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SUMMARY

This report was developed in recognition of the need for ex-
panded design information pertaining to structures subjected to
blast environments produced by accidental explosions. It was ore-
pared by the Manufacturing Technology Division of the Large Caliber
Weapons Systems Laboratorv, U.S. Army Armament Research and Devel-
opment Command (AARADCOM). The purpose of the report is to provide
facility designers with criteria and procedures for the design o¥
the primary structural frames cof steel buildings subjected to the
effects of HE-type explosions. Inteyral with this purnose, the
report presents a conputer program titled "Dynamic Nen-linear Frawe
Analysis" (referred to as DYNFA) for determining the response of
frame structures subjected to time-dapendent blast loadings. This
report is intended to be used in conjuncticnh with Picatinny Arsenal
Technical Report 4837, "Design of Steel Structures to rRes3¥st ithe
Effects of HC Explosions", the tri-service design manual. "Struc-
tures to Resist the Effects of Accidenta® Expiosions" (TM 5-12390),
“and the AISC "Manual of Steel Construction”.

The biast-resistant design of a frame structure is based on
a dynamic analysis with the DYNFA program. The program implements
a method of analysic which couples a lumped parameter representa-
tion of the structire with a numerical integration procedure to
obtain a solution for the response. Inelastic behavior of the
frame members and second order effects produced by the deflections
of the frame are considered in the analysis performed by DYNFA.
The response of the structure is expressed in terms of tie daforma-
tions of the structure and the axial loads, bending moments and
i shears in each of the members. Inelastic behavior is measured on
the basis qf the end rotations of the frame members.

The report presents the basis for the DYNFA analysis, as well
as methods and guidelines for applying !umped parameter modeling
concepts to simulate frame structures and the blast environments
to which thev ar: subjected. A user's manual is provided which
gives instructions for transmitting to DYNFA the input data des-
cribing the lumped parameter model of the structure. The manual
describes the capabilities of the program, the required input
data, the formats of the input data cards and the arrangement cf
the input data deck. A discussion on the utilization of the
printed output of the program is also provided.

A preliminary frame design method is presented for use in
conjunction with the DYNFA amalysis. This method provides a
means for making efficient and rational selections of inttial
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member sizes which are subsequently verified, and, if necessary,
modified on the basis of the DYNFA analysis.

Methods are also presented for applyina DYNFA to situations
involving the design of colunns subjected to bi-axial bending.

Criteria governing the design of blast-rasistant frames are
presented in terms of 1imits on the meximum defiections, member
qnd ~otations and levels of inelastic Jdynamic rasponse.

Detailed procedures are presented fcr the bLiast-resistant
design of frame structures. Procedures are given for two general
design casexz, namely: buildirgs subjected tc ncrmal shock waves
and buildings subjected to quartering shock waves. For each gen-
eral case, procedures are presented which correspond to the
various phases of the frame design. The material presented in-
cludes procedures for the following: the nreiiminary frame de-
sign, the preparation of the analytical model ¢ the structuve
and the related input data for DYNFA, and the utiiization of the
results of DYNFA in conjunction with the design criteria to verify
the blast resistance of the frame. Each such procedure is illus-
trated by a numerica’l example.
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SECTION 1
INTRODUCTION

e Xl $i L 478 o el el

1.1 Backgrcund

In the design of steal buildings to withstand the effects of
high-explosive (HE) and other types of chemical explosions, stan-
dard structural membar> can be utilized for structures located in :
pressure ranges of 79.0 kPa (10.0 psi) or less. However, because H
of the transient natuie and velatively high intensity of the ap-
piied lcads, special procedures and criteria are requived to fully
define the respunse of the structure to the blast output.

Steel buildings consist of three general structural systems:
1) the walls and roof panels, (2) supporting members such as
girts, purlins, diagonal bracing and other members which can be
treated as individual elements, and (3} the main structural frame.
The blast-resistant design of the first two systems, because of :
their relative simplicity, can be accowplished with analyses of i
single-degree-of-freedom systems (Ref 1, 2 and 3); whereas the :
design of the main frames will involve multi-degree-of-freedom !
system analyses. The complexities inherent in this type of anal- 1
ysis combined with the effects produced by the transient loads and '
the inelastic action of a frame require the aid of high-speed com- ¢
puters for a solution. llence, a computer orogram titled "Dynamic
Non-linear Frame Analysis" (hereinafter referred to as DYNFA) was
developed whareby the response of general types af frame struc-
tures (such as those shown in Fig 1) subjected to arbitrary blast
loads could be obtained. In addition, design criteria are pre-
sented which establish upper limits for the frame response as
computed with DYNFA.

£ ool SR e

The U.S. Army, under the direction of the Project Manager for
Production Base Modernization and Expansion, is currently engaged
in a multi-billion dollar program to modern,ze and expand its am-
munition production capability. Ia support of this program, the
Manufacturing Technoloyy Division of the Large Caliber Weapons
Systems Laboratory, AARADCOM, with the assistance of Ammann &
Whitney, Consulting Engineers, has, for the past several years,
been engaged in a broad based program tu improve explosive safety
at these facilities. One segnent of this program deals with the
development of design criteria for explosicn-resistant protective
structures. Part of this effort involves the development of a
comprehensive procedure for the design of blast-resistant steel
frames. Computer program DYNFA and the related frame design
criteria form the basis of this procedure.
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The frame design procedure and the aforementioned computer
program and related criteria are presented in this report.

1.2 Purpose and Scope

The basic purposa2 of this report is to provide ammunition
factlity designers with criteria and procedures for the design of
the primary structural frames of steel buildings subjected to the

effects of HE-type e»plocions.

Integral with t1e basic purpose stated above, this report
also provides facility designers with instructions and guidelines
for the use of DYNFA. Ii1lustrative examples are also provided to
assist facility deuigners in using the program.

This report has been prepared with the following general
guidelines:

1. The material contained in this report supplements
and, in some instances, modifies the criteria and
procedures presented in Picatinny Arsenal Technical
Report 4037 (Ref 1). Therefore, it is assumed
that this report will be used in conjunction with
TR 4837 by designers possessing a basic familiarity
with the contents of that report.

2. As in the case of TR 4837, the blast lc2ds used in
the dynamic analysis are determined using the pro-
cedures and data contained in the Tri-Service Design
Manual, TM 5-1300, "Structures to Resist the Effects

of Accidental Explosions” (Ref 3).

3. Although the method of analysis presented herein is
directed primarily towards structural steel frame
buildings, it is also applicable to reinforced con-
crete frame structures. It should be noted, however,
that the design criteria provided in this report is
primarily applicable to steel structures and will
require modification for the design of concrete

structures.

4, The major emphasis has been placed on design of
structures located some distance from the immediate
blast area and, therefore, the material presented
herein has limited application to structures located

close-in to an explosion.
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. The detailed provisions for inelastic blast-resistant
design of steel members shall be consistent with con-
ventional static plastic design procedures as presented
in the AISC "Specification for the Design, Fabrication
and Erection of Structural Steel for Buildings"

(Ref 4) with the following exceptions: (1) the plastic
strength of a section under the blast loading is de-
termined using the appropriate dynamic yield stress for
the material instead of the specified minimum yield
stress, and (2) the load factors specified in Section
2.1 of Reference 4 are not applied when designing for
tlast loads.

6. In all cases, the static provision of the AISC
Specification represents a minimum requirement for
conventional dead and live loads. Moreover, it is
presumed that designers using this report are
familiar with static plastic design procedures for

steel.

7. In general, the influence of conventional dead
and 1ive loads can be neglected in blast design or
in the evaluation of the capacity of a blast-
resistant structure. However, the effect of such
loads upon the available capacity for blsst resis-
tance may be significant in the design of struc-
tures for relatively low overpressures; e.g., less
than 7.0 kPa (1 psi) or in the evaluation of the
blast resistance of a structure designed for con-
vertional lcads.

1.3 Format of the Report

This report is divided into sections and appendices devoted
to individual topics related to the analysis and design of steel
frame structures subjected to blast overpressures. For the pur-
pose of clarity of presentation, most of the directly applicable
material from TR 4837, TM 5-1300 and the AISC Specification and
Manual is not repeated in this report. As far as possible, ap-
plicable equations, design charts and tables, and commentary mate-
rial are included herein by reference. However, certain data
provided in TR 4837 is repeated in Sections 2, 6 and 8 of this
report for continuity. The following sections contain quantita-
tive description of the frame analysis and related items:

Section 2 provides a procedure for the preliminary design of
single-story frames subjected to blast loads. The procedure pre-
sented is a simplification of the preliminary frame design pro-
cedure presented in TR 4837.

5
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Section 3 presents the basis for the dynamic analysis of
frame structures as performed by DYNFA.

Sections 4 and 5 present methods and guidelines for analytic-
ally simulating frame structures and the blast loading environ-
ments to which they are subjected. The discussion is directed
towards translating the variosus aspects of the physical problem
into the input data for DYNFA.

Section 6 outlines the design criteria which is utilized to
ascertain whether the computed response of a frame is within ac-
ceptable limits.

Section 7 presents procedures and criteria for utilizing
DYNFA when the frame design includes bi-axial bending of the
columns.

The last two sections are devoted entirely to the use of
DYNFA. Section 8 describes the capabilities of the program to-
gether with a detailed description of the required input. Sec-
tion 9 describes the printed vutput of the program and includes
a discussion on the interpretation and utilization of the results
to verify the adequacy of a frame.

Appendix A is devoted to illustrative examples on the use of
DYNFA. In Appendix A, the methods, equations and guidelines pre-
sented in the body of the report, are implemented in several i1-
lustrative examples including one showing the design of frames
with in-plane bending of the columns, and another illustrating
a frame design which includes ti-axial bending of the columns.

Appendix B contains sampies of the printed output of the
program.

Appendices C through F contain supporting data for the re-
port. The theory implemented in the program is presented in
Appendix C, while Appendix D contains the program listing. Sym-
bols and definitions of the terms used in the report (and program)
are listed in Appendix E.

Since future standards of measurements in the United States
will be based upon the SI Units (International System of Units),
instead of the United States System of Units now in use, all mea-
surements presented in this report will conform to those of the
SI Units. However, for those individuals not completely familiar
with the SI Units, the equivalent units in the U.S. Systen are
provided in parentheses adjacent to the SI Unit, where appropriate.
A 1ist containing the units, symbois, and the United States System
conversion factors for the SI Units is presented in Appendix F.
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1.4 Components and Behavior of Steel Structures

Genoral

In most cases, single-story rectangular structures will be
enccuntered in the design of ammunition production and explosive
manufacturing facilities. Depending upon the operation involved,
the rectangular structura may be subdivided into one or more bays
in either direction. The size (or sizes) of the bays will be de-
termined by the iayo.t of the colwunin supports of the frame. In
general, steel buildings may be rigidly framed either in one or
both directions, as shown in Figure 2. Buildings which are framed
in one direction are usually provided with lateral bracing in the
nther direction. Two-directional framing systems usually utilize
common column supports, as illustrated in Figure 2h.

The rigid frame is the primar: support component of a steel
building (Fig 3), while the purlins, girts, roof and wall paneling
form the secondary support system. As previously mentioned, the
elements of the secondary system usually can be designed using
single-degree-of-freedom system anaiyses (Ref 1, 2 and 3), while
the design of the rigid frames will involve multi-degree-of-
freedom system analyses.

Structural Rehavior

The oconomy of faciiity design generally requires that steel
structures be designed to perform in the inelastic respcnse range
when subjected to blast overpressures. In order to insure the
structure's integrity throughout such severa conditions, the
facility designer must be cognizant of the variocus possible fail-
ure medes and their inter-relationships. The limiting design
values are dictated by the attainment of inelastic deflections
and rotations wichouvt complete coilapse. The amount of inelastic
deformation !s duperdeni aot only upor the cuctility characteris-
tics of the material, but aiso upon the intended use of the struc-
ture fo lowing an incident. For the structure to nuintain large
plastic deformations, steps must be taken to prevent premature
failure by eiiher brittle fracture cr wnstability (local or over-
all). SGuidelines and criteria for Jealing with these: effects are

presente! ‘n this report.

1.5 Dynamic Analysis and Design

Generc )

The design of steel buildings subjected to blast pressures
involves performing dynamic analyses of a series of interior and
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exterior frames spanning transversely and/or longitudinally
through the buildings. For a given structure, the analysis of
one representative interior ana one extorior frame, syanning in
each direction, generaily can he used as a basis for designing
a1l the fram.s th-..ghout the building. However, in situations
where large differentials in the blast loads occur and/or where
large variations in frame spacings are prevalent, analyses of
additional frames may be needed.

Basis of Analysis

The design of rigid frames, as treated in this report, is
based upori the premise that the frames provide the entire resis-
tance to lateral loads; hence, the sidesway resistance, afforded
by the diaphragm action of the roof and wall panels, is neglected.
In recent years, the use of diaphragm action has become more com-
mon in the design of conventional buildings for wind loads. Data
and criteria pertaining to the strength and stiffness of cold-
formed steel panels subjected to in-plane loads have been developed
through extensive test programs (Ref 5). In applications involv-
ing conventional structures, the utilization of diaphragm action
can produce substantial economies in design and construction.
However, the wall and roof panels of blast-resistant buildings
are normaliy designed to perform in the inelastic response range
under the action of normal loads. The occurrence of inelastic
strains in the material will decrease, to some extent, the in-
plane shear capacity produced by the diaphragm action of the
panels. In the absence of test data, the extent of the decrease
of the in-plane shear capacity cannot be ascertained. It is quite
possible that the diaphragms, in the inelastic condition, will
have a very sma’1l in-plane shear capacity; therefore, until test
data indicates otherwise, it is not considered appropriate to
utilize diaphraqn action in the design of blast-resistant
structures.

In addition to diaphragm action, some resistance to the lat-
eral movement of the exterior frames will be afforded by the pres-
ence of the wall girts spanning between the columns of the frames.
The girts will tend to distribute the lateral ioads among all of
the columns; whereas in the frame analysis, the entire load is
applied to the blastward column. Because of this, a somewhat con-
servative design for the exterior frames will be realized.

Each rigid frame is assumed to support a portion (or strip)
of the building (Fig 4a). The supported strip is framed by the
girts and purlins which span between adjoining frames. The por-
tion of the building supported by a given frame extends to the
full height of the stiucture and, for an interior frame, has a
width equal to one-half of the sum of the distances between the
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f.me in question and the two adjacent frames. End frames are
assumed to support a strip equal in width to one-half of the dis-
tance between the end frame and the first interior frame.

In the frame analysis, the loads acting on the contributory
areas of the building are assumed to be ccncentrated at the cen-
terline of the frames. This assumnption neglects two effects
which, if included in the analysis, would reduce the response cf
the frame; hence, the assumption introduces a measure of cunserva-
tism into the design of the frames. The effects referred to are:
the energy absorption produced by the inelastic action of the
secondary members (purlins, girts, etc.) and the rise time on the
loading of the frame members due to the response of the secondary
framing. However, the analysis does censider the time-lag effects
associated with the blast wave sweeping across the structure.

In most cases, each frame can Le analyzed independently;
therefore, the scope of the analysis can be limited to two-
dimensionil rigid frames. However, when bi-axial bending of the
building columns occurs, provision must be made in the analysis to
account for the reduction in the column capacities caused by the
simultaneous application of bending moments about both axes of the
members.

In general, bi-axial bending occurs in scme, if not all, of
the columns of the building, depending on the direction of propa-
gation of the blast wave. When the building is loaded in a quar-
tering direction (Fiq 4b), all of the columns experience bi-axial
bending. When the shcck front is pareilel to the front wall of
the building, only the exterior columns of the side walls undergo
bi-axial bending. In these iatter cases, the analyses of the
franes perpendicular to the blast direction may be omitted. How-
ever, the respornse of the exterior columns to the side-on blast
pressures is still required to design these members. This re-
sponse may be estimated by 2 single-degree-of-freedom analysis of
the member.

Desian Procedure

The design of steal frames is basically a trial-and-error
procedure. In order to determine the required member sizes, the
response of the frame must be known. However, the response of
the frame cannot be computed uniless the sizes of the members have
been determined; consequently, it is usually necessary to proceed
with the analysis and design of the frame simultaneously.

The first step in the design of a frame is the selection of
sizes of trial members. In situations involving structures loaded

in the low-to-intermediate pressure range, the designs will involve
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the use of standard structural skapes strengthened to provide the
required blast protection. The adequacy of these members is de-
termined by analyzing the frames using DYNFA. The results of the
DYNFA analysis wiil indicate whether the inelastic deformations
which occur during response are within the 11m1t1ng design va1ues
specified in the body of this report.

The final design is determined by achieving an economical
balance between stiftfness and resistance such that the calculated
response under the blast lcading 1ies within the 1imiting values
dictated by the operational requircients of the facility. In
some cases, this may require several analyses of the frame with
DYNFA. The number of analyses required is dependent upon the
accuracy with which the trial members are selected. In order to
limit the number of analyses reguired, a preliminary design
method is provided in this report for the purpose of providing
facility designers with the means for making efficient and
rational selections of the initial member sizes. The method pro-
vided is a simplified version of %he preliminary design procedure
presented in Chapter 5 of Reference 1.

10




SECTION 2
PRELIMINARY FRAME DESIEGN METHOD

2.1 Introduction

The objective of this section is to provide rational proce-
dures for efficiently performing th2 preliminary design of the
primary structural frames of steel buildings subjected to the
effects of HE-type explosions. The preliminary frame design
method comprises four tasks, which are:

1. Computation of the peak blast loads acting on the
structure.

2. Selection of representative frames fo: analysis
with DYNFA.

3. Computation of required plastic moment capacities
for the members of the selected frames.

4. Selection of member sizes for all frames through-
out the building.

The member sizes thus obtained are subsequently verified and,
if necessary, revised on the basis of a series of rigorous dymamic
analyses of the selected frames with DYNFA.

The blast loads used for the preliminary design are computed
using the peak pressures obtained from Section 4 of Reference 3.
A description of the procedures for computing these pressures is
provided in Section 2.2. The determination of the blast loads for
the preliminary design is not related to the discussion in Section
5, which is directed towards generzting mathematical functions of
pressure versus time for use with DYNFA.

For the general case of structures subjected to quartering
shock waves, the quantities required are the peak loads acting on
blastward walls as well as the roof. For structures subjected to
normally directed shock waves, the quantities required are the
peak loads on the blastward wall, the roof and the side wall. The
effects of the Toading on the leeward wall(s) is not considered
for the preliminary design.

Foliowing the computation of the blast loads, several frames
are selected for analysis with DYNFA. For structures subjected to
quartering shock waves, several representative frames spanning in
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each direction are chosen. In such cases, the basis for the selec-
tion is a comparison of the blast ioads (hcrizontal and vertical)
acting on all frames positioned normal to each blastward wall. If
the loads on all interior frames positioned normal to a given wall
are nearly equal (within a few percent), analysis of caly one such
frame is required. In addition, if the loads on the exterior frames
differ slightly, only one exterior frame is analyzed. Hence, in
cases such as these, the frames selected for analysis are the
blastward exterior frame and the interior frame adjacent to it.

If the blast loads on successive frames differ greatly, several
additional interior frames, as well as the leeward exterior frame,
shouid be analyzad for economy of design. Such differences in the
blast loading on successive frames are produced by: rapid decaying
of shock frunt pressure as the blast wave traverses the structure;
unequal spacing of frames; and variations in the secondary framing
plan of the roof and walls from one framing bay to another. In
most cases involving normal shock waves, DYNFA analyses are re-
quired for only two frames: a typical interior frame and an ex-
terior frane. However, variations in the frame spacing or the
secondary framing plan of the roof or walls may produce a require-
ment for analyses of additional frames.

Upon the completion of the first two tasks, the preliminary
design proceads with the computation of the required plastic moment
capacities for the members of the selected frames. These quantities
are computed on the basis of an analysis of each selected frame
using the mechanism method as employed in static plastic design
(Ref 6). Section 2.3 presents general expressions for computing
the 1imiting bending capacities which correspond to the possible
collapse mechanisms of single-story rigid and braced frames.

Each selected frame is analyzed independently; interactions
between orthogonal frames caused by bi-axial bending of the
columns are not considered. However, where bi-axial bending
occurs, the flexural capacities about both axes of the member are
required for the preliminary design. Bi-axial bending in the
buiiding columns is caused by the simultaneous action of the
horizontal blast loads on two adjoining walls of the stvucture.
Generally, to design for this condition, preliminary analyses of
both longitudinal and transverse frames are necessary in order tc
compute the required flexural capacities about both axes of the
columns. In cases involving normally directed shock waves, anal-
yses of frames perpendicular to the direction of the blast can be
eliminated since the sidesway motions of these structures are pre-
vented by the symmetric loading on the sides of the building.
However, consideration must be given to the occurrerce of bi-axial
bending in the celumns oF the end frames parallei to the blast.

12
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For the preliminary design of ihese columns, the flexural capaci-
ties required to resist the side-on pressures can be estimated by
a simplified mechanism analysis ot the individual members.

With the required flexural capacities determined on the pasis
of the mechanism analyses, the preliminary sizing of the frame
members can be accomplished by applying the design criteria pre-
sented in Section 2.4.

The preliminary design procedure of this section is a sim-
plification of the frame decign method presented in Chapter 5 of
Reference 1. The referenced material contains procedures for the
preliminary selection of member sizes, as well as expressions for
approximating the overall sidesway response of the frame, and the
individual responses of the exterior members of the frame. These
latter procedures were included to provide facility designers with
a means for evaluating the adequacy of the frame members selected
on the basis of the preliminary design method. Based on experience
with DYNFA, however, it has been determined that these latter pro-
cedures can be eliminated. Hence, the preliminavy design procedure
presented in this report is limited in scope to the initial selec-
tion of the member sizes for the main frames. In addition, the
preliminary sizing of the frame members is simplified by the ex-
clusion of the axial load and related beam column effects from the
design criteria.

To facilitate the utilization of this report, the applicable
equations and data presented in Chapter 5 of Reference 1 are
reproduced in Sections 2.3 and 2.4 of this report. Tre reproduced
material includes the expressions for the collapse mechanisms of
single-story frames, the preliminary dynamic load factors for
establishing the equivalent static loads for the various failure
mechanisms considered and the moment capacity reduction equations
for the effects of lateral torsional buckling.

Examples A.1 and A.2 of Appendix A demonstrate the use of the
preliminary design method.

2.2 Computation of the Blast Pressures for Preliminary Design

The blast pressures utilized for the preliminary design of
the main frames are:

1. The peak-reflected pressures acting on the
blastward wall(s) of the structure, and

2. Thu peak pressure acting on the roof of the
structure.

13
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In situations involving quartering shock iw:aves, the above
quantities are computed at the corner of the building nearest the
detonation and at the far corner of each blastward wall. The
pressures thus obtained are then utilized to compare the blast
loads acting on the frames positioned normal to each blastward
wall. The peak pressures computed at the blastward corner of the
building are utilized for the preliminary design of the blastward
exterior frames and the interior frames adjacent to them. When
analyses of additional frames are required because of large pres-
sure differentials between the ends of the building, the peak re-
flected pressure utilized for the mechanism analysis of each such
frame should be computed at the location of the frame and the roof
pressure should be computed at a point halfway between the blast-
ward and leeward ends of the frame. The occurrence of large pres-
sure differentials between the ends of the building is prevalent
in high pressure regions or situations involving relatively long
structures.

For designing structures subjected to normal shock waves, the
peak pressures are computed at the point on the blastward wall
nearest the detonation, as shown in Figure 5.

The data for computing the blast pressures for the preliminary
design are contained in Figures 4-5, 4-6, 4-11 and 4-12 of Refer-
ence 3. Figures 4-5, 4-11 and 4-12 contain curves of the incident
and normal reflected pressures plotted as functions of the scaled
distance Z = Ry/W!/3, where Ry is the radial distarce from the
charge and W is the charge weight. The data in Figure 4-5 is ap-
plicable to TNT explosions in free air; while the data in Figures
4-11 and 4-12 applies to TNT surface explosions. Suppiementary
data for surface explosions in provided in Figure 6 of this report.
To Jetermine the value of a specific parameter, enter the appro-
priate figure with the scaled distance from the charge to the
point of interest on the structure, and read the value from the
appropriate curve.

for the preliminary design of frames located in the low-to-
intermediate pressure level range (70.0 kPa or less), the peak
pressure acting at a point on the roof can be taken as the p2ak
positive incident pressure. This quantity can be read directly
off of the appropriate curve in one of the aforementioned figures.
For the design of structures located in higher pressure regions,
the peak roof pressure should be taken as the sum of the peak in-
cident pressure plus the drag pressure, which is computed as out-
1inad in Section 4-14 of Reference 3.

When computing the reflected pressure at a point on a blast-
ward wall, the angle of incidence between the direction of the
blast wave and the wall must be -onsidered. In cases where the
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blast wave s normal to the wall, the peak reflected pressure can
be read directly from the curves in Figure 4-5 or 4-12 of Refer-
ence 3. However, in situations involving quartering loads, sup-
plementary data are required for the computation of the peak
reflected pressure. These data are provided in Figure 4-6 of
Reference 3. The referenced figure contains curves which relate
the reflected pressure tu both the incident pressure and the anale
of incidence between the direction of the shock front and the wall.

To compute the reflected pressures in cases involving quar-
tering loads, read from the appropriate curve in Figure 4-5, 4-11
or 4-12, the incident pressure at the point of interest on the
structure. Next, compute the anale of incidence between the shock
front and the blastward wall at the point of interest. Enter Fig-
ure 4-6 with these two quantities and read Trom the appropriate
curve the value of the reflected pressure coefficient, which is
defined as the ratio of the peak reflected to the peak incident
pressure. Multiplication of the peak incident pressure by this
coefficient will yield the peak reflected pressure.

2.3 Computation of Plastic Moment Capacities

General

The plastic moment capacities of the members are deiermined
by establishing the governing failure imode for the frame. The de-
sign objective is to proportion the frame members such that the
geverning mechanism represents an economical solution.

Rigid Frames

General expressions for the possible collapse mechanisms of
single-story rigid frames are presented in Table 1 for pinned and
fixed-base frames subjected to combined veitical and horizontal

Toading.

For a particular frame within a framing system, the vatio of
total horizortal-to-vertical peak loading (denoted by «) is de-
pendent upon the following: the values of the peak pressures con-
puted as discussed in Section 2.2, and the configuration of the
the secondary framing of the structure. Hence, the quantity o is
determined as follows:

ap/qy ()

o

where 9y pvbv = peak vertical load on rigid frame
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G, = Ppbp = peak horizontal load on rigid frame 3
p, = peak pressure on roof 4
Py, = peak reflected pressure on ¥
blastward wall {
by = tributary width for vertical loading ?i
on the roof girder ;
tributary width of building supported f
by frame wnen the purlins are normal 1
to the girder, or one-half of the sum 3
of the distances between the girder and ;.
the two adjacent purlins, when the 4
purlins are parallei to the girder i
b, = tributary widtn for horizontal joading i
on the exterior column of the blast- 3
waird wall :
tributary width of building supported ;
by frame when the girts are normal to ;
the column, or one-half of the sum of 3
the distances between the column and the f
two adjacent girts, when the girts are _ j
parallel to the column 3
The ratio, o, will usually lie in the range from about 1.8 to 2.5 % %
when the direction of the blast wave propagation is perpendicular i
to the roof purlins. The value of o is much higher when the di- i
rection of the blast wave is parailel to the purlins, since in g
this case, oniy part of the vertical load is carried by the gir- 13
ders of the frame. %g
The following assumptions were made in developing the ex- ; ?
pressions given in Table 1: {’g
1. The plastic bendi..g capacity of the roof girder, %
Mp, is constant for all bays. 3
2. Both exterior columns have the same plastic bending § i
capacity, CM,. It was also assumed that the bending o
capacity of an exterior column i5 equal to or greater S
than the bending capacity of the girder (hence, C > 1.0). b
3. AN interior columns have the same plastic bending :
capacity, CiMp.
16 oy
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In most cases, more economical designs of blast-resistant
frames are realized when the failure mode corresponds to either
a panel or combined mechanism (Mechanisms 3 through 6 in Table 1).
It will normally be uneconomical to proportion a rigid frame
such that the mode of failure for the structure corresponds to
a simple beam mechanism (Mechanisms 1 and 2 in Table 1). Such
a failure results from a localized failure of either the roof
girder or the columns and therefore may occur while the remaining
frame members remain elastic. Failure due to the formation of
simple beam mechanisms is prevalent in laterally restrained frames
where the lateral restraint is provided by a rigid support member
connected to the frame or the application of equal, but opposite,
horizontal loads to the exterior columns. The latter condition
applies to frames which are positioned perpendicular to the direc-
tion of the blast wave. When the lateral restraint is provided
by an elastic member (such as a diagonal brace), failure may occur
due to other types of mechanisms (panel, combined, etc.) as dis-
cussed in subsequent sections.

The mechanism method is based on the upper-bound plastic
limit theorem (Ref 6) which states that a load determined for an
assumed mechanism will always be greater than or equal to the true
plastic 1imit load for the structure. Thus, for a given frame
with known member properties, the true plastic limit load is the
minimum of the plastic 1imit loads computed for all of the pos-
sible collapse mechanisms, and the governing collapse mechanism
is the one corresponding to the true plastic limit load. In
design, the applied Toad is fixed while the member sizec are un-
known. Applying the upper-bound theorem for design, the govern-
ing mechanism corresponds to the one requiring the largest plastic
moment, M. For economical design, the designer should attempt to
proportion the bending capacities of the columns and girders such
that the governing mechanism is either a panel or combined mech-
anism. This is accomplished by several trial calculations in which
the values of C and Cy, and the corresponding maximum value of Mp
computed for all mechanisms, are minimized in successive trials.
Here, engineering judgement is required, since several sets of
values of C and Cy may yield similar values of M,. Based on ex-
perience with the mechanism method, the following values of C and
C1 are recommended for initiating the trial calculatior:

1. €>2.0
2. € =2.0

After a few trials, it will become obvious which choices of C and
C1 should be utilized. In most cases, the bending capacity of an
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exterior column will be greater than the bending capacity of an
interior column; hence, when choosing values for C and Cy, C should
generally be greater than or equal to Cy. However, in some situa-
tions, this may not achieve an economical solution; here, economy
may dictate that C should be less than equal to Cy.

Frames with Supplementary Bracing

The possible collapse mechanisms of single-story frames with
diagonal tension brac’'ng are given in Tables 2 and 3 for pinned-
base frames with rigid and non-rigid girder to column connections.
In each case, the ultimate capacity is expressed in terms of the
equivalent static load and the member ultimate strength (either
M or ApF4.). In these tables, the cross-sectional area of the
tension br¥ce is denoted by A, the parameter m is the number of
braced bays, and F?y is the dynamic yield stress for the bracing
member. The dynamic yieid stress is determined according to the
provisions in Section 2.2 of Reference 1. The derivations of the
expression given in Tables 2 and 3 are based on the same assump-
tions utilized in developing the expressions given in Table 1.

For non-rigid girder-to-column connections, the resistance
functions for local mechanisms of the roof girder depend upon
wiisther the girder is continuous over the columns or is framed
between the columns. When the girder is continuous, the interior
bay girder mechanisms are the same as those for a fixed beam;
while the resistance of the exterior girder is the same as that
of a fixad-pinned beam. In certain cases, it may be economical
to provide a rigi! connection at the exterior girder-to-column
joint and non-rigid connections at interior girder-to-column joints.

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

. The preliminary design procedure for frames with supplemen-
tary diagonal braces is similar to the procedure described for
rigid frames. For braced frames with rigid connections, however,
the procedure is siightly more involved since it is necessary to
assume a value for the brace area in addition to the assumptions
for the cnefficients C and Cy. In selecting a trial value for
Ap for frames with rigid connections, the minimum brace size will
be controlled by 1imiting the slenderness ratio for the member,
in order to prevent vibration or “slapping" during the response.
This design condition can be expressed as:
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rp > Lp/300 (2)

in which ry is the minimum radius of gyration of the bracing member
and L, is 1ts length between points of 'support. Even though a com-
preSSQOn brace is not considered effective in providing resistance,
the tension and compression braces should be connected together
where they cross. In this manner, Ly for each brace may be taken
equal to half of the total length.

In addition, in each particular application, there will be a
1imiting value of A, beyond which there will be no substantial
weight savings in tRe frame members since minimum sizes for the
frame members are required based upon the maximum slenderness
ratio requirements given in Section 4.2 of Reference 1. In gen-
eral, values of Ay of about 6 to 25 square centimeters (1 to 2
square inches) will result in a substantial increase in the over-
all resistance for framnes with rigid connections; hence, an assumed
brace area in this range is recommended as a starting point. The
determination of C and Cy then follows the same procedure as out-
1ined for rigid frames.

Dynamic Load Factors

For the purpose of preliminary design, it is necessary to
make certain initial assumptions regarding the dynamic effect of
the load on the deflection of the frame. These assumptions are
required since the natural period of the system is initially un-

known. To obtain initial estimates of the required mechanism

resistance, the dynamic load factors of Table 4 may be used to ob-
tain equivalent static Toads for the indicated mechanisms. These
factors are based, in part, on the data provided in Chapter 5 of
Reference 1.

2.4 Prelimipary Sizing of Frame Members

Member sizes are selected on the basis of the plastic section
moduli. These quantities are computed using the required bending
capacities determined from the mechanism analyses of several rep-
resentative frames spanning in one or both directions »~f the build-
ing. The member sizes thus obtained must satisfy the provisions
for the design of members subjected to combined axial 1oad and
bending moment that are set forth in Reference 1 and adapted, with
some modifications, in this report.

The plastic section moduli for a member designed for bi-axial
bending are computed with the following equations:
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Zy = (M) y/Fay (3a)
Z, = (Mp)y/de (3b)
where IxsZy, = the plastic section moduli for both

axes of bending

(Mp)x.(Mp)y the required plastic bending capacities

about both axes of bending

de the dynamic yield stress which is com-
puted as described in Section 2.2 of
Reference 1

Select a member whose x- and y-axes plastic section moduli are
equal to or greater than Z, and Z,, respectively. The plastic
section modulus for a member designed for uni-axial bending is
computed with the equation given below:

Zy = (My)n/Fay (4)
where the subscript n refers to the axis of bending of the member.

The provision set forth in Reference 1 for the design of mem-
bers subjected to combined axial load and bending moment comprise
the following requirements:

1. Members subjected to combined axial load and
bi-axial bending moments should be proportioned
to satisfy the interaction formulas which con-
sist of Equations 4.4 and 4.5 of Reference 1.

2. Members subjected to bending about their strong
axis should be provided, where possible, with
sufficient lateral bracing to prevent lateral-
torsional buckling. Lateral bracing requirements
are specified in Section 3.3.6 of Reference 1.
Where the placement of lateral bracing is not
possible, as in the case of the building columns,
reductions in the moment capacities of members,
unbraced in the weak direction, must be effected
in order to account for the effects of lateral
torsional buckling. These reductions are made
on the basis of Equation 4.7 of Reference 1 which
is repeated on the following page.

20
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Muy = [1.07 = (2/v,)/F /26239810, < M (52)

PX
Mpy = [1.07 - (Z/rx)/Fd—'y/262394]Mpy < Moy (5b)

where M; = the ultimate bending capacity
in the absence of axial load

Mp = the design plastic bending capacity

Z = the plastic section modulus
Fdy = the dynamic yield stress. In the

above equations, the units for the
dynamic yield stress are kilopascals.

1 = unbraced length of the member

radius of gyration

-
]

[eq (4.4) and (4.5)] of Reference 1.

3.

The membe! : must satisfy the overall stability
criteria as specified by the maximum allowable
slenderness ratio (in the plane of bending)
computed according to Equation 4.1 of Reference 1.

The overall stability criteria must be satisfied
for both axes of bending when a member is designed
for bi-axial bending.

The member must satisfy the local stability

criteria specified in Section 3.3.4 of Reference 1.

These criteria are expressed in terms of the
following quantities:

a. Limiting width-thickness ratios for the
flanges of I- and W-shapes (and similar
built-up single-web shapes) that are sub-
jected to compression involving plastic
hinge rotation. To facilitate the utiliza-
tion of the SI System of Units, these cri-
teria are reproduced in Table 5 with the
appropriate quantities expressed in SI units.
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b. Limiting values (as given by Equations 3.12
and 3.13 of Reference 1) of the depth-
thickness ratios for the webs of members
subjected to plastic bending.

Based on experience with DYNFA, it has been determined that
considerations related to the simultaneous effects of axial loads
and bi-axial bending can be eliminated from the preliminary de-
sign. Hence, some portions of the above criteria can be simpli-
fied for the preliminary sizing of the frame members. First, the
interaction formulas of Reference 1 (Item 1 above) can be replaced
with the simplified equations given below:

(M) /My < 11 (6a)
(My)y/Mpy < 1.1 (6b)

The design of members subjected to bending about one axis is
governed by the uni-axial bending equation given below:

(M) /My 2 141 (7)
where the subscript n refers to the axis of bending of the member,

The design requirements specified in Items 2 and 3 above re-
main unchanaed and should be applied as described in Reference 1.
The design requirements referred to in Item 4 also remain un-
changed; however, the equations given in Reference 1 (Equations
3.12 and 3.13) which govern the minimum depth-thickness ratios
of the wehs of members subjected to plastic bending, are replaced
by the following equation:

d/t, < 29,060/F) (8)

Here, Fy is specified in kilopascals, d is the total depth uf the
member and t, is the web thickness.
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SECTION 3
BASIS OF DYNFA FRAME ANALYSIS

3.1 Introduction

This section presents the analytical techniques utilized by
DYNFA to perform rigerous dynamic analyses of frame structures
subjected to the blast loads from a high explosive detonation.
The presentation here is primarily intended to provide facility
designers with background material which describes the basis of
the dynamic analysis as performed by DYNFA. As sucn, a complete
understanding of most of this material, wihile desirable, is not
mandatory for using DYNFA. However, it is necessary that the
concept of the analytical model, as described in this section, be
fully understnod, as it provides the basis for the material re-
lated to the use of DYNFA.

The response of a frame to the blast loads is computed using
an approach which couples a lumped parameter representation of the
structure with a numerical computation procedure in which the equa-
tions of motion of the system are integrated directly using the
Tir2ar acceleration method. Inelastic behavior of individual mem-
bers is introduced intoc the analysis by the formation of concen-
trated piastic hinges whenever the combined axial load and bending
moment capacity of a section are reached. The results of the anal-
ysis consist of the deformations of the structure and the axial
loads, bending moments and shears in each of the members. End
rotations of each member are computed and utilized to monitor the
amount of plastic deformation occurring in the structure. The
DYNFA computer program implements this analytical procedure. The
details of the mathematical techniques utilized in the DYNFA
analysis are provided in Appendix C.

A static analysis routine was incorporated into DYNFA in
order to determine the initial conditions of the structure under
the effects of dead and 1ive loads. Normally, in single-story
frame buildings, the magnitudes of the dead and live loads are
usually small compared to the magnitude of the blast load. In
multi-story structures, however, the dead and 1ive loads could be
significant.

3.2 Analytical Model

The essential step required for the rigorous dyrnamic analysis
is the formulation of an analytical mcdel of the structure. The
model utilized to compute the response of frame structures subjected
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to blast loads must satisfy three basic requirements. First, it
must accurately reflect the configuration of the structure under
consideration. Next, the elastic and inelastic behavior of the
structure must be duplicated in the model. Third, the distribution
of the mass of the structure, as well as the loads applied to it,
must be reproduced in the model such that all of the desired re-
sponses are obtained in the analysis. Of equal importance is the
requirement that the modeling technique employed in the analysis
reduces]th$ problem to a simpler form which readily lends itself
to a solution.

In order to satisfy all of these requirements, the lumped
parameter method for modeling complex structures is utilized in
the analysis. This method greatly simplifies the analysis but
still retains the capability for an accurate determination of the
desired structural responses. For the problem at hand, the de-
sired responses consist of the overall sidesway response of the
frame and the individual responses of the exterior members of the

frame.

The lumped parameter method enjoys extensive use in a wide
range of applications throughout tha industry. The principal rea-
son for this is the ease with which it can be interfaced with high
speed computers to obtain a sofution. A lumped parameter model
of a structure consists of an assemblage of massless structural
elements interconnected at nodal points. An example of a typical
model is shown in Figure 7. The mass of the structure, as well
as the applied loads, are assumed to be concentrated at selected
nodal points which are referred to as "mass points". Rotary
inertia is not included in the analysis.

As discussed in Section 1, each frame of the building is
analyzed individually using a two-dimensional representation of
the structural system. In a two-dimensional model, the structure
is limited to motions in one plane and therefore each nodal point
has three degrees of freedom; namely, horizontal tramslation (Dy),
vertical translation (9V)- and rotation (8). These quantities are

illustrated in Figure

In the model, an individual member of the frame is represented
by ona or more structural elements, depending upon the detail re-
quired. The structural element is capable of transmitting axial
loads as well as shears and bending moments.

3.3 Inelastic Behavior of Frame Members

The inelastic behavior of the frame members is treated in
the analysis by:
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1. Specifying the behavior of a member in the inelastic
response range by defining the element's response
(axtal loads and bending moments) in terms of the
element's elastic and plastic deformations. With the
element behavicr specified, an analytical technique
is developed to simulate the desired inelastic be-
havior in the analysis.
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2. An interaction equation which establishes the point
at which inelastic behavior commences for each element.

PR SNS

3. An analytical method which accommodates the variations
in the stiffness properties of the structural system
that result from the inelastic behavior of the members.

Items 1 and 2 are discussed in this section and Item 3 is
covered in the discussion pertaining to the formulation of the
system stiffness matrix (Section 3.4).

G LGN S o e c

Specification and Simulation of Inelastic Behavior of Frame
Members

- ————

The specification of the inelastic behavior of the frame
members is based on the assumption that a fully plastic section
offers no additional resistance to the load (Ref 6). Hence, the
desired behavior of the elements is represen:ied by the bilinear
hysteresis Toop shown in Figure 8. The figure depicts the bend-
ing moment versus end rotation relationship (in the absence of
axial load) for a typical element. A similar relationship exists
between the axial load and axial deformations. The portion of the
loop between points A and B represents the elastic behavior of the
element when initially loaded. Once point B is reached, yielding
of the element commences (plastic hinge forms) and continues until
a maximum curvature at point C is reached. From point C to
point D, the element unloads. The linear segment of the loop from
C to D (and eventually to E) has the same slope as the initial
loading seament (from A to B). The portion of the loop below the
end rotation axis represents the load reversal (or rebound) in the
element.

In sinqle-degree-ot-freedom analyses of individual members,
the behavior described above can be readily accommodated by simply
adjusting the resistance for the member such that a constant
moment, and therefore a constant resistance, is designated when
yielding commences. Ideally, it would be desirable if this same
procedure could be made applicable to the multi-degree-of-fieedom
analysis of a frame structure by introducing plastic hinges at
those sections in the structure which have yielded. However, the
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use of this procedure may result in the formation of unstable mem-
bers and/or substructures within the structural system. Such
effects cannot be treated analytically as they produce mathematical
anomalies in the solution. In order to avoid these problems, an
alternate method is utilized to simulate the inelastic behavior.
The mv-thod consists of subdividing the element stiffness into two
components which are:

1. An elastopiastic component, 3.d ]
2. An infinitely elastic component. ;

Such an element has been examined in References 7 through 9. 3
The two components act in parallel and the total stiffness of the
elements is the summation of the factored stiffnesses of the two
components. The factors applied in DYNFA are 0.95 for the elasto-
plastic component and 0.05 for the elastic component. The com-
posite behavior of (lie twn components is illustrated in Figure 9a.
where the behavior shown iy similar to the hysteresis loop of Fig-
ure 8 with the exception chat the magnitude of the moment varies
in the inelastic portions of the response (Segments B-C and E-F).
The individual behavior of the two components is illustrated in
Figure 9b. As shown in the figure, the stiffness of the infinitely
elastic compcnent, kig, remains constant throughout the response;
while the stiffness of the elastoplastic component, k p» depends
upon the yield condition at the end of the element. srom point A
to point B in Figure 9a, the total stiffness of the element, k.,
equals the sum of the two component stiffnesses, kg and kep (Point
a to points b and b', Fig 9).

As yielding commences at point B (which corresponds to points
b and b' in Fig 9b), the stiffness of the elastoplastic component
becoimes zero as i1lustrated by line bc (Fig 9b); while the stiff-
ness of the elastic component remains constant at a value of 0.05k.,
as 11lustrated by 1ine b'c'. Hence, the total stiffness of the
element reduces to a small percentage (0.05k;) of its actual value,
as 11lustrated by 1ine B-C in Figure 9a. Appendix C contains a
table of equations for the combined element stiffnesses for the
varfous yield conditions at the ends of an element.

Interaction Equation

In blast-resistant design, structurec must withstand the simul-
taneous application of horizontal and vertical loads of roughly
aqual magnitude; therefore, the members of the structure will be
subjected to significant axial loads which 1imit their ultimate
bending resistances. In addition, the axial loads will be time
dependent and, for a given member, this time dependency wil} not
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be related to the transient behavior of the member in its bending
mode. In order to properly account for the axial load/bending
moment interaction on the yielding of a member, a two-dimensional
yield criterion is utilized to define inelastic action. A member
is considered to have yielded et a section when the following
relationship has been satisfied:

[P/P| + MMy 21 (9)

L b S A A

In the preceding equation, the values of P and M are the ap-
plied axial Toad and bending moment, respectively; while Pc and
My are equal to the axial 1oad and bending moment capacity, re-
spectively. P, is equal to either the axial load at yielding
(Pp) when the member is in tension or the ultimate buckling load
(Py) when the mewmber is in compression. The bendiny moment and
axial load capacities are computed on the basis of the criteria
specified in Chapter 4 of Reference 1 and reproduced in Section 4
of this report.

In the inelastic response range, the axial loads and bending
moments of the modeling elements vary as illustrated in Figure 10.
The occurrence of these variations stems from the utiiization of :
the two-component approximation to the element behavior as des- 8
cribed in the preceding section. Because of this, the peak plastic i
deformations may not be readily discerned from the time history
of what may be considered a significant response parameter, such
as the element bending moment or end rotation. Therefore, an
algorithm is required to perform the following operations, namely:
(1) to determine the maximum plastic deformatfons occurring at
the yielded end of an element and, in conjunction with this, (2)
to detect the point at which the element commences to unlcad :
elastically. The occurrence of these events is detected in the i
analysis with the use of the following relationship:

T ey W10

The maximum plastic deformation at the yielded end of an element
is assumed to have occurred when the above relationship is satis-
fied. The parameters P, M, P, and in Equation (10) are defined
in the preceding paragraphs. The subscripts 1 and 2 refer to the
values of the parameters at two successive time stations in the
response of the structure.

<0 (10) )

The above equation is utilized in the fcllowing manner. In
the inelastic range, the element axial load and bending woment
continue to increase at a relatively slow pace until a maximum
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plastic deformation is attained. After this occurs, the element
axial 1oad/moment will decrease producing negative values for
one or hoth of the ratios in Equation 10. When the sum of the
two ratios becomes a negative quantity, the element is considered
to rebound elastically.

3.4 Equation of Motion of Systam

The general equations of motion of the system are:
[MI{u} + [C]{u} + [KI{u} = {F(t)} (11)

where {u}, {u}, {u} = displacements, velocities and

: accelerations of the nodat points
of the analytical model
[M] = mass matrix of the system

[C] = damping matrix of the system
[K]
{F(t)}

stiffness matrix of the system

matrix of the transient ioads
applied to the system

Mass Matrix

The mass matrix consists of discrete masses, the sum of which
adds up to the total mass cf the structure. These discrete masses
are concentrated at selected nodal points in a manner which is con-
sistent with the actual distribution of mass in the structure. A
complete discussion of the techniques employed in assigning mass
to the nodal points is provided in Section 4.

Damping Matrix

The damping matrix represents the internal energy absorption
properties of the structure. For purposes of analysis, the damp-
ing matrix is usually assumed to be proportional to either the
stiffness or mass matrices. In DYNFA, the damping matrix is taken
as proportional to the mass matrix.

In most analyses involving steel structures, damping can be
neglected; however, provisions were made in DYNFA for including
this effect fcr special applications; e.g., reinforced concrete
frames.
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System Stiffness Matrix

The system stiffness matrix is an array of coefficients of
the unknown displacements in a series of simultaneous equations
which express the applied loads as functions of the deflections of
the structure. It is generated by applying conventional methods
of matrix structural analysis such as those utilized in Reference
11. Briefly, the system stiffness matrix is composed of the
stiffness matrices of the individual elements of the model. For
a beam element with three degrees of freedom at each end, the
entries in the element stiffness matrix are the coefficients of
the displacement variables in six simultaneous equations which
relate forces and moments to the displacements and rotations at
the ends of the element. Shear deformations are not included in
the formulation. The system stiffness matrix s constructed by
superimposing, in their proper position in the matrix (according
to degree of freedom), the coefficients of the element stiffnesses.

In the analysis, the structure is assumed to respond linearly
during a given time intervai. However, the coefficients in the
system stiffness matrix may be chancad from one interval to the
next, depending upon the yield cor .inns at the ends of the ele-
ments. Therefore, the non-linear .esponse is obtained by sequenc-
ing the linear responses of the system {with varying stiffness
coefficients) at successive time intervals.

Matrix of Applied Loads

The matrix of the applied 1oads contains the time history of
the blast loads which are concentrated at the mass points on the
exterior members of the structure. Included also are the unbal-
ancad shears caused by the second crder effects which occur as
the structure responds to the blast loads. A description of these
effects is provided in Section 3.5.

Numerical Solution

The solution to the equations of motion is obtained by a step-
by-step integration procedure (Ref 8) in which the acceleration
during a time interval is assumed to vary linearly.

3.5 Second Order Effects

Two important aspects of the problem which have been incor-
porated into the analytical procedure and computer program are:
the P-4 effect on the overall sidesway response of the frame, and
the beam coiumr effects on the responses of the individual members
subjected to transverse loads between their supports.
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P-A Effect

For a rigid frame structure subjected tc lateral loads, the
vertical Yoads combine with the sidesway deflection to produce
additional bending moments in the members. For elastic structures,
the deflections are ralatively small; therefore, this effect,
commonly called "the P-A effect", is generally of secondary sig-
nificance in comparison with the flexural resistance of the struc-
tural members. Inelastic structures, however, may undergo
relatively large sidesway deflections. These large deflections
combined with the large vertical loads prevalent in blast design,
produce bending moments which must be considered in the analysis.
The P-A effect is included in the analysis primarily because of
its influence on the sidesway response of the frame.

Beam Column Effect

When a member is subjected to both transverse and axial loads,
the axial loads combine with the bending deflections to produce
additional moments. In blast design, these "second order" bending
moments cannot be neglected, as large deflections are expected
when the member responds to the transverse load. The beam column
effect is considered because of its influence on the individual
bending responses of the exterior mambers of the frame.

Calculation of Second Order Effects

X rigorous treatment of *hese second order effects would sig-
nificantly increase the compiexity of the frame analysis. How-
ever, both of these effects can be approximated by introducing
equivalent shears at both ends of each element (Ref 10). These
shears form a couple which is equal in magnitude but opposite
in direction to the secondary moments produced by the axial loads
combined with the differential displacements between the ends of
the element. Figure 11 illustrates the calculation of these
equivalent shears. However, it should be noted that the procedure
depicted in this figure is a simplification of the actual compu-
tation. The figure was included for illustrative purposes only.
The actual computation of the equivalent shears, together with
the mathematics involved in introducing these quantities into the
matrix of the applied loads, are presented in Appendix C.
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SECTION 4
MODELING TECHNIQUES

4.1 Introduction

The initial task in the analysis is the formulation of the
analytical model of the frame under consideration. When construc-
ting the model of the structure, the basic requirements of Section
3.2 must be satisfied in order to achieve the desired degree of
accuracy and detail in the analysis.

Briefly, the requirements of Section 3.2 dictate that the
model must accurately reflect the configuration, stiffness charac-
teristics, and mass distribution of the structure. To assist fa-
cility designers in the preparation of analytical models which
satisfy these requirements, modeling techniques and guidelines are
presented in this section and in Section 5. The discussion is
directed primarily towards the preparation of lumped parameter
r$pr:sentat10ns of frame structures for use in their analyses with
DYNFA.

The Tumped parameter representation of a frame structure is
composed of the following: (1) an analytical model of the struc-
ture consisting of an assemblage of beam elements interconnected
at nodal points, (2) a series of discrete masses assigned to se-
lected nodal points in the model, (3) the section properties (area,
moment of inertia) and capacities (axial load capacities, flexural
capacity) of the members of the structure, and (4) idealizations
of the transient loadings acting on the structure. The discussion
in this section is directed towards the preparation of data re-
Tated to the first three items. Procedures for generating loading
functions for the analysis are presented in Section 5.

4.2 Development of Model

General
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The systems under consideration in this report are the pri-
mary structural frames of rectangular steel buildings. For the
analysis to produce the desired response quantities, (namely, dis-
placements, member end rotations, column loads, etc.), the model
of a frame inust have the same configuration as the frame itself.

As shown in Figure 7, the actual model is a line diagram of the
structure under consideration. The diagram reflects the configura-
tion of the structure and shows the placement of the nodal points
in the model. A1l of the frame members are included in the model.

3

T e s A G A O A A




Models of braced frames include the diagonal braces as well as
the columns and girders.

1 In the model, the members of the frame are represented by

; one or more beam elements. The section properties and capacities

: of the beam elemants are identical to those of the frame members.

: However, as depicted in Figure 7, the beam elements are one-
dimensional; that is, they have length but neither width nor depth.
This Timitation is generally not significant in analyses of steel
frames, as the length-to-depth ratios of the frame members are

generally quite large.

: Since the modeling elements are one-dimensional, all of the
: significant dimensions (length, height, locations of nodal points,
etc.) in the model must be related to the longitudinal axes of the
_ frame members, which are located at the centroids of their cross-
S sections. The intersection of two members is generally taken as .
E> : thc intersection of their respective longitudinal axes. 3
; ;

TR = e ey v
YT T R

A basic assumption in che analytical formulation of DYNFA
is that structural continuity exists at all nodal points in the :
model, except at those nodes corresponding to support points. 4
However, provision is made in DYNFA for modeling structural dis-on- 5
tinuities, such as non-rigid girder to column connections. Mode!- %
ing of such discontinuities is accomplished by pinning the ends of :
the appropriate elements (see Section £.7). This provision is :
useful for modeling braced frames, where the ends of the diagonai
braces are assumed to be pin-connected to the frame. Such a con-
dition is modeled by pinning both ends of the element representing

5 | each diagonal brace.

i Gt T AL e SE 7

- Scope of Model
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In general, the model used to compute the blast-induced
response of frame structures includes the principal components
(girders, columns and diagonal braces) of the main frame only.
Except for their mass and load contribution, the secondary framing
members of the roo7 and walls are not included in the model.

B i
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A basic assumption in the frame analysis is that the motions
of the concrete foundation on the supporting soil have a negligible
effect on the peak responses of the frame. Based on this, the
foundation/soil systems are excluded from the model, and the nodal
! points, corresponding to the column foundation connections, are
3 taken as completely fixed against horizontal and vertical transla-
tion. If these connections are capable of transmitting moments,
the rotations of the column base nodal points are also fixed. A ,
model such as this produces a conservative estimate of the frame's 5

i

response.
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To justify the exclusion of the foundation/soil systems, the
foundation must have sufficient mass to react to the dynmamic loads
transmitted to the base of the frame. A foundation mass exceeding
twice the mass of the steel superstructure will suffice for the
task at hand. When an insufficiency of foundation mass exists, a
significant interaction may occur between the sidesway response of
the frame and the rigid body response of the combined steel
superstructure/foundation system. Since this interaction may
appreciably reduce the frame response, it is advisable in these
situations to extend the model such that the responses of the
foundation/soil systems are included in the analysis.. Figure 12
i1lustrates this modeling extension. The model contains elements
representing both the foundation and the soil system. Not shown,
however, are the discrete masses concentrated at selected nodal
points on the foundation. Only the foundation mass is distributed
among these nodal points. Soil mass is not included in the model.
The reader is referred to Sections 5-7 and 5-8 of Reference 3 for
guidance in computing the elastic properties of concrete founda-
tions. Procedures and data for computing the stiffness properties
of the soil are provided in Section 4 of Reference 12.

In some cases, additional supporting systems may be integral
with the main framing. A typical example of this situation is
shown in Figure 13. In this structure, the main frames are lat-

erally supported by a massive concrete wall. The degree of support

provided is determined by comparing the lateral stiffness of the
wall with that of the frame. A wall whose lateral stiffness is at
least ten times that of the frame is simulated analytically by
rzstraining the nodal point at the girder-to-wall connection. On
the other hand, a relatively flexible wall may have to be included
iv. %he me”1 as its response would affect the frame respbonse.

Placement of Nodal Points in the Model

Nodal points are usually positioned in the model at the fol-
Towing locations:

1. The intersection of two or more frame members
or the connections of frame members to a supperting
structure (such as the foundation).

2. 7 .tarme. ‘e points on the exterior members to
accoriiiqace mass points.

3. Intermediate points on exterior members, other than
mass points, where additional response information
(deflect” -, bending moments, etc.) are required.
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4. Intermediate points on members with gradual or
abrupt variations in shape, or at the locations
of structural discontinuities.

The first item requires no explanation, while the other three are
discussed below.

Intermediate Nodal Points on Exterior Members

A structure has, in reality, an infinite number of normal
modes of vibration (Ref 13) because of the uniform distribution
of the structural mass along the individual members. In a frame
analysis, however, the mass cf the structure is concentrated at
specified nodal points in the model (commonly referred to as "mass
points"). Consequently, the model has a limited number of the
structure's normal modes of vibration. The nature of these normal
modes of vibration that are reproduced in the model is determined
by the manner in which the mass is distributed among the mass
points. The inclusion of specific modes in the model is dictated
by the nature of the structural response to the applied loads.
Under the action of the blast, the frame responds to the horizontal
blast loads in a sidesway mcde. At the same time, the frame re-
sponds in a series of local bending modes due to the transverse
loads acting directly on the exterior members. These Tocal bend-
ing modes are often characterized by pronounced bending of only
one or two exterior members. In most cases, the primary response
of an exterior member occurs in one of these local modes.

The fundamental sidesway mode of the frame can be produced by
concentrating (also referred to as "lumping") all of the mass of
the structure at the girder/column intersections. The modeling
detail required to accomplish this is illustrated in Figure 14a.
However, such a model lacks sufficient detail to produce the in-
dividual bending responses of the exterior members. To develop
these responses, the distribution of mass in the model must be
refined by lumping a portion of the structural mass at intermediate
points on the exterior members. To accommodate this refinement,
intermediate nodal points are generally placed along the exterior
members, as shown in Figure 14b. In general, multiple intermediate
mass points are utilized as a more accurate representation of the
local bending modes of the frame will be reproduced in the model.
The number of such points utilized depends, to some extent, on tne
secondary framing of the exterior surfaces. When the secondary
members of a given exterior surface (wall or roof) are parallel
to the frame, use three intermediate mass points within the span
of each frame member supporting the surface. Locate these mass
points at equal intervals along each member. In cases where the
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secondary members are positioned normal to the frame, use either
one of the following procedures:

1. Uhen three or less secondary members are supported ;
within the span of a frame member, locate the inter-
mediate mass pcints at the connections of the
secondary members to the frame proper.

2. Wher more than three secondary members are supported
within the span of a frame member, locate three

intermediate mass points at equal intervals along
the member.

The utilization of two or three intermediate mass points on a
member is sufficient to achieve the desired accuracy in the anal-
ysis. A greater number will greatly increase the computer costs
without significantly improving the accuracy of the results. It
is also recommended that, when possible, the same number of mass
points be utilized on all exterior members in order to avoid gross

discontinuities in the application of the blast loads in the
analysis.

Intermediate Nodal Points Other Than Mass Points

In some cases, additional respcnse data (displacements, ro-
tations, bending moments, etc.) may be required at intermediate
locations other than mass points on both interior and exterior
members. In order to generate this duta in the analysis, addi-
tional nodal points are placed at the locations in the model where
these data are required. Additional nodal points are always re-
quired in those cases where there are no intermediate mass poirts
located at the midspan of an exterior member. In such cases, the
analysis will not generate data regarding the member's response
at the midspan. Such data are required in order to produce a
better approximation of the beam column affects in the amalysis
(see Sectinn 3.5), as well as to ascertain whether the deflections
and ductility ratios at the midspan are witnin the 1imits speci-
fied (Section 6) for the frame design; hence, a nodal point is
required and should be placed at the midspan of each exterior
member. The addition of this nodal point in no way implies that
it must be assigned a concentrated mass. Such a situation occurs
in Example A.3 in which the intermediate mass points on the ex-
terior members are located at the intersections of the secondary
members with the primary frame members.

Members with Varying Cross-Sections

In the analysis, the section properties and capacities of
the elements are constant over their entire lengths. Therefore,
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members with varying cross-sectional properties must be modeled
with several elements and corisequently, nodal points must be
inserted between the ends of these members.

Two examples of members with varying cross-sectional proper-
ties are i1lustrated in Figure 15. The member shown in Figure 15a
has a gradual taper and is symmetric about its centerline. Hence,
it is modeled with four elements of equal length: two elements
represent each half of the member. The member shown in Figure 15b
has an abrupt variation in shape due to the presence of the haunch
at the left end, and a structural discontinuity caused by the pin
near the right end. In this case, three elements of unequal
lengths are used and two intermediate nodal points are placed at
the locations of the discontinuities. When abrupt discontinuities
such as these occur on exterior members, intemmediate mass points
are Tirst placed at equal intervals along the span in order to
accommodate the desired distribution of the mass, and then addi-
tional nodal points are placed at the locations of the continuities.
Hence, if three equally spaced intermediate mass points were de-
sired on a membar with two abrupt discontinuities, such as those
shown in Figure 15b, a total of five intermediate nodal points
would be placed in the span of the member: three to accommodate
the mass points and two for the discontinuities.

4.3 Distribution of Structural Mass in Model

General

With the model completely defined in terms of beam elements
and nodal points, the data preparation prcceads with the distribu-
tion of the mass among the nodal points of the model. Before the
mass can be distributed, however, the locations of the dynamic
degreas of freedom must be specified for the model.

Designation of Dynamic Degrees of Freedom

Hhen the frame responds to the hlast loads, horizontal and
vertical inertial forces are developed by the accel=rating mass
of the structure. In order to reproduce these forces in the
dynamic analysis, each discrete mass of the model must be assigned
a degree of freedom (either horizontal or vertical) as well as a
magnitude. Therefore, two sets of discrete masses are required:
one for the horizontal degrees of fraedom and one for the vertical
degrees of freedom.

In the model, two distinct masses can be lumped at each mass
point. Each lumped mass is associated with one of the transla-
tional degrees of freedom of the mass point. Degrees of freedom
with assigned masses are generally referred to as "dynamic or
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independent degrees of freedom"; whereas, those without mass are
known as "dependent degrees of freedom".

The designation of the dynamic degrees of freedom for the
model is governed by the nature of the desired responses. To
develop the primary sidesway response of the frame, each nodal
point corresponding to a gider/column intersection is assigned
horizontal and vertical dynamic degrees of freedom. In gabled
frames, the nodal point at the peak in the roof is also assigned
a pair of dynamic degrees of freedom.

Intermediate mass points on exterior members are allotted
one dynamic degree of freedom. The direction of these degrees
of freedom is always normal to the longitudirzl axis of the
member. On inclined members, with slopes exceeding ten degrees,
:achdintermediate mass point is assigned two dynamic degrees of

reedom.

The responses of the higher order extensional modes of the
frame members should not be included in the analysis as chey
have a negligible effect on the frame rasponse. These modes are
developed by including intermediate dynamic degrees of freedom
parallel to the longitudinal axes of the members. The inclusion
of these dynamic degrees of freedom, although simplifying the
mass distribution for the model, adds significantly to the computer
costs incurred and could possibly cause numerical inaccuracies in
the analysis.

Figure 16 shows the distribution of the dynamic degrees nf
freedom for two typical frame models, where the directions of the
dynamic degrees of freedom are represented by arrows.

Computation of Nodal Masses

As discussed in Section 1, each frame is assumed to support
a tributary strip of the building. In the analysis, the struc-
tural mass within this strip is distributed among the mass points
of the model. Live loads are generally not included in tne mass i
computation. . i

The computation of the nodal masses is accomplished in three
stages. The first stage involves computing the masses of indi-
vidual panels of the walls, roof or intermediate floors (if any)
within the tributary strip. For this computation, a wall pane:
is defined as the area between successive floor levels; whereagha
floor or roof panel is defined by the area between successive ™
columns of the frame. In general, the mass of a panel comprises
the mass of the following structural components within the pcnel:
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the decking or siding, the secondary members and the primary frame
member. The mass of the secondary framing is not included as part
of the panel mass in cases involving a coarse secondary framing

consisting of three or less members positioned normal to the frame.

Instead, the mass of each secondary member is concentrated at the
mass point on the model corresponding to its intersection with
the frame. The masses of primary transverse framing members are
also not included as part of the panel mass; instead, they are
concentrated at the mass points on the model corresponding to the
intersections of orthogonal frames with the frame being analyzed.

In the second stage, the mass of each panel is distributed
as concentrated masses among the dynamic degrees of freedom on
the primary frame member within the panel. General expressions
for computing the values of the concentrated masses are provided
in Figure 17 for wall panels, and Figure 19 for roof and floor
panels. The parameters utilized in Figures 17 and 19 for comput-
ing the concentrated masses are illustrated in Figures 18 and 20,
respectively. .

As shown in Figures 17 and 19, two different distributions of
the panel mass are given: one for dynamic degrees of freedom in
the plane of the panel and another for those normal to the panel.
The in-plane mass distribution is accomplished by equally dividing
the panel mass among the in-plane dynamic degrees of freedom on
the frame member. Based on the discussion of the previous sec-
tion, two dynamic degrees of freedom are provided in the piane of
the frame member, with each one placed at the member end. Hence,
the distribution consists of simply concentrating one half of the
panel mass at each end of the member.

The distribution of the panel mass among the dynamic degrees
of freedom normal to the frame member is a more involved process.
To accomplish this task, consideration must be given to the load
paths followed in the transfer of normally directed forces from
the secondary members of the panel to the frame proper. As the
secondary framing plan establishes these load paths, the mass
distribution is dependent upon the framing plan within the panel,
as well as the number of dynamic degrees of freedom normal to the
frame member. The expressions provided in the tables are based
on these two considerations. It should be noted that these ex-
pressions are also based on the premise that the intermediate mass
points are equally spaced along the member; consequently, when the
mass points are unequally spaced, the equations in Figures 17 and
19 are not directly applicable. However, they may still be ap-
plied by using the techniques described in the discussion further

on in this sacticn.
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Referring to Figures 17 and 19 and to the corresponding fig-
ures (Figures 18 and 20), when the secondary framing is parallel
to the main frame, only a small portion of the total panel mass
is distributed among the normally directed dynamic degrees of
freedom at the intermediate mass points; the remaining panel mass
is concentrated at the ends of the member. On the other hand,
when the secondary framing is perpendicular to the main frame,
the bulk of the total panel mass is distributed among the inter-
mediate mass points.

In some cases, the expressions provided in Figures 17 and 19
may not be directly applicable for distributing the panel mass.
One such case occurs when one end of an exterior frame member is
a support point, as in the case of an exterior column of a single-
story structure. To apply the data in Figures 17 or 19 in such a
situation, consider the support node as a mass point and consider
each restrained degree of freedon (degree of freedom restrained
from moving) as a dynamic degree cf freedom. Distribute the mass
of the panel using the equations in Figures 17 or 19 and discard
the masses assigned to the support node. In many cases, the
framing plan within a panel will not correspond exactly to one
of those shown in Figures 18 and 20. Nevertheless, the tabulated
expressions of Figures 17 and 19 can still be applied. For ex-
ample, if different framing plans are utilized on either side of
the frame centerline, consider the panel as consisting of two
subpanels whose longitudinal boundary is the frame member itself,
and apply the appropriate expressions of Figure 17 or 19 to dis-
tribute the mass of each subpanel (note that the mass of each sub-
panel should include only one half the mass of the frame member).
A similar situation occurs when the secondary framing within a
panel contains a relatively large transverse member which trans-
fers a major portion of the total panel load to the frame proper.
Since the panel is essentially subdivided by the member, it can
be considered as two subpanels whose common boundary is the trans-
verse member for the purpose of computing the masses. Therefore,
the mass of each subpanei cyn be distributed using the equations
of Figures 17 and 19. The ggame technique can be utilized when the
intermediate mass points a kX unequally spaced along a member due
to the unequal spacing of u“condary framing members within the
panel. In this case, the panel is subdivided into several sub-
panels and the length of each subpanel is defined by the lenath
of the frame member between successive mass points. Thus, the
mass of the entire panel -can be distributeu by apportioning the
mass of each subpanel gﬁcurding to the equations in Figures 17
and 19. (\

When analyzing an %d frame, a portion of the mass of the
end wall structure should be included in the mass associated with
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the model of the frame. The procedures for accomplishing this are A
as follows: n

1. When the girts on the end wall are positioned
vertically, consider one half of the wall to
be rotated upward 90 degrees, thereby becoming
an extension of the roof, as shown in Figure 21.
Thus, the mass of this portion of the side wall
is taken as part of the roof mass.

Bt i T L SO

2. When the girts of the end wall are positioned
lorizontally, consider the side wall to be
partitioned as shown in Figure 22b and each
such partition to be rotated 9C degrees,
thereby forming extensions to the blastward and
leeward walls, and adding a fictitious interior
wall. The mass of these wall extensions are
then included as part of the wall mass. The
fictitious interior wall is considered as a
separate wall panel and its mass is distributed
using the appropriate equations of Figure 17.
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2 The third stége of the mass computation consists of preparing
3 a tabulation of the concentrated masses assigned to each mass
point of the model. The following general guidelines are to be
followed when preparing this tabulation:
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1. The masses of interior colurms or walls are
divided equally among the mass points at the
ends of the members.

2. Several masses assigned to one mass point
are added to yield the total mass concentrated
at the mass point. For mass points with two
dynamic degrees of freedom, two summations are
required: one for each dynamic degree of free-
dom at the nodal point.

4.4 Cross-Sectional Properties and Capacities of the Frame
Mambers

Genersl

In order to simulate the elastic and inelastic behavior of
A the frame, certair physicai propert.es and capacities of the

J frame members are assigned to the elements of the model. The
assigned quantities are:
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Cross-sectional area

2. Moment of inertia about an axis normal to
the piane of the frame

3. Ultimate dynamic load capacity in axial tension
4. Ultimate dynamic load capacity in axial compression

5. Ultimate bending capacity in the absence of
axfal Toad.

In most of the siructures encouriered, standard steel shapes are
utilized. Sufficient information is available in Reference 14 to
determine the physical properties and capacities listed above.

Tapered members are generally modeled with several elements
of equal length and the physical properties of each such element
are computed at the midpoint of the corresponding segment of the
member. For the pin-connected tension braces of diagonally-braced
frames, assigned values of zero for the moment of inertia (Item 2)
and the ultimate bending capacity (Item 5) are used in the anal-
ysis; and a fictitiously small value is used for the ultimate
compressive capacity (Item 4).

Dynamic Tensile Strength

In order to detemine the ultimate capacities of the frame
members, the appropriate dynamic yield stress for the material
must be specified. Generally, the dynamic yield stress is taken
as: :

de = cFy (12)
where de = dynamic yield stress of material
Fy = static yield stress of material
c = the dynamic increase factor

The dynamic increase occurs because of the rapid rate of strain
experienced by the material due to the sudden onset of the blast
Toad. Table 2.1 ¢f Reference 1 contains recommended values of
the dynamic increase factor for most applications involving struc-

tural steel members.
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Ultimate Tensile Capacity

The ultinate dynamic load capacity in axial tension is com-
puted as follows:

where Pp = yltimate tensile load capacity of the member
A = cross-sectional area of the member.

Ultimate Compressive Capacity

The ultimate dynamic load capacity in axial compression is
computed with the foliowing equation:

1.7F,A (14)

Py

the ultimate compressive load capacity

where Pu
of the member

the maximum compressive stress permitted
in the absence of bending. This quantity

-n
[}

a

is computed using Equation 4.3 of Reference 1.

_timate Bending Capacity

he ultimate bending capacities for the frame members are
speciv »d as follows:

Mux = [1.07 = (2/r))VFq /262,394, < My, (5a)

and
Mmy = [1.07 - (Z/rx)JFE;7262,394]Mpy 5_Mpy (5b)

The parameters in these equations are defined in Section 2.4.

Reductions of the member bending capacities to account for
second order effects are not required, as these phenomena are
simulated in the analysis.
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SECTION &
COMPUTATION OF BLAST LCAGINGS

5.1 Introduction

Basic to protective design is the capability of calculating
efficiently and accurately the anticipated output of an accidental
explosion. As applied to the frame analysis, this requirement
conszists of translating the various blast loading parameters
(charge weight, distance, pressure, time, area, etc.) into sim-
plified mathematical functions, of force versus time, which are
suitable for use in mu’ti-degree-of—freedom system analyses. The
oﬁjectiv: of this section is to present the methods to accomplish
this task.

The development of loading functions for the frame anaiysis
praceeds in two stages. In the first stage, the exposed area is
subdivided into a series of tributary loading areas; each area is
associated with a given mass point on one of the exterior.members
of the frame. With the completion of this initial task, the data
preparation then proceeds to the develcpment of the pressure-time
histories for the analysis. Thecespressure-lime histories ure
modified versions of the pressure waveforms determined using the
methods and data provided in Section 4 of Reference 3.

The methods and guidelines for accomplishing each of the above
tasks are presented in the remainder of this section. Includad
also is a section contatning a discussion of two special effects
which must be considered when generating the loading functions in
order to avoid introducing qurlous effects or numerical errors
into the dynamic analysis.

5.2 Computation of Tributary Loading Areas

As discussed in Section 1, each frame is assumed to resist
the load on a tri:.tary strip of the building. To distribuce the
applied loads, the total exposed surface area of the supported
strip is subdivided into tributary areas; and each tributary area
is assigned to a mass point on an exterior member. 1In the anal-
ysis, the total blast load on a tributary area is taker as acting
at its associated mass point. A loaded mass point aiways lies
within the boundaries of its assigned tributary area.

The dimenisions of the tributary areas are ectablished on the
basis of the framing plan of the exposed areas. Figures 23 and 24
show the dimensions of the tributary areas for paneis with the two
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most common types of framing plans. The data provided is generally
applicable to roof panels as well as wall panels. The term "panel"
is used, in the context of this section, in the same mauner as des-
cribed in Section 4.3. It should be noted that the panel boundaries
designated for distributing the tributary areas must always cor-
respond to those established for the purpose of distributing the
panel mass among the normally directed dynamic degrees of freedom

(see Section 4.3).

When sloped surfaces (such as the roof of a gabled structure)
are encountered, the loading areas utilized in the analysis com-
prise the projections of the area onto horizontal and vertical

planes.

The boundaries of the tributary areas are determined in the
following manner. First, the total panel area is divided into
two parts: one part being the area directly supporied by the frame
mamber, and the other being the area supported by primary trans-
verse framing members. The directly supported area is divided
among the mass points on the member; while the area supported by
transverse members is divided equally among the mass points at the
ends of the member. The area distributions illustrated in Figures

23 and 24 are based on this procedure.

The utiiization of the data provided (Fig 23 and 24) is illus-
trated in Figure 25 which depicts the subdivision of the exposed
area for a two-bay frame. In this figure, the tributary areas for
the roof and wall panels are apportioned on the basis of the data
provided in Figure 24, which indicates that the secondary framing
menbers are normai to the plane of the frame. However, the quide-
Tines provided in the subseauent discussion apply as well %o cases
where the secondary framing corresponds to that shown in Figure 23.

Inspection of Figure 25 reveals that mass points on the com-
rion boundary of two panels are assigned tributary areas from each
ot the intersacting panels. In the case of the mass point at the
exterior column/girder intersection, the intersecting panels are
ocrthogonal, and therefore two tributary areas are assigned: one
in the plane of the wall for the horizontal loading and one in
tiie plane of the roof for vertical loadings. When the intersucting
panels are coplanat, as occurs at the connections of the girders
to the interior columns, the respective areas of each panel are
combined to form a sirgle tributary area which is assigned to the

mass point at the column.

5.3 Construction of Pressure-Time Histories for Frame Analysis

General
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With the boundaries of the tributary areas established, the
development of the loading for the frame analysis proceeds with
the construction of the pressure-time histories. The pressure-
time histories utiiized in the frame analysis are generally multi-
linear functions characterized by: a peak pressure; a rise time
(time required for pressure to build up to a peak value); and a
decay time (time interval over which pressure decays from a peak
value to zero).

The construction of these pressure-time histories involves
combining the procedures and data in Chapter 4 of Reference 3 with

" amped parameter modeling concepts applied in the frame analysis.

« 3 task is accomplished in the following order: first, the
srocedures of Reference 3 are applied to generate pressure-time
histories at the locations of the mass points on each exposed sur-
face [blastward wall(s), roof, leeward wall(s), etc.] of the
structure. Then these waveforms are phased, in the time domain,
to simulate the effect of the wave traversing the structure and,
finally, the waveforms are modified to account for the time lag
effects and the non-uniformity of the loading that occur as the
wave traverses the individual tributary areas.

Computation of Pressure-Time Histories at Mass Points on
Structure

The pressure-time history for a mass point on a blastward
wall is computed using the procedures outlined in Section 4-14a of
Reference 3. The referenced material provides all of the neces-
sary guidance and data required to accomplish this task. Appli-
cation of these methods will yield either of the reflected pressure
waveforms depicted in Figure 26. The waveform in Figure 26a will
be apparent in most cases. However, at high pressure levels,
such a representation of the loading may be inaccurate due to the
extremely short pressure pulse durations involved. In such cases,
the reflected pressure waveform will conform to the one shown in
Figure 26b.

A typical pressure waveform for a mass point on the roof, side
wall or leeward wall is illustrated in Figure 27. The necessary
data for constructing this waveform is contained in Figure 4-5,
4-11 or 4-12, depending upon whether the explosion is above or on
the ground, and in Figure 4-66 of Reference 3. Briefly, the peak
pressure on these surfaces is taken as the sum of the incident
(Pso) and drag pressures (Cpq,). The incident pressure is computed
using the data provided in Pigure 4-66 together with the drag co-
efficients supplied in Section 4-14b. The duration, tof, is ex-
pressed as twice the positive incident impulse divided by the peak
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incident pressure, 21/ The positive incident impulse is
obtained from either éigure 4-5, 4-11 or 4-12 in Reference 3.

Example A.3 illustrates the procedures for computing both
the reflected and incident/drag pressure-time histories.

The minimum data required for the analysis of a given frame
consists of the following: the reflected pressure-time history
at the blastward wail, and the combined incident/drag pressure
histories together with the shock front velocities at both the
blastward and leeward ends of the roof. In cases involving quar-
tering shock waves, these data are computed at the location of
the frame Tine. The reflected pressure-time history is utilized
to generate the loading function on the exterior blastward column.
In cases involving normal shock waves, the loading functicn for
the exterior blastward column corresponds to the reflected
pressure-time history determined using the precedures of Refer-
ence 3.

To generate the loading functions for the roof girder and
leeward column, the combined incident/drag pressure-time histories
are first utilized to determine the pressure-time histories at all
of the mass points on these members. For the mass points on the
roof girder, this task is accomplished by 11near1y interpolating
for both the peak pressure and duration using the data (incident
and drag pressure durations) computed at each end of the roof.
This interpolation is performed on the basis of the distance from
the mass point in question to the blastward end of the roof, as
shown below:

(Ppk)1 = (Ppk)B - [(Ppk)B = (Ppk)L](Zir)/LR (15)
(tgp)y = (tgpdp = [(tgplp - (tgp) 102500 /15 (16)

where (P k)i’ (p )B, and (Pp ) = the peak pressures acting

at the mass po1nt i, and at the blastward and leeward
ends of the roof, respectively

(tgp)ys (tgy)gs and (tgp), = the durations of the pres-
sure at the mass point 1 and at the blastward and leeward
ends of the roof

Lp = the length of the roof

lip = the distance from the blastward end of the roof
to the mass point i
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To determine the pressure-time history for a mass point on
the leeward wall, extrapolate the pressure data computed for the
roof. Such an approach is utilized when the leeward wall is taken
as an extension of the roof (Section 5.3); when the leeward wall
is considered as an extension of the side wall, no such extrapo-
lation 1s required, as all mass points on the leeward wall are
equidistant from the blostward end of the frame. Here. the loading
for the entire wall is based on the pressure-time history at the
leeward end of the roof.

The extrapolation of the pressure data for the leewzid wall
is accomplished on the basis of the vertical distance from the
roof to the mass point ir ouestion, as shown helow:

(Ppk)'l = (Ppk)L - {{P(-_\;;)a - (Ppk)L](ziZ)/LR (17)
(tgp)g = (tgpip - [(tgplg - (tgp) 12410/ (18)

The parameters in these equations are defined above with the
exception of Z4,, which is the vertical distance from the roof to
the mass point %n question on the leeward wall.

Interpolation and extrapolation for the shock front velocities
at the mass points on the roof and leeward walls are accomplished
in a similar manner. In cases involving structures located in low-
to-intermediate pressure ranges, the shock front velocity will be
constant across the structure. Therefore, there will generally
be no requirement for interpolating or extrapolating for these
quantities at the mass points on the roof and leeward wall.

In situations involving very long structures or structures
located in higher pressure regions, a more accurate interpolation
for the peak roof pressures, 1oad durations and shock front veloc-
ities can be achieved by determining the combined incident/drag
pressure-time histories and shock front velocities at one or more
locations along the roof girder, such as the middle of the roof
or at every column/girder intersection. The data computed at two
such locations is then utilized to interpolate for the pressures,
durations and velocities at intervening mass points. Such an
approach is also appiicable for computing the pressure-time his-
tories and shock front velocities at points on the lTeeward column
when the Teeward wall is taken as an extension of the roof. Here,
pressure-time histories and velocities are computed at each floor
level (including the foundation) and the interpolation is per-
formed for the mass points between successive floor levels.
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Phasing of Pressure-Time Histories for the Frame Analysis

The waveforms are phased on a time scale in order to simulate
the effect of the blast wave traversing the structure. This
phasing 1s accomplished by specifying a time lag before commencing
the loading at each mass point. This quantity represents the time
between the initial impingement of the blast wave on the frame and
the arrival of the wave at the leading edge of the tributary area
associated with a given mass point. This quantity, generally re-
ferred to as the arrival or travel time, is computed as follows:

ta = D/UAVG (19)

where ty = the arrival time

L = the distance from the blas*ward
surface of the frame to the leading
edge of the tributary area. This
distance is aiways measured parallel
to the direction of tre blast wave.

Upyg = the average stock front velocity
between the blastward end of the
frame and the mass point

Modification of Pressure-Time Histories for the Frame Analysis

Two niodifications of the phased pressure waveforms are needed
which will account for the time lag effects and non-uniformity in
the loading on the individual tritutary areas. A typical modified
waveform is depicted in Figure 28.

The first modification consists of applying a rise time, tyt,
to the loading. This quantity represents the time required for
the blast wave to traverse the tributary area, and is computed
using the follewing equation:

tey = a/U | (20)

where tyt = the rise time which is the time
required for the blast wave to
traverse the t-~ibutary area

a = the maximum dimension of the
tributary area measured parallel
to the direction of propagation
of the shock front
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U = the shock front velocity at the
mass point

The second modification is effected to simulate the non-
uniformity of the loading on the tributary area. As the wave
moves across the area, an unequal pressure distribution will
exist. To account for this effect, an average pressure, (Ppk)AVG'
is utilized in the analysis.

For the usual case of the 1inearly decaying loading function
(see Fig 28). the average pressure acting on the area is computed
using the following expression:

(Podav = Poll - (ar20ty)] (21)

where (Ppk)AVG = the average peak pressure
acting on the tributary area

Ppk = the peak pressure (the peak
reflected pressure or the sum
of the incident and drag pres-
sures, whichever is the case)
initially acting at a given mass
point

t4r = the duration of the pressure
waveform (whether incident or
reflected) computed using the
methods of Lection 4-14 of
Reference 3

= to¢ for the incident pressure-
t?nn history

t. for the reflected pressure-
t‘me history with a linear decay
(Fig 26b).

For the particular case of the reflected pressure waveform
with the bilinear decay (Fig 26a), the parameter t,. is replaced
in Equation 21 by a fictitious duration for the re*‘ected pressure,
tr, which is computed using the following equation:

tp = t/[1 - P/P)] (22)

where t. = the clearing time required to relieve
the reflected pressure. This quantity
is computed as outlined in Section 4-14

of Reference 3.
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= the value of the pressure at
time t. (Fig 26a)

Py = the peak reflected pressure
(Fig 26a)
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The modified reflected pressure waveform with a bilinear decay is
i1lustrated in Figure 29.

Calculation of Arrival Time, Rise Time and Average Press.:re
for Iributary Areas on the Varicus surfaces

To compute the blast Toading parameters, tz, t.¢ and (Ppy)ayes

the quantities a and D inust be known. Examples of a and D a?e

shown in Figures 30 and 31 for tributary areas on blasward walls;

3 in Figure 32 for tributary areas on the roof; and in Figures 33

; through 35 for tributary areas on leeward walls. Illustrations

. showing both normal and quartering shock waves are provided.

B The figures are rot meant to specify the expressions for computing

the values of a and D; instead, they are included to illustrate

] the manner in which these quantities are determined, and therefore
provide guidance for accomplishing this task.
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Three il1lustrations related to the leeward walls are supplied
because of the compiex nature of the loading on thase surfaces.
Briefly, the loading on the leeward vall of the structure consists
of secondary waves formed by the expanding pressure front as it
moves past the rear edges of the building. These waves spill
over from the roof and adjacent walls. For the purpose of com-
puting the pressure-time histories for the analysis, the leward
wall is assumed to be an extension of either the roof or adjacent
wall. If the spillover from the roof produces a more rapid load-
ing of the leeward wall, the Teeward wall is taken as an extension
of the roof and the values for a and D are determined as illus-
trated in Figure 33. On the other hand, if the spillover from
the adjacent wali produces a more rapid loading, Figures 34 and

35 are applicable.

in most cases involving single-story buildings, the spillover ;
from the roof produces the more rapid loading on the portion of ‘
the leeward wa'il supported by the interior frames; while the
spillover from the adjacent walls produces the same affect for
the portion of the leeward wall supported by the end frames. In
situations involving muiti-story buildings, the tributary areas
at the upper stories may be initially loaded by the spillover
from the rcof; whereas those areas at the base will initially be

engulfed by the spillover from adjacent walls.

wesidlinie

it bl

T T 2 ST e gy ey

P

- T e U sace SR uns

LER L

F A

B i T T ——

e T TN

50

N = o \ 7 T S e AR i S S0 B SR F
hL h 3 aln i i 2l A il s i G i i i s i




Mt i

[T LT T E

Calculation of Blast Loading Paramoters<fpk. tcg. tT

The time, tpk’ at which pressure (Ppk)AVG occurs is computed
using the following equation:

The fictitious clearing time, t.., for the modified reflected
pressure-time history with a bilinear decay is computed using the
equation below:

o=ty t/2 4t (24)

The duration, tpy, of the pressure-time history is computed
as follows:

thr = tet/2 + tgy (25)
and the time, ty, at which the pressure decays to zero is:
tT = ta + tDI (26)

The parameters, t,, t.¢, t. and ty,. are defined in the preceding
sections.

5.4 Special Considerations

An area of special concern involves the use of pressure
pulses with zero rise times; a situation common in analyses of
frames for normal shock waves. Since a portion of the front wall
area is assigned to the mass point at the exterior girder/column
cennection, some of the horizontal load will be applied directly
along the longitudinal axis of the roof girder. When this occu:ss,
an artificial magnification of the axial load in the girder may
result due to the response of the member in its extensional mode.
This magnification, combined with the spurious extensional mode
vibrations of the member, will warp the axial load/bending moment
interaction, which is the basis for determining when plastic action
occurs, As discussed in Section 4.2, one method of avoiding this
problem 1s to use multiple intermediate mass points (up to a max-
imum of three) on the exterior columns. This will reduce the
magnitude of the axial load applied directly to the girder. If
this remedy cannot be applied, another means of avoiding the
problem is to alter the pressure waveform. This alteration can
be accomplished by computing the period of the exterior column

taken as a single-degree-of-freedom system. Using one quarter
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of this period in place of the rise time, tpy, in the equations
of the preceding sections, a waveform corresponding to either of
those shown in Figures 28 and 29 (as thn case may be) can be con-
structed and utilized in the analysis.

Problems car also occur when the duration of the blast load-
ing is small compared to the frequencies of the analytical model.
This problem will arise in applications of DYNFA to situations
involving close-in explosions. Although such applications of
DYNFA will be rare, facility designers should be aware of the
problem. In these situations, the integration time interval must
be short enough to insure that the total impulse is included in
the analysis. The use of a maximum time interval equal to 1/20th
of the loading duration will achieve the desired result. Too
large an interval will produce a stunted representation of the
loading in the analysis which, in turn, will produce a lower cal-
culated response of the frame than that which actually occurs.
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SECTION 6
DESIGN CRITERIA

6.1 Introduction

In order to restrict the amount of damage a structure will
experience when resisting the effects of an accidental explosion,
limiting values must be assigned to the appropriate response
quantities. For members which can be analyzed as single degree-
of-freedom systems (beams, floor and wall panels, joists, etc.),
the appropriate quantities are the maximum ductility ratio (de-
fined as the ratio of the maximum defliection to the equivalent
elastic defiection) and the maximum end support rotation. Bcth
of these quantities are computed as functions of the deflection
at the midspan of the member. A detailed discussion of these
criteria is presented in Chapter 2 of Reference 1.

Frame structures, on the other hand, must be analyzed as
multi-degree of freedom systems and therefore the peak response
of these structures cannot be determined on the basis of a single
response quantity. This fact, combined with the wide range and
time-varying nature of end conditions of the individual frame
members, makes the measurement of ductility ratios and support
rotations more complex. Consequently, other criteria are re-
quired to measure the complex responses of a frame structure.

The deformation criteria in Section 2.3.2 of Reference 1 estab-
lishes acceptable limits for certain quantities related to the
frame response. However, these response quantities do not, in
some cases, provide a clear indication of the amount of inelastic
action occurring. Hence, some members may be on the verge of
collapsing due to the occurrence of excessive plastic strains
while the analysis indicates that the deflections of the frame
are within the deformation criteria. Therefore, other response
quantities must be monitored in order to provide a more precise
measurement of the plastic deformations. In addition, 1imits

for these quantities must be specified in order to restrict the
amount of damage suffered by the structure. The designation of
appropriate rasponse quantities for measuring the plastic de-
formations, together with the limiting values specified for these
quantities, provide the basis for the ductility criteria for
frame structures. These ductility criteria and the applicable
deformation criteria in Reference 1 govern the design of blast-
resistant frame structures.

The remainder of this section is devoted to the frame de-
sign criteria. Consistent with the standards established in
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Reference 1, the criteria are specified for two different levels
of damage. Structures ‘n the first category are designated as
"reusable” structures; while those in the second category are
referred to as "non-reusable” structures.

The first part of the frame decign criteria consists of the
applicable portions of the deformation criteria given in Ref-
erence 1. These criteria establish 1imits on the following re-
sponse quantities: (1) the cidesway deflection, s, of each
story, and (2) the end rotation, 9, (also referred to as the
"chordal angle”’) of the individual members with reference to a
chord joining the member ends. These quantities are 1llustratsd
in Figure 36. They are compu*ed using the appropriate portions
of the response history printed by DYNFA (Section 9.5).

As specified in Reference 1, the 1imiting values for the
aforementioned response quantities are:

1. Re :able styructures:

For sidesway, maximum &/H = 1/50

For individual frame members, 8p5, = 1°.
2. Non-reusable structures:

For sidesway, maximum &/H = 1/25

For individual frame members, 6pax = 2°.

The second part of the rrame design criteria, consisting of
the Timiting ductility ratios, is presented in the remainder of

‘this section.

A sumsary of the frame design criteriz 1s provided at the
end of this section.

6.2 Measurenent of Ductillity Ratic

The response quantity used tc measure the ductility ratio
is the elesment end rotaticn, vy (Fig 37 and 38), which is the
angle between vhe longitudinal axis of an element in itc iailial
position, and a tangert to the eilastic curve of the element.
{n contrast, the member end rotation, e (Fig 36), is measuied
betweer: one cherd joining both ends of a member and another
chord joining one end with a point at tha midspan ¢f the deformad

memt.er.
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In the elastic response range, the element end rotation, y
(Fig 37), consists of the two components listed below:

1. A rigid body component, o, which is computed as
follows:

(27)

o

(g - ya)/L

the differential displacement

where (yB - yA) =
between the ends of the elemernt

L

the 1angth of the element

2. An elastic component, ¢, which is the difference
between the total element end rotation, y, and
the rigid body rotation, a:

$=y-a (28)

The elastic components, ¢p and ¢n, at points ends A and B (Fig 36),

are a direct measure of the bendQng moments at the ends of the

element.

In the inelastic response range, the element end rotation
consists of three comnonents (Fig 37), nanely: a rigid body
rotation, a, which varies throughout this period as the element
continues to deform; the elastic component, ¢p;., measured at the
onset of yielding at the end cf the element; ané a plastic com-
ponent, B, which commences with initial yielding at the end of
the element and increases until a peak plastic rotation, Byzx,
is realized. The elastic component of the rotation remains con-
stant at a value of ¢, throughout the yielding process until a
peak plastic rotation, B..,» is achieved. At this time, the
element unloads and the g?astic rotation varies accordingly.
Appendix C presents the equations for the plastic component of
the element end rotation for all of the possible combinatiors of
yield conditions.

The computation of the various components of the element end
rotations is performed by DYNFA as part of the frame analysis.

N The program also records the maximum positive and negative plas-
tic and elastic compunents of the rotations at both ends of each
element and uses thase valves to compute the maximum ductility
ratios for each elemnent using the following equation:

u = 1.0 + Bpax/ $max (29)
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6.3 Ductility Ratios for Members Subjected to Bending Alone or-
to _Simultaneous Bending and Axial Tensicn

Since the members of the frame are subjected to axial loads
as well as bending moments, consideration must be given to the
impact of the axial load on the ability of the member te sustain
plastic deformationc. In cases of steel members subjected to
bending alone or to simultaneous bending and axial teasion,
ductility ratios betweer 13 and 20 were neasurer at collapse
(Ref 16). In order to avoid a failure, however, the maximum
ductility ratios have been specified as 3 for reusable structures
and 6 for non-reusable structures. These quantities were derived
by placing tactors of safety (approximately 4 for reusable struc-
tures ard 2 for non-reusable structures) on the minimum ductility
ratio measured at collapse. In assigning these safety factors,
the primary consideration in the case of reusable structures was
to 1imit the amount of damage; whereas in the case of non-reusable
structures, the primary consideration was to provide an ample
margin of safety agairst collapse.

6.4 Ductility Criteria for Beam Columns

Failure Mode of Beam Columns

Beam columnns may suffer an instability failure at ductility
ratios below tiiose measured for members subjected to simultaneous
bending and axial tension. Consider the typical load-deformation
response, depicted in Fiqgure 39, for a laterally loaded beam
column. Note that the load-carrying ability of the member dis-
sipates after the peak load has been achieved. As the unloading
progresses, an instability failure occurs due to the formation
of plastic hinges on the member. Hence, the effects of stability
must be considered for beam columns, because in some situations,
plastic deformations corresponding to ductility ratios of 3 and
6 may not be attainable without a failure occurring.

Basis of Criteria

In order to incorporate the effects of beam column insta-
bility into the failure criteria, the data and methods of Galambos
and others (References 16 and 17) were used to develop limiting
ductility ratios for beam columns. In this report and in Ref-
erences 16 and 17, the ultimate ductility ratios are expressed in
terms of the rotation capacity of the member end. The rotation
capacity, Rc, is defined as the ratio of the maximum plastic
rotaticn at failure, Bypays to the maximum elastic rotation, émax»
which occurred at the onset of inelastic action (see Fig 39).
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The ultimate ductility ratio is defined in terms of the rotation
capacity as follows:

uype = 1.0 + Ry (30)

In References 16 and 17, the quantities ¢p,¢ and By,y ave
measured in terms of the tctal member end rotation; whereas in
DYNFA, these quantities are measured in terms of the relative
member end rotation. Nevertheless, computing R. in terms of
either of these quantities produces similar results. Hence,
the DYNFA method for computirg the ductility ratios is consistent
with the method used in References 16 and 17 for establishing
the ductility criteria.

Members Subjected to End Moments

The 1imiting rotatior. capacities will vary depending upon
the nature of the applied loads/moments and the conditions of
restraint existing at the member ends. To provide a basis for
the design of beam columns, data were developed ftor most, if not
all, of the various types of loadings and end conditions en-
countered in frame structures. Rotation capacity data are pro-
vided in Reference 16 for beam columns subjected to bending
moments applied at one or both ends of the member. These data
are presented in rigures 41 and 42. The figures present the
relationship between the rotation capacity and the applied axial
load for members with varying slenderness ratios. In the fig-
ures, the applied axial load, P, is expressed in non-dimensional
form as a fracticn of the ultimate tensile capacity, Pp; and the
slenderness ratio is designated by the ratio 7/r where I is the
total lenjth of the member and r is the radius of gyration about
the axis of bending. Figure 40 contains an index which corre-
lates the loading condition with fthe appropriate ductility
criteria.

Members Subjected to Lateral Loads

The design data for laterally-loaded members were developed
using the methods and data providad in References 17 and 18.
Rotation capacity curves fcr laterally-loaded members were devel-
oped using a numericai integration procedure (Ref 18} to determine
the lateral load versus end rotation relationship for the member.
A typical curve is depicted in Figure 39. As illustrated in the
figure, the maximum elastic (¢max? and plastic (8y,y) rotations
are defined as the rotations which correspond to a lateral load
equal to 95 percent of the peak load on the curve. This defini-
tion is based on the results of tests on beam columns subjected
to applied end moments (Ref 16). These tests revealed a marked
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increase in the rate of collapse as the member unloaded to a
moment equal to 95 percent of its measured capacity.

The design data developed is presented in Figures 44 through
53. The loading condition considered for the generaticn of these
data consisted of a uniformly distributed Tateral load applied
simultaneously with a compressive axial load. The curves in
these figures express the 1imiting rotation capacity as a func-
tion of the slenderness ratio of the member and the applied axial
joad. The rotation capacities are computed for the location on
the member at which the first piastic hinge forms. Each curve
in these figures corresponds to a constant slenderness ratio.

In developing the design data for this report, the methods
of Reference 17 were extended to situations in which rotational
vestraints are provided at the ends of the member. The purpose
of this extension was to more accurately simulate conditions in
an actual structure, whare all members are provided with elastic
rotatioral restraints at their ends.

Two general conditions of rotational end restraint were
considered, namely: both ends nf the member restrained by elastic
elements of equal stiffness; and one end of the member elsstically
restrained and the other end pinned. The data provided for each
condition of end restraint were computed for five values of the
rotational stiffness of the restraining element. Each of Figures
44 through 53 contains the rotation capacity curves for one vaiue
of the retational stiffness. In each figure, the stiffness of
the restraining element is expressed in terms of the moment dis-
tribution factor of the beam column. Figure 43 contains ar index
of the figures for the various values of the distribution factors.

The distribution factor is commonly used in performing moment
distribution (Hardy-Cross) analyses of continuous beams. The
dis%ribution factor at one end of a frame member is computed as
follows:

where DFp = the distribution factor for frame
member AB at joint A

Kag = the relative rotational stiffness
of frame membei AB

K = the sum of the relative rotational
stiffnesses of all frame members
(including :nember AB) intersecting
at joint A.
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The reader is referred to one of the standard texts on indeter-
minate structural analysis (such as Ref 19) for additional quid-
ance in computing these factors.

The rotation capacity data provided in the figures cover a
range of cases in which the distribution factors for the frame
members vary from a minimum of 0.0625 to a maximum of 0.75. The
lower values (0.0625 through 0.25) reflect conditions of restraint
approaching fixidity; whereas the highest value (0.75) reflects
a condition approaching a pin-ended support.

Factors of Safety and Limiting Ductility Ratios

The data contained in the aforementioned figures represents
the values of the rotation capacities at a condition of imminent
failure. In order to provide an ample margin against collapse of
the member, a factor of safety is applied to these values in the
frame design. The safety factors specified are 4 for reusable
structures and 2 for non-reusable structures. Since the rotation
capacity data preclude fracture of the material, limiting duc-
tility ratios of 3 for reusable structures and 6 for non-reusable
structures are specified.

The ductility ratio utilized for the design of a beam column
is the minimum of either the ductility ratio derived from the
data in Figures 41, 42 and 44 through 53, or the limiting cuc-
tility ratio.

Use of the Rotation Capacity Curves

The data contained in Figures 41, 42 and 44 through 53 are
used in conjunction with the output of DYNFA to determine the
adequacy of the members of tha frame. The maximum allowable
ductility ratio for a member is determined in the following man-
ner. First, using the computed moments which occur when the
maximum ductility ratio is realized in the response, sketch the
moment diagram for the member. Compare this moment diagram with
those shown in Figures 40 and/or 43. These figures correlate
the data contained in Figures 41, 42 and 44 through 53 with the
various loading conditions for which the criteria were developed.
This correlation is accomplished on the basis of the moment dia-
grams produced by the various loading conditions.

It should be noted that the bending moment diagrams showm
in Figures 40 and 43 conform to the standard beam sign convention
(i.e., negative moment produces tension at upper or outside
flange of member). On the other hand, the bending moments printed
by DYNFA conform to a sign convention which is based entirely on
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the direction of rotation produced by the moment (i.e., negative
moment produces clockwise rotation). Therefore, when sketching
the moment diagram for a member, the signs of the moments must
be altered to conform to the standard beam sign convention.

Find the moment diagram in Figure 40 or 43 which has the
closest resemblance to the moment diagram constructed using the
DYNFA output and extract the ductility criteria for the member
from the appropriate figure(s) of those listed. Figure 40 is
generally applicable to members subjected to end moments; whereas
Figure 43 applies to laterally-loaded members. Figure 40 may
also apply in cases where small lateral loads are encountered.
Due to the complexities inherent in “he blast-induced response
of a frame structure, the peak response of an exterior member
may be produced by two effects, namely: the transverse loads
acting directly on thka member, and the bending moments applied
at the ends of the member. The latter effect is usually produced
by the direct loading on adjacent members or the overall sidesway
response of the frame. In such cases, the bending moment dia-
gram for the member at the instant it attains its peak recponse,
will exhibit characteristics of the moment diagrams for each of
these load cases. When this occurs, the ductility criteria for
the member is taken as the minimum of the ductility criteria for
the two loadings producing the member's peak response. Gen-
erally, the ductility criteria for the member will correspond
tu that for the lateral load case (Fig 43).

Second, from the printed output of DYNFA, read the axial
load ratio, P/P,, where P corresponds to the axial load in the
member when the maximum plastic rotation occurs and Py is the
ultimate tensile capacity of the member. Enter the aBpropriate
curve (in Fig 41, 42 or 44 through 53) with this quantity to-
cether with the slenderness ratio (Z/r) for the axis of bending
of the member, and read the 1imiting rotation capacity. Here,
the total length, 7, instead of the effective length, Ki, (where
K is the effective length factor), is used to compute the slen-
derness ratio. In some cases, interpolation of the data may be
required in areas where the curves are extremely sensitive to
variations in one or more parameters, such as: the slenderness
ratio, /v, or, in cases involving laterally-loaded members, the
distribution factor, DF. Here, engineering judgement will have
to be exercised to determine whether the interpolation is re-
quired. The following guidelines are offered to assist in the

interpolation:

1. For values of P/P, less than 0.20, plot a curve
of the values of EC versus 1/r for a constant
value of DF and P/Pp. Read from this curve the

60

il bt o i

e .

ik e st

LS S ) AT T et atrb e ndi



=TT

IR T
P SR {7 HREELE A i ikial RN g
o e s R o

i il bt et hallia thcdy it L Sandlh 2

N TR 5 T ST R T RS AT . " -

PR

value of R. for the value of 7/r required. For
values of E/P greater than 0.20, interpolate

for 1/r by 1ngpect10n.

To interpolate for values of DF, plot curves of
R¢ versus DF for constant values of P/Pp and 1/r;
use at least three points for this curve. Read
from this curve the value of R. for the distribu-
tion factor, DF, required.

When the distribution factor is less than 0.0625
or greater than 0.75, the values of shall be
taken as equal to those for distribution factors
of 0.0625 and 0.75, respectively.

When the distribution factors, DFpg and DFgp for
a member restrained at both ends are unequal,
enter the curves with the Tower of the two values
of the DF, and read the corresponding values of
Rc for each of the following cases:

a. Both ends of member restrained (Ref Fig
44 through 48). The value of R; for this
case is the upper 1imit of the rotation
capacity for the member.

b. One end restrained, other end pinned (Ref
Fig 49 through 53). The value of R; for
this case is the 1ower 1imit of the rotation
capacity for the member.

Using the two values of R. thus obtained, the value
of the rotation capacity $or the member is computed
as 11lustrated in Figure 54. In the example Shown
the distribution factor DFpg is taken as the lower
of the two distribution factors for the member.

The upper portion of the figure shows the tabulated
rotation capacities for cases a and b above. In
the lTower portion of the figure, the tabulated
values of R. are plotted versus the corresponding
values of DF for end B of the member. Since data
for only two points are available, the plot is
taken as a straight 1ine. The value of (R¢), for
the member is then determined by entering the plot
with the actual value of distribution factor, DFg,.

Finally, the 1imiting ductility ratio is computed by dividing
the rotation capacity by the appropriate factor of safety and
adding one to the resulting quotient.
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Limitations in Ductility Ratio Criteria for Beam Columns

The failure criteria related to beam columns was developed
un the basis of a series of non-linear analyses (Ref 16, 17 and
18) in which the following simplifying assumptions were made:

o ey o SRR NP RN e 3 e,
.

1. The member is subjected to in-plane bending only.

2. The ends of the member remain stationary; that is,
no differential displacement occurs between the
member ends.

3. In most cases, collapse will be caused by the
overall instability of the member, and therefore,
the effects of local failure modes, such as local
or torsional buckling, can be neglected.

In the first instance, it was considered appropriate to base
the criteria on the in-plane bending behavior oY beam columns
and account for the effects of bi-axial bending by using reduced
bending capacities in the frame analysis, as described in Sec-
tion 7. Application of the provisions in Section 7 will yield
an ample margin of conservatism which precludes the need for a
three-dimensional stability criteria.

The second assumption neglects the possible reductions in
the rotation capacities of the columns due to sidesway motions
of the frame. However, these reductions are partially accounted
for by the inciision of the P-A effect in the analysis. In addi-
tion, they will be offset, to some extent, by the stabilizing
effects of the inertial forces on the member, which retard the
buckling process.

TR AR A e L Nl il G s
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Frame members designed according to the provisions contained
in Sections 3.3.4 through 3.3.6 of Reference 1 will not be sus-
ceptible to local failures, such as local buckling or lateral
torsional buckling. Therefore, the exclusion of the local failure
modes from the development of the criteria is appropriate. How-
ever, in some cases, the design cannot conform to the referenced
specifications and, therefore, the possible occurrence of these
types of failures may reduce the available rotation capacity of
the member (Ref 16). Reductions caused by lateral torsional
buckling are partially accounted for by using a reduced bending
capacity for the member in the analysis (Section 4.4). However, :
additional data is required to establish criteria for beam columns |
subjected to local failures. At present, there is little data i
available for this purpose and, therefore, in the absence of this
data, it may be necessary to restrict the amount of inelastic
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. action to much lower levels than those specified in this section.
: N In extreme cases, it may even be necessary to design the members
1 to remain elastic throughout the response. Here, the designer

- must exercise some jud?ement in assessing what level of inelastic
dynamic response is tolerable.

6.5 Summary of Criteria

; 1. Sidesway and end rotation criteria ©
}; a. Reusable structures % :
$ I
3 For sidesway, maximum §/H = 1/50 T
lé For individual frame members, épmax = 1° i
:z b. Non-reusable structures 3
For sidesway, maximum §/H = 1/25
g For individual frame members, Omax = 2° é
2. Ductility criteria ‘:
s a. Reusable structures s
1 Members subjected to combined bending and axial i
a tension, Hmax = 3 f
'ff Members subjected to combined bending and axial ;
E compression: f
i Hmax = 1 * Re/4 ?
1 or
3 umax = 3. whichever governs. ]
% b. Non-reusable structures é
i Members subjected to combined bending and axial .
B tension, mgy = 6 3
b 1
¢ Members subjected to combined bending and axial :
: compression: :
63
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or
umax = 6, whichever governs.

Note: 1. R. in the above equations dasignates the
uftimate rotation capacity read from the
appropriate curve of those provided in
Figures 41, 42 and 44 through 53.

2, The limits specified apply to plastic
deformations occurring within the span
of a member or at the member ends.
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SECTION 7
DESIGN METHODS FOR BI-AXIAL BENDING OF COLUMNS

7.1 Introduction

The nature of the biast 1oading on rectangular buildings is
such that, for any direction of shock wave propagation, some
buiiding columns, if not all, are subjected to bi-axial bending.
To illustrate this, consider the structure shown in Figure 55, i
which is typical of those encountered in ammunition facilities. '
Under the influence of Shock Front I, 211 of the Y-direction
frames will experience sidesway motion, while those in the X- :
direction will not. In addition, all of the exterior columns on :
1ines 1 and 4 will respond to the side-on pressures. As a con- ‘
sequence, all of the exterior columns will undergo bi-axiai bend-
ing while the interior columns experience bending about one axis
only. If the effects of Shock Front Il are considered, bi-axial
bending occurs in all of the columns.

When designing the interior Y-direction frames for Shock
Front I, each frame can be anaiyzed with DYNFA as an independent
structural system. However, in situations where bi-axial bending
occurs (such as those described above), the frame design, and
therefore the DYNFA analysis, must account for the interactions
between the responses of orthogonal frames. Since the analysis
performed by DYNFA is restricted to uni-axial bending of the
frame members, an approach is needed whereby the applicability of
the program can be extended to situations involving bi-axial bend-
ing. Such an approach is presented in this section.

7.2 Basic Procedure

A more rigorous approach to the problem would entail a
three-dimensional elasto-plastic analysis of the entire building.
For the general type of structure encountered, this would consti-
tute an impractical task. An alternate approach has been devel-
oped which utilizes the DYNFA program as described below.

Briefly, several representative frames spanning in each di-
rection are selected for analysis with DYNFA. In cases involving
shock waves normal to one of the exterior walls of the building
(such as Shock Wave I shown in Fig 55), the procedure can be
simplified as only the exterior columns of the side wall experi-
ence bi-axial pending. Hence, the analyses of the frames posi-
tioned perpendicular to the blast direction can be omitted and
the responses of the exterior colimns to the side-on pressures
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can be estimated on the basis of single degree-of-freedom
analyses.

Two DYNFA analyses are performed for each selected frame.
In the first analysis, inelastic beghavior of the columns is ne-
glected. This is accomplished by using fictitiously high bend-
ing moment capacities (at least 2 to 3 times the actual capacity)
for the elements representing these members. Based on the results
of the first group of analyses, the bending capacity about each
axis of each building column 1s reduced to account for the simul-
taneous application of bending moments about both axes. With
reduced bending capacities specified for the columns, each frame
is re-analyzed with DYNFA. The inelastic behavior of the colums
is included in the second group of analyses. The adequacy of all
frame members is assessed on the basis of the results of this
second group of analyses.

Additional information on the procedure is provided in the
remainder of this section.

7.3 Use of Results of First Group of Analyses

General

The resuts of the first group of analyses are used for two
purposes, namely: to make a preliminary assessment of the struc-
tural integrity of each frame analyzed, and to determine the re-
duced bending capacities of the columns for use in the second
group of analyses.

Preliminary Assessment of Structural Integrity

[he structural integrity of the frame members is investi-
gated on tne basis of the criteria specified in Section 6. From
the DYNFA results, tabulate the following response parameters.,
namely: the peak sidesway deflection of each frame, and the
maximum chordal angle and ductility ratio for each girder. Also
tabulate the maximum chordal angle for each exterior column.
Procedures for using the printed output of DYNFA to determine
the sidesway deflectinns and chordal angles are presented in
Section 9. The ductility ratios are computed and printed by
DYNFA. Compare these quantities with the frame design criteria
of Section 6. At this stage of the design, margins of 10 to 20
percent of the 1imiting values are required between the computed
response parameters and the design criteria. Where such margins
are not apparent, increase the sizes of the under-designed men-
bers and rerun the analysis of that particular frame. These
margins are necessary to insure that the inelastic deformations
of the frames in the second group of analyses will not exceed

the design criteria.
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Reduced Bending Capacities of Columns

Following the preliminary assessment of the structural in-
teyrity, the desigu proceeds with the computation of the reduced
bending capacities of the columns. For a given column, tabulate
at each nodal point on the member, the maximum bending moments
which occur about each axis. Because only a few representative
frames in each direction are analyzed, the printed output of
DYNFA will not contain the peak bi-axial bending moments for
eve-v colymn being investigated. However, it can generally be
av..wed that the response histories of several successive frames
spanning in one direction will be similar in magnitude, frequency
and duration, provided that the members of these frames have
similar properties and the loadings on each frame are similar in
magnitude and duration. By virtue of this assumption, the DYNFA
results for one column may be applied to another. For instance,
suppose the desired quantity is the peak moment about the X-axis
of column B3 (see Fig 55), but frame 2 was analyzed, not frame 3.
In this case, the desired moment is taken as the peak X-axis
moment for column B2. This assumption applics for estimating the
responses of the leeward exterior frames; that is, the response
of frame 4 can be assumed to be equal to the response o) frame 1
provided that the loadings for both frames are similar. When
larger pressure differentials occur between the ends of the build-
ing, it may be necessary to analyze all of the extarior frames.

With the peak-applied moments, and M{. tabulated at each

n~:* ~rint, the ncdal capacity reduction factors, Rp, are com-
v -5 shown below:

My [ M + (M1 /M = Ry (32)
where My, and M, are defined and computed as described in Sec-
tion 2.4,

To eliminate unnecessary analyses, the following Timits are
specified for the nodal reduction factor:

Rq < 1.25 for a reusable structure, and
Ry < 1.50 for a non-reusable structure.

These values apply to all but corner columns. The 1imits for
corner columns are:

Ry < 1.5 for a reusable structure, and

Rn < 2.0 for a non-reusable structure.
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if all nodal reduction factors for a member are greater than
the Timitine value, the member should be increased in size. On
tie other hand, 1f all of the reduction factors are less than one,
decrease the size of the member. Compute nodal reduction factors
for the new member using 1ts bending capacities and the tendivg
mements, My and My, computed for the original member.

Reduced monent capacities for the second group of analyses
are then computed as follows:

Mox = M /Ry (33a)
Moy = [My[/Ry (33b)

Monsent capacity reductions are effecied at every nodal point on
each colum. To {11Tustrate the use of Equation (33), a sample
computation is provided in Table 6 for a co umn subjected to bi-
axia’ bending. The column involved is mcdeled with two alements
(° nodal points).

7.4 Use of Results of Second Group of Aralyses

In the second phase of the analysis, the frames are re-
analyzed with reduced bending capacities specified for the ele-
ments representing the columns. The results of this secor group
of anaiyses ard then checked against the design criteria of Sec-
tion 6 to determine the adeguacy of the frame members.
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SECTION 8
USER'S MANUAL FOR DYNFA

8.1 Introduction

1 The material preseziited in this User's Manual includes a sum-

! : mary of the program capabilities, descriptions of the input data,

b , specifications of the computer usage, dimensional limitations of

9 ' the program, and the formats for the input data cards. A graphical
: illustration showing the arrangement of a typical data deck is
presented at the end of the section. The prin.ed output of the
program is described in Section 9.

; 8.2 Capabilities of Program

The DYNFA program performs a multi-degree-of-freedom non-
linear dynamic analysis of a frame structure subjected to arbi- 3
trary time~dependent 1cadings. The program considers the P-A 3
and beam-column effects in the analysis. In addition, the program
contains a static analysis routine. When this routine is utilized, <
the static nodal displacements and element loads are used as the :
initial conditions for the dynamic analysis. i

TR T T

The results of the dynamic analysis consist of the deforma- :
tions of the stiructure expressed in terms of the nodal displace- ‘
ments and ro :ations, the axial loads, bending moments and shears ]
in each of the elements, and the plastic deformaticns expressed i -
in terms of ductility ratios for the elements. i

8.3 Input Data ;!
g

The input data are transmitted to the computer program via
punched cards containing the following data which are related ¢~

L SV S

TR P G T TR T S T S e ST T

the analytical model of the structure: %»
i 1. The coordinates of the nodal points in ¢ right-handed '
? Cartesian coordinate system. 3
f 2. The translational and rotational restraints snecified i
3 for the support nodes. :
f 3. The masses assigned to the mass points. %;
: 4, The nodal connectivities, cross-sectional properties, f'
. and the axial load and bending moment capacities of
; the elements.
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\f % 5. The integration time interval and the number of these g
? ] time intervals for computing the response of the structure. 1
3 . 6. The pressure waveforms for simulating the transient i
3 loading on the structure. é
] 3
3 7. The tributary loading areas assigned to the mass g
2 points on the exterior members. é
% Before the input data can be punched on cards, identification E
5 numbers must be assigned to the nodal pnints, elements and pres- 4
ﬁ sure wavefaorms. Three distinct sets of identification numbers are :

establishad: one set for the nodal points, one tor the elements
and a third for the pressure waveforms. The numbers in each set
must be in sequential order begiuning with the number i1; gaps in
the numbering are not permissible. The appropriate identification -
' number must be entered on input cards containing data pertaining ;
« to any of the aforementioned input parameters. Figure 56 shows
identification numbers for the nodal points and elements of a
5 typical model. In the figure, the element numbers are enclosed in
e . circies in order to distinguish them from the nodal point numbers.
5 ‘ 1t is often desirable to do this in order to avoid confusion.

Additional information pertaining to the various input quan-
tities is contained in the following sections.

8.4 Nodal Coordinates

The nodal coordinates locate the position of the nodal points
with respect to the origin of a right-hand Cartesian coordinate
system (commonly referred to as the global coordinate system).

The orientation of this coordinate system and the location of its
- origin is chosen by the analyst. The nodal coordinates, in effect,
1 define the geometry of the analytical model.

The sign convention of the global coordinate system must be
rigidly adhered to when specifying such input parameters as the
3 nodal coordinates, tributary areas and static loads. To facilitate
. the data preparation, the axes of the global coordinate system
1 should be directed horizontally and vertically, and the positive
directions of these axes should be established as follows:

1. The positive direction of the horizontal axis
should be taken in the direction of the propagation

{. cf the shock front, and

E 2. The pusitive vertical axis should be directed upward.

]
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Figure 56 shows the global coordinate system for a typical
mod2l. In order to minimize the possibility of errors in the
preparation of the input data cards, the origin of the global
system should te located such that most, if not all, of the nodal
coordinates are positive quantities. This is accomplished by
lecating the origin at the lower left-hand corner of the model,
as shown in Figure 56€.

In the input data specifications and in the printed output
of the proaram, the global axes in the plane of the model are
designatud as the X and Y axes. The giobal Z exis is perpen-
dicular to the piane of the mcdel. The pocitive direction of
the global Z axis ic established by the application of the
right-hand rule.

The global coordinate system establishes the signs and di-
vections of the nodal displacements computed by DYNFA.

8.5 Conditions of Restraint

iranslational and/or rotational restraints are specified for

nodal points corresponiding to support points. Restraints are
specified for the individual components (translations in the X
and Y axes and rotation about the Z axis) of the aisplacement
vector at a nodal point. Where no restraint is apparent, tione
should be specified. Figure 57 i1lustrates th2 manner in which
the support conditions for a structurc are specified in terms

of nodal restraints.

Caution must be exercised when specifiing this input data
as errors will completely alter the results of the anaiysis.
In addition, enough nodes must be restrained to prevent rigid
body motion of the meodel.

8.6 Lumped Masses

Masses are assigned to selected nodal points in the model.
The methods utilized to dictribute the mass in the mode! are pre-
sented in Saction 4.3. Two masses, one for each translational
degree of vreedom, may be specified for each mass point; however,
the mass quantities specified for a single mass point need not be
equal. Positive and/or negative signs must rever be assigned
to these quantities.
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8.7 Input Data for Elements

General

The data requirec¢ consists of the nodal connectivities, the
cross-sectional properties and the axfal 1oad (tensile and com-
pressive) and bending moment capacities. The input data related
to the nodal connectivities are discussed in this section. The
other items are treated in Section 4.4.

Nodal Connectivities

The nodal connectivities are the nodal points at the ends of
each elenent. These quantities define the connectivity of the
members of the structure; hence, they establish the configuration
of the model.

The nodal conpectivities are also used to define a right-
hand Cartesian coordinate system associated with each element.
This system is commonly referred to as the local coordinate
system. The local axes in the plane of the model are designated
the x-y axes; the local axis perpendicular to the plane of the
model is designated as the z axis.

The Tocal x axis for an element coincides with its longi-
tudinal axis; the direction of the lecal x axis is determined by
the order in which the nodal connectivities are entered on the
element input card. The first nodal point number punched on the
element card is taken by DYNFA as the origin of the local system.
The positive direction of the x axis is from the first to the
second nodal point number specified for the element. The direc-
tion of the positive z axis taken by the program to be identical
to that chosen by the analyst for the global Z axis. The posi-
tive direction of the local y axis is determined in the program
by the application of the right-hand rule. The local coordinate
system for an element is shown in Figure 58. The designations
JA and JB in the figure refer to the first and second nodal
points entered on the element input card.

Local coordinate systems for colinear and/or parallel ele-
ments should have the same orientation. In this way, the axial
loads and shears for these elements will conform to the same
sign convention. It is also recommended that the elements repre-
senting a single frame member be numbered sequentially, and that
the numbering of these elements begin at one end of the member
and proceed to the other erd. In this manner, the Toads and
bending moments for the member will be printed out in a properly
ordered block of data.
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Pinned Connections of Elements

In the DYNFA analysis, it is assumed that the relationships
between all force and displacement vector components of an ele-
ment are governed by ideantical continuity and equilibrium equa-
tions. In many structures, there may be local deviations from
this condition. In frame structures, such deviations are caused
by non-rigid member connections and other types of structural
discontinuities such as splices in the span of a member or the
pinned connections of diagonal braces in braced frames. The
DYNFA program has provisions for including these structural dis-
continuities in the analysis. In DYNFA, structural discontinuity
is simulated by inserting a local pin at the end of an element.
The specification of a local pin indicates that the moment at the
pinned end of the element is zero. Local pins produce discon-
tinuities in the individual elements for which they are specified;
they do not alter the conditions of continuity and equilibrium
for other elements. Figure 59 illustrates the manner in which
several types of member connections are specified in terms of
Tocal pins.

The careless use of local pins can lead to errors in the
analysis. Where a moment discontinuity exists at the intersection
of two elements, only one intersecting element shouid be pinned;
pinning both elements at the same node will produce a singularity
in the system stiffrness matrix causing a premature abortion of
the program execution. Local pins should never be used to specify
a pinned support node. The pinned condition at a support node is
automatically created by the exclusion of a rotational restraint
for the node.

8.8 Integration Time Interval and Duration of Response

Integration Time Interval

Determining the integration time interval, to be utilized
for the numerical integration, involves estimating the frequency
of the highest mode of vibration of the model. The increment to
be used should be approximately 1/20 of the period of vibration
of the highest mode in the model, whether it be an extensional
or bending mode.

The equation for the period of the primary extensional mode
of a member is:

Ta = Zm/[:ﬂm (34)
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where T, = the period of the primary extensional mode
L = the total length of the member

Me = the concentrated mass at the end of the
member. The mass utilized is associated
with the dynamic degree-of-freedom in the
direction of the longitudinal axis of the
member. When masses are concentrated at
both ends of & member, the lesser of the
two should be used to compute the period.

A = the cross-sectional area of the member
E = the modulus of elasticity of the material.

The bending modes considered comprise the higher order
bending modes of the individual members. Only members with in-
termediate mass points are investigated. The general equation
for computing the natural period of vibration for the bending
mode of a beam is:

Tp = ('I/C)Vﬁ-ileEI (35)

where the parameters L and E are defined above and the remaining
parameters are defined below:

Tp = the natural period of vibration

M; = the summation of the masses at all
intermediate mass points on the member
I = the moment of inertia of the member
C = constant

Values of the constant "C" are provided in Table 7 for beams

with up to four intermediate mass points between supports. In

the table, data are provided for members with different support
conditions. In choosing which support condition applies for a
given member, consideration should be given to the rotational
restraint provided at the ends of the member by adjoining members.
Only the period of the highest mode cf the member is required.

The proper selection of an integration time interval is
mandatory when utilizing numerical integration procedures.
Using an increment that is too large will result in a numerical
integration which either produces erroneous results or becomes
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unstable; while using an increment that is too small entails
greatly increased computer costs.

Duration of Response

The number of integration time intervals specified in the
input is determined on the basis of the natural period of the
sidesway mode of the frame. Generally, the response is computed
for a duration of one half the period of the sidesway mode. In
most cases, all of the significant responses will occur during
this time interval. If the rebound of the frame is desired, the
computation of the response is extended to a duration equal to
the period of the sidesway mode.

The sidesway natural period of single-story rectangular
frames is computed using the following equation:

Ty = 2m/m 7KK, (36)
where Ts = the natural period of the frame

me = the equivalent mass of the frame consisting
of the total roof mass plus one third of
the column and wall masses

K = the stiffness factor for single-story
rectangular frames subjected to uniform
horizontal loads. This quantity is
defined in Table 8.

KL = a load factor that modifies K

0.55(1 - 0.258)

8 = base fixity factor (i.e.. B = 0 for a
pinned base and g = 1 for a fixed base)

The natural period for rigid frames with supplementary
diagenal tracing is given by:

Ts = 2n/hg /(KK + Kp) (37)

A11 parameters in this equation, with the exception of K, are
defined above. Kg is the horizontal stiffness of the diagonal

bracing system which is given by:
Kp = (nAgEcos3y)/L (38)
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where n = the number of diagonal braces

Ay = the cross-sectional area of a diagonal
tracing member :

vy = the angle between the bracing member and
a hurizontal plane

Note that the frame sciffness, K, is zeru for braced frames
with non-rigid connections.

The number of time increments specified in the input is
computed as shown below:

NDT = 1 + T¢/at (39)
where NDT = the number of time increments specified
in the input
T¢ = the desirad duration of the respohse
At = the inteyration time increment

When computing NDT, the quotient Tg/At is always rounded off
to a whole number.

Time Interval for Printed Output

An additional time parameter can H2 specified in the input.
This parameter indicates the number of intecration time stations
to be skipped in the printed output. Since the sighificant re-
sponses of the structure occur in low frequency modes, the re-
sponse need not be printed out at every integration time station
as much of these data would be of little interest. Generally,
the time interval utilized for printing the response output is
taken as .0 to 20 times the integration time increment.

8.9 Pressure-Time Histories and Tributary Areas

General

The blast loading on the frame is specified in two parts.
The first part consists of the pressure-time histories; the
second part consists of the tributary areas assigned to the mass
ggintg. Methods for computing these data are provided in Sec-
on 5.
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Input Specification of Pressure-Time Histories

The input specification of each waveform consists of the
pressures acting at discrete times. The waveform is approximated
in the analysis by a series of intersecting 1inear segments.

Each waveform must be defined for a time interval which begins at
t = 0.0 second and extends through the specified duration of the
response. (ntervals of zero pressure must be accounted for in
the input. Figures 60 and 61 show the digitized pressure-time
data that are entered in the input for the typical waveforms
depicted in Figures 28 and 29, respectively. Note that the
digitized data specification for each waveform includes the time
interval during whicn the pressure is zero.

Each pressure waveform must be assigned an identification
number. These numbers are used by DYNFA to match the pressure
waveforms with the corresponding tributary areas.

Input Specification of Tributary Areas

The assignment of the tributary areas to the various mass
points is described in Section 5.2. Each input card containing
tributary areas must also contain the nodal point number of the
mass pnint to which the areas are assigned. Two areas may be
entered for each mass point. Each tributary area that is entered
in the input must be accompanied by the appropriate pressure
waveform identification number.

8.10 Specification of Dead and Live Loads

The static analysis routine in DYNFA is provided for the
purpose of performing the dead and 1ive load analyses of frames.
Two types of static loadings can be specified in the input.

The first consists of uniformly distributed loadings on the
elements. The direction of these loads is established by speci-
fying the axis of the global system (X, -Y) in which they act.
The second type consists of concentrated loads applied directly
to nodal points. Concentrated nodal loads conform to the sign
convention of the global coordinate system.

The dead load supported by a frame consists of the weight
of all roof structure and some wall structure within its tribu-
tary strip of the building. The distribution of the dead load
of the roof is dependent upon the positioning of the purlins.
When the purlins are parallel to the frame, the dead loads of the
roof are distributed in the following manner:
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1. The weight of decking supported by the girder,
plus its own weight, is applied as a uniformly
distributed Toad to the elements representing the
member.

2. The remainder of the roof dead load is applied
a series of concentrated nodal loads at the girder/
column intersections.

When the purlins are positioned normal to the frame, either
of two procedures are utilized, depending upon the number of pur-
lins supported within the span of a particular girder. In cases
involving girders supporting three or less purlins, the follow-
ing procedure should be utilized:

1. The weight of the girder is applied as a uniform
Toad to the elements representing the member.

2. The weight of a purlin and the decking it sup-
ports is applied as a concentrated load to the
nodal point corresponding to the purlin/girder
connection.

3. The remaining dead load of the roof supported
by the frame is applied as a series of concentrated
loads at the girder/column intersections.

When more than three purlins are supported within the spar of a
girder, all weight supported by the member, plus its own weight,
is applied as uniformly distributed loads to the elements rep-

resenting the girder.

It is debatable as to what portion of the wall structure
is supported by the frame. Certainly, the columns support them-
selves; hence, the weight of these members is applied as uniform
loads to the elements representing them. In single-story build-
ings, the secondary structure of an exterior wall supports itself.
However, it is conceivable that blast-induced failures in the
siding or in the connections of the siding to its support could
result in the redistribution of part or all of the dead load of
the wall structure to the coliumn. To account for this, one half
of the weight of the secondary structure of the wall is applied
as a concentrated nodal load at the exterior girder/column

connection.
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8.11 Computer Usage and Restrictions

The DYNFA program is written in FORTRAN IV for the CDC
6600 computer. The FORTRAN coding of the program is given in
Appendix D.

The size restrictions imposed by the dimensional constraints
of the procgram are summarized as follows:

[tem Maximum Number
Number of nodal points 30
Number of nodal points with
restraints 30
Number of mass points 30
Number of beam elements 30
Number of pressure waveforms 29
Number of discrete time stations
for each pressure waveform 20
Number of nodal points with
assigned tributary areas 30
Number of nodal points with :
concentrated loads (static) 30 3
Number of integration time ';
increments Unlimited 3
Number of output-time stations Unlimited
8.12 Units

The precgram utilizes either the International System (SI)
or the U.S. System of Units. The SI Units are contained in the
program; whereas the U.S. Units must be requested by the user in
the input. The units for the various input parameters are pro-
vided in Section 8.13. The units used in the output are speci-
fied in Table 9.
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8.13 Formats of Input Data Cards

Introduction

This section presents the formats used for specifying the
various input parameters.

There are 15 types of cards used to specify the input data
for this program in addition to a terminator card required to
signify the end of the data. Each type of card is described
below in terms of data format, definition and field allocations.
The numbers above the graphic representation of each card iden-
tify the last column in each data field of that card. The
letters below designate the format for the data. In fields
designated "I", the quantity entered must be right-adjusted to
the last column in the field. A decimal point must not be used
with "I" formatted input data. In the fields designated "F",

a decimal point is required; however, the number can be Tocated
anywhere within the field. Fields designated "A" may contain
alphanumeric data. A plus sign for a positive quantity must not
be used as it will abort the execution of the program. Minus
signs for negative quantities must be placed in the first blank
column to the left of the number.

Structural Data Cards
Card Type 1: Structure Descriptica Card (Required)

80

STRUCTURE DESCRIPTION CARD

("A" FORMAT)

This card may contain alphanumeric information in Columns :-80.
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Card Type 2: Problem Specification Card (Required)

s| o] 15| 20 25 30 45
mw}w:x NNORJNNOW NNOF| IPP iMPV| E | YFACT
L "I" FORMAT e "E* FORMAT

T T A TR T (TR,

s5s] 60| 65| 7 got

o et

l-*1" FORMAT — (1)

_ NELM = Number of elements
3 NNODE = Number of nodal points
: NNOR = Number of nodal points with restraints

NNOW = Number of nodal points with assigned masses
(number of mass points)

P : NNOF = Number of nodal points subjected to
blast loads (< NNOW)

IPP = 1 The program prints the nodal displacements
and rotations at every output time station.
If this parameter is omitted, the nodal
displacement history will be excluded from
the output.

IMPV = 1 The program prints the element end loads
(axial load, shear and bending rioment)
at every output time station. If this
parareter is omitted, the element end
loads will be excluded from the printed
output.

T AT Y (A T e T L T T

E = Modulus of elasticity (SI Units: kilopascal;
U.S. Units: pounds per square inch).

YFACT = Fraction of elastic stiffness utilized after
yielding (see Section 3.3). If this parameter
is omitted, a value of 0.05 is used by the
program.
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NELAS = 0 Normal Option: The program performs an

NDEAD

NLNODE

NJ

elastic-plastic analysis of structure.

1 Inelastic behavior of elements will not
be considered in the analysis.

0 Normal Option: Program performs static
analysis on structure prior to the start
of dynamic analysis.

1 Static analysis of structure is omitted.

Number of nodal points with static loads.

If concentrated loads are applied to some

of the rodal points, an entry must be made
in the field.

Tnis parameter is omitted if concentrated
nodal loads are not utilized.

US: The program accepts the input in the
U.S. System ¢f Units. If no entry is made
in the field, the input is assumed to be
in SI Units.

Card Type 3: Nodal Coordinates Card (one card is required
for each nodal point)

10

20

NODE NO

30|
| 7

(1) —"F" FORMAT —

NODE NO
Xs ¥

The nodal point number

Nodal coordinates in the global coordinate
system (SI Units: meter; U.S. Units: inch) <
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Card Type 4:

for support nodes - see Fig 57)

10

20|

30

40

Nodal Restraint Card (Enter restraint cards only

ad e T T I

NODE NO

Iy

Fy

e

Card Type 5:

NODE NO

X

Ty

10

("1" FORMAT - ALL. FIELDS)

n

The nodal point number

1; component of the nodal displacement

in the direction of the global X axis
is restrained.

n

0; no restraint applied.

= 1; component of the noda: displacement
in the direction of the global Y axis
is restrained.

= 0; no restraint applied.

= 1; votation at nodal point is rastrained.

20

G; no restraint applied.

30

NODE NO

MX

MY

(I) b —"F" FORMAT —

NODE NO
MX

MY

s an AR e % 47 et 10 ik s s L 2 A

n

&3

Nodal Mass Card (Enter cards for mass points only.)

The nodal point number of the mass point

Nodal mass assigned to dynamic degree-of-
freedom in X-directien

Nodal wass assigned to dynamic degree-of-
freedom in Y-direction

1
i

A

3

£
e
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¥
j
f UNITS: SI System - kilogram o
§ U.S. System - pound-force (conversion to
g units of mass done by program)
{
g Card Type 6: Element Cards (one card required for each element)
1 5| 10} I5] 18]19{ 30 40
& ”
ELcemno| A | w8 U R(R| A 1
b _*I" FORMAT "F* FORMAT — |
g ’ 3
?_ 40 50 70 80 i
5 Mwa Mms Pe Py.
1 e "F* FORMAT . i
5 F
§ ELEM NO = The element number 3
¢ JA = Nodal point at end A of element i
3 (see Fig 58) ]
E? JB = Nodal point at end B of element
é‘ Pa = 1: Local pin at end A of element :
t (see Fig 59) :
g 1
3 Pp = 1: Local pin at end B of element j
3 (see Fig 59) j
A = Cross-sectional area (SI Units: centimeter 3
square; U.S. Uaits: inch square) :
: I = Moment of inertia (SI Units: centimeter é
3 fourth; U.S. Units: inch fourth) :
P :
f Mna = Ultimate bending capacity of element at :
: end A (SI Units: kilonewton-meter; )
] U.S. Units: pound-inch) i
; Mpg = Ultimate bending capacity of element at ﬁ
E end B (Units: see above) ;
‘ 84
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D Ultimate dynamic load capacity in axial
tension (SI Units: kilonewton; U.S.
Units: pound)

Ultimate dynamic load capdcity in axial
compression (Units: see above)

©°
| =4
n

Card Type 7: Damping (Required)
10}

DAMP

(F)

DAMP = Percentage of damping expressed as a
decimal

Card Type 8: Integration Time Card (Required)(Section 8.8)

5‘7 10 20 30
/ NDT oT NSKIP
(1) (F) (1)
NDT = Total number of time integration steps

oT
NSKIP

Integration time interval (Units: second)

Number of integration time steps to be
skipped between printout of structure's
response. For most amplications, specify:
10 < NSKIP < 20. An eniry is required
when the quantity one (1) is entered for
the parameters IPP and IMPV on Card Type 2.

Loading Data Cards

Input Cards for Dynamic Loads

The input required for each pressure waveform consists of
one Pressure Waveform Specification Card (Card Type 10) plus
several P-T Cards (Card Type 11). One F-T card is required for
each point in the waveform. A1l of the input cards for a wave-
form must be grouped together in the data deck.

85




Card Type 9: Loading Specification Card (Required)

IOI
w

(I)
NWF = Number of pressure waveforms

Card Type 10: Pressure wWaveform Specification Card
(one card required for each waveform)

20

10

WF NO NPOINT

v ot 072077,

WF NO = Pressure waveform identification number
NPOINT = Number of points (pressure versus time)
in waveform

Card Type 11: P-T Card (one card required for each point in
waveform) (see Fig 60 and 61)

10 2(4
Pi Ti
l—"F" FORMAT——
P; = The pressure of point i (SI Units: kilo-

pascal; U.S. Units: pound per square inch)

The time associated with point i

Ty
(Units: second)
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Card Type 12:

10

Tributary Area Card (enter cards only for mass
points subjected to hlast loads)

20}

30

40

50[_‘

NODE NO

AFX

INDXX

ATY

INDXY E

(I)

NODE NO
AFX

INDXX

AFY

INDXY

NOTE:

(F)

(1)

The nodal point number

(F)

(1)

degree-of-freedom in the X-direction

(SI Units:

inch square)

meter square; U.S. Units:

degree-of-freedom in the Y-direction

(Units:

= Identification number of pressure waveform
associated with ioad in the Y-direction

see above)

The tributary area associated with dynamic

= Jdentification number of pressure waveform
associated with 1cad in the X-direction

= The tributary area associated with dynamic

1. The quantities AFX and AFY can be positive
or negative depending on the direction of

the applied force with respect to the

global coordinate system.

Input Cards for Static Loads

Card Type 13:

Element Uniform Loads Direction Indicator Card

Ay 4

(Required)
2 at
/
now 7777 70 7
(A)

ADIR = The direction of the uniform loads
specified in terms of the axis of the

REFRPIN C MR AR e e it s e s e e & amate

global coordinate system in the direc-
tion of the applied loads.
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Card Type 14:

TN T TR TR T Ty

loads act in the negative direction of
the axis, a minus sign must be included
(f.e., =X, -Y). The entry must be
right-adjusted in the field.

Element Uniform Loads Card (one card is
required for each element)

10 20
/?;22:;;;7"ég;;g;;ég;;;g;;é;é;;iga
ELEM NO | WUNIF //
(X) (F)
ELEM NO = The element number
WUNIF = The uniform load acting on the element

Card Type 15:

(ST Units: kilogram per meter; U.S. Units:
pound-force per inch)

Nodal Load Cards (enter cards only for those
nodes at which static loads are acting)

10 20 30 40/
wen| |~ | v W
(1) b——  “F" FORMAT— —— |
NODE NO = The nodal point number
FX = Static Toad in X-direction (SI Units: kilo-
gram; U.S. Units: pound-force)
FY = Static load in Y-direction (Units: see above)
MZ = Static moment around Z-axis (SI Units: kilo-
gram-meter; U.S. Units: pound-force-inch)
NOTE: The number of these <ards (Card Type 15)

entered must be specified by an entry
for the parameter NLNODE on Card Typa 2.

88

Ll e

NS PR RN

e s e

A kol LA s et A s

e PN U T IROLS VLT VO T T




:
E :
i
L
4
v
!
3

= W ey g e e

P8 oo T e e

I T e eV e

T

T T B T Y T e e s

"

TN < e

R

SOSTSRF- LNE S LW

End of Data Indicator

3
END
(a)

The word "END" must be punched in card colums 1
through 3.

8.14 Arrangement of Input Data Deck

A graphical representation of a typical input data deck is
provided in Figure 62. Note that the data cards containing each
of the principal input quantities (nodal coordinates, masses,
etc.) are entered in a separate hlock of cards.

8.15 Multiple Job Processing

Several problems can be processed in one computer mur by
simply stacking the input data decks for each problem one after
the other. The end of data indicator is then placed after the

last data deck.
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{ SECTION 9
COMPUTER PROGRAM OUTPUT

9.1 Introduction

E This section presents a descripticn of the printed output
of DYNFA. Included also is a discussion on the utilization of
the output for the design of the frame menbers.

The printed output of the computer program consists cf four

: parts:
= 1. A summary of the units (in either the SI or U.S. System

of Measurement) for the input and output parameters. ]
: 2. A summary of the input data for the analysis.

3. The response of the structure tc the applied loads.

f 4, A compiiution of significant response parameters. 3

3 The first item requires no further explanation; the others :
are described in the remainder of this section. Samples of the ;
printed output ave provided in Appendix B.

9.2 Summary of the Input Data

The second part of the output consists of a printed summary
of the input data entered on punched cards. The data printed in-
cludes the program control parameters; the nodal coordinates,
restraints and masses; the elemnent tahle containing the element

? nodal .conviectivities, cross-secticnal properties and capacities;

; the pressure waveforms and tributary areas; and the dead and live '
g Toads in the form of uniform loads on the members and ~oncentrated ;
: loads at the nodes. Presentation of the input in this form §

facilitates checking of these data.

9.3 Response of the Structure

el by it

The response of the structure to either static or dynamic
loads can be expressed in terms of the following parameters:

1. The displacements of the nodal points.

2. The axial loads, shears and bending moments at
the ends cf the elements.
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3. The elastic and plastic components of the rotations
at the ends of the elements.

In the printed output of DYNFA, the structure's response to
static loads is expressed in terms of the nodal displacements
and element end loads (parameters 1 and 2 listed above); and its
response to blast loads is expressed in terms of time histories
of all three of the parameters listed above. The printing se-
quence consists of the structure's response to the static loads
followed by its response to the blast loads.

The units utilized for the output of the response are given
in Table 9.

The format of the printed output of the dynamic respcnse
consists of three tabulations of data, one for ea:h of the param-
listed above. These data are printed out at every output time
station (see Section 8.8). Each output time station is identi-
fied by its respective response time which is printed just prior
to the three tabulations of response data. The first tabulation
of response data contains the displacements of all of the nodal
points in the model. Three components of displacement are printed
{for eazh nodal point. Thay are the translations in the X and Y
directions of the glowal coordinate system and the rotation about
the global 7 axis.

Immediately following the displacements are the elemant axial
loads, shears and bending moments. These quantities are refer-
enced to the local coordinate systems of the respective elements
as shown in Figure 63. The quantities printed and the symbols
used to identify them in the output are listed as follcws:

1. The element number (ELEM)

2. The axial load at end A (PA).

3. The ratio of the axial load at end A to the axial
load capacity (FA/PC). The capacity used for
the computation depends upon whether the load
is tension or compression.

4. The shear at end A (VA).

5. The bending moment at end A (MA).

6. The ratio of the bending moment at end A to the
bending moment capacity of the element at end A
(MA/MMA) .

9
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7. The shear at end 8 (VB).
8. The bending moment at end B (MB).

9. The ratio of the bending moment at end B to the
bending moment capacity of the element at end B
(MB/MMB) .

A1l of the ratios (Items 3, 6 and 9) are printed as the
absolute value of the quantity.

The third tabulation of data consists of the elastic and
plastic components of the element end rotations (see Section 6.2
and Fig 37 and 38). These quantities are not printed for the
static load case. The rotations are computed and printed out at
both ends of each element. When the end of the element is in the
elastic condition, the elastic rotation varies with time, while
the plastic conponent remains constant at a value of zero. In the
plastic condition, the elastic component remeins constant, while
the plastic component varies. The plastic rotation increases in
magnitude until a peak value is reached, at which time the program
records the peak value and resets the plastic component to zero.
Successive deformations are recorded as elastic rotations until
the element, once again, attains the playtic condition.

In some cases, anomalies occur in the time histories of the
element end rotations. The most common occurrence is a decrease
in the moment while the element is in the plastic condition.

This is caused by an increase in the axial load occurring simul-
taneously with the decrease in tha bending moment. As discussed
in Section 3.3, the time dependency of the bending moment is not
related to that of the axial load. In addition, the rate of
change of the axial load is much greater than that of the bend-
inq moment; therefore, it is conceivable, upon inspecting Equa-
tion (10) of Section 3.3, that the relative decrease in the
moment could be offset by the relative increase in the axial load,
thereby indicating that the element remains in the plastic condi-
tion while the moment is decreasing. The event described gen-
erally occurs after the peak plastic rotation has been achieved.
It usually exists for a relatively short duration and therefore
has a negligible impact on the overall results of the analysis.

Another anomaly that might be encountered is the apparent
fluctuation of an clement into and out of the plastic condition.
This generally occurs in the early stages of plastic behavior.

It is again caused by the differing time variations of the axial
loads and bending moments. Generally these fluctuations are short
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in duration, and as such, they have a negligible impact on the
results of the analysis and can be ignored.

9.4 Compilation of the Significant Response Parameters

A compilation of the significant response narameters is
printad at the end of the output. The data printed consists of
the maxima and minima of various response parameters together with
the response times at which the maxima and minima are recorded.

Three tabulations of data are provided. The first two con-
tain response data related to the elements. The data printed in
the first tabulation, together with the symbols to identify each

parameter in the output, are listed below:

1. The maximum and minimum axial load (MAXP) together ;
with the corresponding bending moment (ASSOC.M) and 3

shears (ASSOC.V).

2. The maximum and minimum bending moments (MAXM)
together with the corresponding axial 1oads (ASSOC.P) ?
and shears (ASSOC.V). Included also is the momernt
capacity of each element (printed under the column |
heading MM) and the ratios of the peak moments to the ]

moment capacities (MAXM/MM).

The above quantities are printed for both ends of each
element.

The second tabulation contains the maximum and minimum
values of the elastic and plastic element end rotations, which
are printed under the column headings ELAS and PLAS, respectively.
These data are provided for both ends of each element. Provided
also are the maximum and minimum ductility ratios computed using
the tabulated maximum and minimum element end rotations. The
ductility ratioc are listed under the column heading D.R. Im-
cluded with the ductility ratios are the axial load to tensile
capacity ratios (printed under the column heading P/PP which
occur when the maximum and/or minimum plastic rotatfons are
achieved. An indicator is provided with these ratios which speci-
fies whether the axial load used in the computation is either a
tensile or compressive load. The indicators used are letters:
“T" for tension and "C" for compression.

The third tabulation consists of the maximum and minimum

values of the three components (translations in the X and Y axes
and rotation about the Z axis) of the nodal displacements. Here,
the column headings used are X and Y for the translations and R

for the rotations.
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9.5 Use of the Printed Qutput
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General :
The output of DYNFA i: used for four primary purposes: :
1
1. To detect errors in either the input data or the 3
E analysis. 3
?l 2. To evaluate the response of the structure. ?
i 3. To determine the adequacy of the frame members on ?
E the basis of the frame design criteria given in
4 Section 6.
’
b 4. To design the connections of ine Traie members.
The first two are explained in Problem A.5 of Appendix A. :
The third and fourth are discussed in the suvsequent paragranhs. i

B In order to ascertain the adequacy of the frame members,
three groups of response quantitie: must be extracted from the
printed output and then compared to the design criteria specified
in Section 6.

Sidesway Deflections §

T

The first group consists of the sidesway deflections of
ea~h story of the frame. These quantities are determined by com-
pui.ing the maximum differential displacements between stories of
the structure. Since all of the stories usually attain their peak
1 sidesway deflection at or about the same time in the response,
! the maximum differential displacements generally can be computed
using the tabulated maxima and minima of the nodal displacements
printed at the end of the output. Limiting values of the side-
sway deflection are given in Section 6.1.

e Sk b

Chordal Angles

4 The second group ot response data consists of the maximum
values of the chordal angle, 8, for ali of the exterior members
of the frames. The chordal angles are the end rotations of the
individual members with respect to a chord joining the member
ends, as illustrated in Figuras 64 and 65. Limiting values for
the chordal angles ar» specified in Section 6.1.

LNt e o o

A cnordal angle is determined by computing the differential
displacement between a nodal point at the midspan of a member and
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a chord joining the member ends. Dividing the differential dis-
placement by one half the member length yields the tangent of the

chordal angle.

The direction of the nodal displacements, utilized for the
computation of the chordal angle, must be perpendicular to the
initial position of the longitudinal axis of the memher. Since
most frame members are parallel to one of the global axes. only
one component of the nodal displacement (either the X or Y com-
ponent, as the case may be) is required for the coniputation.
However, if the member is sioped, both trans]ationa1 components

of the nodal displacement are used.

The computation of the maximum chordal angles for an ex-
terior girder is relatively simple as the vertical deflections at
the ends of the member are normaily quite small. Consequentiy,
the chord joining the ends of the member remains c]ose]y aiigned
with the original pos1t1on of the longitudinal axis of the member.
Therefore, the maximum differential displacement of the member
with respect to the chord corresponds to the maximum vertical
displacement of the nodal point at the midspan of the member.
These quantities can be extracted directly from the tabulated
daxima and minima of the nodal displacements printed at the end
67 the output. Figuire o4 tliustriter “he measureament ut tha

chordal angle for a girder.

The computation of the chordal angles for exterior columns
and sloped roof girders is more involved as the deflections at the
ends of these members are of the same order of magnitude as the
midspan deflections; hence, the maximum differential displacement
is usually less than the maximum absolute displacement of the
nodal point at the midspan of the member. Here, the differential
displacement at mi~~ran is computed at several time stations in
order to determine the maximum value. In most cases, the peak
chordal rotation occurs during the time interval in which the
member is subjected to the blast pressures. For a given member,
the time interval to be investigated conmences with the initial
application of the loading on the member and extends to a few
time increments beyond the time at which the member attains its
peak plastic response. Figure 65 illustrates the measurement of

the chordal angle for an exterior column.

Ductility Ratios

Tha ductility criteria given in Section 6 limits the magni-
tudes of the ductility ratios that can be realized in the re-
sponse. The peak plastic and elastic rotations at the element
ends are used to compute these quantities. Maximum ductility
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: ratios are computed and printed by DYNFA at both ends of every

! element. To use these data for investigating a member, extract
Tronm the output the ductility ratio and corresponding axial load
ratio for all of the elements representing the member. Also,

note from the output whether the axial 1oads are either in tension
or compression. Compare the computed ductil.ty ratios with the
1imits specified in Sections 6.3 anc 6.4.

Establishing Adequacy of Frame

4 The members of the frame are considered adequate if all of

E the design criteria are satisfied. When one or more of the 1imit-
ing values of the criteria are exceeded by more than 15 percent,
the member or members in question must be increased in size and
the analysis of the frame must be repeated. If a severe condi-

‘ tion of overdesign is apparent, the overdesigned members should

] be decreased in size and the frame analysis repeated.

. Appendix A provides two exampies which demonstrate the use
1 of the printed output in the design of frames.

Cornection Design

The fourth group of data axtracted from the output consists
of the maximum values of *he moments, shears and axial loads which
act at the ends of the members. These quantities are used to de-
sign the connections in the frame. The connections considered are
; the corner frame connections, the girder-to-column connections and
4 the coiumn base connections. Since the maximum values of the

E‘ ' moments, shears and axial Toads do not occur simultaneously, at
v least three conditions must be considered in the design. Each
] condition considered consists of the peak value of one of these

quantities together with the values of the other two which occur
simultaneously. The maxima and minima of the axial loads and
bending mements are tabulated at the end of the printed output.

‘ The peak shear (and corresponding axial loads and bending moments)
3 can be extracted from the printed output of the response history.

5 The connections shouid be designed in accordance with the
ﬂ‘ provisions in Chapter 6 of Reference 1. Procedures and equations
for the design of various types of standard frame connections

are contained in the many texts on the design of steel structures
(see References 14 and 20). Examplec of some of typical framing
connections are provided in Appendix C of R.ference 1.
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SECTION 10
CONCLUSIONS AND RECOMMENDATIONS

The criteria and procedures presented in this report provide
a rational basis fer the analysis and design of the primary struc-
tural fraives of cteel buildings subjected to the blast environment
generated by 2 high-explosive detonation. The primary emphasis
is on structural steel applications for acceptor structures lo-
cated in the low-to-intermediate pressure level range.

It is recommended that this material be implemented in the
blast-resistant design of structures within facilities for the
manufacture and storage of explosive materials.
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Collapse mechanisms for rigid frames with fixed and pinned bases

TN A s T, i

Table 1

Plastic Moment N,

Ccilapse Mechanism

Pinned Beases Fixed Bases
' 2
I‘\/‘T\/‘T\/’l % wt
1 6
BEAM MECHANISM
> .
; r ( —‘ awH? ow 42
4(2C+1) 4(3C+1)
BEAM MECHANISM
3g fo—
/ f / ; awh? 1 awH? I
2 2+(n-1)Ci 4 T+ (n-1CHC
PANEL MECHANISM (¢, 2)* (ci22)*
B
o wh? awh? I
4n ] ﬂm—cMn-lSc-
PANEL WMECHANI># (c,za* (ci22)
4 2
2, 8
PRCN NI PR 5 S
/ T lan s 212 2" Hen+C)+{n1
COMBINED MECHARISM
*T 7 /‘! 7 Foown? Fownt
/ ctt+&(n-n) %cun-ncw'—
COMBINED MECHANISM 2T L B n
5b %w."z -iowﬂ'
_,i S +n-Es -1
COMBINED MECHANISM CHn-g) o 2° g ,,)

JT7

-3- [Ba H24(n -1 )Lg]

-:-[su n'+(»-|)t.‘]

5 [f] ] 3
_ 2c+(n-1)=+2n-2)
COMBINED MECHANISM cH2zn-§) 2 2 2
w
O I T T I TITIIT LT
”’ - —y -
(]
!
adw \ n 2 Number of
CMep CiMp : beys=1,2,3..
! w = Upiform
L L L squivelent
static lead

# For C,z2 hinges ferm In the girders end solumns &t interier joints.
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Table 2

Co'llafse mechanisms for rigid frames with

supp

ementary bracing and pinned bases

Coliapse Mechonism

Plastic Moment Mp

P>

wtt
16

BEAM MECHANISM

BEAM MECHANISM

awH2
4(2C +1)

177

awH? \ -
( 2 mk.F‘,cha). e

PANEL MECHANISM (c, 2%
3b
awH?  méiFy Heosa
4n 2n
PANEL MEUHANISM ¢zt
4
w 2,n 2 _mA!F!!Hcosu
gzt an
COMBINED MECHANISM
8a 2 2_ A,
5 oxwH Z sFoyHeos
1 .G
C+=+xl(n-1)
COMBINED MECHANISM 2 2 (can®
2
8b %awH -lzﬂA.F.,Hcosq
COMBINED MECHANISM C+(n-3) (cozn)*

COMBINED MECHANISM

%[SGH'*(I\-I)L] ~ By FyHena

3
+* -2
C+(2n 2)
TIITITIYT
H n = Number of
bays = 1,2,3...
—t w = Uniform
squivcient
static lood

® For J:=2 hinges form in the girders ond columns at interior jointe.
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Table 3

Collapse mechanisims for frames with supplementary bvacing,
non-rigid girder-to-column cennections and pinned bases

1
;
F
]
E
;
)
F
3
3
F
]
b
E‘\
3
?
-
3
P§
:
)

Collapse Mechaniom Resistence Framing
: Tyse
if- | W " = wi'/e
= wit/i2
' BEAM MECHANIDM My = wil/ie

EXTERIOR SIRDER

: /V? My = wil/s ' ®

= wi® 3
i o i &0

UL v o

= 2
SEAM MECHANISM “ WTTT @

BLASTWARD COLUMN
‘ ! ; Z -/-:z ; ? AFy "awh/2meosm @l@
PANEL MECHANION Mo RT3, ®

R ATTTE, 0 e T WA TR R T A DY L R A BT e T AR e

8
JW AyFg =3awH _ (2C+0m @

s 4mcosa micesw
* COMBINED MECHANISM

GIRDER FRAMING TYPE
SIRDER 2IMPLY SUPPORTRD BETWEEN COLUMNG
O RODER CONTINUOUS OVER COLUMNS

@ GIRDER CZ&TINUOUS OVER COLUKNS AND
FIGIDLY CONNECTED TO EXTERIOR COLUMNS OWML/

A t‘/m TT oz,

equivaiont
a:ﬂc loed

"R R e B Y P

T AT A TR
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Table 4

Dynamic load factcrs (DLF) and equivalent
static loads for preliminary desiqgn

L Structure
Collapse .
mechanism* Reusable Non-reusable
Beam mechanism 1 1.0 0.80
Beam mechanism ¢ Ry 0.80R,
Panel or combined 0.5R, 0.35R,
where Ry = 1.0 - bysina;/8S

1.0 for normal shock wave

oy = angle of incidence between shock front
and clastward wall

S = the minimum of:
1. height of st-ucture
2. distance from frame to leeward end of wall
3. sum of:

A. distance from fyame :0 blastward
end ot wall

b. Tlength of adjacent blasiward wall

—

Equivalent static vertical loéd =qy XDLF = w

eqrivalent staric horizontal load = q x DLF = aw

- —

*Refer to Tables 1 tirsugh 3 for definition of beam, panel
and combined mechanisms.
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Limiting width-thickness ratios for the compression
E ‘ flanges of single-web members subjected to plastic bending
"1 Fy (kPa) Fy (ks1) be/2ts
248184 36 8.5
: 289548 42 ! 8.0
] 310230 45 7.4
344700 50 7.0
i
3 379170 55 6.6
' 413640 60 6.3
3 448119 65 6.0
E where Fy is the specified minimum static yield stress for
\ the steel, br is the flange width and tg¢ is the flange
] thickness.
:
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Table 7
Values of constant "C" for Equation (35)

Number of intermediate mass points i
Support i

conditions 1 2 3 4
Simple 1.57 6.28 14.1 25.2 .
Fixed 3.56 9.82 19.2 31.8 ;
Fixed-Hinged 2.45 7.95 16.6 28.4 3
Note: The units to be utilized with thess constants are: j
mass - kilogram 3
length - meter ;
modulus of elasticity - kilopascai 4
{
moment of inertia - centimeter tc the fourth power ?
natural period - second 1
i
5
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Table 8

Stiffness factors for single-story multi-bay frames
subjected to uniform horizontal loading

Elce
HS

STIFFNESS FACTOR K = «Cz-[1+(0.7-0.18)n-1)

n =Number of Bays Ig

®® Tee (0.75 +0.2581/H

Icq = Average Column Moment of Inertia.

_B = Base Fixity Factor® EEI r l llc ]
I/ '

=X1./(nel)
b cz
O [gc10 JpeosP[g.0
025 | 267 | 149 | 3.06
050 | 320 | 178 | 465 |
100 | 373 | 206 | 6.04

0 Values of Coare Approximate for this 8
b B=1.0 For Fixed Base
s 0.0 For Hinged Bose

rm ; T A T T T T s TR T eI T TR % g
Ff
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Table 9

Units for parameters in printed output of structural response

G Al o kiRt ol b - St e L 2T Y 3 ey e e . s
-~ figh iilakis i ;

Parameter

Units

SI System

U.S. System

Time
Displacements:

Trarslation
Rotation

Element Loads:
Axial Load

Shear
Bending Moment

Second

Mi1limeter
Degree

Kilonewton
Kilonewton
Kilonewton-meter

Second

Inch
Degree

Pound
Pound
Pound-inch
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BRACING

a) ONE DIRECTIONAL RIGID FRAMING

g EXTERIOR FRAMES P

YL
i /]
7

b) TWO DIRECTIONAL RIGID FRAMING

Fig 2 Framing systems
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SHOCK FRONT

SECTION SUPPORTED
o BY EXTERIOR F7AME

‘ -7
SHOCK WAVE |
PROPAGATION
SECTION SUPPORTED
4 BY INTERIOR FRAME
a) NORMAL SHOCK WAVE
H I T H
H H H =
N & -
-i Lng H 2 )
AN
\\\.
LY )
4 v L
’ T I I : SHOCK FRONT
. SHOCK WAVE
PROPAGATION

b) QUARTERING SHOCK WAVE

Fig 4 Loading conditions for bi-axial bending
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LOCATION FOR COMPUTING BLAST
PRESSURES FOR NORMAL WAVE

STRUCTURE
p A
"00'2 LOCATIONS FOR COMPUTING BLAST
_Z- PRESSURES FOR QUARTERING LOADS
DIRECTION OF
| QUARTING WAVE
A

- DIRECTION OF
WAVE NORMAL TO

W
NED FACE \—EXPLOSIVE
N

Hw

\—EXPLOSIVE

PLAN

Fig 5 Locations for computing blast pressures for nreliminary
frame design
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!
SCALED GROUND DISTANCE Z¢= Re/W3

Peak positive incident pressure, psi
Peak positive normai reflected pressure, psi
Scaled unit positive incident impulse, ps1’-ms/1b]/3

Scaled uni} positive normal reflected impulse,
psi-ms/1b1/3

Supplementary data for shock-wave parameters for
hemispherical TNT surface explosion at sea level
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Fig 8 Elasto-piastic moment versus end rotation relationship
jor constant axial load
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P ROTATION

a) COMPOSITE MOMENT VERSUS ROTATION RELATIONSHIP OF COMPONENTS
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b) INDIVIDUAL MOMENT VERSUS ROTATION RELATIONSHIP OF COMPONENTS

Fig 9 Behavior of component elements
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a) MOMENT RESPONSE HISTORY OF ELEMENT

INELASTIC RESPONSE RANGE
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BEHAVIOR
‘\ |
-DESIRED BEHAVIOR

AXIAL
LOAD

TIME

b) AXIAL LOAD RESPONSE HISTORY OF ELEMENT

Fig 10 Response history of element
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Fig 11 Calculation of second order effects

/

119

P

11 s ek A o Mt




Tgh e ety e Yoo oo S

o )
D A gy

!

-

¢

L

IRDER

NODAL POINT

COLUMN

A//FOUNDGJWON

+

e e

t

4

YYD

SOIL ELEMENT

Fig 12 Model of frame including foundation and soil
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COLUMN

a) PLACEMENT OF NOOAL POINTS TO
DEVELOP SIDESWAY MODE OF FRAME

INTERMEDIATE
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b) PLACEMENT OF NODAL POINTS TO DEVELOP
INCIVIDUAL BENDING MODES OF EXTERIOR MEMBERS

bo—x——

Fig 14 Locations of nodal points in model
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MODELING ELEMENT

a) GSRADUALLY TAPERED MEMBER

HAUNCH MODELING
ELERENT

AO&ODAL POINT

b) MEMBER WITH ABRUPT DISCONTNUITIES

Fig 15 Modeling of members with varying cross-sections
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INCLINED
MEMBER

(6<%

DYNAMIC
DOF

MASS POINT

pe

RECTANGULAR FRAME

o R oyt s S 7

INCLINED
ROOF

DYNAMIC DOF H

6>10°
MASS POINT

GABLED FRAME

Fig 16 Dynamic degrees of freedom for typical frames
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1/2 OF SIDE WALL ROTATED _.~—-
INTO PLANE OF ROOF -

SIDE WALL

BLASTWARD
WALL

219 21 Portion of sidewall mass Tumped with end frame:
sidewall with vertical girts
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Fig 22 Distribution of sidewall mass on end frame: sidewall
with horizontal girts
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t) SHORT DURATION BLAST LOAD

Fig 26 Blastward wall reflected pressure waveforms
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For Ay : D=0 a=Wsine
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Fig 31 Examples of values of @ and D for tributary areas on
blastward wail - quartering shock wave
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FOR A DzL cos @ +%,(1.O0-sin@. ;0 xWy
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Fig 35 Examples of values of a and [ for tributary areas on
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Fig 37 Components of element end rotation in the elastic
response range
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DISTRIBUTION FACTORS ROTATION
(DF) CAPACITY

CASE FROM CURVES
ENC A END B

a. BOTH_ENDS
RESTRAINED |  DFas OFas (Relo

b. EggTeAmeo
END B ' DFAS 0 - (Rc)h
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a.) TABULATION OF DATA
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Re A
(Re)g - ?
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FOR CONSTANT OF AT END A

Fig 54 Intcrpolation of rotation capacity data for member with unequal
distribution factors at ends
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Fig 55 Typical rectangular building rigidly framed in two :

directions 3

{

!

i

j

164 i

_®




R s

bhsc. b et L o ¥

2
T ?
SHOCK FﬁONTb l
N dl T ©

Alde'o X —— /Aﬁ

(4

TN T el Cho e ol

T T T R T R 7

g L-omem OF COORDINATE SYSTEM

Fig 56 Identification numbers for the nodai points and elements
‘5; of a typical model

T I e RIS

165

de B Cau bk by

k@ e et S e 51 1 < 1o s vmmiennd by w2 ’ 2 odin

d

- »
R i . e achofrgdbul aaeadse, e ottt i+ R b RSl N SR AN e L ozl




R TR L e T L A e e T T T T e s s o . S s e s

R R T T ™ TR, I TS B TR A ¥ VT
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b) RESTRAINTS

T e R

Fig 57 Specification of restraints for common types of support
conditions
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~ORIGIN OF GLOBAL SYSTEM

0 7Y

\S—~— ORIGIN OF LOCAL SYSTEM /

ELEMENT /
s""_LX- Y PLANE
/
NODE JB

(END B) /
. N/

NODE JA
(END A)

Fig 58 Local coordinate system for element
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Fig 59 Specification of pin codes for common types c¢f frame

connections
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Fig 62 Arrangement of input data deck
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b) COMPUTATION OF CHORDAL ANGLES ©, & 6,
FOR GIRDER

Fig 64 Measurement of chordal angles for girder
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Fig 65 Measurement of chordal angles for exterior column
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APPENDIX A
ILLUSTRATIVE EXAMPLES

A.1 Introduction

This appendix presents detailed procedures and numerical
examples on various topics related to the anslysis and design of
single-story rigid frame steel structures subjected to blast
overpressures. ihe topics covered are:

1. Preliminary design of interior frames of buildings
subjected to ncrmai shock waves.

2. Preliminary design of primary structural frames of
buildings subjected tc quartering shock waves.

3. Formulation of analytical models for interior frames
of buildings subjected to normal shock waves.

4. Formulation of analytical models for representative
frames of buildings subjected to quaitering shock 3
waves

5. Use of DYNFA to verify the blast resistance of
interior frames of buildings subjected to normal
shock waves.

6. Use of DYNFA to verify the blast resistance of ?
primary framing systems of buildings subjected to i
quartering shock waves.

References are made to the appropriate parts in Sections 1
through 9 of this report and to charts, tables and equations
from other design manuals and specifications.

et o e, A i i

The basic objective of the material presented herein is to
illustrate the methods for seiecting and verifying the member
sizes for the primary framing system of a single-story steel
building. As such, little attention was given in the examples !
to actual framing details since these ccnsiderations have little ;
bearing on the manner in which the design procedures are used. :
4 In addition, to facilitate the computations, the sizes of the !
f secondary members were standardized throughout the building (i.e.,

5 all girts were made the same, all purlins were made the same,

etc.). Also, the sizes of the transverse girders that were used

in Example A.3 were established on the basis of the de§ign for

the girder at the blastward wall, which involved bi-axial bend-

ing of the member. 177 §




r"’ s Sfuiiny =0k v Ua MO ot

A.2 Preliminary Design of Single-Story Frames
Problem A.1: Preliminary design of an unbraced, interior,
rigid frame of a single-story steel building
subjected to a normal shock wave.
Procedure:
Step 1. Establish the blast load parameters:
a. Location of charge

b. Charge weight, W

c. Safety factor, SF ]

d. Normal distance, Ry, between the center i
of the charge and the blastward wall of ]
the building 3

Calculate the effective charge weight,
Wg = (1.0 + SF)W.

Step 2. Determine the peak pressures, p, and py, for the {
preliminary design: ‘

a. Calculate Z = RA/WV3 1

E

b. Enter Figure 4-5 ov 4-12 of Reference 3 or
Figure 5 of the text with Z and read:

Peak positive incident pressure, Pso

Peak positive normal reflected pressure, P.. i

The data in Figure 6 of the text were derived from ,
the test .esults reported in Reference 21. i

c. Ffor structures located in high pressure
rejions, determine q, for P., from Figure 1
4-66 of Reference 3. Calcu?ate Cpg, for
the roof. Obtain Cp from paragraph 4-i4c of
Reference 3.

d. For all cases: pp = P,.

178
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Step 3.

(8}

Step 5.

For cases invalving low-to-intermediate pressure
levels:

Pv = Pso

For cases involving high pressure levels:
Py = Pso * Cplg

Establish the design parameters:

a. Geometry of the frame

b. Support conditions

c. Post-explosion condition of the frame
(reusable or non-reusable)

d. Static tensile stress, Fy
e. Dynamic increase factor, c
f. Modulus of elasticity, E
Also calculate the dynamic tensile stress,
de = CFy.
Calculate the ratio of the total horizontal-to-
vertical peak loadings, o, acting on the frame
using Equation (1) of the text. Also determine

the dynamic load factors (DLF's) for the beam
and panel mechanisms (Table 4 of the text) and

compute the corresponding equivalent static loads,
wp and wy; tabulate these loads (wp and wp) as shown

in Table 1.

Substitute the vaiues (determined in Step 4)

for o and either w, or w, (depending upon the
type of mechanism) into ghe appropriate equations
of Table i of the text. Tabulate, as shown in
Table 1 of this appendix, the resulting equations
which express M, in terms of C and/or Cy.

By assuming several sets of values for constants

C and Cy, and using the relationships for M
determined in Step 5, calculate the values of

179
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the plastic moments, M,, for the various mech-
anisms. Tabulate the Pesu]ts as shown in Tabhle 1.
For each set of values of C and C1, the largest
computed value of Mp, from among those computed
for all mechanisms, establishes the governing
collapse mechanism. The i2laction of preliminary 1
member sizes is based on several trials in which
the values of C and Cy, and the corresponding
maximum value of My, are minimized such that an
economical design ¢ produced. Here, engineering
judgement is required, as several sets of values
of C and Cy may yield similar values for the
maximum Mp.

Ry e 2 T R R R

i R

Step 7. Using the moment capacities of each member (deter-
mined in Step 6) and Equation {4), calculate the
plastic section modulus and select the member size.

Step 8. Establish the minimum thickness requirements for
the frame members using fquation (8) and Table 5
of the text and determine whether the member sizes
selected meet these requirements. Also, compute
the slenderness ratio in the plane of bending for
each member and compare this quantity with the
limit;ng value given by Equation (4.1) of Refer-
ence 1.

il s

T B M BT 0 L T e e A

Step 9. For each member selected, calculate the plastic

momert capacity and effect the reduction in this
, moment capacity due to Tateral torsional buckling
: using Equation (5). Check whether this reauced
bending capacity, My,, satisfies the uni-axial
bending equation [Eq (7)].

T AL, TR N TSR T | T T

PR

Example A.1: Preliminary design of an unbraced, interior,
] rigid frame of a single-story steel building
; subjected to a normal shock wave.

Required: Design an interior frame of the builuing shown in

Figure 1 for the blast loadings produced by a
normal shock wave.

Step 1. Given:

a. Location of charge, surface burst

e M 1 £ e e b el B T T St Pt Ml R AR~ B

b. Charge weight, W = 1,140 kg (2,500 1b)

TR S

W F Y

] 180
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Step 2.

Step 3.

12058070 A A AR kil siamk 5Bkt 1 S e dac sebig

Safety factor SF = 20 percent
(5ection 1-5, Ref 2)

Normal distance from center of charge
to blastward wall:

Ry = 132 m (433 ft)
Effective charge weight:
(1.0 + SFW = 1.2(1,140)

1,360 kg (3.600 1b)

Ie

Determine p, and pp for the preliminary design:

a. 7= RyMl/3 = 433/3,0001/3 = 30 Fr/1p1/3

Note: Since Figure 4-12 (Ref 3) is expressed
in U.S. units, Z is also calculated in

U.S. units.

From Figure 4-12 o7 Reference 3:

Pso = 1.65 psi or 11.4 kPa

Py = 3.50 psi or 24.2 kPa

n

Since the structure is loca*ted in a jow
pressure region, the drag pressure on the
roof is nealected.

The peak pressures acting on the frame are:
Pso = 11.4 tPa (1.65 psi)
= 24,2 kPa (3.5 psi)

13

Py

Pp =P

n

'I

Given:

Frame geometry {Fig 1)

Pin-ended coluinn supports

c. Reusable structure

F, = 248(10)3 kPa (36 ksi)

y
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1.1 (Table 2.1, Ref 1)
207(10)% kPa (30 x 100 psi)
Fgy = cFy = 1.1 x 248 x 103

= 273 x 103 kPa (39.6 ksi)

(1]
(o]
n

-
™
]

Step 4. Calculate a, W and wp:

; From Figure 1:

; by = by =6.0m ?

% Gh = Ppdy, = 24.2 x 6.0 = 145 kN/m ]
Gy = pyb, = 11.4 x 6.0 = 68.4 kN/m 3
o = qh/qv = 145/68.4 = 2.12 [Eq (1)] g
For normal shock wave, angle of.incidence between 5
shock front and blastward wall is zero; hence, ;

% Qa of Table 4 of text = 0.0, and

] DLFp, (beam mechanism) = 1.0 f

: DLFp (panel mechanism) = 0.5 %

h wp = 1.0q, = 1.0(68.4) = 68.4 kN/m §
wp = 0.5q, = .5(68.4) = 34.2 kN/m

T -

Al Lk, e M 1

Step 5. Substitute a and either WR or w, into the

; equations of Table 1 of the tpxg
é Substituting the values of o and wp or w, into :
E the appropriate equaticns (Table 1 of thg text) 3
i for collapse mechanisms 1 and 5b, yields the ;
g following expressions for Mp: :
4 | Collapse mechanism 1: 2
| My = (wpL2)/16 = [58.4(6)21/16 = 154 KN-m
§ Collapse mechanism 5b: :
} W = (3/8)(ow H2) _ (3/8)(2.12)(34.2)(5.0)2 ' §
P E = 72) C+ (2 -1/2)

182 ;
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= 680/(C + 3/2)

Expressions of My for the remaining collapse mech-
anisms are tabulgted in Table 1 of this appendix.

Calculate My for several trial values of C and Cy.
Trial ca1cu?ations of My for collapse mechanisms

1 and 5b are shown below. The calculations are
performed for three sets of trial values of C and
C1. Values of M, tor the remaining collapse mech-
anisms, which arg computed with the same trial
values of C and Cy, are tabulated in Table 1 of
this appendix.

Collapse mechanism 1:

For all values of C and Cy, Mp = 154 kN-m

Collapse mechanism 5b:

For C = 2 and Cy = 2, Mp = 680/(2 + 3/2)
= 194 kN-m
For C = 2.5 and Cy = 2, Mp = 680/(2.5 + 3/2)
= 170 kN-m
For C = 1.5 and Cy = 2, Mp = 680/(1.5 + 3/2)
= 227 kN-m

Inspection of the results listed in Table 1
for the three trials investigated, reveals that

a value of MB = 227 kN-m (same in all three trials)
m

is the minimum required plastic bending capacity
for the girders. Also Trial 3 yields the lowest
value of C, thereby minimizing the required
capacities of the exterior cclumns.

Therefore, the required bending capacities are:
For the girder: (Mp)x = 227 kN-m (157 kip-ft)
For the interior column:

Cl(Mp)x = 2.0(227) = 454 kN-m (334 kip-ft)

183

e v s e s it meads w

A 2

"
.
P
b
i
"
|

i

i A 1 e il

s VD, 35 ik Sl kit

etk 2 SR A 4 P A




r a. imeTmy

R R T

S

g e

T Y e N, T AT T e e e

Step 7.

Step 8.

For the exterior column:
C(Mp)x = 1.5(227) = 341 kN-m (251 kip-ft)

Calculate plastic secticn moduli and select
member sizes.

Girder: Use Equation (4) for computing plastic
modulus, Zy

= = : 3
Zy = (M) IRy, = 227/(273 x 103)

0.832 x 10~3 m3 (50.5 in3)

Try W1Z x 40
Zy = 57.5 in3 = 0.942 x 1073 m3
(Ref 14)

The member sizes selected f r the columns are
listed in Table 2.

Establish the minimum thickness requirements
for the frame members.

Th Timiting depth-thickness ratio for the web
of each frame member is:

d/ty < 29,060//F, [Eq (8)]

y = 248 x 103 kPa
4

d/t,, < 29,060/248 x 103 < 58.4

The Timiting width-thickness ratio for the
flange of each fr§me member is:

F

(A

bg/2t¢ < 8.5 (from Table 5 of text)
Check d/t, and bg/2t, for the girder.

From the "Properties for designing" tables in
Reference 14, the ratios d/ty and bg/2te for a
W12 x 40 member are:

d/ty = 40.6 < 58.4

bg/2ts = 7.75 < 8.5
184
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Compute the slenderness ratio for each member in its
plane of bending and comFare with the 1imiting 2/r

ratio given by Equation

4.1) of Reference 1.

L/r < Cc =~/2n2E/Fy,  [EQ (4.1) of Ref 1]

C. =v/2n2 x 207 x
For the girder: 1

r

/r = 6.0/0.130

The values of d/tw

frame members are

1067273 x 103 = 122
236.2 in (6.0 m);
5.13 in (0.130 m)
46 < 122

, bf/th and Z/r for the other
tabulated in Table 2.

For each member selected, calculate the plastic
moment capacity; reduce the plastic capacity
for lateral torsional buckling.

Girder: W12 x 40

Zy = 57.5 in3 (0.942 x 10-3 n3)

ry = 1.94 in (0.049 m);

here, 7 is measured between lateral bracing
points, i.e., between purlins; hence 7 = 2 m.

Mox = FayZx = (273 x 103) x 0.942 x 1073
= 258 kN-m
Mux = 3.07 = (2/ry)VFy, /262,398 M5, < M,
[Eq 5a)]
= [1.07 - (2/0.049)¥(273 x 103)/262,3941258
= 254.4 KkN-m

(Mp)x/Mlmx <1.10

[Eq (7)]

= 227/254.4 = 0.90
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3 Problem A.2:

Procedure:

Step 1.

Step 2.

Dt it od v e — Ty PETTM Y s e o min ey e

Note: Value: of M,, and (Mp)x/me for interior
and exterior colums are given in Table 2.

Preliminary design of the primary framing
system of a single-story rigid frame steel
building subjected to a quartering shock wave.

Establish the blast 1oad parameters:
a. Location of charge

b. Charge weight, W

c. Safety factor, SF

d. Radial distances between center of charge and
the following locations:

1. Nearest corner of building
2. Farthest point on each blastward wall
e. Angle of incidence, a;, batween the shock
front cnd each blastwﬁrd wall, measured at
the points listed above.
Calculate the effective charge weight.
Wg = (1.0 + SF)W.

Compute the incident and drag pressures at each
location specified in Step 1d:

a. Calculate Z = R/w‘E/3

b. Enter Figure 4-5, 4-11 or 4-12 of Reference 3
or Figure 6 of the text with Z and read the
peak positive incident pressure, Pgq.

c. For structures located in high pressure
regions, determine the dynamic pressure, qq,
for Py, from Figure 4-66 of Reference 3.

Calculate Cpq, for the roof. Ootain Cy
from paragrapﬁ 4-14¢c of Reference 3.

d. Tabulate all values as hown in Table 3.
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Step 3. Determine the peak reflected pressuras at the
blastward and leeward ends of each blastward
wall:

a. [nter Figure 4-6 with P¢, and ay (from
Step le) at the point of interest on the
wall;, read the reflected pressure coeffi-
cient, Cyp,.

b. Calculeate Pra = CmPso

c¢. Tabulate all values s zhown in Table 3.

Step 4. Using data listed below, make a comparison of
the horizontal and vertical blast loads acting
on all frames positioned normal to each blast-
ward wall:

1. Peak pressures determined in Steps 2
and 3

2. Distances between adjacent frames

3. Seccndary framing plan of roof and walls.

b. On the basis of the comparison of Step 4a,
select several representative frames,
spanning in each direction, for analysis
with DYNFA.

c. If analyses of several interior frames,
spanning in each direction, are :equired
because of large pressure differentials
between the ends of the building, compute
the peak prassures at the locations on
each frame as specified in Section 2.2.

Step 5. Establish the foliowing design parametiers:

a. Geometry ¢f frames selected for analysis

b. Orientation of columns

¢. Support conditions for each frame

d. Post explosion condition of structure
(reusable or non-reusahle)
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Do

Step 6.

Step 9.

Step 10.

e. Static tensile .trength, Fy
f. Dynamic increase factor, c
g. Modulus of elasticity, E

Calculate the dyramic tensile stress,

de = cFy.

a. Esteblish the peak pressures, P, and Py for
the preliminary design of each frame using
the blast pressures determined in Step 2
(and Step 3 when large pressure differentials
exist betweeen ends of building).

b. Calculate the parameters, a, wp and vy for
each frame as described in Step 4 of Brob]em
A.1. Tabulate wp and w, as shown in Tables
1 and 4. P

Perform Step 5 of Problem A.1 for each frame and
tabulate the results as shown in Tables 1 and 4.

a. Perform Step 6 of Froblem A.1 for each frame
and tabulate the resuits as shown in Tables
1 and 4.

b. Tabulate the required plastic bending
capacicies for all primary frame menbers.
When preparing this tebulation, the required
bending capacities for the members of cne
frame can be specified for the members of
other frames that have identical configura-
ticns, and are subjected to similar loadings.

Calculate the plastic section moduli of the frame
membsrs using the plastic bending cepacities
determined in Step 8b and either Equation (3)
(for members designed for bi-axial bending) or
Equation (4)(for members designed for uni-axial
hending). Select mewber sizes on the basis of
these sectior moduli.

Ectablish the minimum thickness requirements for

all members using Equation (8) and Table 5 of
the text. Determine whether the member sizes
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selected mert these requirements. Compute the
slenderness ratio(s) in the plane(s) of bending
for each member and compare with the limiting
slenderness ratin given by Equation (4.1) of
Reference 1.

Step 11. Calculate the plastic bending capacities for the
members selected. Cffect the reduction in these
plastic moment cavacities due to lateral torsional
buckling usiny Equations (5a) and/or (5b). Check
whether the reduced bending capacities satisfy
Equation (6) or (7), as the case may be.

Example A.2 Preliminary design of the primary framing system
of a single-story rigid frame building subjected
tc a quartering shock wave.

Required: Design the primary structural frames, of the

single-story building shown in Figure 1, for
the biast loadings produced by a quartering
shock wave.

Step 1. Given:

a. Location of charge, surface burst,
from Figure 2: Hy = 114.3 m; Hg = 66.0 m

b. Charge weight, W = 1,140 kg (2,500 1b)
c. Safety factor, SF = 20%

d. Radial distances between center of charge
and the following locations (Fig 2):

1. Nearest corner of building:

R; =/A114.3) + (66.0)2 = 132 m (433 ft)

2. Furthest point on wall A:
J114.3)2 + [66.0 + 3(6.0)72
141.8 m (465.2 ft)

Rr1

L)
»

Furthest point on wall B:
R. 11 =+/[(118.2 + 2(6.0)12 + (66.0)2
= 142.5 m (467.5 ft)
189
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e. Angle of incidence between shock front and

A (Fig 2):

§ 1. Wall A: (ay) = %0°

r (GA)II = 36.4°

p

‘ 2. Wall B: (a.B)I = §0°

:

? (QB)III = 62.4°

; Effective charge weight, Wz = (1.0 + SF)W
§ = 1.2(1,140)

E = 1,360 kg (3,000 1b)

E Step 2. Determine Py, and Cpq  at points I, II and III

(Fig 2):

For point I:

a. 2y = Ry/wd/3 = 433/(3,000)V/3 = 30.03 fe/10'/3
b. Entering Figure 4-12 with Z; = 30 ft/1b}/3
Pso = 1.65 psi (11.4 kPa)

¢c. Since the structure is located in a low
pressure region, the drag pressure on the
roof is neglected.

Steps 2a, 2b and 2c are repeated Tur points
Il and III. The results are tabulated in
Table 3.

Determine the peak reflected pressures at the
tlastward and leeward ends of each blastward wall.

t:
g
2]
I

For point I on wall A:

a. Enter Figure 4-6 of Reference 3 with
Pgo = 1.65 psi (from Step 2b) and (aA)I = 30°

(Step le).
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Step 4.

Note:

Pr‘u

Lowest value of Po, for which data are
providec is 3.71 psi; hence, read value
of C,., for (“A)I = 30° and P, = 3.71 psi

Cpy = 2.1

=, P

SO

= 2.11 x 1.65 = 3.48 psi (24.0 kPa)

Steps 3a and 3b are repeated for point 1lI on

wall
Al

A and points I and III on wal" B.
values are tabulated in Table 3.

Compare blast loads on frames positioned
normal to wall A:

1.

Peak pressures at points I and II from
Table 3:

Reflected pressures: (Pra)l = 24.0 kPa

(Pra)II 22.1 kPa

Incident pressures: (Pso)l. = 11.4 kPa

(Pso)II 10.3 kPa

Differences of 7.9% in reflected pressures,
and 9.6% in incident pressures between
points I and II are negliqible.

Distances between adjacent frames - frames
equally spaced at intervals of 6.0 meters.

Secondary framing plan of roof and walls -
same for all bays.

Conclusions: negligible difference in
loads acting on interior frames; negligible
difference in loads acting on exterior
frames; loads acting on exterior frames
approximately one-half of loads acting on
interior frames.
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b. On the basis of the above ccnclusfions, the
frames on column 1inas 1 and 2 are selectad
for analysis with DYNFA,

b

Repeating Steps 42 and 4b for the frames
positioned normal to wail B resuits in the
selection of the frames on column 1ines A
and B for analysis with DYNFA.

pialnck QLT

S g

It should be noted that since the blast loading
on each exterior frame (columm Tines A and 1)
is approximately one half of that on the
interior frame adjace.t to it (column 1ines B
and 2, respectively), the mechanism analyses
of the exterior frames are not required for
the preliminary design. The required bending
capacities for the members of each such frame
can be taken as one half of the Lending
capacities for the corresponding members of
the adjacent interior frame.

T T

jri

Rase s DS St b G

Step 5. Given:

a. Geometry of frames on column 1ines 1, 2, A ard
B (Fig 1).

Orientation of columns \Fig 3). The double 3
11ne around the periphery of the roof plan
in Figure 3 is used to indicate that two
members are provided along the edges of the P
roof. One member, with its web in the plane iy
of the exterior wall, is integral with the o
frame, and designed for uni-axial bending. ;
The other member, with its web in the piane 3
of the roof, is positioned such that it acts
independently of the frame. This member is
proviled to resist the horizontal blast load-
ings acting on the upper portion of the
exterior wall.

e Racn RN, e Dn st SRy Bl o i
o

I,

HTAS R i TS

¢. Pinned end supports - all frames. 1
d. Reusable structure.

Fy = 7.8(10)3 kPa (36 ksi) ;

-
[+ ]
.

f. ¢ =1.1 (Table 2.1, Ref 1)
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Step 6. a.
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£« 273(10)6 kPa (30 x 10 psi)
Fay = cFy = 1.1 x 248 x 103

v 275 x 103 kPa (9.6 ksi)
Establish the peak pressures acting on each
frame using the pressures determined in
Step 2 and tabulated in Table 3.

Pressures acting on 211 frames normal to
wall A: i

P, = (Pra)l on wall A = 3.47 psi (23.94 kPa)

it

p, = (P )y = 1.65 psi {11.38 kPa)

v

Pressures acting on all frames normal to
wall B:

Ph = (Pra)I on wall B = 4.06 psi (28.01 kPa)
Py = (Pgg)p = 1.65 psi (11.38 kPa)

Calculate o, w, and wp for each frame:

46 Fod i ) Ao e el v

Frame on column line B:
From Figure 1:

by = " 0m; by =6.0m

9, ° phbh = 28.01(6.0) = 168.1 kN/m
q, ° pvbv = 11.38(2.0) = 22.8 kN/m

o = q,/q, = 168.1/22.8 = 7.37  [Eq (1)]

The dynamic load factors from Table 4 of the
text are:

1.0

DLFy, (beam mechanism 1)

]

DLF, (beam mechanism 2) R,
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4
L4

T 3 g,

DI T, {panel mechanism) = 0.5R, N

3

I

XY
u

1.0 - bpsin ay/68
S-5.0m

TG
=2

Q
I

(“B)I = 60°
1.0 - 6.0 sin 60°/8(5) = 0.87
(wp)y = 1.0q, = 1.0(22.8)

20
n

22.8 kN/m (beam mechanism 1)

R,a, = 0.87(22.8)

4 (Wb)z
19.8 kN/m (beam mechanisi 2)
W = 0.5Raqv = 0.5(0.87)(22.8)

i3
]

i gy

= 9.9 kN/m (panel mechanism)
Frame on column line 2:

The calculation of these values for the frame ;
on column 1ine 2 is illustrated in Step 4 of :
k Example A.1. Similar calculaticns for b
(aA)I = 30° yield the following results: 4

(wb)] 68.7 kN/m (beam mechanism 1)

63.3 kN/m (beam mechanism 2)

i €l s SRl

% ()2

W 371.6 kN/m (panel mechanism)

p

Step 7. Substitute the values of o, wp and w, detemmined
in Step 6b into the equations for thg various
collapse mechanisms in Table 1 of the text.

Fn o et TSR e b TR L,

For the frame on colum line B:

Collapse mechanism 1:

M, = (w,),L2/16 = [(22.8)(6.0)21/16 = 51.3 kN-m

T T T T I
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Step 8.

Lullapse mechaniysm 5b:
_ (3/8)(ameH?) _ (3/8)(7.373(9.9)(5.0)2
P T -T2 — ¢+ @7y
= 684/(C + 5/2)

Exorassions for M, for the remaining collapse
mechanisms are gieen in Table 4.

M

For the frame on colum line 2:

The calculation of the expressions for Mp for the
frame or column line 2 is 11lustrated in Step 5
of Exaniple A.1.

a. For each frame, calculate Mp for several trial
values of C arnd (.

For the frame on column line B:
Collapse mechanism 1:
For all values of C and Cq, My = 51 KN-m

Collapse mechanism 5b:

For C = 3 and £7 = 2, My = 684/(3 + 5/2)
= 124 kN-m
for C = 2.5 and Cy = 2, Mp = 684/(2.5 + 5/2)
= 137 kN-m

Irspaction of these results and those listed in
Tehle 4, for the two trials investigated,
reveals that value of M, = 1.2 kN-m (sare in
both trials! is the winimbm raquired piastic
bending capacity for the girders of this frame.
Also, Trial 2 vields che inwest value of C,
thereby minimizing the required capacities of
the exterior :olumns.

Therefore, the required bending capacities are:

For the girder, (M 152 kN-m (117 kip-ft)

p)x ~
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For the interior column, C](Mp)x = 2.0(152)
= 304 KN-m (222 kip-ft)

For the exterior column, C(Mp)x = 2.5(175)

= 380 kN-m (278 kip-ft)

For the frame on line 2:

The calculation of M, for the frame on column ,
1ine 2 1s i1lustrated 1n Step 6 of Exampie A.1. |

The following results were obtained for this ]
frame using the loads determined in Step 6b
c¢f this example:

For the girder: (M), = 210 kN-m (155 kip-ft) i

For the interior column:

Cy(M,)y = 420 ki-m (309 kip-ft)

For the exterior column:

C(Mp)x = 315 kN-m (232 kip-ft)

The required bending capacities for all members
07 the selected frames are listed in Table 5.
The quantities in 1talics were computed from
the mechanism analyses of the frames on column
Tines 2 and B. The remaining quantities were
extrapolated from the results of these analyses
as follows:

N S F AR PO

1. The required bending capacities for the mem-
bers of the frames on column 1ines A and C
are taken as one-half of those computed for
the corresponding members of the frame on
column line B. Based on this, the required
x-~axis bending capacities for members C4 and
G2, and the renuired y-axis bending capacity
for column C3 are taken as one-half of the
bending capacities for members C2, Gl and
Cl1, respectively.

[N TR SR SO
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Step 9.

The required bending capacities for the mem-
bers of the frame on column line 3 are taken
as equal tu those for the correspunding mem-
bers of the frame on column line 2.

The required bending capacities for the mem-
bers of the frames on column 1ines 1 and 4
are taken as one-half of those computed for
the corresponding members of the frame on
colum line 2. Therefora, the required x-
axis bending capacity of girder G4 is taken
as one-half of the that for girder G3. In
addition, the required y-axis bending
capacities for colums C2 and C4 are taken
as one-half of the required x-axis bending

capacity for columns C1 and C3, respectively.

Calculate the plastic section moduli of the frame
members and select member sizes.

Girder G1:
Z, = (Mp)n/de [Eq (4)]

Member bends about x-axis;

(My) = 152 kN-m (from Table 5)

Z, = 152/(273 x 103) = 0.557 x 10-3 m3 (34.0 in3)
Try W12 x 27:

Z, = 38.0 in3 = 0.622 x 10-3 m3
Column C1:

Zy = (Mo)y/Fay [Eq (3a)]

Zy = (Mg)y/Fgy (Eq (3b)]

From Table 5:
(Mp)x = 420 kN-m; (Mp)y = 304 kN-m

Z, = 420/(273 x 103) = 1.54 x 103 m3 (93.9 nd)
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Z, = 304/(273 x 103) = 1.11 x 10-3 m3 (67.7 in3)

Try W14 x 111:
Z, = 196 in3 = 3.22 x 10-3 m3 > 1.54 x 1073 3
Z, = 94 in3 = 1.54 x 1073 m3 > 1.11 x 10-3 m3

The member sizes for the other members are deter-
mined in a similar manner and listed in Table 5.

Establish the minimum thickness requirements and
compute the 1imiting slenderness ratio for all
members .

The minimum thickness requirements and limiting
slenderness ratio are the same as computed in
Step 8 of Example A.1.

d/t, < 8.4 [Eq (8)]
bf/2ts < 8.5 (Table 5)
u/r < C. =122 [Eq (4.1) of Ref 1]

For girder G1: W12 x 27
d/t, = 50.5 < 58.4
bg/2ts = 8.12 < 8.5
1=6.0m

r =5.07 in (0.129 m)

(3
~.
-
(1]

6.0/0.129 = 46.5 < 122
For column C1: W14 x 111
d/t, = 26.6 < 58.4

be/2t¢ = 8.37 < 8.5

For bending about the x-axis:
ry = 6.23 in (0.158 m)
1=250m

198

pPrrnry

e Tad L

PURVPENERREIE ¥ MU T NSO PR T PO

.4 Lot RSOl okt oL ok w3

Koo o



rmrwg-.nm vy
£ A

3 ¥

DI :

¥

.

l/ry = 5.0/0.158 = 31.6 < 122

For bending about the y-axis:

ry = 3.73 in (0.095 m)

Llry = 5.0/0.0951 = 52.6 < 122

The section dimensions used in the above calcula-
tions are obtained from the "Properties for de-
signing" tables cof Reference 14.

The values of d/ty

s, b /th and /r for the other
frame members are lisf

ed in Table 6.

Compute the plastic moment capacities of the frame
members and reduce these moment capacities for
lateral torsional buckling; check whethey the
reduced bending capacities satisfy Equation (6)

or (7), as the case may be.

Girder G1: W12 x 27

Mox = (0.622 x 1073)(273 x 103) = 169.9 kN-m

Assuming the compression flange to be laterally
braced vy the decking:

Mrx = Mpx

169.9 kN-m

(M) Mo [Eq (7]

175/169.9 = 1.03 < 1.10
Column C1: W14 x 111

= (3.22 x 1073)(273 x 103)
Moy = (1.54 x 1073)(273 x 103)

876.1 kN-m

=
b=
x
\

420.4 kN-m

ry = 6.231 in (0.158 m)
ry = 3.73 in (0.095 m)
1=50m
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Max = [1.07 - 2/r/Fyy/262,394IMpy < Moy [Eq (5a)]

[1.07 - (5.0/0.095)V273 x 103/262,3941876.1

R45.0 kN-m ;

Using Equation (5b) of the text,
For Z/r, = 5.0/0.158 = 31.&:

%
My = Moy = 420.4 KN-m g

(Mp)x/me
(M), Moy 0.72 < 1.1 [Eq (6b)]

Similar computatiors are performed for the other
columns. The results of these computations are 1
tabulated in Table 5. x

420/845 = 0.5 < 1.1 [Eq (6a)]

304/420

A.3 Modeling of Frame Structures for the DYNFA Program

Problem A.3: Construct the anaiytical model of an unbraced, E
interior, rigid frame of a single-story steel 4
buiiding subjected to a normal shock wave; 1
prepare the related input data for DYNFA. E
Procedure:
Step 1. Establish the design parameters:
a. Geometry of frame

b. Sizes of primary frame members; secondary
members, decking and siding

c. Support conditions of frame :
d. Pcst-explosion condition of structure
e. Static tensile stress, Fy
f. Dynamic increase factor, c

g. Modulus of elasticity, E
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Step 2.

Step 5.
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Aiso calculate the dynamic tensile yield stress,
FC‘Q’ = CFy.

These data are availabln from the preliminary
design phase (Probler A.1).

Establish the scope of the model on the basis of
the guidelines given in Section 4.2. Sketch a

line diagram of the frame to be analyzed; designate
nodai points at the appropriate locations on the
model (Sceiion 4.2). Assign identification numbers
to the nodal points and eiements (Section 8.3).
Specify which nodal points are designated as mass
points.

Assign dynamic degrees of freedom to the mass
points of the model using the guidelines given in
Secticn 4.3.

Canpute the masses of the individual panels of
the walls and ro.f within the tributary strip
supported by the frame (Fig 17 and 19 of text).
Also compute the masses of the interior columns
and primary transverse members within the tribu-
tary strip.

Using Figures 17 and 19 of the text (in conjunc-
tion with Figures 8 and 20, respectively), and
the massas of the individual panels of tiie walls
and roof, de"arminad in Step 4, compute the con-
centrated masses assioned to the dyramic degreec
of freedum on each canel. Tabulate these masses
as shcwn in Table 7. Include the mass of the
mterior columns and transverse girders in this
tobulaticn.

Determine the cross-sectional properties and
capacities of the frime iiembers.

The cross-sectioni] properties required for the
analysis are:

a. Area of cross-section, A

b. Moment of inertia ahout an axis rormal to
the plane of the frame, I, or Iy. as the
case may bhe.
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Step 7.

Step 8

s}

The cross-sectional nroperties regquired (o com-
pute the wember capacities are:

a. Area of cross-section, A

b. Radii of gyration, ry and ry, about both
principal axes of the cross-section

c. Plastic section modulus, Zy or Z,, about an
axis normal to the plane eé the Trame.

The capacities required for the analysis are:

a. Ultimate dynamic load capacity in axial
tension, Py [Eq (13)]

b. Uitimate dynamic load capacity in axial
compression, Py [Eq (14)]

c. Ultimate bend1ng capac1tv in the absence of
axial load, M, M? depend1ng upon the
axis of bend1ng LEq %a) or 5b)1

Some of these data are available from the prelimi-
nary design phase.

Tabulate, as shuwn in Table 8, the nodal connec-
tivities, cross-sectional properties and the axial
Toad and bending ~apacities for all elements.
Indicate the locations of local pins in this tabu-
latjon, if any are utilized in the analysis.

Using the guidelines provided in Figures 23 and/or
24 of the text, establish the dimensions of the
tributary loading areas that are assigned %o the
mass points on the exterior members of the frame.
Compute the tributary areas and tabulate both the
dimensions and the areas as shown in Takie 9.

Combine adjacent coplanar areas assigned to the
one mass point.

Establish the following blast loading parameters:
a. Location of the charge
b. Charge weight, W

c. Safety factor, SF
202
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d. Normal distance, R, from the center of the
charge te the blasiward and leeward walls of
the building

Calculate the effective charge weight,
Wg = (1.0 + SF)W.

Most uf these data are avajlable from the pre-
Timinary design.

Step 9. a. Compute the scaled distances from the center
of the charge to the b]astward]7gd leeward
E .

ends of the building, Z = Ry/W

b. Ffnter Figure 4-5, 4-11 or 4-12 of Reforence 3
or Figure 6 of the text with each of the
scaled distances determined abow2, and read
from the appropriate curves:

k
E
3
3
M
3

Peak positive incident pressure, P,

Scaled unit positive impulse, 1S/|rl]/3

Shock front velocity, U

oo Lo

¢. Enter Figure 4-5 or 4-12 of xeference 3 or
Figure 6 of the text with the scaled distance
tu the blastward wall and read Trom the k
appropriate curves: 3

Peak positive normal reflected pressure, P, o

Sca]fd unit positive normal reflected impulse,
i /W3

d. Tabiilate all vajues as shown in Table 10.

ol L et

Step 10. Using the blast wave parameters determined in
Steps 9b and 9c, construct the reflected pressure-
time histery on the blastward wall:

a. Calculate clearing time t;:
t. = 35/U

where S = height of blastward wall or one
half its width

P T B
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Step 11.

Step 12.

PRNIE S SRS

b. Calculate fictitious positive phase
duration, t,f:

tor = 2i5/Pg,

c. Determine peak dynamic pressure, q,, from
Figure 4-66 of Reference 3 for Pgq.

d. Calcuiate P_, + Chg,. Obtain Cn from para-
graph 4-14b°8¢ Re?egence 3. D

e. Calculate fictitious reflected pressure
duration, t.:

te = 2i./Py

f. Construct the reflected pressure-time curves
shown in either (a) or (b), Figure 26 of the
text. The curve utilized for the analysis
is the one which yields the smallest value
of the impulse (area under curve).

g. Tabulate all values as shown in Table 10.

Using the blast wave parameters determined in
Step 9b, determine the combined incident/drag
pressure-time histories at the blastward and
leeward end of the roof as follows:

a. Calculate fictitious positive phase duration,
tof:
tof = 2i5/Pgo

b. Determine peak dynamic pressure q, from
Figure 4-66 of Reference 3 for Pgq.

c. Calculate PSO + Cpa,- Obtain Cp from para-
graph 4-14c of Reterence 3.

d. Tabulate all values as shown in Table 10.

a. DUetermine the pressure history at the location
of each mass point on the roof by 1inearly
interpolating for both the pei: pressure and
the duration, using the data computed in Step
11 and Equations (15) and (16).
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b. Determine the pressure history for each mass
point on the leeward wall using Faustions (17)
and (18) (where appropriate - see Section 5.3},
and the data computed in Step 11.

¢. In a similar manner, interpolate for the shock
front velocities at the mass points on the roof,
and extrapolate for these quantities at the
mass points on the leeward wall.

Tabulate the peak pressures, durations and
shock front velocities as shown in Table 11.

If large pressure differentials occur between
the blastward and laeward ends of tiie roof, a
more refined interpolation for the pressure-
time histories may be required. Refer to
Section 5.3 for guidance, if this is necessery.

P

i i

Step 13. Determine the values of parameters a and D for
each tributary area (Section 5.3). Refer to
Figures 30, and 32 through 34 of the text for
guidance when computing these quantities.
Tabulate all values as shown in Table 11.

Step 14. a. Using the pressure histories and shock front
velocities determined in Steps 10 and 12,
the values for a and D determined in Step 13,
and the equations given in Section 5.3, com-
pute the following blast ioading parameters
for each tributary area:

il il Mo 70 o e ST
e i -

e

el iRy gl

1. Travel time, t;, computed using Equation (19).
2. Rise time, tp, computed using Equation (20).

3. Average peak pressure, (Ppk)AVGa computed
using Equation (21).

4. Time, tpy, at which (Ppilayg occurs, computed
using Equation (23).

5. Duration of the pressure loading on the
tributary area, tpr» computed using
Equation (25).

6. Time at which the pressure on the tributary
area decays to zero, ty, computed using
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Equation (26). Tabulate these data as
shown in Table 11.

b. Using the parameters determined above,
generate the digitized data defining the
pressure~time history input for DYNFA as
describec in Section 8.9 and illustrated
in Figures 60 and 61 of the text. Assign
an identification number to each pressure
waveiorm entered in the DYNFA input.

SCAA S L Sl

Step 15. Compute the dead, and where appropriate, 1ive loads
acting on the frame. Distribute these quantities
as uniform and concentrated loads as described in
Sectiorn 8.10. Tabulate all values as shown in
Tables 12 and 13.

] : Step 16. Compute the integration time interval on the basis

- of either Equation (34) or (35) (whichever governs). :
In addition, specify the desired duration of the 1
{ response on the basis of the sidesway natural 3
: period of the frame as computed using the data in
Table 8 of the text and either of Equations (36)
or (37) (as the case may be).

Step 17. Locate the origin of the ¢lobal systzm for the
model; establish the direction of the glebal axes,
(Section 8.4), and specify the nodai coordinates

(Fig 4).

i

Step 18. Transfer the nodal coordinates, together with the
tabulated data (as contained in Tables 7 through :
13) to punched cards using the input formats for :
DYNFA, which are specified in Section 8.13. 5

Example A.3: Construct the analytical model of an unbraced,
- interior, rigid frame of a single-story steel

s building subjected to a normal shock wave, and
1 prepare the related input data for DYNFA.

E Required: The analytical model, and all related input data ;
] for DYNFA, for the rigid frame designed in Example i

4 A.1.
| Step 1. Fron Example A.1, given:

a. Geometry cf interior frame on column line 2 .
(Fig 1) g
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b. Sizes of primary frame members:
1. Roof girders: W12 x 40
2. Exterior columns: W14 x 53
3. Interior columns: W14 x 61

Sizes of secondary members, decking and siding
shown in Figuve 1.

b A i Al ik Ul ncsty b

Step 2. The interior frame on column line 2 {(Fig 1) is
modeled for analysis with DYNFA. The model in-
cludes on1y the steel frame, as the foundation
response is assumed to have a neglible impact on
the frame's response (Mpyoy > 2Msyeer). A line
diagram of the frame is sRown in I1gure 4. The
following Tocations on the frame are designated
as nodal points:

?» Size of primary transverse girders: W12 x 36
;, ¢. Pin-ended column supports

5 d. Reusable structure

: e. Fy = 248(10)% kPa (36 ksi)

: f. c=1.

3 g. E =207(10)6 kPa (30 x 10° psi)

E Fay = 273(10)3 kPa (39.6 kst)

4

E

St o s it L T ol

a. A1l column base connections: nodes 1, 10 and
18

b. A1l column/girder connections: nodes 5, 9
and 14

¢. Three intermediate locations within the span
of each exterior member: nodes 2 through 4,
6 through 8, 11 through 13 and 15 through 17.
In each group of three intermediate nodal
points, two nodes are located at the connec-
tions of the secondary members (purlins and
girts) to the frame proper. These nodes ave
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2, 4, 15 and 17 on the exterior columns; and
6. 8, i1 and 13 on the roof girders. The
third node in each group is used for the pur-
pose of computing the maximum chordal angle
(Section 4.2) at the midspan of the member.

Nodal points at the following locations are desig-
nated at mass points (Fig 4).

a. A1l column/girder connections

b. Al1 locations on exterior members correspond-
ing to the connections of secondary members
to the frame proper.

Assign dynamic degrees of freedom to the mass
points of the model.

Consistent with the guidelines given in Section
4.3, the dynamic degrees of freedom for the model
are designated as shown in Fiqure 4b. Note that
the mass points at the givrder/column intersections
(nodes 5, 9 and 14) ar2 assigned two dynamic degrees
of freedom (one in the horizontal direction and the
other in the vertical direction), while ali inter-
mediate mass points (nodes 2, 4, 6, 8, 11, 13, 15
and 17) are assigned one dynamic degree of freedom
which is directed normal to the longitudinal axis
of the member.

Compute the masses of the iadividual wall, roof and
floor panels (if any) within the tributary strip
supported by the frame. Also compute the masses of
all interior columns and transverse girders within
the strip.

Referring to Figure 1, the frumes are equally spaced
6.0 meters apart; therefore, the tributary strip is
6.0 meters wide and includes:

a. Two exterior wall panels, each of which is 6.0
meters wide by 5.0 meters high. Since there
are only two girts within each panel, the mass
of these members will not be included as a part
of the panel mass (see Fig 17 of text, case 2b).
Hence, the mass of each wall panel is taken as
the sum of the masses of the fellowing struc-
tural components:
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- 1. Siding: Type 2 - 20 x 20

Weight = 4.2 psf (20.5 ka/i2) :

Mass = 20.5 x 6.9 x 5.0 = 615 kg g

2. Exterior column: W14 x 53 (78.9 kg/m) -

Length = 5 meters

78.9 x 5.0
394.5 kg

it 7

Mass

PO I

3. The mass of a wall parel, My, is:
Mg = 615 + 394.5 = 1,009.5 kg

b. Two rcof panels, each of which is 6.0 meters ;
wide and 6.0 meters long. As was the case with ’
the wall panels, the mass of the secondary :
framing of the roof is not included as part of P
the roof panel mass. Hence, the mass of each 1
roof panel is taken as the sum of the masses i
of the following structural components (Fig 19
of text, case 2b):

1. Decking: Type 2 - 20 x 20
Weight = 4.2 psf (20.5 kg/m2)
Mass = 20.5 x 6.6 x 6.0 : 738 kg

e drade i oS 22

o S

2. Girder: W12 x 40 (59.4 kg/m) D
Lenath = 6.0 m 5
Mass = §9.4 x 6.0 = 356.4 kg ‘
3. The mass of a roof panel, Mp, fis:
Mg = 738.0 + 356.4 = 1,094.4 kg

c. Two girts on each exterior wal?, each of which :
is a W14 x 26 (38.7 %g/m), S meters long.

mg = 30.7 x 6.0 = 232.2 kg . a

209
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Step 5.

d. Two purlins on each roof panel, each of which

is a Wi2 x 19 (28.2 kg/m), 6 meters long,
mp = 28.2 x 6.0 = 169.2 kg

e. Interior column: W14 x 61 (90.8 kg/m)

Length = 5.0 m
Mass = 90.8 x 5.0 = 453.8 kg

f. Three transverse girders, each of which is a

W12 x 36 (53.6 kg/m}, 6 meters long.
Mass of one transverse girder = 53.6 x 6.0

= 321.6 kg

Compute the concentrated masses assigned to the
dynamic degrees cof freedom in each panel.

Using Figure 17, case 2b, in conjunction with
Figure 18, both of the text, the concentrated
masses for an exterior wall panel are computed
as follows:

My = ]’009'5;"b = 232.2 kg; ng = 2

NDOFH = 2 from Figure 4b
Therefore:
(M1y)w = Mg/ (Npopy + 1) + mg
= 1,000.5/(2 1) + 232.2 = 568.7 kg
(Ml = My/[2(Npoey +1)]

1,009.5/[2(2 + 1)] = 168.3 kg

ng
(Meydy = DMy + % (mg1)]/2

= [1,009.5 + 2(232.2))/2 = 737 kg
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The mass distribution for the blastward column
proceeds as follows: (M )N is assigned to the

horizontal dynamic degreass of freedom at the
intermediate mass points (nodes 2 and 4); and
(MEH)w and (MEV)w are assigned to the horizontal

and vertical dynamic degrees of freedom at the
column/girder connection (node 5). Since the
column/foundation connection (node 1) is a sup-
port point, the portion of the wall mass that
would be concentrated there is discarded. The
mass distribution on the leeward column is exactly
the same as that on the blastward column.
Using Figure 19, case 2b, in conjunction with
Figure 20 (both of the text), the concentrated
masses for a roof panel are computed as follows:
Mp = 1,094.4 kg; my = 169.2 kg; ng = 2

NDOFV = 2 from Figure 4b

Therefore.

np
= [1,094.4 + 2(169.2)1/2 = 716.4 kg

(Mpy)p = Mp/(Npopy + 1) + my
1,004.4/(2 + 1) + 169.2 = 534 kg

(Mey)R
1,004.4/[2(2 + 1) = 182.4 kg

The mass distribution for the blastward roof
girder proceeds as follows: (Myy)p is assigned
to the vertical dynamic degrees of freedom at
the intermediate mass points (nodes 6 and 8);

and (MEH)R and (MEV)R are assigned to the hori-
zontal and vertical dynamic degrees of freedom
at the girder/column connections (nodes 5 and 8).
The riass distribution for the leeward girder is
esactly the same as that for the blastward
girder.
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Step 6.

The concentrated masses for the wall and roof panels

are tabulated in Table 7. The m&ss of the interior
columns and transverse girders are include' in this
tabulation. Note that there are several contribu-
tory masses assigned to the mass points at the
girder/column connections. Here, the total mass is
the sum of all the contributory masses from several
components (wall panels, roof panels, interior
columns, transverse girders).

Determine the cross~sectional properties and
capacities of the frame members.

Girder: W12 x 40
273 x 103 kPa

il

From Step 1: de

E = 207 x 106 kPa
From Example A.1: “nx = 254 kN-m
C. =122

The following cross-sectional properties of the
member are obtained from the "Properties for
designing" tables of Reference 14.

11.8 inZ (76.1 cm?)

310 in? (12,834 cm?)

a. A

b. I,

The following additional data is obtained from the
same reference to compute P;:

5.13 in (0.130 m)
1.94 in (0.049 m)

Tx

Ty
Using Equation (13):
Pp = Fayh = (273 x 103)(76.1 x 107%)
= 2,078 kN
According to Equation (14) of the text:

PU = 1.7FaA
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Here, F is computed using Equation (4.3) nf Refer-
ence 1. To use this equation, compute the maximum
of either 1/ry or Ki/ry (Table 4.1, Ref 1).

For buckling about the weak axis, 7 is measured
between points of lateral bracing; i.e., purlin/
girder connections:

L/ry = 2.0/(4.93 x 10°2) = 40.6

For buckling about the strong axis, 7 is measured
between the vertical support points, i.e., girder/
column connections. Using a value of 0.75 for the
effective length factor, K, as recommended in Sec-
tion 4.4 of Reference 1:

KZ/ry = (0.75 x 6)/(13.03 x 1072) = 34.6 < 40.6
Equation (4.3) of Reference 1:
[1 - (k/r)2TFy,
2

2c¢
Fa = -
5 + 3(kz/r) - (Ki/r)’
3 8 C, 8c3
KZ/r = 40.6
Fdy = 273 x 103
Cc = 122
P, = L1 - 80.62/(2 x 122%)1(273 x 10%)
5/3 + [3(40.6)/8(122)] - [40.6°/8(122)°]
= 144.3 x 103 kPa
P, = 1.7(144.3 x 103)(76.1 x 10-4)

1,867 kPa

Values of Pp, Pu and me for all members are tabu-

lated in Table 8 together with the identification
numbers and nodal connectivities for the elements
representing them.
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Step 7. Establish the dimensions of the tributary areas
assigned to the mass points on the exterior members,

Since the secondary members are normal to the frame,
the dimensions of the tributary areas for the roof
and wall panels are established according to the
data given in Figure 24 of the text.

For a roof panel:

From Figure 1: Wp = 6.0 m
N-|=N2=3.0m i
L=6.0m ‘

From Figure 4b: Ny = 2

Fg; an intermediate mass point (nodes 6, &, 11 and
13):

Width of tributary area = Wy = 6.0 m .
Length of tributary area = T

L/(Nw+1) =6.0/(2+1) =2.0m
Area = 6.0 x 2.0 = 12.0 m? ;

For a mass point at the end of the member (nodes 5,
9 and 14):

it boelaze,

Width of tributary area = Wy =6.0m

Length of tributary area =
L/2(Ny + 1) =6/2(2+1) =1.0m
Area = 6.0 x 1.0 = 6.0 m?

e i ML e et

The dimensions of the tributary areas for the panels
of the blastward and Teeward walls are established
in a similar manner. The dimensions of each tribu-
tary area is shown in Figure 5 and tabulated in ;
Table 9. Note that the *wo contributory coplanar .
areas from the blastward and leeward roof panels
are combined into one area which is assigned to
node point 9.
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5 Step 8. From the preliminary design Example A.1, Step 1:

! a. Location of charge, surface burst

E b. Charge weight: % = 1,140 kg (2,500 1b)

g c. Safety factor: SF = 20 percent

; d. Normal distance to blastward wall:

433 £t (132 m)

E e. Normal distance to leeward wall:

§ 433 + 39.4 = 472.4 ft (144 m) ;

§ f. Effective charge weight: Wg = (1.0 + SF)W ?

= 1.2(1,140) = 1,360 kg (3,000 1b)

| Step 9. W = 3,000 1b; w/3 = 14,42 1p1/3 ;
Point on blastward wall: ;
a. Ry =433 f.

: Z = 433/14.42 = 30 ft/1b!/3 .

: b. Entering Figure 4-12 with Z = 30 ft/1b1/3: \ %

g :;g = 