
Step 13. Determine the door plate response for:
P/x, = 1100/329% = 3.34
T/Ty = 1.0/9.2 = 0.109
€, = 100/1100 = 0.091 {Figure 3-62, Region C)
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Cy > 1000

Using Figure 3-253,
X /%, =1.5
i/ AR o

X, =1.5x0.669 «1.00 in
Step 14, Determine the support rotation.

@ = tan"l (1/24) = 2.39°* < 3°

Step 15. Evaluate the selection of the dynamic increase factor.
€ = f44/Estg (Equation 5-1)
tE/T - 1.8, tg = 1.8 ms (Figure 3-253)

€ = 68.2/29.6 x 103 x .0018 = 1.28 in./in./sec.

DIF - 1.3 (figure 5-2, average of A36 and A514)
Initial selection of DIF = 1.24 is adequate.
Since the support rotation criterla has been satisfied and the
preliminary selection of the DIF 1s acceptable, a 2 inch thick
plate 1s used In design.
Steps 15 These steps are bypassed since the door plate has no stiffening
through elements.

18

Problem 5A-8 Design of Doubly Symmetric Beams Subjected to Inclined
Pressure-Time Loading

Problem: Design a purlin or girt as a flexural member which is subjected to
a transverse pressure-time load acting in a plane other than a
principal plane.

Procedure:

Step 1. Establish the design parameters.
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Step

Step
Step

Step

Step
Step
Step

Step

Step

2.

10.

Pressure-time 1oad

Angle of inclination of the load with respect to the
vertical axis of the section

Design criteria: Maximum support rotation limited to 2°.
Member spacing, b

Type and properties of steel used:

Minimum yield strength for the section (Table 5-1)

Dynamic increase factor, ¢ (Table 5-2)

Preliminary sizing of the beam.

a.

Determine the equivalent static load, w, using a preliminary
dynamic load factor equal to 1.0.

. w=10xpxhb

Using the appropriate resistance formula from Table 3-1 and
the equivalent static load derived in Step 2a, determine the

required Mp.

- Determine the required section properties using equation 5-

7. Select a larger section since the member is subjected to
unsymmetrical bending.

Note that for a load inclimation of 10°, it is necessary to
Increase the required average section modulus, (1/2) (S +
Z), by 40 percent.

Check local buckling of the member (Section 5-24).

Calculate the inclination of the neutral axis (equation 5-24)}.

Calculate the elastic and plastic section moduli of the section
(equation 5-25),

Compute the design plastic moment, , (equation 5-86),
g q

Calculate ultimate unit resistance, Ty, of the member.

Calculate elastic deflection, & (Section 5-32.3).

Determine the equivalent elastic unit stiffness, Kg, of the beam
section using § from Step 8.

Compute the equivalent elastic deflection, Xg, of the member as
glven by Xg = r, /Kg.
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Step 11,

Step 12.

Step 13.

Step 14.

Example

Required:

Step 1.

12.1)
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Determine the load-mass factor, Kiy+ and obtain the effective unit
mass, m,, of the element.

Evaluate the natural perioed of vibration, Ty.

Determine the dynamic response of the beam. Evaluate P/r,, and
T/Ty, using the response charts of Chapter 3 to obtain X /Xg and
8. Compare with criteria.

Determine the ultimate dynamic shear capacity, V., (equation 5-16)
and maximum support shear, V, using Table 3-9 of Chapter 3 and
check adequacy.

5A-8 Design an I-Shaped Beam for Unsymmetrical Bending Due to
Inclined Pressure-Time Loading

Design a simply-supported I-shaped beam subjected to a pressure-
time loading acting at an angle of 10° with respect to the
principal vertical plane of the beam. This beam is part of a
structure designed to protect personnel,

Given:
a. P

b. Design criteria: The structure is to be designed for more
than one "shot." A maximum end rotation = 1°, is therefore
assigned

c. Structural configuration [figure 5A-8(a)]

d. Steel used: A36
Yield strength, fy = 36 ksi (Table 5-1)
Dynamic increase factor, ¢ = 1,29 (Table 5-2)

Average yleld strength increase factor, a = 1.1 (Section 5-
Dynamic design strength, f4, = 1.1 x 1.29 x 36 = 51.1 ksi
(equation 5-2)

Dynamic yielding stress In shear, f4, = 0.55 f4, = 0.55 x
51,1 = 28.1 ksi (equation 5-4)

Modulus of elasticity, E = 29,000,000 psi

Step 2. Preliminary sizing of the member.

a. Determine equivalent static load.
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Select DLF = 1.2 (Section 5-22.3)

w=1,25x% 4.5 x 4.5 x 144/1,000 = 3.65 k/ft

y
' e @ /TRANSVERSE
o 19-0 ol LOAD
w= 4.8 psf |
(excluding beam welght
A x
Spacing: b = 4.5 g=10°

4.5 psi

“20ms
TIME

Figure 5A-8(a) Beam configuration and loading, Example 5A-8(a)

b. Determine minimum required Mp
Mp - (sz)/B - (3.65 x 192)/8 = 165 k-ft {Table 3-1)
c. Selection of a member,

For & load acting in the plane of the web,

(S+2) = 2M.p/fds = (2 x 165 x 12)/5]1.1 (Equation 5-7)

(S + 2) = 77.5 in3

(§ + Z) required 1.4 x 77.5 = 109 in3
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Step 3.

Step 4.

Step 5.

TM 5-1300/NAVFAG P-397/AFR 88-22
Try Wl4 x 38, S, = 54.6 in3, 2, = 61.5 ind

(S +2) = 116.1 in3, I, = 385 1n®

- 4
Iy 26,7 in

Check against local buckling.

For W14 x 38,

d/t, = 45.5 < (412 / (36)1/2) (1 - 1.4 x B/Py) = 68.66 0.K.
(Equation 5-17)

bg/2tg = 6.6 < 8.5 0.X. (Section 5-24)

Inclination of elastic and plastic neutral axes with respect to
the x-axis,

tan @ = <Ix/1y) tan ¢ = (385/26.7) tan 10* = 2,546
(Equation 5-24)
a = 68.5°

Calculate the squivalent elastic section modulus.

S = (sty)/(schI @ + Sysin @)

S, = 54.6 in%, s, = 7.88 in, ¢ = 10°

y
sin 10* = 0.174, cos 10°* = Q.985

§ = (54.6) (7.88)/(7.88 x 0,985 + 54,7 x 0,174) = 24,9 in3

Calculate the plastic section modulus, Z.
Z=Am +Amy {Equation 5-6)

Ay = A, = A/2 = 11.2/2 = 5.6 in?
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Let ; be the distance of the ¢.g. of the area of cross section in
compression from origin as shown in Figure 5A-8 (b).

_ v | 14,10 0.515
¥ - — [ 6.770 x 0.515 x (——— -
5.6 2 2
1
+ — (14.10 - 2 x 0.515) x 0.310
2
1 14.10
X — - 0.515) = 5.42 inches
y ] 4

m =my = ; sin a = 5.42 sin 68° 30’ = 5.05 inches

Z = 2A,my= 11.2 x 5.05 = 56.5 in’

14.10°

Elactin and Diaelis
EaiGhaF Rl GRIVW F IGAGP RIW

Neutral Axis
Through the Centroid

? |f31°'

8.770°

Figure 5A-8(b) Loading on beam section, Example 5A-8(b)

Step 6. Determine design plastic moment, Mp.

Mp = f44(8 + Z)/2 = 51.1(24.9 + 56.5)/2 (Equation 5-7)
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= 51.1 x 40.7 = 2,080 in-kips

Step 7. Calculate ultimate unit resistance, r,,.
Ty = 8HP/L2 = (8) (2,080) (1,000)/(19 x l2)2 = 320 1b/in
(Table 3-1)
Step 8. Compute elastic deflection, §.
§ = [(62 + 6y2)11/2 (Section 5-32.3)
5w cosg L4
6y -—
384ET,
5w sing L?
§, = —
x
384EIy
w = equivalent static load + dead load
(4.8 x 4.5y + 38
- 2.92 + kips/ft = 2.94 kips/ft
1,000
1/2
[ Swsingl® 12 [ Swcosgl? ]2
§ = +
384EL, 384ET,
SwL? ;
- —  [(0.652)2 + (0.256)2 11/2 = 2.08 inches
38,400E
Step 9. Calculate the equivalent elastic unit stiffness, Kg.
2.94 x 1,000 x 1
Kg= w/6 = - 117.8 lb/in?
12 x 2.085
(Get w from Step 8)
Step 10. Determine the equivalent elastic deflection, XE.

Xg = r,/Kg = 320/117.8 = 2.72 inches
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Step 1ll1.

Step 12.

Step 13.

Calculate the effective mass of the element, m,.

a. Load-mass factor, Kim {(Table 3-12)

= (0.78 + 0.66)/2 = 0,72
b. Unit mass of element, m
[(4.5 x 4.8) + 38] x 105

m - w/g = - 1,286 x 10% 1b-ms2/in2
32.2 x 12 x 12

c. Effective unit mass of element, m,
my = Kpym = 0.72 x 1.286 x 10% = 0.93 x 10* 1b-msZ/in?
Calculate the natural period of vibration, Ty.
Ty = 2@ [(93 x 102)/117.8]1/2 = 55.8 ms (Section 5-22.2)

Determine the beam response.

Peak overpressure P=4.5%x4.5x 12 - 243 1b/in
Peak resistance r, = 320 1b/in

Duration = 20 ms

Natural period of vibration, Ty = 55.8 ms

P/r,, = 243/320 = 0.76
T/Ty = 20/55.8 = 0.358
From figure 3-64a
Xu/Xg < 1

From figure 3-49, for T/Ty = 0.358,
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DLF = 0.97
Hence, X, = 0.97 x 4.5 x 4.5 x 12/117.8 = 2.0 in
Find end rotation, O.

tan © = X /(L/2) = 2.0/[(19 x 12)/2] = 0.0175

8 ~1.0° 0.K.
Step 14. Calculate the dynamic ultimate shear capacity, Vp, and check for
adequacy.

Vp - fa8, = 28.1 (14.10 - 2 x 0.515) (0.310) = 113:2 kip? o
{Equation 5-16)
V=DLFxPxbzxlL/2

= 0.97 x 4.5 x 4,5 %19 x 144/(2 x 1,000)

= 26.9 kips < 89.2 kips < Vp 0.K. (Table 3-9)
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a yleld stress increase factor

A Area of cross section (1n2)

Ay Area of bracing member (inz)

A, Area of cross section in compression (1n2)
A Area of cross section in tension (inz)

A, Web area (inz)
b Width of tributary loaded area (ft)
bg Flange width (in)

bh Tributary width for horizontal loading (ft)

¢,DIF (1) Dynamic increase factor
¢ {2) Distance from neutral axis to extreme fiber of cross-section in
flexure (in)

C,Cy Coefficlients indicating relative column to girder moment capacity
(Section 5-42.1)

Cy, Bending coefficient defined in Section 1.5.1.4.5 of the AISC

Specification

Ce Column slenderness ratio indicating the transition from elastic to
inelastic buckling

me,cmy Coefficients applied to the bsnding terms in interaction formula

(AISC Specification Section 1,6.1)

Gy Coefficient Iin approximate expression for sidesway stiffness factor
fMatla E_1A4AN
\LEBPLE J-i4w)

D Coefficient indicating relative girder to column stiffness (Table 5-14)

DLF Dynamic load factor

d (L) Web depth (in)

(2) Diameter of cylindrical portion of fragment, in,.
E Young'’s modulus of elasticity (psi)
f (1) Maximum bending stress (psi)

(2) Shape factor, §/Z

wn
o
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Axial stress permitted in the absence of bending moment from Section 5-
37.3 (psi)

£y Bending stress permitted in the absence of axial force (psi)

Web buckling stress (psi)

fa Maximum dynamic design stress for connections (psi)

f3s Dynamic design stress for bending, tension and compression (psi)

fdv Dynamic yielding shear stress (psi)

fi. Dynamic ultimate stress (psi)

fdy Dynamic yield stress (psi)

F'ex,F'ey Euler buckling stresses divided by safety factor (psi)

Fy Horizontal component of force in bracing member (1lb)

Fg Allowable static design stress for connections (psi)

fa Ultimate tensile stress {psi)

fy Minimum static yield stress (psi)

g Acceleration due to gravity (386 in/secz)

H Story height (ft)

h Web depth for cold-formed, light gauge steel panel sections (in)

I Moment of inertia (ina)

I,q Average column moment of inertia for single-story multi-bay frame(inh)

I5g Effective moment of inertia for cold-formed section at a service stress
of 20 ksi (in4 per foot width)

| Moment of Inertla about the x-axis (ina)
Iy Moment of inertia about the v-axis (in“)
K (1) Effective length factor for a compression member
(2) Stiffness factor for rigid single-story, multi-bay frame from
Table 5-14

Ky Horizontal stiffness of diagonal bracing (1lb/ft)

Kg Equivalent elastic stiffness (1lb/in or psi/in)
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K Load factor

Kiy Load-mass factor

Ry Mass factor

L (1) Span length (ft or in)

(2) Frame bay width (ft)

1 Distance between cross section braced against twist or lateral
displacement of compression flange or distance between points of lateral
support for beams or columns

1/r Slenderness ratio

1 Actual unbraced length in the plane of bending (in)

b E &

1cr Critical unbraced length {in)

M Total effective mass (lb-mszfin)

me'Mmy Moments about the x- and y-axis that can be resisted by member in

Mp

the absence of axial load

Design plastic moment capacity

My ,M; Design plastic moment capacities (figures 5-6 and 5-10)

Mpx'Mpy Plastic bending moment capacities about the x- and y-axes

Mpu

1

my

Ultimate dynamic moment capacity

Ultimate positive moment Eapacity for unit width of panel
Ultimate negative moment capacity for unit width of panel
Moment corresponding to first yield

L Unit mass of panel (psi-msz/in)
(2) Number of braced bays in multi-bay frame

Effective unit mass (psi-msz/in)

Distance from plastic neutral axis to the centroid of the area in
compression in a fully plastic section (in)

Distance from plastic neutral axis to the centroid of the area in
tension in a fully plastic section {(in)

Bearing length at support for cold-formed steel panel (in)
Number of bays in multi-bay frame

(@8] Applied compressive load (1b)
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(2) Peak pressure of equivalent trilangular loading function, (psi)
(when used with r,], or peak total blast load (lb) [when used with

Ryl

Pex'Pey Euler buckling loads about the x- and y-axes
Pp Ultimate capacity for dynamic axial load, Afdy (1lb)
P, Ultimate axial compressive load (lb)

Py Ultimate capacity for static axial lcad Afy (1b)

Py, Reflected blast pressure on front wall (psi)

Blast overpressure on roof (psi)

Qy Ultimate support capacity (1b)

qy, Peak horizontal load on rigid frame (1lb/ft)

dy Peak vertical load on rigid frame (1b/ft)

R Equivalent total horizontal static load on frame (1b)

R, Ultimate total flexural resistance (1lb)

Ty Radlus of gyration of bracing member (in)

I Radius of gyration, equation 5-22 {in)

r, Ultimate unit flexural resistance (psi)

Tx: Ty Radii of gyration about the x- and y-axes (in)

r Required resistance for elastic behavior in rebound (psi)
s Elastic section modulus (in3)

S.,8, Elastic section modulus about the x- and y-axes (in3)

st Effgctive section modulus of cold-formed section for positive moments
(1n3)

§° Effective section modulus of cold-formed section for negative moments
(1n)

T Load duration (sec)

TN Natural period of vibration (sec)

t (1) Thickness of plate element (in)
(2) Thickness of panel section (in)

tg Time to yield (sec)
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Flange thickness (in)

Time to maximum response (sec)

Web thickness (in)

Support shear (1b)

Ultimate shear capacity (1lb)

Residual velocity of fragment (fps)

Striking velocity of fragments, (fps)

Critical perforaticn velocity of fragment (fps)
Total weight (1b)

Total concentrated load (1lb)

External work (lb-in)

Fragment weight (oz.)

Internal work (lb-in)

(1) Flat width of plate element (in)

(2 Load per unit area {(psi)

(3) Load per unit length (1lb/ft)

Deflection at design ductility ratio (figure 5-12)
uivalent elastic defle
Maximum deflection (in)
Depth of penetration of steel fragments (in)

Plastic section modulus (1n3)

Plastic section moduli about the x- and y-axes (1n3)

(1) Angle between the horizontal principal plane of the cross section

and the neutral axis (deg)

(2) Ratio of horizontal to wvertical leoading on a frame

(1) Base fixity factor (Table 5-14)
(2) Support condition coefficient (Section 5-34.3)

(3) Critical length for bracing correction factor (Sectlon 5-26.3)

Angle between bracing member and a horizontal plane (deg)

(1) Total transverse elastic deflection (in)
(2) Lateral (sidesway) deflection (im)
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€ . Strain (in/in)
€ Average strain rate (in/in/sec)
e (1) Member end rotation (deg)

(2) Plastic hinge rotation (deg)

O,.x Maximum permitted member end rotation

7] Ductility ratio

Mpay Maximum permitted ductility ratio

] Angle between the plane of the load and the vertical principal plane of
the cross section {(deg)
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CHAPTER 6

SPECIAL CONSIDERATIONS IK EXPLOSIVE FACILITY DESIGN

INTRODUCTION
6-1. Purpose

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

6-2. Objective

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

erszonnel and valuable equipment,

rotoaction for
rotection Ior eguipm

n n
r r

The secondary objectives are to:

(1) Establish the blast load parameters required for design of protec-
tive structures.

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

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

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

6-3. Background

For the first 60 years of the 20th century, criteria and methods based upon
ties. The criteria and methods did not include a detailed or reliable quanti-
tative basis for assessing the degree of protection afforded by the protective
facility. 1In the late 1%60's quantitative procedures were set forth in the
first edition of the present manual, "Structures to Resist the Effects of
Accidental Explosions". This manual was based on extensive research and
development programs which permitted a more reliable approach to current and
future design requirements. Since the original publication of this manual,
more extensive testing and development programs have taken place. This
additional research included work with materials other than reinforced con-
crete which was the principal construction material referenced in the initial
version of the manual,

Modern methods for the manufacture and storage of explosive materials, which
include many exotic chemicals, fuels, and propellants, require less space for
a given quantity of explosive material than was previously needed. Such
concentration of explosives increases the possibility of the propagation of
accidental explosions. (One accidental explosion causing the detonation of
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other explosive materials.) It is evident that a requirement for more accu-
rate design techniques 1s essential. This manual describes rational design
methods to provide the required structural protection.

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

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

6-4, Scope

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

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

This manual is applicable to the design of protective structures subjected to
the effects associated with high explosive detonations. For these design
situations, the manual will apply for explosive quantities less than 25,000
pounds for close-in effects. However, this manual is also applicable to other
situations such as far- or intermediate-range effects. For these latter cases
the design procedures are applicable for explosive quantities in the order of
500,000 pounds which is the maximum quantity of high explosive approved for
aboveground storage facllities in the Department of Defense manual, "Ammun-
ition and Explosives Safety Standards", DOD 6055.9-STD. §Since tests were
primarily directed toward the response of structural steel and reinforced
concrete elements to blast overpressures, this manual concentrates on design
procedures and techniques for these materials. However, this does not 1mp1y
that concrete and steel are the only useful materials for protective construc-
tion. Tests to establish the response of wcod, brick blocks, and plastics, as
well as the blast attenuating and mass effects of socil are contemplated. The
results of these tests may require, at a later date, the supplementation of
these design methods for these and other materials.

Other manuals are available to design protective structures against the
effects of high explosive or nuclear detonations. The procedures in these
manuais will quite often complement this manual and should be consuited for
specific applications.
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Computer programs, which are consistent with procedures and techniques con-
tained in the manual, have been approved by the appropriate representative of
the US Army, the US Navy, the US Air Force and the Department of Defense
Explosives Safety Board (DDESB)}. These programs are available through the
following repositories:

(1) Department of the Army
Commander and Director

s, Armvy Engineer
o W KILIMJ ullbi.l-ly‘-a.

Waterways Experiment Station
Post Office Box 631

Vicksburg, Mississippi 39180-0631
Attn: WESKaA

{2) Department of the Navy
Commanding Officer
Naval Civil Engineering Laboratory
Port Hueneme, California 93043
Attn: Code L51

(3) Department of the Air Force
Aerospace Structures
Information and Analysis Center
Wright Patterson Air Force Base
Ohio 45433
Attn: AFFDL/FBR
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for review by DDESB and the above services, Upon concurrence of the revi-
sions, the necessary changes will be made and notification of the changes will

be made by the individual repositories.
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6-5. Format

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

Chapter 1 Introduction

Chapter 2 Blast, Fragment, and Shock Loads

Chapter 3 Principles of Dynamic Analysis

Chapter 4 Reinforced Concrete Design

Chapter 5 Structural Steel Design

Chapter 6 Special Considerations in Explosive Facility Design

When applicable, illustrative examples are included Iin the Appendices.
Commonly accepted symbols are used as much as possible. However, protective
design involves many different scilentific and engineering fields, and, there-
fore, no attempt is made to standardize completely all the symbols used. Each
symbol is defined vwhere it is first used, and in the list of symbols at the
end of each chapter,
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CHAPTER CONTENTS
6-6. General

This chapter contains procedures for the design of blast resistant structures
other than above ground, cast-in-place concrete or structural steel struc-
tures, as well as the design of other miscellaneous blast resistant compo-
nents. Included herein is the design of reinforced and non-reinforced masonry
walls, recast elements both prestressed and conventionally reinforced, pre-
engineered bulldings, suppressive shielding, blast resistant windows, under-
ground structures, earth-covered arch-type magazines, blast valves and shock

isolation systems.

o
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MASONRY
6-7. Application

Masonry units are used primarily for wall construction. These units may be
used for both exterior walls subjected to blast overpressures and interior
walls subjected to Inertial effects due to building motions. Baslic variations
in wall configurations may be related to the type of masonry unit such as
brick, clay tile or solid and hollow concrete masonry units (CM), and the
manner in which these units are laid (running bond, stack bond, etc.)}, the
number of wythes of units (single or double), and the basic lateral load -
carrying mechanism (reinforced or non-reinforced, one or two-way elements).

In addition to their inherent advantages with respect to fire protection,
acoustical and thermal insulation, structural mass and resistance to flying
debris, masonry walls when properly designed and detailed can provide economi-
cal resistance to relatively low blast pressures. However, the limitation on
their application includes a limited capabllity for large deformations,
reduced capacity In rebound due to tensile cracking in the primary phase of
the response as well as the limitations on the amount and type of reinforce-
ment which can be provided. Because of these limitations, masonry construc-
tion in this Manual is limited to concrete masonry unit (CM) walls placed in a
running bond and with single or multiple wythes. However, because of the
difficulty to achieve the required interaction between the individual wythes,
the use of multiple wythes should be avoided.

Except for small structures (such as tool sheds, garage, etc.) where the floor
area of the building is relatively small and intercomnecting block walls can
function as shear walls, masonry walls will usually require supplementary
framing to transmit the lateral forces produced by the blast forces to the
building foundation. Supplementary framing is generally classified into two
categories (depending on the type of construction used); namely (1) flexible
type supports such as structural steel framing, and (2) rigid supports
including reinforced concrete frames or shear wall slab construction. The use
of masonry walls in combination with structural steel frames is usually
limited to incident over-pressures of 2 psi or less while masonry walls when
supported by rigid supports may be designed to resist incident pressures as
high as 10 psi. Figures 6-1 and 6-2 {llustrate these masonry support systems.

Depending on the type of construction used, masonry walls may be classified
into three categories: namely (1) cavity walls, (2) solid walls, and (3) a
combination of cavity and solid walls. The cavity walls utilize hollow load -
bearing concrete masonry units conforming to ASTM C90. Solid walls use solid
load-bearing concrete masonry units conforming to ASTM Cl45 or hollow units
whose cells and voids are filled with grout. The combined cavity and solid
walls utilize the combination of hollow and solid units. Masonry walls may be
subdivided further depending on the type of load-carrying mechanism desired:
(1) joint reinforced masonry construction, (2) combined joint and cell
reinforced masonry construction, and (3) non-reinforced masonry construction.

Joint reinforced masonry construction consists of single or multiple wythes

walls and utilizes either hollow or solid masonry units. The joint reinforced

wall construction utilizes commercially available cold drawn wire assemblies
(see Figure 6-3), which are placed in the bed joints between the rows of the
masonry units. Two types of reinforcement are available; truss and ladder
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types. The truss reinforcement provides the more rigid system and, therefore,
1s recommended for use in blast resistance structures. In the event that
double wythes are used, each wythe must be reinforced independently. The
wythes must also be tied together using wire ties. Joint reinforced masonry
construction is generally used In combination with flexible type supports.

The cells of the units located at the wall supports must be filled with grout,
Typical joint reinforced masonry construction is illustrated in Figure 6-4,
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horizontal reinforcement may consist either of the joint reinforcement
previously discussed or reinforcing bars. Where reinforcing bars are used,
special masonry units are used which permit the reinforcement to sit below the
joint (Figure 6-5). The vertical reinforcement consists of reinforcing bars
which are positioned in one or more of the masonry units cells. All cells,
which contain reinforcing bars, must be filled with grout. Depending on the
amount of reinforcement used, this type of construction may be used with
either the flexible or rigid type support systems,
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Non-reinforced masonry constructicn consists of single wythe of hollow or
solid masonry units. This type of construction does not utilize reinforcement
for strength but solely relies on the arching action of the masonry units
formed by the wall deflection and support resistance (Figure 6-6). This form
of construction is utilized with the rigid type support system and, in
particular, the shear wall and slab construction system.

6-8. Design Criteria for Reinforced Masonry Walls
6-8.1. Static Capacity of Reinforced Masonry Units

Figure 6-7 illustrates typical shapes and sizes of concrete masonry units
which are commercially available. Hollow masonry units shall conform to ASTM
€90, Grade N. This grade is recommended for use in exterior below and above
grade and for interior walls. The minimum dimensions of the components of
hollow masonry units are given in Table 6-1.

The specific compressive stremgth (f' ) for concrete masonry units may be
taken as: B

Type of Unit Ultimate Strength (£')
Hollow Units 1350 psi
Hollow Units filled with grout 1500 psi
So0lid Units 1800 psi

while the modulus of elasticity (E) of masonry units is equal to:
E, = 1000 f' 6-1

The specific compressive strength and the modulus of elasticity of the mortar
may be assumed to be equal to that of the unit.

Joint reinforcement shall conform to the requirements of ASTM A82 and,
therefore, it will have a minimum ultimate (f, ) and yield (f) stresses equal
to 80 ksl and 70 ksl respectively. Reinforcing bars shall conform to ASTM
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A615 (Grade 60) and have minimum ultimate stress (f,,) of 90 ksi and minimum
yleld stress (f)) of 60 ksi. The modulus of elasticity of the reinforcement
is equal to 29,000,000 psi.

6-8.2 Dynamic Strength of Material

Since design for blast resistant structures is based on ultimate strength, the
actual yleld stresses of the material, rather than conventional design
stresses or specific minimum yield stresses, are used for determining the
plastic strengths of members. Further, under the rapid rates of straining
that occur in structures loaded by blast forces, materials develop higher
strengths than they do in the case of statically loaded members. In calculat-
ing the dynamic properties of concrete masonry construction it is recommended
that the dynamic increase factor be applied to the static yleld strengths of
the various components as follows:

Concrete
Flexure 1.19 £
Shear 1,00 £/
Compression 1.12 £
Reinforcement
Flexure 1.17 £

6-8.3 Ultimate Strength of Reinforced Concrete Masonry Walls

The ultimate moment capacity of joint reinforced masonry construction may be
conservatively estimated by utilizing the horizontal reinforcement only and
neglecting the compressive strength afforded by the concrete. That is the
reinforcement in cone face will develop the tension forces while the steel in
the opposite face resists the compression stresses. The ultimate moment
relationship may be expressed for each horizontal joint of the wall as
follows:

M, = Asfdydc 6-2
where:
Ag = area of joint reinforcement at one face
f=- dynamic yield strength of the joint reinforcement

d, = distance between the centroids of the compression and ten-
sion reinforcement

M, - ultimate moment capacity

n tha santrarv 3
vn the conirary, thne ultim

(vertical reinforcement) in a combined joint and cell reinforced masonry
construction utilizes the concrete strength to resist the compression forces.
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The method of calculating ultimate moment of the vertical reinforcement is the
same as that presented in Chapter 4 of this manual which is similar to that
presented in the American Concrete Institute Standard Building Code Require-
ments for Reinforced Concrete.

The ultimate shear stress in joint reinforced masonry walls is computed by the
formula:

Va = Vu /AL 6-3
where:
v, = unit shear stress

Vo = total applied design shear at d,/2 from the support

A, = net area of section

blast pressures, shall utilize shear reinforcement which shall be designed to
carry the total shear stress. Shear reinforcement shall consist of; (1) bars
or stirrups perpendicular to the longitudinal reinforcement, (2} longitudinal
bars bent so that the axis or inclined portion of the bent bar makes an angle
of 45 degrees or more with the axis of the longitudinal part of the bar; or

(3) a combination of (1) and (2) above., The area of the shear reinforcement
placed perpendicular to the flexural steel shall be computed by the formula:

In all cases, joint reinforced masonry walls, which are designed to resist

) vubs i
A, - ——— 6-4
where:
A, = area of shear reinforcement

b = unit width of wall

s = spacing between stirrups
fn - yield stress of the shear reinforcement
¢ = strength reduction factor equal to 0.85

When bent or inclined bars are used, the area of shear reinforcement shall be
calculated using:

v, bs
A = 6-5
of, (sin a + cos a)
where:
a - angle between Inclined stirrup and longltudinal axis of the

member,
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Shear reinforcement in walls shall be spaced so that every 45 degree line
extending from mid depth (d_./2) of a wall to the tension bars, crosses at
least one line of shear reinforcement.

Cell reinforced masonry walls essentially consist of solid concrete elements.
Therefore, the relationships, for reinforced concrete as presented in Chapter
4 of this manual may also be used to determine the ultimate shear stresses in
cell reinforced masonry walls. Shear reinforcement for cell reinforced walls
may only be added to the horizontal joint similar to joint reinforced masonry
walls,

6-8.4. Dynamic Analysis

LI.E Leopulloe Uf .‘.:LLUL\-UL‘I-J. CL!‘-'II.I.ﬁlI.LD L)
blast 1oads are presented in Chapter 3 of this manual. These principles also
apply to blast analyses of masonry walls. In order to.perform these analyses,
certain dynamic properties must be established as follows:

Load-mass factors, for masonry walls spanning in either one direction (joint
reinforced masonry construction) or two directions (combined jeoint and cell
reinforced masonry construction) are the same as those load-mass factors which
are listed in Tables 3-12 and 3-13. The load-mass factors are applied to the
actual mass of the wall. The weights of masonry wall can be determined based
on the properties of hollow masonry units previously described and utilizing a
concrete unit weight of 150 pounds per cubic foot. The values of the loadmass
factors Kpy, will depend in part on the range of behavior of the wall; i.e.,
elastic, elasto-plastic, and plastic ranges. An average value of the elastic
and elasto-plastic value of K;y is used for the elasto-plastic range while an
average value of the average K;y for the elasto-plastic range and K;y of the
plastic range is used for the wall behavior in the plastic range.

The resistance-deflection function is illustrated in Figure 3-1. This figure
illustrates the various ranges of behavior pféV;oua;y discussed and defines
the relationship between the wall’s resistances and deflections as well as
presents the stiffness K In each range of behavior. It may be noted in Figure
3-1, that the elastic and elasto-plastic ranges of behavior have been ideal-
ized forming a bilinear (or trilinear) function. The equations for defining

these functions are presented in Section 3-13.

The ultimate resistance r,, of a wall varies; (1) as the distribution of the
applied load, (2) geometry of the wall (length and width), (3) the amount and
distribution of the reinforcement, and (4) the number and type of supports.
The ultimate resistances of both one and two-way spanning walls are given in
Section 3-9.

Recommended maximum deflection criteria for masonry walls subjected to blast
loads 1s presented in Table 6-2. This table includes criteria for both
reusable and non-reusable conditions as well as criteria for both one and
two-way spanning walls.

When designing masonry walls for blast loads using response chart procedures
of Chapter 3 the effective natural period of vibration is required. This
effective period of vibration when related to the duration of the blast
loading of given intensity and a given resistance of the masonry wall deter-
mines the maximum transient deflection X of the wall. The expression for the
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natural period of vibration is presented in equation 3-60, where the effective
unit mass m, has been described previously and the equivalent unit stiffness
Kg is obtained from the resistance-deflection function, The equivalent
stiffness of one way beams is presented in Table 3-8. This table may be used
for one way spanning walls except that a unit width shall be used. Methods
for determining the stiffnesses and period of vibrations for two-way walls are
presented in Sections 3-11 through 3-13. Determining the stiffness in the
elastic and elasto-plastic range is complicated by the fact that the moment of
inertia of the cross section along the masonry wall changes continually as
cracking progresses, and further by the fact that the modulus of elasticity
changes as the stress increases. It is recommended that computations for
deflections and therefore, stiffnesses be based on average moments of inertia

Ia as follows:

I - — 6-6

In Equation 6-6, I, is the moment of inertia of the net section and I, is the
moment of inertia of the cracked section. For solid masonry units the value
of I, is replaced with the moment of inertia of the gross section. The values
of I, and I, for hollow and solid masonry units used in joint reinforced
masonry construction are listed in Table §-3. The wvalues of T_ for solid
units may also be used for walls which utilize combined joint Bnd cell masonry
construction. The values of I, for both hollow and solid masonry comstruction
may be obtained using:

I, = 0.005 bd> 6-

c c

~l

6-8.5. Rebound

Vibratory action of a masonry wall will result in negative deflections after
the maximum positive deflection has been attained. This negative deflection
is associated with negative forces which will require tension reinforcement to
be positioned at the opposite side of the wall from the primary reinforcement.
In addition, wall ties are required to assure that the wall is supported by
the frame (Figure 6-8). The rehound forces are a function of the maximum
resistance of the wall as well as the vibratory properties of the wall and the
load duration. The maximum elastic rebound of a masonry wall may be obtained
from Figure 3-268.

The resistance of non-reinforced masonry walls to lateral blast loads is a
function of the wall deflection, mortar compression strength and the rigidity
of the supports.

6-9.1. Rigid Supports

If the supports are completely rigid and the mortar’s strength is known, a

Both supports are assumed to be completely rigid and lateral motion of the top
and bottom of the wall is prevented. An incompletely filled joint is assumed
to exist at the top as shown in Figure 6-9a. Under the action of the blast
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load the wall is assumed to crack at the center. Each half then rotates as a
rigid body until the wall takes the position shown in Figure 6-9b. During the
rotation the midpoint m has undergone a lateral motion X, in which no resis-
tance to motion will be developed in the wall, and the upper corner of the
wall (point o) will be just touching the upper support. The magnitude of X,
can be found from the geometry of the wall in its deflected position:

[t-x|2-12- b2+ @ar - my2)? 6-8
L Jd L Jd

- L2 - (h'/2)2
where:

X, =T - [L2 - (h'/2)2]1/2 6-9

]
=
-

L = [(h/2)2 + T2]1/2 6-10

All other symbols are shown in Figure 6-9.

For any further lateral motion of point m, compressive forces will occur at
points m and o. These compressive forces form a couple that produces a
resistance to the lateral load equal to:

r, = 84, /h? 6-11
where all symbols have previcusly been defined, When point m deflects
laterally to a line n-o (Figure 6-9c), the moment arm of the resisting couple
will be reduced to zero and the wall will become unstable with no further

resistance to deflection. In this position the diagonals o-m and m-n will be
shortened by an amocunt:

L -nh'/2 6-12
The unit strain in the wall caused by the shortening will be:
€p = (L - h'/2)/L 6-13

where:
€ = unit strain in the mortar

m
All the shortening is assumed to occur in the mortar joints and therefore:
£, = E € 6-14

where:

E. = modulus of elasticity of the mortar

£-11
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fp - compressive stress corresponding to the strain €

In most cases f; will be greater than the ultimate compressive strength of the
mortar f, and therefore cannot exist. Since for walls of normal height and
thickness each half of the wall undergoces a small rotation to obtain the
position shown in Figure 6-9c, the shortening of the diagonals o-m and m-n can
be considered a linear function of the lateral displacement of point m., The
deflection at maximum resistance X,, at which a compressive stress f exists

at points m, n and o can therefore be found from the following:

X - X, £

-—=. = 6-15a
T -X, fp,  En€y
or
(T - %) £
X, - + X, 6-15b

The resisting moment that is caused by a lateral deflection Xy 1s found by
assuming rectangular compression stress blocks to exist at the supports
(points o and n) and at the center (point m) as shown in Figure 6-10a. The
bearing width a is chosen so that the moment M, is a maximum, that is, by
differentiating M, with respect to a and setting the derivative equal to zero,
which for a solid masonry unit will result in:

a=0.5 (T - Xp) 6-16

and the corresponding ultimate moment and resistance (Figure 6-10b) are equal
to:

, 2
M, - 0.25 £ m[T - xl} 6-17

and

r = (2/m2y £
u NESO0T S

m 1

Pt 6
| ]

When the mid span deflection is greater than X; the expression for the
resistance as a function of the displacement is:

r = (2/b2)f' (T - X)? 6-19

As the deflection increases the resistance is reduced until r is equal to zero
and maximum deflection X is reached (Figure 6-10b). Similar expressions can
be derived for hollow masonry units. However, the maximum value of a can not
exceed the thickness of the flange width.

6-9.2. Non-rigid Supports

For the case where the wall is supported by elastic supports at the top and/or
bottom, the resistance curve cannot be constructed based on the value of the
compression force (af’;) which is determined solely on geometry of the wall,
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Instead the resistance curve is a function of the stiffness of the supports.
Once the magnitude of the compression force is determined, equations similar
to those derived for the case of the rigid supports can be used.

6-9.3. Simply Supported Walls

If the supports offer no resistance to vertical motion, the compression in the
wall will be limited by the wall weight above the floor plus any roof load
which may be carried by the wall. If the wall carries no vertical loads, then
the wall must be analyzed as a simply supported beam, the maximum resisting
moment being determined by the modulus of rupture of the mortar.
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Figure 6-3 Concrete masonry walls
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JOINT REINFORCED MASONRY CONSTRUCTION

Concrete

MASONRY CONSTRUCTION

Figure 6-4 Typical joint reinforced masonry construction
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THE SPECIAL PROVISIONS FOR REINFORCEMENT
PLACEMENT AS SHOWN , ARE AVAILABLE IN

MANY OF THE BLOCK CONFIGURATIONS ILLUSTRATED
IN FIG.6-7.

Figure 6-5 Special masonry unit for use with reinforcing bars
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Figure 6-6 Arching action of non-reinforced masonry wall
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Figure 6-7 Typical concrete masonry units
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Figure 6-8 Connection details for rebound and/or negative overpressures
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Figure 6-9 Deflection of non-reinforced masonry walls
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Figure 6-10 Structural behavior of non-reinforced solid masonry panel
with rigid supports
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Table 6-1 Properties of Hollow Masonry Unlts

Nominal Face-Shell Equiv. Web
Width Thickness Thickness

of Units (in) (in) {(in)

land 4 .75 1.625

6 1.00 2.25

8 1.25 2.25

10 1.375 2.50

12 1.500 2.50

Table 6-2 Deflection Criteria for Masonry Walls

Wall Type Support Type Support Rotation
Reusable Cne-way 0.5°
Two-way 0.5°
Non-Reusable One-way 1.0°
Two-way 2.0°
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Table 6-3 Moment of Inertia of Masonry Walls

Type of Unit Width of Unit Moment of Inertia
(in) (1in*)

2.
4,
12.
28.
5%,
83.

Hollow

N O e W
W h e~ OO

-

2.
5.
18,
42,
83.
144,

Solid

e
N OO w
OO ~NO W~
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PRECAST CONCRETE

6-1C. Applications

Frecast concrete construction can consist of elther prestressed or conv
ally reinforced members. Prestressing is advantageous in conventional
construction, for members subjected to high flexural stresses such as long
span or heavily loaded slabs and beams. Other advantages of precast concrete
construction include: (1) completion time for precast construction will be
significantly less than the required for cast-in-place concrete, (2) precast
construction will provide protection against primary and secondary fragments
not usually afforded by steel construction and (3) precast work is generally
more economical than cast-in-place concrete construction especially when
standard precast shapes can be used., The overriding disadvantage of precast
construction is that the use of precast members is limited to bulldings
located at relatively low pressure levels of 1 to 2 psi. For slightly higher
pressure levels, cast-in-place concrete or structural steel construction
becomes the more economical means of construction. However, for even higher
pressures, cast-in-place concrete is the only means available to economically
withstand the applied load.

Y R,
eIlLLOIl-

Precast structures are of the shear wall type, rigid frame structures being
economically impractical (see the discussion of connections, Section 6-16
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for blast design it is recommended that they be limited to single story
buildings. Some of the most common precast sections are shown in Figure 6-11.
The single tee and double tee sections are used for wall panels and roof
panels. All the other sections are beam and girder elements. 1In addition, a
modified flat slab section will be used as a wall panel around door openings.
All of the sections shown can be prestressed or conventionally reinforced. 1In
general though, for blast design, beams and roof panels are prestressed, while
columns and wall panels are not. For conventional design, prestressing wall
panels and columns iIs advantageous in tall multi-story building, and thus of
no benefit for blast resistant design which uses only single story buildings.
In fact, in the design of a wall panel, the blast locad is from the opposite
direction of conventional loads and hence prestressing a wall panel decreases
rather than increases the capacity of section.

6-11. Static Strength of Materials
6-11.1. Concreta

d in

e
is usually
is developed
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precast elements is 4000 to 5000 psi. High early-strength cemen
used in prestressed elements to ensure adequate concrete strength
before the prestress is introduced.

Cenpral1v the minimum comnressive sgrgngtb of the concrete, f_, us
t

6-11.2. Reinforcing Bars

Steel reinforcing bars are used for rebound and shear reinforcement in
prestressed members as well as for flexural reinforcement in non-prestressed
members. For use in blast design, bars designated by the American Society for
Testing and Materials (ASTM) as A 615, grade 60, are recommended. As only
small deflections are permitted in precast members, the reinforcement is not
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stressed into its strain hardening region and thus the static design strength
of the reinforcement is equal to its yield stress (f, = 60,000 psi).

6-11.3. Welded Wire Fabric

Welded wire fabric, designated as A 185 by ASTM, is used to reilnforce the
flanges of tee and double tee sections. In conventional design welded wire
fabric iIs sometimes used as shear reinforcement, but it is not used for blast
design, which requires closed ties. The static design strength f_ ., of welded

weslyit; wille il LEUULLES ClUSTtUL LLlEOS .

wire fabric is equal to its yield stress, 65,000 psi.
6-11.4. Prestressing Tendons

There are several types of reinforcement that can be used in prestressing
tendons. They are designated by ASTM as A 416, A 421 or A 722, with A 416,
grade 250 or grade 270, being the most common. The high strength steel used
in these types of reinforcement can only undergo a maximum elongation of 3.5
to 4 percent of the original length before the ultimate strength is reached.
Furthermore, the high strength steel lacks a well defined yield point, but
rather exhibits a slow continuous ylelding with a curved stress-strain
relationship until ultimate strength is developed (see Figure 6-12). ASTM
specifies a fictitious yield stress f__, corresponding to a 1 percent elonga-
tion. The minimum value of fp depends on the ASTM designation, but it ranges
from B0 to %0 percent of the uXtimate strength, fpu‘

6-12. Dynamic Strength of Materials

Under the rapid rate of straining of blast loads, most materials develop
higher strengths than they do when statically loaded. An exception, is the
high strength steel used in prestressing tendons. Researchers have found that
there was very little increase in the upper yield stress and ultimate tensile
strengths of high strength steels under dynamic loading.

The dynamic design strength is obtained by multiplying the static design
strength by the appropriate dynamic increase factor DIF, which is as follows:

(a) Concrete: Compression DIF = 1.19
Diagonal tension DIF = 1.00
Direct shear DIF = 1.10
Bond DIF = 1.00
(b) Non-prestressed Steel Reinforcement;
Flexure DIF = 1.17
Shear DIF = 1.00
{(c) Welded Wire Fabric: DIF = 1.10
(d) Prestressed Reinforcement DIF = 1.00

6-13. Ultimate Strength of Precast Elements

The ultimate strength of non-prestressed precast members iIs exactly the same
as cast-in-place concrete members and as such Is not repeated here. For the
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ultimate strength of non-prestressed precast elements, see Chapter 4 of this
manual.

6-13.1 Ultimate Dynamic Moment Capacity of Prestressed Beams

The ultimate dynamic moment capacity M, of a prestressed rectangular beam (or
of a flanged section where the thickness of the compression flange is greater
than or equal to the depth of the equivalent rectangular stress block, a) is

as follows:

M, - Aps fps (dp - af2) + Asfdy (d-a/2) 6-20

and
( Sf + Asfd )
a - pspS Y 6-21
85f'4, b

where:

M, - ultimate moment capacity

Aps - total area of prestress relnforcement

fps - average stress in the prestressed reinforcement at ultimate

load
dP - distance from extreme compression fiber to the centroid of

the prestressed reinforcement

a = depth of equivalent rectangular stress block
Ag = total area of non-prestressed tension reinforcement
fdy - dynamic design strength of non-prestressed reinforcement
d = distance from extreme compression fiber to the centroid of

the non-prestressed reinforcement
£'ac = dynamic compressive strength of concrete

b = width of the beam for a rectangular section or width of the
compression flange for a flanged section

The average stress in the prestressed reinforcement at ultimate load f . must
be determined from a trial-and-error stress-strain compatibility analysis,
This may be tedious and difficult especially if the specific stress-strain
curve of the steel being used is unavailable. 1In lieu of such a detailed
analysis, the following equations may be used to obtain an appropriate value
of £ _:

pPs

For members with bonded prestressing tendons:

[+
4
"
-]
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Y f daf
P PUu dy ,
fps = fnu{l T } Pp + (p-p") 6-22

8, J B R S DY

and
Pp = Apg /bdy 6-23
p= Ag /bd 6-24
B’ = Ag' /bd 6-25
where:
fpu - specified tensile strength of prestressing tendon
Yp ™ factor for type of prestressing tendon

- 0.40 for fpy /fpu > 0.80

- 0.28 for £, /£, 2 0.90

Py /

f ., = "fictitious" yield stress of prestressing tendon correspond-
PY
ing to a 1 percent elongation

B - 0.85 for f',. up to 4000 psi and is reduced 0.05 for each
1000 psl in excess of 4000 psi

N, - nregtressed reinforcemant ratin
Pp pregtressed reinforcement ratie
P- ratio of non-prestressed tension reinforcement
p' - ratlo of compression reinforcement
A, = total area of compression reinforcement
s P

If any compression reinforcement is taken into account when calculating f
then the distance from the extreme compression fiber to the centroid of the
compression reinforcement must be less than 0.15dp and

fu  Ofqy
Pp + (p-p’) 2 0.17 6-26

f'dc dpf'dc

If there is no compression reinforcement and no non-prestressed tension
reinforcement, Equation 6-22 becomes:
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Y £
£ . =f | 1-—p i 6-27
B, P g
1 de

For members with unbonded prestressing tendons and a span-to-depth ratlo less
than or equal to 35:

fps - £, + 10,000 + £, /(100pp) < fpy 6-28a
and

fps < fgo + 60,000 6-28b
where:

foo = effective stress in prestressed reinforcement after allow-

ances for all prestress losses

For members with unbonded prestressing tendons and a span-to-depth ratio
greater than 35:

fo = g

bs + 10,000 + £4./(300 p) < £ 6-29a

Py

and

f.5f

ps S £g¢ + 30,000 6-29b

To insure against sudden compression failure the reinforcement ratios for a
rectangular beam, or for a flanged section where the thickness of the compres-
sion flange is greater than or equal to the depth of the equivalent rectangu-
lar stress block will be such that:

Ppfps ' df gy
£'ac dpf’ 4c

When the thickness of the compression flange of a flanged section is less than
the depth of the equivalent rectangular stress block, the reinforcement ratios
will be such that

(p - p') < 0.368, 6-30

Ppw fps . dfdy
£'ac dpf'dc
- reinforcement ratios for flanged sections computed as for
, p and p’ respectively except that b shall be the width

P
og the web and the reinforcement area will be that required
to develop the compressive strength of the web only.

(pw - p'w ) S 0-3631 6_31

Pow Pwr P'w
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6-13.2. Diagonal Tension and Direct Shear of Prestressed Elements

Under conventional service loads, prestressed elements remain almost entirely
in compression, and hence are permitted a higher concrete shear stress than
non-prestressed elements. However at ultimate loads the effect of prestress
is lost and thus no increase in shear capacity is permitted. The shear
capacity of a precast beam may be calculated using the equations of Chapter 4
of this manual. The loss of the effect of prestress also means that d is the
actual distance to the prestressing tendon and is not limited to 0.8h as it is
in the ACI code. It is obvious then that at the supports of an element with
draped tendons, d and thus the shear capacity are greatly reduced. Draped
tendons also make it difficult to properly anchor shear reinforcement at the
supports, exactly where it is needed most. Thus it is recommended that only

straight tendons be used for blast design.
6-14. Dynamic Analysis

The dynamic analysis of precast elements uses the procedures described in
Chapter 3 of this manual.

Since precast elements are simply supported, the resistance-deflection curve
is a one-step function (see Figure 3-3%a). The ultimate unit resistance for
various loading conditions is presented in Table 3-1. As precast structures
are subject to low blast pressutres, the dead load of the structures become
gignificant, and must be taken into account.

The elastic stiffness of simply supported beams with various loading condi-
tions is given in Table 3-7. In determining the stiffness, the effect of
cracking is taken into account by using an average moment of inertia I_, as
follows:

I, - (Ig + 1.)/2 6-32
where:

Ig - moment of inertia of the gross section

I, - moment of inertia of the cracked section

For non-prestressed elements, the cracked moment of inertia can be determined
from Chapter 4. For prestressed elements the moment of inertia of the cracked
section may be approximated by:

I, - 0 Ay dp2 [ 1 - (pp)lf2 ] 6-33

where n is the ratio of the modulus of elasticity of steel to concrete, The
load-mass factors, used to convert the mass of the actual system to the
equivalent mass, are given in Table 3-12 for prestressed elements the load-
mass facter in the elastic range is used. An average of the elastic and
plastic range load-mass factors is used in the design of non-prestressed
elements.
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The equivalent single-degree-of-freedom system 13 defined in terms of its
ultimate resistance r,, equivalent elastic deflection Xp, and natural period
of vibration Ty. The dynamic load is defined by its peak pressure P and
duration T. e figures given in Chapter 3 may be used to determine the
response of an element in terms of its maximum deflection X, and the time to
reach maximum deflection tg.

Recommended maximum deflection criteria for precast elements is as follows:

(1) For prestressed flexural members:

Opax S 2° or py.. £ 1, whichever governs

(2) For non-prestressed flexural members

emax < 2° or Brax S 3, whichever governs

(3) For compression members
Bpax S 1.3

where ) = maximum support ratio

max
Bpax = maximum ductility ratio
6-15. Rebound

Precast elements will vibrate under dynamlc¢ loads, causing negative deflec-
tions after the maximum deflection has been reached. The negative forces
associated with these negative deflections may be predicted using Figure 3-
268.
6-15.1. Non-prestressed elements
The design of non-prestressed precast elements for the effects of rebound is
the same as for cast-in-place members. See Chapter 4 for a discussion of
rebound effects in concrete elements.
6-15.2. Prestressed elaments
In prestressed elements, non-prestressed reinforcement must be added to what
is the compression zone during the loading phase to carry the tensile forces
of the rebound phase. The rebound resistance will be determined from Figure
3-268, but in no case will it be less than one-half of the resistance avail-
able to resist the blast load.
The moment capacity of a precast element in rebound is as follows:

M,” = AgTfgy (47 - a7/2) 6-34
where:

M,” - ultimate moment capacity in rebound

A, = totsl area of rebound tension reinforcement

fdy - dynamic design strength of reinforcement
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d” = distance from extreme compression fiber to the centroid of
the rebound reinforcement

a = depth of the equivalent rectangular stress block

It is important to take into account the compression in the concrete due to
prestressing and reduce the strength available for rebound. For a conserva-
tive design, it may be assumed that the compression in the concrete due to
prestressing is the maximum permitted by the ACI code, i.e. 0.45 f',. Thus
the concrete strength available for rebound is

0.85 £'4.,- 0.45 £," = 0.85f",,- 0.45f' 4. /DIF = 0.47£" 3. 6-35
A more detailed analysis may be performed to determine the actual concrete

compression due to prestress. In either case the maximum amount of rebound
reinforcement added will be

(0.85f 4.~ d)B (87000 - nf) bd~

£ay (87000 - nf + £4.)

where f is the compression in the concrete due to prestressing and all the
other terms have been defined previocusly. 1If available concrete strength is
assumed to be 0.47f,d,, equation 6-36 becomes:

_ (0.47£" 4 By) [ (87,000 - 0.378nf’ 4 ) bd
A" < 6-37
£4y (87000 - 0.378nf’ 4.+ £4.)

6-16. Connections
6-16.1, General

One of the fundamental differences between a cast-in-place concrete structure
and one consisting of precast elements is the nature of connections between
members., For precast concrete structures, as in the case of steel structures,
connections can be detailed to transmit gravity loads only, gravity and
lateral loads, or moments in addition to these loads. In general though,
connectors of precast members should be designed so that blast loads are
transmitted to supporting members through simple beam action., Moment-resist-
ing connections for blast resistant structures would have to be quite heavy
and expensive because of the relatively large rotations, and hence induced
stresses, permitted in blast design.

In the design of connections the capacity reduction factor ¢, for shear and
bearing stresses on concrete are as prescribed by ACI code, i.e. 0.85 and 0.7
respectively. No capacity reduction factor is used for moment calculations
and no dynamic increase factors are used in determining the capacity of a
connector. Capacity of the connection should be at least 10 percent greater

than the reaction of the member being connected to account for the brittleness

of the connection. 1In addition the failure mechanism should be controlled by
tension or bending stress of the steel, and therefore the pullout strength of
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the concrete and the strength of the welds should be greater than the steel
strength.

The following connections are standard for use in blast design but they are
not intended to exclude other comnnection details. Other details are possible
but they must be able to transmit gravity and blast loads, rebound loads and
lateral loads without inducing moments.

6-16.2. Column-to-Foundation Connection

The standard PCI column-to-foundation connection may be used for blast design
without modification. However anchor bolts must be checked for tension due to
rebound in order to prevent concrete pullout.

6-16.3. Roof Slab-to-Girder Connection

Figure 6-13 shows the connection detail of a roof panel (tee section) framing
into a ledger beam. The bearing pads transmit gravity loads while preventing
the formation of moment couples. The bent plate welded to the plate embedded
in the flange of the tee transmits lateral loads but is soft enough to deform
when the roof panel tries to rotate. The angle welded to the embedded plate
in the web of the tee restricts the panel, through shear action, from lifting
off the girder during the rebound loading. The effects of dimensional changes
due to creep, shrinkage and relaxation of prestress should be considered in
this type of connection,

6-16.4. Wall Panel-to-Roof Slab Connection

The basic concepts employed in the roof slab- Irc c y
wall panel-to-roof slab connection shown in Figure 6-14. The roof panel
instead of bearing on the girder, bears on a corbel cast with the tee section.
The angle that transmits lateral loads has been moved from the underside of

the flange to the top of the flange to facilitate field welding.
6-16.5. Wall Panel-to-Foundation Connection

The wall panel 1ln Figure 6-15 is attached to the foundation by means of angles
welded to plates cast in both the wall panel and the foundation. It is
essential to provide a method of attachment to the foundation that is capable
of taking base shear in any direction, and also a method of levelling and
aligning the wall panel. Non-shrinking grout is used to fill the gap between
the panel and the foundation so as to transmit the loads to the foundation.

6-16.6. Panel Splice

Since precast structures are of the shear wall type, all horizontal blast
loads are transferred by diaphragm action, through wall and roof slabs to the

foundations The fvnfnn'l nanel en'l'iﬁn shown in Fipure 6-16 is uged for

Ll al illis ., PR L] af-di palita LAV R dafpuLT UTAU A4S Vel Lul

transferring the horizontal loads between panels,
6-16.7. Reinforcement Around Door Openings

A standard double tee section cannot be used around a door opening. Instead a
special panel must be fabricated to satisfy the requirements for the door
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opening. The design of the reinforcement around the door opening and the door
frame is discussed in Chapter 4.
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SPECIAL PROVISIONS FOR PRE-ENGINEERED BUILDING

6-17. General

Standard pre-engineered buildings are usually designed for conventional loads
(live, snow, wind and/or seismic). Blast resistant pre-engineered buildings
are also designed in the same manner as standard structures. However, the
conventional loadings, which are used for the latter designs, are quite large
to compensate for effects of blast lcads. Further, as with standard build-
ings, pre-engineered structures, which are designed for blast, are designed
elastically for the conventional loadings with the assumption that the
structure will sustain plastic deformations due to the blast. The design

approach will require a multi-stage process, including: preparation of general

layouts and partial blast designs by the design engineer; preparation of the
specifications, by the engineer including certain features as recommended
herein; design of the building and preparation of shop drawings by the pre--
engineered building manufacturers; and the final blast evaluation of the
structure by design engineer utilizing the layouts on the previously mentioned
shop drawings. At the completion of the analysis some slight modifications in
building design may be necessary. However, if the following procedures are
used, then the required modifications will be limited and in some cases
eliminated for blast overpressures upward to 2 psi.

6-18. General Layout

The general layout of pre-engineered buildings Is based on both operational
and blast resistant requirements. Figure 6-17 illustrates a typical general
layout of the pre-engineered building. The general requirements for structur-
al steel, concrete, wall and roof coverings and connections are given below.

6-18.1. Structural Steel

In order for a pre-engineered building to sustain the required blast loading,
structural steel layout must conform to the following requirements:

1. The maximum spacing between main transverse rigid frames (bay
width) shall not exceed 20 feet,

2. The maximum spacing between column supports for rigid frames shall
not exceed 20 feet while the overall height of frames shall be 30
feet or less,

3. Slope of the roof shall not exceed four horizontal to one verti-
cal, However, the roof slope shall be as shallow as physically
possible and be in compliance with the requirements of the Metal
Building Manufacturers’ Association.

4. Spacing between girts shall not exceed 4 feet while the space
between purlins shall not be greater than 5 feet.

wun

Primary members, including frames and other main load carrying
members, shall consist of hot rolled structural steel shapes. The
shapes must be doubly-symmetrical and have a constant depth. They
may be wide-flange sections, I-sections, structural tubes, or
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welded shapes built-up from hot rolled steel sheet, strips or
plates. Secondary structural framing, such as girts, roof
purlins, bridging, eave struts and other miscellaneous secondary
framing, may consist of elther hot rolled or cold-formed structur-
al steel. All main secondary members {purlins, girts, etc.) shall
be doubly-symmetrical sections of constant depth (e.g. wide
flange, "1"-shaped, structural tubing).

Primary structural framing connections shall be either shop welded
or bolted or field bolted assemblies, ASTM A 325 bolts with
appropriate nuts and washers shall be used for connecting of all
primary members; where as secondary members may use bolts conform-
ing to ASTM A 307. A minimum of two bolts shall be used for each
connection while bolts for primary and secondary members shall not
be less than 3/4 and 1/2-inch in diameter, respectively.

Base plates for columns shall be rolled and set on grout bed of
l-inch minimum thickness. ASTM A 307 steel bolts shall be used to
anchor all columns.

6-18.2. Foundations

Concrete floor and foundation slabs shall be monoclithic in construction and
shall be designed to transfer all horizontal and vertical loads from the pre-
engineered superstructure to the foundation soil. Minimum slab thickness
shall be 6 inches with edge beams thickened to meet local frost conditions.

6-18.3. Roof and Walls
Roof and wall coverings must meet the following requirements:

1. Roof and wall coverings shall conform to ASTM A 446, G 90, have a
minimum depth of 1-1/2 inches corrugation and have a material
thickness of 22 gauge.

2. Conventional side laps are not usually sufficient to resist the
effects of blast loads. The construction detafls required to
strengthen those joints .depend upon the type of decking employed.
Chapter 5 gives the required panel-to-panel attachments for
various types of decking.

3. Insulation retainers or sub girts shall be designed to transmit
all external loads (listed below) which act on the metal cover to
the structural steel framing.

4. Roof and wall liners shall be a minimum of 24 gauge and shall be
formed to prevent waviness, distortion or failure as a result of
the impact by external loads,

6-18.4. Connections for Roof and Wall Coverings

The connections usged in a blast res

1sta structure :specia critical,
To ensure full development of structural steel and the roof and wall panels
connections must meet the followling criteria:
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1. Fasteners for connecting roof and wall coverings to structural
steel supports shall be designed to support the external loads
(listed below) and shall consist of either self-tapping screws,
self-drilling and self-tapping screws, bolts and nuts, self-
locking rivets, self-locking bolts, end welded studs, or welds.
Fasteners of covering to structural steel shall be located at
valleys of the covering and shall have a minimum of one fastener
per valley.

2. Fasteners which do not provide positive locking such as self-
tapping screws, etc, shall not be used at side laps and for
fastening accessories to panels. At least one fastener for side

laps shall be located in each valley and at a maximum spacing
along the valley of 8 inches,

3. Self tapping screws shall not have a diameter smaller than a no.
14 screw while the minimum diameter of a self-drilling and self-
tapping type shall be equal to or greater than a no. 12 screw.
Automatic welded studs shall be shouldered type and have a shank
diameter of at least 3/16 inch. Fasteners for use with power
actuated tools shall have a shank diameter of not less than 1/2
inch. Blind rivets shall be stainless steel type and have a
minimum diameter of 1/8 inch. Rivets shall be threaded stem type
if used for other than fastening trim and if of the hollow type
shall have closed ends, Bolts shall not be less than 1/4 inch in
diameter and will be provided with suitable nuts and washers.

If suction and/or rebound loads dictate, provide oversized washers
with a maximum outside diameter of 2 inches or a 22 gauge thick
metal strip along each wvalley.

6-19. Preparation of Partial Blast Analysis

A partial blast analysis of a pre-engineered building shall be performed by
the design engineer. This analysis shall include the determination of the
minimum size of the roof and wall panels which is included in the design
specifications and the design of the building foundation and floor slab. The
foundation and floor slab shall be designed monclithically and have a minimum
thickness as previously stated. The slab shall be designed for a foundation
load equal to either 1.3 times the yleld capacity of the building roof
equivalent blast load or the static roof and floor loads listed below. Quite
often the foundation below the building columns must be thickened to distrib-
ute the column loads. For the blast analysis of the building foundation and
floor slab, the dynamic capacity of the soil below the foundation slab can
conservatively be assumed to be equal to twice the static soil capacity. The
resistance of the roof of the building can be determined in accordance with
the procedures given in Chapter 5. The front panel of the building is
designed in the same manner as the roof panel. The blast loads for determin-

ing the capacities of the roof and wall panels can be determined from Chapter
2.

6§-20. Pre-E

Design of the pre-engineered building shall be performed by the pre-engineered
building manufacturer using static loads and conventional stresses,
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Conventional stresses are listed in "Specification for the Design, Fabrication
and Erection of Structural Steel for Buildings with Commentary". Static
design loads shall be as follows:

1. Floor live loads shall be as specified in the report titled
"American National Standard Building Code Requirements for Minimum
Design Loads in Buildings and Other Structures" (hereafter re-
ferred to as ANSI) but not less than 150 pounds per square foot.

2. Roof live loads shall be as specified ANSI.
3, Dead loads are based on the materlals of construction.
4. Wind pressure shall be as computed in accordance with ANSI for

exposure "C" and a wind speed of 100 miles per hour,

5. Seismic loads will be calculated according to the Uniform Building
GCode for the given area. If this load is greater than the comput-
ed wind pressure, than the seismic load will be substituted for
wind load in all load combinations.

6. Auxiliary and collateral loads are all design loads not listed
above and include suspended ceilings, insulation, electrical
systems, mechanlcal systems, etc.

Combinations of design loads shall include the following (a) dead loads plus
live loads; (b) dead loads plus wind loads, and (c¢) 75 percent of the sum of
dead, live and wind loads.

6-21. Blast Evaluation of the Structure

Blast evaluation of the structure utilizing the shop drawings prepared in
connection with the above design shall be performed by the design engineer. A
dynamic analysis which describes the magnitude and direction of the elasto-
plastic stresses developed in the main frames and secondary members as a
result of the blast loads, shall be performed using the methods described in
Chapter 5, This evaluation should be made at the time of the shop drawing
review stage.

6-22. Recommended Specification for Pre-Engineered Bulldings

Specifications for pre-engineered buildings shall be consistent with the
recommended design changes set forth in the preceding Section. These example

=g ) L)L LRl Ui (3 8 £=1 0 3 = L llle

specifications are presented using the Construction Specification Institute
{CSI1) format and shall contain as a minimum the following:

1, APPLICABLE PUBLICATIONS. The following publications of the issues
listed below, but referred to thereafter by basic designaticn only, form a
part of this specification to the extent indicated by the reference thereto:

1.1 American Soclety of Testing and Materials (ASTM)

A 36 Structural Steel
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A 307-80 Standard Specification for Carbon Steel Exter-
nally and Internally Threaded Standard Fasteners

A 325 Standard Specification for High Strength Bolts
for Structural Steel Joint Including Suitable
Nuts and Plain Hardened Washers

A 446 Specification for Steel Sheet, Zinc Coated (Gal-
vanized) by the Hot-Dip Process, Physical
(Structural) Quantity

A 501 Standard Specification for Hot-Formed Welded and
Seamless Carbon Steel Structural Tubing

A 529 Standard Specification for Structural Steel with
42,000 psi Minimum Yield Point

A 570 Standard Specification for Hot-Rolled Carbon
Steel Sheet and Strip, Structural Quality
A 572 Specification of High-Strength Low-Allow Colum-

bium-Vanadium Steels of Structural Quality
1.2 American Iron and Steel Institute (AISI)

Specification for the Design of Cold-Formed Steel Structural
Members and Commentary

1.3 American National Standards Institute (ANSI)

AS58.1 Minimum Design Loads for Buildings and Other Struc-
tures

B18.22.1 Plain Washers

1.4 American Institute of Steel Construction (AISC)
Specification for th nd €
Structural Steel for Buildings with Commentary Re
Council on Riveted and Bolted Structural Joints (RCRBSJ)
Specification for Structural Joints Using ASTM A 325 or A
490 Bolts

£ 1.-.
e

1.5 American Welding Society (AWS)
D1.1 Structural Welding Code

1.6 Metal Building Manufacturers’ Association (MBMA)
Metal Bulldings Systems Manual

1.7 Uniform Building Code
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2. GENERAL.

2.1 This section covers the manufacture and erection of pre-
engineered metal structures. The structure manufacturer shall be regularly
engaged in the fabrication of metal structures.

2.2 The structure shall include the rigid framing, which are
spaced at a maximum of 20 feet on center, roof and wall covering, trim, clos-
ures, and accessories as Indicated on the drawings. Minor alterations in
dimensions shown on the drawings will be considered .in order tec comply with
the manufacturer’s standards building system, provided that all minimum clear-
ances indicated on the drawings are maintained. Such changes shall be sub-
mitted for review and acceptance prior to fabrication,

2.3 Drawings shall indicate extent and general assembly details
of the metal roofing and sidings. Members and connections not indicated on
the drawings shall be designed.by the Contractor in accordance with the
manufacturer’s standard details. The Contractor shall comply with the
dimensions, profile limitations, gauges and fabrication details shown on the
drawings. Modification of details will be permitted only when approved by the
Owner. Should the modifications proposed by the Contractor be accepted by the
Owner, the Contractor shall be fully responsible for any re-design and re-
detailing of the building construction effected.

3. DEFINITIONS.

3.1 Low Rigid Frame. The building shall be single gable type
with the roof slope not to exceed one on four.

3.2 Framing.

3.2.1 Primary Structural Framing. The primary
framing includes the main transverse frames and other primary loa
members and their fasteners. ;

3.2.2 Secondary Structural Framing. The secondary structur-
al framing includes the girts, roof purlins, bridging, eave struts, and other
miscellaneous secondary framing members and their fasteners,

3.2.3 Roof and Wall Covering. The roof and wall covering
includes the exterior ribbed metal panel having a minimum depth of one and
one-half inches, neoprene closure, fasteners and sealant.

3.3 Building Geometry.

3.3.1 Roof Slope. The roof of the building shall have a
maximum slope not to exceed one on four,

3.3.2 Bay Spacing. The bay spacing shall not exceed
20 feet.

3.4 Column Shape. Main frame columns shall be doubly symmetri-
cal members of constant depth; tapered columns will not be permitted.
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3.5 Calculations. The Contractor shall submit for review
complete design calculations for all work, sealed by a registered professional
engineer.

4, STRUCTURAL DESIGN,

4,1 Structural Analysis. The structural analysis of the primary
and secondary framing and covering shall be based on linear elastic behavior
and shall accurately reflect the final configuration of the structure and all
tributary design loadings,

4.2 Basic Design Loads.

4.2.1 Roof Live Load. Shall be applied to the horizontal
roof projection. Roof live loads shall be:

0 to 200 square feet tributary area - 20 psf

200 to 600 square feet tributary area - linear wvariation 20
psf to 12 psf

over 600 square feet tributary area - 12 psf
4,2.2 Wind Pressure. Wind design loads shall be computed in

accordance with ANSI AS58.1 for exposure "C" and a basic wind speed of 100
miles per hour,

4.2.2.1 Typical Wind Loading. As shown on
drawings (Figure 6-18).

4,2.2.2 Wind Loading at Building Corners. As
shown on the drawings (Figure 6-18).

4.2.2.3 Wind Loading on Girts. As shown on
drawings (Figure 6-18).

4.2.2.4 Wind Loading on Purlins and Roof Tributary

Areas. As shown on drawings (Figure 6-18).

4.2.2.5 Wind Loading for Design of Overall Struc-
ture. As shown on drawings (Figure 6-18).

4.2.3 Auxiliary and Collateral Design Loads. Auxiliary and
collateral design loads are those loads other than the basic design live,
dead, and wind loads; which the building shall safely withstand, such as
ceilings, insulation, electrical, mechanical, and plumbing systems, and build-
ing equipment and supports.

4.3 Application of Design Loads.

4.3.1 Roof Live Load and Dead Load. The roof live load (L),
and dead load (D), shall be considered as a uniformly distributed loading
acting vertically on the horizontal projection of the roof.

4.3.2 Snow Loads. application of 30 psf due to snow loads.
6-48



TM 5-1300/NAVFAC P-397/AFR 88-22

4.3.3 Wind Loads (W). Application of forces due to
wind shall conform to the latest ANSI AS58.1

4.4 Deflection Limitations.

4.4.1 Structural Framing. The primary and secondary framing
members shall be so proportioned that thelr maximum calculated roof live load
deflection does not exceed 1/120 of the span;

5. STRUCTURAL FRAMING.
5.1 General

5.1.1 All hot rolled structural shapes and structural tubing
shall have a minimum yield point of 36,000 psi in conformance with ASTM A 36
or A 501. All hot rolled steel plate, strip and sheet used in the fabrication

of welded assemblies shall conform to the requirements of ASTM A 529, A 572,

Grade 42 or A 570 Grade "E" as applicable. All hot rolled sheet and strip
used in the fabrication of cold-formed members shall conform to the require-
ments of ASTM A 570, Grade"E" having a minimum yield strength of 50,000 psi.
Design of cold-formed members shall be in accordance with the AISI specifica-
tions.

5.1.2 The minimum thickness of framing members shall be:

Cold-formed secondary framing members - 18 gauge
Pipe or tube columns - 12 gauge
Webs of welded built-up members - 1/8 inch
Flanges of welded built-up members - 1/4 inch
Bracing rods - 1/4 inch

5.1.3 All framing members shall be fabricated for bolted
field assembly. Bolt holes shall be punched or drilled only. No burning-in
of holes will be allowed. The faying surfaces of all bolted connections shall
be smooth and free from burrs or distortions. Provide washers under head and
nut of all bolts. Provide beveled washers to match sloping surfaces as
required. Bolts shall be of type specified below. Members shall be straight

and dimensionally accurate.

5.1.4 All welded connections shall be in conformance with
the STRUCTURAL WELDING CODE Dl.1 of the American Welding Society. The flange-
to-web welds shall be one side continuous submerged arc fillet welds. Other
welds shall be by the shielded arc process,

5.2 Primary Structural Framing.

5.2.1 The primary members shall be caonstructed of doubly-
symmetrical, hot rolled structural steel shapes or doubly-symmetrical built-up
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members of constant depth, welded from hot rolled steel sheet, strip or
plates.

5.2.2 Compression flanges shall be laterally braced to
withstand any combination of loading.

5.2.3 Bracing system shall be provided to adequately
transmit all lateral forces on the building to the foundation.

5.2.4 All bolt connections of primary structural framing
shall be made using high-strength zinc-plated (0.0003 bronze zinc plated)
bolts, nuts, and washers conforming to ASTM A 325. Bolted connections shall
have not less than two bolts. Bolts shall not be less than 3/4 Inch dliameter.
Shop welds and field bolting are preferred. All field welds will require
prior approval of the Owner. Installation of fasteners shall be by the turn-
of-nut or load-indicating washer method in accordance with the specifications
for structural joints of the Research Council on Riveted and Bolted Structural
Joints.

5.3 Secondary members may be constructed of either hot rolled or
cold-formed steel. Purlins and girts shall be doubly symmetrical sections of
constant depth and they may be built-up, cold-formed or hot rolled structural
shapes.

5.3.1 Maximum spacing of roof purlins and wall girts
shall neot exceed 5 feet.
5.3.2 Compression flanges of purlins and girts shall be
laterally braced to withstand any combination of 1

5.3.3 Supporting lugs shall be used to connect the purlins
and girts to the primary framing. The lugs shall be designed to restrain the
light gauge sections from tipping or warping at their supports. Each member
shall be connected to each lug by a minimum of two fasteners.

5.3.4 Vertical wall members not subjected to axlal load,
e.g. vertical members at door openings, shall be constant depth sectioms.
They may consist of hot rolled or cold-form steel. They shall be either
built-up, cold-formed or hot rolled "C" or "I" shapes.

5.3.5 Fasteners for all secondary framing shall be a minimum
of 1/2 inch diameter (0.003 zinc plated) bolts conforming to ASTM A 307. The
fasteners shall be tightened to SNUG TIGHT condition. Plain washers shall
conform to ANSI standard B18.22.1.

6. ANCHORAGE ,
6.1 Anchorage. The building anchor bolts for both primary and

1 1 = YLl P LUla LILL
secondary columns shall conform to ASTM A 307 steel and shall be designed to
resist the column reactions produced by the specified design loading. The
quantity, size and location of ancher bolts shall be specified and furnished
by the building manufacturer. A minimum of two anchor bolts shall be used
with each column.

6-50



TM 5-1300/NAVFAC P-397/AFR 88-22

6.2 Column Base Plates. Base plates for columns shall conform
to ASTM A 36 and shall be set on a grout bed of 1 inch minimum thickness.

7. ROCF AND WALL COVERING.

7.1 Roof and wall panels shall conform to zinc-coataed steel,
ASTM A 446, G 90 ccating designation. Minimum depth of each panel corrugation
shall be 1-1/2 inches and shall have a minimum material thickness of 22 gauge.
The minimum yield strength of panel material shall be 33,000 psi. Wall panels
shall be applied with the longitudinal configurations in the vertical posi-
tion. Roof panels shall be applied with the longitudinal configuration in
direction of the roof slope. Side laps of roof and wall panels shall be
fastened as shown on drawings. End lape, if required shall occur at structur-
al steel supports and have a minimum length of 12 inches.

7.2 Insulation.

7.2.1 Semi-rigid insulation for the preformed roofing and
siding shall be supplied and installed by the preformed roofing and siding
manufacturer.

7.2.2 Insulation Retainers. Insulation retainers or sub
girts shall be designed to transmit all external loads (wind, snow and live
loads) acting on the metal panels to the structural steel framing. The
retainers shall be capable of transmitting both the direct and suction loads.

7.3 Wall and Roof Liners. Wall and roof liners shall be a
minimum of 24 gauge. All liners shall be formed or patterned to prevent
waviness, distortion or failure as a result of the impact by external loads.

7.4 Fasteners. Fasteners for roof and wall panels shall be
zinc-coated steel or corrosion-resisting steel. Exposed fastenera shall be
gasketed or have gasketed washers of a material compatible with the covering
to waterproof the fastener penetration. Gasketed portion of fasteners or
washers shall be neoprene or other elastomeric material approximately 1/8 inch
thick.

7.4.1 Type of Fasteners. Fasteners for connecting roof or
wall panels to structural steel supports shall consist of self-tapping screws,
self-drilling and eelf-tapping screws, bolts, end welded studs, and welds.
Fasteners for panels which connect to structural supports shall be located in
each valley of the panel and with a minimum of one fastener per valley while
at end laps and plain ends, a minimum of two fasteners shall be used per
valley. Fasteners shall not be located at panel crowns.

7.4.2 Fasteners which do not provide positive locking such
as self-tapping screws or self-drilling and self-tapping screwse shall not be
used at side laps of panels and for fastening accessories to panels. Fasten-
erg for side laps shall be located in each valley of the overlap and posi-
tioned a maximum of 8 inches on center.

7.4.3 Screws shall be not less than No. 14 diameter if self-

tapping type and not less than No. 12 diameter if self-drilling and self-
tapping type.
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7.4.4 Automatic end-welded studs shall be shouldered type
with a shank diameter of not less than 3/16 inch with cap and nut for holding
the covering against the shoulder.

7.4.5 Fasteners for use with power actuated tools shall have
a shank diameter of not less than 1/2 inch. Fasteners for securing wall
panels shall have threaded atuds for attaching approved nuts or caps.

7.4.6 Blind rivets shall be stainless steel with 1/8
inch nominal diameter shank. Rivets shall be threaded stem type if used for
other than fastening of trim. Rivets with hollow atems shall have closed
ends.

7.4.7 Bolts shall not be less than 1/4 inch diameter,
shoulders or plain shank as required with proper nuts.

7.4.8 Provide overeize washers with an outside diameter of 1

inch at each fastener or a 22 gauge thick metal strip along each valley of the
panel to negate pull-out of the panel around the fasteners.
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E
5. WIND LOADS I WIND PARALLEL OR PERPENDICULAR TO ROOF
RIDGE (BASED ON 100 mph WIND)

A . WINDWARD /LEEWARD AND ROOF PRESSURES {psf)
a. WHEN TRIBUTARY SUPPORT AREAS > 200 12

32\ /32
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INDIVIDUAL MEMBERS, USE VALUES SHOWN

FOR DESIGN OF INDIVUAL MEMBERS
'WHEN TRIBUTARY SUPPORTED > 200 17,
USE P=32

WHEN TRIBUTARY SUPPORTED < 200 f12,
USE P =43

C.SIDESWAY PRESSURES ( psf)

FOR DESIGN OF MAIN FRAMES FOR
47 TRIBUTARY SUPPORTED AREAS,Ta,
e LESS THAN, EQUAL TO, OR GREATER
THAN, 200 ft2 -

WO |t
LI

D.LOCAL PRESSURES - SEE FIGURES IN ‘B’ AND 'C’' FOR REGIONS
OF APPLICATION

REGION 1. 50pst SUCTION FOR DESIGN OF DECKING
REGION 2. 105psf SUCTION CONNECTIONS AT REGIONS
REGION 3 . 4Zpsi SUCTION CiTED

"w" IS LEAST WIDTH OF ENCLOSED AREA
NOTE® FIGURES DEPICT WIND PERPENDICULAR TO RIDGE.
FOR WIND PARALLEL TO RIDGE, USE SAME VALUES.

6. LOADING CCOMBINATIONS |
A. D WHERE

B. D+L D= DEAD LOAD
C. D+ W L= LIVE LOAD .
D. 075 (D+L + W) Ws: WIND LOAD

Figure 6-18 Recommended pre-engineered building design loads
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SUPPRESSIVE SHIELDING
6-23. General

This manual presents methods for the design and construction of conventional
reinforced concrete and steel protective facilities which provide adequate
safety for hazardous operations such as munitions loading, maintenance,
renovation, or demilitarization. Such safety considerations include the
utilization of conventional protective barriers, total containment construc-
tion, or the use of separation distances or isolation of the specific opera-
tion from other parts of the facility using appropriate quantity distance
specifications. However, an alternative available to'the designer of these
facilities is the use of suppressive shielding as outlined in HNDM 1110-1-2,

"Suppvaee'fﬁre Shields Structural Degien and Annl}rsis‘nnqﬂ}\nnk * 18 Novemher

LTSy i -1 b - R AR Pat-3QCH RLELES N v a2 T

1977.

A suppressive shield is a vented steel enclosure which contrels or confines
the hazardous blast, fragment, and flame effects of detonations. Suppressive
shielding may provide cost or safety effective alternatives to conventional
facilities, depending upon the hazardous situation under study. HNDM 1110-1-2
presents procedures for design, analysis, quality control, and economic
analysis of suppressive shields. In this section, a brief review of these
procedures is presented. The reader should refer to HNDM 1110-1-2 for details
necessary for design.

6-24. Application

Facility operations such as munitions loading, maintenance, modification,
renovation, or demilitarization must be analyzed to determine which operations
involve potentially catastrophic (CAT I or II, MIL STD 882A) hazards in the
event of an inadvertent ignition or detonation. Where the hazard analysis
shows such a potential, the facility design must provide adequate safety for
those operations. The alternatives presented to the designer of the facility
are varied and may include the utilization of conventicnal protective barri-
cades with appropriate separation distances, reinforced concrete or steel
structures, suppressive shields, or isolation of a particular operation from
the rest of the facility by the appropriate quantity-distance. The decision
as to which alternative system to use is based primarily on economic factors,
provided all safety considerations are equal. The facility, availability of
real estate, and equipment costs to include maintenance, operation, useful
life, replacement, and modification or renovation must be analyzed for each
alternative method of protection. Costs will be estimated and compared over

4~

the facility life to determine the most economical mode of protectio

Fi

A major factor which is paramount in the determination of which form of pro-
tection to use is the requirement for approval of the facility by the Depart-
ment of Defense Explosives Safety Board. If the designer can, based on econo-
mic factors, adapt suppressive shields in the design and support the adapta-
tion with proven accepted analytical techniques, he should begin development
of a facility concept which employs suppressive shields using those shields
which have been safety approved,
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6-24.,1., Safety Approved Suppressive Shields

There are eight suppressive shield design groups that have been developed to
various stages of definition. These shield groups are summarized in Table 6-4
and illustrated schematically in Figure 6-19. Of the design groups illus-
trated, five had been safety approved by the Department of Defense Explosive

Safety Board in 1977.

The five suppressive shield group designs approved by the DoD Explosive Safety
Board (Groups 3, 4, 5, 6, and 81 mm) have been designed to meet the require-
ments for most applications to ammunition load, assembly, pack (LAP) in the
Munitions Production Base Modernization and Expansion Program. However, spe-
cific shield requirements will vary with other applications and, even with LAP
applications, design details will vary from pliant to plant and between muni-
tions or different operations on the line. It will, therefore, frequently be
necessary to modify the approved shields to adapt them to the operation under
consideration.

Chapter II and Appendix A of HNDM 1110-1-2 describes the safety approved
shield group designs, provides guldance concerning acceptable modifications,
recommends procedures for securing safety approval of new shield designs, and
provides summary information on overall dimensions of the shield structure,
charge capacity, rated overpressure, fragment stopping wall thickness, and
type of construction of the five approved basic shield groups.

6-24.2. New Shield Design

In exceptional cases where a safety approved shield cannot be made to fit a
desired application, a new shield can be designed. The guidance needed to de-
sign a new shield and the procedures for obtaining the safety approval for the
new design are outlined in HNDM 1110-1-2,

£-24.2,
Considering that the hazardous enviromments normally associated with suppres-
sive shielding involves explosives and/or explosive ordnance, Chapter III of
HNDM 1110-1-2 presents information relative to internal and external air
blast, fragmentation, and fireball phenomena. This information can be used in
support of blast and fragment methods in this manual te determine venting
requirements, air blast loads on the structure, and protection required to
defeat fragments, Some graphs and prediction methods in Chapter 2 of this
manual are taken directly from the suppressive shields manual.

6-24.2.2., Structural Behavior

Suppressive shields can be subjected to large, high pressure loads applied
very rapidly. The allowance of Inelastic behavior of the shield material
structural elements enables much more efficient use of the structural material
and does not impair the function of the shield provided, of course, that the
Inelastic behavior is maintained within acceptable limits.

1 materials of primary intere:

.n

a D st in suppressive shielding are
reinforced concrete, Chapter IV of HNDM 1110-1-2 discusses the
behavior and properties of these structural materials under static and dynamic

loading. Additionally, ductility ratios as they apply to suppressive shield
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application are covered. Some of the information provided will duplicate
material in chapters of this manual. In case of a conflict, this manual takes
precedence.

A
.

s
0D-LY

2.3, Structural Design and Analysis
Chapter V of HNDM 1110-1-2 describes techniques which are sufficiently
accurate for preliminary designs in all cases, and in most cases, adequate for
final designs. These methods deal primarily with the dynamic loadings imposed
by internal explosions. The design methods supplement material presented in
chapters of this manual. Again, in case of conflict, this manual takes
precedence.

6-24,2.4. Structural Details

Each suppressive shield used for ammunition manufacturing and other hazardous

operations will have specific requirements for utility penetrations, and doors
for personnel, equipment, and products. Guidance on the provision of accept-

able structural detalls such as these 1s presented in Chapter VI of HNDM 1110-
1-2 along with information on structural details which have been successfully

proof-tested.

6-24.2.5. Economic Analysis

The design of a facility entalls the need to ascertain the most cost effective
configuration from among a set of workable design alternatives. All will be
designed to provide the desired level of reliability and safety, and the
selection of one over another will be based primarily on dollar costs. The
economic analysis of alternative facility design is a complex process unique
to each facility. Chapter VII of HNDM 1110-1-2 illustrates the many factors
that must be considered.

6-24.2.6. Assuring Structural Quality

In the design of suppressive shields, specifications for the quality of the
basic material is paramount. The strength of welds and concrete components
are also determining factors in the overall strength of the structure.
Chapter VIII of HNDM 1110-1-2 provides the guidance which outlines a quality
assurance program for suppressive shield design packages.

Included in Appendix A of HNDM 1110-1-2 is a detailed description of the
safety approved suppressive shields and guidance concerning acceptable
modifications. Coples of the fabrication drawings for each approved shield
design are included along with direction for ordering full-size copies.
Appendix B of that manual includes response charts for use in preliminary
design. The charts are based on the combined short duration shock load and
infinite duration quasi-static load, along with an undamped elastic-plastic
responding structure.

6-25. Design Criteria

Design criteria for use of suppressive shields, or suppressive shielding
panels, are very dependent on specific applications in protective structures.
These criterla may include complete suppression of fragmentation effects, both

primary and secondary; attenuation of blast overpressures and impulses to
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specified levels of specific distances from the shield or shield panels;
attenuation of fireball radiation; or even essentially complete suppression of
all of these effects.

Suppressive shields may or may not present reasonable or cost effective
solutions to specific design problems in protective structures. Generally,
they have appeared attractive when fragment hazards are severe and when
potentially explosive sources are rather concentrated. The safety-approved
shields protect against effects as limited as small trays of detonators, and
as severe as a large melt kettle in a HE melt-pour operatien containing
several thousand pounds of explosive. The designer should consider their use,
and use the methods presented in HNDM 1110-1-2 to evaluate their effilcacy,
compared to other types of protective structures discussed in this manual.

No general design criteria can be given here because the criteria for differ-
ent operations or plants, and available real estate, differ too widely. 1In
each specific protection design contract, the AE should be provided with quite
detailed design criteria, in addition to general regulations which fix safety

maed mamd wnh an AMMAD U106 _ 1nn Rath +tha ananf{fian and mara ganaral sritarias
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must be evaluated when deciding whether or not suppressive shields will be
useful in the facility design,

6-26. Design Procedures
6-26.1. Space Requirements

Once the operation requiring suppressive shields has been identified, consid-
eration must be given to the size and shape of the equipment needed to perform
the operation and the work space required inside the shield. These factors
necessarily provide the designer with an estimate of the size and shape of the
shield required. Additionally, space available on the line or in the building
will place limitations on the overall shield base dimensions and height.

6-26.2. Charge Parameters

A principal factor in the selection of a shield which will govern the shield
requirements 1s the establishment of the charge parameters for any specific
application. The charge parameters are: charge weight (W). shape, confine-
ment, and composition; ratio of charge weight to shield internal chapter
(W/V); and scaled distance (Z) from the charge to the nearest wall or roof of
the shield. R/W , where R is the distance from the center of the
charge to the nearest wall or roof in feet and W is the charge weight in
pounds. These parameters for approved shield groups are summarized in Table
6-5. New shield designs can be developed for individual needs,

6-26.3. Fragment Parameters

Another key factor in the procedure a designer follows in the selection of an
approved design or the design of a new concept is the suppression of primary
and secondary fragments generated by the detonation of explosives or muni-
tions. Much of the material in HNDM 1110-1-2 for fragment perforation of
spaced plates has been adapted to Chapter 5 of this manual.
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6-26.4. Structural Details

Suppressive shields used for ammunition manufacturing and other hazardous
operations require provisions for gaining access to the operation being
protected. Personnel must be able to enter the shield to accomplish routine
and emergency maintenance and clean-up and other essential operations. An
cpening of sufficlent size must be provided to enable the installatlon or
removal of equipment in realistically large subassemblies. Openings for
conveyors and chutes must also be provided and properly configured to prevent
excesslve pressure and fragments from escaping. Provisions must be made to
provide all utilities and satisfy all environmental conditioning needs which
may be essential to the operations inside the shield,

HHHrv pg‘_et__gvig g, ventilating and air-conditioning ducts, and vacuum lin

------ il oL ASLillg S SLL TV LA E Bl LSE (-3 810 S

must not diminish he overall protective capability of the shield They mus
not alter the basic mode of structural failure of the suppressive shield and
should be small compared to the general size of the shield.

Operations that produce explosive dust may require the use of liners both
inside and outside the shield to prevent the accumulation of dust within
shield panels. With configurations such as the Group 5 shield, which is
primarily designed for use with propellants or pyrotechnic materials, liners
must not inhibit the venting characteristics of the shield.

Utility lines passing through suppressive shields are vulnerable to both air
blast and fragment hazards. The air blast could push unprotected utility
penetrations through the walls of the shield and create secondary fragments,
Fragments from an accidental explosion could perforate the thin walls of an
unprotected utility pipe and escape from the shield. To eliminate the threat
of air blast and fragments, a protective box is used to cover the area where
the utility lines pass through the shield wall. The box is configured to rest
on the inside surface of the shield and is welded to the shield. The size of
the wall penetrations is limited to that required for the utilities. Each
pipe is bent at a right angle inside the shield within the protective box.

The penetrations of the shield wall are reinforced with a sleeve or box
section welded to the shield panel through which the utility line passes. The
penetration box is designed to malntain the structural integrity of the shield
area penetrated, A typical protective box design is shown in Figure 6-20.

The cover plate thickness is selected to stop the worst case fragment,

Typical penetrations for approved safety design suppressive shields are
illustrated in Figures 6-21 and 6-22, and a vacuum line penetration is
11lustrated In Figure 6-23.

6-26.5. Access Penetrations

In the munitions plant environment, suppressive shields are designed to
protect Category I or II hazardous operations as defined in MIL STD 8824,
Remote operation may be required so personnel will not be inside the shield
during operations. However, personnel access i{s required to allow for
maintenance, repair, and inspection., Further, these doors must provide large
openings to enable most equipment to be installed or removed in large subas-
semblies.
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Access is also required for munitions components, explosives, and assembled
munitions to pass through the suppressive shield. In the case of conveyor
transporting systems, conslderation must be given to the proper pass-through
of the conveyor. Requirements for this type of access depend on the configu-
ration of the munitions product, transporting pallets, and conveyors, as well
as production rates and other factors unique to each operation. For these
reasons, definition of specific design requirements is not possible.

6-26.5.1. Personnel Door

Three different types of doors have been developed for use in suppressive
shields: sliding, hinged, and double leaf. The hinged door was designed to
swing inward. This feature reduces the usable space Inside the shield. A
sliding door is preferred for personnel access to munitions operations,

Figure 6-24 illustrates a typical sliding door. This type door is used with
the Group 4, 5, and Milan 81 mm shields. The sliding door consists of an
entire shield panel suspended from a monorail system. The panel is inside the
shield and is not rigidly attached to the column members. Speclal consider-
ation was given to the air gap between the door panel and the column to assure
that excessive pressure leakage would not occur and that fragments could not
pass through the gap.

The cylindrical Group 3 shield contains a two-leaf door, hinged at each side.
It swings inward as shown in Figure 6-25. The door Is curved to match the
shield wall contour and is fabricated from S5 x 10 I-beams. Pressure loading
restraint is provided by the door bearing on the external support rings of the
shield at the top and bottom of the door. An external latch provides re-
straint during rebound of the door.

6$-26.5.2. Product Door

Cnly one type of product door has been developed conceptually for use in
suppressive shields. It is the rotary, three lobed configuration shown in
Figure 6-26. The design procedure for this door is described to illustrate
the type of analysis required. It can be used as a gulde for analysis of
similar alternate design concepts for product doors.

The air blast will most severely load the rotating product door when the
munitiocns opening is coincident with the pocket in the rotary door. A non-

overriding clutch prevents the door from counter-rotating. The angular
impulsive load is;

Ti - ir Ad rd 6-38
where
Ty = angular impulsive load
r"= reflected impulse

A . = Annr aran

O'Id — kAT A L o

rg = radius from center of impulse load to the center of door
rotation

Assuming the product door to be initially at rest, the rotational velocity
imparted to the door is glven by:
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where
L - angular velocity
I, - mass moment of inertia of the door about shaft axis
The kinetic energy imparted to the door is given by:
I, 4 T,?

-— 6-40

2 21,

KE =

The strain energy absorbed by a circular shaft is given by:

mTL

b 2
U, = (rg7g) 6-41
4G
where
Ug = strain energy
Lg = length of the shaft
G = shear modulus of the shaft material
rg = radius of the shaft
TG ~ maximum shear stress in the shaft

Equating the kinetic energy of the rotating door to the strain energy in the
shaft and solving for the shear stress yields:

1/2
T4 26 /

The computed shear stress in the shaft must be less than the dynamic shear
stress of the shaft material, {.e.,:

s < 0.55 fgy 6-43
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Summary of Suppressive Shield Groups

HAZARD PARAMETER

REPRESENTATIVE
SHIELD GROUP|BLAST |FRAGMENTATION APPLICATIONS LEVEL OF PROTECTION *
1 High Severe Porcupine Melter Reduce blast pressure
(2000 1bs) plus at intraline distance
two pour units 250 by 50 percent
lbs each
2 High Severe HE Bulk (750 1b) Reduce blast pressure
Minute melter at intraline distance
by 50 percent
3 High Moderate HE Bulk (37 1b) Category I hazard
Detonators, fuses 6.2 feet from shield
4 Medium| Severe HE Bulk (91b) Category I hazard
Processing rounds |19 feet from shield
5 Low Light 30 1b Illuminant Category I hazard
Igniter slurry mix-|3.7 feet from shield
ing HE processing
(1.84 1b)
6 Very Light Laboratory, Category I hazard
High handling, and at 1 foot from shield
transportation
7 Medium| Moderate Flame/fireball Category I hazard
attenuation at 5 feet from shield
81 mm High Moderate 81 mm mortar drill-|Category I hazard

and-face and/or
cast-finishing

pPraawLii

at 3 feet from shield

* All shield groups contain all fragments
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Table 6-5 Charge Parameters for Safety Approved Shields
MINIMUM Z (ft/1bl/3)
MAXIMUM W/V
SHIELD GROUP WALL ROOF (lb/ft3)
3 1.63 1.45 0.04157
4 2.23 2.19 0.00762
5 4.14 6.79 0.00215
6A 1,01 N/A 0.22970
6B 1.22 N/A 0.13200
Prototype 81 mm *| 3.62 .21 0.00340
Milan 81 mm * 4.23 3.75 0.00280

* See Figure 6-19
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BLAST RESISTANT WINDOWS
6-27. Introduction

Historical records of explosion effects demonstrate that blast-propelled glass
fragments from failed windows are a major cause of injuries from accidental
explosions. Also, failed window glazing often leads to additional injuries as
blast pressure can enter interior building spaces and subject persomnel to
high pressure jetting, inclident overpressure, secondary debris impact, and
thrown body impact. These risks are heightened in modern facilities, which
often have large areas of glass.

Guidelines are presented for both the design, evaluation, and certification of
windows to safely survive a prescribed blast environment described by a
triangular-shaped pressure-time curve. Window designs using monolithic
{unlaminated) thermally tempered glass based on these guidelines can be
expected to provide a probability of failure equivalent to that provided by
current safety standards for safely resisting wind loads.

Guidelines are presented in the form of load criteria for the design of both
the glass panes and framing system for the window. The criteria account for
both the bending and membrane stresses and their effect on maximum principle
stresses and the nonlinear behavior of glass panes. The criteria cover a
broad range of design parameters for rectangular-shaped glass panes. Design
charts are presented for monclithic thermally tempered glazing with blast
overpressure capacity up to 100 psi, an aspect ratio of 1.00 € a/b £ 4.00,
pane area 1.0 £ ab € 25 ft°, and nominal glass thickness 1/4 £ t £ 3/4 inches.
An alternate method for blast capacity evaluation by calculation is also
presented, This can be used to evaluate the blast capacity of glass when
interpolation between charts is unadvisable, when design parameters are
outside the limits of the chart, and to calculate rebound loads. Presently,
the design criteria are for blast-resistant windows with thermally treated,
monolithic tempered glass. Further research is required to extend these
design criteria to laminated tempered glass.

6-28 . Background

rit ng the requirements

criteria cov mono eeti th
of Feder 1 Specifications DD-G Additionally, thermally
tempered glass must meet the minimum fragment weight requirements of ANSI

Z97.1-1984, Section 5.1.3(2).

o ga

Annealed glass is the most common form of glass available today. Depending on
manufacturing techniques, it is also known as plate, float or sheet glass.
During manufacture, it is cocled slowly. The process results in very little,
if any, residual compressive surface stress. Consequently, annealed glass is
of relatively low strength when compared to tempered glass. It has large
variations in strength and fractures into dagger-shaped, razor-sharp frag-
ments. For these reasons, annealed glass is not recommended for use Iin blast
resistant windows.

Thermally tempered glass is the most readily available tempered glass on the
market. It is manufactured from annealed glass by heating to a high uniform
temperature and then applying contreolled rapid cooling. As the internal
temperature profile relaxes towards uniformity, internal stresses are created.
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The outer layers, which cool and contract first, are set in compression, while
internal layers are set in tension. As it is rare for flaws, which act as
stress magnifiers, to exist in the interior of tempered glass sheets, the
internal tensile stress is of relatively minimal consequence. As failure
originates from tensile stresses exciting surface flaws in the glass, precom-
pression permits a larger load to be carried before the net tensile strength
of the tempered glass pane is exceeded. Tempered glass is typically four to
five times stronger than annealed glass.

The fracture characteristics of tempered glass are superior to those of
annealed glass. Due to the high strailn energy stored by the prestress,
tempered glass will eventually fracture into small cubical-shaped fragments
instead of the razor-sharp, dagger-shaped fragments associated with the
fracture of annealed glass, Breakage patterns of side and rear windows in
American automobiles are a good example of the failure mode of thermally or
heat-treated tempered glass,

Semi-tempered glass is often marketed as safety or heat-treated glass,
However, it exhibits neither the dicing characteristics upon breakage nor the
higher tensile strength associated with fully tempered glass, and, therefore,
it is not recommended for blast resistant windows.

Another common glazing material is wire-reinforced glass, annealed glass with
an embedded layer of wire mesh. Its only use is as a fire-resistant barrier.
Wire glass has the fracture and low strength characteristics of annealed glass
and, although the wire binds fragments, it contributes metal fragments as an
additional hazard. Wire glass is never recommended for blast resistant
windows.

6-29. Design Criteria for Glazing
6-29.1. Specified Glazing

The design of blast-resistant windows is currently restricted to heat-treated,
fully-tempered glass in fixed or non-openable frames meeting both Federal
Specification DD-G1403B and ANSI Z97.1-1984. Tempered glass meeting only DD-
G-1403B may possess a surface precompression of only 10,000 psi. At this

level of precompression, the fracture pattern is similar to annealed and semi-

tempered glass. Tempered glass meeting the minimum fragment specifications of
ANSI Z97.1-1984 (Section 5.1.3(2)) has a higher surface precompression level
and tensile strength, which improves the capacity of blast-resistant windows
and results in smaller, cubical-shaped fragments on failure.

Although thermally tempered glass exhibits the safest failure mode of any
glass, failure under blast loading still presents a significant health hazard.
Results from blast tests reveal that on failure, tempered glass fragments may
be propelled in cohesive clumps that only fragment on impact into smaller
rock-salt-shaped fragments. Even if the tempered glass initially breaks into
small fragments, sufficient velocities may still be imparted by the blast
loading to cause severe hazards to personnel. Because the expected geometry
of glass fragments involve multiple, potentially sharp corners, a high
probability of injury would result from application of the 58 ft-1b criterion
for acceptable kinetic energy. Because of these hazards to personnel, blast-
resistant glazing should be designed to survive expected loads.
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6-29.2, Deaign Stresses

The design stress, the maximum principal tensile stress allowed for the
glazing, £, 18 set at 16000 psi. This correlates with a probability of
failure equal to or less than 0.001. The design stress for blast-resistant
glazing is slightly higher than that commonly used in the design of one-minute
wind loads, but, it is justified because of the expected, significantly
shorter, duration of loading.

6-29.3. Dynamic Response to Blast Load

An analytical model was used to predict the blast load capacity of annealed
and tempered glazings. Characteristic parameters of the model are illustrated
in Figure 6-27.

The glazing is a rectangular, fully thermally tempered glass plate having a
long dimension, a; a short dimension, b; a thickness, t; a poisson ratio, v =
0.22; and an elastic modulus, E = 1 x 108 psi. The plate is simply supported

along all four edges, with no inplane and rotational restraints at the edges.

The bending stiffness of the support elements is assumed to be infinite
relative to the pane. Recent static and blast load tests indicate that the
allowable frame member deflections of 1/264-th of the span will not signifi-
cantly reduce pane resistance from that predicted for an infinitely stiff
frame.

The blast pressure loading is described by a peak triangular-shaped pressure-
time curve as shown in Figure 6-27. The blast pressure rises instantaneously
to a peak blast pressure, B, and then decays linearly with a blast pressure
duration, T. The pressure is uniformly distributed over the surface of the
pane and applied normal to the pane,

The resistance function, r(X) (static uniform load, r as a function of center
deflection, X) for the plate accounts for both bending and membrane stresses.
The effects of membrane stresses produce a nonlinear stiffness of the resis-
tance-deflection function (Figure 6-27). The design deflection, X, is defined
as the center deflection where the maximum principle tensile stress at any
point in the glass first reaches the design stress, f ., of 16,000 psi.

Ljpi‘-ﬂ.‘.].y, as Lhc ucflcbuiuu Uf bhc PJ.ﬂI.-G BA\-‘:‘:dD ﬂ Lhird OF il—a bhi&kllcﬂﬂ,

the points of maximum stress will migrate from the center and toward the
corners of the plate.

The model, illustrated in Figure 6-27, uses a single-degree-of-freedom system
to simulate the dynamic response of the plate. To be conservative, no damping
of the window pane is assumed. The model calculates the peak blast pressures
required to exceed the prescribed probability of failure. The model assumes
that fallure occurs when the maximum deflection exceeds ten times the glazing
thickness. This restricts solutions to the valid range of the Von Karmen
plate equations while preventing edge disengagement of the plate.

6-29.4, Design Charts

Charts are presented in Figures 6-28 to 6-48 and Tables 6-6 to 6-12 for the
design and evaluation of glazing to survive a prescribed blast loading with a
probability of failure no greater than 0.001. The charts relate the peak
blast overpressure capacity of thermally tempered glazing to all combinations
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of the following design pargmeters: a/b = 1.00, 1.25, 1.50, 1.75 2.00, 3.00,
and 4.00; 1.00 £ ab £ 25 ftz; 12 £ b £ 60 inches; 2 € T £ 1,000 msec; and t =
1/4, 5/16, 3/8, 1/2, 5/8, and 3/4 inches (nominal). Thermally tempered glass
up to 3/4 inch thick can easily be purchased in the United States. Thickness
greater than 3/4 inch can only be obtained by lamination, but, research and
blast load testing are required to develop approved designs for laminated
glass.

The charts are based on the minimum thickness of fabricated glass allowed by
Federal Specification DD-G-451d (see Table 6-7). They are created by numeri-
cally integrating the equations of motion of a single-degree-of-freedom system
as modeled in Figure 6-27. A Wilson-Theta technique was employed with a time
step corresponding limited to 1/25th of each of the five increasing linear
resistances used to model the resistance function,

6-29.5. Alternats Deaign Procedure

Design procedures in this section can be used to evaluate the blast capacity
when design parameters are outside the limits of the chart, or to calculate
rebound loads. It is recommended that the deslgn charts be used for inicial
guesses of required glass thickness.

Procedures to calculate resistance, r,, (Table 6-6) deflection, Xy effective
static resistance, r, sy, effective pane stiffness, K,, and the periocd of
vibration, Ty follow. The response charts can be used with these parameters
to determine dynamic response. Table 6-11 reports the fundamental period of
vibration and Table 6-12 reports the effective elastic, static resistance for
most dimensions of glass panes. In many cases these values and the single
equatfion in Step 10 below can be used to directly compute blast overpressure
capacity.

Step 1. Determine if the glass pane will behave as a linearly responding
plate under the design load. If the ratlo of the short side of the plate, b,
to {ts actual (not nominal) thickness is less than the maximum in the second
column of Table 6-8, then simple formulas can be used for parameters needed to
use the response charts. Only glass panes above and te the left of the
steeped line in Table §-6 will qualify. If the glass pane has a b/t-ratio
less than that specified in Table 6-8, the glass will behave in a nonlinear
manner with the membrane stresses induced by straining of the neutral plane or
axis of the plate. Proceed to steps 2-9 to determine key parameters for this
nonlinear plate behavior.

For glass plates that respond linearly, the design static resistance and the
effective elastic resistance are:

Fogf = Ty = Cr(t/b)2 psi 6-44a

H
L¥

The center deflection is:
X, = Cp (b2/t) 6-44b

Coefficients for computing the effective resistance, C
deflection, Cp, are listed in Table 6-8.

¢+ and the center

an



TM 5-1300/NAVFAC P-397/AFR 88-22

The fundamental period of vibration is :

Ty = Cp (b2/t) 6-45
Coefficient Cp is reported in the last column of Table 6-8. Proceed to Step
10 to determine blast capacity.

For nonlinear behavior with the b/t-ratio greater than specified
in column 2 of Table 6-8, determine the nondimensional design stress, SSD’ as:

Syp = 0.0183 (b/t)2 6-46

where: b= short span of glass measured between center lines of the
gaskets (inches), and

t= actual thickness of glass, from Table 6-7 (inches)

For values of a/b greater than 4, use a/b = 4,

Step 3 Enter Figure 6-49 with the values of Syp and a/b to determine the
nondimensional design load, Lyp.
Step 4 Compute statlc design resistance as:

r, = 876,000 (Lyp)(t/b)* pst 6-47

Use this value for frame design calculations other than those for rebound.
Use ro¢r defined in Step 7 for the rebound phase.

Step 3 Use a/b and Lyp In Figure 6-50 to obtain the nondimensional
deflection, X/t. If X/t exceeds 10, use the value of Lyp corresponding to an
X/t of 10 and recalculate r, using Figure 6-49.

Step 6 Determine center deflection of the glass pane as:

X, = (X/t)t, inches 6-48
Step 7 Determine the effective elastic, static design resistance as:

reff - 0.4 (rl + ry + ry + ry + O.Sru) psi 6-49
where: r) = resistance at 0.2 X,

ry = resistance at 0.4 X,

rq = resistance at 0.6 X,

r;, = resistance at 0.8 X,

r,, obtained in Step 4
X, obtained in Step 6

Figures 6-49 and 6-50 should be used for r; through r,. The equivalent static
design load is the resistance that a linearly responding plate would exhibit
at the same strain energy as the nonlinearly responding plate at the design

center deflection X It ig alwave less than r By this technique, the

CELLEL AL LiEL LAt F i . 3 PR3- + . Sy Lo il

u
linear response charts can be used with reasonable accuracy.
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Step 8 Determine effective stiffness as:
Kg = r‘ff/xu, psi/in 6-50
Step ¢ Determine the fundamental period of vibration as:
Ty = 27 (Kpy o / Kg)1/2, msec 6-51
where: Kiy = 0.63 + 0.16(a/d - 1) l1<a/mbs< 2
Kiqy = 0.79 a/b = 2

The unit mass, m, of the glass is:

m = 233t, lb-ms2/in3
Step 10 Use Figure 3-49 of Chapter 3 with the ratio of load duration to
period of vibration, T/Ty, to obtain the dynamic load factor, D;p. The blast
overpressure capaclty of the glass pane is:

B = reff/DLF 6-52

For T/Ty-ratios greater than 10, set Djp equal to 2. For ratios less than
0.05, set Dyp equal to 0.3.

6-30. Design Criteria for Frames
6-30.1. Sealants, Gaskets, and Beads

All gaskets or beads must be at least 3/8 inch wide with a Shore "A" durometer
hardness of 50 and conform to ASTM Specification C509-84 (Cellular Elastomeric
Preformed Gasket Sealing Material). The bead and sealant must form a weather-
proof seal.

6-30.2. Glazing Setting

Minimum frame edge clearances, face clearance, and bite (Figure 6-51) are
specified in Table 6-7.

6-30.3., Frame Loads

The window frame must develop the static design strength, r, of the glass pane
(Table 6-6). Otherwise, failure will occur at less than the predicted blast
pressure capacity of the window pane. This results from the frame deflections
which induce higher principal tensile stresses in the pane, thus reducing the
strain energy capacity available to resist the blast loading.

In addition to the load transferred to the frame by the glass, frame members
must also resist the static design load, r,, applied to all exposed members.
Maximum allowable limits for frame design are:

1. Deflection: Relative displacements of frame members shall be
lnn e TV cmte ol 1 IV L, ol b e mena 1 /O £ _1
LIS SlallesSl DL L/LUS%Ln UL LLS Span OL J./D 1IICI
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2. Stress; The maximum stress In any member shall not ex-
ceed £ /1.65, where £ is the yield stress of
the members material.

3. Fasteners: The maximum stress in any fastener shall not exceed
£,/2.00.

The design loads for the glazing are based on large deflection theory, but the
resulting design loads transferred to the frame are based on small deflection
theory for normally loaded plates. Analysis indicates this approach to be
considerably simpler and more conservative than using the frame loading based
exclusively on large deflection plate behavior, characteristic of window
panes. The effect of the static design load, r,, applied directly to the
exposed frame members of width, w, should also be considered.

The design load, r,., Produces a line shear, V,, applied by the long side, a
equal to:

Ve = 64 1y b sin (mx/a) + r, ¥, lb/in 6-53
The design load, r,, produces a line shear, Vy, applied hy the short side, b,
equal to:

Vy y T, b sin (7#y/a) + r, w, 1b/in 6-54

The design load also produces a corner concentrated load, R, tending to uplift
the corners of the window pane equal to:

R=Cpr, b2 1b 6-55

Distribution of these forces are illustrated in Figure 6-52. Table 6-9
presents design coefficients, C , and C for practical aspect ratios.
Linear interpolation can be used fo¥ aspect ratios not shown.

Although frames with mullions are included in the design criteria, it is
recommended that single pane frames be used. Experience indicates that
mullions complicate the design and reduce the reliability of blast-resistant
frames. If mullions are used, the certification test must be conducted as the
complexity of the mullion cross sections may cause some of the assumptions to
be unconservative for local shear and stress concentrations. Also, economic
analysis indicates that generally thicker glass will be more cost effective
than the more complex mullion frame. If mullions are used, the loads from
Equations 6-55 to 6-57 should be used to check the frame mullions and fasten-
ers for compliance with deflection and stress criteria. Note that the design
load for mullions is twice the load given by Equations 6-53 to 6-55 to account
for the effects of two panes supported hv a common mullion,.

Special design considerations should be taken to assure that deflection of the
building wall will not impose deflectlions on the frame greater than 1/264th of
the length of the panes edge. When insufficient wall rigidity is provided, it
1s recommended that the frames be pinned at the corners to provide isolation
from the walls rotation.
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6-30.4. Rebound

Response to the dynamic loading will cause the window to rebound (outward
deflection) after its initial positive (inward) deflection. The outward pane
displacement and the stresses produced by the negative deflection must be
safely resisted by the window while positive pressures act on the window,
Otherwise, the window which safely resists stresses caused by Inward deflec-
tions may fail in rebound while the positive pressure still acts. This can
propel glass fragments into the structure. However, if the window fails in
rebound during the negative phase of blast loading, glass fragments will be
drawn away from the structure. Rebound will occur during the negative loading
phase if the effective blast duration is no greater than one half of the
natural period of vibration, Ty, of the glass pane. For T 2 10 Ty, signifi-
cant rebound does not occur during the positive blast loading, so, for this
situation, design for rebound is not required. For 0.5 < T/Ty < 10, the frame
must be designed for the peak negative pressure acting during the positive
overpressure phase. Table 6-11 reports Ty for practical glass pane dimen-
sions.

As the rebound chart, Figure 3-268 of Chapter 3, can be unconservative for
predicting maximum rebound (for glass panes), dynamic analysis using numerical
integration or a more conservative simplified analysis is required. In lieu
of a numerical analysis, it is conservative to set the maximum rebound load,
r’, to the static design load, r,. The resistance function for this analysis
can be generated by the Alternate Design Procedure. If the pane has a b/t
ratio less than specified in Table 6-8, the pane will behave as a linear plate
and Equations 6-44 can be used to determine ry» Xy, and the resistance
function. If the pane has a b/t ratio larger than specified in Table 6-8, use
Steps 2 through 7 to define the resistance function. The negative resistance
function is a mirror image of the positive resistance functionm.

The portion of the frame outboard of the glass must resist the rebound load,
r”. Use Equations 6-53 to 6-55 to apply the rebound load to the frame
members. In some design situations the resistance built into the member
outboard of the glass to resist the corner concentrated force, R (Equation 6-
55), during deflections of the pane inward will provide enough strength to
resist rebound.

6-31. Acceptance Test Specification

Certification tests of the entire window assembly are required unless analysis
demonstrates that the window design is consistent with the design criteria,
All window assembly designs using mullions must be tested. The certification
tests consist of applying static uniform loads on at least two sample window
assemblies until failure occurs in either the glass or frame. Although at
least two static uniform load fallure tests are required, the acceptance
criteria presented below encourages a larger number of test samples. All
testing should be performed by an independent testing laboratory certified by
the contracting officer.

6-31.1. Test Procedure - Window Assembly Test

The test windows (glass panes plus support frames) shall be identical in type,
size, sealant, and construction to those furnished. The test frame assembly
shall be secured to simulate the adjoining walls. Using either a vacuum or a
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liquid-filled bladder, an increasing uniform load shall be applied to the
entire window assembly (glass and frame) until fallure occurs in either the
glass or frame. Fallure shall be defined as either breaking of glass or loss
of frame resistance. The failure load shall be recorded to three significant
figures. The load should be applied at a rate of 0.5 r, per minute which
corresponds to approximately one minute of significant stress duration until
failure. Table 6-6 presents the static ultimate resistance of old tempered
glass, correlated with a probability of failure, equal to 0.001 and a load
duration of 1 second, whereas this criteria is for a load duration of 1
minute. This longer duration will weaken the glass by ceramic fatigue, but
new glass should tend to be stronger than old glass. To account for these
effects the certified static load capacity, r_, of a glass pane is to be rated
as:

rg = 0.876 r, 6-56

6-31.2. Acceptance Criteria

The window assembly (frame and glazing) are considered acceptable when the
arithmetic mean of all the samples tested, r, is such that:

r2r, +sa 6-57

r, = static ultimate resistance of the glass pane
s = sample standard deviation

@ = acceptance coefficient
For n test samples, r is defined as:
n

p ry
1=1

n

where r; is the recorded failure load of the ith test sample, The standard
sample deviation, s, is defined as:

n 92 1/2
= [ri - T ]
=1 6-59

(n-1)

1]
1
(=

The minimum value of the sample standard deviation, s, permitted to be
employed in equation 6-47 is:

Spip = 0.145 1, 6-60

This assures a sample standard deviation which is no better than the ideal
tempered glass in ideal frames.
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The acceptance coefficient, @, is tabulated in Table 6-10 in terms of the
number of samples tested.

The following equation is presented to aid in determining if additional test
samples are justified. 1If:

r<r, +sh 6-61

then with 90X confidence, the design will not prove to be adequate with
additional testing. The rejection coefficient, B, is from Table 6-10.

6-31.3. Certification for Rebound

Acceptance testing shall be performed for rebound unless analysls demonstrates
that the frame meets rebound criteria. All frames with mullions must be
tested. Testing is performed with the load applied to the inboard surface of
the window assembly, The equivalent static rebound load, r”, is substituted
for the design load, r,.

6-32. Installation Inspection

A survey of glazing failures due to wind load indicates that improper instal-
lation of setting blocks, gaskets, or lateral shims, or poor edge bite is a
significant cause of the failures experienced.
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Table 6-6 Static Design Strength r, (psi), for Tempered Glass* [a = long
dimension of glass pane (in.); b = short dimension of glass pane

(in.)]
ASPECT RATIO = 1,00

Glaas Static Design Strength (psi) for a Window Thickness, t, of -~
Bize,

Pxa 3/4 in. 5/8 in, 1/2 in. 3/8 in. 5/16 in. 1/4 in.
(in.)

12x12 208 141 87.7 40.3 27.5 20.2
13x13 176 120 74.7 42,8 23,9 17.6é
léxlé 151 103 64.5 36,9 21.1 15.5
15215 132 90.1 56.1 2.2 18.7 14,2
16x16 116 79.2 49.3 28.3 i6.7 13.4
17x17 103 70.1 43.7 25.5 15.1 12,7
18x18 91.6 62.5 39.0 23.1 14.1 12.6
19x19 82.2 56.1 35,0 21.0 13.5 12.1
20x20 74.2 50,7 31.6 19.2 12.9 11.0
21x21 67.3 46.0 28.6 17.7 12.7 10.0
22x22 61.3 41.9 26.4 16.3 12.6 9.20
23x23 56,1 38.3 24.4 15.1 11.8 8,52
24x24 51.5 35.2 22.7 14,3 10.9 7.91
25225 &7.5 32.4 21.2 13.8 10.1 7.43
26x26 43.9 30.0 19.7 13.4 9.39 7.00
27x27 0.7 27.9 185 12,9 8,80 6.62
28x28 37.9 26.2 17.4 12.8 8.26 6.22
29x29 35.3 24 .6 16.4 12.6 7.78 5.86
30x30 33.0 23.2 15,4 12.6 7.39 5.53
31x31 30.9 21.9 14.6 12.0 7.04 5.22
32x32 29.0 20.8 14.2 11.3 6.71 4,94
33x33 27.4 18.7 13.8 10.6 6.39 4.69
34x34 26.0 18.7 13.3 10.0 6.07 445
35x35 24,8 17.8 13.2 9.50 5.77 &,23
36x36 23.6 17.0 12.8 9.05 5.50 4,04
3rx37? 22.5 16.2 12.7 8,63 5.24 3.86
38x3s 21.5 15.4 12.7 8.24 5.01 3.69
39x39 20.5 14.8 12.6 7.88 4.79 3.53
40x40 19.7 14,4 12.5 7.57 4,58 3.3%
41x4l 16.8 1.1 11,9 7.30 4.29 3.25
42x42 18.1 13.8 11.4 7.04 4,21 3.12
43x43 17.3 13.5 10.9 6.80 4_05 3.00
Shxhb 16.7 13.2 10.4 6.56 3.90 2.89
45x45 16.0 13.0 9.99 6.32 3.75 2.78
h6xh6 15.4 12.9 9.59 6.08 3.62 2.68
ATx47 14.9 12.8 9.24 5.86 3.49 2.58
48x48 14.5 12.7 8.91 5.65 3.37 2.49
49x49 14.2 12.6 8.59 5.45 3.25 2.41
50x50 14.0 12,6 8,30 5.27 3.15 2,33
51x51 13.7 12.4 8.02 5.09 3.04 2.25
52x52 13.5 11.9 7.76 4.92 2.95 2.18
53x53 13.3 11.5 7.54 §.76 2.85 2.11
54x54 13.1 11.1 7.33 &.61 2.77 2.05
55x55 12.9 10.7 7.13 4 47 2.68 1.99
56x56 12.8 10.3 6.94 4.33 2.60 1.93
57x57 12,7 9.99 6.76 4.20 2.53 1.87
58x58 12.7 9.66 6.59 4,08 2.45 1.82
59x5% 12.6 9.38 6.40 3.97 2,38 1.77
60x60 12.6 9.11 6.22 3.85 2.32 1.72

L ] _J

* Panes to the right and below the stepped dividing line behave
according to large deflection plate theory.
{continued)
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[a = long
on of glass pane

Table 6-6 Static Design Strength r, (psi), for Tempered Glass*
dimension of glass pane (in.) = short dimensi
(in.)] (Continued)

ASPECT RATIO = 1.25
Glass Static Design Strength (psi) for a Window thickness, t, of —-
Size,
bxa 3/4 in. 5/8 in. 1/2 in. 3/8 in, 5/16 in. 1/4 in.
(in.)
12x15 154 105 65.% 37.5 20.5 15,4
13x16.25 131 89.5 55.8 3z2.0 17.9 13.5
14x17.5 113 77.2 48.1 27.6 15.8 12.3
15x18.75 98.5 67.2 41.9 24.0 14.2 11.1
16x20 86.6 59.1 36.8 21.1 13.0 10.2
17x21.25 76.7 52.4 32.6 19.0 12.0 9.86
18x22.5 68.4 46.7 29.1 17.2 11.1 9.78
19x23.75 61,4 41.9 26.1 15.8 10.3 9.72
20x25 55.4 37.8 23.6 14.6 9,95 9.54
21x26.25 50.3 34.3 21,4 13.6 9.7% 8.69
22x27.5 45.8 31.3 19.7 12.8 9.78 7.95
23x28.75 41,9 28.6 18.2 12.0 9.70 7.30
24x30 38.5 26.3 17.0 11.3 9.49 6.75
25x31,25 35.5 24.2 15.¢9 5.7 8.77 6.27
26x32.5 32.8 22.4 14.9 10.2 B.14 5,83
27x33.75 30.4 20.8 14.1 9,98 7.57 5.45
28x35 28.3 19.5 13.4 9.80 7.07 5.12
29%36.25 26.4 18.4 12.8 9,79 6.63 4.81
30x37.5 24.6 17.4 12.3 %77 £.23 4.54
31x38.75 23.1 16.4 11.7 3,71 5.87 4.3
32x40 21.7 15.6 11.2 9.65 5.54 4.09
33x41.25 20.4 14.9 10.7 9.22 5.25 3.90
34x42.5 19.4 14.2 10.3 8.71 4.98 3,71
35x43.75 18.5 13.6 10.1 8.24 4,74 3.53
36x45 17.6 13.1 9.93 7.81 4,52 2.3
37x46.25 16.8 12.7 9.80 7.41 4.32 3.20
38x47.5 16.1 12.3 9.79 7.05 4,14 3.06
39x48.75 15.5 11.8 5.78 6.72 3.97 2.92
40x50 14.8 11.4 9.75 6.42 3.82 2.80
41x51.25 14,3 11.0 9.71 6.13 3.66 2.68
42x52.5 13.8 10.6 9.66 5.87 3.51 2.57
43x53.75 13.4 10,3 9.47 5.63 3.37 2,47
44x55 13.0 10.2 9,06 5.40 3.24 2.37
45x56.25 12.6 10.0 8.68 5.19 2.1 2.28
46x57.5 12.3 9.87 8.32 5.00 3.00 2.1%
47x58.75 11.9 9,80 7.99 4,81 2.89 2.11
4Bx60 11.5 9.79 7.67 4. 64 2,78 2.03
49x61.25 11.2 9.78 7.37 449 2.68 1.96
30x62.5 10.9 9.77 7.11 4,34 2.59 1.89
51%63.75 10.6 9.74 6.85 4.21 2.50 1.83
52x65 10.3 9.70 6.61 4.08 2.42 1.77
53x66.25 10.2 9.67 6.38 3.96 2.34 1.71

L 1

* Panes to the right and below the stepped dividing line behave
according to large deflection plate theory.
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Table 6-6 Static Design Strength r, (psi)}, for Tempered Glass* [a = long
dimension of glass pane (in.); b = short dimension of glass pane
(in.)] (Continued)

ASPECT RATIO = 1.50

Glass Static Design Strength {psi) for a Window thickness, t, of --
Size,
bxa 3/4 in, 5/8 in. 1/2 in. 3/8 in, 5/16 in. 1/4 in.
(in.)
12x18 123 83.8 52.3 29.9 16.3 11.9
13x1%.5 105 71,4 44.5 25.5 13.9 10.5
14x21 90.2 61.6 38.4 22.0 12.3 9.43
15x22.5 78.6 53.6 33.4 19.2 11.1 8.88
16x24 69.1 47.2 29.4 16.8 10.0 8.26
17¥25.5 61.2 41.8 26.0 14.9 9.31 8.14
18x27 54.6 37.3 23.2 13.3 8.85 8.02
19x28.5 49 .0 33.4 20.8 12.3 8.84 7.90
20x30 44,2 30,2 18.8 11.4 7.83 7.78
21x31.5 40,1 27 .4 17.1 10.6 7.81 7.62
22x33 36.5 24.9 15,6 9.86 7.80 7.03
23x34 .5 334 22.8 14,2 9.32 7.77 6.435
24x36 30.7 21.0 13.1 8.98 7.77 5.95
25x37.5 28.3 19.3 12,4 B8.64 7.63 5.50
26x39 26,2 17.9 11.7 8.24 1.19 5.10
27x40.5 24,3 16.6 11.0 7.86 6.69 4. 74
28x42 22,6 15.4 10.4 7.85 6.2h 4,42
29x43.5 21.0 14 .4 9.89 7.85 5.83 b 1b
30x45 19.7 13.4 9.42 7.84 S.47 3.88
31x46.5 18.4 12.8 9.16 7.83 5.13 3.64
A2x48 17.3 12.2 8.91 7.82 4.83 3,43
IIx49.5 16.2 11.6 8.65 7.72 4,55 3,27
34x51 15.3 11.1 8.34 7.62 4,30 3.13
35x52.5 14 4 10.6 8.05 7.28 4.07 3.00
36x54 13.6 10,2 8.02 6.90 3.85 2.87
37x55.5 13.0 9.78 7.99 6.55 3.66 2.74
38x57 12.5 9.42 7.96 6.22 3.47 2,61
39x58.5 12.0 9.21 7.93 5.92 3.3 2.50
40x60 11.6 9.01 7.91 3.64 3.21 2,39
41x61.35 11.2 8.82 7.88 5.38 3.09 2.29
4Zx63 i0.8 8.60 7.85 5.13 2.58 2.15
43x64 .5 10.4 8.35 7.77 4,91 2.88 2.10
LYb4x66 10.1 8.12 7.69 4.70 2.77 2.02
45x67.5 9.71 7.90 7.62 4.50 2.66 1.94
46x69 9.42 7.69 7.235 4,31 2.56 1,86
47x70.5 9.25 7.62 7.06 4,14 2.47 1.79
48x72 9.08 7.55% 6.78 3.97 2.38 1.73

L 1 |

* Panes to the right and below the stepped dividing line behave
according to large deflection plate theory.

(continued)
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Table 6-6

(in.)] (Continued)

Static Design Strength r
dimension of glass pane

Y
{

(psi), for Tempered Glass* [a = long

. LN

in.)

ASPECT RATIO = 1.75

; b = short dimension of glass pane

Glass Static Design Strength (psi) for a Window thickness, t, of -~
Size,
bxa 3/4 in. 5/8 in, 1/2 in, /8 in. 5/16 in. 1/4 in,
(in.)
12x21 109 T4 .2 46.3 26.5 14,4 10.2
13x22.75 92.6 63.2 39.4 22.6 12.3 8.91
14x24 .5 79.9 54.5 34.0 19.5 10.6 8.01
15x26.25 89,6 47.5 25.6 17.0 G.4b 7.32
l6x28 61.2 41.7 26.0 14.9 8.52 6.83
17x29.75 54,2 37.0 23.0 13.2 7.85 6.36
18x31.5 48.3 330 20.6 11.8 7.30 5.93
19%x33.25 43.4 29.6 18.5 10.6 6.88 5.76
20x35 39.1 26.7 16.7 9.71 6.49 5,73
21x36.75 35.5 24.2 15.1 8.96 6.12 5.70
22x38.5 I2.4 22,1 13.8 8.36 5.84 5.68
23x40,25 29.6 20.2 12.6 7.87 5.73 5.57
24x42 27.2 18.6 11.6 7.43 5.71 5.27
25x43.75 25.1 17.1 10.7 7.11 5.70 5.00
26x45.5 23.2 15.8 $.87 §.81 5.6% 4,67
27x47 .25 21.5 14.7 9.37 6.52 5.66 4,35
28x49 20.0 13.6 8.82 6.24 5,45 4,05
29x50.75 18.6 12,7 8,38 5.98 5.21 3.79
30x52.5 17.4 11,92 8.01 5.82 4,98 3.56
31x54.25 16.3 11.1 7.66 5. 74 4,70 3.36
32x56 15.3 10.4 7.35 5.73 §.43 3.17
33x57.75 14,4 9.93 7.11 5.71 4.17 .00
34x39.5 13.5 9.46 6.89 5.70 3.94 2.85
I5x61.25 12.8 9.0z 6.67 5.69 3.73 z.72
36x63 12,1 8.62 6.45 5.67 3.54 2.60
37x64.75 11.4 8.30 6.24 5,63 3.37 2.49
3I8x66.5 10.8 8.00 6.04 5.44 3.21 2.37
39x68.25 10.3 7.72 5.87 5.26 3.06 2.26
40x70 9.91 7.47 5.80 5.09 2.93 2.16
41x71.75 9.52 7.26 5.74 4.93 2,82 2.06
42x73.5 9.15 5.72 4,71 2.1 1.97
43x75.25 8.81 5.70 4. 50 2.61 1.89
L4x77 8.50 5.69 4,30 2.51 1.81
45x78.75 B8.24 5.70 4.12 2.42 1.74
1 1 1

* Panes to the right and below the stepped dividing line behave
according to large deflection plate theory.
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,,,,, =4
L=,
ane

[l
o
n
w0

dimension of g
{in.)] (Continued)

ASPECT RATIO = 2.00

Glass Static Design Strength (psi) for a Window thickness, t, of ==
Size,

bxa 3/4 in. 5/8 in. 1/2 in. 3/8 in. 5/16 in. 1/4 in.
(in,)

12x26 97.6 66.6 41.5 23.8 13.0 9.05
13x26 83.1 56.7 A5k 20.3 11.0 7.81
14x28 71.7 48.9 30.5 17.5 9,52 6.87
15x30 62.4 42,6 26.6 15.2 8.31 6.29
16x32 54.9 37.5 23.4 13.3 7.43 5.81
17x34 h8.6 33.2 20.7 11.9 6,72 5.40
18x36 43.4 29.6 18.5 10.6 6.26 5.03
19x38 8.9 26.6 16.6 9.49 5.86 4.71
20x40 35.1 24.0 14.9 8.56 5.51 4. 56
21x42 31.9 21.7 13.6 7.85 5.19 4.46
22x4k 29.0 19.8 12.4 7.25 4,90 b, 42
23xhé 26.6 18.1 11.2 6.73 4 64 4,39
24x48 24 .4 16.6 10.4 6.39 455 4,37
25x50 22.5 15.3 9.56 6.08 4,47 4.32
26x52 20.8 14.2 8.84 5.79 440 4,24
27x54 19.3 13.2 8.23 5.53 4,39 4.01
28x56 17.9 12.2 7.73 5.29 h, 38 3.74
29x38 16.7 11.% ?7.27 5,07 4,37 3.50
30x60 15.6 10.7 6.86 &.86 4,31 3.28
Ilxe2 14 & 9.98 6,57 4.67 & 25 3.09
32264 13.7 9.36 6.32 4,58 4 08 2.93
33xb66 12.9 8.80 6.08 452 3.85 2.78
34x68 12.2 8.31 5.87 4.47 3.64 2.64
35x70 11.5 7.91 5,66 4,41 3,44 2.51
36x72 10.8 7.53 5.47 4.40 3.26 2.39
37574 10.3 7.18 5,29 4.39 .11 2.28
38x76 9.73 §.86 5.12 4,38 2.97 2.18
39x78 9.24 6.62 4,96 4.37 2,84 2.08
40x80 B.78 6.42 4.81 h. 34 2.72 1.98
41x82 8.37 6.23 b, 67 4.30 2,60 1.89
W2xB4 8.03 6.05 &.60 4,25 2.50 1.80

L 1 |

* Panes to the right and below the stepped dividing line behave
according to large deflection plate theory.
(continued)
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Table 6-6  Static Design Stremgth r, (psi), for Tempered Glass* [a = long
dimension of glass pane (in.); b = short dimension of glass pane
(in.)] (Continued)

ASPECT RATIO = 3,00

Glaas Static Design Strength (psl) for a Windew thickness, t, of --
Size,
bxa 3/4 in. 5/8 in. i/2 in, 3/8 in. 5/16 dn.  1/4 in,
tin.)
12x36 8l.1 55 4 34.5 19.8 10,8 ?.53
13x39 69,1 W7 2 29.4 16.9 9.18 6.41
lax42 39.6 40,7 25.4 14.5 7.92 5.57
15x45 51.% 35.4 22.1 12,7 6,90 4,94
i6xaB 45.6 31.2 i9.4 ii.1 6.06 4. 42
17x51 40.4 27.6 17.2 9.86 5.43 3.98
18x54 36.1 24.6 15.2 B.79 4.%2 3.61
19x57 32,4 22.1 13.8 7.89 4.48 3.29
20x60 29.2 19.9 12.4 7.12 4.10 3.01
21x63 26.3 18.1 11.3 6.46 3.7 2.80
22x66 241 16.5 10.3 5.88 3.48 2.61
23x69 22.1 15,1 9.40 5,44 3.22 2,44
24x72 20.3 13.8 8,63 5.06 3.00 2,29
25x75 18.7 12.8 7.95 4.71 2.82 2.15
26x78 17.3 1.8 7.35 4,40 2,66 2.08
27x81 16.0 10.9 6,82 4.13 2.51 2,01
28x84 14.9 10.2 6.34 3.88 2.38 1.95
29x87 13.9 9.48 5,91 3.65 2.26 1.89
.1ty 3-10] 13.0 §.856 5,56 2.14 1.83
I1x93 12.2 8.30 5.26 2,08 1.80
32x96 11.4 7.719 4. 98 2.03 1.78
33x99 10.7 7.32 4,72 1.97 1.76
J4x102 10.1 6.90 4.48 | 2.80 1.92 1.77

* Panes to the right and below the stepped dividing line behave
according to large deflection plate theory.
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Table 6-6 Static Design Strength r, (psi), for Tempered Glass* [a = long
dimension of glass pane (in.); b = short dimension of glass pane
(in.)] (Continued)

ASPECT RATIO = 4.00

Glass Static Design Strength (psi) for a Window thickness, %, of --
Size,
bxa 3/4 in. 5/8 in. 1/2 in. 3/8 in, 5/16 in, /4 in.
{(in.)
12x48 75.7 51.7 32.2 18.5 10.1 7.02
13x52 64.5 44 .Q 27.5 15.7 8,57 5.99
14x56 55.6 38.0 23.7 13.6 7.39 5.16
15x60 48.5 33.1 20.6 11.8 6.43 4. 52
16x64 42.6 29.1 18.1 10.4 5.66 3.99
17x68 37.7 25.8 16,1 9.20 5.01 3.56
18x72 33.7 23.0 14,3 8.20 4 49 3.19
19x76 30.2 20.6 12.9 7.36 4,05 2.87
20x80 27.3 18,6 11.6 6.63 .67 2,60
21x84 24,7 16.9 10.5 6.03 3.0 2.37
22x88 22.5 15,4 9,59 5.49 3.06 2.18
23x%92 20.6 141 8.77 5.03 2.81 2.02
24x96 18.9 12.9 B8.05 4.63 2.59 1.88
25x100 17.5 11.9 7.42 4,23 2.39 1.76
26x104 16.1 11.0 .86 3.%7 2.23 1.66
27x108 15.0 10.2 6.36 3.70 1.57
28x112 13.9 9.49 5.92 3.45 1.49
2%x118 13.0 8.85 5.52 3,22 1.41
3I0x120 12,1 8.27 5.15 3.02 1.34

* Panes to the right and below the stepped dividing line behave
according to large deflection plate theory.
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Table 6-7 Minimum Design Thickness, Clearances, and Bite Regquirements

Glass Actual Glass A “B* HCH
Thickness Thickness For Minimum Nominal Minimum
(Nominal) Design, t Edge Bite Face

in mm (in) Clearance (in) Clearance

(in) (in)

5/32 4.0 0.149 3/16 1/2 1/8

3/16 5.0 0.180 3/16 1/2 1/8

1/4 6.0 0.219 1/4 1/2 1/8

3/8 10.0 0.355 5/16 1/2 3/16

1/2 12.¢ 0,469 3/8 1/2 1/4

5/8 16.0 0.594 1/8 172 1/4

3/4 19,0 0.719 3/8 1/2 5/16
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Table 6-8 Maximum (b/t) Ratio for Linear Plate Behavicr Under Blast Load and
Coefficients for Reslstance and Deflection and Fundamental Period
of Simply Supported Glass Plates Based on Small Deflection Theory
(No Tensile Membrane Behavior)

Design Coefficients

Aspect Maximum Fundamental

Ratio, (b/t) Design Design Period of
a/b Ratio Resistance, Deflection, Vibration,

C, Cp Crp

1.0 53.6 5.79 x 10%4 2.58 x 1074 5.21 x 10°3
1.2 59.0 4.42 x 10% 2,72 x 1074 6.30 x 1073
1.4 63.9 3.68 x 104 2,83 x 1074 7.21 x 1073
1.5 66.2 3.36 x 10% 2.88 x 1074 7.60 x 1073
1.6 67.9 3.22 x 10% 2.91 x 1074 7.99 x 1073
1.8 71.3 2.91 x 10% 2.98 x 1074 8.65 x 1073
2.0 74.7 2.72 x 10% 3.02 x 1074 9.23 x 1073
3.0 84.3 2.32 x 10% 3.12 x 1074 10.12 x 10°3
4.0 89.4 2.24 x 104 3.15 x 1074 10.36 x 1073
o 89.4 2.24 x 10% 3.15 x 1074 10.44 x 1073
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Table 6-9 Coefficients for Frame Loading

a/b Cgp Cy Cy
1.00 0.065 0.495 0.495
i.i0 0.070 0.516 0.316
1.20 0.074 0.535 0.533
1.30 0.079 0.554 0.551
1.40 0.083 0.570 0.562
1.50 0.085 0.581 0.574
1.60 0.086 0.590 0,583
1.70 0.088 0.600 0.591
1.80 G.05%0 0.60% 0.600
1.90 0.091 0.616 0.607
2,00 0.092 0.623 0.614
3.00 0.093 0.644 0.655
4.00 0.094 0.687 0.685
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Table 6-10 Statistical Acceptance and Rejection Coefficients
Number of Acceptance Rejection
Window Assemblies Coefficient Coefficient
n o B
2 4.14 .546
3 3.05 .871
4 2.78 1.14
5 2.65 1.27
6 2.56 1.36
7 2.50 1.42
8 2.46 1.48
9 2.42 1.49
10 2,39 1.52
11 2.37 1.54
12 2.35 1,57
13 2.33 1.58
14 2,32 1.60
15 2.31 1.61
16 2.30 1.62
17 2.28 1.64
18 2.27 1.65
19 2.27 1.65
20 2.26 1.66
21 2.25 1.67
22 2.24 1.68
23 2.24 1.68
24 2.23 1.69
25 2.22 1.70
30 2,19 1.72
40 2.17 1.75
50 2.14 1.77
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Table 6-11 Fundamental Perlod of Vibration, T_, for Monolithic Tempered Glass

n'

Aspect Ratio = 1.0

L=]

Glass Fundamental Period of Vibration (msec) for Window
Dimensions Thickness, t, of --
{(in.)
b a 3/4 in. 5/8 in. 1/2 in, 3/8 in. 5/16 in. 1/4 in.
12 12 1.05 1.27 1.61 2.13 2.83 3.38
13 13 1.23 1.49 1.89 2.50 3.29 3.93
14 14 1.43 1.73 2,19 2.89 3.76 4,50
15 15 1.64 1.99 2.52 3.30 4.39 5.09
16 16 1.87 2.26 2.87 .72 4.95 5.68
17 17 2,11 2,55 3.23 4.17 5.53 6,27
18 18 2.37 2.86 3.63 4.63 6.12 6.84
19 19 2.64 3.1%9 4,02 5.10 6.71 7.42
20 20 2.92 3.54 4,43 5.77 7.30 8.08
21 21 3.22 3.90 4.86 6.32 7.89 8.76
22 22 3.53 4. 28 5.30 6.89 B8.44 9.45
23 23 3.86 4.68 3.75 7.48 9.06 10,2
24 24 4,21 5.07 6.23 8.07 9.72 10.9
25 25 4,56 5.47 6.70 8.65 10.4 11.6
26 26 §.94 5.89 7.40 9.25 11.1 12.3
27 27 5.32 6.33 7.94 9.84 11.8 13.1
28 28 5.72 6.77 8.50 10.4 12.5 13.8
29 29 6.12 7.23 9.07 11,0 13.2 14,6
30 30 6.52 7.70 9.65 11.5 14.0 15.3
31 3l 6.93 8.17 10.3 12,2 14.7 16.1
3z 3z 7.38 B.64 10.8 iz.8 i5.4 i6.9
33 a3 7.80 9.41 11.4 13.3 16.1 17.8
34 34 8,24 9.93 12.0 14.2 16.9 18.6
35 a5 8,70 10.5 12.6 14.9 17.7 19.4
36 36 9.17 11.1 o13.2 15.6 13.4 20.2
37 37 9.64 11.6 12.8 16.3 19.2 21.0
38 s 10.1 12.2 14.3 17.0 20.0 21.9
39 39 11.0 12.8 14.9 17.7 20.9 22.8
40 40 11,4 13.4 15.5 18.5 21,7 23.6
41 41 12,0 14.0 16.1 19.2 22,5 24.5
42 42 12.5 14.6 16.8 19.9 23.3 25.4
43 43 13,1 15.2 17 .4 20.6 24,1 26.3
4y 44 13.6 15,8 18.1 21.2 25.0 27.2
45 45 14.2 16,4 18.8 22.1 25.8 28.1
113 46 14 8 16,9 19.5 22.8 26.7 2%.0
47 47 15.4 17.5 20.2 23.6 27.5 30.8
48 48 16.0 18,1 20.9 24 4 28.4 31.7
49 49 16.6 18.7 21.6 25.2 29.3 3z.6
50 50 17.2 19.2 22.3 26.0 0.2 33.5
51 Sl 17.7 19.8 23,0 26.8 1.1 34.4
52 52 18.3 20.4 23.8 27.6 az.o 35.4
53 53 19.0 21.1 24,5 28.4 32.9 35.4
54 54 19.5 21.8 25,2 29.2 33.7 36.3
55 55 20.1 22.4 26.0 30.0 34.6 37.3
56 56 20.7 23.1 26.7 30.8 35.5 38.2
57 57 21.3 23.8 27.4 31.6 36.4 3%9.2
58 58 21.8 24.5 28,1 32.5 37.2 40,1
59 59 22.4 25.2 28.8 33.3 38.2 41.1
60 60 23.0 25.9 29.6 34.1 39.2 42.1
L J
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Table 6-11 Fundamental Period of Vibration, T,, for Monolithic Tempered Glass

(Continued)
Aspect Ratio = 1.25
Glass Fundamental Period of Vibration (msec)} for Window
Dimensions Thickness, t, of --
{in.)

b a 34 o, 5/8 in. 1/2 in, 3/8 in, 5/18 in. 1/4 in.
12 15 1.40 1.69 2.14 2.83 3.82 4,39
13 16.25 1.64 1.99 2.52 3.32 &4.41 5,04
14 17.5 1.90 2.30 2,92 3.85 5.03 5.99
15 18.75 2.18 2.64 3.35 h.o42 5.68 6.77
16 20 2.49 3.01 3.81 5.03 6.61 7.57
17 21.25 2.81 3_40 4,30 5.61 7.36 8.34
18 22.5 3.15 3.81 4.82 6.21 B.14 9.08
19 23.75 3.50 4,24 5.37 6.83 B.94 9.82
20 25 3.88 4.70 5.95 7.48 9.72 10.6
21 26.25 4.28 5.18 6.56 8.12 10.5 11.5
22 27.5 .70 5.69 7.14 9,19 11.2 12.4
23 28.75 5.14 6.22 T1.73 9.95 12.0 13.3
24 30 5.59 6.77 8.34 10.7 12.7 14.3
25 31.25 6.07 7.34 8.96 11.5 13.6 15.2
26 32.5 6.56 7.94 9.60 12.3 14.5 16.2
27 33.75 7.08 8.56 10.3 13.1 15.5 17.2
28 35 7.61 9._12 10.9 13,9 16.4 18.2
29 36.25 8,16 9.71 12.1 i4.6 17.3 19,2
30 37.5 B8.74 10.3 12.9 15.3 18.3 20.2
31 38.75 9,33 11.0 13.6 16.1 19.3 21.2
32 40 §9.94 11.6 14.4 16.8 20.3 22.3
33 41.25 10.5 12.2 15.2 17.7 21.3 23.3
34 42.5 11.1 12.9 16.0 15.6 22.3 24,4
3s 43.75 11.7 13,5 16.8 19.5 23.3 25.5
36 45 12.3 14. 8 17.6 20.4 24.3 26,6
a7 46.25 12,9 15.5 18.3 21.3 25.3 27.7
38 47.5 13.5 16.3 19.1 22.3 26,3 28.8
39 48.75 14.2 17.0 19.8 23.2 27.4 29.9
&0 50 14.8 17.8 20.5 24.2 28.4 31.0
41 51.25 15.5 18.6 21.3 25,1 29.5 3z2.2
42 52.5 16.1 19.4 22.0 26.1 30.6 33.4
43 53.75 15.8 20.2 22.8 27.1 31.7 34.6
LT 55 18.2 21.0 23.7 28.1 32.8 35.7
45 56.25 18.9 21.8 24 .6 29.1 33.9 37.0
46 57.5 19.7 22.5 25,5 30.1 35.0 38.2
47 58.75 20.5 23.3 26. 4 31.1 36.2 39.4
48 60 21.2 24,0 27.4 3z2.1 37.3 40.6
49 61.25 22.0 24.8 28.3 33.1 38.5 41.8
50 62.5 22.8 25.5 29.2 34.1 39.6 43,1
51 §3.75 23.6 26.2 3g.2 35.2 40,8 44 .3
52 65 244 27.0 31.1 36.2 42.0 45.6
53 66.25 25.2 27.8 32.1 37.2 43.2 46.8
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Table 6-11 Fundamental Period of Vibration, T,,, for Monolithic Tempered Glass

{Continued)
Aspact Ratio = 1.50
Glass Fundamental Period of Vibration (msesc) for Window
Dimansions Thickness, t, of ~-
(in.)

b a 3/4 in. 5/8 in, 1/2 in. 3/8 in. 5/16 in. 1/4 in,
12 18 1,59 1.92 2.43 3,22 4. 36 5.09
13 19.5 1.86 2.26 2.86 3.78 5,12 5.83
14 21 2.16 2.62 3.31 4, 38 5.84 6.61
15 22.5 2.48 3,00 3.80 5.03 6.56 7.79
16 24 2.82 3,42 4.32 5.72 7.32 8.70
17 25.5 3.19 3.86 4.89 6.46 8.09 9.63
18 27 3.57 4,33 5.48 7.23 9.37 10.5
19 28 5 31,98 4. .82 6.10 7.93 10.3 11.
20 30 & 41 5.34 6.76 8.65 11.2 12.1
21 31.5 4.86 5.89 7.46 9.40 12.1 13.0
22 33 3.34 6.46 8.18 10.2 13.0 14,1
23 34.5 5.83 7.06 8.94 10.9 13.8 15.1
24 a6 6.35 7.69 9,71 12.4 14.6 16.2
25 37.5 6.89 B.34 10.4 13.3 15.5 17.3
26 39 7.46 9.02 11.1 14,2 16.5 18.4
27 0.5 8.04 9.73 11.9 15.1 17.6 19.6
28 42 8.65 16.5 12.6 16.0 18.6 20.7
29 43.5 9.28 11.2 13.4 16.9 19.7 21.9
30 45 9.93 12,0 14,2 17.8 20.8 23,1
il 46,5 10.6 12.7 14.9 18.5 21.9 24.3
a2 48 11.3 13.4 16 .6 19.3 23.1 25.5
33 49.5 12.0 14,1 17.5 20.2 24,2 26.7
34 51 12.8 4.9 18.4 21.1 25.4 27.8
35 52.5 13.5 15.6 19.3 22.1 26.6 29.0
13 54 14.3 16.4 20.2 23.2 27.8 30.3
az 55.5 15.0 17.2 21.2 24.3 28.9 31.5
38 57 15.7 18.0 22.1 25.3 30.2 32.8
39 58.5 16.4 18.7 22.9 26.4 3.3 34.1
40 60 17,2 20.5 23.8 27.5 32.5 35.4
41 61.3 17.9 21.4 24.5 28.6 33.7 36.7
42 63 18.6 22.3 25.3 29.7 34.9 3g.1
43 64.5 19.4 23.2 26.2 30.8 36.1 39.4
&4 66 20.2 24.2 27.1 32.0 7.4 40.8
45 67.5 21.0 25.1 28.0 33.1 38.7 42.2
46 69 21.7 26.0 29.0 34.3 40.0 43.6
47 70.5 22.4 26.9 30.0 35.5 41,3 45.0
48 72 24.5 27.8 31i.1 36.7 4Z.6 6.4
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Table 6-11 Fundamental Period of Vibration, T, for Monolithic Tempered Glass

(Continued)
Aspect Ratio = 1.73
Glass Fundamental Period of Vibration (msec)} for Window
Dimensions Thickness, t, of --
{in.)

b a 3/4 in. 5/8 in. 1/2 in, 3/8 in. 5/16 in. 1/4 in.
12 21 1.69 2.04 2.59 3.42 &.63 5.52
12 22.75 1.98 2,40 3.04 &.01 5.44 6.37
14 24.5 2.30 2.78 3,52 &.65 6.30 7.27
15 26.25 2.64 3.19 4.04 5.34 7.15 8.20
16 28 3.00 3.63 4,60 6.08 8.02 9.52
17 29.75 3.39 §.10 5.1¢9 6.86 8.93 10.6
i8 31.5 3.80 4.60 5.82 7.6% 9.85 11.7
19 33.25 4.23 5.12 6.49 8.57 11.2 12.8
20 35 4,69 5.68 7.19 9.41 12,3 13.8
21 36.75 5.17 6.26 7.92 10.3 13.4 14.8
22 38.5 5,67 65.87 8.70 11.2 14.5 15.8
23 40.25 6.20 7.51 9.51 12.1 15.6 16.8
24 42 6.75 8.17 10. 4 13.0 16.6 18,0
25 43.75 7.33 8.87 11.2 13.9 17.6 19.1
26 45.5 7.92 9.59 12.1 15.5 18.6 20.3
27 47 .25 8.54 10.3 12.9 i6.6 19.6 21.¢6
28 49 9.19 11.1 13.8 17.7 20.7 22.9
29 50.75 9.86 11.9 14.7 18.8 21.8 26.2
30 52.5 10.6 12.8 15.6 19.8 23.0 25.5
31 54,25 11.3 13.6 16.5 20.9 24,2 26.9
32 56 i2.6 14.5 i7.5 22.0 25.4 28.2
33 57,75 12.8 15.4% 18.3 22.9 26,7 29.6
34 59.5 13.6 16.2 20,1 23.9 28.0 230.9
as 61.25 14 .4 17.1 21.2 24.9 29.4 32.3
36 63 15.2 17.9 22.3 25.9 30.7 33.6
37 64.75 16.1 18.8 23.3 27.0 32.0 35.0
38 £6.5 16.9 19.8 26.4 28.1 33.4 36.5
39 68.25 17.8 20.7 25.5 29.3 3.7 38.0
40 70 18.6 21.6 26.6 30.4 36.1 39.5
41 71.75 19.5 22.5 27.7 31.5 7.4 40.9
42 73.5 20.3 248 28.7 3z.8 38.8 42.5
43 75.25 21.2 25.4 29.7 34.0 40.2 44.0
44 77 22.1 26.5 3.7 35.3 41.6 45.5
45 78.75 23.0 27.6 31.7 36.6 43.0 47,1

6-123



T™ 5-1300/NAVFAC P-397/AFR 88-22

Table 6-11 Fundamental Period of Vibration, T, for Monolithic Tempered Glass

{Continued)
Aspect Ratio = 2,00

Glass Fundamental Period of Vibration (msec) for Window
Dimensions Thickness, t, of --

(in.)
b a 3/4 in. 5/8 in. 1/2 in, 3/8 in, 5/16 in. 1/4 in.
12 24 1.78 2.16 2.73 3.61 4. B9 5.85
13 26 2.09 2.53 3.21 4,24 5.74 6.82
14 28 2,43 2.94 3.72 4.91 6.66 7.84
15 30 2.78 3.37 4.27 5.64 7.63 8.89
16 a2 3.17 3.83 4._86 6,42 &.61 9.96
17 34 3.58 4.33 5.48 7.24 9.64 11.4
18 36 4,01 4.85 6.15 8.12 10.7 12.7
19 as [ Y 5.41 5.85 9.05 11.8 13.9
20 &0 4,95 5.99 7.59 10.0 13.3 15.2
21 42 5.46 6.61 8.37 11.09 14.5 16.4
22 &4 5.99 7.25 9.18 12.0 15.7 17.6
23 A8 & 55 7.92 0.0 13,0 17.0 18.8
24 48 7.12 B8.63 10.9 14,1 18.3 19.9
25 50 7.73 9.36 11.9 15.2 19.5 21.1
26 52 8.37 10.1 12.8 16.2 20.7 22.2
27 54 9.02 10.9 13.8 17.9 21.9 23.5
28 56 9.70 11.7 14.8 19,1 23.0 24.9
29 58 10.4 12.6 15.8 20.3 24,1 26 4
30 60 11.1 13.5 16.8 21.6 25.3 27.%
i 62 11.9 14.4 i7.8 22.9 26 .4 29.3
3z (1] 12.7 15.3 18.9 24.1 27.7 30.8
33 66 13.5 16.3 20.0 25.3 29.1 32.3
34 68 14.3 17.3 21.17 26.6 30.5 33.8
35 70 15.2 18.3 22,1 27.8 32,0 35.3
k1 72 16.0 19.2 24,0 28.9 33.5 3.8
37 74 16.9 20.3 25.2 30.1 35.0 38.4
38 76 17.9 21.3 26.5 31.2 36.5 40.0
39 78 18.8 22.3 27.7 32.4 37.9 41.6
40 80 19.8 23.4 29.0 33.5 39.4 43.2
41 82 20.8 24.5 30.3 34.7 40.9 44,9
A2 84 21.7 25.6 31.5 35.8 42,4 46€.6




TM 5-1300/NAVFAC P-397/AFR 88-22

Table 6-11 Fundamental Period of Vibration, T,, for Monolithic Tempered Glass

(Continued)
Aspact Ratio = 3,00
Glass Fundamental Period of Vibration (msec)} for Window
Dimensionsa Thickness, t, of --
(in.)

b a 3/4 in. 5/8 in, 1/2 in. 3/8 in. 5/16 in. 1/4 in,
12 36 2.02 2.45 3.10 4.10 5.55 6.64
13 39 2,37 2.87 3.64 4,81 6.51 7.79
14 h2 2.75 3.33 4.22 5,58 7.55 9.02
15 &5 3.16 3.83 4. 84 6.40 8.67 10.3
16 48 3.60 4,35 5.31 7.28 9.87 11.6
17 51 &,06 4. 91 6.22 B.22 11.1 13.1
18 54 4,55 5.51 6.98 9.22 12.4 14.5
19 57 5.07 6.14 7.77 10.3 13.7 16.4
20 60 5.62 6.80 8.61 11. 4 15,1 18.1
21 63 6.19 7.50 9.50 12.6 16.6 19.8
22 66 6.80 8.23 10.4 13.8 18.1 21.6
23 69 7.43 B.99 11.4 15.0 20.1 23.4
24 72 B.09% 9.79 12.4 16.3 21.7 25.3
25 75 8.78 10.6 13.5 17.6 23.5 27.2
26 78 9.49 11.5 14,6 19.0 25,3 29.1
27 81 10.2 12.4 15.7 20.4 27,1 31.0
28 -1 11.0 13,3 16.9 21.8 28.9 32.9
29 87 11.8 14,3 18.1 23.3 30.8 34.9
30 90 12.6 15.3 19.3 24.8 32.8 36.8
31 93 13.5 16.3 20.6 26,9 34,7 38.7
3z 96 14.4 17.4 21.9 28.6 36.5 40.5
33 %9 5.3 18.5 23.2 30.3 38.4 42.3
34 102 16.2 19.7 24 .6 3z.0 40.4 b4 .1
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Table 6-11 Fundamental Period of Vibration, Tn’ for Monolithic Tempered Glass

(Continued)
Aspect Ratio = 4,00
Glass Fundamental Period of Vibration {msec) for Window
Dimensions Thickness, t, of --
(in.}

b a 3/4 in. 5/8 in, 1/2 in, 3/8 in. 5/16 in. 1/4 in.
12 48 2.09 2.53 3.21 4,24 5.75 6.87
13 52 2.46 2.97 3.77 4.98 6.74 8.07
14 36 2.85 3.45 4.37 5.77 7.82 9.36
15 60 3.27 3.96 5.02 6.63 8.98 10.7
16 64 3.72 4.51 5.71 7.54 10.2 12.2
17 68 4.20 5.09 [T 8.51 11.5 13.7
18 Tz 4.71 5.70 7.22 5.54 i2.% 15.3
19 76 5.25 6.35 8.05 10.6 14.3 17.0
20 BO 5.82 7.04 8.92 11.8 15.9 18.9
21 84 &.41 7.76 9.83 13.1 17.4 20.8
22 88 7.04 8.52 10.8 14.3 19.1 22.8
23 92 7.69 9.31 11.8 15.6 20.8 24.8
24 96 8.37 10.1 12.8 16.9 22.8 26.9
25 100 9.0%9 1.0 13.9 18.3 24.7 29.1
26 104 9.83 11,9 15.1 19.8 26.6 31.3
27 108 10.6 12.8 16.3 21.3 28.6 33.5
28 112 11.4 13.8 17.5 22.9 30.7 35.8
29 116 12.2 14.8 18.8 24.5 32.8 as.2
30 120 13.1 15.8 20.1 26.2 35.90 40.6

L .
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Table 6-12 Effective Elastic Static Resistance, Toff

Aspect Ratio = 1

Glass Effective Elastic Static Reaistance (psi) for
Dimensions Glass Thickness, t, of --
(in.)

b a 3/4 in, 5/8 in. 1/2 in. 3/8 in. 5/16 in, 1/4 in.
12 12 206. 140, 87.7 50.3 27.5 19.1
13 13 175, 119. 74.7 42.8 23.9 16.2
14 14 151. 103, 64.5 36.9 21.1 14,2
15 15 121, 90.1 56.1 3z.2 17.5 12.7
16 16 115. 79.2 49.3 28.3 15.5 11.6
17 17 102. 70.1 43.7 25.5 13.8 10.7
18 18 91.6 62.5 39.0 23.1 12.6 10.3
19 19 82.2 56.1 KL 21.0 11.7 9,75
20 20 74.2 50.7 3l.6 18.0 11.¢0 8.76
21 21 67.3 46.0 28.6 16.4 10.4 7.93
22 22 61.2 41,9 26.4 15.1 10.2 7.20
23 23 56.1 38.3 24 .4 13.9 9.51 6.57
24 24 51.5 35.2 22.7 12.9 8.71 6.01
25 25 47.5 32.4 21.2 12.2 8.01 3.56
26 26 43.9 23.0 18.6 11.5 7.39 5.19
27 27 40.7 27.5 17.3 11.0 6.83 4.87
28 28 37.9 26.2 16.2 1¢.5 6.33 4,55
29 29 35.3 24,6 15.1 1¢.3 5.89 4.25
30 a0 33.0 23.2 14,2 10.2 5.53 3.98
31 a1 30.9 21.9 13.4 9.61 5.22 3.74
32 3z 29,0 20.8 12.8 9.00 4.95 3,51
33 33 27 .4 18.5 12.2 8.45 4.68 3,31
34 34 26.0 17.5 11.7 7.95 4,42 3.14
as 35 24.8 16.6 11.3 7.49 4.18 2.98
35 36 23.6 15.7 10.9 7.06 3.96 2.82
a7 37 22.5 14,9 10.5 6.67 3.75 2.67
38 as 21.5 14,2 10.4 .31 3.57 2,54
g 39 19.4 13.5 10.3 5.98 3.39 2.42
40 40 18.5 13.0 10.1 5.70 3.24 2,30
41 41 17.6 12,6 9.59 5.45 3.09 2,19
42 42 16.8 2.1 9.12 5.22 2.96 2.09
43 43 16.1 11,7 8.69 5.02 2.83 2.00
44 44 15.4 11.4 8.29 4.83 2.70 1.92
43 45 14.8 1.1 7.92 4,63 2.59 1.84
48 46 14.2 10.8 7.57 4. 43 2.48 1.77
47 47 -13.6 10.5 7.24 4.25 2.38 1.70
48 48 i3.2 10.4 6.93 4.08 2.29 1.64
49 49 12.8 10.3 6.64 3.92 2.20 1.58
50 50 12.4 10.2 6.37 3.77 2,11 1.52
51 51 12.1 9.96 6.11 3.63 2.04 1.47
52 52 11.7 9.56 5.87 3.50 1.96 1.42
53 53 11.4 9.19 5.67 3.37 1.90 1.38
54 54 11.2 8.84 5.48 3.26 1.83 1.33
55 55 10.9 8,52 5.30 3.15 1.77 1.29
56 56 10.7 8.21 5.14 3.05 1.72 1.25
57 57 10.5 7.92 4,99 2.95 1.66 1.21
58 58 10,4 7.64 4,35 2.85 1.61 1.17
59 59 10.3 7.40 4.70 2.76 1.56 1.14
60 60 10.2 7.10 4. 55 2.67 1.52 1.11
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Table 6-12 Effective Elastic Statlc Resistance, Y ¢f {Continued)

Aspect Ratio = 1.25

Glass Effective Elastic Static Resistance (psi) for
Dimensions Glass Thickness, t, of --
(in.)

b a 3/4 in. 5/8 in. 1/2 in. 3/8 in, 5/16 in. 1/4 in,
12 15 154. 105. 65.5 37.5 20.5 15.2
13 16.25 131. 89.5 55.8 32.0 17.9 13.5
14 17.5 113. 77.2 48.1 27.6 15.8 11.0
15 18,75 98.5 67.2 41.9 24.0 14.2 9.84
16 20 86.6 59.1 36.8 21.1 11.9 8.91
17 21.25  76.7 52.4 32.6 19.0 10.8 8.36
18 22.5 68.4 6.7 29.1 17.2 9.79 8.12
19 23.75  61.4 41,9 26.1 15.8 8.99 7.886
20 25 55.4 37.8 23.6 14,6 8.50 7.49
21 26.25 50.3 34.3 21.4 13.6 8.19 6.73
22 27.5 45.8 31.3 19.7 11.6 8.07 6.11
Z3 28.75 A41.5 28.% i8.2 6.8 7.7% 3.57
24 30 38.5 26.3 17.0 10.1 7.44 5.09
25 31.25 35.5 24,2 15.9 9.40 6.81 4.68
26 32.5 32.8 22.4 14.9 8.89 6.27 431
27 33.75 30.4 20.8 14,1 B8.53 5.79 4.00
28 35 28.3 19.5 13.4 8.25 5.37 3.73
29 36,25 26.4 18.4 11.7 B.14 4,99 3.49
30 37.5 24.6 17.4 11,0 B.04& 4,65 3.28
3l 38,75 23.1 16.4 10.4 7.82 4,34 3.09
32 40 21.7 15.6 9.91 7.62 4,07 2.92
33 41.25 20.4 14.9% 9.41 7.21 3.84 2.76
34 42.5 19.4 14,2 8.99 6.75 3.62 2.61
35 43.75 18.5 13.6 8.70 6.35 3.43 2,47
36 45 17.6 12,0 8.45 5.99 3.26 2.34
37 46.25 16.8 11.5 8.25 5.66 3.10 2.22
38 47.5 16.1 11.0 8.16 5,35 2,96 2,12
39 48.75 15.5 10.6 8.09 5.07 2,82 2.01
40 50 14.8 10.1 7.98 4,81 2.69 1.91
41 51.25 14.3 9.72 7.81 4. 57 2,57 1,82
42 52.5 13.8 9.34 7.66 4,34 2,45 1,74
43 53.75 13.4 9.01 7.43 &.14 2,34 1.66
&4 55 11.8 8.78 7.06 3.96 2.25 1.59
45 56.25 11.4 8.57 6.72 3.79 2.1¢6 1.52
46 57.5 11.0 8.38 6,42 3.63 2,07 1,46
47 58.75 10.6 8.24 6.14 3.49 1,98 1.40
48 60 10.3 8.17 5.88 3.36 1,90 1.34
49 61.25 9.93 8.11 5.63 3,23 1.83 1.29
50 62.5 9.60 8.06 5.39 3.12 1.76 1.25
51 63.75 9.29 7.93 5.18 3.01 1.69 1.20
52 65 9.02 7.80 4.97 2.90 1.63 1.16
53 66.25 B8.82 7.68 4.78 2.80 1.57 1.12
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Table 6-12 Effective Elastic Static Resistance, r_¢¢ (Continued)

Aspect Ratio = 1.50

Glass Effective Elastic Static Resistance (psi) for
Dimensions Glass Thickness, t, of —-
(in.)

b a 3/4 in. 5/8 in. 1/2 in, 3/8 in. 5/16 in. 174 in.
12 18 123. g83.8 52,3 29.9 16.3 11,9
13 19.5 105, 71.4 44 .5 25.5 13.9 10.5
14 21 90.2 61.6 38.4 22.0 12.3 9.43
13 22.5 78.6 53.6 33.4 19.2 11.1 7.86
16 24 69.1 47.2 29.4 16.8 10.1 7.16
17 25.5 61.2 41.8 26.0 14.9 9.31 6.56
18 27 54.6 37.3 23.2 13.3 7.83 6.25
19 28.5 49.0 33.4 20.8 12.3 7.24 6.30
20 a0 44,2 0.2 18.8 11.4 6.71 6.23
21 31.5 40.1 27.4 17.1 10.6 6,37 5.91
22 33 36.5 24.9 15.6 9.86 6.16 5.36
23 34.5 33.4 22.8 14.23 9.22 6.35 4.86
24 36 30.7 21.0 13.1 7.99 6.21 b.obd
25 371.5 28.3 19.3 12.4 7.56 5.94 4.08
26 39 26.2 17.9 11.7 7.13 5.51 3.75
27 40.5 24.3 16.6 11.0 6.75 5.06 3.47
28 42 22.6 15.4 10.4 6.46 4,68 3.21
29 43.3 21.0 14 .4 9.89 6.28 4,35 2.99
30 45 19.7 13.4 9.42 6.18 4.05 2,79
k)i 46,5 18.4 12.8 9.16 6.33 3.78 2.61
a2z 48 17.3 12.2 7.90 6.32 3.54 2.45
33 49.5 16.2 11.6 7.57 6.11 3,32 2.33
34 51 15.3 11.1 7.2% 5.92 3.12 2.21
35 52.5 14.4 10.¢6 6.94 5.59 2.93 2.10
36 54 13.6 10,2 6.66 5.24 2.77 2.00
37 55.5 13.0 9.78 6.46 4,94 2.62 1.%0
3s 57 12.5 9.42 6.32 4,67 2.49 1.81
39 58.5 12.0 9.21 6.20 4,42 2.38 1.72
40 60 11.6 8.03 6.22 4,19 2.28 1.64
41 61.5 11.2 7.78 6.33 3,98 2.18 1.57
42 63 10.8 7.52 6.36 3.78 Z2.0% 1,4%
43 64.5 10.4 7.26 6.20 3.60 2,01 1.42
44 66 10,1 7.02 6.05 3.43 1.92 1,36
45 67.5 9.71 6.79 5.91 3.27 1.84 1.30
46 69 9.42 6.57 5.65 3.13 1.77 1.25
47 70.5 9.25 6.45 5.29 2.99 1.70 1.20
48 72 8.12 6.33 5.14 2.86 1.63 1.15
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Table 6-12 Effective Elastic Static Resistance, Taff (Continued)

Aspect Ratio = 1.75

Glass Effective Elastic Static Resistance (psi)} for
Dimensaicns Glass Thickness, t, of --
(in.)

b a /4 in, 5/8 in, 1/2 in, 3/8 in. 5/16 in, 1/4 in,
12 21 109. T4.2 46.3 26.5 14.4 10.2
13 22,75 92.6 63.2 39.4 22.6 12.3 8.9
14 24.5 79.9 54.5 34,0 19.5 10.6 B8.01
15 26 .25 69.6 47.5 29.6 17.0 9.46 7.32
16 28 61.2 41.7 26.0 14.9 8.52 6.20
17 29.75 54.2 az7.0 23.1 13.2 7.85 5.65
18 31.5 48.3 33.0 20.6 11.7 7.30 5.19
19 33.25 3.4 29.6 18.5 10.87 6.27 4,89
20 35 39.1 26.7 16.7 %.71 5.79 4,70
21 36.75 35.5 24,2 15.1 8.96 5.28 &,.64
22 38.5 32.4 22.1 13.8 8.36 5.05 4,50
23 40,25 29.6 20.2 12.6 7.87 &, 84 4,31
24 &2 27.2 18.6 11.6 7.43 4,70 4,02
25 43.75 25.1 17.1 10.7 7.11 4,65 3.7¢9
26 45.5 23.2 15.8 9.97 6.17 &, 54 3.51
27 47 .25 21.5 14.7 9.37 5.82 4.41 3.24
28 49 20.0 13.6 8.83 5.52 4.19 3.00
29 50.75 18.6 12.7 8.38 5.23 3.96 2.78
30 52.5 17.4 11.9 8,01 5.02 3,77 2.60
31 54.25 16.3 11.1 7.66 4,86 3.53 2.43
32 56 15,3 10.4 7.35 4.73 3.30 2.29
33 57.75 14,4 9.93 7.11 4,68 3.09 2.16
34 59.5 13.5 9.46 6.27 4.64 2.90 2,05
a5 61.25 12.8 9.02 6.00 4.56 2.73 1,94
as 63 12.1 8.62 5.74 4. 46 2.58 1.85
a7 64,75 11.4 8.30 5.51 4.36 2. 44 1.76
38 66,5 10.8 8.00 5.30 4.18 2.32 1.67
39 68.25 10.3 7.73 5.10 4,01 2.21 1.59
40 70 9.91 7.47 4.97 3.86 2.11 1.51
41 71.75 9.52 7.26 4,85 3.72 2.02 1.44
42 73.5 9.15 6.51 4,75 3.53 1.93 1.38
43 75.25 8.81 6.29 4,70 3.36 1.85 1.32
44 77 8.50 6.07 4.67 3.20 1.78 1.26
45 78.75 B8.24 5.86 4.64 3.05 1.71 1.20
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Table 6-12 Effective Elastic Static Resistance, r,s¢ (Continued)

Aspsct Ratio = 2.00

Glass Effective Elastic Static Resistance (psi) for
Dimensions Glass Thickness, t, of --
{in.)

b a 3/4 in. 5/8 in 1/2 in. 3/8 in, 5/16 in. 1/4 in.
12 24 97.6 66.6 41.5 23.8 13.0 9.05
13 26 83,1 56.7 35.4 20.3 11.0 7.81
14 28 71.7 48.9 30.5 17.5 9.52 6.87
15 30 62.4 42.6 26.6 15.2 8.31 6,29
16 32 54.9 37.5 23.4 13.4 7.43 5.81
17 34 48.6 33.2 20.7 i1.% 6.72 .98
18 36 43.4 29.6 18.5 10.6 6.26 4,54
19 38 38.9 26.6 16.6 9,49 5.86 4.19
20 40 51 24.0 14.9 8.56 5.12 3.93
21 42 31,9 21.7 13.6 7.85 4,72 3.74
22 LT 29.0 19.8 12.4 7.25 4. 40 3.59
23 46 26.6 18.1 11.3 6.73 4,11 3.48
24 48 26,4 16.6 10.4 6.39 3,92 3.42
25 50 22.5 15.3 9.56 6.08 3.75 3.33
26 52 20,8 14,2 8.84 5.79 3.62 3.24
27 54 19.3 13.2 8,23 5.15 3,51 3.04
28 56 17.9 12.2 7.73 4.85 3.45 2.81
29 58 16.7 11.4 7.27 4.58 3.40 2.61
30 60 15.6 10.7 6.86 4,36 3.32 2.42
31 &2 146 9.98 &,57 4,15 3.25 2.27
32 64 13,7 9.36 6.32 3.99 3.10 2.14
33 &6 12.9 §8.80 6.08 3.86 2.9%0 2.02
34 58 12.2 8.31 5,87 3.74 2.72 1.91
35 70 11.5 7.91 5.66 3.64 2.56 1.81
36 72 10.8 7.53 5.07 3.56 2.41 1.72
a7 74 10.3 7.18 h B4 3.49 2.28 1.63
a8 76 9.73 6.86 4,64 3.45 2.17 1.56
3% 78 9.24 §.62 4,46 3.41 2,06 1.48
40 80 8.78 6.42 4,30 3.36 1.97 1.41
(38 82 8.37 6.23 4.14 3.3 1.88 1.24
42 84 8.03 6,05 4.02 3.25 1.80 1.28
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Table 6-12 Effective Elastic Static Resistance, rorf (Continued)

Aspect Ratio = 3,00

Glass Effective Elastic Static Resistance (psi) for
Dimensions Glass Thickness, t, of --
(in.)

b a 3/4 in. 5/8 in 1/2 in. 3/8 in, 5/16 in. 1/4 in.
12 1] 81.1 354 34,5 13.8 10.8 7.53
13 39 §9.1 7.2 29.4 16.9 9.18 6,41
14 2 59.6 %0.7 25,4 14.5 7.92 5.57
15 45 51.9 35.4 22.1 12.7 6.90 4,94
16 48 45.6 3l.2 19.4 11.1 6.06 4,42
17 51 40.4 27.6 17.2 9.86 5.43 3.98
18 54 36.1 24,6 15.3 8.79 4.92 3.61
19 57 3z.4 22.1 13.8 7.89 4. 48 2,15
20 50 29.2 19.9 12.4% 7.12 4.10 2.86
21 63 26.5 18.1 11.3 6.46 3.77 2.64
22 66 251 16.5 10.3 5.88 3.48 2.45
23 69 22.1 15.1 9.40 5.44 3.08 2.25
24 72 20.3 13.8 8,63 5.06 2.84 2.08
25 75 18.7 12.8 7.95 4,71 2.66 1.92
26 78 17.3 11.8 7.35 4. 40 2.49 1.82
27 a1 16.0 10.9 6.82 4.12 2,34 1.74
28 84 14.9 10.2 6.34 3.88 2.18 1.66
29 87 13.9 9.48 5.91 3.65 2.04 1.58
30 90 13.0 8.86 5.56 3. 44 1.91 1.5
al 3 12,2 8,30 5.26 3. l1.83 1.47
32 96 11.4 7.79 4,98 2.93 1.76 1.43
33 99 10.7 7.32 4,72 2.78 1.70 1.41
34 102 1.1 6.90 4,48 2.64 1.63 1.39
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Table 6-12 Effective Elastic Static Resistance, r gp (Continued)

Aspect Ratio = 4.00

Glass Effective Elastic Static Resistance (psi) for
Dimensions Glass Thickness, t, of --
(in.)

b a 3/4 in 5/8 in 1/2 in. 3/8 in, 5/16 in, 1/4 in.
12 48 75.7 51.7 32.2 18.5 10.1 7.02
13 52 64.5 44 .0 27.5 15.7 8.57 5.99
14 56 55.6 38.0 23.7 13.6 7.39 5.16
15 60 48.5 33.1 20.6 11.8 6.43 4.52
16 64 42.6 29.1 18.1 10.4 5.66 3.99
17 68 37.7 25.8 16.1 9.20 5.01 3.56
18 72 33.7 23.0 14.3 8.20 &.49 3.19%
19 76 30.2 20.6 12.9 7.36 4.05 2.87
20 80 27.3 18.6 11.6 6.65 3.67 2.54
21 84 24.7 16.9 10.5 6.02 3.34 2.30
22 88 22.5 15.4 9.59 5.49 3.06 2.10
23 92 20.6 14,1 8.77 5.03 2.81 1.94
24 96 18.9 12.9% 8.05 4,63 2.52 1.79
23 100 17.3 11,9 7,42 & 28 2,32 1.67
26 104 16.1 11.0 6.86 3,97 2.15 1.56
27 108 15.0 10.2 6,36 3.70 2.00 1.46
28 112 13.9 9.49 5,92 3.45 1.88 1.38
29 116 13.0 8.85 5.52 3.22 1.76 1.30
30 120 12.1 8.27 5,15 3.02 1.66 1.23
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UNDERGROUND STRUCTURES
6-33, Introduction

Underground structures are not usually used for production and handling of
explosives since access for both personnel and explosives 1s more difficult
than for an aboveground structure. However, an explosion may result in severe
hazards from which an aboveground structure can not provide adequate protec-
tion and a buried structure will be required. An example might be a manned
control building at a test site which must be located very close to a high-
hazard operation involving a relatively large quantity of explosives.

There is limited test data avallable to predict the pressures acting on an
underground structure. What test data that is available was developed for use
in the design of protective structures to resist the effects of an attack with
conventional weapons. The results of this data and the design procedures
developed from it are given iIn the technical manual, "Fundamentals of Protec-
tive Design for Conventional Weapons," TM 5-855-1. The data presented may be
expanded to include the design of structures subjected to accidental explo-

sions. The pertinent sections are briefly summarized below.

A typical underground structure used to resist conventional weapons attack is
shown in Figure 6-53. The burster slab prevents a weapon from penetrating
through the soll and detonating adjacent to the structure. A burster slab is
not mandatory, but if it is not used the structure will have to be buried much
deeper. The burster slab must extend far enough beyond the edge of the
building to form at least a 45 degree angle with the bottom edge of the
building. It may have to be extended further, though, if it is possible for a
bomb to penetrate at a very shallow angle, travel beneath the burster slab and
detonate adjacent to the structure (see Figure 6-53). Sand is used as
backfill because materials with high volume of air-filled voids and low
relative densities are poor transmitters of ground shock. 1In addition, sand

racicte nonatratinnm hattar than enil

.....................................
6-34, Design Loads for Underground Structures
6-34.1. General

The pressure-time relationships for roof panels and exterior walls are
determined separately. For the roof panel, an overhead burst produces the
most critical loading while for an exterior wall a sideburst is critical. A
general description of the procedure for determining the peak pressures and
their durations is given below. For a more detailed description, including
the required equations, see TM 5-855-1.

The magnitude of the ground shock is affected by:

1. The size of the explosive charge and its distance from the struc-
ture;

2 The mechanical properties of the soil, rock, and/or concrete
hetween the detonation polnt and the structure; and

3. The depth of penetration at the time of detonation.
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The stresses and ground motions are greatly enhanced as the depth of the
explosion increases. To account for this effect a coupling factor is used.
The coupling factor Is defined as the ratio of the ground shock magnitude from
a near surface burst to that of a fully buried burst. A single coupling
factor applies to all ground shock parameters and depends on the depth of the
explosion and whether detonation occurs in scoil, concrete or air.

6-34.2. Roof Loads

A typical roof load (shown in Figure 6-54) consists of a free-field pressure
P, and a reflected pressure P,. The reflected pressure occurs when the free--
field pressure impinges on the roof panel and is instantly increased to a
higher pressure. The amount of Increase is a function of the pressure in the
of the pressure front. However, TM 5-855-1 suggests that an average reflec-
tion facteor of 1.5 is reasonable.

The pressures on the roof of an underground structure are not uniform across
the panel, especially 1f the depth of the explosion is shallow. However, in
order to use a single-degree-of-freedom analysis, a uniform load is required
and hence an average uniform pressure must be determined. TM 5-855-1 presents
figures that glve the ratio peak pressures at the center of a roof panel to
the average pressure across the entire panel. This ratio is a function of the
support conditions and aspect ratio of the panel and the height of the burst
above the roof.

For the most severe roof load the

nantar ~nf rha nanal Tha awaracas
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are calculated as described above, The duration of the pressure pulse also
varies across the roof panel and a fictitious average duration t, must be
determined. TM 5-855-1 recommends calculating the duration of the peak free--
field pressure pulse at a point located one quarter of the way along the short
span and at the center of the iong span. This duration is then used as the
average duration of the entire panel. The peak free-field pressure and
impulse are calculated using equations given in TM 5-855-1. The duration is
found by assuming a triangular pressure-time relationship. The duration of
the average reflected pressure t_ is given in TM 5-855-1 as a function of
either the thickness of the structural element or the distance to the nearest
free edge of the structure. The smaller of the two numbers should be used in
analysis.

xplosive is positioned directly over the
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The design loads on an exterior wall are determined using the procedures
described in Section 6-34.2 for roof loads. However, in addition to the
pressure wave traveling directly from the explosion, the wall may be subject

. [y

=k 4 =
U and/or a

te a pressure wave reflected off the ground surface or burster sla
pressure wave reflected off a lower rock layer or water table.

The parameters of each wave (average reflected pressure, average free-field
pressure, durations and time of arrival) are determined separately using
procedures very similar to those described in Section 6-34.2. The total
pressure-time history is equal to the superposition of the three waves as
shown in Figure 6-55. The superposition results in a very complicated load
shape. The response charts of Chapter 3 are not applicable for such a shape,
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therefore the load must be idealized, The actual load is transformed into a
triangular load having the same total impulse (area under the actual load
curve equal to the sum of the areas of the direct and reflected waves). The
maximum pressure of the idealized load is equal to the maximum pressure of the
actual load neglecting the short reflected peaks. The duration is then
established as a function of the total impulse and maximum pressure (Figure 6-
55). For an exact solution, the actual load curve is used In a single-
degree-of-freedom computer program analysis or numerical analysis as given in
Section 3-19.2.

6-35. Structural Design
6-35.1. Wall and Roof Slabs

The structural design of underground structures is very similar to the design
of aboveground structures as described in Chapter 4. The effect of the soil
is to modify the response of the structural components. The dead load of the
soll reduces the resistance available to resist blast. At the same time a
portion of the soil acts with the structural elements to increase the natural
period of wvibration, 1In the case of a wall, it is assumed that the mass of
two (2) feet of soil acts with the mass of the wall. Whereas for a roof, the
entire mass of the soil supported by the roeof, or a depth of soil equal to one
quarter of the roof span (short span for a two-way panel) whichever is
smaller, is added to the mass of the roof.

The dynamic response of underground structures must obviously be limited to
comparatively small deformations to prevent collapse of the structure due to
earth loads, A protective structure subjected to conventional weapone attack
should be designed for a ductility ratio of 5.0, as recommended by TM 5-855-1,
This ratio may be increased to 10 if special provisions are taken. A maximum
deflection corresponding to a support rotation of one (1) degree or a ductili-
ty ratio of 10.0 is permitted for underground structures subjected to acciden-
tal explosions.

Spalling is the ejection of material from the back face of a slab or beam. It
results from high-intensity, close-in explosions. Fragment shields or backing
plates, as shown In Figure 6-56, are of some value in protecting personnel and
equipment. These steel plates must be securely anchored to the inside face of
the concrete member. Tests have shown that the shock of a deep penetrating

detonation to be enough to cause inadequate welds to fail over a large area,

adding the whole steel plate to the concrete spall, A strongly attached plate
adds about 10 percent to the perfnratinn registance of a conecrete slah Far a

creelll U SV ioANll koL eLallve L o4 LRLILIZLS =120,

further discussion of backing plates, see Chapter 4.
6-35.2. Burster Slab

For protective structures, a burster siab prevents a weapon from penetrating
through the soil and detonating adjacent to the structure, Its thickness and
length may have to be determined by a trial and error procedure in order to
limit pressures on the structure to a given value. However, the minimum
dimensions are shown in Figure 6-53. The minimum reinforcement is 0.1 percent
in each face, in each direction or a total of 0.4 percent. In the design of
structures subject to accidental explosions, the ground floor slab of the
donor building serves a purpose similar to that of a burster slab. The floor
slab helps to prevent fragment penetration and to attenuate the load.
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6-36. Structure Motions
6-36.1. Shock Spectra

TM 5-855-1 gives equations for acceleration, velocity and displacements for
underground structures. These simplified methods take into account the
attenuation of the pressure wave as It transverses the structure. For a
sideburst, the vertical acceleration, velocity and displacements are 20
percent of the horizontal values. The horizontal motions are uniform over the
entire floor while vertical motions at the leading edge are twice those at
midspan.

Once the peak In-structure acceleration, veloclty and displacements have been
determined an in-structure shock spectra can be developed using the principles
of Chapter 2 of this manual.

6-36.2. Shock Isolation Systems

Chapter 1 presents the upper limits of the shock environment that personnel
and equipment can tolerate. If the shock environment exceeds human tolerances
and/or equipment "fragility levels" then shock isolation systems are required
to protect personnel and sensitive equipment. Using the shock spectra
developed as described above, shock isolation systems are designed as outlined
in Sections 6-43 through 6-4%,
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EARTH-COVERED ARCH-TYPE MAGAZINES

6-37. General

Certain types of earth-covered concrete-arch and stesl-arch magazines have
been approved and standardized for use by the Department of Defense Explosives
Safety Board. These magazines provide definite advantages over other types of
magazines. Among these advantages are:

1. Less real estate per magazine is required because of the decreased
intermagazine separations permitted when approved magazines are used.

2. An almost Infinite number of storage situations exists because
magazines can be designed to any length.

3. Because of the reduced separation distances, less roads, fences,
utilities, ete., are required.

Unlike the other structures discussed elsewhere in this manual, an earth-
covered magazine is not designed to resist the damaging effects of its
exploding contents., It 1s accepted that the magazine will be demolished if an
internal explosion occurs. During such an incident, the inside of a large-
span arch might experience Initial blast pressures considerably in excess of
16,000 psi. Less than 100 psi could lift the arch completely out of the
ground; therefore, the major portion of the protection is provided by the

receiver magazines rather than the donor magazine.

Earth-covered magazines are utilized primarily to prevent propagation of
explosion. These structures may also be used for operating buildings and can
provide personnel protection., In such cases, separation distances greater
than those required to prevent propagation of explosions will be necessary.
In addition, a special evaluation of the structure 1s required. This evalua-
tion must include the leakage of blast pressures into the protected area, the
strength and attachment of easily damaged or lightly supported accessories
which may become hazardous debris, the transmission of shock to personnel
through the walls or floors, and overall movement of the magazines.

6-38. Description of Earth-Covered Arch-Type Magazines

A typical earth-covered arch-type magazine used for storing explosives has the
following features:

1. A semicircular or oval arch constructed of reinforced concrete or
corrugated steel used to form roof and sides,

2. A reinforced concrete floor slab, sloped for drainapge.

3. A reinforced concrete rear wall.

4, A reinforced concrete headwall that extends at least 2-1/2 feet
above the crown of the arch.

5. Reinforced concrete wingwalls on elther side of the headwall. The

wingwalls may slope to the ground or may adjoin wingwalls from adjacent

K_1249
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magazines. The wingwalls may be either monolithic or separated by expansion
joints from the headwall.

6. Heavy steel doors in the headwall (either manually operated and/or
motorized)

7. An optional gravity ventilation system.

8. Earth cover over the top, sides and rear of the structure. This

cover must be at least 2 feet thick at the crown of the arch. The earth above
the structure (within the spring line of each arch and between the head and
rear walls) is sloped for drainage while beyond the outline of the structure
the earth is sloped 2 horizontal to 1 vertical,

9. Its own built-in lightning protection and grounding systems.
A typical earth-covered steel arch magazine is illustrated in Figure 6-57.
6-39., Separation Distances of Standard Magazines

Numerous full scale tests of standard magazines have been performed over a
period of several years. As a result magazine separation formulae have been
established, which will prevent magazine-to-magazine propagation of explo-
sions. All possible right angle arrangements have been considered, i.e.,
side-to-side, rear-to-rear, front-to-rear, etc. The standard magazines, which
are at least equivalent in strength to those.tested, are listed in the DoD
Standard, "DoD Ammunition and Explosives Safety Standards, 6055.9-STD." The
required separation distances, as a function of the quantity of explosives
stored in the structure are also given in the DoD Standard. A possible

magazine arrangement is shown in Figure 6-58.
6-40. Deslgn

Protection of magazines adjacent to a donor magazine is accomplished by
combining the following factors:

1. The intensity of the pressure front moving from the donor
magazine to receiver magazines diminishes rapidly as the distance traveled
increases.

2. The earth cover over and around the donor magazine provides
some confinement and tends to directionalize the explosive force both upward
and outward from the door end of the magazine.

3. The earth around and over recelver magazines resists fragment
penetrations and provides mass to the arch to resist the blast pressures.

4. The arch of receiver magazines is capable of resisting blast
loads considerably in excess of the dead loads normally imposed on it.

Design of presently used magazines is essentially conventional except for two
features, which are doors and arch. The doors are designed to withstand the
dynamic forces from an explosion in a nearby magazine if the siting is in
accordance with Figure 6-58. However, they provide almost no resistance to
the effects of an explosion within the magazine. Also, the capacity of the
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doors to resist elastic rebound and negative phase pressures may be less than
their capacity to resist positive phase pressures. Therefore, where personnel
are concerned, all doors should be analyzed to determine their ultimate
capacity to resist all the loadings involved, The arches used for the
standard earth-covered magazines are the same as those used in the test
structures to establish the required separation distances. These arches have
not been dynamically designed for the blast loads and may be in excess of that
required.

6-41. Construction

Effectiveness of earth-covered magazines is largely determined by the quality
of construction. A few of the construction details that could be sources for
problems in this type of structure are discussed below.

Moisture proofing of any earth-covered structure is usually difficult. This
difficulty 1s increased with a steel-arch structure because of the many lineal
feet of jolnts available for introducing moisture. For example, a large 26-
by 80-foot magazine contains approximately 1,050 feet of edges. A sealant
tape must be used that will not deteriorate or excessively deform under any
anticipated envirommental or structural condition.

Earthfill material should be clean, cohesive, and free from large stones. A
minimum earth cover of two feet must be maintained. Surface preparation of
the fill is usually required to prevent erosion of the 2-foot cover,

Restricting granular size of material reduces throwout of fragments in case of
an accidental expleosion and creates a more uniform energy absorbent over the
top of the magazine.

Lightning protection is rather easily obtained in a steel-arch structure. All
sections of steel-arch plate must be interconnected so that they become
electrically continuous. 1In a concrete-arch magazine, the reinforcing steel
must be interconnected. 1In effect, a "cage" is created about the magazine
contents, Probably the most critical point for lightning protection 1s the
optional ventilator stack which projects above the surrounding earth cover.
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Non-standard earth-covered magazines, that is magazines not listed in DoD
Standard 6055.9-5TD may also be used for explosive storage. However, iIf a
"non-standard" earth-covered magazine or an aboveground magazine is used the
separation distances must be increased., The DoD Standard 6055.9-STD includes
the increased separation distances, as well as other criteria, for "non-
standard” earth-covered and aboveground magazines.
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BLAST VALVES
6-43., General
6-93.1. Applications

A prime concern of blast reaistant structures is to restrict the flow of high
pressures into or out of a structure. For donor structures pressures released
may have to be restricted in order to limit pressures acting on adjacent
structures to tolerable levels. Also, pressures leaking into acceptor
structures must be limited to prevent pressure buildup beyond acceptable
levels. In either case openings may have to be completely sealed to prevent

the diffusion of contaminants.

The simplest, most economical way of limiting leakage pressure into or out of
a protective structure is to restrict the number and size of air intake and
exhaust openings. In a donor structure the leakage pressures may be further
reduced by venting them through a stack. The stack increases the distance
from the point of release of the pressure to the acceptor structure thereby
attenuating the blast loading. Methods for predicting the pressures leaking
out of a building and the pressure buildup within a building are discussed in
Chapter 2. 1If the leakage pressure can not be reduced to acceptable levels or
if contaminants are released during an explosion, the openings must be sealed
with either blast valves or other protective closure device.

Blast valves may be either remote-actuated (closed mechanically by remote
sensors) or blast-actuated (closed by the pressure wave itself). Both types
can be non-latching or latching. A non-latching valve will open under
negative pressures. A latching valve is one that can only be reopened
manually. In addition, a blast-actuated valve can be double-acting. A
double-acting valve will seal against the positive blast pressure, move in the
opposite direction to seal against negative pressures -and then reopen when
pressures return to normal. '

6-43.2. Remote-Actuated valves

Remote-actuated valves are dependent on external sensing devices which trigger
the closure mechanism and close the valve before arrival of the blast wave.
Actuating devices have been developed that are sensitive to the blast pressure
of an explosion and react electrically to trigger protective closure systems.
Other actuating devices sensitive to flash and thermal radiation are also
available. The pressure sensing device is placed on a circumference at a
predetermined radius from the wvalve (closer to ground zerc) in order to
compensate for time delays of electrical and mechanical control equipment and
to permit valve closure before the blast arrives. Thermal sensors are
designed to detect the characteristic pulse emitted by an explosion to prevent
actuation by other sources such as lightning, fires, etc., which may occur
with flash sensors. Remote-actuated valves present problems of protection
against multibursts and button-up time for combustlon-type equipment installed
within the structure. In addition to problems of hardenability of the exposed
sensor and suitabllity for multiburst operation, it is often necessary for
sensors to initiate reopening of the valves as soon as dangerous pressures
have subsided, 1In general, remote-actuated valves can not close fast enough
to be effective during an H. E. explosion.
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6-43.3. Blast-Actuated Valves

Self-acting blast-actuated valves, which close under the action of the blast
pressure, overcome some of the disadvantages described above and present other
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not dependent upon sensing devices for operation. They can be automatically
reopenaed after passage of the positive phase or latched closed during the
negative phase if this is required. Double-acting valves automatically seal
the opening during the negative phase. Since blast-actuated valves are closed
by the blast, there is an inherent leakage problem to be considered due to the
finite closing time. Although this is in the order of milliseconds for most
valves, sufficient flow to cause damage may pass the port openings for certain
valve designs and pressure levels. Effectiveness of closing at both high- and
low-pressure ranges must be checked, The amount of blast entering depends on
the closing time of the valve which, in turn, depends on the mass of the
moving parts, disk diameter, and the distribution of pressures on both faces
of the disk.

Ideally, a blast-actuated valve should possess the following characteristics:
instantaneous closure or no leakage heyond the valve during and after closure,
no rebound of moving parts, equal efficiency at all pressures below the design
pressure, operational and structural reliablility, minimum of meving parts,
low-pressure drop through the valve at normal ventilation or combustion air
flows, multiple detonation capability, durability, and easy maintenanca,.

Although instantaneous closure is not physically possible, the closing time
can be reduced sufficiently to reduce the leakage to insignificant values.
This may be accomplished by increasing the activating pressure-force-to--
moving-mass ratio, decreasing the length of travel, permitting no deceleration
during closure, and other methods.

6-43.4, Plenums

Blast valves, especially blast-actuated valves, will allow some pressure
leakage. While the leakage pressure may not significantly Increase the
ambient pressure at some distance from the valve, there might be a "jetting
effect” causing very high pressures in the immediate vicinity. A plenum may
be used to protect against these high pressures. Two examples of plenums are,
a plenum chamber and a plenum constructed of hardened duct work. A plenum
chamber is a room where pressures attenuate by expansion. A hardened duct
work plenum reduces the pressures by increasing the distance traveled (similar
to the stack discussed in Section 6-43.1). For a donor structure, a plenum
would only be necessary if contaminants are released during an explosion and
the air must be filtered before being vented to the exterior. In that case, a
plenum would be used to lower the pressures and prevent damage to the filters.
A plenum in an acceptor structure would be used to prevent high leakage
pressures from directly entering the bullding’s alr duct system and possibly
causing local failure of the system.

Plenum chambers should be designed tc avoid a buildup of interiocr pressure
which would impede closing of the valve. The ratio of the area of the chamber
cross section to that of the valve outlet should be preferably greater than
4:1 so as to diffuse leakage flow as quickly as possible. A chamber which has
the prescribed necessary volume but has little change in area would act like a
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tunnel wherein entering pressures would encounter little attenuation in the
length provided.

€-43.5, Fragment Protection

To ensure that blast valves function properly, they must be protected from
fragments that may perforate the valves or jam them in an open position. One
of several methods of accomplishing the required protection is by offsetting
the opening from the blast valve by means of a blast-resistant duct or tunnel
which would prevent the propagatlion of fragments to the blast valve. Another
method 1s to enclose the blast valve in a concrete chimney. Other methods
include using a debris pit or steel shields or debris cover attached directly
to the blast valves,

€-44. Types of Blast Valves
6-44.1. General

Various types of blast valves have been developed and many of them are
available commercially from suppliers both here and overseas (see Table 6-13).
For present designs, alr flow rates from about 300 cfm to 35,000 cfm can be
obtained. Some valve designs are available in more than one size and can be
either blast or remote-actuated. The pressure loss across the valve at the
rated air flow is, in most cases, less than one inch of water,

The maximum incident pressure capability of available valves is above 50 psi
and generally at least 100 psi. For shelter purposes, these valves may be
overdesigned since the protection level for many shelters will be less than 50
psi. Except for cost factors, using a 100-psi valve for a 10-psi shelter
design should not necessarily present technical problems since a valve must
operate at all pressures below the maximum design level.

The best type of actuation (blast or remote) depends partly on the design
pressure as previously discussed with regard to reaction time and operational
considerations. For long arrival times (low pressure). a remote-actuated
device can close the valve before the blast arrival whereas leakage may occur
for a blast-actuated valve. At a high pressure (short arrival time),the
closing time for the remote-actuated valve may be longer than the arrival
time.

6-44.2, Blast Shield

I1f it can be assumed that the ventilation system can be closed off during a
hazardous operation and kept closed until there is no danger of further blast,
a relatively simple structural closure (blast shield), such as s steel plate
can be utilized. This type of closure is especially useful for an exterior
opening which would only be opened periodically, such as maintenance facili-
ties where the release of toxic fumes from within the structure is required.

6-44.3. Sand Filter
In shelters where normal operational air requirements are small, sand filters

are useful in the attenuation of leakage pressures. With this type of filter
the pressures continue to increase throughout the positive phase. Thus this
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£llter is good only for loads with a relatively short duration. A sketch of a
300-cfm sand filter is shown {n Figure 6-59.

6-44.4, Blast Resistant Louvers

The blast resistant louver shown in Figure 6-60 1s blast actuated and has a
rated flow of 600 cfm at less than 1 inch water (gage) pressure drop. If a
larger volume of alir is required the louvers can be set into a frame and used
in series (see Figure 6-61). Louvers can be used In acceptor structures
subject up to 50 psi. A major drawback of the louvers is that there may be as
much as 40 percent leakage across the valve, especlally at lower pressures.

6-44.5. Poppet Valves
6-44.5,1. Applications

A poppet valve has many advantages. It has few moving.parts which might need
repair, It can be blast or remote-actuated, latching, non-latching, or
double-acting and is available in sizes from 600 to 5,000 cfm. A blast-
actuated poppet valve has a very fast closing time, approximately 20 millisec-
onds, making it the only wvalve that reacts fast enough to be used in a
containment cell.

A typical blast-actuated poppet valve is shown in Figure 6-62. The valve
consists of an actuating plate, a valve seat, a backing plate that supports
the actuating plate, and a spring which holds the valve open during normal
operations. The normal air flow Is around the actuating plate. A blast load
will compress the spring and move the actuating plate against the valve seat
thereby sealing the opening. As the blast pressure moves the actuating plate,
some pressure will flow around the plate while it is closing.

The leakage pressures can be completely prevented by using a valve similar to
the one schematically illustrated in Figure 6-63. In this valve the normal
air flow is around the actuating plate through a length of duct. When the
valve is subjected to a blast load, the pressure starts moving the actuating
plate while at the same time flowing through the duct. The length of the duct
must be long enough to ensure that the time it takes the blast pressures to
flow through the duct (delay path) will be longer than the time required for
the actuating plate to seal the valve., As an alternate to the long duct, an
expansion chamber may be used to delay the blast.

6-44.5.2 Recommended Specification for Poppet Valves

Presented below is an example specification for the design, testing and
construction of a poppet wvalve, but it may be adapted for other types of blast
valves. This example specification is presented using the Construction
Specification Institute (CSI) format and shall contain as a minimum the
following:

1. APPLICABLE PUBLICATIONS: Except as otherwise stated herein all
materials and work furnished in accordance with this specification shall
comply with the following codes and standards.

1.1 Federal Specification (Fed. Spec.)
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TT-P-37D Paint, Alkyd Resin; Exterior
Trim, Deep Colors

TT-P-643A Primer, Paint Zinc Chromate
Alkyd Type

TT-P-86G Paint, Red- Lead-Base, Ready
Mixed

1.2 American Society for Testing and Materials (ASTM)
A 53-8la Pipe, Steel Black, and Hot-

Dipped, Zinc-Coated, Welded
and Seamless

D 2000-80 Rubber Products in Automotive
Applications, Classification
System For

E-709-80 Magnetic Particle Examination

1.3 American Institute of Steel Construction (AISC)

Specification for the Design, Fabrication and Erection of
Structural Steel for Buildings
(Eighth Edition) with commentary

1.4 American Iron and Steel Institute (AISI)
304 17-7th

1.5 American Welding Society (AWS)
D.1.1 Structural Welding Code(latest edition)
2. SUBMITTALS: The following information shall be submitted for

approval. Materials shall not be delivered to the site until approved shop
drawings have been returned to the Contractor. Partial submittals, or
submittals for less than the whole of any system made up of interdependent
components will not be accepted., Submittals for manufactured items shall be
manufacturer’s descriptive literature, shop drawings, and catalog cuts that
include the manufacturer’'s dimensions, capacity, specification reference, and
all other information necessary to establish contract compliance.

~n

2.1 Qualifications: The Contractor shall submit for approval,
data to support the qualifications of the manufacturer and Installer. A list
of previously successfully completed jobs of a similar nature, indicating the
name and address of the owner of the installation shall be included with the
information.

2.2 Manufacturer’s Data: Before executing any fabrication work,
a completely marked and coordinated package of documents sufficient to assure
full compliance with the drawings and specifications shall be submitted. The
submittal shall include a complete technical evaluation of the capacity of
each valve as described below. The drawings shall include: detailed fabrica-
tion and equipment drawings; assembly showing the complete installation,
including methods for supporting the valves, subframes and frames; a listing
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of all materials and material specifications; surface finishes; fabrication,
assembly and installation tolerances; locking devices and locking device
release mechanisms; and a detailed sequence for Installation of valves and
frames in conjunction with other phases of construction. Structural fabrica-
tion drawings shall conform to the requirements of AISC and welding shall
conform to AWS. Assembly and installation shall be based on fleld established
conditions and shall be fully coordinated with architectural, structural, and
mechanical systems. All aspects of any work developed in connection with the
development of these valves shall be fully documented and become the property
of the Government.

2.2.1 Standard Compliance: Where equipment or materials are
specified to conform to requirements of the standards of organizations such as
ANSI, NFPA, UL, etc., which use a label or listing as a method of indicating
compliance, proof of such conformance shall be submitted for approval. The
label or listing of the specified organization will be acceptable evidence.

In lieu of the label or listing, the Contractor shall submit a notarized
certificate from a nationally recognized testing organization adequately
equipped and competent to perform such services, and approved by the Contract-
ing Officer stating that the items have been tested with the specified
organization’s methods and that the item conforms to the specified organiza-
tion’s standards.

2.3 Preliminary Hydraulic Characteristics: Prior to Construc-
tion, submlit with shop drawings an estimate of the hydraulic characteristics
of each valve, under actual operating conditions. Ratings shall be based on
tests or test data. All necessary corrections and adjustments shall be
clearly identified. Corrections shall be established for actual altitude and
air flow directions as shown on the drawings as well as hydraulic effects
produced by mounting and/or connection of the valve.

2.4 Tests and Test Reports: Except as noted otherwise, the
testing requirements for materials stated herein or incorporated in referenced
documents, will be waived, provided certified copies of reports of tests from
approved laboratories performed on previously manufactured materials are
submitted and approved. Test reports shall be accompanied by notarized
certificates from the manufacturer certifying that the previously tested
material is of the same type, quality and manufacture as that furnished for
this project,

2.5 Blast pressure analysis calculations and/or results of
approved tests shall be submitted, for both the blast valve and subframe, for
approval and shall conform to the requirement of the paragraph entitled, BLAST
VALVE TESTS. The calculations and/or test results shall include all compo-
nents of the valves and subframe subjected to the blast pressures. CGCalcula-
tions are not required for the frame embedded in the concrete. This frame
shall conform to that shown on the drawings. However, the fabrications of the
blast valve and associated subframe and embedded frame shall be the responsi-
bility of the blast valve manufacturer. This manufacturer shall also be
responsible for installation of this equipment.

2.6 Qualification of Welders: Before assigning any welder to

work covered by this section of the specification, the Contractor shall submit
the names of the welders to be employed on the work together with certifica-
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tion that each of these welders has passed the qualification test using
procedures covered in AWS Standard D1.1.

2.7 Operational and Maintenance Manual: Operation and mainte-
nance manuals shall be furnished by the Contractor. Complete manuals shall be
furnished prior to the time of installation. The manual shall have a table of
contents and shall be assembled to conform to the table of contents with tab
sheets placed before instructions covering the subject.

2.8 Shop Test Reports: The Contractor shall furnish copies of
shop inspection and test results of fabrication welding.

3. MATERIALS:

3.1 Structural steel pipe used for blast wvalve construction
shall conform to ASTM A 53 seamless pipe.

3.2 All structural steel plate components of the valve shall
consist of stainless steel and shall conform to AISI 304,

3.3 Spring type components shall consist of stainless steel and
conform to AISI 17-7th, Condition C.

.4 Blast Seal Material: Seals for blast valves shall conform to
ASTM D 2000.

4, BLAST VALVE REQUIREMENTS: All blast valves shall be poppet type
and shall have the following characteristics.

4.1 Pressure capacity: Each valve shall be capable of withstand-
ing a sustained blast pressure of 100 psi as well as the impact force produced
by the closing of the valve. The wvalve shall be designed to sustain elastic
deformation when subjected to the above loads. The blast valve shall be
capable of closing under a force of 15 pounds.

4.2 Temperature Capacity: Each valve shall be capable of
satisfactory operation over a temperature range of 35° to 300° F.

4.3 Valve Actuation: Each valve shall be actuated by the blast
overpressure. The valve shall be in the closed position 20 milliseconds after
the onset of the blast front. The blast pressures are given on the drawings.

4.4 Valve Parameters: A minimum of 12-inch diameter blast valve

shall be used. After the valve is closed by the blast overpressure, it shall
remain in the closed position until manually cpened. This shall require that
the valve be equipped with a locking device which shall be located at the
exterior side of the valve. A release mechanism for the locking devices shall
be provided which shall be operated from a position immediately adjacent to
the interior of the valve. Any penetration through the valve or the structure
must be capable of being sealed against blast leakage through the penetration,
The air flow capacity of the valves shall be 1500 SCFM (1710 ACFM) for the
supply and return valves and 880 SCFM (1000 ACFM) for the exhaust valve.
Total actual pressure drop across the valve with air movement in either
direction shall not exceed one inch of water (gage). The valve and its
operating parts shall be designed for a 20-year life and shall have an
operating frequency of 10,000.
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4.5 Blast Seals: Blast seals shall be provided between the face
of each valve and subframe and between the subframe and the frame to provide a
pressure tight condition. Seals shall be adjustable and easily replaceable.
The seal shall be designed to be leakproof with a pressure differential across
the seal of 100 psi.

4.5.1 Blast Seal Material: Seal material shall conform to
ASTM D 2000. Four sets of blast seals shall be furnished with each valve,
Three sets of the seals shall be packaged for long term storage.

4.5.2 Adhesive; Adheslve for blast seals shall be as
recommended by the manufacturer of the seals. Sufficient adhesive shall be
provided for installation of the packaged seals at a later date.

4.6 Field Remova 1

Fiel B
being completely field removed and
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disassembled.
5. FABRICATION:

5.1 Qualification of Manufacturer: The manufacture and installation of
blast valves and frames shall be performed by the blast valve manufacturer who
shall be fully responsible for valve operation. The manufacturer shall have
complete facilities, equipment and technical personnel for the design,
fabrication, installation and testing of complete blast valve assemblies.

5.2 General: The drawings indicate the location of the blast valves in
the structure. The manufacturer shall carefully investigate the drawings and
finished conditions affecting his work and shall design the units to meet the
job condition and the dynamic loads. The blast valves shall be complete with
gaskets, fasteners, anchors, mechanical operators, and all other equipment and
accessories as required for complete Installation.

5.3 Metalwork: Except as modified herein, fabrication shall be at a
minimum, in accordance with the AISC Specification for the Design, Fabrication

and Erection of Structuragl Steel for RBuildines. U’n"r‘”nﬂ of steal ghall be in
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accordance with the requirements for AWS Specification Dl 1. A welding
sequence to reduce distortion and locked-up stresses to a minimum shall be
used. All welded units shall be stress relieved, All welded members shall be
post weld straightened free of twist and wind. Fabricated steel shall be well
formed to shape and size, with sharp lines and angles. Exposed welds shall be
ground smooth. Exposed surface of work, in place, shall have a smooth finish.
Where tight fits are required joints shall be milled to a close fit. Corner
joint shall be coped or mitered, well formed, and in true alignment. Perma-

nent connections for all assemblies and components, except those requiring
removal for ingtallation and mn‘infnnnnr‘n chall be welded Each valve and
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subframe shall be removable from the embedded frame.

5.3.1 Machining: Parts and assemblies shall be machine finished
wherever necessary to insure proper fit of the parts and the satisfactory
performance of the valves.

5.3.2 Weld Details: The types of edge preparation used for welds
shall be chosen by the manufacturer to be the most suitable for the joint and
position of welding. Where required, all groove welds shall be complete

penetration welds wi th

go_p] 2te joint fusion., CGroove weld edge preparations
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shall be accurately and neatly made, All full penetration groove joints shall
be back-chipped and back welded where both sides are accessible. Where both
sides are not accessible, backing strips not exposed to view may be left in
place unless removal is required for clearance. Backing strip not removed
shall be made continuous by welding ends and junctions.

5.3.3 Weld Tests: Inspection and tests of welds shall be as
specified in AWS Specification D1.1. All welding shall be subjected to normal

ﬁnn?{nunuc ingnastion
..... it anspection

5.3.3.1 Nondestructive dye penetrator testing shall be
performed for all welding in accordance with Method B of ASTM E 165 or ASTM E
709. Allowable defects shall conform to AWS Specification D1.1.

5.3.3.2 Penetration Welds: All full or partial penetra-
tion corners, tees and inaccessible butt joints shall be subjected to 100
percent ultrasonic examination. All penetration joints shall be considered to
be tension joints, All tests shall be performed by a testing laboratory
approved by the Contracting Officer. The testing laboratory shall be respon-
sible for interpretation of the testing, which shall be certified and sub-
mitted in a written report for each test. 1In addition to the weld examination
performed by the Contractor, the Contracting Officer reserves the right to
perform independent examination of any welds at any time. The cost of all
Government reexamination will be borne by the Government,

5.3.3.3 Correction of Defective Welds: Welds containing
defects exceeding the allowable which have been revealed by the above testing
shall be chipped ot Ex.uunu out for full depth and tewelded., This correction

of the defected weld area and retest shall be at the Contractor'’s expense.

5.4 Metal Cleaning and Painting:

5.4.1 Cleaning: Except as modified herein, surfaces shall be
cleaned to bare metal by an approved blasting process. Any surface that may
be damaged by blasting shall be cleaned to bare metal by powered wire brushing
or other mechanical means. Cleaned surfaces which become contaminated with
rust, dirt, oil, grease, or other contaminants shall be washed with solvents
until thoroughly clean.

5.4.2 Pretreatment: Except as modified herein, immediately after
cleaning, steel surfaces shall be given a crystalline phosphate base coating;
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surfaces.

5.4.3 Priming: Treated surfaces shall be primed as soon as
practicable after the pretreatment coating has dried. Except as modified
herein, the primer shall be a coat of zinc chromate primer conforming to Fed.
Spec, TT-P-645, or a coat of red lead paint, Type I or Type 111 conforming to
Fed, Spec. TT-P-86G, applied to a minimum dry film thickness of 1.0 mil,
Surfaces that will be concealed after construction and will require no
overpainting for appearance may be primed with a coat of asphalt varnish,
applied to a minimum dry film thickness of 1.0 mil. Damage to primed surfaces
shall be repaired with the primer.
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5.4.4 Painting: Shop painting shall be provided for all metalwork,
except for non-ferrous metals and corrosion resistant metals and surfaces to
be embedded in concrete. Surfaces to be welded shall not be coated within
three inches of the weld, prior to welding. All machined surfaces in contact
with outer surfaces and bearing surfaces shall not be painted. These surfaces
shall be corrosion protected by the application of a corrosion preventive
compound. Surfaces to receive adhesives for gaskets shall not be painted.
Surfaces shall be thoroughly dry and clean when the paint is applied. No
painting shall be done in freezing or wet weather except under cover; the
temperature shall be above 45° F but not over 90° F. Paint shall be applied
in a workmanlike manner and all joints and crevices shall be coated thorough-
ly. Surfaces which will be concealed or inaccessible after assembly shall be
painted prior to assembly., Paint shall conferm te Fed. Spec. TT-P37D.

6. BLAST VALVE TESTS:

6.1 Response Tests: The following static and dynamic response
shall be performed to demonstrate the blast resistant capabilities of the
blast value design., These tests shall be witnessed by the Contracting
Officer.

6.1.1 Closure Time Test: Prior to shipment to the site, the
Contractor shall perform a test to demonstrate that the closure of the blast
valve will not exceed the 20 milliseconds specified. A suggested method for
recording the valve closure is with the use of a high speed camera,

6.1.2 Static Pressure Test: Prior to shipment to the site,
the Contractor shall perform a pneumatic test to demonstrate the statilc
capacity of the blast valve design. The valve must sustain the pressure of
100 psi for a minimum of two hours. The total pressure loss during that
period shall not exceed 1 psi.

6.1.3 Dynamic Pressure Test: Prior to shipment to the site,
the Contractor shall perform a test to demonstrate the dynamic capacity of the
blast valve design. This test shall simulate the combined effects of impact
forces produced by the valve closure system and the blast lcad. This test may
be replaced by design analyses which demonstrate that the head and frame of
the valve shall have the capability te resist the stresses produced by the
above forces. The blast load as indicated on the drawings shall be used for
this analysis.

6.1.4 Blast Tests: If the effects of one or more of the
above blast valve tests have been demonstrated by prior blast valve tests on
similar valves, then the results of these tests shall be submitted for review;

and the above test performances may not be required.

6.2 Test: After installation, a trip test shall be performed
and demonstrated to the operating personnel.

6.3 - Hydraulic Characteristics: Prior to shipment to the site,
the Contractor shall perform a final test to establish the hydraulic charac-
teristics of each valve and provide the necessary corrections and adjustments
as stated previously,
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Table 6-13 Blast Valves
Blast
Characteristics
Alr
Closing|Locking| Flow
Type Preasure| Tims Mach- |Rates
Name of Valve (Actuated) (psi) (ms) |anisms |(cfm) Tested
U.5. Army
Chemical Corps Blast 100 4 Yas 300] Field
M-1
U.S. Army Shock tube
Chemical Corps Blast 50 * Yeos 600 and
E191R1 field
12"0 100 * Yes 600
QOffice of Blast
Civil 16"0 and 50 50 Yes 1,200 Field
Dafensse Remote
24"0 50 * Yes 2,500
QOffice of Corps Blast and * 20 Yeos 5,000 |Shock tube
of Engineers Remote
Bureau of Yards 2,200
and Docks Remote ~ 500 Yos to *
30,000
2,250
Temet USA, Inc. Blast 140 20 Yeos to Shock tube
3,700
4”0 150
Jaern and 8"0 280 * 600| Field
Plat
140 1,750
Technical
Facilities Remote * * 35,000 *
WS-107 A2
American Machine Blast 100 * Yeos 80 b
Foundry
Luwa Blast 15 to 2 No 450{Shock tube
160
Suffield
Experimental Blast 4 to 20 » * *
Stations
Naw Maval [Braschenridgs 100 * Ho 600
Civil Compressed
Engineer- |Bayles-Denny| Blast 5 to 100 * No 180 Air
ing Lab
Stephenson 5 to 104 * No 125
Artes Machinery Blast 100 b No oo Field
(Sand Filtered)

L I | 1 ! ] ] i

* Unknown
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SHOCK ISOLATION SYSTEMS
6-45. Introduction

Previous sections have presented methods for the prediction of blast and
fragment effects associated with the detonation of explosives and the design
or analysis of structures to withstand these effects. In the design of
shelters, an important part of the design process is to iInsure the survival of
personnel and equipment. It is possible that the structure could withstand
the air blast and ground shock effects but the contents be so severely damaged
by structure motions that the facility could not accomplish its intended
function. A similar problem is in the design of shelter type structures that
houses sensitive explosives. These explosives must be protected from struc-

turs motions gince thaga motiong could rasult in initiation of the Avn1na"11n
N ey S LS b e W LA = ¥ ) AR NP W AR W e WP R LRF W i el L] A e B ke S ol Gl s e WAL A e A rd.\-!lal-vl-l

This section deals with the protection of wvulnerable components from structure
motions due to air blast and ground shock.

6-46. Objectives

The objective of shock isolation in protective design applications is to
reduce the magnitude of motions transmitted by a vibrating structure to
personnel or shock sensitive equipment. These motions must be attenuated to
levels tolerable to personnel and to be various pleces of equipment used in
the facility. A second consideration in some cases is to reduce the magnitude
of motions transmitted by vibrating equipment to 1ts supports. These latter
motions can be significant for equipment mounted on shock 1solated platforms.

The general functional objectives of a shock isolation system are:
1. Reduce input motions to acceptable levels,.

2, Minimize rattle space requirements consistent with system effec-
tiveness and cost.

3. Minimize coupling of horizontal and vertical motions.

4, Accommodate a spectrum of inputs of uncertain waveforms.

5. Limit the number of cycles of motion of the isolated body.
6. Support the system under normal operating conditicns without

objectionable motions.

7. Maintain constant attitude under normal operating conditions.

8. Accommodate changes in load and load distribution.

9. Maintain system vibration characteristics over long periods of
time.

10. Interface properly with other components or parts.

11. Require minimum maintenance
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6-47. Structure Motions

Ground shock results from the energy which is imparted to the ground by an
explosion. Some of this energy is transmitted through the air in the form of
air-blast-induced ground sheck and some is transmitted through the ground as
direct-induced ground shock. Both of these forms of ground shock when
imparted to a structure will cause the structure to move in beth a vertical
and horizontal direction. Movement of the structure imparts motions to items
attached to the structure’s interior. Motion of interior items is cbtained
from a response spectrum. This is a plot giving the maximum responses (in
terms of displacement, velocity, and acceleration) of all possible linear
single-degree-of-freedom systems which may be attached to the structure due to
a given input motion. Therefore, having the spectra for the structure and
given input motion, the maximum response of any item within the structure is
obtained based on the natural frequency of the item., Methods for preparing
response shock spectra are presented Iin Chapter 2 of this manual,

In addition to motion of the structure as a whole, the exterior walls and roof
respond to the direct application of the blast load. Methods for calculating
the response of these elements are given in Chapter 3 of this manual using the
parameters given in Chapter 4 and 5 for concrete and steel, respectively.
Maximum displacements, velocities, and accelerations of these elements can be
determined in a straightforward manner. These quantities can be used to
determine effects on items attached or located near walls or roofs.

6-48. Shock Tolerance of Personnel and Equipment

The requirement for shock isolation 1s based upon the shock tolerance of
personnel and/or critical items of equipment contained within the protective
structure. If the predicted shock input exceeds the shock tolerance of
personnel, a shock isolation system is required. If the shock input exceeds
the shock tolerance of equipment, the equipment can either be ruggedized to
increase its shock tolerance or it can be shock isolated. There are practical
limits to ruggedization and the costs may exceed those of an Isclation system.
If the input does not exceed the shock tolerance of the equipment, it can be
hard-mounted to the structure.

6-48.1. Personnel

The effects of structural motions on personnel depend on the magnitude,
duration, frequency, and direction of the motion, as well as their position at
the time of the loading. The shock tolerance of personnel is presented in
Chapter 1 of this manual.

6-48.2. Equipment
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Further, because of the constraints of procurement procedures, shock isolation
systems must be designed and built prior te specific knowledge of the equip-

. ment to be installed. In such instances, the choice lies between specifying
minimum acceptable shock tolerances for the new equipment or using whatever
data is available for similar types of equipment.
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The most practical means of determining the shock tolerance of a particular
item of equipment is by testing. However, even experimental data can be of
questionable value if the test input motlion characteristics differ greatly
from those that would actually be experienced by the equipment. Since testing
of equipment may not be practical in many cases due to the amount of time
allotted from the inception of a project to its completion, procurement
procedures, and cost limitations, it is often hecessary to rely on data
obtained from shock tests of similar items. The shock capacity of various
types of equipment is presented in Chapter 1 of this manual.

6-49. Shock Isolation Principles
6-49.1. General Concepts

A full treatment of the problem of shock isolation systems is not possible in
this manual. The following discussion provides an introduction to the subject
and presents some of the important characteristics of shock isolation systems.

In general, the analytical treatment of shock isolation systems is based upon
the principles of dynamic analysis presented in Chapter 3. In most cases, the
actual system can be represented by a simplified mathematical model consisting
of a rigid mass comnected by a spring and dash pot as shown in Figure 6-64.
The figure represents the simplest case, that of a single-degree-of-freedom
system restrained to move in only one direction. Actually, an isolation
system would have at least six degrees of freedom, i.e., three displacements
and three rotations. Under certain conditions, these six modes can be
uncoupled and the system analyzed as six single-degree-of-freedom systems.

The single-degree-of-freedom system shown in Figure 6-64 can be used to
illustrate the importance of some of the parameters affecting the effective-
ness of shock isolation systems in general. The isclator is represented by
the linear spring and viscous damping device enclosed within the dotted
square. The suspended mass is taken to be a rigid body. It is assumed that
the base of the system is subjected to a periodic sinusoidal motion whose
frequency is f. The undamped natural frequency of the system is f and is
given by:

1 386.4 K
[ ]1/2 6-62

VA4 W

where

f, = natural frequency of vibration

unit stiffness of spring

W = weight supported by spring

When the frequency of the disturbing motion f is small compared to the natural
frequency f,, of the single-degree-of-freedom system, the displacement of the
mass is approximately equal to the displacement of the base. When the
frequency of the base motion is several times that of the system, the motion
of the mass is a small fraction of the base motion. When the ratio of
frequencies become large (20 to 30). the system can not respond to the base
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motion to any significant degree. At frequency ratios near one, large motions
of the mass are possible and the magnitude is strongly affected by the amount
of damping in the system,

One obvious shock Isolation approach is to use a low frequency suspension
system so that the ratio of frequencies 1s always large. However, low
frequency (referred to as soft) systems possess the undesirable characteristic
of larger static and dynamic displacements and greater probability of coupling
between modes of vibration. Although soft systems may be acceptable under
some conditions, the obvious constraint that will preclude their use is a
limit on the relative motion between the suspended mass and its supports or
adjacent parts of the facility. This relative motion determines the amount of
rattle space that must be provided to avoid impact between the mass and other
fixed or moving parts of the facility.

The acceleration of the mass is a function of the forces applied to the mass
by the spring and damping devices. In the case of a linear undamped spring,
the force is a function of the relative displacement between the mass and its
support. In viscous damping devices, the damping force is a function of the
percent damping and the relative velocity between the mass and its supports.
Acceleration limits for the critical items will impose restraints on spring
stiffness and the amount of damping in the isolation system. In practice, a
compromise combination of spring stiffness and damping is necessary to
minimize input motions to the mass for a specified allowable rattle space or
to minimize the rattle space required for specified allowable motions of the
mass.

The need to avoid resonance (ratio of the frequency of the base motion to the
natural frequency of the isolation sysitem equal to one) is obvious. The
structural motions resulting from an explosion are not steady-state sinusoidal
in nature. However, these motlions are of an oscillatory type and the dis-
placement-frequency relationships discussed above are applicable,.

A more detailed discussion of the effects of load duration, nonlinear springs,
damping, and system frequency on response can be obtained from publications
listed in the bibliography.

The basic objective in shock isolation is to select a combination of isolation
system properties which will reduce the input motions to the desired level.

In design, it is a straightforward process. System properties are assumed and
an analysis is performed to determine its response to the input motions. If
the shock tolerance and rattle space criteria are not satisfied, the system
must be altered and the analysis repeated until the criteria are satisfied.

6-49.2, Single-Mass Dynamic Systems

A single mass system can have six degrees of freedom, that is, translation in
B ) o . 1 marm e mmnad dmliasns mmmdmoamd Mo vt mmem =V e e oM w202 _ 3
LIlL T UL LIIUEUILHL daAc> dallu LIONLCC LULALLUILLYS , LLlE a_yat_l:ul LAl aldyu e ClLasslliigclu

as coupled or uncoupled.

A coupled system is one in which forces or displacements in one mode will
affect or cause a response in another mode. For example, a vertical displace-
ment of a single rigid mass might also cause rotation of the mass. An
uncoupled system, on the other hand, is one where forces or displacements in
one mode do not generate a response in another mode. If the system is
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completely uncoupled, base translations in any one of the three orthogonal
directions will cause translations of the mass in that direction only.
Similarly, a pure rotation of the base about any one of the three orthogonal
principal inertia axes with their origin through the mass center, will cause
only pure rotations of the body about that axis. The principal inertia axes
are those about which the products of inertia wvanish. The principal elastic
axes of a resilient element (isolator) are those axes for which an uncon-
strained element will experience a displacement collinear with the direction
of the applied force. If the principal elastic axes and the principal inertia
axes of the shock isolation system coincide with the origin or point of
intersection of both sets of axes at the center of gravity of the mass, the
modes of vibration are uncoupled. Such a system is also referred to as a
balanced system.

In Figure 6-65, if all the springs have the same elastic stiffness, the
elastic center will be located at point A, which, in this case, is at the
center of the individual springs. If the suspended mass is of uniform
density, its center of gravity is alse located at A, and the system is
uncoupled for motion input through the springs. Some systems may be uncoupled
only for motions in a particular direction. If point B in Figure 6-65 is the
center of gravity of the mass, a horizontal motion in the direction parallel
to the X-axls of the structure would cause only a horizontal motion of the
mass, A vertical motion of the structure would cause both a vertical and
rotational motion of the mass. 1In this case, the vertiecal and rotational
modes are coupled. If the center of gravity were located at point C, then
vertical, horizontal and rotational modes are coupled. If the characteristics
of the mass and shock isclation system are such that the modes of vibration
can be uncoupled, the system can be analyzed as a series of independent
single-degree-of-freedom systems. The response of each of these systems can
be determined on the basis of input motlions and isolator properties in a
direction parallel to or about one of the principal inertia axes. The
response In each one of these modes can be summed Iin various ways to obtain
the total response of the system. The sum of the maximum responses would
neglect differences in phasing and should represent an upper limit of the
actual motions. It is recommended that the square root of the sum of the
squares of the maximums (root mean square values) be used to represent a
realistic maximum response since it is unlikely that response will occur
simultaneously in all modes. Superposition of modal response is appropriate
for elastic systems only.

A dynamically balanced shock isolation system offers advantages other than a
simplification of the computation effort. A balanced system results in

radunad mardane Aurine Aacnillardan An a raonul+r AF +ha ahaoaarnan AafF crivnalfes ~AF
IRLURTeU MV elUine Wulily Uotiiidaiion., £i5 a LTouil UL Lt 4dubdcilite Ui COUpPLLIIE OL

modes in a balanced system and the usually small, If any, rotational inputs to
the system Iin protective construction applications, rotational motions of the
shock isclated mass will be minimized. This is particularly important for
large masses where small angles of rotation can result in large displacements
at locations far from the center of gravity.

Because of the advantages of a dynamically balanced system, various approaches
are taken to minimize coupling of modes. One criterion is that frequencies in
the six modes should be separated sufficiently to avoid resonance between
modes. Because of the importance of minimizing rotational modes of response,
it is suggested that extremely low stiffnesses in these modes should be
avoided. For the analysis of multiple degrees of freedom, single-mass systems
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where the various modes of response are coupled, the modal method of analysis
or numerical integration techniques can be utilized. The modal method of
analysis requires solution of simultaneous equations of motion to determine
characteristic shapes and frequencies of each mode and iIs limited to the
elastic case. The numerical techniques do not require prediction of mode
shapes and frequencies and will handle both elastic and inelastic response.

If the dynamic system is also a multiple mass system, the above methods can be
utilized to analyze the system. While an in-depth discussion is beyond the
scope of this manual, a complete discussion of these methods can be found in
publications listed in the bibliography.

6-49.3, Shock Isolation Arrangements
6-49.3.1. Individual versus Group Mounting

The two basic approaches to shock isolation In protective construction are to
provide individually tailored systems for each component and to group together
two or more items on a common platform. In the latter case, the system is
selected to satisfy the requirements of the most critical item. In some
cases, where the shock tolerance of the various items differs greatly, a
combination of the two approaches may be the most effective solution.

Although the relative location or size of some items may make individual
mounts the more practical approach in certain cases, group mounting will
generally be as reliable and the least costly solution.

Where personnel must be protected, a platform is the most practical solution,
Except for extremely sensitive equipment, the shock tolerance of the perscnnel
will govern the design of the system. The combination of personnel and
equipment on the same platform will permit the personnel to move freely
(however cautiously) between items of equipment. Where personnel are not
required to be mobile, but rather may be able to remain seated while operating
the equipment during hazardous periods, the shock tolerance of the personnel
are greatly increased. This increased tolerance will reduce the shock
isolation requirements while at the same time affording a higher degree of
protection for personnel since they are protected from the unknown conse-
quences of falling.

There are several advantages of group mounted systems. A group mounted system
is less sensitive to variations in weights of individual items of equipment
because of the larger combined weight of all items and the platform. With a
number of items there 1s a greater flexibility of controlling the center of
gravity of the total mass. In fact, ballast may be added to the platform to
align the center of gravity with the principal axis to form a balanced system.
A group mounted system generally requires less rattle space than several
independently mounted items. Also, the interconnections between components is
greatly simplified if they are all mounted on a single platform. Finally, an
important advantage of group svstems is cost, Individual mounts will require
a large number of Isolator units. Although larger, more costly, units are
required for the group mounting system, fewer units are required and the cost
per pound of supported load will be much lower.
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6-49.3.2. Platform Characteristics

A platform for group mounted systems offers great flexibility in controlling
the center of gravity of the supported masses to produce a balanced system
where modes of vibration are uncoupled. Ballast may be securely anchored to
the platform at locations which would move the center of gravity of the total
mass to coincide with the elastic center of the isolation system. The
determination of the weight and location of this ballast can be greatly
simplified by uncoupling the effect of adding weight in the x and y directions
of the principle elastic axes. This uncoupling can be accomplished by
locating the ballast symmetrically about the x axis when moving the location
of the center of gravity in the y direction. In this manner, the location of
the center of gravity may be altered independently about the elastic center in
the x and y directlions. If for practical reasons the ballast cannot be
located symmetrically about a principle axis, then the two directions must be
considered simultaneously.

Providing additional ballast in excess of that required to balance the plat-
form provides for future changes in equipment or the addition of new equipment
without actually changing the isolation system. The springs will not require
replacement nor will the structural members of the platform need to be in-
creased in size, Additional equipment is placed on the platform and ballast
is removed and/or relocated to balance the new equipment arrangement. To pro-
vide for future equipment changes, it is suggested that additional ballast
equal to 25 percent of the welght of the equipment and the required ballast be
distributed on the platform. The location of this ballast must not change the
center of gravity of the existing balanced system, If future needs have been
established, the platform and isolators would be designed for the future
equipment. However, ballast would be provided to compensate for the welght of
the future equipment and balance the system for the existing equipment.

The stiffness of the platform must be large enmcugh to insure that the platform
and associated group mounted equipment can be treated as a rigid body. This
criterion is usually satisfied if the lowest natural frequency of any member
of the platform is at least five (5) times the natural frequency of the spring
mass system. When large, heavy items of equipment are involved, platforms
meeting this stiffness criterla may not be practical. In such cases, the
platform equipment configuration should be treated as a.multi-mass system.

6-4%9.3.3. Isolator Arrangements

There are many ways to support a shock isclated item, Some desirable features
have been discussed previously in connection with dynamically balanced
systems. The isolators may be positioned in many ways. The more important
factors affecting the selection of an isolator arrangement are:

1. The size, weight, shape and location of the center of gravity of
the suspended mass;

2. The direction and magnitude of the input motions;

3. Rotation of the lines of action of the devices should be small
over the full range of displacements of the system to avoid system
nonlinearities;
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4, Coupling of modes should be minimized;
5. Static and dynamic instability must be prevented;
6. It is desirable in most cases, and necessary in some, that the

system return to its nominal position;

7. Space avallable for the isolation system; and type of isolation
devices used.

Some of the more common lsolator arrangements are shown In Figures 6-67 and 6-
68. The systems shown are assumed to have the same arrangements of isolators
in a plane through the center of gravity (c.g.) and perpendicular to the
surface of the page. The dynamically balanced system (intersection of the
elastic axes and the principal inertia axes located at point A) shown in
Figure 6-65, is probably the least common of all suspension systems.

6-49.3.4. Base-Mounted Isolation Systems

In Figure 6-66a, the mass is supported on four (4) isolators. These isolators
must provide horizontal, vertical and rotational stiffnesses in order for the
system to be stable under all possible motions., There will be coupling
between horizontal displacements and rotations about horizontal axes. This
arrangement and that shown in Figure 6-66b are appropriate in those cases
where there are no convenient supports for horizontal isclators.

The arrangement of Figure 6-66b is preferred since the line of action of the
isolators can be directed towards the c.g. of the mass to allow decoupling of
some modes., As in the case of Figure 6-66a, the isolators must possess
adequate stiffness 1n axial and lateral directions to insure stability under
static and dynamic conditions.

In Figure 6-66c, the isolators are oriented parallel to the three orthogonal
system axes. This arrangement provides system stability even when the
isolators possess only axial stiffness. If the c.g. of the suspended mass is
located as shown, decoupling of modes is possible. While the lines of action
of the isolators pass through the c.g. under static conditions, response of

+ha cvuctoam +a hace motiang w9il1l ahulanely alteayr 1+t ganmatrv Whan tha 1ina
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of action of the isolators is changed due to displacement of the mass relative
to its supports, coupling of the modes of vibration will be introduced. The
degree of coupling is affected by the magnitude of the displacements and the
length of the isclators. Consequently, isolator properties and arrangement
should be selected so as to minimize the effects of displacements.

6-49,3.5. Overhead Pendulum Systems Using FPlatforms

Two arrangements of overhead pendulum shock isolation devices using platforms
to support the sensitive components are shown in Figure 6-67. In both cases,
the center of gravity of the suspended mass 1s relatively low. These types of
suspenslon systems have been used extensively im protective structures for
various conditions iIncluding individual small and large items, multiple items
of various sizes as well as a combination of personnel and equipment supported
on various sized platforms. The overhead pendulum system normally uses swivel
joints at the points of attachment so that the system may swing freely.
Horizontal input motions cause the pendulum to swing. Gravity provides the
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horizontal restoring force or stiffness. This force is a function of the
total weight of the suspended mass. The natural frequency of vibration of the
pendulum is a functlon of the length of the pendulum and is given by:

1 386.4
[ ]1/2 6-63

Va4 L

where

£, = natural frequency of vibration
2 - length of pendulum

Each pendulum arm includes an isolatar which establighes the stiffness of the
system in the vertical direction. These isolators can introduce nonlineari-
ties and coupling between the pendulum and vertical spring modes. The system
is linear for small angular displacements, that ls, when the angular change 6
of the pendulum arm from the vertical position is approximately equal to the
sine of the angle (@ = sin ©). The system can be considered uncoupled if the
pendulum frequency 1s not near one half of the vertical spring frequency. I1f
the pendulum frequency is in the vicinity of one half the vertical frequency,
the interchange of energy between the modes can lead to pendulum motions
greatly exceeding those predicted by linear assumptions.

In a shock spectra maximum displacements occur at low frequencies, maximum
velocities at intermediate frequencles, and maximum accelerations at high
frequencies. Since most pendulum systems have low natural frequencies, they
are displacement sensitive. These systems attain maximum displacements and
minimum accelerations. Consequently, they will normally require greater
rattle space than other systems while at the same time providing maximum
protection against horizontal accelerations at minimum costs. It should be
realized that for explosions, maximum displacements are comparatively small
and can be accommodated. One of the main advantages of overhead pendulum
systems is that they do not require horizontal stiffness elements. Their
attractiveness Is greatly diminished In those cases requiring horizontal
damping because of large motions,

The swivel joint attaching the pendulum arm to the platform determines the
location of the horizontal elastic axis of the system. Figure 6-58b illus-
trates two ways of varying the point of attachment of the pendulum arm to the
platform. The horizontal elastic axis 1s raised to coincide with the center
of gravity of the suspended mass at the equilibrium position and help minimize
coupling between modes of response. At the left side of the platform the
isolator is contained in a housing rigidly attached to the platform. At the
right side, a structural member is rigidly attached to the platform and the
isolator is included in the pendulum arm. In addition to supporting personnel
and equipment, overhead pendulum systems can be used to shock-isolate building
utilities. Individual utility runs may be isolated or several different
utilities may be supported on a single platform. A single platform may cover
an entire room and all building services may be supported. They would include
a hung ceiling, lighting fixtures, utility piping, HVAC ducts, electrical
cables and process plping. Of course, flexible connections must be used when
connecting the services to the building or equipment.
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6-50. Shock Isolation Devices
6-50.1. Introduction

A fundamental element of every shock isolation system is some sort of energy
storage or energy dissipative device. These devices must be capable of
supporting the items to be 1solated under static and dynamic conditions and,
at the same time, prevent transmission of any harmful shock loads to the
itens., In most cases, the isolator must have elastic force-displacement
characteristics so that the system will return to a nominal equilibrium
position after the dynamic loads have been applied. The desirable features of
these devices include:

1. The dynamic force-displacement relationship of the isclator should
be predictable for all directionsa in which it is required to
provide stiffness.

2. The isolator should have low mass in order to minimize transmis-
sion of high frequency motions to the supported mass.

3. The frequency of the isolator should remain constant with changes
in load, that is, its stiffness should vary in direct proportion
to the load it supports. This allows the system to remain dynami-

AnlTlar halamaand sheaialbae .-.l-..-.-..-.-..- 4o +ha wandtdan AfF tha atinnmaw ad
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mass,

4. The static position of the isolator should be adjustable so that

the system can be leveled and returned to its nominal position
should the suspended load change.

5. The isclator should have high reliability, long service life and
low cost.

The various types of 1solators used In most protective construction applica-
tions possess these characteristics in varying degrees. Any real isolator has
some mass, and in some applications, the mass can be quite large and must be
considered in the final analysis. Nonlinear force-displacement characteris-
tics are often accepted to gain some other advantage. In energy dissipative
systems, it may be necessary to provide other means of restoring the system to
its original position. In general, most devices are some compromise combina-
tion of the desirable features which best suit the particular design situa-
tion,

The inclusion of energy dissipative (damping) devices in the isolation system
offers several significant advantages, that is, damping can:

1. Reduce the severity of output motion response;

2, Reduce the effect of coupling between modes, thus reducing rattle
space requirements;

3. Restore the system to an equilibrium position more quickly;
4. Decrease the sensitivity of the system to variations in input
motions.

6-173



TM 5-1300/RAVFAC P-397/AFR 88-22

Damping can be provided internally in some isolation devices such as in liquid
springs, but must be added externally in others such as those systems using
helical coll springs. Different types of damping offer advantages and
disadvantages which must be evaluated in the design process. A damping device
may be effective in attenuating iow frequency components of input motions but
can increase the severity of high frequency components. Also, a damping
device could prevent the system from returning to its nominal equilibrium
position, Thus, care must be exercised in either designing a system employing
isolator.devices possessing inherent damping characteristics or adding damping
devices, 1f the isolation system is to perform properly.

There are numerous types of Isolators which can be used to accomplish the
shock isclating function, In the design of protective structures for explo-
slons, the induced bullding motions are not usually severe and the maximum
building displacements are relatively small. As a result, shock isoclation
systems using helical coil springs (Figure 6-68) are by far the most common
system employed. The reasons for the extensive use of helical springs should
be obvious from the discussion below. Other shock iscolation devices which may
also be used are presented, in less detail, below.

It should be noted that the protective design engineer does not furnish the
design for the shock isolator. The engineer designs the shock isolation
system to be used but does not design the isolators (in most cases, a helical
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characteristics of the isolator. For a helical spring, the specifications may
include some or all of the following: maximum load, maximum static deflection,
maximum dynamic deflection, spring stiffness, maximum height, maximum diame-
ter, and factors of safety regarding allowable stresses and bottoming of the
spring. It must be realized that as the number of specified parameters
increase, the options available to the spring manufacturer are decreased.

6-50.2, Helical Coil Springs

A helical coil spring is fabricated from bar stock or wire which is coiled
into a helical form. Figure 6-68 illustrates several spring mounts.

The helical ceoill spring has numerous advantages and comparatively few disad-
vantages. The advantages are that the spring is not strain-rate sensitive,
self-restoring after an applied load has been removed, resists both axial and
lateral loads, linear spring rate and requires little or no maintenance. For
most applications, the coil spring usually requires a larger space compared to
other available shock isolators, and the spring cannot be adjusted to compen-
gate for changes in loading conditions, If the weight of the supported obiect
is changed, 1t is necessary to either change the spring or add additional
springs. For most purposes, the helical coil spring can be considered to have
zero damping. If damping 1s required, it must be provided by external means,

Helical coil springs may be used in either compression or extension. The
extension springs are not subject to buckling and may offer a more convenient
attachment arrangement. However, extension spring attachments are usually
more costly and cause large stress concentrations at the point of attachment,
For shock isolation applications, coill springs are generally used In compres-
sion. Buckling which can be a problem with compression springs, can be
overcome by proper design or through the use of guldes which are added either
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internally or externally to the coils. The discussion below will be concerned
primarily with compression springs unless otherwise stated.

Relical coil springs may be mounted in two ways, the ends are either clamped
or hinged. In most shock isolation applications, the spring ends are clamped
since this method greatly increases the force required to buckle the spring,
If space iIs at a premium, the energy storage capacity may be Increased by
nesting the springs (placing one or more springs inside the outermost spring).
When nesting springs, it i1s advisable to alternate the direction of coils to
prevent the springs from becoming entangled.

Although permanent set may be acceptable in some instances, it is normally
required that the system return to its original position after being loaded.
This can be accomplished in various ways, but the most common approach in the
case of helical coil springs is to prevent inelastic action of the spring.

Helical coil springs are capable of resisting lateral load. While it is
possible to use springs in this application, care should be exercised. There
are possible arrangements which aveid subjecting the springs to this.type of
loading.

While the actual design of the helical ceoil spring is done by the manufactur-
er, the engineer must be certain that the springs he is specifying can
actually be obtained and the space he has allocated for the springs are
sufficient. Therefore, preliminary spring sizes must be cobtained by the
engineer to suit his intended application. It is suggested that available
manufacturer’'s data be used for this purpose.

6-50.3. Torsion Springs

Torsion springs provide resistance to torque applied to the spring. In shock

isolation applications, the torque is usually the result of a load applied to

a torsion lever which is part of the torsion spring system. A typical torsion
spring shock isolation system is jillustrated in Figure 6-69.

Since the axis of a torsion spring is normal to the direction of displacement,
it can be used advantageously when space in the direction of displacement is
limited. Torsion springs have linear spring rates, are not strain-rate
sensitive, are self-restoring, and require little or no maintenance. Torsion
springs can not be adjusted to compensate for changes in weight of shock
isolation equipment, and damping must be provided by external means. The
axial length of some types may preclude their use when space is limited,

There are three basic types of torsion springs; (1) torsion bars, (2) helical
torsion springs, and (3) flat torsion springs. The type to be used will
depend upon the space available and the capacity required. The torsion bar is
Tv nead far 1ieht +n hasvv 1aade thae halinal +fareinn enring far lisht
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to moderate loads, and the flat torsion spring for light loads. The torsion
bar is the type most commonly found in protective structure applications and

is most commonly used where large loads must be supported.

noatrmal
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6-50.4. Pneumatic Springs

Pneumatic springs are springs whose action is due to the resiliency of
compressed air. They are used in a manner similar to coil springs. The two
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basic types are the pneumatic cylinder with single or compound air chambers
and the pneumatic bellows. The pneumatic cylinder is shown schematically in
Figure 6-70.

Pneumatic springs have the advantage of being adjustable to compensate for
load changes. The spring rate can be made approximately linear over one range
of deflection but will be highly nonlinear over anmother. They are quite
versatile due to the variety of system characteristics which can be obtained
by regulation of the air flow between the cylinder chamber and the reserveir
tank. Some of the possible variations include:

1. Velocity-sensitive damping by a variable orifice between chamber
and reservoir;

2. Displacement-sensitive damping by a variable orifice controlled by
differential pressure between chamber and reserveir;

3. A nearly constant height maintained under slowly changing static
load by increasing or decreasing the system alr content using an
external air supply and a displacement-sensitive servo-system
controlling inlet and exhaust valves;

A constant height under widely varying temperatures achieved by
the same system described for maintaining a constant height.

The disadvantages of pneumatic springs include higher cost and more fragile
construction. They have a limited life span in comparison to mechanical
springs and must be maintained. Also these springs provide resistance for
axial loads only.

6-50.5. Liquid Springs

A liquid spring consists of a cylinder, piston rod, and a high pressure seal
around the piston rod. The cylinder is completely filled with a liquid, and
as the piston is pushed into the cylinder, it compresses the liquid to very
high pressures. The configurations of liquid springs are divided into three
major classes according to the method of loading. The classes are simple
compression, simple tension and compound compression-tension. Although they
are loaded in different ways, all three types function as a result of compres-
sion of the liquid In the cylinders. Schematics of the tension and compres-
sion types are shown in Figure 6-71. The compound spring is merely a more
complex mechanical combination of the two basic types. The tension type is
the more common in protective construction applications. The cylinders are
often fitted with ported heads to guide the piston and provide damping.
Damping can also be provided through the addition of drag plates to the piston
rods,

Liquid springs are very compact devices with high, nearly linear, spring
rates, They can be adjusted to compensate for load changes, are self-restor-
Ing and can absorb larger amounts of energy. They are highly sensitive to
changes in temperature and fluid volume changes. Because liquid springs
normally operate at high pressures, high quality, close tolerance seals are
required around the piston. Friction between the seal and piston provides
appreciable damping and increases the spring rate from 2 to 5 percent. Liquid
springs are high pressure vessels requiring high quality materials and pre-
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cision machine work, and as a result, they are expensive. However, they are
difficult to equal as compact energy absorption devices.

6-50.6. Other Devices
6-50.6.1, Introduction

The helical, torsion, pneumatic and liquid springs are the more common types
of isolators for larger masses. There are other devices especially suited for
particular applications and .smaller loads. Some of these isolators are
discussed below.

6-50.6.2, Belleville Springs

Belleville springs, also called Belleville washers or coned-disc springs, are
essentially spring steel washers which have been formed inteo a slightly
conical shape. A typical Belleville spring is illustrated in Figure 6-72,

The main advantage of Belleville springs over other types of springs is the
ability to support large loads at small deflections with minimum space
requirements in the direction of loading. They are useful in applications
requiring limited shock attenuation and as back up systems to reduce shock in
the event of bottoming of coll springs. They are relatively inexpensive and
readily avallable in capacities up to 60,000 pounds., Changes in loading
conditions are accommodated by the addition or removal of units.

6-50.6.3. Flat Springs

A flat spring is simply a steel beam or plate whose physical dimensions and
support conditions are varied to provide the desired force displacement
relationship. The two basic configurations are the simple spring with one
element and leaf springs with multiple elements. Flat springs normally
require only a limited amount of space In the direction of displacement and
provide linear, non-strain-rate sensitive and self-restoring spring. They
require little or no maintenance. Single element flat springs can be consid-
ered to have no damping while leaf springs will exhibit some damping due to
the friction between individual elements.

6-50.6.4. Solid Elastomer Springs

Solid elastomer springs are made from rubberlike materials. They are often
called shock mounts because of their wide use in shock isolation applications.
They are normally used in medium to light duty applications and represent an.
economical solution to the isclation of small items of equipment. However,
these springs will allow only small displacements. These springs are fabri-
cated from a wide variety of natural and synthetic rubbers and compounds and
in numerous sizes and shapes to satisfy a wide range of applications. Because
of the range in capacity and characteristics of commercially available units,
only in unusual cases is it necessary to design a unit.

In most applications, the solid elastomer spring will require little space and
exhibits good welght to energy storage ratios. Use of these springs requires
consideration of the operating enviromment. The desirable properties of some
elastomers can be significantly degraded when exposed to low or high tempera-
tures, sunlight, ozone, water or petroleum products.
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The response of elastomeric springs is nonlinear in most applications because
of the nonlinear stress-strain properties of elastomers. The springs are
self-damping because of the viscoelastic properties of the elastomers. They
are almost always in compression because of bonding limitations. These
springs will only permit comparatively small displacements.

6-51. Hardmounted Systems

Some items of equipment do not require shock isolation because the predicted
motions at theilr point of attachment to the supporting structure does not
exceed their shock tolerance. Those items can normally be hardmounted to the
supporting structure. A hardmount is a method of attachment which has not
been specifically designed to provide a significant reduction in the input
motions to the equipment. Since all methods of attachment exhibit some flexi-
bility, there is no precise division between shock isolators and hardmounts.
Both types of devices will modify input motions to some degree. However, the
modification of input motions produced by hardmounts will generally be small
while shock isolators can greatly affect these motions.

In contrast to shock isolation systems, hardmounted systems will normally
exhibit natural frequencies much higher than those corresponding to the lower
modes of vibration of the supporting structure. Although this characteristic
offers the advantage of reduced rattlespace, it alsoc provides for the more
efficient transmission of higher frequency components of the support structure
motion to the attached item. Thus, it would appear that a more exact struc-
tural analysis i{s required for hardmounted systems in order to include higher
modes of vibration. In practice, the need for exact analyses is at least
partially offset by higher factors of safety in mount design and equipment
shock tolerance. However, such an apprecach can lead to unrealistic attachment
designs. A more practical approach is to choose, or design, attachments which
limits the fundamental frequency of the hardmounted system. A lower frequency
system provides some attenuation of higher frequency Input motions, and re-
duces the possibility of resonance with high frequency motions resulting from
stress wave reflections within structural elements. Although the choice of a
natural frequency will depend on the properties of the supporting structure
and the hardmounted equipment, fundamental frequencies in the range of 10 to
1000 cycles per second are reasonable for most applications. The approach
chosen for hardmount design is normally a combination of higher safety factors
and the use of lower frequency systems. The design will be based upon
considerations of cost, importance of the item supported, the size and weight
of the item, and the consequence of failure of the attachment system.

The use of shock spectra to define the input motions of hardmount systems is
considered adequate for final design of all simple hardmount systems of a non-
critical nature. It is also considered adequate for preliminary design of
critical systems and those whose representation as a single degree of freedom
system is questionable. However, it is recommended that the final design be
performed using a more exact dynamic analysis wherever practical.

6-52. Attachments
£-52.1. Introduction

In a shelter type structure sﬁbjected to alr blast and ground shock effects,
all interior contents must be firmly attached to the structure. This attach-
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ment insures that the building contents will not be dislodged and become a
source of injury to persomnnel or damage to critical equipment. The building
contents would include not only equipment which is either shock isolated or
hardmounted (attached directly to structure) but also the building utilities
as well as Iinterior partitions and hung ceilings. The building utilities
would include all piping (such as process, potable water, sanitary, fire pro-
tection, etc.), HVAC ducts, electrical cables, light fixtures and electrical
receptacles.

6-52.2. Design Loads

An object subjected to a shock loading produces an inertial force which acts
through its center of gravity. The magnitude of this force 1is given by:

F = Wa
where
F = inertial force
W~ Weight of object
a8 = acceleration in g’'s

Accelerations may be imparted to the object in one or more directions pro-
ducing inertial forces in the respective directions. These Inertial forces
are resisted by the reactions developed at the object's supports. All iner-
tial forces are assumed to be acting on the object concurrently. The support
reactions are obtained by considering the static equilibrium of the system.



Figure 6-65 Shock isolation system
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APPENDIX 6B

LIST OF SYMBOLS



A'g area of compression reinforcement within a width b (in.z)

As' area of rebound reinforcement (1n.2)

An area of flexural reinforcement within a width b in the hori-
zontal direction on each face (in*®)

Acy area of flexural reinforcement within a width b in the verti-
cal direction on each face (inz)

Ay total area of stirrups or lacing reinforcement in tension
within a distance, sg or s; and a width bg or by (in.?).

Ar, A1 area of sector I and II, respectively (in.z)

b (1) width of compression face of flexural member (in.)
(2) width of concrete strip in which the direct shear

stresses at the supports are resisted by diagonal bars
(in.)

(3) short span of a panel (in.)

bg width of concrete strip in which the diagonal tension stresses
are resisted by stirrups of area A, (in.)

by width of concrete strip in which the diagonal tension stresses
are resisted by lacing of area A (in.)

B (1) constant defined in paragraph
(2} peak blast overpressure capacity

c shear coefficient

*

(1)
(2)
(3)

area (

area o

door area (in.

area o

TM 5-1300/NAVFAC P-397/AFR 88-22

acceleration (1n./m82)
depth of equivalent rectangular stress block (in.)
long span of a panel (in.)

in.z)
f diagonal bars at the support within a width b (in.z)

2y

f gross section (in?)

net area of section (in.z)

area o

area o

area o

f openings (ft2)

f prestressed reinforcement (in.z)

~

2 . - . rat s 5.3 L 72 2.
I tension relinrorcement within a width b (in.*)
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€1:C11

CsH

CsV

(1) distance from the resultant applied load to the axis of
rotation (in.)

(2) damping coefficient

(3 distance from extreme compression fiber to neutral axis
(in.)

distance from the resultant applied load to the axis of
rotation for sectors I and II, respectively (in.)

critical damping

shear coefficient for ultimate shear stress of one-way ele-
ments

(1) drag coefficient
(2) coefficient for center deflection of glass

drag pressure (psi)

peak drag pressure (psi)

equivalent load factor

post-failure fragment coefficient (1lby-ms,/in.g)

shear coefficient for ultimate shear stress in horizontal
direction for two-way elements

leakage pressure coefficient

maximum shear coefficient

force coefficient for shear at the corners of a window frame
coefficient for effective resistance of glass

peak reflected pressure coefficient at angle of incidence a
dilatational veloclty of concrete (ft/sec)

shear coefficient for ultimate support shear for one-way
elements

shear coefficient for ultimate support shear in horizontal
direction for two-way elements

shear coefficient for ultimate*support shear in vertical
direction for two-way elements

coefficient for period of vibration for glass

impulse coefficient at deflection X (psi-mszlin=2)

impulse coefficient at deflection Xn (psi-mszfin.z)

* See note at end of symnbols 6B-2
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shear coefficlient for ultimate shear stress in vertical
*
direction for two-way elements

shear coefficient for the ultimate shear along the long side
of window frame

shear coefficient for the ultimate shear along the short side
of window frame

(L) impulse coefficient at deflection X (psi-msz/in.z)
(2) parameter defined in figure

(3 ratio of gas load to shock load

impulse coefficient at deflection X (psi-msz/in.z)

ratio of gas load duration to shock load duration

distance from extreme compression fiber to centroid of tension
reinforcement (in.)

distance from extreme compression fiber to centroid of com-
pression reinforcement (in.)

distance between the centroids of the compression and tension
reinforcement (in.)

diameter of steel core (in.)
distance from support and equal to distance d or d, (in.)
Inside diameter of cylindrical explosive container (in.)

distance between center lines of adjacent lacing bends mea-
sured normal to flexural reinforcement (in,)

distance from extreme compression fiber to centroid of pre-
stressed reinforcement (in.)

diameter of cylindrical portion of primary fragment (in.)
(1) unit flexural rigidity (lb-in,)

(2) location of shock front for maximum stress (ft)

(3) minimum magazine separatlon distance (ft)

nominal diameter of reinforcing bar (in.)

equivalent loaded width of structure for non-planar wave front
(ftr)

dynamic increase factor

dynamic load factor

* See note at end of symnbols 6B-3
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(2E')1/2

(1) base of natural logarithms and equal to 2,71828...

(2) distance from centrold of section to centrold of pre-
stressed reinforcement (in.)

Gurney Energy Constant (ft/sec)

modulus of elasticity

modulus of elasticlity of concrete (psi)

modulus of elasticity of masonry units (psi)

modulus of elasticity of reinforcement (psi)

(1) unit external force (psi)
(2) frequency of vibration (cps)

static ultimate compressive strength of concrete at 28 days
{nei)

{psl)
dynamic ultimate compressive strength of concrete (psi)
dynamic ultimate compressive strength of masonry units (psi)
dynamic design stress for reinforcement (psi)

dynamic ultimate stress of reinforcement (psi)

dynamic yield stress of reinforcement (psi)

static ultimate compressive strength of masonry units (psi)
natural frequency of vibration (cps)

average stress in the prestressed reinforcement at ultimate
load (psi)

specified tensile strength of prestressing tendon (psi)

yleld stress of prestressing tendon corresponding to a l
percent elongation (psi)

static design stress for reinforcement (a function of fy' fu &
¢ (psi)

effective stress in prestressed reinforcement after allowances
for all prestress losses (psi)

static ultimate stress of reinforcement (psi)
static yield stress of reinforcement (psi)
(1) total external torce (lbs)

(2) coefficlient for moment of inertia of cracked section
(3) function of Cy; & Cq for bilinear triangular load
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force in the reinforcing bars (lbs)
equivalent external force (lbs)

(L) variable defined in table 4-3
(2) acceleration due to gravity (ft/secz)
shear modulus (psi)

{1) charge location parameter (ft)
{2) height of masonry wall

clear height between floor slab and roof slab

(1) span height (in.)

(2) distance between reflecting surface(s) and/or free
edge(s} in vertical direction (ft)

height of charge above ground (ft)

scaled height of charge above ground (ft/1b1/3)

height of structure (ft)

scaled height of triple point (ft/1b1/3)

unit positive impulse (psi-ms)

unit negative impulse (psi-ms)

sum of scaled unit blast impulse capacity of receiver panel

and scaled unit blast impulse attenuated_through concrete and
sand in a composite element (psi-ms/lb )

unit blast impulse {(psi-ms)
scaled unit blast impulse (psi~ms/lb1/3)

total scaled unit blast impulse capacity of composite element
(psi-ms/1bl/3)

scaled unit blast impulse capacity of recelver panel of
composite element (psi-ms/lb%/~)

scaled unit blast 1mgulse capacity of donor panel of composite
element (psi-ms/lbl/ )

unit excess blast impulse (psi-ms)
unit positive normal reflected impulse (psi-ms)
unit negative normal reflected impulse (psi-ms)

unit positive incident impulse (psi-ms)
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ig” unit negative incident impulse (psi-ms)

1 moment of inertia (in.a)

I, average of gross and cracked moments of inertia of width b
(in.%)

I, moment of inertia of cracked concrete section of width b
(in.%)

IS moment of inertia of gross concrete section of width b (in.a)

Im mass moment of inertia (lb-msz-in.)

I, moment of inertia of net section of masonry unit (in.“

j ratio of distance between centroids of compression and tension
forces to the depth d

k constant defined in paragraph

K (1) unit stiffness (psil-in for slabs) (1b/in/in for

beams) (1b/in for springs)

(2) constant defined in paragraph

Kg elastic unit stiffness (psi/in for slabs) (lb/in/in for beams)

Kep elasto-plastic unit stiffness (psi-in for slabs) (psi for

o beams)

Kg equivalent elastic unit stiffness (psi-in for slabs) (psi for
beams) equivalent spring constant

Ky, load facter

Kim load-mass factor

(K- load-mass factor in the ultimate range

LMy 5

(KLM)up load-mass factor in the post-ultimate range

Ky mass factor

Kp resistance factor

Ky factor defined in paragraph

KE kinetic energy

1 charge location parameter (ft)

lp spacing of same type of lacing bar (in.)

6B-6



TM 5-1300/NAVFAC P-397/AFR 88-22

1) span length (in.)*

(2) distance between reflecting surface(s) and/or free
edge(s) in horizontal direction (ft)

length of lacing bar required in distance sy (in.)

embedment length of reinforcing bars (in.)

length of shaft (in.)

wave length of positive pressure phase (ft)

wave length of negative pressure phase (ft)

wave length of positive pressure phase at points b and d,
respectively (ft)

total length of sector of element normal to axis of rotation
(in.)

unit mass (psi-msz/in.)

average of the effective elastic and plastic unit masses (psi-
msz/in.)

effective unit mass (psi-msz/in.)
effective unit mass in the ultimate range (psi-ms2/in.)
effective unit mass in the post-ultimate range (psi-msz/in.)

(1) unit bending moment (in-lbs/in.)
(2) total mass (lb-ms?/in.)

effective total mass (lb-msz/in.)
ultimate unit resisting moment (in-lbs/in.)
ultimate unit rebound moment (in-1lbs/in.)

moment of concentrated loads about line of rotation of sector
(in.-1bs)

fragment distribution parameter
equivalent total mass (1b-m52/in.)

ultimate unit*negative moment capacity in horizontal direction
(in.-1bs/in.)

ultimate unit*positive moment capacity in horizontal direction
(in.-1bs/in.)

* See note at end of symnbols 6B-7
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p(x)

ultimate unit negative moment capacity at supports (in.-
lbs/in.)

ultimate unit positive moment capacity at midspan (in.-
lbs/in.)

ultimate unit*negative moment capacity in vertical direction
(in.-1bs/in.)

ultimate unit*positive moment capacity in wertical direction
(in.-1bs/in.)

(1) modular ratio

2y number ef +ima ‘fnf‘elﬁ‘rals

Ly (B Lo L Y S

(3) number of glass pane tests

number of adjacent reflecting surfaces

number of primary fragments larger than Wg
reinforcement ratio equal to (A /bd) or (Ag/bd.)
reinforcement ratio equal to (A’ /bd) or (A’ g/bd.)

reinforcement ratio producing balanced conditions at ultimate
strength

prestressed reinforcement ratio equal to Aps/bdp

mean pressure in a partially vented chamber (psi)

peak mean pressure in a partially vented chamber (psi)
reinforcement ratio in horizontal direction on each face®
reinforcement ratio equal to Py * Py

reinforcement ratio in vertical direction on each face™
distributed load per unit length

(1) pressure (psi)
(2) concentrated load (lbs)

negative pressure (psi)

interior pressure within structure (psi)
interior pressure increment (psi)
fictitious peak pressure (psi)

peak pressure (psi)

* See note at end of symnbols 6B-8
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peak positive normal reflected pressure (psi)

peak negative normal reflected pressure (psi)

peak reflected pressure at angle of incidence a (psi)
positive incident pressure (psi)

positive incident pressure at points b and e, respectively
(psi)

peak positive incident pressure (psi)

peak positive incident pressure at points b, d, and e, respec-
tively (psi)

probability of fallure of glass pane

dynamic pressure (psi)

dynamic pressure at points b and e, respectively (psi)
peak dynamic pressure (psl)

peak dynamic pressure at points b and e, respectively (psi)
(1) unit resistance (psi)

{2) radius of spherical TNT (density equals 95 1‘b/ft3 charge
{(ft))

unit rebound resistance ¢(
change in unit resistance (psi, for panels) (1b/in for beams)

radius from center of impulse load to center of door rotation
(in.)

elastic unit resistance (psi, for panels) (1b/in for beams)

elasto-plastic unit resistance (psi, for panels) (1b/in for
beams)

radius of shaft (in.)

ultimate unit resistance (psi, for panels) (lb/in for beams)
post-ultimate unit resistant (psi)

radius of hemispherical portion of primary fragment (in.)

(1) total internal resistance (lbs)
(2) slant distance (ft)
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distance traveled by primary fragment (ft)
uplift force at corners of window frame (1lbs)
radius of lacing bend (in.)

normal distance (ft)

equivalent total internal resistance (lbs)
ground distance (ft)

total ultimate resistance

total internal resistance of sectors I and II, respectively
(1bs)

sample standard deviation

spacing of stirrups in the direction parallel to the longitu-
dinal reinforcement (in.)

spacing of lacing in the direction parallel to the longitudi-
nal reinforcement (in.)

height of front wall or one-half its width, whichever is
smaller (ft)

strain energy

time (ms)

time iIncrement (ms)
any time (ms)

time of arrival of blast wave at points b, e, and f, respec-
tively (ms)

(1) clearing time for reflected pressures (ms)
(2) contalner thickness of explosive charges (in.)

rise time (ms)

time to reach maximum elastic deflection

time at which maximum deflection occurs (ms)
duration of positive phase of blast pressure (ms)
duration of negative phase of blast pressure (ms)
fictitious positive phase pressure duration (ms)

fictitious negative phase pressure duration (ms)
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fictitious reflected pressure duration (ms)

time at which ultimate deflection occurs (ms)

time of arrival of blast wave (ms)

time at which partial failure occurs (ms)

(1) duration of equivalent triangular loading function (ms)

(2) thickness of masonry wall
thickness of concrete section (in,)
scaled thickness of concrete section (ft/lbl/3)
thickness of glass (in.)

angular impulse locad (lb-ms-in,)

effective natural period of vibration (ms)
rise time (ms)

thickness of sand fill (in.)

scaled thickness of sand fill (ft/1b1/3)

particle velocity (ft/ms)

ultimate flexural or anchorage bond stress (psi)

shock front velocity (ft/ms)
strain energy
velocity (in./ms)

instantaneous velocity at any time (in./ms)

boundary velocity for primary fragments (ft/sec)

ultimate shear stress permitted on an unreinforced web (psi)
maximum post-failure fragment velocity (in./ms)

average post-failure fragment velocity (in./ms)

velocity at incipient failure deflection {in./ms)

initial velocity of primary fragment (ft/sec)

residual velocity of primary fragment after perforation
(ft/sec)
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LA ELLY:

striking velocity of primary fragment (ft/seé)
ultimate shear stress (psi)

ultimate snoar stress at distance a from the horizontal
support(psi)

ultlmate shear stress at distance de from the vertical support
(psi)*

volume of partially vented chamber (ft3)

ultimate direct shear capacity of the concrete of width b
(1bs)

shear at distance d, from the vertical support on a unit width
(ms/hl)

shear at distance d, from the horizontal support on a unit
width (1lbs/in. )

volume of structure (ft3)

shear at the support (1b/in, for panels) (lbs for beam)
shear at the vertical support on a unit width (lbs/in.)*
shear at the horizontal support on a unit width (1bs/1n.)*
total shear on a width b (1lbs)

unit shear along the long side of window frame (lb/in.)
unit shear along the short side of window frame, (1lbs/in.)
unit weight (psi, for panels) (lb/in for beam)

weight density of concrete (1bs/ft3)

weight density of sand (1bs/ft3)

(1) charge weight (1lbs)
(2) weight (lbs)

total weight of explosive containers (lbs)

welght of primary fragment (oz)

total weight of steel core (lbs)

total weight of plates 1 and 2, respectively (lbs)

width of structure (ft)

* See note at end of symnbols 6B-12
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work done

yield line location In horizontal directien (in.)*
deflection (in.)

any deflection (in.)

lateral deflectlon to which a masonry wall develops no resis-
tance (in.)

elastic deflection (in.)
elasto-plastic deflection (in.)

maximum penetration into concrete of armor-piercing fragments
(in.)

maximum penetration into concrete of fraoments other than
armor-piercing (in.)

maximum transient deflection (in.)

plastic deflection (in.)

(1) maximum penetration into sand of armor-piercing frag-
ments (in.)

(2) static deflection

ultimate deflection (in.)

equivalent elastic deflection (in.)

(L) partial failure deflection (in.)

(2) deflection at maximum ultimate resistance of masonry
wall (in.)

yield line location in vertical direction (in.)*

distance from the top of section to centreid (in.)

scaled slant distance (ft/lb1/3)

scaled normal distance (ft/1b1/3)

scaled ground distance (ft/1b1/3)

{1) angle formed by the plane of stirrups, lacing, or diago-
nal reinforcement and the plane of the longitudinal
reinforcement (deg)

(2) angle of incidence of the pressure front (deg)
(3) acceptance coefficient

* See note at end of symnbols 6B-13
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@

[++]

max

P(x)

e

(1) coefficient for determining elastic and elasto-plastic
resistances

(2) particular support rotation angle (deg)

(3) rejection coefficient

factor equal to 0.85 for concrete strengths up to 4000 psi and
is reduced by 0.05 for each 1,000 psi in excess of 4,000 psi

coefficient for determining elastic and elasto-plastic deflec-
tions

factor for type of prestressing tendon
unit strain in mortar (in./in.)
support rotation angle (deg)
angular acceleration (rad/msz)

maximum support rotation angle (deg)

horizeontal rotation angle (deg)*

vertical rotation angle (deg)*

increase in support rotation angle after partial fallure (deg)
ductility factor

Poisson’s ratio

effective perimeter of reinforcing bars (in.)

summation of moments (in.-1lbs)

sum of the ultimate unit resisting moments acting along the
negative yield lines (in.-lbs)

sum of the ultimate unit resisting moments acting along the
positive yleld lines (in.-1bs)

maximum shear stress in the shaft (psi)

(1) capacity reduction factor
(2) bar diameter (in.)

assumed shape function for concentrated loads
assumed shape function for distributed loads free edge
angular velocity (rad./ms)

simple support

* See note at end of symnbols 6B-14
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/17177 fixed support
XXXXXX either fixed, restrained, or simple support
* Note. This symbol was developed for two-way elements which are used as

wails.' When roof siag eo

this symbol will also be applicable if the element is treated as being rotated
into a vertical position.
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