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ENGINEERING AND DESIGN

DESIGN OF STRUCTURES TO RESIST THE EFFECTS OF ATOMIC WEAPONS
SINGLE-STORY FRAME BUILDINGS

INTRODUCTION

7-01 PURPOSE AND SCOPE. This manual is one in a series issued for the
guidance of engineers engaged in the design of permanent type military

structures required to resist the effects of atomic weapons. It is appli-
cable to all Corps of Engineers activities and installations responsible
for the design of military construction.

The material is based on the results of full-scale atomic tests and
analytical studies. The problem of designing structures to resist the ef-
fects of atomic weapons is new and the methods of solution are still in the
development stage. Continuing studies are in progress and supplemental
material will be published as it is developed.

The methods and procedures were developed through the collaboration
of many consultants and specialists. Much of the basic analytical work was
done by the engineering firm of Ammann and Whitney, New York City, under
contract with the Chief of Engineers. The Massachusetts Institute of Tech-
nology was responsible, under another contract with the Chief of Engineers,
for the compilation of material and for the further study and development
of design methods and procedures.

It is requested that any errors and deficiencies noted and any sug-
gestions for improvement be transmitted to the Office of the Chief of Engi-
neers, Department of the Army, Attention: ENGEB.

7-02 REFERENCES. Manuals - Corps of Engineers - Engineering and Design,
containing interrelated subject matter are listed as follows:

DESIGN OF STRUCTURES TO RESIST THE EFFECTS
OF ATOMIC WEAPONS

EM 1110-345-413 Weapons Effects Data
EM 1110-345-414 Strength of Materials and Structural Elements
EM 1110-345-415 Principles of Dynamic Analysis and Design

1
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EM 1110-345-416 Structural Elements Subjected to Dynamic Loads
EM 1110-345-417 Single-Story Frame Buildings

EM 1110-345-418 Multi-Story Frame Buildings

EM 1110-345-419 Shear Wall Structures

EM 1110-345-420 Arches and Domes

EM 1110-345-421 Buried and Semi-Buried Structures

a. References to Material in Other Manuals of This Series.

T=-Cca

In the

text of this manual references are made to paragraphs, figures, equations,

and tables in the other manuals of this series in accordance with the

number designations as they appear in these manuals. The first part of the

designation which precedes either a dash, or a decimal point, identifies a

particular manual in the series as shown in the table following.
figure

EM Paragraph
1110-345-413 3-
1110-345-414 -
1110-345-415 5-
1110-345-416 6-
1110-345-417 7-
1110-345-418 8-
1110-345-k19 9-
1110-345-420 10-
1110-345-421 11-

b. List of Symbols.

\O O OV W

10.
11.

(3.
(k.
(5.
(6.
(7.
(8.
(9.
(10.
(11.

Definitions of the symbols used

equation

)

table

-
OV O OV FWw

11.

throughout this

nanual series are given in a list following the table of contents in EM

1110-345-413 through EM 1110-345-416.

7-03 RESCISSIONS. (Draft) EM 1110-345-417 (Part XXIII - The Design of
Structures to Resist the Effects of Atomic Weapons, Chapter 7 - Single-

Story Frame Buildings).

7-O4 GENERAL. This manual presents four numerical examples illustrating
jesign procedures and principles given in EM 1110-345-413 through -416.

[he examples presented are as follows:

(1) The design of a one-story steel frame building, plastic deforma-

tion permitted.

(2) The design of a one-story steel frame building, elastic behavior.

(3) The design of a one-story reinforced concrete frame building,

plastic deformation permitted.

(4) The design of a one-story reinforced concrete frame building,

elastic and elasto-plastic behavior.

2
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Before illustrating the design of buildings to resist blast loads it
is desirable to describe the behavior of the elements of a building frame
subjected to blast loads. Accordingly, the first part of this manual is
devoted to a description of the response of single-story frame buildings to
vertical and lateral blast loads. In the general discussion of frames, it
is assumed that the exterior walls are framed vertically between the founda-
tion and the roof so that the columns are loaded laterally only at the top
of the frame and are not subject to direct lateral loads such as to cause
them to resist these loads by beam action. Colums subjected to directly
applied lateral loads are discussed briefly in paragraph 7-12.
7-05 BEHAVIOR OF SINGLE-STORY FRAMES. Single-story frame buildings sub-
jected to lateral blast loads suffer a lateral deflection which is deter-
mined by the mass, stiffness, and strength of the structure, the variation
of loading with time, the distribution of load on the structure, and the dy-
namic behavior of the walls and roof. The lateral loads on all walls are

transmitted to the roof and the foundations by vertical framing and are
carried laterally by the roof slab or roof lateral bracing to the girders
of the frame which in turn transmit the load to the columns. The columns
carry the lateral loads to the foundation where the reactions are provided
by friction and passive pressure forces. The lateral blast loads on the
walls are transmitted to the frame girders by either a lateral truss system
spanning between frames, or by the roof slab acting as a deep lateral beam.
The resistance of a building frame to lateral loads is a function of
the stiffness of the frame columns to relative displacement of the roof and

the foundation. The equivalent

single-degree-of-freedom dynamic - —“‘il Moss  E-e{ T Moss ()
system for the single-story frame he h *®

is a concentrated mass supported E_*figwmq

by a massless spring having the

lateral resistance properties of Figure 7.1. Single-story frame and equivalent
the columms (fig. 7.1). The be- dynamic system

havior of columns in a frame, and the procedure for designing the columns
in single-story buildings, are discussed in paragraphs 7-06 to 7-10. The
design of roof girders is covered in paragraph 7-11.

3
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7-06 SHEAR AND MOMENT RESISTANCE OF COLUMNS. Each column resists the lat-

eral motion of the frame through the action of shear forces and bending

moments in the columns as indicated in figure 7.2. The shear resistance

P in terms of the column bending
R )Mv moments and the axial load is
Figure 7.2. Shear resistance and MT + MB - Px
R . bending moments in a column R = (elastic range) (7.1)
subjected tolateral displace- h
ment and vertical load MT + MB - Px
R
JZ_‘ R = = (plastic range) (7.1a)
c
P

where hc is the clear height of the column as in figure 7.1l. In the elastic
range the effect of joint rotation should be included. Thus, using slope-
deflection equations where 6_ and 6., are joint rotations at bottom and top

)

of the column, respectively, the moments are
_ 2EIL _3_x_)
o= (2913 *oh %

it

2EI(
M, = 5= \2op + 6y -

In the plastic range the top and bottom moments are assumed to be

equal to a maximum moment MD so that

R=R =
m

QMD-PX
—

C

(7.3)

The value of MD to be used in equation (7.3) is a variable dependent
upon the direct stress. The effect of direct stress is discussed in para-

graphs 4-07, L-11b, and 7-07. If there is no direct stress, MD can be re-

M
=&,

c

placed by MP giving

R (7.3a)

m

In equations (7.1) and (7.3), R is a function of M, P, x, and h
or hc' In a given design two of the four factors are known; h and hC
are constants and P is of known variation with time. The remaining two

terms are related; i.e., for a given column, M is a function of x and P,

L
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so that the variation of M and then R may be determined from the varia-
tion of x and P .
For a frame with infinitely rigid girders, in the elastic range, the
relationship between M and x in any column is obtained from equa-

tion (7.2) by setting 6p = 6 = 0.
6F |
M=M, =M = —;%5 (7.4)

With infinitely rigid girders in the elastic range equation (7.1) becomes

2M - Px 12E Px
R = - 1EXx K (7.5)
h 3 h
h
Equation (7.5) may be written in the form
R = kx - =% (7.6)
from which the equation for k for one column is
12EI
k = =5 (7.7)
h

To obtain the maximum elastic displacement xe defined by figure 7.3, it is
necessary to obtain the maximum or plastic resistance Rm and divide by the

spring constant k . For a complete frame with n columns from equa-

tion (7.7)

k =n lng (7.8)
h
and from equation (7.3&), neglecting the entire effect of direct stress,
2
Rm =N —h (7’9)
c
so that 3
R MPh
X = —I-n = (7-10)
e k EEIhc

Equations (7.8) and (7.9) apply only when all the columns of the story are
identical in strength and stiffness. If this condition is not true, the

equations are modified as follows:

12EXT (7.11)
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m 5 (7.11a)
where ¢

ZMp
I

]

sum of plastic column moments in the story, and

sum of I values for all columns in the story. B
For the case in which the direct stress is considered important, the

maximum resistance equation from equation (7.3) becomes
2MDn - Px

R = —mm—— .

w = (7.12)

and the maximum elastic displacement from equation (7.10) becomes

n3

. - _ _Pxnd
e ~ BEIn_ ~ ToBInh_ (7.13)

where My is a function of P (par. 7-07). Equation (7.12) should be used
in numerical analyses where the effect of P and x can be introduced.
For preliminary design purposes wherein it is desirable, in order to
simplify the computations, to account for the approximate effect of P ’ .
the design should be based on
2Mbn

R = 5 (7.14)
T-07 THE EFFECT OF DIRECT STRESS ON COLUMN RESISTANCE. The value of Mb
to be used in equations (7.12) and (7.13) is variable dependent upon the
direct stress (pars. 4-07 and 4-11). The relationship is different for

steel and reinforced concrete. A reinforced concrete section carrying both

direct stress and bending moment has a higaer moment-carrying capacity for
a limited but important range of axial loads than the same section carrying
only bending moment. However, a structural steel section carrying both
direct stress and bending moment has a lower moment-carrying capecity than
the same section carrying only bending moment.
The limiting elastic deflection when significant axial loads are
present is determined from equation (7.13), where Mb is determined from a
curve of PD vs Mb prepared as described in paragraphs 4-07 and L-11 (see
figs. 4.12 and 4.26). As long as the moment M as determined from equa-
tion (7.4) and the axial load P together determine a point on the F, - My .

6
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graph which is inside the curve, the action of the column is elastic, and
the M as calculated is used to determine R from equation (7.5). If the
point determined by the values of P and M 1lies outside the PD - MD
curve, the action is plastic and the limiting moment Mm is the value of MD
corresponding to the axial load P .

In the preliminary design of reinforced concrete frames, it is de-
sirable to introduce the increased bending strength that results from axial
stress in the columns. If this effect is neglected, the preliminary design
is generally very conservative. By introducing the direct stress effect a
more reasonable columa size can be determined.

For steel columns the effect of direct stress is much less important
and, 1n most cases, reasonable results are obtained by neglecting the ef-~
fect of direct stress in the preliminary column design method of this
manual. However, the effect of direct stress is usually considered in mak-
ing the numerical analysis which is used to check the preliminary design.
Column buckling under combined axial load and bending must be prevented in
order to maintain the lateral resistance of the frame. In many designs the
colum section is determined by buckling considerations. For the buckling
criteria refer to paragraph 4-07.

In the numerical integration method used to check the preliminary de-
sign results, the more comprehensive procedure involves consideration of
the individual column direct stresses and their effect on the bending re-
sistance of the individual column. A study has been made to determine
whether this precision is necessary. In a series of typical problems, the
variation of resistance was determined on two bases: (1) average direct
stress equal to the sum of the column loads divided by the sum of the
column areas and (2) direct stress determined separately for each column
and applied to that column. It has been determined that there is very
1ittle loss in accuracy if the average direct stress is used.

7-08 THE EFFECT OF GIRDER FLEXIBILITY ON COLUMN RESISTANCE. In the pre-
1iminary design of the columns, the frame response is determined on the
basis of the assumption that the joint rotations are negligible. If the
girders are designed to act in the elastic range (par. 7-11), the error in-
volved is not large. If all the columns in a story have the same section

7
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and are of equal height, this assumption results in equal moments at the
top and bottom of all colummns and & linear variation of resistance with
displacement up to the plastic resistance. If the assumption of infinite.»
stiff girders is not made, the resistance-deflection diagram for a given
frame may be determined by a conventional sidesway analysis.

Neglecting the flexibility of the girders results in an overestimate
of the energy absorption capacity of the frame, thus resulting in under-
estimates of the displacement of the structure, and the required resistance
of the columns. Any procedure which reduces the required resistance to a
value below that needed by the more exact procedure is unconservative. It
is not desirable to incorporate the flexibility effects into the prelimi-
nary design procedure. The designs obtained by the preliminary design
method should be recognized as being slightly unconservative and allowance
should be made for this difference by the designer. It is desirable to in-
clude this flexibility effect when the preliminary design is checked by a
numerical integration procedure.

The recommended procedure for aprroximating t': effect of girder
flexibility for use in the numerical integration analysis of single-story

structures is described below. Figure 7.3 presents the form of the

<:wwshdu resistance-deflection diagram for a typical multi-
Rm

column frame subject to lateral load only. Line A

' d

Flexible Girder represents the resistance for infinite girder

Resistance, R

Rigid xe stiffness. With infinite girder stiffness, plastic
Flexible
Tt e hinges would develop simultaneously at both ends of

all columns. If the actual girder flexibility is

Deflection, x

Figure 7.3. Effect of
girder flexibility on
resistance-deflection successively as indicated by line B. The recom-
diagram of multibay
frames

considered, the hinges would be found to develop

mended resistance diagram is line C, an extension
of the initial slope of line B to the intersection
with the line of maximum resistance. The shaded area represents the error
introduced. Use of line C will result in the calculated deflections being
smaller than the true deflection. However, the error involved is generally
very small. To obtain the effective spring constant k for girder flexi-
bility, it is necessary to determine the slope of line C. This can be

8
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determined by imposing an arbitrary lateral deflection upon the frame and
calculating the resistance corresponding to this deflection. The ratio of
the resistance to the displacement is k = R/x. Paragraph 7-26 illustrates
the simple elastic frame analysis that is needed for this determination.
7-09 EFFECT OF IATERAL DEFLECTION ON COILUMN RESISTANCE. From equation
(7.1) it may be seen that the resistance is subject to reduction by the
combined effect of the lateral deflection and the axial column loads. In
single-story frames this effect is small and is neglected in the prelimi-
nary design procedures, but it is included in the final numerical analysis.
7-10 DESIGN OF COLUMNS. A general preliminary design prc ‘are for plastic
behavior is presented in paragraph 6-11 and for elastic t or in para-

graph 6-12. Details peculiar to application of these methous to single-
story column designs are explained below and illustrated in paragraphs T-2k4
and 7-34 for steel frames, and paragraphs 7-42 and 7-50 for reinforced con-
crete frames. The loading used in the preliminary column design is the
net lateral blast load as computed from procedures in Paragraph ,-09,
neglecting the effect of dynamic response of wall panels and other inter-
vening structural elements. The dynamic effects of the mass and structural
properties of the walls are accounted for in the final check of the column
section by using the dynamic reactions to the front and rear walls in the
numerical integration. The equivalent mass concentrated at the top of the
colum is given by

m = total roof mass + 1/3 column mass + 1/3 wall mass

In the preliminary design of steel columns the frame girders are as-
sumed to be perfectly rigid, and the axial load in the columms is neglected
so that the required moments, the spring constant, and the limiting elastic
deflection of the columns can be obtained from equations (7.8) and (7.10).

From equation (7.9)
Rmhc
Mp = >3 (7.15)
The cross section required to provide the plastic bending moment resistance

MP is determined from data in paragraph 4-07 for steel columns.
The preliminary design procedure for reinforced concrete columms is

different from that for steel because allowances are made for the effect of
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direct stress on the bending resistance of the column. After solving for
the required MD from equation (7.14), it 1s necessary to determine the
dimensions of the cross section. Since Mb is a function of P (par. 4-11)
it 1s necessary to use the time average of the total axial load P for the
time interval estimated to be the plastic phase.

Using equations from paragraph 4-11b for eccentrically loaded columns,
a cross section is selected which will provide the necessary Mb at the aver-
age P .

Having determined the necessary cross section, the next step is to

compute k and x_. For both steel and concrete, k = 12EIn/h3. However,
from equation (7.10) 3
h

xe = EETE: for steel
(7.16)
n3

xe = EETE; for concrete

These parameters are used in the remainder of the design procedure without
modification by any load or mass factors because the single-story frame is
considered to be directly replaceable by a single-degree system. The pre-
liminary design is then completed in accordance with the steps of either
paragraph 6-11 or paragraph 6-12.

After the girder is designed, the preliminary column design is veri-
fied by means of a step-by-step numerical integration procedure. It is re-
quired that the displacement of the top of the column determined by this
computation be reasonably close to the design displacement determined from
consideration of paragraph 6-26.

The more exact numerical analysis includes all the factors which
have been neglected in order to simplify the preliminary procedure. These
are: the effect of girder flexibility, the effect of vertical load ec-
centricity, the effect of direct stress, and the effect of the dynamic
response of the wall and roof elements on the lateral and vertical load-
time curves. As discussed in paragraph 7-07, a simplification is possible
by using the average column axial loads instead of considering the}in-
dividual colums separately. The effect of girder flexibility is'
determined as indicated in paragraph 7-08. Examples of the numerical

10
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integration procedure applied to steel column designs are presented in
paragraphs 7-26 and 7-36, and for reinforced concrete columms in paragraphs
7-4h4 and 7-52.
T-11 DESIGN OF ROOF GIRDERS. The design of roof girders in building
frames for blast loads is a difficult problem which is complicated by the
time variation of the lateral and vertical blast loads, and the difference
in time required for the different girders to reach maximum stress. In

general, the maximum frame moments due to the vertical loads develop before
those due to the lateral loads. Conventional static loads must be consid-
ered in addition to the blast loads. In a building with openings it is
possible to have internal pressures of such magnitude as to develop net
upward forces on the roof girders.

To obtain the maximum lateral stiff-
A 8 c D
ness for the building frame, it is desirable 5 A » A 8 A c ¥ 8 »

that the roof girders in frames be designed J,
to act elastically. To simplify design pro-

cedures, continuous-span beams can be consid-

Figure 7.4. Single-span support
ered as single-span elements with restraints assumptions for design of
as indicated in figure 7.k. It is recom- frame gi-ders
mended that single-span frame girders such as A be designed elastically to
carry vertical loads as simply supported beams. Exterior girders such as B
should be designed elastically to carry vertical loads as beams fixed at the
first interior support and pinned at the exterior support. Interior girders
such as C should be designed elastically to carry the vertical loads as
beams fixed at both ends. In order to develop the maximum lateral resist-
ance of the frame, it is necessary to design the girders so that the plastic
hinges form in the columns. To insure this behavior, the bending strength
of the girders at any point must equal the moment at that point due to
static and dynamic vertical loads, plus the moment due to lateral motion.
The latter is computed by applying to the girder the full plastic hinge
moments of all the colums simultaneously. This is conservative because 1t
agssumes that all the maximum moments develop at the same time.

Consideration of the blast loading on frame girders shows that the
front girder is the critical girder in a multibay frame and the critical
section is at the first interior support. At this section the frame moment

11
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in the girder should be a fraction of the column mesimum moment MD' For a

2-bay frame use 1/2 My. For a 3-bay frame use 2/3 M, and for a 4-vay
frame use 5/8 M.

The design procedure recommended for girders is an elastic design
based upon paragraph 6-12 and consists of the following steps which are 1l-
lustrated in paragraphs 7-25, 7-35, 7-43, and 7-51. In order to perform
these operations, it is necessary to refer freely to other manuals for in-
formation; viz., to EM 1110-345-413 for overpressure-time variation on
roofs, to EM 1110-345-L1k4 for the equations governing the plastic moment
capacity of steel and concrete girders, to EM 1110-345-415 for the elastic
response characteristics of single-degree-of-freedom systems, and to EM
1110-345-416 for the factors which define the equivalent single-degree-of-
freedom system.

Step 1. Obtain the vertical load-time curve for the girder from the
dynamic reaction of the roof element which the girder supports. Idealize
the curve to a form for which dynamic load factors are available.

Stev 2. Estimate the dynamic load factor for preliminary size .
determination.

Step 3. Calculate Tn’ the period of vibration of the equivalent
single-degree-of-freedom system. Tn is a function of mass m aad spring
constant k . The equations for k are given in EM 1110-345-416. The
mass to be used is the mass which is considered to move with the girder.

In EM 1110-345-416 consideration 1s given to beams which have mass varia-
tions that are triangular in spanwise distribution as well as concentrated
at local points.

Step 4. Using T,and T, the time parameter of the loading, obtain
a new value of dynamic load factor from figures 5.20 and 5.21.

Step 5. With the new dynamic load factor, determine the design mo-
ment required for vertical blast loads. Determine the total moment by
adding the static load moments and the proper fraction of the column
plastic moment. Select a size to withstand the indicated bending moments
in accordance with EM 1110-345-414 requirements.

Step 6. Repeat the cycle, computing T , T/Tn, and D.L.F., and check
the section for the revised bending moments including the allowances .

12
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described above until satisfactory agreement is realized.

Step 7. If the loading curve cannot be approximated by the idealized
shapes used in figures 5.20 and 5.21 it may be necessary to perform a step-
by-step numerical integration to check the design for the loading curve.
T-12 FRAMES WITH IATERAL LOADS ON THE COLUMNS. There are certain arrange-
ments of the structural elements in framed buildings which would require
that the columns be capable of resisting directly applied transverse loads
in addition to providing the resistance to lateral motion of the frame.

This condition is indicated in F(N
figures 7.5(a) and (b). Figure 7.5(a) 8 ¢ 8 c
corresponds to the case of a frame build- ""i i i 3“ l
ing with exterior walls which act as two- () (b)
way panels. Two edges of the panel load Figure 7.5. Columns subjected
the columns directly, and the other to ;’a‘; :::?'l::;:‘.ed
edges transmit load to the roof and the
foundation. The portion of the load transmitted to the roof is indicated
by F(t). The column loading w(t) is assumed to be uniformly distributed.
Figure 7.5(b) corresponds to the case of a frame building with the exterior
wall framed horizontally. In this case, there is no concentrated load F(t).
T7-13 ILOAL3 ON FRAME STRUCTURES. The orientation of the blast wave with
any element of a building should be assumed to be that which will produce
the critical load on that element. The critical load for an exterior wall
is produced by a blast wave acting perpendicular to the wall. Frames
should be designed for the load produced by the blast moving parallel to
the plane of the frame. For roof slabs the critical load is a function of
two considerations, the loca:ion of the element and the direction of the
blast wave. Paragraph 3-05 shows that the overpressures on the central
portion of & roof of rectangular plan subjected to a blast wave moving
normal to the long axis are less than the overpressures at and near the
ends., For the same roof plan, all roof elements would be subjected to the
same intensity of overpressure if the direction of the blast wave movement is
parallel to the long axis of the building. On the central portions of
square roofs the overpressures for all orientations of blast wave are less

than at the edges of the roof.
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The outside dimensions of the structure must be used in computing the
blast loading on the structure. This means that the member sizes must be
assumed initially to obtain the outside dimensions in order to compute the
loads. A large difference between the assumed dimensions and final design
dimensions would require a revision of loads.
7-14 FRAMING ARRANGEMENTS. In the blast resistant designs of this manual
there are no radical departures from conventional framing arrangements. In

reinforced concrete frame structures, the exterior columns are made inde-
pendent of the exterior walls and the walls are designed to span vertically
between the wall footing and the roof slab. This arrangement is desirable
and most economical because it eliminates the necessity of designing the
column to act as a beam spanning between the foundation and the girder in
addition to providing restraint to the lateral motion of the frame.
7-15 PRELIMINARY DESIGN METHODS. The design of each element of a bullding
consists of two steps. The first step is the preliminary design of the
element using an idealized straight line load-time curve and the design
charts presented in EM 1110-345-415. The second step is the numerical in-
tegration check of the preliminary design using the calculated load-time
data. The following discussion deals with some of the details of the pre-
liminary design method.

Only one mass factor and one load factor may be used in any of the

preliminary design methods. Therefore, average values of these factors
must be obtained for all designs in the plastic range and also for elastic
designs in which there is a bilinear resistance function. In the case of a
fixed-end beam designed to allow plastic deformation at midspan, the aver-
age of the elasto-plastic and plastic mass and load factors should be used
to obtain the mass and load factors for use in the preliminary design. The
elastic values of mass and load factors are not used in computing these
average values since only a small percentage of the total deflection occurs
within the elastic range.

For a simple beam designed for plastic action, the average of the
elastic and plastic values of mass and load factors should be used. In the
case of a fixed-end beam designed for plastic action at the support and

elastic action at the centerline, the average of the elastic and

14
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elasto-plastic mass and load factors is used in the preliminary design. In
general, any reasonable method of obtaining a single set of mass and load
factors will be satisfactory for use in the preliminary design.
7-16 NUMERICAL INTEGRATION ANAIYSIS. The numerical integration analysis
is a method of checking the preliminary design that takes into account the
irregularity of the load-time curve, the variation in resistance function,
and the changes in mass-load factors. In this manual each preliminary de-
sign is checked by the numerical integration method. 1In some cases, it may

be necessary to use the numerical integration method more than once before
a satisfactory design is obtained. This is particularly true where the
actual load curve is of such a shape that a good approximation to it cannot
be obtained by a straight line, and also in design of steel where the
number of available beam sections is limited. An experienced designer may
Judge that & numerical integration check of some designs is unnecessary. A
numerical integration analysis may be needed in some cases primarily to ob-
tain the dynamic reactions of the element for use as the load on the sup-
porting structure.

The load-time curves used in the numerical integration analysis are
computed from either the direct-blast-pressure vs time curve or from the
dynamic reactions of the supported elements. The dynamic reactions are com-
puted by the use of the formulas of tables 6.1 to 6.6. Note that, in gen-
eral, the formulas vary with the

strain condition of the beam or slab. % A

The dynamic reaction curve for an ele- § 8
ment designed to have some plastic ;

action has a form indicated by line A §

in figure 7.6. Line B in figure 7.6 '

is the pseudostatic reaction (for a Time (sec)

simple beam it equals one-half the Figure 7.6. Simplification of dynamic
reaction curve
applied load). The time t, indi-
cates the first instance after the maximum reaction develops for which the
dynamic reaction is less than the pseudostatic reaction.
If the dynamic load on the supporting structures is required for a
period of time exceeding tl, it is recommended that the load be represented

15




EM 1110-345-417 7-17

15 Jan 58
@

by line A before tl and by line B after tl. This simplifies the load shape
in a reasonable manner and reduces the number of tedious steps in the

numerical integration.

T-17 SUMMARY OF DESIGN EXAMPLES. In this paragraph the results of all the
illustrative design examples which are cortained in the remainder of this -
manual are summarized to provide a ready reference for preliminary designs
of similar elements and buildings. Examples are for incident overpressure
and duration indicated in figure 7.8.

Table 7.1. Summary of Design Examples in EM 1110-345-417

xm Maximm )
Span ag = < Deflection T /T c m E

Element | (ft) Size e Range Cr n | 0.L.F.| O |(ft-kips)| (ft-kips)
R/C wall slab| 17.5 | 11 in. 4.6 |Plastic 0.70 | 1.0T | =---- | 0.365 7.42 7.62
R/C roof slab| 6.67| 3-3/4 in. 1.8 | Plastic 1.3 18.3 === | 0.0015 0.177 0.516
Steel purlin | 18.0 | 16 W36 6.9 |Plastic 1.07 | 10.3 -=e= | 0.008 | 15.4 22.0
Steel girder | 20.0 | 36 W160 -=-- | Elastic ———— 0.69 1.38 | cemmce] cmmee | eeeee
Steel column | 14.5 | 10 W77 10.1 | Plastic 0.22 0.27 ~--~ | 0.88 157.0 236.0
R/C wall slab | 11.67| 14 in. ---- | Elastic mmme | 1,57 | 1.7 | eemeee]| cmmmcee | aemeaas
R/C roof slab| 5.33| 4-1/4 in. ---- |Elastic ---- | 37.0 2.0 | seceme]| cemmmee | ceemeea
Steel purlin | 18.0 | 16 W ko ---- | EBlasto-plastic| ---- | 10.8 1.95 | cemmme]| mmecmee | cmmeeee
Steel girder | 20.0 | 36 W 150 ---- | Elastic cemm | 0.69 | 1.38 | mmcmee| cmcmcem | cceeees
Steel colum | 8.67| 12 W 120 ---- |Elastic == | 0.593} 1.3 | eecmes] ccmmmee | cmcene- '
R/C wall slab | 15.83| 10.5 in. 3.5 |Plastic 0.77 | 1.24 | ---- |0.31 5.95 6.48
R/C roof slab| 18.0 | 7-3/4 in. 5.5 |Plastic 1.0 5.7 == | 0.028 4.55 4.57
R/C girder 20.0 | 20 in. x 45 in. T ---- {Elastic e | 1.25 | 1.18 | mmmmen] smmmmee | emmeoee
R/C colunm 13.0 | 12 in. x 20 in. 6.0 |Plastic 0.324 | 0.338| ---- [0.83 92.1 114.0
R/C wall slab | 14.75 m-ye in. ---- |Elasto-plastic | 1.26 1.67 -=-- | 0.118 1.76 1.71
R/C roof slab | 18.0 | 9-1/2 in. ---- |Elasto-plastic | ---- | 6.6 1.9 | cmemem| mmmemmn | eeeeeee
R/C girder 16.0 | 20 in. x 42 in, T ---- |Elastic S 1.33 1.18 | cevecme| mmmemee | ameaee-
R/C colum 11.83] 18 in. x 28 in. --=- |Elastic -——- | o. 1015 | cmmmee| mememee | emeeeeo

NUMERICAL EXAMPLE, DESIGN OF A ONE-STORY STEEL FRAME
BUILDING, PIASTIC DEFORMATION PERMITTED

7-18 GENERAL. This numerical example presents the design of one bay of a
windowless one-story, steel, rigid-frame building with plastic deformation
permitted (fig. 7.7). The design overpressure (10 psi from an 18-KT
weapon) is arbitrarily selected for illustrative purposes. In an actual
case the design overpressure would be determined by evaluating a group of
considerations including many nonstructural design considerations. The
example includes only the designs of the major elements of the structure,
including the roof slab, purlins, wall slab, columns and girders of the
frame, and the foundation.

One-way reinforced concrete slabs are used for the roof and walls. .
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The concrete compressive strength
is specified at 3000 psi and in-
termediate grade reinforcing
steel is used. In accordance
with EM 1110-345-414, a uniform
dynamic increase factor of 1.3
is used, giving the following
strength properties for use in
the design concrete

fé = 3000 psi

fé = 3900 psi
¢ 6
E, = 3(10)” psi
n = 10
reinforcing steel
fy = 410,000 psi
fdy = 52,000 psi

The purlins, colummns, and girders
are wide flange structural shapes
with welded connections. The
strength properties are speci-
fied in EM 1110-345-L41L,
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Figure 7.7. Plan and section of
steel frame building

The structure is to be located upon a compact sand-gravel mixture ex-
hibiting the following properties (par. L4-15).

Normal load-bearing capacity = 10 kips/sq ft

Ultimate load-bearing capacity = 30 kips/sq ft

Coefficient of friction (soil on soil) = 0.50

Coefficient of friction (concrete on soil) = 0.75

Unit weight of soil = 100 1b/ft>

Normal component of passive pressure coefficient, K?¢ = 10

Modulus of elasticity, E = 40,000 psi

It must be emphasized that the primary purposes of this example and
those that follow are to illustrate the design techniques and philosophy

presented in the previous manuals.

Presentation on this example should not

be considered a recommendation of the structural system for use in blast-

resistant bulldings.
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[-19 DESIGN PROCEDURE. In general blast-resistant design proceeds from
:he outside to the inside because the dynamic reactions of the outside
*leménts are used for the loading on the supporting members. The steps in
:he sign procedure are as follows:

Step 1. Compute the pressure variations from which the design loads
:an be obtained. The following curves are needed in addition to some local
roof overpressure curves which are introduced in paragraph 7-22:

(1) Incident overpressure vs time curve (fig. 7.8)

(2) Front face overpressure vs time curve (fig. 7.9)

(3) Rear face overpressure vs time curve (fig. 7.10)

(4) Net lateral overpressure vs time curve (fig. 7.11)

(5) Average roof overpressure vs time curve (fig. 7.12)

Step 2. Using the procedure of paragraph 6-11 for design with plastic
leformation and a triangular load-time curve idealized from the front face
verpressure-time curve make a preliminary design of a wall slab. Check
the design using the numerical integration procedure of paragraph 5-08 and
she computed front face overpressure-time curve. In this analysis the dy-
wmmic reaction of the wall slab at the roof and foundation are obtained for
later use.

Step 3. Design the roof slab by the same procedure used>for design
»f the wall slab with a triangular load-time curve idealized from the in-
:ident overpressure-time curve for the preliminary step, and use the actual
lncident overpressure-time curve in the numerical integration to check the
slab deflection. The dynamic reactions are obtained for use in the purlin
lesign.

Step 4. Base the purlin preliminary design on the same idealized
load-time curve used in the roof slab design. However, for the numerical
ntegration analysis use the load obtained from the roof slab dynamic re-
wction. From the numerical analysis of the purlin obtain the design load
‘or the girder.

' Step 5. Make a preliminary design of the columns assuming the girders
;0 be infinitely rigid and neglecting the effect of axial load on the
'olum. A triangular load-time curve idealized from the net lateral
ressure-time curve is used in the preliminary design.

18
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Step 6. Design the frame girders using the procedure of paragraph
6-12 for elastic design. In this preliminary design the load-time curve is
idealized from the variation of purlin dynamic reactions.

Step 7. Check the preliminary column design by determining the maxi-
mum lateral deflection of the frame considering the relative flexibility of
the columns and girders and the effect of axial load on column resistance.
Use the wall slab dynamic reactions at the roof line for the design lateral
load on the frame.

Step 8. Design the foundation.

T-20 ILOAD DETERMINATION. The computation of the various pressure-time
curves is explained in detail in EM 1110-345-413. In this example the
methods are illustrated by presenting the computations for one point on

each of the curves. The dimensions of the structure used in the load com-
putations are the outside dimensions of the building which are determined
at this stage of the design by estimating the sizes of the slabs and
girders (fig. 7.7).

a. Incident Overpressure vs Time Curve. Assumptions of the incident

overpressure and time duration used in the illustrative examples in this
manual are given in figure 7.8.
t_ = w3 (0.262) = 18Y/3 (0.262) = 0.685 sec
The incident overpressure-time curve (fig. 7.8) is obtained from figure 3.4b.
b. Front Face Overpressure vs Time Curve (Fig. 7.9).
= 1290 fps (fig. 3.21)

c
refl
t =-§P-'— =§Qé2 = 0,0372 sec
c ¢ 1290

refl

P..p1 =25.3 psi (fig. 3.20)

q, =2.23 psi (fig. 3.23)

Overpressure = P_ + 0.85q

q iIs obtained using table 3.2. PS is obtained using table 3.1.

For example, for t = 0.100 sec, t/to = 0.146

q = 2.23(0.513) = 1.14 psi (table 3.2)

P = 10.0(0.738) = 7.38 psi (table 3.1)

?front = 7.38 + 0.85(1.14) = 8.35 psi

Following the procedure of figure 3.25, the front face overpressure

vs time curve may be drawmn.
19
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c. Rear Face Overpressure vs Time Curve (Fig. 7.10).
Length of structure, L = 43.5 £t
U, = 1403 fps (fig. 3.9), c, = 1115 fps (par. 3-08a)
L 43,
td = i = TET)% = 0,0310 sec

t ..lﬂcl'- .%%—gl = 0.0573 sec
(o)

At time t, + & = 0.088 sec, using table 3.1, P_. = 10.0(0.842)

= 8.42 psi

sb
At time t, +t, from figure 3.27v, B /P, = 0.735
Therefore, 'Fback = 0.735(8.42) = 6.20 psi

For times in excess of t = ¢ at tb, the ratio of Pba.ck/Ps is as given

in figure 3.27b.

% Pnet front - “back

d. Net lateral Overpressure vs Time Curve (Fig. 7.11). At any time
=P

P
e. Average Roof Qverpressure (Fig. 7.12). For the blast propagation

direction normal to the long side of the building, at time t = L/Uo = 0.0310

sec

2
5"2"—1”-0 +011—Ps° - 0.91 (fig. 3.34)
P = 0.9 . _T.E-.—?— = 0. g. 3.

<]

9.57 psi (table 3.1)

P, = 10.0(0.957)

Therefore, ?roof = 0.91(9.57) = 8.71 psi at t = 0.0310 sec
For times in excess of t = L/U , the ratio of -ﬁroof/Ps is as given

in figure 3.34.

7-21 DESIGN OF WALL SIAB. The wall is de- —,——,} __

signed as a one-way reinforced concrete slab
spanning from a fixed support at the founda- :
tion to a pinned support at the roof slab. | s
The slab is permitted to deform into the
plastic region by developing plastic hinges _
at the foundation and near midheight. The y
span length of the slab is equal to the clear '
height of the wall.

L=17.9
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The preliminary plastic design procedure is described and illustrated .
by an example in paragraph 6-11. Dead loads are not considered in design-
ing vertical wall slabs. The design calculations are made for a one-foot
width of slab.

a. Design Ioading. The design load as idealized from the computed -
loading shown by figure 7.9 is defined by: '

B..f‘li'il%g%l”_-i=63.e Kkips -

T = 0.062 sec

H = —Bé? = -(§-3-—8-2M@ = 1.98 kip-sec (par. 6-11)

8+ 63.8 kips

Force (nips)

T20.062 sec
Time (sec) b. Dynamic Design Factors. (Refer to

table 6.1.)

Elastic range:

b
B
-

= 0.45, Ky = 0.78
R = EHl’s k = 185ET
b

1 L3 ‘

V, = 0.26R + 0.12P, \'/ 0.43R + 0.19P

1 2
Elasto-plastic range:
K = 0.6k, Ky = 0.50, Ky = 0.78

N 384ET
Ry =1 (MPs + 2M!’m)’ Kep = 5L§
V = 0.39R + 0.11P

Plastic range:

K; = 0.50, Ky = 0.33, Kiy = 0-66
Ry = T (g + Bgy)

v = 0038R + 0012P
Average values:

X, = 0.64 ; 0:20 _ o.57
KM=9;52%-&£=O.1&2
Ry = 1 (Mg, + 20p)
160ET
kg = 3 26 .
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c. First Trial - Actual Properties.
Tet Moy = Mg, = My

Assume P = 0.015 (par. 4-10)

Let a8 = 5 (par. 6-26)

Assume Cp = 0.7 (experience)

R =CgB = 0.7(63.8) = 4h.7 kips

ot
2
Mp = Pfz bd (1 - Tﬁ%-:f,i:) (eq 4.16)

= 0.015(52) (1)a° [ 2:313.32 ]= 0.6884° kip-ft (d in inches)
m‘p _{12)0.688° _ ) - .
07’ .

o
E

. d=9.73 in.

17.5

Try h = 11 in., d =9.75 in., p = 0.015

My = 0.688(9.75)° = 65.4 Kip-rt ,
fﬁ nb"_ LI

Rm =3 = -1—2-](.%—.5-%1 = 44.8 kips ~'>.4 . , ._‘\ .."i._‘ j 9'7!5 T

Ig = bh3/12 = (11)3 = 1331 in.h No.ebors) ;rcover I L25"

3
—wadl K 2
It-bd[3+p(l-k)] i

= 12(a)3 [-(9-13‘38 + 0.015(1 - o.h2)2]

= 0.905d3 = 0.905(9.75)3 = 839 in.*

I, =0. 5(1 + I, ) = 0.5(1331 + 839) = 1085 in.

. - 160 1160)3(10)31085
L3 1k(17.5)3

=%h—3——0.066hft

4

= 675 kips/ft

8 ol ™

= 5(0.0664) = 0.3320 £t (par. 6-26)

11(150)17.
Weight = 5050~ = 2.406 kips

2
_ 2,06 kip-sec
Mass m = =575 = 0.CTh7 T
d. First Trial - Equivalent System Properties.

= KR = 0.57(44.8) = 25.5 kips (eq 6.12)
27
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H, =KH= 0.57(1.98) = 1.13 kip-sec (eq 6.2)

T-2le

m_ = Kam = 0.42(0.0747) = 0.0314 kip-sec>/ft (eq 6.2)

(He)a 1.1 2

Wp =5 = 3 RE i 20.33 ft-kips (eq 6.10)

T, = 21(" Kg:l = 6.28 Jo—z-eégsﬂﬂz = 0.058 sec (eq 6.1h4)

e. Work Done vs Energy Absorption Capacity.
Cp = T/Tn = 0.062/0.058 = 1.07

Cp = Rm/B = 4} .8/63.8 = 0.70 (eqs 6.15, 6.16)
tm/T = 0.8 (fig. 5.29)

t = (0.8)0.062 = 0.049 sec

The idealized load-time curve is satisfactory since it agrees rea-
sonably with the actual load-time curve (fig. 7.9) (see par. 5-13).

Cy = 0-365 (fig. 5.27)

W, = C.W, = 0.365(20.33) = 7.k2 ft-kips (eq 6.17)

E = Rme(ym - O.ByE) = 25.5 [0.3320 - 0.5(0.0664)]

= 7.62 ft-kips (eq 6.18)

E> W, .. the selected proportions are satisfactory as a preliminary

design.
f. Preliminary Design for Bond Stress. It is now necessary to
select the reinforcing steel for the critical

At Midspan

- RN K _ Cross sections. At the fixed end of the wall
T ‘ o "o 4o -,_-:._i- "% the cover requirement results in a smaller
N:-u' 5" Z"covet 25" value of d = 8.5 in. than at midspan, 4 = 9.75
At Finea Ene in. To achieve approximately the same p at
No.8 a1 5" § cover 128" both critical sections several values of P
%13{ e - .-*— . - '——1r are investigated to obtain the value of p
. T o7 |00
| | for which Mo I,:MPS = M, = 65.h kip-ft. A

plot of equation (4.16) simplifies this
computation. From such a plot p = 0.016.
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At the fixed end
Estimated Viax = 0-5R_ = 0.5(4k4.8) = 22.4 kips

Allowsble u = 0.15f! = 0.15(3000) = 450 psi

2():-{1?-:7 50 .5=6.7in.

A_ = pbd = 0.016(12)(8.5) = 1.63 in.

Try #8 at 5 in., A =1.9 in.%, % = 7.5 tn.
1.9

\ 8(22, 400
d

2

P = (8.5 © 0.0186
At the pinned end
Estimated V= (1/3)thn = 1/3(b4.8) = 15.0 kips
__V__8(15,000) _
o = 332 = T(k50)9. 75 = 3+9 1m-
A, =pbd = 0.016(12)(9.75) = 1.87 in.2
Try #8 at 5 in., A =19 1n.2, Zo = 7.5 in.

1. ~
P = m%)- = 0.0162

g. Deterr nation of Maximum Deflection and Dynamic Reactions by
Numerical Integration.

2 pr 2 0.0162)52
Mo, pfdybd [ - ﬁ%] = 0.0162(52)(1)(9.75) [1 - %—7(3—-3-)-]

70.0 kip-ft (eq 4.16)

M, = 0.0186(52)(1)(8.5)° [1 - o.lc.)%sg.ge ] = 59.5 kip-ft

I, = vh3/12 = (11)3 = 1331 in.

3
I, = Dbad [k3/3 + np(1 - k)e] = 12(9.75)3 [9-—1‘3-3- + 0.162(1 - o.u3)2]

t
- 880 1n.* .
I, = 0.5(1g + It) = 0.5(1331 + 880) = 1105 in.
~11(150)17.5 _
Weight = =55ty = 2.406 kips
Mass m = -2-3-1-5% = 0.07h7 kip-secz/ﬁ;
Elastic ra,nggl:ﬂ.P
_ s _ 8(59.5) _
Ry, = _—%{%-5—2 = 27.2 kips
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3
K, - 18§EI _ (185)3(10) 1;05 = 793 kips/ft
L 14k (17.5)
R
o am _27.2 _
Yo = k, ~ 793 0.0344 £t

Elasto-plastic range:

R _l;(MPS ) _[_2_5__*__2@1 bs5.6 kips

17.5
_ 3BMETI _ _ 384 )
bep =3 T SIS - 3 v/t
R_-R
yep=ye+-£k—e;m.-_o.o3hh + 45 63297 = 0.090 ft

Plastic range:
R = 45.6 kips

Since MPm # MPs the formulas for kE in table 6.1 is not usable. To
obtain a value for Yg and kE’ an "effective resistance" line is selected on

Maximum Deflection = Sy figure 7.13 so that the area under it up
3 R » 45.6 to yE is equal to the area under the cal-
= N culated elasto-plastic resistance line.
x — limtele
s k) . 793 kips /1t The required value of yE = 0.0715 ft.
s kg * 638 kips/ft R
T‘: kep = 329 kips/ft n )_"5 6
s Ye = 0.0344f1 = — = ~—~— = 638 kips/ft
* y;:o.onsn kE yE 0.0715 3 P /
¥.,'0.09‘0ﬁ
Yy = = 5(0.0715) = 0.3575 ft
Deflection, y(ft)
r - - 6,204 SO0
Figure 7.13. Resistance function for n 3
11-in. wall slab spanning 17.5 ft

fixed at base and pinned at top = 0.06 sec

The basic equation for the numerical
2
integration in table 7.2 isy_ | = yn(At) +oy, -V, _, (table 5.3)
where

(P, Ry Xat)

oy

¥ (at)
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Table 7.2. Determination of Maximum Deflection and Dynamic
Reactions for Front Wall Slab
2
t P Ry PR yn(am) Yn Vin Von
(sec) | (kips) | (kips) | (kips) (rt) (£t) (kips) (kips)
0 63.8 0 31.9 0.01369 0 7.7 12.1
0.005 58.7 10.8 47.9 0.02055 | 0.01369 9.8 15.8
0.010 53.5 31.6 21.9 0.00939 | 0.04793 18.2 18.2
0.015 8.4 45.6 2.8 0.00142 | 0.09156 23.1 23.1
0.020 43.2 45.6 -2.4 -0.00122 | 0.13661 22.5 22.5
0.025 38.1 45.6 -7.5 -0.00380 | 0.18044 21.9 21.9
0.030 32.9 45.6 -12.7 -0.00644 | 0.22047 21.3 21.3
0.035 29.0 45.6 -16.6 -0.00842 | 0.25406 20.8 20.8
0.040 27.3 45.6 -18.3 -0.00928 | 0.27923 20.6 20.6
0.045 26.3 45.6 -19.3 -0.00979 | 0.29512 20.4 20.4
0.050 25.6 5.6 -20.0 -0.0101k4 | 0.30122% 20.4 20.4
0.055 2h.9 hooh -17.5 -0.00751 | 0.29718 14.0 22.9
0.060 2k .} 33.2 -8.8 -0.00378 | 0.28563 11.5 18.9
0.065 23.9 21.1 0.27030 8.4 13.6

* (yh)max = 0.30 ft.

(par.

§ (at)? =
¥ (a6) <

§(a)® =

(, - R, )25(10°)
0.78(0.0747)

(B - R_)25(107°)

0.78(0.07LT)

(, - R,)25(10°)

0.66(0.0757)

= h.29(1o‘l‘)(1>n - Rn) ft, elastic range

= h.29(1o'l‘)(1>n - Rn) ft, elasto-plastic

range

= 5-07(10-h)(Pn - Rn) ft, plastic range

The time interval At = 0.005 sec is approximately Tn/lO = 0.006

5-08).

The dynamic reaction equations are listed in paragraph 7-21b.

The P
n

values for the second column are obtained from figure 7.9, multiplying by
144(17.5)/1000 = 2.52.
The maximum deflection,(yh)max, computed in table 7.2, is 0.30 ft
which is less than the allowable Y of 0.35 ft.

Yg = 0.068 ft
B = (yn)max _ _0.30
T g T 0.0715

= 4,2 <5.0; 0K
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h. Shear and Bond Strength. For bottom of wall (fixed end of

idealized slab):

Viex = 23-1 kips (table 7.2)

For no shear reinforcement (eq 4.2ka)
- 1
v, = 0.04£] + 5000p

8v _ 8(23,100

0.04(3000) + 5000(0.0162) = 120 + 81 = 201 psi

Shear reinforcement required for 258 - 201 = 57 psi. Contribution of shear

reinforcement to allowable shear stress = rfy.

Y
Tr —mo—o = 0.0014

= Q.11 in.2

g
-
&
>
[

As 0.11
r =g =—i—o-§ = 0.0014, .. s =7.8 in., use s = 7.5 in.

For top of wall (pinned end of idealized slab):
Viex = 23-1 kips (table 7.2)

Cor ner Dowels Vy = 201 pSi
l 3'-4" /No.eot 0" 8y 8(23.100
. v=—d=—-§T2§1)-—l=226psi
4" .
2No.2 Stir ot 8" Shear reinforcement required for
3-4" at 10"along Wall 206 - 201 = 25 psi
- No.4 ot 18"
L PR r = 25/140,000 = 0.0006
Al 17'-6" As o O;
No-8 ot K_):' - No. 8 ot 10° r = s = iOs = 0-0006,
b-No.8 ot 5 . s _8 3 in
* 0 — » L] ’
5-6 use s = 8 in.
i Bond:
-4 No.3 Stir ot 7%
2-¢" ot 10"0long Woll u = 8v = 8 23,100 - )-l»ls psi
T, Tood = T(7-5)(8:5
) ! Allowsble u = 0.15 £/
3.
2-6" [ No-8atS<}pouels . = 0.15(3000) = 450 psi > 415
L Note: Wall Steel to Hove %Cover Inside psi; OK
2"Cover Outside
Foundation Steel Not Shown i. Summary. 1l-in. slab,
Slab Stee! Not Shown
p = 0.0162
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Shear reinforcement:
Bottom of wall #3 at 7-1/2 in.
Top of wall #3 at 8 in.
7-22 DESIGN OF ROOF SLAB. The roof slab is designed as a one-way rein-

- forced concrete slab spanning continuously over purlins located at the
third-points of the supporting girder.

the result of economic ST T o T

A -y A A e A A A P

studies. This example is
intended primarily to il-

- As stated previously, the general arrangement of the members in this
lustrate design technique.
The slab is per- - 6'-8

example is not selected as
|
>
mitted to deform into the I
J
-

plastic region by develop- %1 ' T T TT T T T TT 11
L

ing plastic hinges at both
L=6'-8"

‘ supports and midspan. In I
the design procedures of

this manual only single-span elements can be handled, therefore in using
the preliminary plastic design procedure of paragraph 6-11 a one-foot width
of slab is considered to be a fixed-end beam spanning 6 ft 8 in., the
purlin spacing.

a. loading. The critical slab loading is the incident overpressure
vs time curve (fig. 7.8). This loading results from the blast wave moving
parallel to the long axis of the build-

18 | 18’ 'Jr‘ g | 18’
T- ;E_ ing. Since the slab is framed perpen-
B P77 71 |20 dicular to the direction of the blast
|
E::> ’—F—' | wave the load may be considered to be
— —t — — —4—— — .
| L | [?® uniformly distributed along each slab
i . l span. The individual one-foot slab
Zone | - Incident overpressure at elements along the purlin reach their

all points of roof.
maximum deflections at different times;

however, they provide little restraint to adjacent elements. This effect

‘ is neglected in this example.

33
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For the blast wave moving perpendicular to the long axis of this

20 20 | building the design loads on the slab are
I 1 reduced from the incident overpressure
' l [ Zone!  10ads for two reasons: (1) the time required
T lT{— to build up load on the slab is finite and
. l— '® zonm2 (2) the Zone 3 overpressures are less than
At nd 3
[:{> 1 e “*"  the incident overpressure (EM 1110-345-413).
o T_ ] The design load as idealized from the
! I e zonet computed loading shown by figure 7.8 is
Lill]l defined by
_ _ 1o(ikh)6.67 . _
B =10 psi = 1506 = 9.6 kips 8:9.6 kips
T = 0.38 sec F
H = -Bé! = SL‘—%O—-@ = 1.83 kip-sec (par. 6-11) § \
b. Dynamic Design Factors. (Refer to table 6.1.) T+0.38 sec
. Time (sec)
Elastic range:
K = 0.53, Ky = 0.h41, Ky = 077
N MPS _ 38LEI
Rim =121 » i e

V = 0.36R + 0.14P
Elasto-plastic range:

K; = 0.64, Ky = 0.50, Ky = 0-78

8 _ 38LET
Ry =1 (MPS + MPm)’ kep‘ B 5]»_'3

V = 0.39R + 0.11P
Plastic range:

K; = 0.50, Ky = 0.33, Ky = 0-66
Ry = 3 (g + Mpy)

V= 0.38Rm + 0.12P
Average values:

K = 0.5(0.64 + 0.50)

Ky = 0.5(0.50 + 0.33)

0.57, Kpy = 0.5(0.78 + 0.77) = 0.77
0.h2
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Rm=§(MP +Mm)

) 307EI
kg =

c. First Trial - Actual Properties.
Let Mpg = Mpy = Mp
Assume p = 0.015 (par. L-10)
Llet o = 5 (par. 6-26)
Assume Cp = 1.0 (experience)

= CgB = 1.0(9.6) = 9.6 kips

£
2 oy
= pf, bd - I— ) (eq 4.16)
Mp dy ( l.7fdc)

= 0.015(52)(1)a° [1 - 0'10,1(53?5 ]= 0.6884° kip-ft (d in inches)

1My (160.6884°
Rm =5 = .67 =9.6, .. d = 2.4 in.

h'y h = 3.5 ino, d = 2.5 ino, P = 0.015, np = 0.15

M, = 0.688(2.5)% = 4.3 kip-ft '
l6MP SRR B
16(L.3 e e . 25" [yqn
Rm=T=—%z,?l=lo.3 kips i.-_\)",of.o f.o,o.-—?!— 38
Ig - bh3/12 = (3.5)3 - ll-2.9 in.l} No. 4 %conr 1.0
3
I, = ba3 [53- + np(1 - k)2]
= 12(a)3 M +0.15(1 - O. ha)] 0.90543 = 0.905(2.5)3
= 4.1 in. X
I, = 0.5(1g + It) = 0.5(1%.1 + 42.9) = 28.5 in.
i, = 3EL _ (OTBQOYE85 _ g1 iipeey
3 (6.67)3144
R

m

_m_10.3 _
E Tk T 85
¥, =By, = 5(0.0168) = 0.084 £t (par. 6-26)

0.0168 ft

The roofing weight is 6 psf.

Weight = [%5,9) +6. o] §o<6)c7> = 0.332 kips
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Mass m = 03%% = 0.0103 kip-secz/ft

d. First Trial - Equivalent System Properties.
R, = KR = 0.57(10.3) = 5.87 kips (eq 6.12)

H, =KH 0.57(1.83) = 1.04 kip-sec (eq 6.2)

m, = Km = 0.42(0.0103) = 0.00432 kip-sec”/?t (eq 6.2)

(2, )° 2
Wp = = E&_gc;leLaT = 125 ft-kips (eq 6.10)
e

T =2 JK, % = 6.28 40.77(0.0103)/615 = 0.0226 sec (eq 6.14)

e. Work Done vs Energy Absorption Capacity.
Cp = T/Tn = 0.38/0.0226 = 16.9

Cy = R,/B = 10.3/9.6 = 1.075 (eqs 6.15, 6.16)

tm/'l‘ = 0.09 (fig. 5.29)

b = (0.09)0.38 = 0.034 sec

Tdealized load-time curve is satisfactory at t = 0.034
C,y = 0.005 (fig. 5.27)

W = C.W, = 0.005 (1.25) = 0.625 ft-kips (eq 6.17)

E=R_(y, - O.SyE) = 5.87 [0.084 - 0.5(0.0168)]

= 0.445 ft-kips (eq 6.18)
E < W, .. the selected proportions are unsatisfactory as a prelimi-
nary design.
f. Second Trial - Actual Properties.

R =K 0-5(W, +B) 0.5(0.625 + 0.4b5)
n Gy - 0-5%g)  (0.57) [0.08% - 0.5(0.0168)]
= 12.3 kips (eq 6.19)
16M,  (16)0.6884° .
R, =~ =g = 12,3, S d = 2.7 in,

Try h =3-3/4 in., d =2-3/h in., p = 0.015

S T - Oé688d2 = 0.688(2.75)% = 5.2 kip-ft
ISEH .‘ 0 278 [y 1 MP 16(5.2
P .0 le e y Rm=—L—'= 67 = 12,5 kips

7 ot A
No. &4 3/4" cover 1
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n3

:rg = 1’—15 = (3.75)3 = 53.0 in.

I, =0.90583 = 0.905(2.75)3 = 18.8 1n." (k = 0.k2)

4

I = O‘S(Is + It) = 0.5(53.0 + 18.8) = 35.9 in.h
307ET _ (307)3(10)335.9
= = : = TT5 kips/ft
‘B 13 (6.67)3(auk) e/
R
= 12.5 _
Yg = E 76 0.0161 ft

Yy =08 ¥ = 5(0.0161) = 0.0805 ft (par. 6-26)

Velght = [3.75(%52)) + 6.0] iogg - 0.352 kips

Mass m = % = 0.0109 kip-sec>/ft

€. Second Trial - Equivalent System Properties.
R.=KR = 0.57(12.5) = 7.13 kips (eq 6.12)
H =KH-= 0.57(1.83) = 1.04 kip-sec (eq 6.2)

K@ = 0.42(0.0109) = 0.00459 kip-sec’/rt (eq 6.2)

(£ ) 2
Wy 2; = 5{%%%5—97 = 118 ft-kips (eq 6.10)

e

T = 2nm = 6.284J0.77(0.0109)/775 = 0.0207 sec

h. Work Done vs Energy Absorption Capacity.

Cp = T/T_ = 0.38/0.0207 = 18.3 ‘

Cp = Rl'n/B = 12.5/9.6 = 1.3 (eas 6.15, 6.16)

t /T = 0.0k (fig. 5.29) \

oF
H

t, = (0.04)0.38 = 0.015 sec
Cy = 0.0015 (£ig. 5.27)
W, =Ciy, = 0.0015(118) = 0.177 ft-kips (eq 6.17)

E =R (y, - 0.5v5) = 7.13 (0.0805 - 0.5(0.0161))
= 0.516 ft-kips (eq 6.18)
E> W

Although the differeuce between E and W is great no other trial
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is Justified since slab thickness was increased by only l/h in. Therefore
the selected proportions are satisfactory as a preliminary design.

i. Preliminary Design for Bond Stress.

Estimated V= O.5R = 0.5(12.5) = 6.25 kips

Allowsble u = 0.15f) = 0.15(3000) = 450 psi (par. 4-09)
\ 8(6250

o = [ “Eso(7re.75 - 2* 11 ne

Try #3 at 2-1/2 in., A = 0.53 1n.2, So = 5.7 in.

) =A/bd=—-(—3-—)-275 = 0.16,

Lol E LT 78t .
- - A c. 4 3.75
. -0.-9.0'.!——,{*

7
40. 3 ot 212"

= 10(0.016) = 0.16

J. Determination of Maximum Deflection and Dynamic Reactions by
Numerical Integration.

2 pf
MP = pfdybd [ - -1-%&&;]

= 0.016(52)(1)(2.75)° 3:313.32} 5.5 kip-ft (eq 4.16)
I, = vh3/12 = (3.75)3 = 53.0 tn.*
k = v:nap2 + 2np - np = 0.428

I, = a3 [k3/3 + np(1

]
'
~r
n
e

3

= 12(2.75)3 [9—%21 + 0.16(1 - o.u28)2] = 0.91»5(2.75)3 = 19.6 1n.h
L

I, = 0'5(15 + It) = 0.5(53.0 + 19.6) = 36.3 in.

.75(150 6.67 _
Weight = [i—i—l +6.0| 2221 = 0.352 Kips

Mass m = 22322 - 0.0109 kip-sec>/ft

32.2
Elastic range:
124y 5.5 _
le =3 - welght = _3-(67_) - 0.352 = 9.5 kips
k) = 3 .(3__)3_(.1%2}6_3. 980 kips/ft
L (6.67) 14k
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Rim

ye=—-I=gé%=o.oog7ft

Elasto-plastic range:

16 .
R =-1M—P - weights-lg‘.g:(—f’l - 0.352 = 12.9 kips

_36ET _1.
kep 5L3 =5k 196 kips/ft
R -R
- m lm = 12- - 05 =
Yep = Yo ¥ TE_ = 00097 + 25222 - 0.027 £t
Plastic range:
16

Rm =— - welght = 12.9 kips

Moximum Deflection = Syg General:

EM 1110-345-417
15 Jan 58

kg = g-g,} k) = %8% (980) = 781 kips/ft

.33 R'M. 9.5 12.

st Tk =980kt Y@ = -_82 = 0.0165 ft

E; u'E- 781 kips/ft E o1 P 8

8 Kep* 196 kips/tt = = .0 = 0.0825 ft

= yo = 0.00971t Y = % Vg 5(0.0165) = 0 2

& ye * 0.016511

Yep® 0.027 11 ) K 0.77(0.0109)
n kE T81
Deflection, y(ft) =0 02% sec

Figure 7.14. Resistance function for
3-3/4-in. slab spanning 6.67 ft

Yp+1 = yn(At)a +2y -y, _, (table 5.3)

vhere , (B - R )at)® (P, - R_)(0.00171)
AC v ) R )
(p_ - R_)(0.00171)%
2
plat)” = no.77?o.0109)
(p_ - R )(0.00171)2 _
5 (08)° = R = 3.439(107)(E, - R,) £,
o (o) (®, - Rn)(0.00171)2
N =
n

0.66(0.0109)

39

The basic equation for the numerical
integration in table 7.3 is:

= 3-1¥8(10-h)(Pn - Rn) ft, elastic range

elasto-
plastic range)

= h.osl;(lo'l’)(l?n - Rn) ft, plastic range
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Table 7.3. Determination of Maximum Deflection and Dynamic
Reactions for Roof Slab
P -R | ¥(at) y v
n n n n n n n
(sec) (kips) | (kips) | (kips) (zt) (£t) (kips)
0 9.6 o] 4.80 0.00167 0 1.34
0.00171 9.55 1.64 7.91 0.00275 0.00167 1.93
0.00342 9.50 5.97 3.53 0.00123 0.00609 3.48
0.00513 9.45 9.90 -0.45 -0.00015 0.01174 4.90
0.00685 9.40 10.98 -1.58 -0.00054 0.01724 5.31
0.00856 9.35 11.95 -2.60 -0.00089 0.02220 5.69
0.01027 9.30 12.90 -3.60 -0.001L6 0.02627 6.02
0.01198 9.25 12.90 -3.65 -0.00148 0.02888 6.01
0.01370 9.20 12.90 -3.70 -0.00150 0.03001% 6.00
0.01541 9.16 12.54 -3.38 -0.00118 0. 02964 5.79
0.01712 9.11 11.02 -1.91 -0.00066 0.02809 5.24
* (yn)max = 0.03 ft.

The time interval At = 0.00171 sec is approximately Th/lo = 0.00206
(par. 5-08). The value used is to/ho because the incident overpressure
data 1s presented in terms of t (EM 1110-345-413).

The dynamic reaction equations are listed in paragraph 7-22b. The Pn
values for the second column are obtained from figure 7.8, multiplying by

144(6.67)/1000 = 0.96.

The maximum deflection (yn)max computed in table 7.3 is 0.03 £t which
is less than the allowable y;n of 0.08 £t. This is satisfactory because

thin slabs are very sensitive.
two trials (pars. 7-22e and h).

(yn)mx 0.0

ap = = 5.0165

= 1.8; OK
g

k. Shear Strength and Bond Stress.

Viex = 6.02 kips (table 7.3)
For no shear reinforcement

Allowable vy = 0.0hf(': + 5000p (eq 4.24a)

Lo

Note the variation in E and W in the
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vy = 0.04(3000) + 5000(0.016) = 120 + 80 = 200 psi

8v 8(6020
T " NS 20 et

Slightly overstressed, OK to use

8v - 8(6020
Tod  T7(5.7)2.75

Alloweble u = 0.15£! = 0.15(3000) = 450 psi; OK
1. Summary.

3-3/4-1in. slab, #3 at 2-1/2 in.

p = 0.016

No shear reinforcement

u = = Lo psi

T-23 DESIGN OF ROOF PURLINS. The purlins are framed flush with the tops
of the girders and are provided with moment-resisting commnections. Connec-
tions attached to the top flanges of the purlins are embedded in the con-
crete slab to provide lateral support to the top compression flange and to
prevent separation of slab from purlin in reversals.

Although composite behavior of the slab and purlin can be expected to
develop to a limited extent, preliminary computations showed that design
for independent behavior of slab and purlin is more desirable for this ar-
rangement of members (pars. 4-12 and 6-23).

The purlins are designed for plastic behavior so that hinges are con-
sidered to develop at midspean and at the supports. In the design proce-
dures of this manual only single-

span elements can be handled. { E
Therefore, the continuity of the

Afl
-

purlins is accounted for approxi- l =2 '1
mately by designing interior pur- 4
lins as fixed-end beams spanning g
18 ft between girder cemterlines. o Lrieo —]

Depending on the exterior support condition the exterior purlins are de-
signed as fixed-pinned beams or as fixed-fixed beams. In this example a
typical interior purlin is designed.

a. Ioading. To present a complete picture of the loads that need be
considered acting on purlins, two directions for the blast wave are consid-

d . 3-09).
ered (par. 3-09) "

__———“
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For the blast wave moving normal to the long axis of the building and
thus normal to the axis of the purlin, the loading may be considered to be
uniformly distributed along the length of the purlin. For this condition
the pressure vs time variation at each point along the roof is a function
of 1ts position (par. 3-09). In addition the load on a purlin is a func-
tion of the length of the slab spans because the load on the purlin builds
up to a maximm value in the time required for the blast wave to traverse
the two adjoining slabs. In the preliminary design of the purlins the de-
sign load is the simplest form of the roof load obtained from the incident
overpressure vs time curve. The rise time, slab dynamic reactions, and
local variation are all neglected in this preliminary step.

For the blast wave moving parallel to the long axis of the building
and thus parallel to the axis of the purlin, the load varies along the span
as a result of the time required for the blast wave to traverse the purlin
span. At any point along the purlin the time variation of the load is the
same and defined by the incident overpressure vs time curve.

In the calculations that follow the load vs time curves for the pur-
1lin are obtained first for the blast wave moving parallel to the long axis
of the building and then for the blast wave moving parallel to the short
axis of the building.

Foce of Front Wall Face of Rear Wall The purlin obtained by the
(\‘ 3a1 6.67' 301 6.67' w/) preliminary design procedure is
! A B ' | analyzed for both loads in
8.42' |
= . tables 7.5, 7.6, and 7.7.
. I
L 435 o Blast wave moving perpendicular to
I ]
|” " . ”ml the long axis of the building:

From the procedure of para-
graph 3-09d the data for point (A) at purlin (A) are:
L' 8.k
td--U—o—-]To-é'-O.O% sec

v = [o.ohe + (0.108) %] 1403 = 88.1 fps

L' _8.hk2
tm=-;- =88.—l=0.0% sec

O.S(td + tm) = 0.5(0.006 + 0.096) = 0.051 sec
4o
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h 16
tm+15ﬁ:=0.096+15-110—3=0.2665ec

P
L' 10 \ /8.42
h(ﬁ)(-i--l)+l=h(m (n—3.—5°)+l=-l.2

’Ii‘his value must be>0; it is therefore taken as zero.

The resulting variations in the ratio of local roof overpressure to
incident overpressure for both points (A) and (B) are plotted in figure
T.15. The calculations for point (B) are not shown but are similar to
those for point (A).

By combining figure 7.15 and the incident overpressure curve (fig.
7.8) the variation of local roof overpressure with time is determined (fig.
7.16) for points (A) and (B). The calculations of local roof overpressure
for point (A) are contained in table 7.4. The calculations of data for
point (B) are not shown.

Table 7.4. Computation of Local Roof Overpressure at Point (A)

P
t -t - P
t t - td T d Po Ps _r_%gg roof
(sec) (sec) o (r1g. 7.15) | (fig. 7.8) 8 (psi)
0.00475 0 o] 1.0 10.0 1.0 10.0
0.0429 0.03815 0.0558 0.893 8.93 1.0 8.93
0.07325 0.0685 0.1 0.814 8.1k 0.205 1.67
0.0810 0.07625 0.1115 0.795 7.95 0.0 0.0
0.14175 0.1370 0.20 0.655 6.55 0.380 2.h9
0.21025 0.2055 0.30 0.519 5.19 0.810 4.20
0.24100 0.23625 0.346 0.463 4.63 1.0 4.63
0.27875 0.27h 0.4 0.402 4,02 1.0 4.02
0.34725 0.3425 0.5 0.303 3.03 1.0 3.03
0.41575 0.411 0.6 0.220 2.20 1.0 2.20
0.48375 0.479 0.7 0.149 1.h49 1.0 1.h9
0.55275 0.548 0.8 0.090 0.90 1.0 0.90
0.62075 0.616 0.9 0.041 0.h1 1.0 0.h1
0.68975 0.685 1.0 0.0 0.0 1.0 0.0
The data in the last column are plotted in figure 7.16.

The roof slab is analyzed in table 7.5 for both local overpressure Vs
time curves presented in figure 7.16. The analysis in table 7.5 is based

L3

—
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Table 7.5. Determination of Dynamic Reactions for Roof Slab,
Loral Roof Overpressure at Purlins (4) and (B)
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on tha following data developed in paragraph 7-22) and the resistance dia-
gram for the roof slab (fig. 7.1k4):

Elastic range: yn(Am)2 = 3.&8(10’1*)(Pn - Rn) ft
Elasto-plastic range: yh(am)a = 3.h39(10-h)(Pn - Rn) ft
Plastic range: yn(am)2 = b,.o6h(1o‘h)(1>n - Rn) ft

The object of this computation is to determine the slab dynamic reactions
on the purlins.

The maximum response of the slab to these loads occurs before there
is any difference between the loads at (A) and (B), thus the dynamic reac-
tions of the slabs at purlins (A) and (B) are the same until the dynamic
reactions are based on the applied load P above. The last two columns of
table 7.5 show the applied load and the dymamic reactions at purlin (B).

To obtain the design load for purlins (A) and (B) the dynamic reac-
tion data from table 7.5 are plotted in figure 7.17. The total purlin load
is equal to the sum of the reactions of the slabs forward and aft of the
purlin. In figure T7.1l7, it may be seen that the same dynamic reactions are
plotted with a time lag
log = %ﬁg% = 0.0048 sec
The loads from figure 7.17 are used in tables 7.6 and 7.7 (par. 7-23J)) to
check the preliminary purlin design.

t

Blast wave moving parallel to the long axis of the building:

The design load on the purlin is determined in figure T7.l7a using
the slab dynamic reactions obtained in table 7.3 for incident overpressure.
The variation of the average load on the purlin with time is found by
plotting the same dynamic reaction curve with a time lag

.18
a- m = 0.,0128 sec
The variation in slab dynamic reaction with time is the same at each point
along the purlin. The load curve from figure 7.17a is used in table 7.8

.t

to check the preliminary purlin design.
Preliminary design:
For preliminary design it is desirable to use a simple load-time

k7

41--------------lI-I--IIIllllllIlIlllllllllllll
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curve. The design load as idealized from the computed loading shown by
figure 7.8 is defined by

= |73 kips .
™ a0 e - RSO0 iy e
E T = 0.38 sec

1~.m.(uc)T'Q38 - = 22"1" = Q'ﬂzx)'ie' = 32.9 kip-sec (par. 6-11)

b. Dynamic Design Factors. (Refer to table 6.1.)
Elastic range:

K; = 0.53, Ky = 0.b1, Ky = 0-77
12Mpg
Rim =T
V) = 0.36R + 0.14P, K = 38_’*?-
L

Elasto-plastic range:

K_L = 0.6)4-, KM = 0.50, KIM = 0.78
8
Rm = 'I'.(M'Ps + MI"m)’ kep

V = 0.39R + 0.11P
Plastic range:

K = 0.50, Ky = 0.33, Ky = 0.66
Ry = Tlfpg + Ypy)

V = 0.38R_ + 0.12P

Average values:
K = 0.5(0.64 + 0.50) = 0.57
Ky = 0.5(0.50 + 0.33) = 0.k42
Ky = 0.5(0.78 + 0.77) = 0.77

R, = S0t +Mp)

_ 307EI
e = T3
¢. First Trial - Actual Properties.
MPs H MPm = MP

50
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let aB = 6 (par. 6-26)
Assume Cp = 1.0 (experience)
R, =CgB = 1.0(173) = 173 kips

Mp = 1.058¢, = 1'0592‘1'6)5 = 3.648 kip-ft (S in in.3) (eq b.za)
16

R =_iM_13 =_(L6%g-_6£ =173, .~ S = 53.5 1in.3

Try 16 W36,

S = 5.3 in.5, 2z =64 in.3, 0.5(8 +2) =60.1 1n.3, I =46 1n.*
_ S +2)  Lk1.6(60.1)
Mp = f4y ( 5 ) == 1

16

= 208 kip-ft (eq 4.2)

307TET _ (307)30(10)3u46 _
= = = 4900 kips/ft
'L 183(1k4)
R
Vg =§m =,‘—"9L—gg = 0.0378 £t

Yy =B Vg = 6(0.0378) = 0.2268 £t (par. 6-26)

Weight = [‘3—-{%2(%292 + 6.0-] 6?3038 + 3%%2 = 6.35 + 0.65 = 7.0 kips

7.0
32.2

d. First Trial - Equivalent System Properties.
R, = KLRm = 0.57(185) = 105.5 kips (eq 6.12)

H =KH-= 0.57(32.9) = 18.75 kip-sec (eq 6.2)
m, = Km = 0.42(0.217) = 0.091 kip-seca/ft (eq 6.18)

(He)2 18 2
= \18.75) " _
"p = “Em_ = 2(0.001) - 1930 fr-kips
T = aum = 6.284J0.77(0.217)/4900 = 0.0368 sec

e. Work Done vs Energy Absorption Capacity.
Cp = T/T, = 0.38/0.0368 = 10.3

Cp = Rm/B = 185/173 = 1.07 (eas 6.15, 6.16)
t /T = 0.12 (fig. 5.29)

Mass m = = 0.217 kip-sece/ft

51
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to= (0.12)0.38 = 0.0455 sec

Idealized load-time curve is satisfactory at t = 0.045 sec (par. 5-13)
Cy = 0.008 (fig. 5.27)

W o= Cgp = 0.008(1930) = 15.4 ft-kips (eq 6.17)

E =R (y, - 0.5yg) = 205.5 [0.2268 - 0.5(0.0378)]

= 22,0 ft-kips (eq 6.18)

E > W, therefore the selected proportions are satisfactory as a pre-
liminary design.

Try to bring E closer to W by another trial that follows.

f. Second Trial - Actual Properties.
_0-2W, + O.TE  0.25(25.4) +0.75(22.0)

Ky - 0598/ (0.57)[0.2268 - 0.5(0.0378)]

Since Rm = 172 = 173 from first trial, try

0.5W_ + O.5E
) n _ 0.5(25.4 + 22.0) _
R, = K3, - 0.575) ~ 0.51(0.2 158 kips

P 1.6 o6’+S .
Rm=_1.—-=_£%5_—l=158’ J. 8 =U48.5

Try 14 W3k, X
§ = 48.5 1n.3, 2 = 5.5 1n.3, 0.5(5 + 2) = 5.5 in.3, I=339.2 in.

Mp = P4y (8 +2) _ 1‘1'6%'5) = 178 kip-ft (eq 4.2)

Rm

= 172 kips (eq 6.19)

= =
16
R 2% 80 = 159 kips
1] L 1 3
i = 307EI _ 307(30)10°(339.2) _ 3720 kips/ft
13 183(2hk)
R
m 1
Vg =§E-=-3—7-gg = 0.027 ft
Yy =B ¥ = 6(0.0427) = 0.2562 (par. 6-26)
g. Second Trial - Equivalent System Properties.
R, =KR = 0.57(159) = 90.5 kips (eq 6.12)
k, = Kk; = 0.57(3720) = 2120 kips/ft (eq 6.6)
H =KH-= 0.57(32.9) = 18.75 kip-sec (eq 6.2)
m, = Km = 0.42(0.217) = 0.091 kip-secz/ft (eq 6.8)

o
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ne2 18.75)2
VP = 5—; = é‘(&%%’ = 1930 ft-kips

T = 2::@2; = 6.284J0.77(0.217)/3720 = 0.042 sec

h. Work Done vs Energy Absorption Capacity.
Cp = T/T, = 0.38/0.042 = 9.05

Cp = Ry/B = 159/173 = 0.92

Cw = 0,022

LA 0.022(1930) = 42.5; too large, use initial trial 16 W36
i. Preliminm'y Design for Shear Stress.
Estimated V= O.5R = 0.5(185) = 92.5 kips

v e s = 5l = 19,500 pat

w

Alloweble v = 21,000 psi; OK (par. 4-05¢)

J. Determination of Maximum Deflection and Dynamic Reactions by
Numerical Integration.

16 W36,

S = 5.3 1n.3, 2 =64 1n.3, 0.5(S + 2) = 60.1 1n.3, I = kb6 in.

M, = 208 kip-ft

Weight = 7.0 kips

Mass m = 0.217 kip-seca/ft

L

Elastic range:
Ry, = —~= - velght = 121208 - 7.0 = 132.0 kips
3
k| = 3B4ET _ (384)30(10)°U46 _ 6130 Kips/rt
13 183(144)
R
2,0
Y, ='T<l';'l’%o_’ 0.0215 £t
Elasto-plastic range:
16
R_= —L& - welght = 161208 - 7.0 = 178.0 kips
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R -R
m 1m 178 - 132
Yep = Yo * ek 0.0215 + _"’W_L = 0.0215 + 0.0375 = 0.059 £t
Plastic range:
16
Rm = ——L—- - weight = 17800 kips e
30
Maximum Deflection = Gyg kE‘ = 1!3:1 = 4900 kips/ft .
= Ru* 178 R
e keo m 178.0
= Rim® 132 Vo = o= = = 0.0363 ft
« BT Ty T E" kg 9%
s ky = 4900 kips/ft
§ uf,- 1226 kips/ft Yy, =08 Vg = 6(0.0363) = 0.2178
F Y, ° 0.0215 1
« ve = 0.0363 The basic equation for the

Yep® 0.059 1

i A J

numerical integration in tables 7.6,
= 2
7.7, and 7.8 1s y_ 1 Yn(At) +

Deflection, y (ft)

Figure 7.18. Resistance function for n
16 W 36 purlin spanning 18 ft 2Yn Yy -1 (table 5.3) where
Table 7.6. Determination of Maximum Deflection and Dynamic Reactions for Purlin (A) .
(Zone 3 Local Roof Overpressure)
® R P -R ¥ (at)? y v
n n n n n n n
(sec) (kips) (kips) (kips) (£t) (rt) (kips)
0 0 o} 3.3 0.00018 0
0.003 20.7 1.1 19.6 0.00106 0.00018 3.3
0.006 73.8 9.0 6h.8 0.00349 0.00142 13.6
0.009 129.6 38.8 90.8 0.00489 0.00615 32.1
0.012 180.0 99.5 80.5 0.004 3k 0.01577 61.0
0.015 207.0 h2.1 64.9 0.00345 0.02973 8.1
0.018 212.4 163.4 k9.0 0.00260 0.0471h 87.1
0.021 192.6 178.0 14.6 0.00092 0.06715 90.8%
0.024 176.4 178.0 -1.6 -0.00010 0.08808 88.8
0.027 163.8 178.0 -14.2 -0.00089 0.10891 87.3
0.030 160.2 178.0 -17.8 -0.00112 0.12885 7.8
0.033 158.4 178.0 -19.6 -0.00123 0.14767 86.6
0.036 156.6 178.0 -21.4 -0.0013k4 0.16526 86.4
0.039 154.8 178.0 -23.2 -0.00146 0.18151 86.2
0.0h2 151.2 178.0 -26.8 -0.00168 0.19630 85.8
0.045 145.8 178.0 -32.2 -0.00202 0.200%% 85.1
0.048 131.4 178.0 -46.6 -0.00293 0.22050 83.4
0.051 118.8 178.0 -59.2 -0.00372 0.22866 81.9
0.054 104.4 178.0 -73.6 -0.00U63 0.23310 80.2
0.057 93.6 176.8 -83.2 -0.00448 0.23291 76.8
0.060 81.0 7.3 -66.3 -0.00357 0.22824 6h.4
0.063 68.4 95.3 -26.9 -0.00145 0.22000 h3.9
0.066 55.8 3.2 0.21031 27.9
0.069 bs, 22.5
* (vn)mx = 90.8 kips.
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Table 7.7. Determination of Mi<imum Deflection and Dynamic Reactions for Purlin (B)
(Zone : ".ocal Roof Overpressure)

. 2
Fa R - Ry Folat) Yn A
(sec) (xips) (xipe) (xips) (re) (re) (xips)
o 0 0 3.3 0.00018 0 0
0.003 20.7 1.1 19.6 0.00106 0.00018 3.3
0.006 73.8 9.0 64.8 0.003k9 0.00142 13.6
0.009 129.6 38.8 90.8 0.00489 0.00615 32.1
0.012 180.0 99.5 80.5 0.00434 0.015T7 61.0
0.015 207.0 2.1 64.9 0.00345 0.02973 78.1
0.018 212.4 163.4 49.0 0.00260 0.0471h 87.1
0.021 192.6 178.0 k.6 0.00092 0.05715 90.8#
0.024 176.4 178.0 -1.6 -0.00010 0.08808 88.8
0.027 163.8 178.0 -14.2 -0.00089 0.10891 87.3
0.030 160.2 178.0 -17.8 -0.00112 0.12885 86.8
0.033 158.4 178.0 -19.6 -0.00123 0. 14767 86.6
0.036 156.6 178.0 -21.4 -0.00134 0.16526 86.4
0.039 154.8 178.0 -23.2 -0.00146 0.18151 86.2
0.042 153.5 178.0 -24.5 -0.00154 0.19630 86.1
0.045 152.1 178.0 -25.9 -0.00163 0.20955 85.9
0.048 150.7 178.0 -27.3 -0.00172 0.22117 85.7
0.051 149.3 178.0 -28.7 ~0.00180 0.23107 85.6
0.054 147.9 178.0 -30.1 -0.00189 0.23917 85.4
0.057 146.5 178.0 -31.5 -0.00198 0.24538 85.2
0.060 5.1 178.0 -32.9 -0.00207 0.24961 85.1
0.063 143.7 178.0 -34.3 -0.00216 0.25177 84.9
0.066 142.3 178.0 -35.7 -0.00224 0.251T7 84.7
0.069 140.9 163.9 -23.0 -0.00124 0.24953 8.7
0.072 139.5 141, 0.24605 70.6
* (V) = 90-8 kips

Table 7.8. Determination of Maximum Deflection and Dynamic Reactions for any Purlin

(Incident Overpressure)

.. 2
t P Rn L yn(At) In Yo
(sec) (kips) (kips) (kips) (£t) (et) (kips)
0 0 0 2.8 0.00015 (o}

0.003 18.0 0.9 17.1 0.00092 0.00015

0.006 50.4 7.5 2.9 0.00231 0.00122

0.009 97.2 28.2 69.0 0.00372 0.00460

0.012 147.6 7.7 75.9 0.00409 0.01170

0.015 183.6 133.7 49.9 0.00265 0.02289

0.018 201.6 150.7 50.9 0.00271 0.03673

0.021 194.4 171.0 23.4 0.00124 0.05328

0.024 183.6 178.0 5.6 0.00035 0.07107 89.7
0.027 172.8 178.0 -5.2 -0.00033 0.08921

0.030 162.0 178.0 -16.0 -0.00101 0.10702

0.033 160.6 178.0 -17.h -0.00109 0.12382

0.036 159.2 178.0 -18.8 -0.00118 0.13953

0.039 157.8 178. -20.2 -0.00127 0.15406

0.0U42 156.5 178.0 -21.5 -0.00135 0.16732

0.0L45 155.1 178.0 -22.9 -0.00144 0.17923

0.0u8 153.7 178.0 -24.3 -0.00153 0.18970

0.051 152.3 178.0 -25.7 -0.00161 0.19864

0.0 150.9 178.0 -27.1 -0.00170 0.20597

0.057 149.5 178.0 -28.5 -0.00179 0.21160

0.060 148.2 178.0 -29.8 -0.00187 0.21544

0.063 146.8 178.0 -31.2 -0.00196 0.217h1

0.066 145.4 178. -32.6 -0.00205 0.21742

0.069 0.21538
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(B, - R )at)?
Kyy(m)
(P, - R_)9(10%5)
5?11(131:)2 - —&ﬁn&m-ﬂ—— - 5.386(10'5)(1’1[1 - R ) ft, elastic range
. (P, - R_)9(20-6)
¥ (at)? = —SmroaTTy— = 5-317(107°)(®, - R)) ft, elasto-plastic

range .
. (P, - R_)9(1076) }
yn(At)a = 8.66(3.217) = 6.284(10 > )(:Pn - Rn) ft, plastic range

PRy
Fo(at)™ =

The time interval At = 0.003 sec is approximately 'rn/lo = 0.00368 sec
(par. 5-08).

The dynamic reaction equations are listed in paragraph 7-23b. The P
values for tables 7.6 and 7.7, second column, are obtained from figure 7.17,
multiplying by 18 to account for the length of the purlin. For table 7.8
the Pn values in the second colummn are obtained from figure 7.1l7a multiply-
ing by 2 X 18 = 36 to account for the two slabs loading the purlin.

The t(l)ma:i;mm deflection (yn)m computed in table 7.7 is 0.252 ft. .
Thus a8 = ﬁ_gﬁ =6.9> 6. This is satisfactory for this purpose. All
other purlins are less critical.

k. Shear Stress Check.

Viex = 90.8 kips (tables 7.6 and 7.7)

\'A 800
V == = 19,200 psi
dtW 15.8510.299, ’

Allowable v = 21,000 psi; OK (par. 4-05¢)

0.428" 1. Check Proportions for local

r — Buckling. (par. 4-064)
| 16 ¥36, b =6.992, t, = 0.k28,

525" 4.82" -Continuous
g | Nemine 8 =15.0, t, =0.299
_'El: 5; 1:/1;f = 6.99/0.428 = 16.4 > 1L4.0, OK;
15.85" 38" X 2141 slab provides support
9.80" 5"

a/tw = 15.0/0.299 = 50.2 > 30, NG; longi-

—| le—0.299" tudinal stiffeners required

t J‘_"TL_ t, = 3/8> 0.299, OK
esv | 0-42¢” bs/ts =6; b =6t = 6(3/8) = 2.25 in. ’
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Use two plates 3/8 in. by 2-1/4 in. full length.

c/tw = (5.25 - 0.43)/0.299 = 16 < 22; K

e/tw = (10.25 - 0.43)/0.299 = 32.8 < L40; oK
7-24 PRELIMINARY DESIGN OF COLUMNS. A single-story frame subject to lat-
eral load behaves essentially as a single-degree-of-freedom system with the
columns displaying the spring properties. It is therefore unnecessary to
substitute an equivalent system for the original structure and the mass and
load factors which are necessary in the design of beams and slabs are not
used in the design of single-story frames.

The preliminary plastic de- e > - .
= 2
sign procedure of paragraph 6-11 "=
is the basis for determining the b 160
preliminary column size. The "c"I«'f
equations of paragraph 7-06 are

incorporated into the procedure
of paragraph 6-11 replacing some of the factors that are used to determine
equivalent systems.

For purposes of preliminary design the frame girders are assumed to
be infinitely rigid thus simplifying the determination of the column spring
constant. For spring constant computation the effective column height h
is 16 ft based on an assumed girder depth of 3 ft and a clear height hc of
14.5 ft. The clear height is used in determining the resistance of the
columns (par. 7-06).

In the preliminary design of steel columms it is desirable that the
energy absorption capacity be greater than the work done on the frame as an
allowance for the factors which are neglected. These factors are: (1) the
effect of direct stress on the plastic hinge moment, (2) the effect of lat-
eral deflection of the column on its resistance, and (3) the effect of
girder flexibility.

a. Design Ioading. The design lateral load on the frame is obtained
from the dynamic reactions at the top of the front wall slab. However, for
preliminary design computations, it is satisfactory to use the net lateral

overpressure curve (fig. 7.11).
The net lateral load is assumed to be reacted equally by the frame

o1
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and the foundation. This results in a conservative load for the frame
since the dynamic reaction equations for the wall slab (par. 7-21b) result
in footing reactions that are larger than the roof reactions.

The design load as idealized from the computed

ls i
B =393 kips loading as shown by figure 7.1l is defined by
E 25.3(11;1;)18(1—72'2 + 0.31)
* T = 0.062 sec
T20.062 sec
Time (sec) H = ﬂ = M = 18 h'j kip-sec
2 2 ’

b. Mass Computation.

11(150)18(2)17.
Walls —i—%-z%m-‘oag-li = 86.5 kips

Slab and roofing (ﬂﬂéﬂl + 6.0) -1-%%30.752 = 41.14 kips

Purlins haigo(])'s 1. 5.3 kips
Girder (estimate) 6o(h1) _ 6.5 kips

1000
Connections (allow 10%) = 0.1(5.3 + 6.5) = 1.2 kips

Columns (estimate) % = 6.1 kips

Mass of single-degree-of-freedom system = total roof + 1/3 (columns
and walls)

1.4 + 5.3 + 6.5 + 1.2 + 0.33(86.5 + 6.1) _85.2 _ 2
m = 2 3.5 =355 =2.64 kip-sec/ft

c. First Trial - Actual Properties.
Iet a8 = 12 (par. 6-26)
Assume Cp = 0.5 (experience)

R, = CgB = 0.5(595) = 297 kips

Mp = 1.058f, = Mlgl—‘-@ S = 3.648 kip-ft (S in in.3)(eq b4.2a)
. 3

R = (2nMP)/hc = [2(3)3.648]/14.5 = 1.518 = 297, .. S = 197 in.

Smallest column that satisfies buckling criteria is 14 W 136
(w. l"-%d)
S = 216.0 in.3, 2 = 242.7 1n.3, I = 1593 in.

58
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£
ot
]

12.63/0.66 = 19.2 < 22; OK
14.74/1.063 = 13.9 < 14.0; OK (par. 4-064)

o’
~
c+
H

My = 0.5(5 + z)e, = 220:3(406) _ o5 1y gy

- 12(30)105(1593)3
k_%am 0)103(1 = 2910 kips/ft

m _ 328
xe =—k-=29L16=0.113 ft

=af x_ = 12(0.113) = 1.35 ft

T = 2nym/k = 6.284/2.64/2910 = 0.189 sec

d. First Trial - Work Done vs Energy Absorption Capacity.
'.['/'rn = 0.062/0.189 = 0.328

Cp =R /B = 328/595 = 0.55

tm/'l' = 1.3, t = 1.3(0.062) = 0.0805 (fig. 5.29)

The original load-time curve should be revised to obtain a closer ap-

proximation to the total impulse up to time t (par. 5-13). The impulse up
to t = 0.09 sec in figure 7.11 is

H = 1.00 psi-sec (obtained by graphical integration)

T = 2H/B = 2(1.0)/25.3 = 0.079 sec

T/T = 0.079/0.188 = 0.k2

tm/T 1.2, t = 1.2(0.079) = 0.095 (fig. 5.29)

Try again for impulse up to t = 0.10 sec, H = 1.026

T = 2(1.026)/25.3 = 0.081 sec

T/T = 0.081/0.189 = 0.43

tm/T 1.2, t_ = 1.2(0.081) = 0.097 ~ t = 0.10; OK (fig. 5.29)
Cy = 0.7 (fig 5.27)

HQ (BT) [em = 5225-2-‘&%.1)— = 111 ft-kips

W o= cwa = 0.71(111) = 78.7 ft-kips

x
E = Rm(xm - —23) = 328 [1.35 - 0.5(0.113)] = 426 ft-kips
This column section (14 W136) is more than ample. Try to use a

smaller column size.
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e. Second Trial - Actual Properties.

o 05U +E) o 5(78.7 4 bos) _ 252
1.35 - 1.35

R = =gﬁ3-%2-:%1‘§=187, 5 8 =124 1n.3

Try 12 W92 to satisfy buckling criteria (par. L-Okd).
§ = 125.0 1n.3, Z = 130.0 1n.3, T = 788.9 in.?, 0.5(S + 2 = 127.5 in3

= 187 kips

a/tw = 10.91/0.545 = 20 < 22
b/t, = 12.155/0.85 = 14.2 =~14.0; OK

Mp = 0.5(S + 2)ty, = 127'5191'6) = 441 kip-ft

2nMp  a(3)hh1
R = B =—-§£—%—=182kips

3
k = _12;*3“_12 - 12(3°)§° (788-9)3 _ 1uho xips/st
h 16”(1kh)
x, =R [k = 182/14k0 = 0.126 ft

X, = 0B X, = 12(0.126) = 1.52 ft

T = 2ﬂ\/m/k = 6.28\[2.61;/11»1;0 = 0.268 sec

f. Second Trial - Work Done vs Energy Absorption Capacity.
T/T, = 0.081/0.268 = 0.302

Cp = Rm/B = 182/595 = 0.306

tm/T =18, t = 1.8(0.081) = 0.146 sec (fig. 5.29)

Revise the load-time curve as above (par. 5-13).

Impulse up to t = 0.18 sec in figure 7.1l is H = 1.196 psi-sec
T = 2H/B = 2(1.196)/25.3 = 0.09k sec

T/T, = 0.094/0.268 = 0.351

t /T = 1.8, t; = 1.8(0.09%) = 0.17 sec; OK (fig. 5.29)

c,, = 0.82 (fig. 5.27)

W
2 2 2
W, = gz_m - (521"-) Jom = 4222 2?' = 149.0 ft-kips
W = C¥p = 0.82(149) = 122 ft-kips
X
E=R\x - —g) = 182(1.52 - 0‘36) = 266 ft-kips
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. This column section is ample. Another trial may be made to reduce
the size further.

€. Third Trial - Actual Properties.

0.5(W_ + E)
_ m _0.5(122 + 266) _
‘ Rm = Y. = 155 = 128 kips
enMy,  5(333.6L(s . 3
A Ry =% =3 =128, .\ 8 =85 in.

[
Try 10 W77, § = 86.1 1n.3, Z = 97.6 1n.3, 0.5(S + Z) = 91.8 in.3,
I =457.2 in.¥, A = 22.67 1n.2
a/t,, = 8.89/0.535 = 16.6 < 22; OK
b/t, = 10.195/0.868 = 11.75 < 14.0; OK

Mp = 0.5(s + z)fdy = Mlg-l-él = 318 kip-ft

enMy  5(3)318
Ry = 5 =-—§%§—=13lkips

. - 12EIn _ 12(30)103(457.2)3
® n3 163(1hk)
Xe = Rm/k 131/835 = 0.157 £t

x, =0 x, =12x = 12(0.157) = 1.88 £t

T = onyfm/k = 6.284/2.64/835 = 0.353 sec

h. Third Trial - Work Done vs Energy Absorption Capacity.
T/T, = 0.094/0.353 = 0.27

Cp = Ry/B = 131/595 = 0.22

t, /T = 2.5, t = 2.5(0.094) = 0.235 sec (fig. 5.29)
Revise the load-time curve as above (par. 5-13).

Impulse up to time = 0.25 sec is 1.30 psi-sec (fig. 7.11)
T = 2H/B = 2(1.30)/25.3 = 0.103 sec

T/T, = 0.103/0.353 = 0.292

tm/T = 2.5 (fig. 5.29), t, = 2.5(0.103) = 0.257 sec; OK

= 835 kips/ft

Cy = 0.88 (fig. 5.26)
2 ' 2 2
WP = -g—z-n = (-‘;—1‘) /2m = 292 2.0.10 = 179 ft-kips
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W, = C.¥p = 0.88(179) = 157 ft-kips

X

E = Rm(xm - Ee-) = 131 (1.88 - O—;Z) = 236 ft-kips

This size is accepted for preliminary design. As noted above it is
desirable to have E exceed W because of the approximations in the pre-
liminary design procedure.

i. ©Shear Stress Check of 10 W 77.

R
Estimated V= _Bx_n = Q3£2 = 4l kips in one column

\'A 4l 000
Y =% d 7 0.535(10.62) " 7700 psi

Allowable v = 21,000 psi (par. 4-05¢); OK

J. Slenderness Criterion for Beam Columns. (See par. 4-08.) An ap-
proximate evaluation of thé column slenderness criterion is made before the
column size is accepted for final analysis. The criterion is:

(.:'—;) (-]%&%) +(;§> (T,_S%) < 1.0 (eq %.10)

MP = 318 kip-ft

W
M, = —1;5 M, = % (318) = 212 kip-ft (a rough estimate)
fdyA = 41.6(22.67) = 945 kips

p. = {37 144 (43.5)(18
D (1ooo§3

139 kips, at t = 0.257 sec (rig. 7.12)

K' = 0.14 (table k.1)
K" = 0.50 (table 4.2)
L = 14.5 £t (clear height)

r = 2,60 in., b =10.195 in., t, = 0.868 in., 4 = 10.62 in.
Substituting gives

212\ fo.14(1k.5)12(10.62 1 ) 0.5(1k.5)12
('j'iH) [100 10.195)0. ] *(5%% [15 5.60 ]
= 0.196 + 0.329 = 0.53 < 1.0; OK
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T-25 DESIGN OF ROOF GIRDER. The girders are rolled structural steel

shapes continuous over two spans. Since the procedures of this manual con-

sider only single-span elements,

o ﬁ S S S I the girders are designed for

»0 ! 20" | vertical loads as beams fixed at

38p. at 68" = 200" the interior support and pinned
[]

$ } £
| 20' N vertical loads are of two kinds;
i k uniformly distributed load due
to the girder dead weight and two concentrated loads, static plus blast ap-
plied by the purlins at the girder third-points.
The design moment at the interior support is a combination of three

at the exterior support. The

superposed bending moments as follows:

(1) The moment caused by the static loads;

(2) The moment caused by the vertical blast loads; and

(3) The moment imposed by the central column in restraining lateral

motion of the frame.

The girder is designed for elastic behavior so that at all times it
will be capable of providing the full restraint equal to the column plastic
moment at each column support. For this two-span girder the column moment
in the girder is equal to one-half the plastic hinge moment of the column
(par. 7-11).

The basic design procedure is essentially the same as the elastic de-
sign procedure illustrated in paragraph 6-12. Although this is an elastic
design, the limiting moment is the plastic resisting moment of the section
(par. L4-Okb).

The preliminary design load is based on an idealized version of the
purlin dynamic reactions. After obtaining a satisfactory preliminary de-
sign the actual average purlin dynamic reaction is used in a numerical in-
tegration analysis to verify the preliminary design.

a. loading. The critical girder loading results from the blast wave
moving parallel to the girder axis. For this condition the average roof
loads vary along the axis perpendicular to the girder from a maximum at the
ends to a minimum over the central portion of the roof (par. 3-084). To
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obtain the vertical blast load on the girder it is necessary to determine:

(1) The variation of Zone 3 local overpressure;

(2) The slab dynamic reactions for these overpressures; and

(3) The purlin dynamic reactions when loaded by the slab dynamic

reactions.

All this has been done in paragraph 7-23 in designing the purlins.
The girder dynamic load is determined in figure 7.19 by adding the dynamic
reactions of purlins (A) and (B) plotted with the proper lag time

_ ‘purlin spacing - 6.67 _
Y1ag = velocity of blast wave - 1ho3 - 0-O008 sec

The dynamic reactions are obtained from tables 7.6 and 7.7 (par. 7-233).
The design load as idealized from the computed loading shown by figure 7.19
8 = 356 kips is defined by:

B = 4(89) = 356 kips

Force (kips)

|
|
{ T, = 0.016 sec

T, =0.016 sec b. Elastic Range Dynamic Design Factors.
Time {sec) (Refer to table 6.1.)
Concentrated mass:
K = 0.81, Ky = 0.67, Ky = 0.83
132ET
R = 6M/L, k = =3
Vl = 0.17R + 0.17P, V2 = 0.33R + 0.33P

Uniform mass:

K = 0.81, Ky

c. Mass Computation.

0.45, Ky - 0.83

Slab and roofing [3—7-5-‘2@2 " 6-0] 1?0183.2 = 20.7 kips
Purlins %——%—3—8-2 = 1.5 kips
Girder (estimate) 1—?%‘03—02 = 3.2 kips
Connections (allow 10%) = 0.1(3.2 + 1.5) = 0.47kips

6l
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Total concentrated mass m, (2/ })(20 7) +{1.2) -S-é%

= 0.475 kip-sec /ft

Total uniform mass m = 3%“_ = 0.115 kip-sec>/ft

d. First Trial - Actual Properties.
Assume D.L.F. = 1.4 (experience)

R = D.L.F.(B) = 1.4(356) = 500 kips (par. 6-11)

Mp = 1.058f, = L. 05(“1 6)5 _ 3,648 kip-£t (S in 1n.3) (eq k.2a)
EMp
6(3 64s .
R =— = ) - 500, . § = 458 in.3
Try 36 W 150,

S = 503 in.3, Z = 581 in.3, 0.5(S + Z) = 542 1n.3, I = 9012 1n.h
M, = fdy 0.5(S + 2Z) = hl'§25h2 = 1880 kip-ft (eq 4.2)

13281 _ 132(30)103(9012)
13 203(1kk )

e. First Trial - Equivalent Properties.

Concentrated m = KM(m ) = 0.67{0.475) = 0.318 kip-sec /ft

Uniform m = KM(m = 0.45(0.115) = 0. 052 kip-sec /ft

Total m_ = 0.318 + 0.052 = 0.37 kip-sec /ft

= Kk 0.81(30,800) = 25,000 kips/ft

e
T = 2nym /fk_ = 6.284/0.37/25,000 = 0.0241 sec

T}/Th = 0.016/0.0241 = 0.665

D.L.F. = 1.45 (fig. 5.21)

Required R = D.L.F.(B) = 1.45(356) = 516 kips

Required M, = R L/6 = 516(20)/6 = 1720 kip-ft

0.5M, for colum = 0.5(318) = 159 kip-ft (pars. 7-12 and 7-21g)

Moment in girder at interior support due to static loads

M = 3.7(20)/8 + 15.3(0.33)(0.67)(6.67 + 20)0.25 +
15.3(0.33)(0.67)(13.3 + 20)0.25 = 9.25 + 22.7 + 28.3 = 60 kip-ft

Girder resistance available for vertical blast loads

M = 1880 - 60 - 159 = 1660 kip-ft < 1720 kip-ft

Consider larger sizes ‘
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' f. Second Trial - Actual Properties. Try 36 W 160

S = 541 1n.3, Z = 622 1n.3, 0.5(s + 2) = 581 1n.3, I =9739 1n.l+
M, = fdy 0.5(8 + 2) = 41.6(581) = 2020 kip-ft
3
K = }_3% = lﬁ.’%&ﬂﬂ;&) = 33,300 kips/ft
L 20°(14%)
8. Second Trial - Equivalent Properties. The change in the mass is

neglected.

k
e

K k = 0.81(33,300) = 27,000 kips/ft

T, 2n\,me7ke = 6.284/0.37/27,000 = 0.0232 sec

Tr/'.[‘n = 0.016/0.0232 = 0.69

D.L.F. = 1.38 (fig. 5.21)

Required R = D.L.F.(B) = 1.38(356) = 491 kips

Required M = R L/6 = 491(20)/6 = 1640 kip-ft

Girder resistance available for vertical blast loads

M, - Mg - 0.5(}411,)coluunn = 2020 - 60 - 159 = 1800 kip-ft; OK

1-.m/'1'r = 1.19 (fig. 5.21)

t, = 0.016(1.19) = 0.019 sec; OK
h. Preliminary Design for Shear Stress.
At t = 0.019 sec, t = 0.019 + 0.0048 = 0.0238 sec

P = 4(89) = 356 kips (fig. 7.19)
V= 0.33R  + 0.33P = 0.33(k91 + 356) = 280 kips
\ 280, 000
Vo= = 11,700 psi I~
td %53(36.0) z o 540

Allowab. = 21,000 psi (par. 4-05¢) «

i. Determination of Maximum Deflec- H : ::3; 202 ';"" ak
tion and Dynamic Reactions by Numerical 3 ' k] ¢
Integration.

y y
6MP 6(1800) ) DefI::tion (1)
R =—5 = 55 = 540 kips Y
Figure 7.20. Resistance function for
k = 3;; 300 kips/ft 36 W 160 girder spanning 20 ft,
_ 540 fixed at one end and pinned
YVe =X 7 33,300 0.0162 £t at the other
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Table 7.9. Determination of Maximum Deflection and Dynamic Reactions for Roof Girder

————— s

>
t P Rn bR yh(am) In Von
| (sec) (kips) | (kips) (xips) () (£t) (kips)
o} 0 0 0.65 0. 000006 0 (o]
0.002 4.0 0.2 3.8 0.000033 0. 000006 1.4
0.004 11.2 1.5 9.7 0.000085 0. 000045 4.2
JO. 006 30.0 5.6 24 .4 0.000214 0.000169 11.7
0.008 56.0 17.0 39.0 0.000341 0.000507 2k.0
0.010 110.0 39.0 71.0. 0.000621 0.001186 49.0
0.012 160.0 83.0 7.0 0.0006T74 0.002486 80.0
0.01k 208.0 149.0 59.0 0.000516 0.004460 118.0
0.016 266.0 231.0 35.0 0.000306 0.006950 16L.0
0.018 312.0 325.0 -13.0 -0.00011L4 0.009746 210.0
0.020 337.0 hik.0 -77.0 -0.0006Th 0.012428 248.0
0.022 351.0 481.0 -130.0 -0.001137 0.014436 275.0
0.024 356.0 510.0 -154.0 -0.001347 0.015307 286.0
0.026 356.0 kol 0 0.014831 281.0

The basic equation for the numerical integration in table 7.9 is

Yn

where

(P, - R )(at)°

o = a2y, -y, | (table 5.3)

(e, - Rn)(o.002)2

Folat)® =

K3y ()

= 10.55)(0.115) + (0.83)(0.575)

= 8.75 X 10‘6 (Pn - Rn) ft
The time interval At = 0.002 sec is approximately equal to Tn/lO = 0.00232

sec (par. 5-08).
T-25b.

The dynamic reaction equations are listed in paragraph

The Pn values for the second column in table 7.9 are obtained from

figure 7.19 multiplying by 4 to obtain the total concentrated load applied

to the girder by the two purlins.

j. Shear Stress Check.

V = 286 kips (table 7.9)

\'} 286,000

v = EE; = 36.0(0.653 = 12,150 psi

Allowable v = 21,000 psi; OK (par. 4-05c)
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k. Check Proportions of 36 W 160 for Local Buckling.
b/tf 12.0/1.02 = 11.8 < 14; OK

a/tw = 33.96/0.653 = 52 > 30; NG, longitudinal stiffeners required
(see par. 4-064) 1.02"

tg = 3/4 > 0.653; oK T ]

bs/":.s = 6; bs = 6t8 = 6(3/’-}) = 4.5 in, ||.75'|l.73' | Continuous

Use longitudinal stiffeners, 2 plates _E_J.'F { ::Tam'
3/4 in. by 4-1/2 in. by full length. |

¢/t = 10.73/0.653 = 16.5 < 22; 0K w|  zse |[ 5 nser

e/tw = 22.54/0.653 = 34.5 < 40; OK J L oess

Weight of added plate stiffeners ; ; ¥
equals 23 1b/ft. [ eo | o7

7-26 FINAL DESIGN OF COIUMN. The column design was begun in paragraph
7-24. The final steps in the column design are illustrated by this para-
graph. The steps which follow are preliminary to the numerical analysis to
determine the lateral deflection of the top of the columns. In the pre-
liminary design (par. 7-24) some of the factors which affect the response
are neglected to simplify the computations. In this paragraph these fac-
tors are opnsidered: the variation of plastic hinge moment with direct

stress, the variation of column resistance with lateral deflection, the ef-
fect of girder flexibility on the stiffness of the columms, and the differ-
ence between the load on the wall slab and the dynamic reactions from the
wall which are used as the lateral design load for the frame columns.

a. Mass Computation. (Refer to par. 7-24b. )

Walls = 86.5 kips, roof slab = h1l.4k kips, purlins = 5.3 kips

Girder = l%gé%ll = 6.5 kips
Columns = 77lgoéh.5 = 3.35 kips

Connections = 1.2 kips
Mass of single-degree-of-freedom system = total roof + 1/3 (columns

and walls)

oo MLl +5.3+6.5 +0.33(86.5 + 3.35) _ 83:2 _ 5 ¢ kip-sec?/st

32.2 32.2
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b. Column Properties.
10 W77

I=b57.2 10" §=86.11n3, 2 =97.6 in.3, 0.5(s + 2) = 91.8 1n.3
A = 22,67 1n.2, b = 10.195 in., t, = 0.868 in.
a = 8.89 in., t, =0.535 in., 4 = 10.62 in.

¢. Column Interaction Design Data. The plastic hinge moment, plastic
axial loa.ﬁ, and the values of Ml and Pl are computed below from the column
properties,

Mp = fdy(s + 2)0.5 = bl 6 (91.8) = 318 kip-ft (eq 4.2)
P, ="f = h1.6(22.67) = 945 kips \eq 4.7)
P = Tay? e o2 \
f 2 W 2
P, = %z +—3— -2t t, (eq 4.12)

.r.-

. %%kmmm%m+”ﬂm® awmw%ﬂ

P, = 3.91 [15.4 + 30.2 - 0.80] = 175 kips

g

T 3
M, = ‘;g [ln-,v(- tf) + btf(3d2 - 6<11-,f + htfa)] (eq 4.11)

41.6 10.62 3
= {12)3(10.62) {“(0-535)( == - 0.868) +

10.195(0.868) [3(10.62)2 - 6(10.62)0.868 + h(o.868)2]}

M, = l'l-%q {187 +8.85 [339 - 55.5 + 3.0]} = =33 (2727) = 296 kip-ft

For PD > Pl

P,-P 945 - P
M, = (H) W (296) = 364 - 0.384P; (eq 4.13)

P

For PD < Pl

P
D
My =M, - > (M, - M) (eq k.1k)
(318 - 296 )PD
= 318 - -
175
d. Effect of Girder Flexibility. The relative flexibility of the
girders reduces the spring constant k 1in the elastic range from the value

= 318 - 0.125 PD

T0
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obtained in paragraph 7-24 for infinitely stiff girders (par. 7-08). To
obtain this revised value of k a simple sideswny analysis of the frame is
made. From the sidesway analysis the magnitude of the lateral force re-
quired to cause a unit displacement 1s determined.

In figure 7.22 the initial slope, which is the proper spring constant
until formation of the first hinge, is assumed to hold up to the plastic
resistance Rm. The true resistance curve is represented approximately by
the dashed line up to Rm‘

For infinitely rigid girders k = 835 kips/ft (par. T7-2ig).

The elastic sidesway anal- ,3gsps

945 0.486}{0.486 0.945
ysis in figure 7.21 is started &, $-486.9 f=486.9
with -1000 kip-ft at top and &8 | 29 ogze 0098
«o -946 -998 -946
bottom of each column. This ; §
ho ] t ] t 3
is equivalent to a lateral £% t-2ee t-2e6 1-206
-
displacement of the frame, pg
S -973 ;;J -999 ”%-”973
X = (F.E.M. )h®/6EI e "
20 | 20 |
_ (1000)(16 1tk i -
6( 30)103(h57.2) Figure 7.21. Sidesway frame analysis by
0.4L8 £t moment distribution
In the elastic sidesway analysis
_ iealized F r::.o«uu ) the conventional procedure of using
= pr—gy w;xim,.ov:m,m of centerline dimensions is adopted al-
|+ 4 o
S ,"Lmﬂmm F"k'""ne'l:':?::" though in all other computations the
3 "l Beteciion v _:%"5 t clear height of the column is used.
« |
=M _ 2(946 + 973) +(999+998)
Y - =
y Deflection, y (ft) R = T T 16
Figure 7.22. Resistance diagram for = 365 kips

10 ¥ 77 columns . =§ ) O_?% - 815 kips/ft
e. loading. Both horizontal and vertical loads are considered. The
lateral load for the numerical integration Fn (fig. 7.23) is obtained from
the v]_h dynamic reaction column of the numerical integration analysis of
the front wall slabs in paragraph 7-21g (table 7.2). The dynamic reaction

values for a one-foot width are multiplied by the width of one bay. After
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the dynamic reaction of the front wall slab has decreased to the level of
the applied load (at t = 0.055 sec) the Fn values are determined from the
net lateral load curve (fig. 7.11) where F = [144(18 )9.06]/1000 F .
= 23.48 ?ﬁet kips (?;et is in psi). These data are plotted in figure 7.23
to give the frame lateral design load for use in table 7.10.

The effective height of the loaded area is obtained from one-half the
wall clear height plus the thickness of the roof slab,

I+ Computation of Deflection of Frame by Numerical Integration.
(Refer to table 7.10.) The total vertical load Pn in the second column is
obtained by multiplying the average roof overpressure (fig. 7.12) by
[43.5(18)144]/1000 = 112.8 and adding the dead weight of the roof system.
The (PD)n values are the average axial column loads and are obtained by
dividing the total vertical load by the number of columns. The (PD)n
colum is used in the plastic range to obtain the value of (MD)n from the
interaction design equations (par. 7-26c). The value of (MD)n is used to
obtain the maximum resistance at any time by the relation (Rm)n
= f2n(MD)n]/hc = [2(3)(MD)n]/1l'..5 = o.hlh(MD)n.

R, is equal to kxn = 815xn in the elastic range. In the plastic
range R 1s the limiting value of R . The expression (ann)/hc indicates

the decrease in resistance corresponding to the increase in moment result-
ing from the eccentric loading. The basic equation for the numerical inte-
gration in table 7.10 is

o 2

xn(At) +2% - x (table 5.3)

*hy1 T
where

Pﬁ 2
, [Fn -R + 'ﬁ; (xn)] (at)

Xn(A’c) = — 4

2 Pn

(0.02) [Fn -R g (xn)} N P_
xn(m;)2 = 5% < =1.54 x 10 [Fn—Rn+-ﬁ-(-:- (xn)]

To check the slenderness criteria (par. 4-08) the following equation is

evaluated for each time interval.

13
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Table 7.10. Determination of Column Adequacy

P P x P x ("n) (p,)
n nn na n D’n
= T F -R_ + o 2 0. 2.231 Slenderness

t l’n (PD )n ('ﬁ) )n (%)n hc ’n Rn c n B [ Rn(At ) xn = “P 3 FP Criterion
(sec)|(xips)|{(kips)|(kip-£t)](kips)|(kip-£t)|(kips)|(kips)|(kips) (kips) (rt) (rt)

0 55 18 316 131 3.8 1139.0 [o] [ 69.5 0.0106 [} 0.29 0.0% 0.33
0.02 | 698 233 275 11k 8.1 |k05.0 | 8.6 0.5 396.9 0.0607{0.0106 0.25 0.55 0.80
0.04 | 998 333 23 98 68.8 [371.0 | 66.7 5.6 309.9 0.047410.0819 0.217 0.786 1.003
0.06 | 913 30k b7 102 63.0 [207.0 [102.0 | 12.0 117.0 0.0179|6.2006 0.23 0.72 0.95
0.08 | 8 279 257 106 57.7 |[150.0 {106.0 | 19.0 13.0 0.0020|0.3372 0.24 0.66 0.90
0.10 | 769 256 266 110 53.0 58,0 [110.0 | 25.0 -27.0 -0.0041{0.4758 0.2k 0.60 0.84
0.12 | T11 237 273 113 k9.0 54.0 (113.0 | 30.0 -29.0 -0.004410.6103 0.25 0.5 0.31
0.14 | 663 221 279 116 45.7 50.0 ]116.0 | 3.0 -32.0 ~0.0049 {0, THOb 0.26 0.52 0.78
0.16 | 621 207 205 118 42.8 k6.0 [118.0 | 37.0 -35.0 -0.005k {0.8656 0.26 0.k9 0.75
0.18 | 584 195 289 120 k0.3 42.0 [120.0 | ko.0 -38.0 -0.005G |0.9854 0.27 0.46 0.73
0.20 | 551 184 293 121 38.0 38.0 {121.0 | k2.0 41.0 -0.0063{1.0994 0.27 0.43 0.70
0.22 | 523 17h 296 123 36.1 34.0 (123.0 | bb4.0 -45.0 -0.0069|1.2071 0.27 [\ RN 0.68
0.24 | hob 165 297 123 3k.2 30.0 |123.0 | b5.0 -48.0 -0.0073 [1.3079 0.27 0.39 0.€6
0.26 | k71 | 157 298 123 | 32.5 | 27.0 |123.0 | b6.0 -50.0 -0.0076 1.5014 | ©0.27 0.37 0.6k
0.28 | W7 149 299 124 30.8 2k,0 [124.0 | 46.0 -54.0 -0.0083 |1.4873 0.27 0.35 0.62
0.30 | hok 1 300 124 29.2 22.0 112k.0 | 46.0 -56.0 -0.0086 [1.56k9 0.28 0.35 0.61
0.32 | ko1 134 301 125 27.7 19.0 1125.0 | b5.0 -61.0 -0.0093 [1.6332 0.28 0.32 0.60
0.3k | 380 127 302 125 26.2 16.0 [125.0 | k4.0 -65.0 -0.0099 |1.6936 0.8 C.30 0.58
0.36 | 359 120 302 125 24.8 14.0 |125.0 | k3.0 -68.0 -0.0104 [1.7434 0.28 0.28 0.76
0.38 | 337 112 30l 126 23.2 12.0 (126.0 | 41.0 -73.0 -0.0112 {1.7828 0.28 0.26 0.54
0.40 | 318 106 305 126 21.9 11.0 [126.0 | k0.0 -75.0 -0.0115 {1.8110 0.28 0.2% 0.53
o.k2 | 297 99 306 127 20.5 9.5 |127.0 ] 37.0 -80.0 -0.0122 [1.8277 0.28 0.23 0.51
ok ! 278 92 307 127 19.2 8.0 |127.0 | 35.0 -84.0 -0.0128 [1.8323 0.28 0.22 0.50
0.46 | 1.8241

- P
K'Ld p [x"L]l .
IOObtf] + -1;; [15r 21 (eq 4.10)

= 0.14, K" = 0.50, L =h, = 14.5 £t = 174 in. (tables 4.1 and L4.2)

i o.1hg17h%10.62 1.2 [esam)] <,
| 100 10.195 )(0.368) | Pu 15(2.60
) Pp_
0.292 — + 2.231 5= <1
Yp Fp
The time interval At used in table 7.10 is based on the natural period
= Qn\/m/k = 6.28\/2.6/815 = 0.353.
T
2
10

hes

g

A Ao S

t = 0.02 < = 0.035 (par. 5-08)

aB R
The allowsble maximum displacement = — 2 - 12é122)= 1.5 £t (pars. 6-26

and 7-24c). The computations in table 7.10 show that the slendernmess crix
terion is satisfied because the combined ratio is only very slightly above
1.0 (0.3%). The computed maximum displacement = 1.56 ft, thus

ap = (12) 12.5; OK.
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T-27 FOUNDATION DESIGN. a. General. The foundation of this building is
designed by both of the methods described in paragraph 6-31 primarily to
illustraie the procedures.

The first design is according
to the Quasi-Static Foundation ™Picel8er T =¥ ? ki
—ef 2-6" ) ,
Design Procedure in paragraph ; 216 36" )
6-31lc, and the second is ac- b Ll iEI:j;, —
. Gy:hrnetrlcol 4 c IU_EI d
cording to the Dynamic Founda-  about ¢ Allle ¢ 1 0 3 Foll{l?
o b 20-0" 20-0" .
tion Design Procedure in para- i il i
graph 6-31d. A preliminary 0 ’ 40'-1" v T
plan of one bay of the Founda- ::Tﬁ
tion is presented by figure
T7-ch. Figure 7.24. Preliminary foundation plan for one bay

b. Ioads. The first
requirement of the quasi-static analysis is a tabulation of all the lateral
and vertical loads on the foundation. Because each numerical integration
performed previously is based

on a separate value of At, it

is necessary to plot curves of
the variation of each of the
forces with time. The loca-
tions of the forces on the
foundation are shown by the sketch on the left. The vertical loads in-
clude the column and footing blast loads and the dead load of the entire
structure.

Figure T7.25 is a curve showing the time variation of the total column
(blast plus static) load P = 3(PD )I1 obtained from data in table 7.10.
Figure 7.26 is a curve of the time variation of the blast load on the pro-
jecting front footing. The front wall footing is estimated at 2 ft 6 in.

for the preliminary ana.ysis so that the projecting area is 62.5 - %%)0.5

= 0.79 ft. The vertical blast load on the footing is obtained by muitiply-
ing the projecting area Ly the front face overpressure (fig. 7.9) thus
obtaining

o.79(18)1>front (144/1000) = 2.05P, o

5
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Figure 7.27 is the total vertical load curve obtained by adding the
ordinates of figures 7.25 and 7.26. The blast load on the rear footing is

neglected herein.

1200

1000 :

800

600

i

400 ]

Total Column Load, P, (kips)

1
T

% 0.02 0.04  0.06 0.08  0.10
Time, t (sec)

Figure 7.25. Total column load vs time
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The lateral loads include the shear in the columns and the front and

rear wall slab reactions at the wall footings.

The rear wall slab reactions

are obtained in table 7.1l by a numerical integration using the rear wall
overpressure data in figure T7.10 and the following data from paragraph 7-21g.

g
L}

n

<
[/

2.52 P

back

0.0344 ft

Y. =0.000 ft

€p

k, = 793 kips/ft
k

€

o= 329 kips/ft

Rm = 45.6 kips

At = 0.005 sec

¥ (at)? = ho2g(r07*)(p_
yn(ax)z = h.29(1o'l‘)(1>n
7o(ae)? = 5.07(20™)(m,

§o(66)2 = 5.07(207*)(,

Table 7.11. Determination of Dynamic Reactions for Back Wall Slab

Rn) ft,
Rn) ft,
Rn) ft,

Rn) ft,

elastic range

plastic range

elasto-plastic range

elasto-plastic range

t P Rn R o In Vin Von
(sec) | (kips) | (kips) | (kips) | ¥(at) (ft) | (kips) | (kips)
0.030 0.216 0 0.216 0.000093 0 0.0 0.0
0.035 1.210 0.073 1.137 0.000488 | 0.000093 0.2 0.3
0.040 2.520 0.534 1.986 0.000852 | 0.00067h 0.4 0.7
0.045 3.654 1.671 1.983 0.000851 | 0.002107 0.9 1.4
0.050 4,788 3.482 1.306 0.000560 | 0.004391 1.5 2.4
0.055 6.048 5.737 0.311 0.000133 | 0.007235 2.2 3.6
0.060 7.207 8.098 -0.891 | -0.000382 | 0.010212 3.0 4.9
0.065 8.392 | 10.156 -1.764 | -0.000757 | 0.012807 3.6 6.0
0.070 9.576 | 11.613 -2.037 | -0.000874 | 0.014645 4.2 6.8
0.075 | 10.786 | 12.378 -1.592 | -0.000683 | 0.015609 4.5 7.4
0.080 | 12.096 | 12.601 -0.505 | -0.000217 | 0.015890 4.7 7.7
0.085 | 13.306 | 12.652 +0.654 | +0.000281 | 0.01595k h.9 8.0
0.090 | 1li.4ho | 12.925 +1.515 | +0.000650 | 0.016299 5.1 8.3
0.095 | 15.624 | 13.71h4 +1.910 | +0.000819 | 0.017294 5.4 8.9
0.100 | 15.498 | 15.153 +0.345 | +0.000148 | 0.019108 5.8 9.5
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Figure 7.28 is a plot of 18(V2n - Vén) where V, and V) are, respectively,
the front and rear wall slab footing reactions from tables 7.2 and 7.11.
After t = 0.07 sec, the curve is obtained from the net lateral load curve
(fig. 7.11):

144(18)17.5 =
o005 P ot = 22.6i°'mt kips (1>net is in psi)

where 17.5 is the wall clear height.
The time variation of the column shear is plotted in figure 7.29
using data from table 7.10.

114 1 — 4+ 14 1 i
SO0 EFE s 355
T 1 1 !
{ iy +
1 T
-— 1
M 1
4 5
;e !
[T, sabah I
1
3 I H4H
7] 1 u !
€ ~ 400ks=
O + : T
S n . +
- Q0 H +
(& .x— N 7 T 1
+ :
(@] + T - =+
S e+ -+ +
[ 3] ; asa dor 1 * T
gestises = s !
: IBEE Y § 1 t T
c TTHT i T : 4
Q - 3“"1 s + + + +
= + 300F% ssssassssass
H s o T
o 3 ; !
(o) [+ ++ T 1
s 1 T 1 i 1
P
O u T peegs su! ]
c SEDRE RY SRE REE )
Pty +
SN - 33y anzasaa: T :
o Lo
= 4+
(] 3 :
H T T T
-_ N Tt '
o = oo H [ : o
p— . -+ -
— (@] 200 saen B Su HEGE S E 1T T
@ S+ TH + - - 1
L : ' b o aans a
[ = e .
+ = T Ses eoe STaaasen: :
O i ean o H bl Suas " L 1
} E t 1 t +
rtr
o) e ss: ¢ H{-d4+= 1+ H
' - H + - Ht
ol L Ron BaREE PEEEE PO S Bmant + * ¥nl
2 Sachusages 18aaq sunat Ea8a 5 T :
[oas saa [ RRaE oheae canad Sau: i} }
+ e . 1 4
'OO b B 4 it & 53 Tt Ht = T
a RS B S e nasa I L] T HH 14ids
- . - — SNSE ka -— 1+
ST 22 6 P net '
H 4
S ++ a §ooed 19 e T . ne 1 1]
- + :
H— 1 : 3 t + + 1 BB i
: - 4 i L — ‘ i
t anss gagss 1804 EENUSBEER ¥ kua : by
T T +
- +
! ena. 1 1Y t +1
H T T I —
1 T : 18 e yu
1 1T T + 1 11
M ED 1 1 baw | T 11

o 0.02 004 0.06 0.08 0.10
Time, t (sec)

Figure 7.28. Wall reactions at foundation vs time
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Figure 7.29. Column shear vs time

Figure 7.30 indicates the total lateral load-time variation on the

foundation and is obtained by adding the ordinate values of figures T7.28

and 7.29.
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Figure 7.3C. Total lateral load on foundation vs time

Although not needed until a later step, the time variation of the
column base moments is plotted in figure 7.31 using data obtained from
table 7.10. From t = O to t = 0.08 sec the columns are elastic so that

the moment from one column on the foundation is
lh
M= 33 (Rn) = e.uekn
From t = 0.08 to 0.20 sec, the columms are plastic, hence (MD)n applies. .
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Figure 7.31. Column base moments vs time

c. Preliminary Sizes of Members. The preliminary column footing
sizes are determined on the basis of the maximum column vertical load
(fig. 7.25) and the dynamic design bearing capacity, 30 ksf

(r,)
D ‘max 1000
Required area = ———30 = —(—)-3 30) = 11.1 sq ft
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Try column footings, 3 ft 6 in. square, area = 12.25 sq ft.

The size of the wall footing is determined by using the maximm value
of blast load on the footing projection and adding to it the dead load of
wall and overburden.

Dead load of exterior wall and footing: (assume wall height = 18.0,

footing width and depth = 2.5 ft, neglect overburden)

Wall = (2)(150/1000)(11/12)18(18.0) = 89.0 kips

Footing = (2)(150/1000)(2.5)2.5(18.0) = 33.8 kips

Total wall dead load = 89.0 + 33.8 = 122.8 kips

Maximum value of blast load = 54 kips (fig. 7.26)

total exterior wall load
length (allowable bearing capacity)

_(122.8 + 54)
Width = -(—2(-:[5-)-36—2 = 0.164 ft

This value is too small for practical purposes, hence an arbitrary
width of 2 £t 6 in. will be used for subsequent analyses.

d. Preliminary Depth of Foundation. The time variation of the un-
balanced load is obtained in table 7.12 by subtracting the available

Theoretical width =

Table 7.12. Determination of Unbalanced Lateral Load

() ® (€) ® ® ®
Time {Lateral Load | Vertical Load| Total Vertical| Friction ]} Unbalanced Lateral
Load Load
(sec) (kips) (kips) (kips) (kips) (kips)
f£ig.7.30 fig. 7.27 | @+ 163.6 0.5 @ @ -0
(0] 218 105 268 134 8L
0.005 2143 270 433 217 26
0.010 288 ko 603 302 None
0.015 420 600 763 382
0.020 Lk 730 893 Lh?
0.030 Lo3 905 1068 53k
0.040 3N 1020 1183 592
0.050 397 971 113 567
0.060 355 930 1093 Sh7
8L
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frictional force from the total lateral load. The lateral load causing
sliding is obtained from figure 7.30. The frictional resistance to sliding
is obtained by multiplying the total vertical load by the coefficient of
friction, u = 0.50 (par. 7-18). The total vertical load at any time is ob-
tained by adding the dead load of the total structure to the vertical loads
in figure 7.27.

Columns = 3.35 kips (par. 7-23)

Column strap footings = 2.5(2.5)40(0.15) = 37.5 kips

Total dead load = 122.8 + 3.35 + 37.5 = 163.6 kips
The unbalanced lateral load is then the total lateral load minus the fric-
tional resistance to sliding. The maximum value of this unbalance 1is
84 kips.

The procedure recommended in paragraph 6-3lc requires that the depth
of footing be that necessary to develop sufficient passive pressure resist-
ance to equal twice the unbalanced lateral load at any time. The effect of
the blast pressures acting on the surface of the ground at the back of the
building should be included in determining the passive pressure resistance.
In this example the back wall loading does not begin until 0.030 sec (table
7.11) and there is no unbalanced lateral load after t = 0.005 sec (table
7.12).

The required depth of footing is determined by:

Fp = Kpg Lg-z- (eq 4.58)

where

F

P normal component of total passive resistance

2(maximum unbalance) = 2(84) = 168 kips
The resistance to lateral motion is provided by the lesser of: (1)

combined passive pressure resistances of front and back footings or (2)
frictional resistance of earth between footings plus passive pressure re-

sistance of back footing.

Considering case (1) first, =D i !
I'-6"
the length of back wall capable of ' — He
resisting passive pressure is 18 ft. *}_“_____. L__
The effective height of soil is HB Front Wall Back Wall
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The length of front wall capable of resisting passive pressure is
(18 - 2.5) = 15.5 ft. The effective height of soil is (HB) - (1.5 ft) +

(increase for height of concrete floor) = Hy - 1.5 + ﬁlSOl- 100) (0.5)

00
= HB - 1.25 f%.
FP = front wall resistance + back wall resistance
y(Hy - 1.25)° 7(HB)2
(H, - 1.25)° 0.100(H., )
168 = 15.5(10)0.100 - 5 + 18(10)-—-755§L_

Hy = 3.68 ft (compare available Hy = k.31)

On this basis, the back footing is capable of providing a passive re-
sistance equal to

2
181 7(2?) ) 18(1o)oé100(3.68)2 _ 121 Kips

The potential frictional resistance of soil between footings equals
uW = p(7)15.5(H5 - 1.25)41.7 = 0.50(0.100)15.5(2.43)41.7 = 78 kips
78 + 121 = 199 > 168, case (2) is OK.
e. Overturning Moment. The sketch below indirates the position of
loads considered in the

I
21, J 22.1' overturning cc -wtations.
= In table 5, the
Pri . Muan Muwait Pt time variation of the over-
) Rn R" RN -
18vzn ] M ’“"E 3 Mo BT v, turning moment on the struc-
2.5d L ]LL Ra «3| ture is determined. The
. Ty 3 .
——— ==k === —  wmll reaction overturning

moment is obtained by multiplying the net wall reaction from figure 7.28
by 2.50 ft.

The wall support moments Mwall are obtained from data in tables 7.2
and 7.11. In the elastic range M_ ., = (RnL)/8, for one bay M,
= [(18)/8](17.5)nn = 39.3R . In the elasto-plastic and plastic ranges
M = 18(59.5) = 1070 kip-ft. The column base moments are obtained by

wall
multiplying the column moments (fig. 7.31) by the number of columns in one
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Table 7.13. Determination of Overturning Moment
Q| @& ©) ® ©) ©® @ ® ® B Q@
Wall Front
Net Column| Reaction | Wall Back Wall| Column Blast load Blast Load Ret Footing Ret
and Wall |Overturning]| Support Support Base " on FPront Foot-{on Back Foot- Projection Overtwining
Time | Reaction Moment Moment Moment Moments o ing Projection)ing Projection Moments Moment
(sec); (wips) | (ft-kips) |{ft-kips)| (ft-kips)|{(ft-xips) | (ft-kips) (x1ps) (kips) (ft-kips) (rt-kips)
Ret | fig. 7.30! (2) 2.50 [table 7.2|table 7.11[r1g. 7.31 @ - @] rig. 7.26 fig. 7.32 |22.1 +9) [ - ]
[ 218 545 0 0 o 5hs 52 [¢] 117 -630
0.005 240 600 425 0 13 1029 L8 ¢} 108; -26
0.010 285 712 1070 0 15 1797 43 1} 971 826
0.015 420 1050 1070 "} 30 2150 39 0 883 1267
0.020 415 1038 1070 o] 60 2168 34 o] 770 1398
0.025 410 1025 1070 0 120 2215 30 0 680 1535
0.030 Loo 1000 1070 0 187 2257 26 0 589 1668
0.035 koo 1000 1070 2.6 300 2373 2l 1.0 520 1853
0.0k0 395 988 1070 21.0 480 2559 23 2.1 72 2087
0.045 395 988 1070 65.0 585 2708 22 2,9 431 2211
0.050 395 988 1070 136.0 651 2845 21 3.9 386 2459
0.055 380 950 olly 225.0 705 2824 21 b.9 362 2u62
0.060 355 888 583 317.0 41 2529 362 2167
bay. The footing projection righting moment is obtained by rultiplying the

blast load on front footing projection from figure 7.26 by 22.1 ft.

The

back footing overturning moment is obtained by multiplying the blast load

on back footing projection from figure 7.32 by 22.1.

The vertical blast

load on the rear footing (fig. 7.32) is obtained by multiplying the pro-
Jecting footing area by the rear face overpressure (fig. 7.10) obtaining

0- 798P o 1600

144

= 2.05P.b

ack

The overturning moment due to the passive pressure is neglected

conservatively.

f.

Combined Axial Ioad and Overturning Moment.

for combined stresses it is possible to write

From which by substitution is

where

Ultimate bearing capacity = %
obtained
P M(22.54)
= +
30 = 157.5 * 755,250

Me
T

2
Ultimate bearing capacity = 30 kips/ft° (par. 7-18)
total vertical load on one bay of foundation

P
A

2
total area of one bay of foundation = 197.5 ft
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Figure 7.32. Vertical blast load on rear footing
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M = total overturning moment on foundation
¢ = distance to extreme point on foundation from center
I = moment of inertia of foundation = 55,290 fth

Introducing the P and M data from table 7.13 into the equation
for P (above) shows that the soil pressures and the preliminary sizes of
the foundation elements are satisfactory.

g.
be necessary to determine stresses at various times in order to determine
the critical condition. To illustrate the procedure it is sufficgient to

compute stresses at only one time.

Design of Foundation Members. In a complete design study it would

The column strap footing is designed for the stress conditions at
t = 0.055 sec. One bay of the foundation 18 ft wide centered on a column
strap footing is considered (fig. 7.33).

P 1113 6
-~ = . ka
A = Ig7.5 = >3
(tables 7.12 and 7.13)
Mc _ 2462(22.54)
_- = = 1.00 ksf
LI 55,290
|
pt
4
— 2.54" 2.54'
— 1.26" 1.26' -
— 0.40' 313 ke 0.40 —
313k 20.0' 20.0' 313k
61.4k 61.4k
21.0k L 094K/t I 4.9k
iddiddi
12.05 13.887; 114,28 16.10”
\ls 87 |94z/ |\|993 z;g.':;
2.5, 1.79 3.5 1.79) 2.5 '6.99 (k7€) | '
LT e.s v es
L@ o | L® o\
- 563+1.00 W ~8532
Seeshar - «6.63ksf \ 83.34
22.54" ;1;_4‘ 22.54" ||7.36\LU\

a. Soil Pressure Diagram b. Vertical Forces l9.34

Figure 7.33. Vertical forces and soil pressure on foundation
The soil pressure variation is shown in figure 7.33a. The soil pressure

multiplied by the footing width gives the soil load per foot (fig. 7.33b).
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In figures 7.33 and 7.34 all the forces and moments acting on the ‘
foundation at time t = 0.055 sec are shown. They are as follows:
Front wall = rear wall = 122.8/2 = 61.4 kips (par. 7-27c)
Column strap footing = 37.5/40 = 0.94 kip-ft (par. 7-274) .
Front footing blast load = 21.0 kips (table 7.13)
Rear footing blast load = 4.9 kips (fig. 7.32)
Column load (3.35 + 936)/3 = 313 kips (table 7.10)(fig. 7.12) .
Moment at base of front wall = 94l kip-ft (table 7.13)
225 kip-ft (table 7.13)
18v2n = 18(22.9) = 413 kips (table 7.2)
557 kips (table 7.12)
The moments at the base of

Moment at base of rear wall

Shear at base of front wall

Friction at base of footing

1.26' &Lza 20.0' ¢ ) _,C i
: er : ole 20.0 i .26' the front and rear walls are as-
R H‘,C_g”"’" . 233 “;2:';266 22eP " sumed to be transmitted to the
L28 lr B ‘ i 250" aolumn strap footing. This is a
o. Applied Moments and Lateral Shears conservative procedure for the
strap footing since the fixity
2.5 .79’ 16.5' 3.5 16.5' ”i._z.s' at the base of the wall must be ‘
IS provided continuously along the
2.7 m wall.

The friction force is as-
l sumed to be distributed along
10.45  12.34 9.49 1447
8.09 Tﬂ- { ]- the base proportionally to the
T
|

””””“”H ” total vertical soil load. For

b. Moment (kip-ft/ft) about Centerline of e Ile between points A and B

Footing Due to Soil Friction . .
wo 8334 £85:32 (5 )
Figure 7.34. Applied moments and shears
= 210.8 kips
. 210
Friction = 7ii3 (557) = 105.4 kips (table 7.12)

The critical sections are considered below.
Shear Point E
% loads down - & loads up (fig. T7.33b)

T = 1.9 + 6Lk + 313 + 18.29(0.94) - (119'3“ : 117-36) 2.5 +
22.82 + 22.54 16.10 + 14,28
( : )1.79 +( : )16.5 ®
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_l‘_.’g = 396.5 - 587.1 = -190.6 kips

V = -190.6(1.5) = -286 kips
Shear Point G

vV _ 117.36 + 119.34
ﬁ*(h.9+61h)-( 7.3 5 93)2-5

Tos = 66.3 - 295.9 = -229.6 kips

V= 1.5(-229.6) = -344 kips
Moment Point C (figs. 7.33 and 7.34)

Th.is' = ol + 413(1.25) + 235 + 32(1.25) + 52.7(2.5) +

(83.3l+ gas.se) 2.5 (g_éz) —21(2.14) - 61.14(1.28)

= 2007

M
1.5
M = 3010 kip-ft

Moment Point E (figs. 7.33 and 7.34)

'1%' = =205 - 65(1.25) + 235 + 32(1.25) + 73.9(2.5) +
14.17(1.79) + 9.49(16.5) + 4.9(20.39) + 61.4(19.53) +

313(18.25) + 0.94(18.29)(9.14) - (117'36 : 119;31-‘-) (2.5)(29.54) -

(22.82 + 22.51+) (1.79)(17.39) - (1“~28 : 16°1°) (16.5)(8.25)

2
Mo
T.5 = 1051

M = 1577 kip-ft

The footing strap is checked to determine if the sizes originally as-
sumed can be reinforced sufficiently. The sections are checked for bending
moment capacity by equation 4,16 with the values of fdy and féc replaced by

fy and fé, respectively, because the loads are considereq to be applied

statically.
Section at Point E - b = 2.5 ft, assume 4 = 30 in.
pf
= -
Mp = pbaf d (1 —J—l-'?fé) (eq 4.16)
For p = 0.02 N
0.02(40
M, = 0.02(2.5)30(40)30 [1 - T—7('§_o'}] = 1520 kip-ft
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MP = 1520 kip-ft = 1577 kip-ft ; OK
Shear at this location = 286 kips

Shear stress = v = 7%% (eq 4.23)

8(286 )1000

For no web reinforcement, allowable v = 0.0hfc' + 5000p (eq 4.24a)
0.04(3000) + (5000)0.02
120 + 100 = 220 psi

Stirrups are supplied to provide (363 - 220 = 143 psi) additional re-
quired shear strength.

rfy = 143 (eq L4.24)

143
r m = 0.0036
Av Av
ro= e = o[22 = 0.0036

A, = 1.29 sq in./ft
Section at Point C - b = 3.5 ft, assume d = 30 in.

pf
M, = podf d (1 - -1—7}’—,-) (eq 4.16)
(o]

For p = 0.03

' M, = 0.03(3.5)30(40)30 [1 . %%—g‘%}]

M'.P = 2900 kip-ft = 3010 kip-ft; OK

Maximum shear occurs at point G. This location has same cross sec-

tion as point C. For reversal of load on structure maximum shear would oc-
cur at point C (V = 34k kips).

Shear stress = v = 'T—Eb% (eq 4.23)

8(344 )1000
v=—%2—g§6—=312ps1

If no shear reinforcement is used, the allowable v = 0.0Hf(': +
5000p (eq 4.2hb).

v = 0.04(3000) + 5000(0.03) = 120 + 150

Shear reinforcement equal to (312 -~ 270

- 1 -
r ‘E‘d??oﬁ = 0.000925

270 psi
42 psi) is provided.
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A, = rbs = 0.000925(42)12 = 0.47 sq 1in./ft

Since the critical sections are capable of resisting moments and
shears, the entire foundation footing strap could be reinforced in propor-
tion to moments and shears. The wall footings need only nominal reinforce-
ment since dimensions selected are much larger than necessary for calcu-
lated soil pressure.

h. Dynamic Foundation
Design. The dynamic design
procedure (par. 6-31lc) usually

I'-9% 20'-0"

results in a more economical
design than the quasi-static
procedure because the dynamic

effects are computed rather
than conservatively estimated.
The results of the
quasi-static design, with
certain modifications 1llus- ,
trated in figure 7.35, will be o
use?ﬁas a preliminary design
in the dynamic design proce- Figure 7.35. Plan of foundation
dure. In this design the
wall footings are piaced eccentrically to assist in resisting overturning
most effectively.
Using the principles presented in paragraph 6.3le for the sliding and

22.12'

overturning analysis, the horizontal acceleration Xo and the angular ac-
celeration ab about the longitudinal axis through the bottom of the footings
are determined. The corresponding horizontal displacement Xq and the angu-
lar displacement ¢ are determined as a function of time by means of a
concurrent numerical integration of equations (6.9%) and (6.95).

N% - Foy
2, = 225 (eq 6.94)
I -my
o
F

% = = - ay (eq 6.95)
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i. Polar Moment of y
Inertia I,. In table 7.1k -
the polar moment of inertia l . . 1334
of the total structure is _f—'-I‘ B GRS G
obtained about point "0." 16.0°|

The location of each ele- 20.32
18.65' 19.48'

ment in the x and y di-

rections is indicated in a2’y rill| 990

fi .36. total mo- T i et o . —
gure 7.3 The total mo ® q,_L. : l_ 67
ment of inertia is the sum, o —X

d

for all elements, of the

moments of inertia of each

element about its own axis
and the moment of inerti
o lnertia Figure 7.36. Half cross section of building
of each element about the
axis through point "O." The. inertial effect of the soil between the front

and rear footings is conservatively neglected. From table 7.1h
= _ Smy _T72.21 _
Y =%~ 5.18 - 883 1

2
I, =TI, + Iyy = 1144 + 2304 = 3448 kip-sec/ft

J. Ground Foundation Interaction. The rotation of the structure
under the blast loads develops a resisting moment of the vertical soil

pressures against the footings. The magnitude of this moment reaction

which tends to resist the overturning of the structure is given by MO = B6

where

B = —% (L)% (eq b.59)
h(1 - v9)

To apply this formula to a specific structure the ratio Inet/Igross

must be determined, vhere Inet is the moment of inertia of the actual foot-

ing area and Igross is the moment of inertia of a solid rectangular area
extending over the entire extent of the footings, both quantities being
evaluated about the longitudinal axis of rotation (par. 4-15d). The net
overturning resistance of the soil is given by the product of equation

(4.59) and the ratio Inet/Igross
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3 3 3

__Inet i (1/12)0a° - (1/1f2)b1d1 . b.d

Leross (1/12 )ba3 va3
where, from figure 7.35,

b = 18.0 ft

d =45.0 ft

by = 18.0 - 2.5 = 15.5 ft

d, = 45.0 - 2(2.0) = 41.0 £t

L =d/2 = 45/2 = 22.5 £t

Thet =1 - 15.5(41.0)3 _ 0.348

T — L ]
Tgross 18.0(45.0)3
For an 18-ft typical bay

2 v
n(ko )(12) (22.5)2 18 = 46.1(10)° kip-ft/radian

gross (1 - 0.333%)

Bnet = (0.348 )Bgross

171

T-2Tk

= (o.3h8)h6.1(1o)6 = 16.1(10)6 kip-ft/radian

k. Dynamic Analysis. The dynamic rigid body sliding and overturning
analysis is performed in table 7.15. A simultaneous numerical integration
is performed to obtain the time history of the rigid body rotation € and

the rigid body translation X The acceleration impulse extrapolation
method (eq 5.49) is used for the dynamic analysis in the form

(6), , 1 =2(e), - (o) _ ; + (@) (at)?

2
(xo)n +1 2(xo)n - (xo)n -1 7 (xo)n(At)
where
(FO )n - 6 )
(x,), = —=2 - (2)F (eq 6.95
While the structure is sliding
(M) - (F )y
(o} -2
, I -my
o
where
(M_). = moment of all external forces about axis of rotation "O"
'R at time n .
(Fo )n = summation of all external horizontal forces applied to the

structure at time n

%
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While the structure is not sliding

),
(), = T (eq 6.96)

In table 7.15, Mé is the summation of external moments about the
point of rotation excluding horizontal footing projection moments. The
blast loads on front and back footing projections are obtained by multiplying
yressure values from figures 7.9 and 7.10, respectively, by
9/12[144P(18)/1000] = 1.95P.

The lateral passive soil pressure force FP is considered to vary
linearly with displacement from zero to a peak value at x = O.OhHB
= 0.04(k.48) = 0.179 ft.

From paragraph 7-27 the maximum available force is FP = 181 + 102
= 283 kips, vwhere passive pressure on rear face gives [lB(lO)(O.l)(h.hB)Q]/Q
= 181 and friction between wall footings gives 0.5(0.1)15.5(4.48 - 1.25)k1
= 102. Thus at any displacement x , the passive force is Fp =(283/0.179)x
= 1580x. This is the value with no pressure on the soil at the rear of the
building. If there is blast pressure on the soil at the rear, the passive
force increases. The additional passive force can be determined from the
surcharge equivalent of the overpressure, thus AFp = K§¢ (blast load) L4.48
=[10(14% )?back(18)h.la8]/1ooo = 116?back. In table 7.15 the lateral motion
ceases before the blast wave begins to load the soil at the rear of the
building and the passive force is considered to remain at a constant value.

The effect of the pressure on the soil is then considered as an ac-

tive soil pressure force equal to one-fourth the passive force, or

116T3’ba.ck =

T - Pack
The centroid of Fj is at Yp1 = 4.48/3 = 1.49 ft above the base of the foot-
ing, and the centroid of the blast pressure induced force is at Vg = yp2
= 4.48/2 = 2.24 £t above the base of the footing.

The vertical load is obtained by adding the dead load of the walls,

foundation, and columns to the tabulated values of Pn and the blast loads
on front and back footing projections. The partial dead load obtained from

table 7.1h is:
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Columns 3.4
Front wall b3.5
Back wall h3.5
Column strap hi.7
Front wall footing Wb
Back wall footing .4
160.9 kips

In table 7.15 colunn 18, when X, 1> %y 1.e. structure is sliding,

(Mo)n - (F )ny _ colum 11 - column 17

I -y 3448 - 8.18(8.83)°

(a ), =

o

(“o)n = 0.0003559 (column 11 ~ columm 17)

When X041 < xn, i.e. structure is not sliding,

(a ) (MO )n

om - 1
o

lum 1
- c°3mM“£ 1 - 0.00029 (colum 11)

The results of the numerical analysis in table T7.l1l5 are:

(1) Maximum rigid-body translation (xo)m = 0.000778 ft,

(2) Maximm rigid-body rotation (6) . = 0.000258 radians,

(3) Vertical upward motion at the fromt = 0.000258(k5/2) = 0.0058 ft.

These motions are negligible; the next step is to investigate soil
pressures and member sizes.

1. Design of Foundation Members. In a refined analysis it would be
necessary to determine stresses at various times in order to determine the

critical stress condition. However, to illustrate the procedure in this
design, stresses are computed at only one time.

The column strap footing is designed for the stress conditions at
t = 0.060 sec. One bay of the foundation 18 ft wide centered on a column
strap footing is considered.

The soil pressure is computed from {- + _@_01%9
where
P = total vertical load
A = total area of foundation = 2(2.0)(18) + 2.5(41.0) = 17h.5 sq ft

6B = 4158 kip-ft overturning reaction (table 7.15)
c = distance to extreme point on foundation = 45.0/2 = 22.5 ft
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-
"

moment of inertia of foundation

4

I = 136,000 - 89,200 = 46,800 ft
§ = ig 5 = 6027 ksf
h' o table 7.15
€Bc _ 415 522.5} _
¥ = 800 = 2.00 ksf
2. ' 0-5. 40.5' 2.0}
ey, O\t
6.27-200®"1
2427 ks f—
6.27+2.00
22.5' _| 22.5' ~8.27 kst
™
0. Soil Pressure Diogram
.y 2.5 2.5 o
— »—l.le' /304“ 1.21' —
304k——{BHL-100' 20.0' 20.0' .00 304k
43.5k 0.38' 0.38' ] 43,5k
19.0k .02 W/ft 14.4k
14.4x %“ﬁ 6.0k
2T 2
1. lasﬂ 20.2—
2'— |[~— l — | fe—2'
t
(k/f1)
170~ g0

145.8-~" ~N~—i49.0
b. Vertical Forces

Figure 7.37. Vertical forces and soil pressure on foundation

The soil pressure multiplied by the footing width gives the soil load
per foot. In figures 7.37 and 7.38 all the forces and moments acting on
the foundation at time t = 0.050 sec are shown. They are as follows:

Front wall = back wall = 43.47 kips (table 7.1L)

Wall footing = 14.42 kips (table 7.1h)

Column strap footing = 41.66/41.0 = 1.02 kips/ft (table 7.14)

Front footing blast load = 19 kips (table 7.15)

Back footing blast load = 6.0 kips (table 7.15)
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121N .29 o o 29\ ¢

N1 20.0 _héu

247 k-1 28T k-1t
%‘05- 3 Fo896k
| 34k K Fp *0.95k
2.67| — . : 24’ .
583k-ft 317 k-f1 2.24 1.49
[ r— apgr—
548k

a. Applied Moments and Lateral Shears

2.0 — 410 o |20

AT
98.5

[T 52.5

s 12.0

T T T

b. Moment (kip-ft/ft) about Centerline of
Footing Due to Soil Friction

Figure 7.38. Applied moments and shears and moment due to friction

Colum load =(3.35+910)/3 = 304 kips (table 7.15)

Moment at base of front wall = 583 kip-ft (table 7.13)

Moment at base of back wall = 317 kip-ft (table 7.13)

Shear at base of front wall = 18v2n = 18(18.9) = 340 kips (table T7.2)

Shear at base of back wall = 18Vén = 18(4.9) = 88 kips (table 7.11)

Friction at base of footing = 548 kips (table 7.15)

Column shear = 102/3 = 34 kips (fig. 7.29)

Column base moments = T41/3 = 247 kip-ft (table 7.13)

The moments at the base of the front and back walls are assumed to be
transmitted to the column strap footing. This is a conservative procedure
for the strap footing since the fixity at the base of the wall must be pro-
vided continuously along the wall.

The friction force is assumed to be distributed along the base in
proportion to the total vertical soil pressure. For example, between points
A and B

77.0 + 80.2

W= 5

(2.0) = 157.2 kips
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Friction = %%%gg (548) = 78.8 kips

In figure 7.38b the moment about the centerline of footing due to
soil friction is equal to 2.67/2 (friction force per foot). Thus between
A and B the moment equals 78.8/2 x 2.67/2 = 52.5 kip-ft/ft. The critical
sections are considered below.

Shear Point C
V = £ loads down - X loads up (fig. 7.37b)
v = [6.0 + 1.4 + 43,5 + 304 + 20.5(1.02)] -

[1#9.0 + 145.8 (5 oy 4 15:6 - 20.2 (20.5)]

2
Vv = (388.8 - 661.8) = -273 kips
Shear Point D

v = [6.0 + Wb + 43.5] - 2202138 (5.0)

= 63.9 - 294.8 = -230.9 kips
Moment Point B!
M = 583 + 340(1.3%) + 247 + 34(21.3%4) + 52.5(2.0) + 8.9(0.5) +

77.0 + 80.2
2

43.5(1.29)
M = 1559.8 kip-ft
Moment Point C
M = 583 + 340(1.34) + 247 + 34(1.3%4) + 247 + 34(1.34) + 52.5(2.0) +

T7.0 ; 80.2 (2.0)21.5 + 11.1 ; 15.6 (20.5) (2355) _

(2.0)(1.5) + 11.1(0.5)0.25 - 19.0(2.12) - 1k.4(1.5) -

8.9(20.5) +

19(22.12) - 14.4(21.5) - 43.5(21.29) - 304(20.0) -
1.02(20.5) (2%52)
M = 145.8 kip-ft

An approximate check is made to determine if the sizes assumed can
be reinforced sufficiently. The bending moment capacity of the footing
strap is based on equation (4.16) with fdy and £ replaced by fy and ),

respectively, because the soil pressure loads are considered as static

loads.
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Section at Point B' b = 2.5 ft, assume 4 = 30 in.

ptf

M, = pbd fyd ( - ﬁflc'—) (eq 4.16)

For p = 0.020

M, = 0.020(2.5)30(k0)30 [1 - %]

M, = 1518 kip-ft, 1518 =~ 1560 ft-kips; OK, section can be reinforced
Shear is investigated at point D. The cross section is the same as

at point B. If the initial blast load is from the opposite direction the
maximum shear occurs at point B(V = 231 kips)

= 0.04(3000) + 5000(0.020)
needed to supply 293 - 220

Shear stress = v = —7%% (eq 4.23)

8(231)1000
v = 7730730 = 293 psi

If no web reinforcement is used the

allowable v = o.ohfé + 5000p (eq L4.24b)

220 psi, 220 < 293 psi; .. stirrups are
73 psi

3 _
r = m’—%(% = 0.00183

A, = rbs = 0.00183(30)12 = 0.659 sq in./ft

Section at Point C b = 2.5 ft, assume d = 30 in.

pf
=pbd £.d (1 - —% ) (eq 4.16)
MP Yy ( 1.7fc)

For minimum steel, p = 0.006 (par. 4.10a)

M, = 0.006(2.5)30(40)30 [1 - o_i?%(%%]

MP = 514.6 kip-ft
514.6 > 145.8 kip-ft; OK

Shear at this location = 273 kips
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Shear stress v = 8(273 )1000 = 347 psi

7(30)30
Allowable v = 0.0bfé + 5000p (eq 4.24ka)
= 0.04(3000) + 5000{0.006) = 150 psi

Stirrups must be provided to supply (347 - 150 = 197 psi ) sufficient
web reinforcement.

r = 197/40,000 = 0.00493

A, = rbs = 0.00493(30)12 = 1.77 sq in./ft

Since the footing strap is of constant cross section in this example,
other locations of the strap can be reinforced sufficiently. In this par-
ticular design the earth passive pressure effect could have been neglected,
since a much greater resistance to sliding was supplied by the frictional
effect of the soil. In general, however, the passive pressure effect
should not be neglected because in certain cases the principal resistance
to sliding is supplied by the passive pressure.

The results of the dynamic analysis indicate the development of a
maximum soil pressure which is much lower than the permissible valuve and
the requirement of relatively high percentage of reinforcement in .ae
column strap footing. Because of these, another cycle of design for further
refinement might include a reduction in plan area of all foundation members
and an increased depth of column strap footing. In addition, the depth of
foundation below ground surface could be reduced, if need be, because little

use is made of the potential passive pressure.

NUMERICAL EXAMPLE, DESIGN OF A ONE-STORY STEEL
FRAME BUILDING - EIASTIC BEHAVIOR

7-28 GENERAL. This numerical example presents an elastic design of a
typical bay of a windowless one-story, steel, rigid-frame bullding with re-
inforced concrete walls and roof. Included is the design of a typical wall
glab, roof slab, girder, and column of the building (fig. 7.39).

One-way reinforced concrete slabs are used for both the wall and
roof deck. The roof slab is supported by structural steel purlins. The

girders and columns of the frame are structural steel sections Joined by
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welding to provide moment-resisting connections.

No foundation design is presented. Reference is made to paragraph
T-27 for an illustration of this design procedure.

- 541. ou
3at5-4":=16'-0" (ww: Purlin 36 W Girder
” - — — . — :
11 1 I‘ » 1 1 1 IL £ 1 1 Iy,
IT ' r— —T:
16'-0" ~___le-0" : 16-0" Hufs
| ‘ 0 I"~_'—|2w=
8._811 i ;'o'_z" ! R Column
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Cross Section
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Figure 7.39. Plan and section of building

T-29 DESIGN PROCEDURE., The steps in the design procedure are as follows:
Step 1. Estimate the sizes of all structural elements which deter-
mine the over-all dimensions of the building.
Step 2. Compute and plot the time relationship for the incident

overpressure, the front face overpressure, the rear face overpressure, the

net lateral overpressure, and the average roof overpressure in accordance
with EM 1110-345-413 procedures.

Step 3. Design the wall slab using the procedure of paragraph 6-12
and an idealized triangular load vs time curve derived from the front face
overpressure vs time curve. Check the design using the actual time varia-
tion of front face overpressure in a numerical integration. From this
analysis obtain the dynamic reaction on the roof slab.
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Step 4. Follow the same procedure as for step 3 for the roof slab
and the purlin design. In both preliminary designs the incident over-
pressure is idealized by a triangular load-time curve. The numerical in-
tegration check of the preliminary roof slab is performed using the inci-
dent overpressure curve. The numerical integration check of the purlin
is based on the dynamic reactions from the slab giving due consideration
to the effect of blast wave direction on the purlin loads.

Step 5. Make a preliminary design of the column assuming the girders
to be infinitely rigid and neglecting the effect of axial load on the
column. As in all other preliminary designs, an idealized load-time curve
is used. This load is obtained from the net lateral overpressure-time curve.

Step 6. Design the girder using an idealized load derived from the
purlin dynamic reactions and check by a numerical integration using the
purlin dynamic reactions directly.

Step 7. Check the column design by a numerical integration consider-
ing the relative flexibility of the column and girder and the effect of
axial load on the column. For the load use the dynamic reactions from the ‘
wall slab.

7-30 1O0AD DETERMINATION. The computation of loads is explained in
EM 1110-345-413 and illustrated again in paragraph 7-19 for a one-story
building. In this example the necessary load curves are presented without

any explanation or computation. The design overpressure of 10 psi is

selected arbitrarily for this example.

The overpressure vs time curves that are presented are:
(1) Incident overpressure vs time (fig. 7.40)

(2) Front face overpressure vs time (fig. T7.41)

(3) Rear face overpressure vs time (fig. 7.42)

(4) Net lateral overpressure vs time (fig. 7.43)

(5) Average roof overpressure vs time (fig. 7.44+)
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Figure 7.41. Front face overpressure vs time curve
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7-31 DESIGN OF WALL SIAB. The wall slab is designed as a simple beam, one
foot in width, spanning vertically between the foundation and the roof
slab. The slab is designed so that a plastic hinge will be developed at
midspan when the slab is subjected to the design loading. This strain con-
dition is considered to be the limit of the elastic range for purposes of
this manual.

The preliminary elastic design pro-
‘T 1 cedure is outlined and then illustrated by

» an example in paragraph 6-12. The dead
d load stresses are neglected for a vertical
Ei>> i ner' L1167’ wall., The slab thickness is selected so
as to illustrate a procedure for designing
i slabs which are critical for shear stress.
To reduce the shear stress s thicker slsb
might be used.

The design span length is equal to
the clear height of the wall between foundation and roof.

a. Design loading. The design load as idealized from the computed
loading shown by figure 7.41 is defined by:

9:42.6kips
25.3(11.67 )( 14k %
= 42.6 kips &
T:0.046 sec
T = 0.046 sec Time (sec)

b. Elastic Range Dynamic Design Factors. (Refer to table 6.1.)

K, = 0.6k, Ky = 0.50, Ky = 0.78
Rm=8—122, k=-3—8-h%:-]—:, V = 0.39R + 0.11P
5L

c. First Trial - Actual Properties.

Assume D.L.F. = 1.7 (experience)

R = D.L.F.(B) = 1.7(4k2.6) = 72.5 kips (par. 6-11)
Assume p = 0.015
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£
2 Dy
Mp = pf, bd" |1 - . (eq 4.16)
W [ 175 ]

= 0.015(52)(1)a® [} - 9&?%%%?%%] = 0.6884° kip-ft (4 1in inches)

Mp _ (8)0.6884° :
Rm=—1-‘—=%37—=72.5, oo & = 12,4 in,

m h = lhoo ino, d = 12'5 in.’ O ’ ) T
. I T a 1257
Nos M 'r‘—J -~ $ ]
p = 0.015, np = 0.15 No.2 Ties “3/4"Cover 15°
M, = 0.6884° = 0.688(12.5)% = 107.5 kip-ft

r - = L - .7 e

I, - bh3/12 = (14.0)3 = 2740 1n.*

I, = bd3‘[%; + np(1 - k)é] = 12(a)3 [19;%225 + 0.15(1 - o.ha)e]

0.905a3 = 0.905(12.5)3 = 1770 in.*
0.5(18 + It) = 0.5(2740 + 1770) = 2255 in.

I L
a

3
K = 38“§I - (38“)3(103)2255 = 2270 kips/ft
5L 5(11.67)7(1kk)

Weight = 2 igoloéé'67 = 2.04 kips

Mass m = %é?g = 0.063k kip-seca/ft

d. First Trial - Equivalent Properties.
k, = Kk = 0.64(2270) = 1450 kips/ft (eq 6.6)

Ko = 0.50(0.0634) = 0.0317 kip-sec>/ft (eq 6.8)

m =
e
T = 2ﬂ‘,me7ke = 6.28\[0.0317/1h5o = 0.0293 sec (eq 6.1k4)

e. First Trial - Available Resistance vs Required Resistance.
Cop = T/T_ = 0.046/0.0293 = 1.57

D.L.F. = 1.7 (fig. 5.20)

tm/T = 0.3 (fig. 5.20)

t) = 0.3(0.046) = 0.0138 sec
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Idealized load is satisfactory replacement for actual load-time
curve up to t = 0.0138 sec (par. 5-13).

Required R = D.L.F.(B) = 1.7(42.6) = 72.5 kips

The required Rm < available Rm,therefore the selected proportions are
satisfactory as a preliminary design.

f. Preliminary Design for Bond Stress.

At t_ = 0.0138 sec, P = Q8'5)i(1)6§7(1“‘) = 31.0 kips (fig. 7.41)

V = 0.39R  + 0.11P = 0.39(72.5) + 0.11(31.0) = 28.3 + 3.4 = 31.7 kips
Allowable u = 0.15f] = 0.15(3000) = 450 psi (par. 4-09)

S 5o - Y _ 8(31,700)

IR TR § l2.5'L|4.d‘ wja -~ 450(7)12.5

',,;* N #9 at 5-1/2 in., A = 2.18 in.°
~°'9°'5¥' ('*'Cmr to Allow for Try at 5- N., = e in.
. Possible Sheor Reinforcement 5% _ 7.72 in.

= 6"‘"5 in.

A\

p=Afod = 122:'[;85 = 0.0145, np = 10(0.0145) = 0.1k5

g. Determination of Maximum Deflection and Dynamic Reactions by
Numerical Integration.

I, = ph3/12 = (14.0)3 = 2740 in.*

3 3
I, = b3 [1‘3— + np(1 - k)z] = 12(12.5)3 [-(0—13*11— + 0.145(1 - o.h1)2]
= 1720 in.h "
I = o.s(xg + It) = 0.5(2740 + 1720) = 2230 in.
14(150)11.67 _
Weight = 15(1000) - 2,04 kips
Mass m = %’g = 0.0634 kip-sec>/ft ?
a3 Rm = 69.6
2 May ] &
= pf, bd - . :,” Moaximum Deflection
'p dy [ L3¢ 5 K Il k =2250 kips/ft
2 o.ols(52)] E|/' 1 oo
= (0.0145)(52)(1)(12.5) [1 - -1—7(—355)1] & |
Ye
= 104.5 kip-ft (eq 4.16) Deflection, y (ft)
8
R = = - weight = 81101&'5 - 2.04 Figure 7.45. Resistance func-
o -67 tion for 14-in. slab spanning -
= 71.6 - 2.04 = 69.6 kips 11.67 ft as a simple beam
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3
K = 381‘? = A3 )3(1°§ 2230 _ 2050 kips/ft
5L 5(11.67 )14k

_ _69.6 _
¥, = R /k = Saco = 0-031 ft

Table 7.16. Determination of Maximum Deflection and Dynamic Reactions for Front Wall Slab

2

t Fo R P Rn yn(At) Yn Vi
(sec) | (kips) (kips) (kips) (£t) (ft) (kips)

0 ho.6 0 21.3 0.00388 0 4.9
0.003 39.5 8.7 30.8 0.00561 0.00388 7.7
0.006 36.6 30.1 6.5 0.00118 0.01337 15.7
0.009 33.7 5h.1 -20. -0.00371 0.0240k 24.8
0.012 30.8 69.6 -38.8 -0.00834 0.03100% 30.1
0.015 27.8 66.7 -38.9 -0.00834 0.02962 29.0
0.018 25.0 24.8 +0.2 +0. 00004 0.0199 12.h
* (yn)mx = 0.031 ft.

The basic equation for the numerical integration in table 7.16 is
2
+1° Yn(At) tay, -¥, ., (table 5.3) where

(e, - Rn)(At)2 (®_ - Rn)(0.003)2
K (1) = 7 0.78(0.063%)

The time interval At = 0.003 sec is approximately equal %o Tn/ 10
(par. 5-08). The dynamic reaction equation is given in paragraph T-31b.

= 1.818(10-h)CPn - Rn) ft

¥, (o) =

The Pn values for column 2 are obtained from figure 7.41, multiplying by
144(11.67)/1000 = 1.68 to obtain load in kips.

The maximum deflection (yn)max, computed in table 7.16, is 0.031 ft
which is equal to the allowable Y of 0.031 ft.

h. Shear Strength and Bond Stress.

Voox = 30-1 kips (table 7.16)

For no shear reinforcement

Allovable v, = 0.0hfc': + 5000p (eq L.24)

vy = 0.04(3000) + 5000(0.0145) = 120 + T2.5 = 192.5 psi

8v 8(30.1
vV =7d = T2)(12.5) - 229 psi, therefore shear reinforcement re-

quired for 229 - 192.5 = 37 psi.
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+ " 7
3-9 raer Dow = =
r_—% ﬁ:. 0_\’00'0::'_ ols r m?m 0.001

Constr, Jt.
I ey — Try 1 43, A =0.11
10°
0.11
L | R 2 No. 3 Stir. r= As/bs =is = 0.001,
at 11"Along Wall .
L i No. 4 ot |7. ee S = lo ino
o '-
W=l e 4 - 8 _ _8(30,100)
. = Y] "w-g* 720(1 7 7.72 1205
No. 9 at 11—
No.4 ot 84— = 356 psi; OK
T 2 No. 3Stir. Allowable u = 0.15f]
el = 0.15(3000) = 450 psi
Constr. Jt. is* i. Summary.
' No.7 at lI'Dowels 14-in. slab
€ p = 0.0145

J' Note: w_cll Steel to have %-Cover Inside
2 Cover Outside
Foundation Steel Not Shown Zo = T.72 in.

Roof Slab Stee! Not Shown Shear reinforcement #3 ties
at 10-in. alternate bars.
T7-32 DESIGN OF ROOF SIAB, The design of the roof slab is similar to the
design of the wall slab in paragraph 7-31 except for the load considera-
tions and the inclusion of dead load stresses.
This roof slab is sup- _ |

A Ae s Smee DU SN SEnd MG M

ported on purlins spaced at == = =
5 ft 4 in. so as to load the
girder at the third points.

The design load 1is based on the 'ﬁ 5-4" ﬁ
incident overpressure curve

(fig. 7.40) which results from a e o ‘%
the blast wave moving normal to 7 Ls5.33" A
the span direction of the slab. r ]

The load is uniformly distributed along the slab and varying with time.

Adjacent slab elements are loaded progressively; however, the shock wave

speed is such that the entire slab may be considered to be loaded at once.
The slab is continuous over the purlins; however, it is designed as

a single span fixed at both ends according to the procedures of paragraph

7-11. The span length of the beam is the centerline spacing of the purlins.

The design is based on a one-foot width of slab.
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a. Design loading. The design load as idealized
Y 8:7.69k
from the computed loading shown by figure 7.40 is defined _ o
by: %
N _ 10(1kk)5.33 S
B =10 psi = 7506 = 7.69 kips 5
T = 0.38 sec T:0.38 sec

Time (sec)

b. Elastic Range Dynamic Design Factors. (Refer

to table 6.1.)

K, = 0.53, Ky = 0.41, Kiy = 0-77
12MP
_ 38LEI
Rp=—1> k="3

V = 0.36Rn + o.1hPn

c. First Trial - Actual Properties.

Assume D.L.F. = 2.0 (experience)

R, = D.L.F.(B) = 2.0(7.69) = 15.38 kips (par. 6-11)
Assume p = 0.015

£
2 Pay
M, = pf bd” |1 - L (eq 4.16)
dy ( l.7fdc)

0.015(52)(1)d° [1 - °i?$53?§ ] = 0.688a° kip-ft (d 1in inches)

1M, (12)0.6884°
L 5.33

]

R = = 15.38, .. d = 3.14 in.

Try h = 4-1/4 in., 4 = 3-1/k in.,

ry

|
R % i o p = 0.015, np = 0.15
|

% I S S . S M, = 0.6884° = 0.688(3.25)° = 7.26 kip-ft
/N .4 at 3;—- f(%-c“"l ]_ad_P 26)
_12(7. B
R = ;}' = =33 16.35 kips
I, = bh3/12 = (4.25)3 = 76.5 in.
3
I, = bd3 [%; + np(1 - k)é] - 12(a)3 [LQ;%E). + 0.15(1 - o.h2)2]
4
- 0.905d3 = 0.905(3.25)3 = 31.0 in. .
I, = o.s(Ig + It) = 0.5(31.0 + 76.5) = 53.7 in.

13 (5.33)314
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Weight = [h_%yg)_ + 6.0] 2533 - 0.314 kips

Mass m = %,’e%& = 0.00975 kip-seca/ft

d. First Trial - Equivalent Properties.

k, = Kk = 0.53(2840) = 1505 kips/ft (eq 6.6)

m, = Km = 0.41(0.00975) = 0.004 kip-seca/ft (eq 6.8)
T

. 2ﬂ\’m 7ke = 6.284]0.004/1505 = 0.01025 sec (eq 6.1k4)

e. First Trial - Available Resistance vs Required Resistance.

Cp = T/Tn = 0.38/0.01025 = 37.0

D.L.F. = 2.0 (fig. 5.20)

t /T =0 (fig. 5.20)

tm =~ Osec

Required R = D.L.F.(B) = 2.0(7.69) = 15.38 kips

The required Rm = gvailable Rm, therelore the selected proportions are
satisfactory as a preliminary design.

f. Preliminary Design for Bond Stress.

10)14k4(5.33
1000

V= O.36Rm + 0.14P = 0.36(16.35) + 0.14(7.69) = 5.9 + 1.08=6.98 kips
Allowsble u = 0.15f] = 0.15(3000) = 450 psi (par. 4-09)

v 8(6980 _
Lo"u,jd' =507)(3.55 = 5.45 in.

Try # at 3-1/2 in., A_ = 0.69 in.°, Zo = 5.4 in.

0.6 _
P= AS/bd = B3G5 - .0176, np = 10(.0176) = 0.176
g. Determination of Maximum Deflection and Dynamic Reactions by

Numerical Integration.
I, = vh3/12 = (4.25)3 = 76.5 in.

k =Vn2p2 + 2np - np = O.hlk

3 3
I, = bad [—15— + np(1 - k)2] = 12(3.25)3 [Q-%M’— + 0.176(1 - o.hhh)e]

At t =0, P= = 7.69 kips (fig. 7.40)

L

t 3
= 3h05 inoh h
I, = o.s(Ig + It) = 0.5(76.5 + 34.5) = 55.5 in.
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Weight = 0.314 kips
Mass m = g—g-zé—h- = 0.00975 kip—secz/f't
pf
2
s o ] .
a Kep
S| A nres
= 0.0176(52)(2)(3.25)° |1 - HUTE(52) € =
1.7(3.9 g | k = 2930 kips/ft
= 835 kip-ft (eq 4.16) g o Y= 00063 1t
& Moximum Deflection
m =TT - vwelght = %8—3:%—5) - 0.314 = 18.5 kips ,l:/;&
3 Deflection, y (ft)
K = 38%?1 - 381+(32§10) 233 _ 2930 Kkips/tt
L 5.33°(144) Figure 7.46. Resistance func-
18.5 tion for a 4-1/4-in. continuous
Ve = Rm/k = -235-6 = 0.0063 ft slab spanning 5.33 ft

The basic equation for the numerical integration in table 7.17 is
+1 = yn(At)e + arn -V o1 (table 5.3) where
-6
(p. - R )at)® (P - R )10
. 2 -
¥ ()" = a Kimfm) = 0.37 0.80975 = 1.33 (10 “)(Pn - R ) ft

The time interval At = 0.001 sec is approximately equal to Tn/lo
= 0.001025 (par. 5-08). The dynamic reaction equations are listed in

In

Table 7.17. Determination of Maximum Deflection and Dynamic Reactions for Roof Slab

2

t P R LR yn(At) Yn Vi
(sec) (kips) (kips) (xips) (£t) (ft) (kips)

0 7.69 0 3.84 0.00051 o] 1.08
0.001 7.67 1l.k9 6.18 0.00082 0.00051 1.61
0.002 7.65 5.39 2.26 0.00030 0.00184 3.01
0.003 7.63 10.17 -2.5h4 -0.00034 0.00347 .73
0.004 T.6% 13.95 -6.3h -0.0008k4 0.00476 6.08
0.005 7.59 15.27 -7.68 -0.00102 0.00521% 6.56
0.006 T7.57 13.60 -6.03 -0.00080 0.0046} 5.9
0.007 7.5 9.58 0.00327 4.50
0.008 7.51
* (yn)max = 0.0052 ft.
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paragraph 7-32b. The Pn values for the second column are obtained from
figure 7.40, multiplying by [144(5.33)(1)) /1000 = 0.769 to obtain load in
kips.

The maximum deflection (yn)mx, computed in table 7.17, is 0.0052 ft.
This is less than Y = 0.0063 ft. Design is satisfactory.

h. Shear Strength and Bond Stress.

Viex = 6.56 kips (table 7.17)

For no shear reinforcement

Allowable vy = 0.0hf(': + 5000p (eq 4.24)

vy = 0.04(3000) + 5000(0.0176) = 120 + 88 = 208 psi

8v 8(6560
v = -7-55 = 571D 5;25 = 192 psi; OK, no shear reinforcement required

8V 8(6560
=5od = “(5.5)3.25 = 28 psi

Allowsble u = 0.15f! = 0.15(3000) = 450 psi; OK for bond

4|/4"L i. M
T o o Ty vy e b-1/h-dn, slab
N No.4 at 3 1/2° 1
p = 0.0176
Yo = 5.4 in.
9 54" -
r | No shear reinforcement

T-33 DESIGN OF ROOF PURLINS. The purlins are framed flush with the top of
the girders and are provided with moment-resisting connections. The top

flanges of the purlins are anchored to the concrete roof slab to provide
lateral support to the top compression flange.

Although composite behavior of the slab and purlin can be expected to
develop to a limited extent, preliminary computations showed that design
for independent behavior of slab and purlin is more desirable for this ar-
rangement of slab and purlin (pars. 4-12 and 6-23). Accordingly, this pur-
1in design neglects composite behavior.

The purlins are designed to pass into the elasto-plastic range, but
not into the plastic range. This means that the deflection is limited to
that necessary to just develop the plastic hinges at midspan. This point

120




T-33a EM 1110-345-417

15 Jan 58

1s indicated in figure 7.50 (page |
130). Since the design proce- ; ;E :
dures of this manual provide only | 18'- 0"
for single-span elements, this | o
purlin is designed as a fixed-end gll 1 lll 1 1 %
beam spanning 18 ft between Le18'-0" I

e —

girder centerlines.

a. loading. For the blast wave moving normal to the long axis of
the building and thus normal to the axis of the purlin, the loading may be
considered to be uniformly distributed along the length of the purlin. For
this condition the pressure vs time variation at each point on the roof is
a function of its position (par. 3-09). In addition the load on a purlin
is a function of the length of the slab spans between purlins because the
load on the purlin increases as the blast wave traverses the two adjoining
slabs. In the preliminary design of the purlins the design load is ob-
tained from the incident overpressure curve (fig. 7.40) without modifica-
tion of any sort. The rise time of the load on the slab, the slab dynamic
reactions, and local variation in overpressure on the slab are all neg-
lected in this preliminary step.

For the blast wave moving parallel to the long axis of the building
and thus parallel to the axis of the purlin, the load varies along the span
as a result of the time required for the blast wave to traverse the purlin
span. At any point along the purlin the time variation of the load is the
same and defined by the incident overpressure vs time curve (fig. 7.40).

In the calculations that follow the load vs time curves for the pur-
1lin are obtained first for the blast wave moving parallel to the long axis
of the building and then for the blast wave moving parallel to the short
axis of the building.

The purlin obtained by the preliminary design procedure is then ana-
lyzed for both loads in tables 7.19 and 7.20 (pages 124 and 126).

Blast wave moving parallel to the short axis of the building:

The variation of the local overpressure at the centerlines of pur-
1lins (A) and (B) during the critical time period for the purlins and
girders of this building is only slightly different from the incident
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overpressure curve (fig. 7.40). The detailed computations to show this are
Ref-
erence to the example in paragraph 7-23 and comparison of the critical time
values of that example with the results of the following numerical analysis
(table 7.18) show that the incident overpressure is a satisfactory basis
for determining the purlin loading.

not presented but are similar to the computations in paragraph 7-23a.

Table 7.18. Determination of Dynamic Reactions for Roof Slab, Local Roof Overpressure at
Centerline of Purlin (A) (Including Rise Time Correction)

2

t Pn Rn Pn - Rn yn(ém) yn Vn
(sec) (kips) | (kips) (kips) (£t) (ft) (kips)

0 0 0 0.31 0.000041 0 0
0.001 2.01 0.12 1.89 0.000251 0. 000041 0.32
0.002 4,03 0.98 3.05 0.000406 0.000333 0.91
0.003 6.04 3.02 3.02 0.000402 0.001031 1.94
0.004 7.64 6.2k 1.ho 0.000186 0.002131 3.32
0.005 7.62 10.01 -2.39 -0.000318 0.003417 4.67
0.006 7.60 12.85 -5.25 -0.000698 0.004385 5.69
0.007 T7.57 13.64 -6.07 -0.000807 0.004655 5.97
0.008 7.55 12.07 -L.52 -0.000601 0.004118 5.41
0.009 7.53 8.73 -1.20 -0.000160 0.002980 k.19
0.010 7.51 4.93 0.001682 3.76
0.020 7.31 3.65
0.030 7.11 3.55
0.0L0o 6.91 3.45

The roof slab is analyzed in table 7.18 for the modified incident
overpressure curve presented in figure 7.47. The analysis in table 7.18
is based on the following data developed in paragraph 7.32.

Elastic range: yn(a,t)2 = 1.33(10‘1‘)(:9n - Rn) ft

k = 2930 kips/ft
Y = 0.0063 ft
R = 18.5 kips
v, = 0.36Rn + o.1th

This computation is performed to obtain the slab dynamic reactions on the
purlins. The dynamic reactions of the slab for the overpressure variation
at purlins (A) and (B) are the same for the time range considered, because
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the maximum response of the slab occurs before there is any appreciable

difference in the overpressure at points (A) and (B).

To obtain the design load for purlins (A) and (B) the dynamic reac-
tion data from table 7.18 are plotted in figure 7.48. The total purlin
load is equal to the sum of the reactions of the slabs forward and aft of

the purlin.

®10g = 003

= 0.0038 sec

In figure 7.48 it may be seen that the same dynamic reactions
are plotted with a time lag

The loads from figure 7.48 are used in table 7.19 to check the preliminary

purlin design.

Table 7.19. Determination of Maximum Deflection and Dynamic Reactions for Purlins,

Blast Wave Perpendicular to Purlin Axis

——r——'p—"_—'— 2 —
t P R P - Rn ’yn( At ) ¥, v
(sec) (kips) | (kips) | (kips) (£t) (£t) (kips)
0 o o] 5.6 0.00033 o] o]
0.003 36.0 2.3 33.7 0.00198 0.00033 5.9
0,006 120.6 18.7 101.9 0.00600 0.00264 23.6
0.009 162.0 7.7 84,3 0.,00496 0.01095 50.7
0.012 162.0 155.6 6.4 0.00037 0.02k22 8.5
0.015 133.2 175.0 -41.8 -0.00243 0.03786 82.9
0.018 132.3 190.9 -58.6 -0.,00341 0.04907 89.0
0.021 131.0 202.0 -TL.0 -0.00413 0.05687 93.2
0.02k 129.6 205.0 -75.k -0.00525 0.0605¢ 93.h
0.027 128.3 193.8 -65.5 -0.00386 0.05896 87.7
0.030 126.9 155.2 -28.3 -0.00167 0.05352 73.6
0.033 125.6 104.7 0.04641 62.8
0.036 124.2 62.1
0.039 122.9 6l.

*(y" )max = 0.060 ft,

Blast wave moving parallel to the long axis of the building:

The design load on the purlin is determined in figure 7.49 using the
slab dynamic reactions obtained in table 7.17 for incident overpressure.
The variation of the average load on the purlin with time is found by in-

troducing the time lag
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18
tla.g = m = 0.0128 sec

because the variation in slab dynamic reaction with time is the same at
each point along the purlin. The load curve from figure 7.49 is used in
table 7.20 to check the preliminary purlin design.

Table 7.20. Determination of Maximum Deflection and Dynamic Reactions for Purlins,
Blast Wave Parallel to Purlin Axis

2

t P R PR Yy n( Ot ) ¥, v,
(sec) |(kips) | (kips) | (kips) (£t) (£t) | (kips)

0 0 0 3.1 0.00018 0 0
0.003 19.8 1.3 18.5 0.00109 0.00018 3.2
0.006 72.0 1043 61.7 0.00363 0.00115 13.8
0,009 | 108.0 L5.1 62.9 0.00370 0.00635 31.L
0,012 | 1L40.L 106.1 3Le3 0.00202 0.01495 57.9
0,015 | 158.L 1575 0.9 0.00009 0.02557 78.8
0,021 | 133.9 185.6 51,7 -0.00301 0.04532 87.1
0.024 | 133.6 194.1 ~60.5 -0.00352 0.05135 90.4
0.027 | 133.2 197.7 -6l.5 -0.00375 0.05386* | 91.8
0,030 | 132.8 188.9 ~56.1 -0,00330 0.05262 86.6

*(yn)mx = 0.054 ft.

The preliminary design load as idealized from the computed loading a=s

8 = 138 kips shown by figure 7.40 is defined by
- _ 1o(1k%4)5.33(18) _
% B = 10 psi = 7656 = 138 kips
§ T = 0.38 sec
[T
YT b. Dynamic Design Factors. (Refer to table 6.1.)
Time (sec) Elastic range:
1(1' = 0053’ ch = Ooll‘l’ l&M = 0077
12Mpy _ 384EI
Rm="T > k= 3
V = 0036R.+ Oclh‘P
126
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Elasto-plastic range:
K, = 0.64, Ky = 0.50,
Rms%(MPs+Mhn)’ kep'i;‘%
V =0.39R + 0.11P

Average values:
K = (0.53 + 0.64)0.5 = 0.58
Ky = (0.41 + 0.50)0.5 = O.45
Ky = (0.77 + 0.78)0.5 = 0.77

22,
Rm= L

264EX
kg = 3

c. First Trial - Actual Properties.

Let My, = My = My

Assume D.L.F. = 2.0 and neglect dead load stresses (experience)

KLM=0'78

R, = D.L.F.(B) = 2.0(138) = 276 kips (par. 6-11)

N _ 1l.05(41.6)8
Mp = 1.058¢, = 5

22Mp  (22)3.648 . 3
Rm=T=L%8—=276, 5. S = 62 in.

Try 16 k0, b/t, = 7.0/0.503 = 13.9 < 14; OK, S = 6.k in,3

4

I =515.5 in.}, 2 =72.7 in.3, 0.5(S + 2) = 68.5 in.3

My = 0.52, (S +2) = "1'612&5 = 237 kip-ft

My pp(237
Rm=T-=—-§B;—l=290kips

. _ 264ET (264 )30(203)515. 5

3 183(24k)

Weight = { [“—"‘iﬂﬂl + 6.0} 5.33 + ho} 1%2‘0 = 6.4 kips

12

6.4

2
53 = 0.1985 kip-sec</ft

Mass m =

d. First Trial - Equivalent Properties.

= = 4870 kips/ft

k, = Kk = 0.58(4870) = 2820 kips/ft (eq 6.6)

128
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m

o = Kym = 0.45(0.1985) = 0.089% kip-sec2/ft (eq 6.8)

T an,[me7ke = 6.284/0.0894/2820 = 0.0353 sec (eq 6.1k)

e. First Trial - Available Resistance vs Required Resistance.
Cop = T/:n = 0.38/0.0353 = 10.8

]

D.L.F. = 1.95 (fig. 5.20)

t /T = 0.05 (fig. 5.20)

th = 0.05(0.38) = 0.019 sec

Idealized load-time curve is satisfactory up to t (fig. 7.40)

Required R = D.L.F.(B) = 1.95(138) = 269 kips

The required Rm'< available Rm; therefore the selected proportions
are satisfactory as a preliminary design.

f. Preliminary Design for Shear Stress.

At t_ = 0.019 sec, P = 2:5(5-33)38(WN) _ 13y 00 (£ig. 7.k0)

1000
V = 0.36R + 0.11P = 0.36(269) + 0.11(131) = 111.4 kips
_ .V 111,k00 . _ .
v = o = T16)0.307 22,700 psi (allowable v = 21,000 psi)(par. 4-05c)
Since V = 111.4 kips is estimated it is desirable to continue with in-

vestigation of 16 WLO.

g. Determination of Maximum Deflection and Dynamic Reactions by
Numerical Integration.

M, = o.5fdy(s + 2) = 237 kip-ft

Weight = 6.4 kips

Mass m = 0.1985 kip-seca/ft
Elastic range:
1
R, = —g - veieht = 121237 - 6.4 = 151.6 kips
3
x, = BHEL (384)30(10)7515:5 _ 7100 kips/ft
13 183(1hk)
R
lm _ 151.6 _
ye = Tl = -m = 0.02].)4 ft

~
]

Kk = 0.53(7100) = 3760 kips/ft
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K = 0.41(0.1985) = 0.0815 kip-seca/f‘t

m =
e
T, = 2n\,m 7ke = 6.28\[0.0815/3760 = 0.0292 sec
Ry * 205 Elasto-plastic range:
2 kep 16
= "1 Rym® 151.6 . 16(2
| T Rm = -3 - weight = it 1) . 6.4 = 205 kips
P 1 e sz 3
s . s/1t
2 , y.*0.0zmpn ke = 3 gI =3 kl = 1420 kiPS/ft
& Yep™ 0.059 1t P 5L
I Moximum Detlection R R
Yo e "m ~ Tlm
Deflection, y (f1) Ym = Yep " e T Tk = 0.0214 +
€p
Figure 7.50. Resistance func-
ticn for 16 W 40 purlin 205 - 151.6 _
spanning 18 ft 1550 = 0.0214 + 0.0376 = 0.059 ft

The basic equation for the numerical integration in tables 7.19 and 7.20 is

¢ ()2
Yy 41 =9(a) +2y -y _, (table 5.3) vhere

(B, - B, )(t)2
ey

Fplot)® =

6
(p_- R _)9(107")

. 2
Fo(88)" =~ T5msT

5 (» =R )9(107)
¥n(48)” = —57870:185)

- 5.88(107°)(B, - R_) ft, elastic range

= 5'81(10-5)(1’11 - Rn) ft, elasto-plastic
range

. 2 (Pn - Rn)9(lo_6)
¥n(26)” = ~—55870:1985)

= (10-5)(Pn - Rn) ft, plastic range

The time interval At = 0.003 sec is approximately Tn/lO = 0.00292 (par.
5-08). The dynamic reaction equations are listed in paragraph 7-33b. 1In
table 7.20 the Pn values for the second column are obtained from figure
7.49, multiplying by 2 x 18 = 36, to account for the two slabs loading the
purlin. In table 7.19 Ph values for the second column are obtained from
figure 7.48, multiplying by 18, the length of the purlin.

h. Shear Stress Check.

V = 93.4 kips (table 7.19)

v

v 400
- & - E%%-Lﬁﬂ = 19,000 psi
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Allowable v = 21,000 psi; OK (par. 4-05c)
i. Check Proportions for local Buckling. (par. 4-06d)
16 Wwho, b = 7.0, t, = 0.503
a = 15.0, t, = 0.307 0.505"
b/tf = 7.0/0.503 = 13.9 < 14.0; 0K : . 1
a./tw = 15.0/0.307 = 49.0 > 30; NG oo s T
Iongitudinal stiffeners are required . %ﬁgmw“'
t, = 3/8 > 0.307
bofty =65 b_ =6t =6(3/8) =2.25 in.  1600e" gl'le 15.0°
Use 2 plates 3/8 in. by 2-1/L4 in. full i *
length welded continuously as described in
paragraph 4-06d. ( e il

1
¢/t = (4.5)/0.307 = 14.6 < 22; OK 70" fo.s0s
e/t = (10.12)/0.307 = 33 < 40; OK
Weight of added stiffener plates = 5.7 1b/ft

7-34% PRELIMINARY DESIGN OF COIUMNS. A single-story frame subject to lat-

eral load behaves essentially as a single-degree-of-freedom system with the

column displaying the spring properties. It is therefore unnecessary to
substitute an equivalent system for the original structure, and the mass
and load factors that are necessary in the design of beams and slabs are
not used in the design of single-story frames.

The preliminary elastic design procedure of paragraph 6-12 is used
to determine the preliminary column size. The equations of paragraph T-06

are used in the pro-

— e — i el i i i el B, B —

| ! + . cedure of paragraph

16™- 0" ; 6-0"  Li| 2w 6-12 to replace some
Column

of the factors used

) © 0, L T - in determining equiv-

alent single-degree-

of -freedom systems.
For purposes

of preliminary design

the frame girders

T are assumed to be
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infinitely rigid thus simplifying the determination of the column spring
constant. For spring constant computation the effective column height is
10.17 ft based on an assumed girder depth of 3 ft and clear height of 8.67
ft. The clear height is used in determining the maximum resistance of the
columns (par. 7-06).

In the preliminary design of steel columns it is desirable to be con-
servative to allow for the factors which are neglected in the preliminary
design. These factors are: (1) the effect of direct stress on the plastic
hinge moment and (2) the effect of girder flexibility.

a. Design loading. The design lateral load on the frame is obtained
from the dynamic reactions at the top of the front wall slab. However, for
the preliminary design procedure it is satisfactory to use the net lateral
overpressure curve (fig.7.43). In this case the total concentrated lateral
load on the frame is the product of (18)(6.18)?net. The effective wall
height determining the frame load is obtained from the wall clear height
and roof slab thickness

B:405kips N = 11.67
-]

+ 0.35 = 6.18

The design load as idealized from the computed
loading shown by figure T7.43 is defined by

Force (kips)

T=0.046 sec 25. 3(114-)-#)18(6 18)
Time (sec) B =25.3psi = 1600 = 405 kips
= 0.046 sec
b. Mass Computation.
14(11.67)2(18)150
Roof slab [h gl ] BG) - 57.3 xips

-Egééli— T.2 kips

Girders (estimated) iégiigl = 7.4 kxips

Columns (estimated) 50 . 67 = 5.2 kips

Comnections = 0.1(7.2 + T.4) = 1.4 kips (10% of girders and purlins)
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Single-degree-of-freedom—system mass = total roof + girder +

1/3 (walls and colums) = 2+3 *+ T-2 # T.% + 1.4 + 0.33(73.5 + 5.2)

32.2
= %;LZ = 3.09 kip-secz/ft

c. First Trial - Actual Properties.

Assume D.L.F. = 1.2 (experience)

R, = D.L.F.(B) = 1.2(405) = 486 kips

Required My = R h/en = 486(8.67)/2(4) = 527 kip-ft (eq 7.14)
The effect of axial column load is neglected

My = £ 8 +2) (eq b.2)
542 _ ?Eg L 3202) _ 15p 40,3
w L]

Smallest columm that satisfies buckling criteria is 12 W 120

S = 163.4 in.3, Z = 186.0 in.3, T = 1071.7 1n.", 0.5(S + 2)=174.5 in.3

A = 35.31 in.2

a/tw = 10.91/0.71 = 15.4 < 22, OK; b/tf = 12.32/1.106
= 11.1 < 14.0, OK (par. 4-064)
My = 0.5(S + z)fdy = (174.5)41.6/12 = 605 kip-ft

Ry =~ = S = 558 kibs

d. First Trial - Determination of D.L.F.
12(30)103(1071.7 )4
144(10.17)3

T = Qn\’m/k = 6.284J3.09/10,200 = 0.1095 sec
T/T, =0.046/0.1095 = 0.42

k = 12E1n/h3 = = 10,200 kips/ft (eq 7.10)

D.L.F. = 1.07, tm/T = 0.93 (fig. 5.20)

t, = 0.93(0.046) = 0.043 sec

The original load-time curve should be revised to obtain a closer ap-
proximation to the total impulse up to time tm. The impulse up to

t = 0.05 sec in figure 7.43 is:

133
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H = 0.82 psi-sec: (obtained by graphical integration)

T = 2H/B = 2(0.82)/25.3 = 0.065 sec

T/Tn = 0.065/0.1095 = 0.593

D.L.F. = 1.3, tm/'.[‘ = 0.70 (fig. 5.20)

t, = 0.7(0.065) = 0.0455 < 0.05

The revised idealized load-time curve is satisfactory

Required R = D.L.F.(B) = 1.3(405) = 527 kips < 558 kips; OK

There is no need for further trials. The required Rm of 527 kips is
greater than original estimate of 486 kips but less than R available from

12 W 120 (558 kips). Therefore the 12 W 120 is accepted for preliminary
design.

e. Shear Stress Check of 12 W 120.

Rm 558
Estimated Vmax =5 == 139.5 kips

- _VvV_ _ 139,500 _
M 5. 710(13.18) = 19,000 psi

Alloweble v = 21,000 psi; OK (par. 4-05c)

f. Slenderness Criterion for Beam - Columns. (pa.r ll»-08) An approxi-
mate evaluation of the 12 W 120 column slenderness criterion is made before
the column size is accepted for final analysis. The criterion is:

G!;)(%%) . (_11;%) (%) < 1.0 (eq %.10)

M, = % (605) = 570 kip-ft, rough estimate based on ratio of required

Rm to available Rm

My = 605 kip-ft
Pp = fdyA = 41.6(35.31) = 1470 kips

hy)
|

= S_l_zi)_l__&lioég“;h 18 _ 3920 kips, at t = 0.0455 gec (fig. 7.43)

0.14 (table 4.1)

K" = 0.50 (table 4.2)

L = 8.67 £t (clear height)
3.13 in. d = 13.12 in.
b = 12.32 in.

tf = lnl% 1no

ol
n
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Substituting in equation (4.10) gives

70\ | 0.14(8.67)12(13.12 0.5(8.67)12
(g"os') [ 100512.32)(1.1&')'2] * (‘1%720' ) [ 15%3.13; ]
= 0.132 + 0.284 = 0.416 < 1; OK

T-35 GIRDER DESIGN, The design procedure for the frame girder is identical
to the girder design in paragraph 7-25. To provide continuity in the pres-
entation of this building design example without excessive repetition, this
girder design is limited to the computation of the resistance diagram and
the numerical integration computation to check the adequacy of the girder

-resistance. The same prelim- |
inary computations performed ) |
in paragraph 7-25 have been l A
performed for this girder but ' | | |
are omitted for simplicity of ”},—‘—U—'—i—l—l—f

presentation. The girder is
designed as a fixed-pinned beam. A 36 W 150 girder is selected by the

| |
! |

——

preliminary computations.

The design load curve (fig. 7.51) is presented. The method of de-
termining the load curve from purlin reactions is the same as described in
paragraph 7-25. The dynamic reaction data are obtained from table T7.19.

a. Determination of Maximum Deflection by Numerical Integration.
Based on the preliminary computations which are omitted to reduce duplica-

tion the numerical integration analysis is performed for a 36 W 150 girder.
S = 503 in.3, 2Z = 580 in.3, I = 9012 in.
Girder My = £, [(s + z)/2] = 1875 kip~-ft (eq L4.2)
The static loads develop a moment at the fixed support
Static load moment = 4O kip-ft
The moment in the girder to resist lateral frame motion is

%MP of column =§ (605) = 403 kip-ft (pars. 7-3lke and 7-11)

6M 6 _
Ry =T =8 (1875 - 40 - 403) = 538 kips
3
K = 132 %— = 132(3°§1° (9012) _ 60,400 Kips/tt
L 16-°(1kk)
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The resistance diagram is shown by figure 7.52.
Total concentrated mass = 0.40 kip-secz/ft
Total uniform mass = 0.075 kip-sec>/ft
Concentrated load and mass, Kiy = 0.83
(table 6.1) ;
Concentrated load and uniform mass,
Deflection, y (ft)
Ky = 0.55 (table 6.1)

k = 60,400 kips /ft

Resistonce, R(kips)

Figure 7.52. Resistance function

1/2
EKIH(m) / for 36 ¥ 150 girder spanning
Tn = 2n = = 0.0156 sec 20 ft, fixed at one end and
T

pinned at the other
Use At = 0.0015 sec < 75 = 000156 (par. 5-08)

o (Pn - Rn)(0.0015)2 6
¥n(at)” = 5510837 v 05570075 = 6-0L(10 " )(R, - R)) £t

The numerical integration in table 7.21 is based on the equation
Yy 41 = Vot )2 +2y, -y, . (table 5.3)s The dynamic reaction equa-
tions are:

V) = O.1TR + 0.17P (table 6.1)

V2 = 0.33R + 0.33P

The Pn values for the second colum in table 7.21 are obtained from
figure 7.51 multiplying by b4 to obtain the total concentrated load applied
to the girder by the two purlins.

In table 7.21 the maximum Rn = 423 kips < 538 kips. The design is
satisfactory.

b. Shear Stress Check.

V = 253 kips (table 7.21)

Multiply by 1.75 in accordance with paragraph 6-09

_ _V_ _ 253,000(1.75) _
V-atw-ge‘?‘érm%%l-le'am pat

Allowsble v = 21,000 psi; OK (par. 4-05c)

c. Check Proportions of 36 W 150 for local Buckling.
b/tf = 11.972/0.94 = 12.7 < 14.0; OK

aft, = 33.96/0.625 = 54.3 > 30; NG

Long.tudinal stiffeners are required (par. 4-064d)
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Table 7.21. Determination of Maximum Deflection and Dynamic Reactions for Roof Girder

2
t P R P -R yn( At) Y, v
(sec) (kips)| (kips) | (kips) (£t) (£t) (kips)
0 o] o] 0.6 0.000004 (o]

0.0015 4 0.2 3.8 0.000023 0.00000k

0.0030 12 1.0 10.1 0.000061 0.000031

0.0045 26 7 19 0.000114 0.000119

0.0060 5k 19 35 0.000210 0.000321

0.0075 84 Ly %0 0.000240 0.000733

0.0090 136 84 52 0.000313 0.001385

0.0105 180 142 38 0.000228 0.002350

0.0120 232 214 18 0.000108 0.003543

0.0135 268 293 -25 -0.000150 0.004841

0.0150 294 362 -68 -0.000409 0.005995

0.0165 328 Lot -79 -0.,000475 0,006737

0.0180 340 k23 -83 -0.000499 0.007004

0.0195 352 414 -62 -0.000373 0.006862 253 max
0.0210 360 383 -23 -0.000138 0.006347

0.0225% 366 3l +22 +0.000132 0.005694

0.0240 372 312 60 0.000361 0.005173

0.0255 370 303 67 0.000403 0.005013

0.0270 366 317 ho 0.000294 0.005256

0.0285 352 350 2 0.000012 0.005793

0.0300 330 383 -53 -0.000319 0.006342

0.0315 312 397 -85 -0.000511 0.006572

0.0330 0.006291

t = 5/8 = 0.625

0.94
= ,—l— b/t =6;b =6t =6(5/8)=3.75 in.
e Cv,"e’];‘"“j Use 2 longitudinal stiffeners, 2 plates
} LT_J Ef‘l 5/8 in. by 3-3/4 in. - full length
. | .
3264 ﬁ] 3x33 339 e/t = (11.9 - 0.94)/0.625
22.38"
1 = 17.5 < 22; OK
—»{ |e—o0.625" -
[ - e/t = (23.32 - 0.94)/0.625 = 35.6<ko; OK

‘ 1.972" ‘_f;.94
Weight of added stiffener plates = 15.9 1b/ft
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7-36 FINAL DESIGN OF COLUMN. The column design was begun in paragraph
7-34. The final steps in the column design are illustrated by this para-
graph. The steps which follow all lead to the determination of the lateral
deflection of the top of the columns by a numerical integration. In the
preliminary design of the column (par. 7-34) some of the factors which af-
fect the maximum deflection of the column are neglected to simplify the

computations. These factors which are now considered are: the variation
of plastic hinge moment with direct stress, the variation of column re-
sistance with lateral deflection, the effect of girder flexibility on the
stiffness of the columns, the difference between the load on the wall slab
and the dynamic reactions from the wall which are used as the lateral de-
sign load for the frame columns.

For all pertinent dimensions refer to paragraph 7-34.

a. Mass Computation. (par. 7-34b)

Walls = 73.5 kips, roof slab = 57.3 kips, purlins = 7.2 kips

Columns =.l§9§%é%ll& = h.,2 kips

Girders = lé%é%%l = 7.9 kips

Connections = 0.1(7.2 + 7.9) = 1.5 kips
Single-degree-of-freedom mass = total roof + 1/3 (columns + walls)

_57.3-+ 7.2 + 7.9 + 1.5 40.33(73.5 + 4.2) _ 99.8
- 32.2 32.2

3.1 kip-sec2/ft

b. Column Properties.

12 ¥120, T = 1071.7 in.}, § = 163.4 in.3, 2 = 186.0 in.3,

0.5(S + 2) = 174.7 in.3, A = 35.31 in.5, b = 12.32 in.,

tp = 1.106 in., a = 10.91 in., t_ = 0.71 in., d = 13.12 in.,

r = 3.13 in.

¢. Column Interaction Design Data. The plastic hinge moment, plastic

axial load, and the values of Ml and Pl are computed below from the column
properties.

My = fdy(s + 2)0.5 = E%éé (174.7) = 606 kip-ft (eq %.2)

Pp = fdyA = 41.6(35.31) = 1470 kips (eq 4.7)
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2 2 2
o . fg(sz +t.4%2 - 2t_t.%)

1 a (eq h.la)
- %—-61—2 [2(12.32)(1.206)% + 0.5(0.71)13.12% - 2(0.720(1.106)2] )
= 288 kips
_ f_dl_[ht"(% - £,) + vt,(3¢° - 6at, +htf2ﬂ ”_ '
3 q 4.11) .

M, = 12(31;%@.12) {h(o.71)(5.h6)3 +

12.32(1.106)[3(13.12)2 - 6(13.12)(1.106) + h(1.106)2]}=555 kip-ft

For Pb > P1

Pp - Py 1470 - Py
M) = .1-,;__._1,_1. M =(m) 555 = 690 - o.Lt691>D (eq 4.13)

For Eb < Pl

P
MD=MP-%(MP-M1)=606-éo—s-é-éaﬁpn=606-o.1mn(equ.1h)

|

d. Effect of Girder Flexibility. The relative flexibility of the
girders reduces the spring constant k in the elastic range from the value
obtained in paragraph 7-34 for the assumption of infinitely stiff girders
(par. 7-08). (See par. 7-233.) To obtain this revised value of k a
simple sidesway analysis of the frame is performed. From the sidesway
analysis the spring constant is the magnitude of the lateral force re-
quired to cause a unit displacement.

In figure 7.55 (page 145) the initial spring constant is applicable
only up to the formation of the first hinge. However, to simplify the de-
sign procedure, this value is assumed to hold up to the plastic resistance
Rm.

In the sidesway analysis (fig. 7.53) the frame dimensions are based
on the centerline dimensions of the girders and columns. The lateral de-
flection for which the F.E.M. at top and bottom of each column is 1000
kip-ft is

2
x = (F.E.M. )h“/6EI .
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860 kips
: {0842}
=&
2 g [oase]
35 -863
22
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3 0116's 48-0" .

Figure 7.53. Sidesway frame analysis by moment distribution

2
x = (1000)(;0.17) 144 - 0.077 £t
6(30)10°(1071.7)
_ZM _2(863 + 957 + 931 + 978) _
R="4= 10.17 = 734 kips
R
k = J—(' =-0—'%7- = 95,4-0 kipS/ft

e. Ioading. Both horizontal and vertical loads are considered. The
lateral load for the numerical integration Fz1 (table 7.22, page 14k4) is ob-
tained from the Vn dynamic reaction column of the numerical integration
analysis of the front wall slabs in paragraph 7-31 (table 7.16). The dy-
namic reaction values for a 1-ft width are multiplied by 18, the width of
one bay of the building. After the dynamic reactions of the front wall
slab have decreased to the level of the applied load (at t = 0.018 sec) the
F_ values are taken from the net lateral overpressure curve (fig. 7.43).

For Pne in psei

t
_144(18)6.18 =

F = —3000 Pret = 16-0P

& kips

These data are plotted in figure 7.54 to give the frame lateral design load
for the second column of table 7.22. The dimension 6.18 is equal to one-
half the clear height of the wall plus the roof slab thickness.
11.67
2
The total vertical load Pn in table 7.22 is obtg.ined by multiplying
the average roof overpressure (fig. 7.44) by [54(18)144] /1000 = 140 and

+ 0.35 = 6.18 ft
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Figure 7.54. Frame design laterai load

adding to that the dead weight of the roof system 57.3 + 7.2 + 7.9 + 1.5

= 73.9 kips. The average roof overpressure is used because in the numeri-
cal analysis only the average column load is needed. This procedure neg-
lects the dynamic effect of the roof slab, purlins, and girder on the
vertical blast loads.
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f. Computatio;: of Deflection of Frame by Numerical Integration.

(See table 7.22.) The (PD)n values are the average axial column loads ob-

tained by dividing the total vertical load P n by the number of columns.

The (PD)n values are used to determine the corresponding values of (MD)n by

the relationships of paragraph 7-36c. From the value of (MD)n the maximum

resistance is obtained by the relation

an(M))  2(h)(4))

(Rm)n = hc = T 8.67 = 0'922(MD)n Px
R is equal to kx = 95h0xn in the elastic range. The expression-%—-l}-
c

indicates the decrease in resistance corresponding to the increase in
bending moment resulting from the eccentric loading.
The basic equation for the numerical integration in table 7.22 is

" 2 -
X4 =¥ (a6)" +2x - x . (table 5.3)
where
P x 2 P x 2
2 nnl| (at) n'n| (0.002)
xn(At) "[Fn'Rn"' hc] m ’[Fn_Rn+ hc] 3.1

= 1.29(10‘6) [F -R_ + ann] £t
n n hc
To check the slenderness criteria (par. 4-08) the following equation is
evaluated for each time interval
blxl, D [—IS'—I-'] < 4.10)
MP[IOObtf]+ P, |Tor| -t (eq k.
K' = 0.14 (table 4.1), K" = o.so. (table 4.2)
L = 8.67 ft (clear height), b = 12.32 in., r = 3.13 in.
t, = 1,106 in., d = 13.12 in.

£

My [ (0.14)(8.67)12(13.12) . o [o.508.67)127

M 100(12.32)1.106 Pp 15(3.13) N
Y5 )

(0.140) -ﬁ; + (1.11) -P-; £1

The time interval At = 0.002 sec used in table T7.22 1s based on the natural
period T = ?_ﬂ\,m7 = 6.284/3.1/9540 = 0.113 sec.

T
At s::-]% = 9%%-3- = 00,0113 (P&I‘- 5-08)

The analysis in table T7.22 shows that the maximum deflection
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(xn)max = 0.056 exceeds the limiting elastic 2
R 500 a Rp0.922 Mg
m x
deflection Xe = G540 = 5550 = 0.053. This small ‘; Moximum Deflection
amount of plastic action is considered acceptable 5 |k': :',::E:o":""
. 40
for purposes of this example. At t = 0.04 sec the ¢ |
X,
slenderness criteria equation 'Dcﬂcc'lon. x(ft)
Mp Fp 541 17 ;
0.140 £ + 1.11 5= = 0.14 £33 + 1.11 Figure 7.55. Frame
M'.P PP 1470 resistance diagram

= 0.364 < 1.0, .. OK
g. Shear Stress Check.

(Rm)mx = 505 kips (table 7.22)

Viax = 505/4 = 126.0 kips

\ 126,000

at_ = (13.12)0.71 - 13,400 psi

VvV =

Allowable v = 21,000 psi; OK (par. 4-O5e)

NUMERICAL EXAMPLE, DESIGN OF A ONE-STORY REINFORCED-CONCRETE
FRAME BUILDING, PIASTIC DEFORMATION PERMITTED
T-37 GENERAL. This numerical example presents the design of the important
elements of one bay of a windowless one-story, reinforced-concrete frame
building. Included are the design of the wall slab, roof slab, roof girder,
and columns. The foundation design is not included because that design
procedure is illustrated by paragraph 7-27.

In this example all elements with the exception of the girder are
permitted to deform plastically. The reason for designing the girder in
the elastic range is covered in paragraph 7-11l. The limiting déflections
are established on the basis of paragraph 6-26.

The structure consists of reinforced-concrete wall slabs spanning
vertically with one-way reinforcement. The wall slab is supported at the
bottom by the foundation and at the top by the roof slab. The roof slab
is also a one-way slab spanning continuously over the reinforced concrete
frames. The roof girders are tee beams formed by the roof slab and rectan-
gular girder stems. The columms are rectangular tied columns symmetrically
reinforced iﬁ the strong direction.
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Figure 7.56. Plan and section of reinforced-concrete building

7-38 DESIGN PROCEDURE. The design procedure illustrated by this example
is essentially the same as the procedure detailed in paragraph 7-18 foq‘the
plastic design of a steel frame building with reinforced-concrete wallévand

roof.
7-39 ILOAD DETERMINATION. In this example only the completed overpressure
curves are presented. The computation of the overpressure variation is ex-
plained in detail in EM 1110-345-413 and illustrated again in paragraph
T-19. The design overpressure of 10 psi is selected arbitrarily.

The overpressure vs time curves that are presented are:

(1) Incident overpressure vs time (fig. 7.57)

(2) Front face overpressure vs time (fig. 7.58)

(3) Rear face overpressure vs time (fig. 7.59)

(4) Net lateral overpressure vs time (fig. 7.60)

(5) Average roof overpressure vs time (fig. 7.61)
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7-4O DESIGN OF WALL SIAB. The wall slab is designed as a reinforced con-

crete beam one foot in width fixed at the foundation and pinned at the roof

where it is framed into a thin slab. The

wall slab is designed for plastic action

. so0 that a plastic hinge will be developed
i first at the foundation and then at mid-

Ei:> .1{113? L=15.83' span when the slab is subjected to the de-

;# sign loading. The clear height of the

’:. slab is considered the design span length.

' The preliminary design procedure

N for plastic design is described and 1il-

' lustrated by an example in paragraph 6-11.

b P A

e -

The dead load stresses are neglected for a vertical wall slab.
a. Design loading. The design load as idealized from the computed
loading shown by figure 7.58 is defined by:

B:*57.7kips
B - 25.3(}1515315.83 - 57.7 kips ) '3
T = 0.062 sec %
H = %@ - (57-7g0-%2 = 1.79 kip-sec (pa.r. 6-11) T;m,(“c)T. 0.062 sec

b. Dynamic Design Factors. (Refer to table 6.1.)
Elastic range:

KL = 0.58, KM = 0.45, KiM = 0.78
R. = 8MPS K. = 185E1
Im -~ L °? 1° L3
Vl = 0.26R + 0.12P, V2 = 0.43R + 0.19P
Elasto-plastic range:
K, = 0.6, Ky = 0-50, Ky = 0-78
L _ 38LET
R, =1 (MPs + MPm)’ kEp - 5L3

V = 0.39R + 0.11P
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‘ Plastic range:
K = 0.50, Ky = 0.33, Ky = 0-66
L
Rn=1 (MPs + 2Mli'm)
V = 0.38R + 0.12P
Average values:

. K, = (0.64 ; 0:50) _ o.57
KM = L%.L;o_‘ﬂl = 0.42

L
Ry = 1 (Mpg + Mp)
kE=l6;)§I (1f My, = My)
c. First Trial - Actual Properties.
Let Mp, = Mp, = ¥p
Assume p = 0.015 (par. 4-10)
‘ Let aﬁ = 5 (par. 6-%)
Assume Cp = 0.75 (experience)

Ry = CgB = 0.75(57.7) = 43.3 kips
of (eq 4.16)
2 —ay
= pf. bd (1 . , )
Mp = pfgy T7EL
= 0.015(52)(1)a> [1 - 2:9(1;;2 ]: 0.6884° kip-ft (4 1in inches)
12Mp  (10)0.6884° .
R =—f— = )1?.83 =143.3, . 4 = 9.11 in.

Ty h = 10.5 in., 4 = 9.25 in., p = 0.015, np = 0.15
My, = 0.688(9.25)2 = 58.9 kip-ft

T 12580 %‘,‘ . .»',.-%9.25‘05“
Rm =1 ="15.83 = 4h,6 xips ﬁ.'. 4-#-_ I—-—m

I, = bh3/12 = (20.5)3 = 1158 1in.

L 7No.e (i: Cover
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3
I, = bal [-1-‘3- + np(1 - k)2] - 12(<1)3[-(%2—L3 + 0.15(1 - o.ha)a]

= 0.905a3 = 0.905(9.25)3 = 716 1n.*

I, = 0.5(1g + I, ) = 0.5(1158 + 716) = 937 in.

160ET _ (160)3(10)3937
= = = 787 ki £t
BT 144(15.83)3 ee/

Rm Ll
i—E- =—787 = 0.0567 ft

Yy = OB ¥ = 5(0.0567) = 0.2835 £t (par. 6-26)

Weight = 10'51;520(1)3'8 = 2.078 kips

Mass m = -§§272—8- = 0.0645 kip-sece/ft

4

(@)

g

d. First Trial - Equivalent System Properties.

R,.=KR = 0.57(4%4.6) = 25.4 kips (eq 6.12)

H, =KH= 0.57(1.79) = 1.02 kip-sec (eq 6.8)

m_ = Ka = 0.42(0.0645) = 0.0271 kip-sec’/ft (eq 6.2)
(2, )? 2

W = - 1.02

P 2me 2(0.0271

= 19.20 ft-kips (eq 6.10)

T = 2nq Kif = 6.284/0.78(0.0645)/T87 = 0.050 sec (eq 6.1k)

e. First Trial - Work Done vs Energy Absorption Capacity.

Cp = T/T = 0.062/0.050 = 1.24

Cp = Rm/B = W4.6/57.7 = 0.77 (eas 6.15, 6.16)
tm/T = 0.71 (fig. 5.29)

ty = (0.71)0.062 = 0.04ks sec

The idealized load-time variation is considered to be a satisfactory
approximation to the actual front face overpressure curve (fig. 7.58) up
tot = 0.044 sec (par. 5-13).
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Cy = 0.31 (fig. 5.27)

W, = C.Wp = 0.31(19.20) = 5.95 ft-kips (eq 6.17)
E=R (y, - 0.5%) = 25.4 [0.2835 - 0.5(0.0567))]
= 6.48 ft-kips (eq 6.18)

E > W, therefore the selected proportions are satisfactory as a pre-
liminary design.

A 10-in. slab was tried and found to be unsatisfactory.

Use 10.5-in. slab.

f. Preliminary Design for Bond Stress. It is now necessary to
select the reinforcing steel for the critical
cross sections. At the fixed end of the wall
the cover requirement results in a smaller ;
value of 4 = 8.0 in. than at midspan, d = 9.25 No.8ars®  'Fcover jou
in. To achieve approximately the same p at Midspan and Pinned End
both critical cross sections several values of ?om No.8 ot 5

rg
p are investigated to obtained the value of p [ ~ { =
<|t RR j 8.0| 108"

105

rX o

-

for which

Shpy, + Wpg

15 = MP = 58.9 kip-ft
A plot of equation (4.16) simplifies this computation. From such a plot

p =0.017.
At the fixed end

Fixed End

Estimated vmx = 0.5R_ = 0.5(44.6) = 22.3 kips
0.15(3000) = 450 psi

Allowable u = O. lec':

\' 8(22,300
%o = 333 = T(&50)8.0

A_ = pbd = 0.017(12)8.0 = 1.63 in.
Try #8 at 5 in., A_ = 1.90 in.%, So = 7.5 in.

T.1l in.
2

1.

P = 57y = 0-0198
At the pinned end
4.6
Estimated V= 1/3Rm === 14.9 kips
155
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v 8(1k
o = 34 = T50(799.55 = 4,1 in,
A, =7pbd = 0.017(12)9.25 = 1.89 1n.2

Try #6 at 5 in., A_ = 1.9 1n.%, Zo = 7.5 in.

1.
b= 1—2-(—922-57 = 0,0171

7-hog

8. Determination of Maximum Deflection and Dynamic Reactions by
Numerical Integration.
f
2 P ay ] 2 0.0171(52
=pf. bd" |1 - t— | = 0.0171(52)(1)(9.25) [1 = ——(—(—,l]
Mpn = Pfay [ T.7E] 1.7(3.9

= 66.0 kip-ft (eq 4.16)

Mpg = 0.0198(52)(1)(8.0)2 [1 _ 0.0198(52

1.7(3.9

I, = ph3/12 = (10.5)3 = 1158 in.*

3
I, = ba’ [-— + op(1 - k)ai| 12(9.25)3 [S_O_‘;il_
L
= T75 in.
8 L

I, 0.5(1g + It) = 0.5(1158 + 775) = 967 in.

Weight = 10'52138035'83 = 2.078 kips

2.078
%5 - 0.0645 kip-

Mass m = seca/ft

Elastic range:

g

L

8 56.0

15.83
_ (185)3(10)3967 _
14415, 83)3

R = 28.2 kips

]-m=

_ 185E = 930 kips/ft

Elasto-plastic range:

_ “("ps

E‘LEI_%&
513 (%5

_ u56.0 + 2(66.0)] _

R 15.83

= k7.5 kips
‘m

k ep

= 386 kips/ft
‘156
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R -R
m

1m
Yep = Ye * 7%
ep

5 - 28.2
306

- 0.030h + 2L = 0.080 £t

Plastic range:

R = k7.5 kips

By providing equal areas under the "effective resistance" line and
the computed elasto-plastic resistance line, Y, = 0.0641 £t (fig. 7.62).

kg =R /Y = 47.5/0.06k1 = Tho xips/ft

Moximum Deflection y, = Syg
Tn = 2x KIM(m)/kE g l?.:n:sarz.zz
= jm * €8. _
=6.28 0.78(0.06%45) = 0.0517 sec : 1 f 7]k 'TJ—“'—'E'K’"_
T40 o )‘.‘ ' kg* 740kips/ft
4 f I kep* 386 kips/ft
Y =08 Vg = 5(0.06L41) = 0.3205 ft |} 1] yer00304
& |1 yg = 0.0641 ft
The basic equation for the numerical { || Yept00BOft
integration in table 7.23 18 ¥, , ; T ection. v
= yn(At) +oy - ¥, 1 (table 5.3) where
2 Figure 7.62. Resistance function for
. 2 Pn - Rn(At) 10-1/2-in. slab spanning 15.83 ft,
yn(At) = KIM(m) fixed at one end and pinned
at the other
Table 7.23. Determination of Maximum Deflection and Dynamic Reactions for Front Wall Slab
.o Y4
v Fa R PR yn('At ) Yn Vin Van
(sec) | (kips)|(kips)| (kips) | (£t) | (£t) [(kips)|(kips)

0 57.7| o© 28.8 0.0143 o 6.9 | 11.0
0.005 53.0 | 13.3 39.7 0.0197 |0.01h43 9.8 | 15.8
0.010| k8.3 | 35.1 13.2 0.00656 {0.0483 | 19.0 | 19.0
0.015| b3.7 | k7.5 - 3.8 -0,00223 |0.0888 | 23.2 23.2
0.020| 39.1| 47.5 | - 8.4 -0.00493 |0.1271 | 22.7 | 22.7
0.025| 34.3 | b7.5 -1;3.2 -0.,00775 |0.1605 22,1 | 22.1
0.030| 29.7 | b7.5 -17.8 -0.01045 [0.1862 | 21.6 | 21.6
0.035| 26.k | k7.5 -21.1 -0.01239 |0.2015 | 21.2 | 21.2
0.0%0| 25.3 | k7.5 -22.2 -0.01303 [0.204k*| 21.2 21.2
o.0b5| 24.2 | 38.1 0.1943 12.8 | 18.5

*(¥, Jpay = 0-20 Tt.
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-6
(2, - §,)25(10)

yn(ax)a = 08005 = h.97(10)'h(Pn - Rn) ft, elastic range
-6
(P - R_)25(10)
yh(ax)z = 8. g. z = h.97(1o)‘“(rh - R ) ft, elasto-plastic
‘ range
(Ph - Rn)25(10)

. 2 -
yh(am) = —5.55(0.5%%5) = 5.87(10) h(Ph - Rn) ft, plastic range

The time interval At = 0.005 sec is approximately Th/lo = 0.00517 sec
(par. 5-08).

The dynamic reaction equations are listed in paragraph 7-LOb. The P
values for the second column are obtained from figure 7.58, multiplying by
144(15.83)/1000 = 2.28.

The maximm deflection (yn)max, computed in table 7.23, is 0.204 ft,
vhich is less than the allowable Y of 0.3205 ft. Thus

o8 = 220 (5) = 3.2; ok

h. GShear and Bond Strength. For bottom of wall (fixed end of
idealized slab):

Vyax = 23-0 kips (table 7.23)

For no shear reinforcement, allowable vy = 0.0hfé + 5000p (eq 4.24)

vy = 0.04(3000) + 5000(0.0171) = 120 + 85 = 205 psi

8v 8(23,200
v = Tog = BN = 2 et

Suear reinforcement required for 274 - 205 = 69 psi
Contribution of shear reinforcement to allowable shear stress = rfy

6
r= 0, 000." 0.0017

2

Try 1 #3, A = 0.11 in.
= fE =01l 0.0017; .. 8 = 6.5 in., use s = 6 in
r—bs—m— . 3 oo = L] oy = .

For top of wall (pinned end of idealized slab)

Viay = 23-2 kips (table 7.23)
vy = 205 psi
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8v 8(23, 200
V =g = = 240 i 3-4" rner Dow
Tod = 7(12)9.25 ps " e b otior
Constr, Jt. — -
Shear reinforcement required 1 .y .
) 2No.2 Stir. ot i4
for 240 - 205 = 35 psi ¥4/ 2 Zalons wal
3-4" Staggered
r = 35/40,000 = 0.00088 L No.4 ot 167
No. 4 at 12"
Try 1 #2, A, = 0.05 in.? - 103
No.8 at 10° 15'-10°
AS 0.05 No.8 at 10"
r = 5-5 = m)' = 0.00088; No.8 ot 5"
50" 4No°..3 Stir. ot 12"
. - at 10"along Wall
oo 8=5.7 in., use s = 5 In. A"er:o:rnog w‘:m
T 3 No.3 Stir. at 12"
. at 10“al Wall
Bond: 2'-6"] Stogg:r:? os;hown
Allowable u = 0.15f' =0.15(3000) i
¢ Constr. L7 No.8at5' )0, ol
= 450 psi m . No.8at|
- Note: Wall Steel to Have 3 Cover Inside
Zo = % = ? 2300000 = 7.3 in. ' 2’Cover Outside *

Foundation Steel Not Shown
Roof Slab Steel Not Shown

Use #8 at 5 in.,
2o = 705 inn, AS = 109 in.
i. Summary. 10-1/2-in. slab (see sketch above)

2

7-41 DESIGN OF ROOF SIAB. The roof is formed by a one-way slab spanning
continuously over the frame bents spaced at 18 ft. This manual is limited
to consideration of single-span

elements. To account for the con- L S A S .. s
tinuity of the slab it is designed U LJ
as a fixed-end beam of 18-ft span. Lg 18’- 0" =]|
Since plastic behavior is desired

the design procedure of paragraph 3
6-11 is followed. The permissible AT
deflection is established in ac- a'|$ L>18.0 =|]

cordance with paragraph 6-26 and
the static loads are allowed for by reducing the resistance.

a. Design loading. The roof slab spanning between frames in a long
building has different design conditions from the roof framing over purlins
in a similar building (par. 7-22).

159
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For the blast wave moving parallel to the long axis of the building
the overpressure variation with time at all points is the same. However,
for any slab element the overpressure along the span varies with time as a
result of the lag time

& length of slab 18
lag -~ velocity of blast wave ~ 1403

= 0.0128 sec

For this case the average slab loading is determined by introducing
the rise time equal to tlag as indicated in figure 7.63 to the incident
overpressure.

For the blast wave moving perpendicular to the long axis of the
building the overpressure variation with time at all points is different as
a result of vortex action. However, at any slab element the overpressure-
time variation may be treated as constant across the span. If the response
is rapid, i.e., before the vortex action takes place, the slab element 1is
subjected to the incident overpressure uniformly distributed.

In this example the preliminary design loading for the roof slab 1is
the incident overpressure. For checking the preliminary design both direc-
tions of loading are considered and two numerical integrations are pre-
sented (tables 7.24 and 7.25, page 167).

The design load as idealized from the computed loading shown by

B+25.9kips figure 7.57 is defined by:
3 B =10 psi = 10(1’*1‘)(18) = 25.9 kips
% T = O. 38 sec
: H= -(——M 4.92 kip-sec (par. 6-11)

T:0.38sec
Time (sec)

b. Dynamic Design Factors. (Refer to table 6.1.)

ﬁiastic range:

K = 0.53, Ky = 0.41, Ky = 0.77
_ _ 3B4EL

Rip = 12Mp/L, =73

V = 0.36R + 0.14P

Elasto-plastic range:

KL = 0.64, KM = 0.50, KIM = 0.78
8 §8hEI

Ry = (MPs MPm)’ kep = 5L3
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Plastic range:
K; = 0.50, Ky = 0.33, Ky = 0.66
8
Ry =1 (Mpg + M)

V = 0038R + 0.12P
Average values:

K; = 0.5(0.64 + 0.50) = 0.57
Ky = 0.5(0.50 + 0.33) = 0.k2
Ky = 0-5(0.78 + 0.77) = 0.77

c. First Trial - Actual Properties.

let Mps = Mpy = ¥p

Assume p = 0.015 (par. 4-10) .
let a8 = 5 (par. 6-26)

Assume Cp = 1.0 (experience)
R = CpB = 1.0(25.9) = 25.9 kips

. of (eq 4.16)
MP = pfdybd (l - r?%)

0.015(52)(1)a> [1 - °i°%53?§ ]= 0.6884° kip-ft (4 1in inches)

16
MP -(1—6195@8&‘1-_25 9, .. ¢ = 6.5 in.

Try h = 8 in., 4 = 6.75 in., p = 0.015

_|
— v 2
e 6751 g g = 0,688(6.75)° = 31.14 kip-ft
fophe et § 1Mp _ 16(31.4)
(No.e \%Cover ‘Rm =—1 = ?.8. = 27.9 kips

I, = vn3/12 = (8.0)3 = 511 1n.*

I, = bad [%-3 + np(1 - k)2]= 12(a)3 [_(_c%)_?g + 0.15(1 - o.hz)e]

- 0.905a3 = 0.905(6.75)3 = 278 1n.*
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I, = 0.5(1g + It) = 0.5(511 + 278) = 394 1n.h
3
kE < O0TEL _ M = 432 kips/ft

L (18)31M+
. yE=§k§=%é2=0.Cﬁh5ft
- Yy = OB yp = 5(0.0645) = 0.3225 £t (par. 6-26)
Weight = -&—g%l + 6] -1%%5 = 1.91.kips
Mass m = % = 0.0591 kip-sec>/ft
d. First Trial - Equivalent System Properties.
R, =KR = 0.57(27.9) = 15.9 kips (eq 6.12)

]

0.57(4.92) = 2.8 kip-sec (eq 6.2)

0.42(0.0591) = 0.0248 kip-sec>/ft (eq 6.2)

(He 2.8 2
o ¥p = - '2'2@%138'5 = 158 ft-kips (eq 6.10)
T, = Qn‘/KLMm/kE = 6.28‘5.77(0.0591)/1»32 = 0.0645 sec

e. Work Done vs Energy Absorption Capacity.
= T/T_ = 0.38/0.0645 = 5.9

QB
£

Crp
Cp = Rm/B

tm/T = 0.17 (fig. 5.29)

27.9/25.9 = 1.08 (eqs 6.15, 6.16)

ty = (0.17)0.38 = ¢ sec
Idealized load-time curve is satisfactory at t = 0.0646 sec (par. 5-13)

W o= CNp = 0.02(158) = 3.16 ft-kips (eq 6.17)

E=R_(y, - 0.5v5) = 15.9 [0.3225 - 0.5(0.0645)]
= 4,62 ft-kips (eq 6.18)
E > W, therefore the selected proportions are satisfactory as a pre-
liminary design.

‘ 163




EM 1110-345-417 T-h1f
15 Jan 58
Try to reduce slab to bring E closer to W .
f. Second Trial - Actual Properties.
o. 25W + 0.75E

0.25(3.16) + 4.82(0:75)  _ o6 6 kips (eq 6.19)
T Xy, - 0.5yg) T (0.57)[0.3225 - 0.5(0.0645)] e

16Mp _ (16)0.6884°

R = B =26.6, .. @ = 6.6 in.
. l Try h = 7.75 in., d = 6.50 in., p = 0.015
L .'-‘"-.jL“'ns' = 0.6884° = 0.688(6.5)° = 29.1 kip-ft
!4,.; . \, T Mp (6.5)" = 29.1 Kkip-
No. 8 }.Cover lGHP 16 .1

3
1, = 25 = (1.75) = 465 in."
I, = 0.90503 = 0.905(6.50)3 = 248 1n."* (x = 0.42)
I, = 0.5(1g + It) = 0.5(465 + 2u8) = 356 1n.l'

3

kE = 19.7_%:1 = w = 391 kips/ft

L (18)°1h44

R

Vg = -k—‘;‘ = 2222 - 0.066 £t

=08 yp = 5(0.066) = 0.330 ft (par. 6-26)

ym
Weight =[7‘7ial5° + 6. o] 1380 = 1.86 kips

Mass m = %éég = 0.0575 kip-sec /ft

g. Second Trial - Equivalent System Properties.

R, =KR = 0.57(25.9) = 14.75 kips (eq 6.12)

H, = KE=0. 57(4.92) = 2.8 kip-sec (eq 6.2)

m, = Km = 0. 42(0.0575) = 0.0242 kip-sec /ft (eq 6.2)
(5_)°

2
_ 2.8 _ - 6 10
LS Bn_~ = B(0.0202 = 162 ft-kips (eq 6.10)

= an,[xmth = 6.28\[0.77(0.0575)/391 = 0.0667 sec
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h. Work Done vs Energy Absorption Capacity.
Cp = T/T, = 0.38/0.0667 = 5.7

Cp = R /B = 25.9/25.9 = 1.0 (egs 6.15, 6.16)
tm/T = 0.24 (fig. 5.29)

t, = (0.24)0.38 = 0.091 sec
Idealized load-time curve is satisfactory at time t = 0.091

5-13)

Cy = 0.028 (rig. 5.27)

W, =CM = 0.028(162) = 4.55 ft-kips (eq 6.17)
E=R_(v, - 0.5v5) = 14.75 [0.330 - 0.5(0.066)]

4.38 ft-kips (eq 6.18)

E = W, therefore the selected proportions are satisfactory as a pre-

liminary design.

i. Preliminary Design for Bond Stress.

Estimated vmax = 0.5R = 0.5(25.9) = 12.9 kips

0.15(3000) = 450 psi (par. 4-09)

v _8(12,900) _ .
Co= u—J-a = 50 7 .5 = 500’"‘ in.
A 1.2

2
Try #7 at 6 in., A = 1.2 in.", o = 5.5 in., p = S% = T5(E 55 = 00152

Allowable u = O.leé

np = 10(0.0152) = 0.152, h = 7.75 in., 4 = 6.56 in.

j. Determination of Maximum Deflection and Dynamic Reactions by

Numerical Integration.

pf
PfdybdQ [1 3 3:7%52] - 0.0152(52)(1)(6.56)° [} - g:g%g?9§2]

30.4 kip-ft (eq 4.16)

Mp

= bh3/12 = (7.75)3 = LU6S in.h

Ig =
3
I, = a3 [%; + np(1 - k)a] = 0.905(d3) = 0.0905(6.56)3 = 256 1n.h
N
I, = o.s(Ig + It) = 0,5(l65 + 256) = 360 in.
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Weight [ 7.75(150) 150 6] 28 1.86 kips

1000
Ma 86
ss m = §—-— = 0.0575 kip-sec®/ft
Elastic range:
le = —Trl - weight = 12 lO.h - 1.86 = 18.3 kips
3
k, = 38&2:1 - (381;)%(10) 360 _ 480 kips/ft
L 18°(144)
R
Im 18,
Ve = —EI = 1:8% = 0.0381 ft

Elasto-plastic range:

16
Rm=TMP-we1ght=£(%g’—l‘l-186 25.1 kips

384ET 1, - %6
= === = = kips/ft
ep 5L3 5
R -R
Yep = Yo * —‘-‘11?—2 = 0.0381 + gi—l;:& = 0.0381 + 0.071 = 0.109 ft
ep
Moxin!um Deflection = Syg Flastic range:
16
% £fm=251 R = —=— - weight = 25,1 ki
2 . m L ps
s ' __L_R",. 183
< AT 1480 kips/tt _ 307EI _ 307 _
g h' .k| | kE 383 kips/ft kE - I? - %EE k1 = 383 kips/ft
3 o | Kep = 96 kips/ft
B .
4 ye = O t - _2 _ 25-1 _
Lo Yep * 0.109 1t Yg = kg =583 < 0.0655 ft
Yo Ye Yoo
Deflection, y(ft) Vg = af Ve = 5(0.%55) = 0.3275 ft
Figure 7.64. Resistance function Tn = 2“\’KIMm;kE

for 7-3.4-in. slab spanning

18 ft, fixed at both ends

6.284J0.77(0.0575)/383
0.067hk sec
The basic equation for the numerical integrations in tables 7.24 and

725 isy, ., = yn(m;)2 vy, - Y, (table 5.3) where
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Table 7.24. Determination of Maximum Deflection and Dynamic Reactions for Roof Slab,

Incident Overpressure (Modified for Rise Time)

== o
& B R P -R Yn(At) Y, v,
(sec) (kips) (kips) (xips) (£t) (£t) (kips)

0 0} o} 2.0 0.0022 0 0
0.007 13.0 1.0 12.0 0.0132 0.0022 2.2
0.014 24,5 8.4 16.1 0.0178 0.0176 6.5
0.021 24,0 19.5 4.5 0.0049 0.0508 10.3
0.028 23.6 23.2 0.4 0.0004 0.0889 11.6
0.035 23.1 25.1 -2.0 -0.0026 0.127h 12.3
0.0k2 22.6 25.1 -2.5 -0.0032 0.1633 12.3
0.049 22,2 25,1 -2.9 -0.0037 0.1960 12.2
0.056 21.7 25.1 -3.k -0.0044 0.2250 12.1
0.063 21.3 25.1 -3.8 -0.0049 0.2496 12.1
0.070 20.8 25.1 -4.3 -0.0056 0.2693 12.0
0.077 20.4 25.1 .7 -0.0061 0.2834 12.0
0.084 19.9 25.1 -5.2 -0.0067 0.2914 11.9
0.091 19.5 25.1 -5.6 -0.0072 0.2927#% 11.9

0.2868
*(yn)max = 0.29.
Table 7.25. Determination of Maximum Deflection and Dynamic Reactions for Roof Slab,
Incident Overpressure (No Rise Time)
2
t o R, Po- Ry y‘n(At) In Ya
(sec) (kips) (kips) (kips) (£t) (£t) (kips)

o] 25.9 0 12.95 0.01373 0 3.6
0.00685 25.4 6.6 18.8 0.01993 0.01373 k.9
0.01370 2k.9 19.2 5.7 0.00596 0.04739 10.2
0.02055 24 L 23.0 1.4 0.00146 0.08701 11.6
0.02740 24,0 25.1 -1.1 -0.00136 0.12809 12.4
0.03k425 23.4 25.1 -1.7 -0.00211 0.16781 12.4
0.04110 22.8 -2.3 -0.00285 0.20542 12.3
0.04795 22.4 -2.7 -0.00335 0.24018 12.2
0.05480 22.0 -3.1 -0.00384 0.27159 12.2
0.06165 21.6 -3.5 -0.00434 0.29916 12.1
0.06800 21.1 4.0 -0.00496 0.32239 12.1
0.07535 20.7 by -0.005L45 0.34066 12.0
0.08220 20.7 4ok ~0.00545 0.35348 12.0
0.08905 20.2 k.9 -0.00607 0.36085 12.0
0.09590 19.9 -5.2 -0.00644 0.36215% 11.9
0.10275 18.9 22.6 0.35701 10.8

*(yn)mx = 0.362.
167




EM 1110-345-417 N
15 Jan 58 T4k

(B, - R)@t)® (B, - R )(0.007)7

SO Kp(®)
(P_ - B_)(49)10-6
2 n n
¥o(&t)” = —5=ro70575)
(P - R )(49)10°6
y (at)? = 3.78(8.0575) = 1.093(1073)(E_ - R ) ft, elasto-plastic
range

¥, (ax)?

1.107(10‘3)(1=n - R_) ft, elastic range

. 2 (Pn - Rn)(h9)10-6 -3
¥ (at)” = 0-85(0.0575) = 1.291(10 )(Pn - Rn) ft, plastic range

The time interval At = 0.007 sec is approximately Tn/lO = 0.00674 sec
(par. 5-08). The dynamic reaction equations are listed in paragraph 7-41v.
In table 7.24 the slab analysis considers the loading resulting from the
shock wave moving along the long axis of the building (incident over-
pressure modified for rise time). The Pn values for the second column are
obtained from figures 7.57 and 7.63, multiplying by 144(18)/1000 = 2.59.
The slab is not critical for this condition (yn)mx = 0.2927 < 0.3275.

In table 7.25 the slab analysis considers the loading resulting from
the shock wave moving along the short axis of the building (local roof
overpressure with no time of rise). The Pn values for the second column
are obtained from figure 7.57, multiplying by 2.59. The slab is critical
for this case and in fact the maximum deflection (yn)mx = 0.3621 > 0.3275.

This is accepted as a satisfactory design since

is close enough to value of 5 established above.
k. Shear Strength and Bond Stress.

Viax = 12.4 kips (table 7.25)

For no shear reinforcement
Alloveble v = 0.0hfé + 5000p (eq k.2h)
vy = 0.04(3000) + 5000(0.0152) = 120 + 76 = 196 psi

_ 8v _ _8(12,k00
V=4 - T2)(8.5

178 psi; OK, no shear reinforcement regquired

= 8v _ 8(12,ko00)
T TZod T T7(5.5)0.56

= 390 psi
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Allowable u = 0.15f = 0.15(3000) = 450 psi; OK

1. S Ye
7-3/4-1in. slab
p = 0.0152

%0 = 5.5 in.

No shear reinforcement
7-42 PRELIMINARY COLUMN DESIGN. It has been found desirable to make a
preliminary design of the column before designing the girders because the

column resisting moment is a factor in design of the girder (par. 7-11).

A single-story frame subject to lateral load behaves essentially as
e single-degree-of-freedom system. In determining the requirements for the
columns which are the springs of this system it is not necessary to use the
equivalent system technique used in designing all elements.

Using the principles of paragraph 6-11 and equations from paragraph
7-06 provides a procedure for obtaining preliminary column sizes.

In the preliminary design the girders are assumed to be infinitely
rigid to simplify the analysis. In determining the spring constant, the
column height is 14.75 ft from the centerline of the girder to the top of
the footing. The resistance computation is based on the clear height
hc = 13.0 ft.

If the first trial section is overstrength or understrength it is de-
sirable to make a second trial. In this plastic column design, since the
adequacy of the selected section is based on a comparison of E , the en-
ergy absorption capacity with Wh, the work done on the frame, successive
trials are obtained by estimating a design energy level somewhere between

the computed values of E and W for use in the equation

R . energy

m X
m

for determining the new trial R . 1If Wﬁ > E the energy level should be
set at Wm so that

However, if E > wm, as in the following example, the intermediate energy

level may be obtained as illustrated on the following page.
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a. Design loading. The design lateral load on the frame is obtained
from the dynamic reactions at the top of the front wall slab. However, for
a preliminary design it is satisfactory to use the net lateral overpressure
curve (fig. 7.60).

In computing the total concentrated lateral load on the frame it is
assumed that the wall slab transmits the blast loads equally to the roof
slab and foundation. This is generally conservative for the frame because,
in the elastic phase, the dynamic reaction at the roof is less than that at
the foundation (table 6.1).

The design load as idealized from the computed

B:562kips loading shown by figure 7.60 is defined by:
3 25.3(144 )18 [léééi + 0.65]
% B = 25.3 psi = 1066
¢ = 562 kips
”me(“c1;=0.0625ec T = 0.062 sec
H= %g = iééggg;gég = 17.4 kip-sec (par. 6-11)

b. Mass Computation,

Roof slab [7'751550 + 6.0] 18(b4.25) _ 85,0 kips

1000
18(32)42(150) _ .
T2(12)1000 - °--2 kips

3 columns (assumed) lelghié31égg 3. 11.7 kips

10.5(18)15.83(150)2

Mass of single-degree-of-freedom system = total (roof + girder) +

82.0+25.2 +0.33(11.7 +74.0)
32.2
c. First Trial - Actual Properties.

Assume p = 0.015 (par. L-10)

Let aB = 6 (par. 6-26)

Assume Cp = 0.50 (experience)

R, = CgB = 0.50(5€2) = 281 kips
Rh

Required My = o = 28;%;%‘0)

Girder (assumed)

= 74.8 kips

1/3(columns + wall) =

= 4.22 kip-sect/ft

= 610 kip-ft
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Approximate average roof pressure = 6.5 psi (estimated in fig. 7.61)

Average blast load per column

Dead load per column = 1/2(82.
Average column design load PD

P
— 1
MD = Asfdyd + PD(%.5t
et p = p' = 0.015, 4'
b = 12 in., A, = pot
Substituting into previous MD

- 1—7%;) (eq b.32)

= (t - 4.5) in., 4" = 2.25 in.

EM 1110-345-417
15 Jan 58

44.25(18)6. 5(1kk)
3(1000)

+ 25.2) = 36.0 kips
2h8 + 36 = 284 kips

= 248 kips

equation

284
610(12) = 0.015(12)t(52)(t - 4.5) + 284 [9.5t- I77ri§7§7§]
2 2.25"
9.35t° - k2t + 142t - 1015 - 7320 = IS —
Solving t == 25.0 in. ffrFTﬁ%
Try b = 12 in., t = 26 in.
M, - 0.015(12)26§22)(26 - L4.5) N . e
28& 284
[0 (@) - ‘ﬂm] |
436 6 ‘
= 436 + 223 = 659 kip-ft — -
*p z.;;r 2"

a"/a = 2.25/23.75 = 0.0948

For p = p' = 0.015 and n = 10

m=np+ (n - 1)p' = 0.25 + 9(0.015) =

qg=np + (n -~ 1)p' 5 =0.15 + 9(0.015)0.0948 =
k = 0.35 (table 11 RCDH of ACI)

3
Iy -bd3[5§ + (n - 1)p' 3 2. 2k(
= 12(23. 75f3[3-——)— + 9(0.015) {(0. 35)% - 2(0.35)(0.0948) +
(0.0948) } + 0.15(1 - 0.35. ] =

I, = bt3/12 = 263 = 17,576 in.*
I = o.5(1:g + I, ) = 15,700 in. b
o 12EIn _ 12(3)103(15,700)3 _ 3670 kips/Tt
13 (14.75)3144
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2n 6
R =B—MD=2§-31.L022 304 kips

Rm/k = 304/3670
o8 x, = 6xe = 6(0.083) = 0.498 ft (par. 6-26)

L = 2nqfmfk = 6.284/1.22/3670 = 0.213 sec

d. First Trial - Work Done vs Energy Absorption Capacity.
T/T, = 0.062/0.213 = 0.291
Cq = Rm/B = 304/562 = 0.54
t /T = 1.35 (fig. 5.29), t = 1.35(0.062) = 0.08k sec
The original load-time curve should be revised to obtain a closer ap-
proximation to the total impulse up to time +t,. The impulse up to

t = 0.10 sec in figure 7.60 is H = 1.167 psi-sec (obtained by graphical

%
]

0.083 ft

»
]

3
"

integration).

= 2H/B = 2(1.167)/25.3 = 0.0923 sec

T/Tn = 0.0923/0.213 = 0.437

t /T = 1.2 (fig. 5.29), t, = 1.2(0.0923) = 0.111 sec

Try again for impulse up to t = 0.12 sec

H = 1.214 psi-sec, T = 2(1.214)/25.3 = 0.09% sec, T/Tn
= 0.096/0.213 = 0.45

tm/T = 1.2 (frig. 5.29), t_ = 1.2(0.09%6) = 0.115 sec; OK

Cy = 0.71 (fig. 5.27)
2
_E_(B/2)® (562)%(0.0%6)° .
W = 5 =i 5(5.22) = 86.5 ft-kips
W o= Cy = 0.71(86.5) = 61.5 ft-kips

E = Ry(x_ - 0.5x ) = 304 [0.498 - 0.5(0.083)] = 139 ft-kips

Since E > w& & nev trial should be made.
e. Second Trial - Actual Properties. Since E >> Wh, the inter-

mediate value of energy for use in determining the second trial Rm is ob-

tained as follows:

0.5(W, + E) _ 0.5(61.5 + 139.0) _
Rm = % 0598 = 201 kips
R h
Required M,D = gnc = 20;%%%'0) = 1!—36 kip-ft
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Use same column constants as above and substitute into equation(4-32)

436(12) = 0.015(12)t(52)(t - 4.5) + 284 [O.St - 284 ]
1.7(12)3.
: 1.7(1213.-9
9.35t° - k2t + 142t - 1015 - 5240 = O
t =21 in., try b = 12 in., t = 20 in,

_ 0.015(12)20(52)(20 - k.5) 284 284
"p = T )+12[1°'T.'('(E)'3.—§]

2h2 + 152 = 394 kip-ft

a"/a = 2.25/(20 - 2.25) = 0.127

For p = p' = 0.015 and n = 10

m=mnp+ (n- 1)p' = 0.15 + 9(0.015) = 0.285
q=np+(n- 1)pd"/d = 0.15 + 9(0.015)0.127 = 0.167
k = 0.36 (table 11 RCDH of ACI)

I, = bd3[-k§3- +(n - 1)p' .gkz - ER(%'-.-) + (%1—)22 + np(1 - k)e:]

3
= 12(17.75)3l;£9¢%§2- + 9(0.015) {(0.36)2 - 2(0.36)(0.127) +

o (0.127)°} + 0.15(1 - 0.36)2]
I, = 67,200(0.0845) = 5680~in."
I, - vt3/12 = (203) = 8000 in.*
I, = 0.5(1g + It) = 6840 in.h
3
K = 12E§n _ 12(3)10 (3840)3 - 1590 kips/ft
h (14.75)°14h
oMy 2(3)30k ‘
R, = hc = =95 = 182 kips
x, = R /k = 182/1590 = .11h4 ft
X, =08 x = 6xe = 6(0.114) = 0.684 £t (par. 6-26)
T, = EK\/m/ = 6.284J4.22/1590 = 0.322 sec

f. Second Trial - Work Done vs Energy Absorption Capacity.
T/Tn = 0.096/0.322 = 0.298

Cp = Rm/B = 182/562 = 0.324

tm/T = 1.8 (rig. 5.29), t = 1.8(0.09%6) = 0.173 sec
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The value of tm exceeds the value of t = 0.12 sec for which the value

of T = 0.096 was obtained. The idealized load-time curve should be revised
to approximate more closely the total impulse up to tm. The total impulse
up to t = 0.20 sec (fig. 7.60) is H = 1.374 psi-sec (obtained by graphical
integration). o
= 2H/B = 2(1.374)/25.3 = 0.109 sec
T/Tn = 0.109/0.322 = 0.338
tm/T = 1.75 (fig. 5.29), t = 1.75(0.109) = 0.191 sec; OK
Cy = 0.83 (fig. 5.27)

2 2
_ B> (BT/2) _ (562)7(0.109)% _ s
WP =55 = B(5.22) = 111.0 ft-kips
W= Ciy 0.83(111.0) = 92,1 ft-kips
E = ( - O.5xe) = 182 [0.684% - 0.5(0.114)] = 114 ft-kips
2.44" — - E is slightly greater than W and another
- trial might be made. It is desirable, however,
to be conservative in the preliminary design be- .
17.56" 15.12" 20"

cause simplifying assumptions are used (par.
7-L4). Therefore the 12 by 20 column is selected

|
J v . as the preliminary design and an actual column

L_,,JZT'_‘ ’s section is selected to establish the column

plastic bending moment for use in the girder design that follows in
paragraph 7-43.

4" = 2.44 in., d = 17.56 in., d' = 15.12 in., 3 #9 bars,
A =A'=3in.2
S S

P
, D
My = Agfgyd” * Fp [O'St " T7(o féc]

3(52)15.12 28& ) 284 _ - 84.5 =350 kip-ft
= 5 5 10 -I—W 197 + 237 5 =350 kip

7-43 DESIGN OF ROOF GIRDER. The frame of this building consists of three

rectangular columns supporting a rectangular girder which forms a tee beam
with the roof slab. The roof girder is designed to resist the combined

vertical loads on the roof and the lateral loads on the frame as explained .
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in paragraph 7-11. Since this manual provides a technique for haniling

hstand
vertical loads as a beam fixed at the interior support and pinned at the

only single-span elements, the continuous girder is designed to wi

exterior support.

Although the other structural elements of this building are permitted
to deflect plastically, the girder should be designed to behave elastically
so that proper restraint is maintained for the column throughout the de-
flection history of the frame.

The design bending moment of

the girder is the sum of the moments |

at the fixed support due to (1) the -
roof slab dynamic reactions, (2) the

static loads, and (3) the frame ac-

S
-.P—. —t

e

20'-0" 20'-0"
tion. The moment due to frame ac-

tion in a two-bay frame is equal to "W

one-half the column plastic moment 20.0°
(par. 7-11).

The girder is designed as a tee beam in the region of positive mo-

AAAINIANLY

ment. In the region of negative moment near the interior support the girder
is of rectangular section. This results in a girder of variable moment of
inertia for which there are special expressions for Rm’ Y and kl (par.
6-21a and table 6.L4).

a. Ioading. The critical frame girder loading results from the
blast wave traveling parallel to the girder. Since the girder is parallel
to the short side of the building the appropriate roof loading is from the
Zone 3 condition. For Zone 3 loading the time variation of the local roof
overpressure varies continuously from front to back of the building.

To obtain the true variation of slab dynamic reaction on the girder
would be a tedious task as well as unjustified in the light of all the pos-
sible inaccuracies. In this example a conservative loading based on the
incident overpressure curve (fig. 7.57) is used as the basis for the slab
load in determining the girder load. This is warranted because in general

the slab reaches its maximum displacement before the vortex action in

Zone 3 has an opportunity to reduce the incident overpressure to the local
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roof overpressure (see pars. 7-23 and 7-25 and table 7.5).
The girder load is determined from the slab dynamic reactions for in-
cident overpressure with the blast wave traveling parallel to the girder.
Plotting from table 7.25 the same variation of dynamic reaction at the

front and rear ends of the girder and averaging 8 24.4 kips/ 11

7.65. The preliminary design load is obtained by ‘
idealizing the load-time curve in figure 7.65 and [

the total load on the girder gives the variation

of average girder load from one slab in figure

Force (kips/(t)

multiplying by two to account for the two slabs Tr = 0.03236¢
loading the girder. The idealized load is Time (sec)
B = 12.2(2) = 2k.4 kips/ft

Tr = 0.032 sec

b. Elastic Range Dynamic Design Factors. (Refer to table 6.4.)

K, = 0.58, Ky = 0.L45, Ky = 0.78
K = f3E11/13 (fig. 6.29)

R, = flM?s/L (rig. 6.27)

Moos = £ M (fig. 6.28)

M = R,L/f, (fig. 6.27)

v, = 0.26R + 0.12P

v, = 0.43R + 0.19P

c. Mass Computation.

Slab and roofing =[:7'7§215° + 6.0] 12022 25 = 41.0 kips
Girder (estimate) = L?%%é—g%} = 13.5 kips

Total mass = 5—1—0—32—;-3—5- = 1.69 kip-secz/ft

d. First Trial - Actual Properties.
Estimate tee beam action for first trial,

£,=9 f,= 0.67, f3 = 2ho

Assume D.L.F. = 1.5 (experience)
R = D.L.F.(B) = 1.5(24.4)(20) = 732 kips

17T
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Moment in girder at interior support (fixed support) due to static
loads

M= WL/8 = (41.0 + 13.5)20/8 = 136 kip-ft

Moment in girder at midspan due to static load

M = 9WL/128 = 9(54.5)20/128 = 77 kip-ft

Moment from column

M = 0.5M, = 0.5(350) = 175 kip-ft (par. 7-Lof)

Moment resistance required for vertical blast loads

M= RmL/9 = 732(20)/9 = 1630 kip-ft

The total moment resistance required

1630 + 175 + 136 = 1941 kip-ft

pf
2 —
M, = pf, bd“ (1 - . ) (eq 4.16)
dy ( l'7fdc

Assume p = 0.015

M, 0.015(52)ba” [1 - °f$53?g ]= 0.688bd° = 1941(12)

If b = 20 in.,, d = 41.2 in.; try b = 45 in., 4 = 41.5 in.
From figure 6.28 estimate f

= 0.67 (from experience)

2
; Midspan moment = 0.67(1630) + O + 77
2No.9fssnses
e T} = 1090 + 77 = 1167 kip-ft
‘ 4L545 Ratio of midspan tension reinforcement
sz i ll to interior support tension reinforcement is
‘ 6No.9 sselece| § 1167
‘ = . .

Effective Section at Interior Support

Rectangular section at fixed support

' - i np = 10(12)/20(41.5) = 0.14k45
| 4Nod | | np' = 10(6)/20(41.5) = 0.0722
Ij A D I = 20(45)3/12 = 152,000 in b
2.2 a5" g = = b *
4275 374" m=np + (n- 1)p'

0.1445 + = (0.0722) = 0.2095

...

~
&z
°
[
—
]

[\\]

ol
Qa

[}

1
np + (n - 1)p* %f

9 2.25 _
0.14h45 + &5 (0.0722) s = 0.148

Effective Section at Midspan
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k = 0.38 (table 11 RCDH of ACI)
kd = 0.38(41.5) = 15.7
I, 20(15.7)3/3 + 9(6)(13.45) + 12.0(10)(25.8)°
19,350 + 9750 + 80,000 = 109,000 in.

4
I, = (Ig + It)O.S = 130,000 in.

Tee section at midspan

np = 10(7)/82(%42.75) = 0.0200
np' = 10(4)/82(42.75) = 0.0114

2 2
= -82(7.75 2 + [ 20(37.25 2 11,640 _ .
y = T5) + 2003725 - Toigo - 8 i

3 3
1, - BLBY, 06T _ 1380(8.45)7

= 12,700 + 345,000 - 98,500 = 250,200 in.
m=np + (n - 1)p' = 0.0200 + 0.9(0.0114) = 0.0303

2.25

L

15 Jan 58

qg=np+ (n-1)p' %% = 0.0200 + 0.9(0.011k4) 5% = 0.0205
k = 0.18 (table 11 RCDH of ACI), kd = (0.18)(42.75) = 7.7 in.

3
I, - §2i%:12_ + 9U)(7.7 - 2.25)% + 10(7)(42.75 - 7.7)°

= 12,500 + 1070 + 86,000 = 99,570 in.*

I, = 0.5(I, + ) = 179,00 in ¥

Il/12 = 130,000/179,400 = 0.725

£, = 8.85 (fig. 6.27)
£, = 0.66 (fig. 6.28)
f3 = 235 (fig. 6.29)
k. = f3EIl _ 235(3)103(13O:OOQ) = 79,500 kips/ft

1 93 (20)3104
At the interior support

pf
2 — o
pf. ba” {1 - — ] (eq 4.16)
dy ( l.7fdc)

2
0.01h4k5(52)20(41.5) _ 0.01h5(52)] .
= 5 1 T1.7(3.9 1910 kip-ft
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- " 0.78(1.69)
Tn = =6, 284 79,500 = 0.0256 sec

T}/Th = 0.032/0.0256 = 1.25

g. 5.21

t = 1.3(0.032) = 0.0417 sec
The idealized loading is a satisfactory approximation for the loading
in figure 7.65.
Required R = 1.18(24.4)20 = 575 kips
The available resisting moment at the interior support for vertical
blast loads is
= 1910 - 136 - 197 = 1577 kip-ft
The available resistance is
Ry, = flMPS/L = 8.9(1577)/20 = 700 kip-ft
The available le is greater than the required le. Another trial
will be made by reducing the amount of reinforcing steel. Reducing the
steel required by the ratio of the resistance calculated above
Use 10 #9 tension bars; A = (575/700)(12) = 9.85 in.2
= (10)/20(41.5) = 0.01205

2 .
M, - 0:01205(52)20(k1.5) [1 - 9,009 ] = 1635 kip-Tt

Assuming no substantial change in Il/ I2 and Tn the available resist-
ance is R, = 8.9(1635 - 197 - 136)/20 = 580 kips =575 kips
e. Second Trial - Actual Properties.

Rectangular section at fixed support
= 10(10)/20(41.5) = 0.1205
np' = 10(6)/20(41.5) = 0.0702

I, = 152,000 in.

m=np+ (n-1)p' = 0.1205 + <= (o 0702) = 0.184

np + (n - 1)p' 7; = 0.1205 + 2 (o 0702) %_g% = 0.12h4

No)
1

0.35 (table 11 RCDH of ACI)
= 0.35(41.5) = 14.5 in.

>
n
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3
I, = 20 l§'5 + 9(6)(12.25)2 + 10(10)(27.0)2

20,300 + 8100 + 73,000 = 101,400 in ¥

o.s(Ig + It) = 126,000 :Ln.)+

I

1

Tce section at midspan

The tension steel at midspan = 0.6(10) = 6 bars (par. 7-43d)
= 10(6)/82 (42.75) = 0.0171
np' = 10(3)/82 (42.75) = 0.00855

m=mnp+ (n-1)p' = 0.0171 + 0.9(0.00855) = 0.0248

qQ=np + (n - 1)p' 7; = 0.0171 + 0.9(0.00855) %§g$— = 0.0175

k = 0.165 (table 11 RCDH of ACI)

kd = 0.165(42.75) = 7.06 in.

I, = 81,300 in.h, Ig = 259,200 in.h, I, = (Ig + It)O.S = 170,200 1n.h
1,/1, = 126,700/170,200 = 0.7k

£, =8.8 (fig. 6.27)

£, = 0.655 (fig. 6.28)

f3 = 232 (fig. 6.29)

K, = f3EBI, §232)3(1o)3126 700 _ 79,000 kips/ft

(20)314L

’ 0.78(1.69)
Tn = 6.28 79,000 = 0.0257 sec

Tr/Th = 0.032/0.0257 = 1.25

D.L.F., = 1.18 (fig. 5.21)

Required R, = 1. 18(24.4)(20) = 575 kips

f. Preliminary Design for Bond Stress.

Estimated V = 0.62R = O. 62(575) = 356 kips
Alloweble u = 0.15f} = 0.15(3000) = 450 psi (par. 4-09)

v 8(356,000) _
Zo = 33 = Hé%(??ﬂi?% = 22.0 in.

10 #9 bvars in two rows, A, =10 in.

2

A
s

10
35.% in., p = As/bd = BOHLS] = 0.01205

)0
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8. Determination of Maximum Deflection and Dynamic Reactions by
Numerical Integration. Since the trial size may be used directly without

modification reference is made to the previous computations for pertinent

data.
) ) _ 20(37.25)(20)150
e Revised girder weight = 1501551000
£ é{////, = 15.6 kips
; Rym 2570 ,+
3 _b1.0 +15.6 . 2
g Yo" 0.0072 11 Total mass = 35,5 =1.76 kip-sec/ft
§ Ky 2 79,000kips/ft WL
§ . Static load girder moment = .
' fe—— Maximum Deflection _ (’-}1.0 + 15.6)20 = 142 kip-ft
" ) = P
Detiection, y (t) Maximum girder resistance in elastic
Figure 7.66. Resistance range R, = 8.8(1635 - 1ho - 197)
. . 1m 20
function for girder
spanning 20 ft = 570 kips
R‘\
v = =2 = 209 _ 0.0072 £t

e =k ~ 79,000

The basic equation for the numerical integration in table 7.20 is

Voo 1= Valt) w2y -y | (table 5.3) where

(Pn - Rn)(/_\t)2 (Pn - Rn)(o.oozs)2

.. 2
ulet)” - — =,

. -6
) o (P -R )6.25)(107°) < _
¥ (a8)" = n 0.28(1.76) = k.55 (107 )(P_ - R ) ft, el?iﬁ;i

The time interval At = 0.0025 sec is approximately Tn/lO = 0.00257

sec (par. 5-08).

The dynamic reaction equations are listed in paragraph 7-43b. The
Pn values for the second column are obtained from figure 7.65, multiplying

by 2 x 20 to account for the 20-ft span and the two slabs loading the

girder.
The maximum deflection computed in table 7.26 is (yn)ma.x = 0.0069 ft.
This is less than, but close to, the specified maximum Aeflection,

Ve = 0.0072 ft. The design is satisfactory.

182




T-43n

EM 1110-345-417
15 Jan S8

Table 7.26. Determination of Maximum Deflection and Dynamic Reactions for Roof Girder

t Pn Hn Pn - Rn yh(dm) yn vln v2n
(sec) | (kips) | (kips) | (kips) (£t) (ft) [kips)|(kips))|

0 0 o] bk 0.000020 (1] (o] o]
0.0025 | 28.0 1.6 26.L 0.000120 0.000020 L (3
0.0050 | 56.0 12.6 h3.h 0.000197 0.000160| 10 16
0.0075 | 96.0 39.3 56.7 0.000258 0.000497 | 22 35
0.0100 | 136.0 86.3 Lk9.7 0.000226 0.001092 | 39 63
0.0125 | 192.0 151.1 L0.9 0.000186 0.001913| 62 102
0.0150 | 256.0 230.7 25.3 0.000115 0.002920| 91 148
0.0175 | 312.0 319.3 «7.3 | «0.000033 0.004042 | 120 197
0.0200 | 360.C L02.2 2.2 | «C.000192 0.005091 | 148 2kl
0.0225 | 408.0 469.9 «£1.9 | «0.000282 0.0059L8 | 171 280
0.0275 | 4L60.C 532.2 =72.2 | «0.000328 0.006737 | 19k 316
0.0300 | L72.0 52362 <51.2 | «0.000233 0.006623 | 193 315
0.0325 | 480.C 495.8 -1£.8 | -0.000072 0.006276 | 186 304
0.0356 | L8L.0O Lo2.7 21.3 0.000097 0.005857 | 1718 291
0.0375 | LR8.0 | L37.2 50.7 0.000231 0.005535 | 172 281
0.0400 | 488.C L430.1 57.9 0.000263 0.005hhls | 170 278
0.0425 | 488.0 3.7 Ll.? 0.000202 0.005616 | 17k 284
0.0475 | 1k88.0 508.0 -2C.C | =C.C00091 0.006431 | 151 311
0.0500 | 488.C 535.7 ;7.7 | «G.000217 0.006781 | 198 323
0.0525 | 4k88.0 Shé6e2 £8.2 | =C.000265 0.00691) | 201 328

0.006782
(yn)max 000069 ft.

For interior support end of girder (fixed end of

h. Shear and Bond Strength.

idealized girder)

Viex = 328 kips (table 7.26)
For no shear reinforcement, allowable vy = 0.0hfé + 5000p (eq L.2k)

vy = 0.04(3000) + 5000(0.01205) = 120 + 61 = 181 psi
8V  8(328,000) _ .

V = 753 = “F{aohT.s - 192 psi

Shear reinforcement required for 452 - 181 = 271 psi

Contribution of shear reinforcement to allowable shear streirs = rfy
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_ 271
r = m = 0.00677

Try 4 #4, A = 0.80 in.

As 0.80
r=g== 2005 = 0.00677, .. s = 5.9 in., use s = 6 in.

2

For exterior support end of girder (pinned end of idealized girder)
Viax = 201 kips (table 7.26)
vy = 0.04(3000) + 5000(0.00171) = 120 + 9 = 129 psi

8v  8(201,000
= Tpa = T(20)(bz. 75y = 208 psi

v

Shear reinforcement required for 268 - 129 = 139 psi

13
r = mz—so = 00003)4'7 .

ry b k4, A = 0.80 in.

As  0.80 .
A Ok 0.00347; .. s = 11.5 in., use s = 11 in.

8V 8(201,000
U= T3 < T(eL.3 e, - 202 pel

Allowable u = 0.15f] = 0.15(3000) = 450 psi; OK

i. Sumary.

Girder 20-in. X 45-in. tee beam
7-44 FINAL DESIGN OF COLUMN. This column design for plastic behavior was
begun in paragraph 7-42. The calculations which follow . llustrate the

2

Bond

steps which are needed to determine the adequacy of the preliminary design.
The primary objective is the calculation of the lateral displacement of the
top of the coiumn as a function of time by a numerical Integration.

In the preliminary design of the column some of the factors which
affect the maximum deflection of the column are neglected to simplify the
computations. These factors which are now considered are: the variation
of plastic hinge moment with direct stress, the variation of column re-
sistance with lateral deflection, the effect of girder flexibility on the
stiffness of the frame, the difference between the load on the wall slab,
and the dynamic reactions from the wall which are used as the lateral design

load for the frame columns.
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Reference should be made to the preliminary design in paragraph 7-42.
a. Mass Computation.
Roof slab = 82.0 kips (par. 7-42b)

34.25(20)(41.67)150
12(12)1000

_ 12(20)13(150)3 _
Columns = 5B 1000 = 9.75 kips

Walls = 74.8 kips (par. 7-4&b)
Mass of single-degree-of-freedom system = total roof +

l * L] L] L Y
1 (colums + walls) = 82.0 + 29.8 +3g.g3(9 75 + 74.8)

Girder stem = = 29.8 kips

= 4.35 kip-secz/ft
b. Column Properties. (See par. 7-42h.)
b =12 in., t = 20 in., d = 17.56 in.

da' = 15.12 in., 4" = 2.4} in., A =Al=3 1n.2, p = 0.01k2
b
My = Asfdyd + P |0.5t - 3:75?2: (eq 4.32)
_3(52)(15.12) i 10 - D
= 12 I2 1.7(12)3.9
2
My = 196.6 + O.83Pb - 0.00105P,

c. Effect of Girder Flexibility. Consideration of the relative
flexibility of the girders generally results in a value of the frame elastic
spring constant k which is less than the value obtained for infinitely
stiff girders in the preliminary design (par. 7-08). To obtain this re-

vised value a simple sidesway analysis of the frame is made. From the
sidesway analysis k is the magnitude of the lateral load required to
cause unit displacement.

The elastic sidesway analysis (the results of which are shown in
figure 7.67) is performed for initial column moments of -1000 kip-ft at top
and bottom of each column. This is equivalent to a lateral displacement of

the top of the column.

2 2
‘o (F.§é¥.)h _ 1ooo(1h§63) o ok9 £t
6(3)10°(6890)
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400 kips From figure 7.67
- 980 R - ZM _2(950 + 975 +1000)
Lo 0.03;6_] oo@ h ll".63
33
2o L:470 i.470 L:a70 = 400 kips
[-]
s R 400
S k=3 ~70.259
A -975 -1000 -975
L 20120 :40 _I
r~ * In this example the girders

Figure 7.67. Sidesway analysis by

moment distribution

spring constants (par. 7-k2e).
d. Ioading. The Fn column of the numerical integration analysis

(table 7.27) is obtained from figure 7.68.

Table 7.27. Determination of Column Adequacy

are relatively stiff and there

is no significant reduction in

The first part of figure 7.68

P P
P n n
s n == %X |F_ =R + =X 2
t |Proot|3 = (PD)n Pn/hc My R F R B "nf'n" "n "B "n x (at) X,
(sec)|(ps1)| (kips) |(kips/ft)|(kips/ft)|(kips)|(kips)|(kips)|(kips) (kips) (£t) (£t)
o] o} 37.3 8.8 125 0 o] 62.5 0.00144 o}
0.01 | 2.90 48,1 3k.9 355 2.3| 0.1 352.8 0.00811|0. 00144
0.02 | 5.80 259.0 60.9 386 17.6| 0.7 369.1 0.00849]0.01099
0.03 | 8.70 369.9 87.0 366 4.4{ 2.5 322.1 0.00740|0.02903
0.0% | 8.30 354.6 83.h 358.9 168.9] 355 87.2] 4.5 272.3 0.00626]0.05447
0.05 | 7.90 339.3 79.8 357.3 168.1] o82 | 137.9| 6.9 151.0 0.00347{0.08617
0.06 | 7.51 324,k 76. 355.% 167.2] 145 | 167.2| 9.3 -12.9 -0.00030|0.12134
0.07 | 7.15 310.6 73.1 353.1 166.2| 100 | 166.2| 11.4 -54.8 -0.00126 0. 15621
0.08 | 6.84 208.8 70.3 350.9 165.1 55 | 165.1] 13.3 -96.8 -0.00222]0.18982
0.09 | 6.53 286.9 67.5 348.3 163.9 5k | 163.9| 1k.9 -95.0 -0.00218|0.22121
0.10 | 6.26 276.6 65.1 345.9 162.8 52 | 162.8] 16.3 -94.5 -0.00217|0.25042
0.11 | 6.00 266.7 62.7 343.3 161.6 51 | 161.6| 17.4 -93.2 -0.00214|0.277h6
0.12 | 5.76 257.5 60.6 340.7 160.3 50 | 160.3{ 18.3 -92.0 -0.00211(0.30236
0.13 | 5.5¢2 2k8.3 58.4 338.0 159.1 kg 1| 159.1( 19.0 -91.1 -0.00209(0.32515
0.14 | 5.30 239.9 56.4 335.3 157.8 47 | 157.8] 19.5 -91.3 -0.00210 0. 34585
0.15 | 5.11 232.6 sh.7 332.9 156.7 4 | 156.7| 19.9 -90.8 -0.00209 [0, 36445
0.16 | bh.o2 225.4 53.0 330.4 155. 45 | 155.5| 20.2 -90.3 -0.00208 [0. 38096
0.17 | 4.7h4 218.5 51.b 327.9 154.3 44 | 154.3] 20.3 -90.0 -0.00207 [0.39539
0.18 | 4.58 2124 50.0 325.5 153.2 43 | 153.2| 20.4 -89. -0.00206 [0. 40775
0.19 | 4.k4 207.0 L8.7 323.4 152.2 41 | 152.2| 20.4 -90.8 -0.00209 [0.41805
0.20 | 4.31 202.1 47.5 321.4 151.2 40 | 151.2]| 20,2 -91. -0.00209 (0.42626
0.21 | 4.18 197.1 4.4 319. 150.3 38 | 150.3{ 20.1 -92.2 -0.00212 {0.43238
0.22 | 4.06 192.5 45.3 317.5 149.4 36 | 149.4] 19.8 -93.6 -0.00215 {0.43638
0.23 | 3.94 187.9 kh,2 315.5 148.5 34 | 148.5] 16.4 -95.1 -0.00219 {0.43823%
o.24k | 3.81 182.9 43,0 313.3 147, 32 | k7.4 0.43789
0.25 | 3.70 178.7 42.0 311.4 146.5 30 | 16.5
* x = 0.Uh £t.
max
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is based on Vln dynamic reaction column of the wall slab analysis (table

7.23). The dynamic reactions for a one-foot width of wall are multiplied
by 18, the width of one frame bay.

The portion of the curve after t = 0.045 sec is based on the net

lateral overpressure curve (fig. 7.60). Here the values of F  are obtained ot
from

Fn= 1000 Pret = 22.2P oy Kips
where ﬁnet is in psi. The dimension 856 is equal to one-half the front

wall clear span plus the roof slab thickness, 1/2 (15.82) + 0.65 = 8.56 ft.
e. Numerical Integration Computation to Determine Column Adequacy.

The total vertical load Pn is obtained by multiplying the average roof
overpressure (fig. 7.61) by

(4h,25)(18)1kL
1000

= 115

and adding the dead weight of the roof system (112 kips). The (PD)n values
are the average axial column loads and are obtained by dividing the total .
vertical load by 3, the number of columns. The (PD)n column is used in the
formula of paragraph 7-U4b to obtain the value of (MD)n' The value of
(MD)n is used in turn to obtain the maximum resistance at any time from the
relation ‘
en(My)  2(3)(Mp),
(Ry), = R - 1B75 0.k7(My ),

R is equal to kx = l6OOxn in the elastic range. In the plastic

range the limiting value of R is R . The expression (ann)/hc indicates

the decrease in resistance corresponding to the increase in moment re-
sulting from the eccentric loading.

The basic equation for the numerical integration analysis in table
T.21 is

oo 2
X, 41 = xnﬂat) +2x - X, (table 5.3)

where
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P x P x
F -R + -2 F -R +-21B
o n n hc 5 n n h o
% ()" = — (&) =& 2 (0.01)

L.35

P
_ -2 _n
= 2.3(2077) [Fn -R + oy (xn)]
The time interval At = 0.0l sec used in table 7.27 is less than one-

tenth the natural period, T = 2n,[m7 = 6.28\[14. 35/1600 = 0.327 sec.

At = 0,01 < 94%%1 = 0.0327 (par. 5-08) in order to provide a more faithful
representation of the load curve (fig. 7.68). The allowable maximum

a8 R
displacement = ——= = 6(:112362) = 0.627 £t (par. 7-h2c and table 7.21). The

computed maximum displacement = O.44. Thus the design ap = 6 (8—22—,.,) = 4.2,
02
The design is satisfactory.
f. Shear and Bond Stress. '

Viex = -1%—2 = 55.7 kips (table 7.27)

For no shear reinforcement
Allowable vy = o.ohfé + 5000p (eq 4.24)
vy = 0.04(3000) + 5000(0.0142) = 120 + 71 = 191 psi

_ 8V _ _8(55,700) _
- i - A - X3 vt

Shear reinforcement required for 303 - 191 = 112 psi
Try 1 #4, A = 0.20 in.?

112
r = m = 0.0028

>

s _0.20 . . . _ )
r=go = 0.0028 = I ORE s = 5.95 in., use s = 6 in.
Lo = 8.9 in.

_ _8(55,700) _
“-7(57931_733-“071’51

Allowable u = 0.15f! = 0.15(3000) = 450 psi > LO7 psi; OK

NUMERICAL EXAMPLE, DESIGN OF A ONE-STORY REINFORCED-CONCRETE FRAME
BUILDING--EIASTIC AND ELASTO-PIASTIC BEHAVIOR

7-45 GENERAL. This numerical example presents the design of a typical bay
of a windowless, one-story, reinforced-concrete rigid-frame building in
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which the primary elements are

_ e ] permitted to deflect elasti-
1 ( o . _ cally and the others to deflect
Z{:: _.Fn—zus. : :;:; into the elasto-plastic region.
] | | | The example includes the design
'~-i;;:;;ﬁ :f'r“;;; 'i‘:flv;r_j J of a typical wall slab, roof
DA S0 ST slab, girder, and column.

6@ 18'-0" = 108'-0" The building consists of

R = — ‘:%k' reinforced-concrete rigid

ol I ‘ - i - . i frames and reinforced-concrete
2 % —$——+— ﬂ%—#’f— ~+~ vall and roof slabs. The wall
o 4#__ ' ' | ' | slab is a one-way slab span-
2 ! A_%%ﬁ_-_%k__ —+__r—%k__ , ning vertically, supported at
ZL_ ) . _ . ) ) the bottom by the wall footing

Plan ' | which is integral with the
foundation, and at the top by
the roof slab. The roof slab

is also a one-way slab spanning continuously over the reinforced-concrete

Figure 7.69. Plan and section of buildir.g

frames. The roof girders are tee beams formed by the roof slab and a rec-
tangular girder stem. The columns are rectangular tied columns symmetri-
cally reinforced in the strong direction.

7-46 DESIGN PROCEDURE. The over-all design procedure illustrated by this
example is essentially the same as the procedure detailed in paragraph 7-29

for the elastic design of a steel rigid-frame building with reinforced con-
crete walls and roof.

7-47 LOAD DETERMINATION. The computation of loads is explained in

EM 1110-345-413 and illustrated again in paragraph 7-19 for a one-story

building. In this example the necessary load curves are presented without
explanation or computation. The design overpressure of 10 psi is selected
arbitrarily for this example.

The overpressure vs time curves that are presented are:

(1) Incident overpressure vs time (fig. 7.70)

(2) Front face overpressure vs time (fig. 7.71)
(3) Rear face overpressure vs time (fig. 7.72)
(4) Net lateral overpressure vs time (fig. 7.73)
(5) Average roof overpressure vs time (fig. 7.74)
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Figure 7.7L Front face overpressure vs time curve
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B = 25.3 psi

| a=
T
)

-

24

[ > 15"
20F

-

\

= i
a i
© i
o
&;' 16 H+
=5
(2]
(7]
v
s 2
o |
@
2 o
°
@ i
o 8 233 BRARRDRAN . '
- 4 Initial idealized Load-Time Curve
o
2 H
4 : -
: i M
O . 8285852 28R8RR2s: Sossssss )
0] 0.l 0.2 0.3 0.4 0.5
T=0.06I Time, t (sec)

Figure 7.73. Net lateral overpressure vs time curve
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7-48 DESIGN OF WALL SIAB. The wall slab is designed by considering an

element one foot wide, spanning vertically between a fixed support at the

foundation and a pinned support at the roof slab. The wall slab is de-

signed to deflect through the elasto-plastic range up to the beginning of
the plastic range. This means that the

S —  — design load is expected to cause develop-
f ment of plastic hinges first at the fixed -
. support and then near midspan.
E> ?lus, Loters This is an example of a design for

! which the elasto-plastic design procedure
! . is used. Another method of design which
3 could be used utilizes the elastic design

procedure and an artificial maximum re-

o — -

. sistance (par. 6-1ke).

The design span length is equal to the clear distance between the

foundation and the roof slab. The dead load stresses are not considered in

a vertical wall. ‘
a. Design loading. The design load as idealized from the computed

loading shown by figure 7.71 is defined by:

B8:53.8kips
B = 25.3 psi = 25'3(iggglh'75 = 53.8 kips

T = 0.061 sec

Force { kips)

T:0.061sec

Time (sec) H = %2 = 53'820'061 = 1.64 kip-sec (par. 6-11)

b. Dynamic Design Factors. (Refer to table 6.1.)

Elastic range:

K = 0.58, Ky = 0.45, Ky = 0.78
R = SMpg K = 185EI

Im -~ L °? 1 13
v, = 0.26R + 0.12P, v, = 0.43R + 0.19P

Elasto-plastic range:
I(L = 0.6h4, KM = 0.50, K]_M
196
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L 384EI
le=1-.(MPs+2MPm)’ kep=—_

V = 0.39R + 0.11P
Plastic range:

Ky = 0.66

Avcrage values:
Kp = 0.5(0.58 + 0.64) = 0.61
K, = 0.5(0.45 + 0.50) = 0.47

Ry = Oty + 2)

~_ 160EI _

g = 3 (plastic design, Mp = MPm)
c. First Trial - Actual Properties.
Let Mpg = Mpy = Mp

Assume p = 0.015 at midspan cross section (par. 4-10)
Assume Cp = 1.7 (experience)

R = CgB = 1.7(53.8) = 91.5 kips
2 pf
M, pfdybd ( - —1—7%) (eq 4.16)

0.015(52)(1)d2 [ -

2 ] = 0.688d° kip-ft (4 in inches)

12Mp B (12)0.688d2
— =

R = s — = 91.5, .. d = 12.75 in.

m

Try h = 14 in., 4 = 12.5 in., p = 0.015, np = 0.15
M, = 0.688(12.5)2 = 107.5 kip-ft

1M 19(107.5 \
Rm=——L—— =J'1E.—75—l= 87.5 k.l.pS

I, = pn3/12 = (14.0)3 = 2740 1n.*

I, = b3 [%; + np(1 - k)é] = 12(a)3 [19:%222 + 0.15(1 - o.he)é]
- 0.905d3 = 0.905(12.5)3 = 1770 in.*

I, = 0.5(1g + It) = 0.5(2740 + 1770) = 2255 1n.h

ky = 2EL (160)3(10)°2255 _ 4y Kips/tt

13 (14.75)314%
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b A e
"n _87.5
"% T O30 " 0.037h4 ft
Weight = 15&%%%%%%%312) = 2.58 kips
Mass m = %é%g = 0.08 kip-sect/rt y
k) = %g% kg = 1.155(2340) = 2700 kips/ft -

_ _%%*m ky = 0.48(2340) = 1120 kips/ft

My
8(10 )
Ry, =—T = ](.1& gssl = 58.3 kips
R
Ve ='—;E = %%6% = 0.0216 ft
Ky
R -R
m 1m 87.5 - 58.3
y =y =y +-2—20_ 00016 + 222293 _ o, 0476 £t
m ep e kep 1120
d. First Trial - Equivalent System Properties. '
R, =KR = 0.61(87.5) = 53.4 kips (eq 6.12)
H, = KH= 0.61(1.64) = 1.0 kip-sec (eq 6.8)
m_ = Ko = O. 47(0.08) = 0.0376 kip-sec /ft (eq 6.2)

H
H

llKLMm 0.78(0.08
. K 6. 28{——2—%——21 = 0.0324 sec

W = (He)2 B (1.0)2
P = "Zm_ - 2(0.03(6)

e. First Trial-Work Done vs Energy Absorption Capacity.
= T/T_ = 0.061/0.032k = 1.88
R /B 87.5/53.8 = 1.63 (eas 6.15, 6.16)
tm/T 0.26 (fig. 5.29)
= (0.26)0.061 = 0.016 sec
Idealized load-time curve is satisfactory (fig. 7.71)(par. 5-13)
Cy = 0.091 (fig. 5.27)

= 13.3 ft-kips (eq 6.10)

Q
[

W= CMp = 0.091(13.3) = 1.21 ft-kips (eq 6.17)
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= Ry (¥, - 0.5y,) = 53.4 [0.0476 - 0.5(0.0216)]

t=
l

It

1.96 ft-kips (eq 6.18)

E > W, therefore the selected proportions are satisfactory as a
- preliminary design.
f. Second Trial - Actual Properties.
0.5(W_+ E)

0.5(1.96 + 1.2)
R K-L(y - 0. 5y )= (0.61) [0 oLk76 - 0.5(0. 0216)] = T70.5 kips (eq6.19)
R, = = (1210'688(1 = 70,5, . 4 = 11.2 in.

I L 14.75
Try h = 12.5 in., d = 11.0 in., p = 0.015
M, = 0.688d4% = 0.688(11)° = 83.3 kip-ft

1M, 12(83.3
Rm = i = lll' 752 68 kips
3
I, = bh - (12.5)3 = 1950 1n.%
‘ I, - o.905a3 - 0.905(11.0)3 = 1210 in.* (x = 0.b2)
I, = 0.5(I, + I,) = 0.5(1950 + 1210) = 1580 in. 4
3
ky = 160ET _ (160)3(10)°1580 _ 1640 kips/ft

13 (14.75)310b
R
m 68
yE=§=m=O.O)+15 ft

12.5(150)(14.75)

Weight = {T21000 = 2.3 kips
Mass m = 3—2'% = 0.0715 kip-sece/ft
Xy -1-2-5- kp = 1.155(1640) = 1890 kips/ft

—(%7 ky = 0.48(1640) = 788 kips/rt

M,

8(83.3

Rip =T =% 752 45.0 kips

R

1m 45

Y. = _T{— E_9_5 0.0238 ft
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R -R

- _ m lm 68 - 45,0
Yp = Vep = Ve * e 0.0238 + _78'82— = 0.053
g. Second Trial - Equivalent System Properties.

e = KRy = 0.61(68) = 41.5 kips (eq 6.12)
H, =KH-= 0.61(1.64) = 1.0 kip-sec (eq 6.8)
m, = Ko = 0.47(0.0715) = 0.0336 kip-sece/ft (eq 6.2)

’K]'.Mm

_ _ 0.78(0.0715)

T, = 2n -—kE = 6.28J T = 0.0366 sec
(He)2 1.0 2

Wy = —— =3 R 14.9 ft-kips (eq 6.10)

e

h. Work Done vs Energy Absorption Capacity.

Cop = T/Tn = 0.061/0.0366 = 1.67
Cp = Rm/B = 68/53.8 = 1.26 (egs 6.15, 6.16)
tm/T = 0.34 (fig. 5.29)
= (0.34)0.061 = 0.0207 sec
Idealized load-time curve is satisfactory (fig. 7.71)
Cy = 0.118 (fig. 5.27)
W =CM, = 0.118(14.9) = 1.76 ft-kips (eq 6.17)
E =R (y, - 0.5v,) = 41.5 [0.053 - 0.5(0.0238)] = 1.71 ft-kips (eq 6.18)

E =W, therefore the selected proportions are not satisfactory asa pre-

liminary design.

i. Preliminary Design for Bond Stress.

At bottom of wal

1 (at fixed end of idealized slab)

This section has smaller d than at midspan therefore p > 0.015.
16 for & = 10 in. and MP = 83.3 kip-ft, required p~0.0184,

From equation L.

, Estimated V= /2R
Outside Foce

2" Cove / No.8 Outside Face No.8
2 L )’,/ /4 ’, P . = 1/2 (68) = 34 kips

L] . o - ’ - —_ 1
e A ‘T“ . '/L\ 28 Allowable u = 0,15f!
U e PR L o)

Section ot Bose Section at Mldhclqu-}ncém = 450 psi (par. 4-09)
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_ 8(3k4,000

|<:

alkvr i 50 510 = 8.65 in,
Try #8 at /hin,A 2.23 1in. /ft, 2o = 8.9 in./ft
A
S
p -5— = mi%)- = 0 0186
At top of wall (at pinned end of idealized slab)
Estimated V = 1/3 R, = 1/3 (68) = 23 kips
8(23,000) _
%o = peoriiT.es = 0+2 in

Bond stress is not critical
Try #8 at b-1/4 in., A_ = 2.23 in.%, 20 = 8.9 1n.

>

_s 2.23

P =bd=m—5—(—l—2-5= 0.0165

J. Determination of Maximum Deflection and Dynamic Reactions by
Numerical Integration.

£
2 Pay) 2 [, (0.0165)52
Mo pfdybd (1 - 1_71,(;) = 0.0165(52)(1)(11.25) [1 T35 ]

o4.5 kip-ft (eq 4.16)

M 0.0186(52)1(10)2 [1 - oio%8§ 32 ] = 82.6 kip-ft

I, = ph3/12 = (12.5)3 = 1950 in.*

3 3
I, = bas [53- + np(1 - k)e] = 12(11.25)3 [0 13’2 + 0.148(1 - 0.42) ]
= 1290 in. b
I, = 0. 5(1 + I, ) = 0.5(1950 + 1290) = 1620 in. 4

Weight = 12.22138031;.75 = 2.3 kips

Mass m = =223 = 0.0715 kip-seco/ft

35,2
Elastic range:
&My
s 8(82.6
RlIn = T = T 75 = )-'J-l- 8 kips
i = 185EL _ (185)3(10)31620 = 1940 kips/ft
1 B3 (ab.75)31k
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R
Ly .8
Ye ='T{'I=I—9E6=O.O23 ft

Elasto-plastic range:

_ BMpg + 2Mp ) _ L[B82.6 + 2 (%h.5)
= - = =

R, TS 73.5 kips
384EI 384
k = =2=== = k, = 806 kips/ft
ep = 3 5(185) 1 ps/
R - R
= mim 73.5 - L4k.8
€p
"Effective Resistance” By providing equal areas under the "effec-
3 \r ’: fm: 733 tive resistance" line and the computcd elasto-
= re
s ———.&mi4_4_8_‘___ = . Y -
€ “E' | iSRG plastic reslz:i.{stance line, yp = O o43 £t (fig. 7.75)
g Yol l\ kg =1 710kips/ft m 73.5 1710 ki /ft
- c s = e oz = 1pPsS
)Tl o B " g T 0.083 i
€ [f ] ’55 yg * 0.043f1
| | |28  vep=00581r
L T - onal I _ o oo f0.78(0.0715)
. n kE 1710
Defiection, y (ft)
Figure 7.75. Resistance func- = 0.0358 sec
tion for 12-1"2-in. slab span-
ning 14.75 ft, fixed at one The basic equation for the numerical in-
support, pinned at . . . . o
other support tegration in table 7.28 isy_ _ , = yn(At) +
2y, -V, .1 (table 5.3) where
e \2
s 2 (Pn } Rn)(At)
yn(At) = KIM(m)
2
R - |
yn(At) = 5.78(0.0715) =1.62(10) (Pn - Rn) ft, elastic range
2
P - R_)(0.003)
2 ( n n -4 .
o _ -1 - £t to-plast
yn(At) 5. 7(0.0715) 1.62(10) (Pn Rn) , elizngep stic
(P. - R_)(0.003)2
2 n n -4
i = = 1, -R ) ft lasti
yn(\At) 0.66(0.0715) 1907(10) (Pn n) b4 Y S ¢ range

The time interval At = 0.003 sec is less than Tn/lO = 0.00358 sec(par.5-08)
The dynamic reaction equations are listed in paragraph 7-48b. The Pn values
for the second column are obtained from figure 7.71, multiplying by

144 (14.75)/1000 = 2.12.
202
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Table 7.28. Determination of Maximum Deflection and Dynamic Reactions
for Front Wall Slab
2

t Pn Rn Pn'Rn thAt) yn vln v2n
(sec) |(xips)|(kips)| (kips) (£t) (£t)  |(kips)| (kips)
0 53.8 0 26.9 0.00436 o] 6.5 | 10.2
0.003 | s1.2 8.5 k2,7 0,00692 | 0.00436 8. 13.4
0.006 | 48.5 | 30.3 18.2 0.00295 | 0.01564 | 13.7 | 22.3
0.009 | 45.9| 50.4 4.5 | ~-0.00073 | 0.02987 | 24.7 | 24.7
0.012 | 43.2| 61.2 | -18.0 | -0,00292 | 0.04337 | 28.7 | 28.7
0.015 | 4.6 | 69.7 | -29.1 | -0.004k71 | 0.05395 | 31.7 | 31.7
0.018 | 38.0| 73.5 | -35.5 | -0.0067T | 0.05982%| 32,5 | 32.5
0.021| 35.3| 73.5 | -38.2 | -0.00728 | 0.05892 | 32.1| 32.1
0.02k | 31.8] 59.k4 0.0507% | 19.2 | 31.5

*(¥p ) gy = 0-060 ft.

In table 7.28 the maximum computed deflection is (yn)max = 0.060 ft.
This is slightly more than the specified maximum displacement, yep = 0.054
ft. This is an acceptable difference for blast resistant design.

k. Shear Stress and Bond Strength.
For bottom of wall (fixed end of idealized beam)

Viay = 32-5 kips (table 7.28)

For no shear reinforcement

vy = 0.0hfé + 5000p = 0.04(3000) + 5000(0.0186) = 120 + 93

= 213 psi (eq 4.24)

8V _ 8(32,500) _
v = 754 = TUEI0} = 3h0 vet

Shear reinforcement required for 310 - 213 = 97 psi
Contribution of shear reinforcement to allowable shear stress = rf

Y
r =n(—);4‘0—0 = 0.00242

As 0.20 .
T = =gi/5% " 0.002k2; . s = 9.75 in., use s = 9 in.
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For top of wall (pinned end of idealized beam)

Vipax = 32:5 kips (table 7.28)

vy = 0.01|»f": + 5000p = 0.0L(3000) + 5000(0.0148) = 120 + T4 = 194 psi

_ 8V 8(32,500)
- % = TN A = 25 vt

Corner Dowels

34" I lNo.Bot At Shear reinforcement required for
Constr. Jt. y # 275 - 194 = 81 psi
A « . 0
r | S9~5 No.3 Stir. ot 7* 81
At 9Al T =15.000 = 0.00202
34 A:nm::l%qw :'i'm 0, 000 o
~4 No.3Stir. ot 7§ =
M9°'Alor:q \:c:u 2 Try 1 #4, AB = 0.20 in,
Staggered os Shown
. A
12
—:—;] % " r= B% = -?..SOS = 0.0%02;
No.B8ot No. 8 ot 4-2- 14'-9°
No.8 at 9 .
NO-‘C'Q'IZ'- e B = 11-65 in-, use 8 = ll 111.
4'-9" No.4 ot 18" Bond
T 2 Sotons watt - w= _8032,500) _yqp 1oy
. e* { Alternoti with .
-8 4N:. SOSN’:.OM ;" TZod 7 9)10
At 9"clong Woll
1 j Stoggered as Shown Allowable u = 0.15¢f"
Constr. Jt, c
. No.80'45'-}°°'." = 0.15(3000)
No.8 ot 9"

450 psi > 412 psi; OK

Note: Wall Steel to Have %CQver Inside
2" Cover Outside 1. Summary.
Foundation Steel Not Shown
Slab Steel Not Shown 12-1/2-in. slab

7-49 DESIGN OF ROOF SIAB. The design procedure followed in designing this
roof slab 1s similar to the design procedure for design of the wall slab in
paragraph 7-48. Consideration is given to ‘the static load stresses in this
case because they reduce the maximum resistance of the slab. Since the

procedures of this manual are

= v v~ =y ———

limited to single-span elements, U u

the slab is designed by considering T

the behavior of a one-foot-wide i !

element fixed at both ends and

spanning 18 ft between the frame

centerlines. The slab is permitted

to deflect through the elasto-plastic ‘
204
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range but not into the plastic range (fig. 7.76, page 208).

a. Design loading. Since the maximum deflection of this slab is
limited to the elasto-plastic region, this maximum deflection occurs in a
very short time (table 7.29, page 208). The rapid response means that the
design load for all slab elements may be based on the incident overpressure
regardless of the direction of motion of the blast wave. Only on the first
few feet from the front edge, for the blast wave moving perpendicular to
the long axis of the building, is the loading reduced by the vortex action
before the slab reaches its maximum deflection (par. 3-08d).

The design load as idealized from the computed

loading shown by figure 7.70 is defined by: NP
B = 10 psi = }9%%%%)}9 = 25.9 kips 3
T:0.38sec
T = 0.38 sec Time (sec)
b. Dynamic Design Factors. (Refer to table 6.1.)
Elastic range:
K_L = 0.53, KM = O‘hl) I&M = 0.77
1
e ) o 38MEI
1m L 1 3
V= 0.36Rn + o.1hPn
Elasto-plastic range:
K = 0.6L, Ky = 0.50, Ky = 0.78
R = 16M, x = JO4ET
m L ? ep 5L3
V = 0039Rn + Oolan
Average values:
K, = 0.5(0.53 + 0.64) = 0.58
Ky = 0.5(0.41 + 0.50) = 0.455

Kiy = 0.5(0.77 + 0.78) = 0.77

22MP

Re=—"T ¢rictitious maximum resistance)
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kE = ——h——26hEI "elastic" effective spring constant
L
¢. First Trial - Actual Properties.
Assume D,L.F. = 2,0 (experience)
R, = D.L.F.(B) = 2.0(25.9) = 51.8 kips (par. 6-11)
Assume p = 0.015
pf
2
M, = Pfdybd ( - r,,—gz,i;-) (eq 4.16)

= 0.015(52)(1)d" [1 - 0'1_?'1(%%]

_ M (22)0.68842
S 18

0.688d% kip-ft (4 in inches)

Rine

Try h = 9-1/2 in., d = 8-1/h4 in., p

=51.8, .. 4 = 7.85 in.

0.015, np = 0.15

M, = 0.6884° = 0.688(8.25)2 = 46.9 kip-ft

_ 22Mp _ 22(46.9)
L 18

R_¢ = 57.3 kips
I, = vh3/12 = (9.5)3 = 857 in
3 3
I, = ba [—kg- + np(1 - k)a] = 12(a)3 [5—)—0'13‘2 +0.15(1 - o.ha)z]
= 0.905a3 = 0.905(8.25)3 = 508 in."
I, = 0.5(1g + It) = 0.5(857 + 508) = 682 in.h
3
ky = 26l+§1 _ (26&)3(10 )682 _ 64 kips/et
L 18-(144)
Weight =[9'—5%5£2 + 6.0] 'i%'g_o = 2.25 kips
Mass m = —32?2 = 0.07 kip-sece/ft

d. First Trial -Equivalent Properties.

T = 21{\’1(.1Mm/kE = 6.284/0.77(0.07)/64% = 0.0576 sec

e. First Trial - Available Resistance vs Required Resistance.
Cop = T/Tn = 0.38/0.0576 = 6.6

D.L.F. = 1.92 (fig. 5.20)

t /T = 0.08 (fig. 5.20)
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t = 0.08(0.38) = 0.0304 sec

Required R . = D.L.F.(B) = 1.92(25.9) = 49.8 kips < 57.3 kips

The required Rmf < available Rmf’ therefore the selected proportions
are satisfactory as a preliminary design.

f. Preliminary Design for Bond Stress.

At t = 0.0304, P = (9'23322(18) = 23.8 kips (fig. 7.70)
V =0.39R + 0.11P = 0.39(57.3) + 0.11(23.8) = 22.4 + 2,62 =25.02 kips

Allowable u = 0.15f] = 0.15(3000) = 450 psi (par. 4-09)

vV _ 8(25,020) _
2 = o2 - ToCAe A5 - 1T o

Try #6 at 3-1/2 in., A = 1.51 in.2, %o = 8.1 in., h = 9.5 in.,
A |
- % 151 — ——
d =8.37, p = ba = 12(8.37) - 0.0151, L . . R .%ai.,gs"
hd —"\ ’ 4 I . Y.
np = 10(0.0151) = 0.151 Cvos Fcowr ENER

g. Determination of Maximum Deflection and Dynamic Reactions by
Numerical Integration.

pf
b =5t (1 ) - oo [ - A

49,0 kip-ft (eq 4.16)
Ig = bh3/12 = (9.5)3 = 857 1in.

k =‘J n p2 + 2np - np = 0.42

3
I, = ba’ %? + np(1 - k)é] - 0.905d5 = 0.905(8.37)° = 530 in.
L

M

M

I, = o.s(Ig + It) = 0.5(857 + 530) = 693 in.

Weight = tg;iééégl + 6.0] i%%ﬁ = 2.25 kips

Mass m = %é%g = 0.07 kip-secz/ft
Elastic range:
1 12(h
R, = —f— - velght = == - 2.25 = 32.6 - 2.25 = 30.3 kips
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3
ﬁ.l% = w = 950 kips/ft
L (18)°(144)
R

o -im _ 30.3
Ye = k, = 950

kl=

= 0.0319 ft

Elasto-plastic range:

.o

FH Rym* 30.3
e —
k | o950 hips/tt R
VL kgs 760kips/ft Y
/| | | kep 190 kips /1
I I Ye * 0.0319 f1

yg * 0.054 ¢t

Yo Y y,,\ Moximum Deflection
Deflection,y (ft)

41.2 - 30.3

= 0.0319 + 150

i
«d
+

Resistance, R (kips)

0.0319 + 0.057 = 0.089 ft
= ﬂE3_I = 760 kips/ft
L

Figure 7.76. Resistance R

function for 9-1/2-in. =3 _3_14-1-2 = 0,054 ft
slab spanning 18 ft : kE 160 s

T = 2ﬂ\,KIMm7kE = 6.284/0.77(0.07)/760 = 0.053 sec

The basic equation for the numerical integration in table 7.29 is

Yp+1 = Sl‘n(At)z +2y =Y, (table 5.3) where

n

Table 7.29. Determination of Maximum Deflection and Dynamic Reactions for Roof Slab

.. 2
1 P R Pn—Rn ¥, (at) Tn vn
(sec) | (kips) | (kips) (kips) (£%) (£t) (kips)

0 25.9 0 12.9 0.0060 0 3.6
0.005 25.5 5.7 19.9 0.0092 0.0060 5.6
0.010 25.2 20.1 5.1 0.002L4 0.0212 10.8
0.015 2L4.9 31.6 6.7 -0.0031 0.0388 15.1
0.025 2h.2 36.3 -12.1 -0.0055 0.0533 16.8
00030 2309 3701 -'13'2 -0.0060 00%78 1701
0.035 23.5 35.7 -12.2 -0.0057 0.0663 16.1
0.040 23.2 28.8 0.0591 13.6
0.045 22.8 11.b
0,050 22.5 11.2
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g ey o R )(at)?
n - K y(m)
(Pp. - R )(0.005)2
yh(ax)a = n0.77?0.07) = h.638(1o'1‘)(Pn - R ) ft, elastic range
(P - R_)(0.005)2
?n(At)e = n0.78?0.07) = h.578(10'h)(Ph - Rn) ft, elasto-plastic

range

The time interval At = 0.005 sec is approximately Tn/lo = 0.0053
5-08). The dynamic reaction equations are listed in paragraph 7-4Gb.

The Ph values for the second column are obtained from figure 7.70, multi-
plying by 144(18)/1000 = 2.59.

which

7-50

The maximum deflection (yn)max computed in table 7.29 is 0.0678 ft
is less than the allowable y of 0.089 ft.

h. Shear Strength and Bond Stress.

Voax = 17-0 kips (table 7.29)

For no shear reinforcement

Allowable vy = 0.0hfé + 5000p (eq 4.24)

vy = 0.04(3000) + 5000(0.0151) = 120 + 76 = 196 psi

_ 8V _ 8(17,000) _ _
V= 7d = 7(12)(8.37) - 13 peis OK

No shear reinforcement required

__8v__ 8(17,000
T Tzod T 7(3.1)8.37

Allowable u = O.leé

287 psi

u

0.15(3000) = 450 psi; OK

i. Summary.
9-1/2-in. slab

p = 0.0151

Zo = 8.1 in.

No shear reinforcement required

PRELIMINARY DESIGN OF COLUMN. A single-story frame subject to lateral

load behaves essentially as a single-degree-of-freedom system. In determin-
ing the requirement for the columns which are the springs of the system it
is not necessary to use the equivalent system technique otherwise used in

this manual for designing structural elements.
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e e Combining the principles .
T T = E‘Lg;rP;& of paragraph 6-11 and the equa-

I 3.7 [ 83" , ]_ﬂ:I:J ? tions from paragraph 7-06 re-

. sults in a procedure for pre-
- T - liminary design. In this pre-

5 . . liminary design the girders are )
assumed to be infinitely rigid to simplify the analysis. -
The column height from the girder centerline to the top of the foot-
ing is 13.75 ft. This dimension 1s used to determine the spring constant.
The maximum resistance computation is based on the clear column height,
11.83 ft.
a. Design loading. In the preliminary design it is an unnecessary
refinement to use the dynamic reactions from the wall slabs. The design
load is idealized from the net lateral overpressure curve. The height of
wall considered to load the frame is equal to half the clear height of the
wall plus the thickness of the roof slab

v 1475 _
h' = =52 + 0.79 = 8.16 £t ‘
The design load as idealized from the computed 8+ 537 kips
loading shown by figure 7.73 is defined by: g
_ . 25.3(14%)18(8.16) _ . g
B = 25.3 psi = 1600 = 537 kips
T:0.061sec
T = 0.061 sec Time (sec)
b. Mass Computation.
Roof slab 9:00120) | 6.0 18(5h = 122 kips
12 1000
18(32)50.5(150) _
Girder (assumed) ST A TI600 = 30 kips
18(30)(11.83)150(4) _ .
4 columns (assumed) S5 T(1000 = 26.6 kips
12.5(1k4.75)150(18)2 _
2 wall slabs T5(10007 = 83.0 kips
Mass of single-degree-of-freedom system = total roof slab + total
g - D6 8 .0
girder + S columns + i walls = 122 + 30 + O 33(26 + 83.0)
3 3 32.2 ‘

= 5.85 kip—seca/ft
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c. First Trial - Actual Properties.

Assume D.L.F. = 1.2 (experience)

R = D.L.F. (B) = 1.2(537) = 645 kips (par. 6-11)
Required M = Rmh/2n = 645(11.83)/2(4) = 955 kip-ft
Estimated average roof pressure = 6.4 psi (fig. 7.74)

Sh(18)6.4 (144 )
1000(%)

Dead load per column = % (122 + 30) = 38 kips
= 224 + 38 = 262 kips

Average blast load per column =

= 224 kips

Average column design load = PD

P
D
=Af d' + P, 0.5t - =—=——] (eq 4.32)
My s dy D ( l."{bfdc)

Iet p=p'=0.015, d' = (t - 7.5) in., 4" = 3.75 in., b = 18,
As = pbt
Substituting into previous MD equation and solving for t glves

955(12) = 0.015(18)t(52)(t - T7.5) + 262 [0-5’0 - _(_8')'—‘1,72i2 3.9

14.0t% + 25.0t - 12,037 = O, solving t = 28.h 1in.

Try section 18 in. by 28 in., 4 = 28 - 3.75 - 24.25 in.
Assume d"/d = 3.75/24.25 = 0.155,

m=np + (n - 1)p' = 0.15 + 9(0.015) = 0.285

a=np + (n - 1)p*' d"/d = 0.15 + 9(0.015)0.155 = 0.171
k = 0.37 (table 11 RCDH of ACI)

_ bt3 _ 18(28)3 L

I, = bad [53E + (n - 1)p' {kz - 2k(a"/d) + (d"/d)e} + np(1 - k)2]

= 18(2h4.25)3 [[(0.37)3/3]+ 9(0.015) {(0.37)? - 2(0.37)(0.155) +
(0.155)2} + 0.15(1 - 0.37)2 = 258,000 |0.0169 + 0.135(0.137 -
0.115 + 0.024) + 0.0595| = 258,000(0.0826) = 21,300 in.

I, = 0.5(1g + It) = 0.5(32,900 + 21,300) = 27,100 in.

d. First Trial - Determination of D.L.F.

_ 12EIn _ 12(3)103(27,100)k4
w3 (13.75)%1k
x, = R /k = 645/10,450 = 0.062 ft

k = 10,450 kips/ft (eq 7.10)
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T, = 2n4[m/k = 6.284[5.85/10,450 = 0.148 sec
T/T, = 0.061/0.148 = 0.41

D.L.F. = 1.06, tm/T = 0.94 (fig. 5.20)

t, = 0.94(0.061) = 0.0575 sec

The original idealized load-time curve should be revised to obtain a
closer approximation to the total impulse up to time tm' The impulse up to
t = 0.060 sec in figure 7.73 is

H = 0.898 psi-sec (obtained by graphical integration)

T = 2H/B = 2(0.898)/25.3 = 0.071 sec

T/Tn = 0.071/0.148 = 0.48

D.L.F. = 1.15, tm/T = 0.85 (fig. 5.20)

The revised idealized load is satisfactory because t, = 0.85(0.071)
= 0.060 sec

Required moment = (B)D'ng'(h) =231 léls 11.8 = 915 kip-ft

Required moment is less than available moment. Let us investigate

possible reduction in size.
e. Second Trial - Actual Properties.

P
D
=Af d' +P (0.5t - ——=+—] (eq 4.32)
My = Asfay D ( l.7bfdc)

(915)12 = 0.015(18)t(52)(t - 7.5) + 262 [0.51: - 1.72? 3‘9]

2 4 25.0t - 11,547 = 0, solving t = 27.8 in.

The first trial proportions are satis-

1k.0t

I%‘ Cover\
4 factory. An actual column section is se-
y T-_{- lected to establish the column plastic bend-

{ {No-3Tles  ing moment for use in the girder design that

20.63" follows in paragraph T7-51.

a" = 3.687, 4 = 24,32, &' = 20.63
I 2
Z1E 24" 8#9, A = A' =8.0 in.
\w~~a9‘£r-‘ - 8
= p = p' = 8.0/18(28) = 0.0159
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M, = 8.0(52)(20.63) + 262 [1h - 177%%57375] (eq 4.32)
= 8600 + 3070 = 11,670 kip-in. = 970 kip-ft
The previously computed value of I will be satisfactory for the
ccxputation in paragraph 7-51.

T-51 DESIGN OF ROOF GIRDER. The design of the girder in this example is
performed in the same manner as the girder in paragraph 7-43 since both

girders are designed for elastic action. Reference should be made to para-
graph 7-11 for a detailed discussion of the design of roof girders.

The front girder span is
critical. Previous considera- —D

tion of the variation of local

roof overpressure with location
along the span from front to

et

A -
back of the building has shown 7 e

khat for the front girder the

incident overpressure may be used as the local roof overpressure because

the maximum response of the girder generally occurs before the vortex ac-
tion has an opportunity to cause the local roof loading to vary strongly
from the incident overpressure. This can be seen from a comparison of the
times for maximum displacement of the girders in tables 7.9, 7.21, and 7.26
with the local overpressure data in paragraph T7-23.

fixed-pinned tee beam is considered. Reference is made to para-
graph 3-20 and table 6.4 for design constants.

a. load Determination. The girder loading is obtained in figure
7.77 from the numerical integration for the roof slab (par. 7-49d, table
7.29).

After t = 0.045 sec the load on the girder from the slab is assumed
to be equal to one-half the load on the slab. The time required for the
shock front to traverse the girder is considered in establishing the load-
time curve by plotting the dynamic slab reactions at the ends of the girder
and averaging over the span. The time required for the shock wave to travel
the length of the girder is

= 0.011k4 sec
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24 et
 Multiply Average by 32 to Obtain Girder Load]
» ; ;
c 1T
2 20 o HHEH B =16.0 3
Q SEngans 111 { J’ f T I
o Front End of Girder ‘ :
& ) . et : i
(S T . H us 1
E 16 S g F b
O
c. | =
Q : - g a
~ ] :
E a |2l ﬂ’i = Hr
o : $ H
o >: 4 .
o : Rear End of Girder
o f # :
a 8
O
O
r H : ’ -
Q 4 [ e |dealized Load-Time Curve IH
~J 1
EEiEe i Average
0 FEEH ! i
0o 0.0l 0.02 0.03 0.04 0.05
0.0114
—————————pp{ .
Time,t(sec)

Figure 7.77. Local and average slab dynamic reactions for incident overpressure,
blast wave parallel to girder
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The idealized load-time curve imposed on the roof girder by a slab on

B = 32.0kips/ft

B = 2(16.0) = 32.0 kips/ft |
Tr 20.025 sec

Time (sec)

Force (kips/ft)

T,. = 0.025 sec
b. Elastic Range Dynamic Design Factors. (Refer to table 6.k4.)
K; = 0.58, Ky = 0.45, Ky = 0-78

Kk = f3EI/L3 (fig. 6.29)

R = flMPS/L (fig. 6.27)

Moos = £ M (fig. 6.28), M = RlL/fl (fig. 6.27)
V) = 0.26R + 0.12P
v, = 0.43R + 0.19P

c. Mass Computation.
Slab and roofing = [9‘51350) + 6.0] :{8 3“3 = 40.5 kips

00
. _ 18(36)150(16
Girder (estimate) = 'i'é'('l'e)'ﬁbé'o'l = 10.8 kips
40.5 + 10.8

Total mass = = 1.59 kip-seca/ft

32.2
d. First Trial - Actual Properties.
Estimate tee beam action for first trial, f; =9, f, = 0.67, f3 = 2ko
Assume D.L.F.(B) = 1.05 (experience)
R = D.L.F.(B) = 1.05(32.0)16 = 540 kips

Moment in girder at interior support (fixed support) due to static

{4
M = %_L _ {10.5 +810.8)16 - 103 kip-ft

Moment in girder at midspan due to static loads
_OWL _ 9(51.3)16 _
- 3 - AR~ 50 wapre
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steel

Support moment from column
% M, = % (970) = 646 kip-ft (par. 7-11 and 7-50)

Midspan moment from column = O
Support moment required for vertical blast loads
R L
M= B S80(6) | o6h wap-rt
9 9
Midspan moment due to vertical blast loads

Mpos = f M = 0.67(960) = 640 kip-ft

Total support moment = 960 + 646 + 103 = 1709 kip-ft
Total midspan moment = 640 + O + 58 = 698 kip-ft

T-51d

Ratio of midsvan tension reinforcing to interior support reinforcing

= 698/1709 = C.hk1

Mb 0.688bd° = 1709(12) = 20,500 kip-in.

Try b = 20 in.

d = 4/20,500/13.76 = 38.6 in.
Try d = 38.5, h = L2 in.

Rectangular section at the support

I, = 20(42)3/12 = 123,500 in.*

np = 10(12)/20(38.5) = 0.156
np' = 10(6)/20(38.5) = 0.078
m=np+ (n-1)p''=0.156 +-l9—0- (0.078) = 0.226

g=np + (n - 1)p' %'- = 0.156 + -]% (0.078) %é%g- = 0.160

k = 0.39 (table 11, RCDH of ACI)
kd = 0.39(38.5) = 15.0 in.

Iy = 29£%223 + 12(20)(23.5)% + 9(6)(12.75)°
4

22,500 + 66,400 + 8,800 = 97,700 in.
L

]

-
]

(Ig + L,.)0.5 = 110,600 in.

216

- pf
= _dy ). 2 ) 0.015552;
M, pfdybu (1 l'7f<'1c) 0.015(52 Jbd [1 W €




T-51e EM 1110-345-417
15 Jan 58

Tee section at midspan

Tension reinforcement at midspan = 0.41(12) = 4.8, use 5 bars

=96(9:5)° | 20(32.5)°
7 = 2 2 _ 4330 + 10,600 _ 6270 _ ) o ;
%(9.5) + 20(32.5) -~ o1l + 650  ~ 1561 ~ -0 %

3
_ 96(§.5) . 20(32.5)3_ 1561(4.0)2

L

- 27,400 + 229,000 - 25,000
231,400 1n.*

np = 10(5)/39.13(%) = 0.0133
np' = 10(3)/39.13(9%6) = 0.0080
m=mnp+(n-1)p =0.0133 + <5 (o 008) = 0.0203

_2.25
39.75

qg=np + (n - 1)p' -— = 0.0133 + < 10 (0.008) = 0.0137

k = 0.145 (table 11, RCDH of ACI)
kd = 0.145(39.75) = 5.76 in.

3
I, = %6(.76)° + 9(4)(5.76 - 2.25)2 + 10(8)(39.12 - 5.76)2

t 3

I, = 6150 + L43 + 89,000 = 95,600 1n.h
L

I, = 0.5(1g + It) = 163,500 in.

1,/1, = 110,600/163,500 = 0.68
£, = 9.0 (fig. 6.27)
0.68 (fig. 6.28)

1

Hy
i

o6 (fig. 6.29)
e. First Trial - Determination of D.L.F.

_5EL 2&6(3)(10)3(110 600) _

k., = = 138,000 kips/ft
1o (16)314h
T = 2ny[Km/k, = 6.284J0.78(1.59)/138,000 = 0.0189 sec

Tr/Tn = 0.025/0.0189 = 1.325
D.L.F. = 1.2 (fig. 5.21)

t /T, ~ 1.25 (fig. 5.21); OK (see fig. 7.77)
Required R = 1.2(32.0)(16) = 615 kips
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At the interior support section

2
_ 0.01 0(38. .
M, = 56 5%22 1.0 ?% 3.92 = 1760 kip-ft

The moment available at the support to resist the effects of vertical
blast loads is

M = 1760 - 646 - 103 = 1011 kip-ft

The available resistance is then

R, = flM/L = 9.0(1011)/16 = 569.6 kips

This girder is inadequate, 569 < 615

Increase reinforcing at support to 13 bars and continue with same
girder. The moments of inertia will not change appreciably (par. 7-43).

f. Preliminary Design for Bond Stress.

Estimated V= o.6enm = 0.62(615) = 381 kips

Allowable u = 0.15f! = 0.15(3000) = 450 psi (par. 4-09)
\ 8(381,000

= Ty = = -O .
zo wja 5007 5 25 in
A =13 #9 bars in two rows, A =13 1n.2

£o = 6.0 in., p = %% = 56(%8737 = 0.0169

g. Determination of Maximum Deflection and Dynamic Reactions by
Numerical Integration. Since the trial size is to be used for the numerical
integration with only minor modification,reference is made to the previous

computations for pertinent data.

Revised _ 20(32.5)16(150) _
girder weight -~ 12(12)1000 - 10.8 kips (same as estimate)

3 || Total mass = 1.59 kip-sec®/ft
E Rim=650
x 'T ————— -1} )
s u,l I | k, = 138000 kips /1 M = 1760 1> ~ 646 - 103 = 1156 kip-ft
s Ye® 0.0047 f1 .
& L/:Monlimum Deflection Rm = i - 2.01$ 1156! = 650 kips
Ye Yep _
Deflection, y (ft) kl = 138,000 kips/ft
R
Figure 7.78. Resistance y = _1m = 650 = 0.0047 ft
function for girder € 1 138 »000
spanning 16 ft
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Table 7.30. Determination of Maximum Deflection and Dynamic Reactions for Girder

s S e
v Pn Rn Pn'ﬁn y n (At)2 n v2n Vln ﬂ

(sec) | (kips)|(kips) | (kips) (£) (ft) |(idps) Kikips)
0 0 0 3 0.000010 0

0.002 19 1 18 0.000058 | 0.000010

o.00k | 51 1 Lo 0.000129 | 0.000078

0.006 | 90 38 52 0.000167 | 0.000275

0.008 | 14l 88 53 0.000171 | 0.000639

0.010 | 202 162 4o 0.000129 | 0.00117L

0.012 | 262 25 8 0.000026 | 0.001338

0.0k | 301 | 349 -8 -0.000155 | 0.002526

0.016 | 333 | L23 =90 ~0.000290 | 0.003063

0.018 | 365 | L56 =91 ~0.000293 | 0.003308

0.020 | 403 | LSO 7 -0.000151 | 0.003260

0.022 | Lsh | k22 32 0.000103 | 0.003061

J.02L | L86 | LO9 77 0.000218 | 0.002965

0.026 | 506 | L30 76 0.0002L5 | 0.003117

0.028 | 518 | L85 33 0.000106 | 0.00351L

0.030 | 525 | 554 =29 ~0.000093 | 0.004017

0.032 | 528 | 611 83 =0.000267 | 0.00LL427

0.03L | 525 | 631 ~106 -0.0003L41 | 0.004570| 371 227

0.036 | 518 603 -85 ~0.000274 | 0.00L372

0.038 | 506 0.003900

The basic equation for the numerical integration in table 7.30 is
. 2
Vo 41 = )™ + 2y -y, _, (table 5.3)
2
(1=n - Rn)(0.002)
0.75(1.59)

- R 2
yn(At)2 _ (P, - R )at) i

K

In table 7.30 the time interval At = 0.002 sec is approximately
Tn/lo = 0.00189 sec (par. 5-08). The dynamic reaction equations are listed

= 3.22(10'6)(1>n - Rn) ft
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in paragraph 7-51b. The Pn values for the second column are obtained from
figure 7.77 multiplying by 2(16) = 32 to account for the 16-ft-span length
of the girder and the two slabs loading the girder. The (yn)max value
= 0.0044 ft = Ye* The design is satisfactory for this consideration.

h. Shear and Bond Strength. For interior support end of girder
(fixed end of idealized girder)

Viax = 371 kips (table 7.30)

For no shear reinforcement allowable vy = 0.0hfé + 5000p (eq 4.24)

vy = 0.04(3000) + 5000(0.0156) = 120 + 78 = 198 psi

_ 8V _ 8(371,000) _
V = 7od = 7(20)3B.55 - 20 psl

Shear reinforcement required for 550 - 198 = 352 psi

Contribution of shear reinforcement to allowable shear stress = rf

22 _
r=1fq}m_0.0088

r = fﬁ = 9499 = 0.0088; .. s = 4.55 in., try s =4 in.
bs 20s * r e ?

For exterior support end of girder (pinned end of idealized girder)
V. = 227 kips (table 7.30)
vy = 0.04(3000) + 5000(0.00133) = 120 + 6.6 = 127 psi

8v  _ 8(227,000) _
Tod =~ 7(20)39.75 ~

Shear reinforcement required for 326 - 127 = 199 psi

326 psi

VvV =

A
s _ e _ ]
T = %s =~ 30(s) - 0.00498; .. s =8.01in. try s =8 1in

Allowable u = 0.15f = 0.15(3000) = 450 psi; OK
i. § Y.

20-in. by 42-in. tee beam

Maximum tension reinforcement = 13 #9 bars

p = 0.0156
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No.4 Stirrups at 8 No.4 Stirrups ot 4"
8 A
- /& - ATEG—
—= = L -
T, _ 17
| | [ S '
o ' T
4‘t)' g L. Lo -~ 2
F‘i & Al 4z’
. 160"
; -
20"
- [ I XX XR Y}
LT R J L X 1]
Effective Section ot B-8
Note. 2" Pcotection 42"
for All Steel
20080
20"

Effective Section at A-A

Shear reinforcement at interior end of girder, 4 #4 at 4 in.
Shear reinforcement at exterior end of girder, 4 # at 8 in.
T7-52 FINAL DESIGN OF COIUMN. This column design for elastic behavior was
begun in paragraph 7-50. The calculations which follow illustrate the
steps which are needed to determine the adequacy of the preliminary design.
‘ The primary computation is a numerical integration in which is determined
the time variation of ti.e lateral displacement of the top of the columns.

In the preliminary design idealized lcads and resistances are used
in order to simplify the computations. In the final design, however, these
idealizations are no longer used. This results in consideration of the
following factors which have been neglected: (1) the variation of plastic
hinge moment with direct stress, (2) the variation of column resistance
with lateral deflection, (3) the effect of girder flexibility on the stiff-
ness of the frame, and (4) the difference between the two design loads; one
determined from the product of the front face overpressure and the wall
ares and the other determined from the wall slab dynamic reactions.

a. Mass Computation.

Roof slab = 122 kips (par. 7-50b)

_ 20(35.5)50.5(150) _
Girder stem = —_$T§TT%7i55g_——l = 37.3 kips

18(28)11.75(150 )4
12( 12 )1000

‘ Walls = 83.0 kips (par. 7-50b)

Columns = = 24.6 kips

221
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Mass of single-degree-of-freedom system = total roof slab +

T-52b

122 + 37.3 + 0.33(24.6 + 83.0)

total girder +-% (columns + walls) =

32.2
= 6.05 kip-sec?/ft
b. Column Properties. (See par. 7-50e.)
b=181n., t=281in., 4 = 24.32 in., d' = 20.63 1in.
" . 2 ' = 8 -
a" = 3.687 in., AS = AS = 8.0 in., p=1p' = EBIEET§§7 = 0,0183
=Af. 4d' + PL{0.5t - =—==—=7] (eq 4.32
MD s dy D 1.7bfdc
P P
_8.0(52)20.63 . 'D [ D ]
= 12 *15 [ - 1.7(18)3.9

2
716 + 1.16Pb - o.ooo7PD

"p

c. Effect of Girder Flexibility. Consideration of the relative

flexibility of the girders and columns generally results in a value of

the

frame elastic spring constant k which is less than the value obtained for
the assumption of infinitely stiff girders (par. 7-08) in the preliminary

design.
frame is made.
lateral load required to cause unit displacement.

From the sidesway analysis,

545 kips

2
e [0
5%
85
—
gl®
2y 1.2000 1. 2000 1.2000 L .2000
-2 L L L L
=l o
N| ¢
0|z
ng -928 -976 -976 -928
e U b bid b
{
‘ 30116 :48-0" !
e _.._30 0

Figure 7.79. Sidesway analysis by moment distribution

The elastic sidesway analysis (the results of which are shown in
figure 7.79) is performed for initial column moments of 1000 kip-ft at

To obtain this revised value a simple sidesway analysis of the
k 1is the magnitude of the

top

and bottom of each column. This is equivalent to a lateral displacement of

the t f th .
e top o e column op0
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2 2
x = {EEl ) 1000(133.5& B _ o.0585 £t
6(3)10°(27,250)
From figure 7.79
X 2
R = _hﬁ - (856 *$§3T€gs3 + 976) = 5]*5 kipB
R 545
k = ¥ = 57055 = 10,000 kips/ft

(table 7.31) is obtained from figure 7.80.

d. loading. The Fn column of the numerical integration analysis

Table 7.31. Determination of Column Adequacy

The first part of figure 7.80

t Pn (Pa.v) n (MD)n (Rn)n F1'1 Rn Fn - Rn *n(At)z X
(sec)|(kips)| (kips) [(kip-ft)}(kips)|(kips)| (kips)|(kips) (£t) (£t)
0 159 ko 761 | 517 200 0 100.0 | 0.00165 0
0.01L | k67| 117 843 {573 | L75 | 16.5| L58.5 | 0.00757 | 0.00165
0.02 775 194 915 | 622 | 475 |108.7 | 366.3 | 0.0060L | 0.01087
D (o003 | 1083 e | 979 |666 | 275 [261.3| 13.7| 0.00023 | 0.02613

0.0 | 1358 | 3kO 1029 | 699 | 230 |L16.2 | -186.2 | -0.00307 | 0.CL162
0.05 | 1308 | 327 1020 | 694 | 185 |SLO.k | -355.L4 | -C.00586 { 0.05LOL
0.06 | 1259 | 315 1012 | 689 | wh |606.0 | -u62.0 | -0.00762 | 0.06060"
0.07 0.05954
* (x) . = 0.061 £t

is based on the vln dynamic reaction column of the wall slab analysis

(table 7.28).

The dynamic reactions for a one-foot width of wall are

multiplied by 18, the width of one frame bay. The portion of the curve
after t = 0.025 sec is based on the net lateral overpressure curve (frig.
7.73). Here the values of Fn are obtained from -lsnet in psi by using

144(18)8.16 =

F =
n

Wk(18)8.16

1000

Pnet.

= 21. 2Pne

t

kips

The dimension 8.16 is equal to one-half the front wall clear span plus the

roof slab thickness Sl—hélsl + 0.79 = 8.16 ft.
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80. Frame design lateral load

Figure 7

Computation to Determine Column Adequacy.

1i0on

1 Integrat
1 load P

ica

Numer

€.
The total verti

ing

iply
140 and add-

the second column is obtalned by mult

in

n

[

ca

the average roof overpressure (fig. 7.74) by [54(18)144]/1000

ing the dead weight of the roof system (159.3 kips).

). values are
av’n

The (P

22
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the average axial column loads and are obtained by dividing the total ver-

tical load by the number of columns, 4. The (Pav)n column is used as Py

in the formula of paragraph 7-52b to obtain the value of (Mb)n' The value

of (MD)n is used in turn to obtain the maximum resistance at any time from

the relation

2(4

_E_ZEHQZE = 0.68(M.)

11.75 MD n

Rn is equal to kxn = 1O,OOOxn in the elastic range.

®,), =2 (M) =
c

The basic equation for the numerical integration analysis ir table
7.31 is

o 2
X = xn(At) +2x - X

n+ 1 (table 5.3)

~ 1

where

gn(é¢)2 - EEEL:_Eﬁz (A.t)2 = (Fn.;s a (O.Ol)2==O.l65(16h)(Fn-Rn) ft

The time interval At = 0.0l sec used in table 7.31 is based on the
natural period, T = 2nqm/k = 6.284/6.05/10,000 = 0.1545 sec

At = 0.0 « Tn/lo = 0.01545 sec (par. 5-08)
In table 7.31 the design is elastic because R < (Rm)n, i.e.,
606 < 689.

f. Shear and Bond Stress.

606 .
Viex = L = 151.5 kips (table 7.31)

For no shear reinforcement,
Allowable vy = 0.0hfé + 5000p (eq 4.24)
vy = 0.04(3000) + 5000(0.0183) = 120 + 90 = 210 psi

8v _ _8(151,500) _
v = Tod = T(1B)(2k.32) T 5 Pt

Shear reinforcement required for 395 - 210 = 185 psi
2
3 #3 colum ties, A_ = 6(0.11) = 0.66 in.

185
r =m = 0.00’4-62

H
]
ala™

= 0.00462 = %5%27 ; & s =7T.95 in., use s =8 in.
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li.mm\ Zo = 32.0 in.

— %:‘( u 7T%éig%f539%§7 = 222 psi

|} -No-3Tles Allowable u = 0.15f; = 0.15(3000)
‘ = 450 psi; OK

g. Summary.

18 in. by 28 in. tied column

A =A!=8.01n2

3 #3 ties at 8 in.

L L o = 32.0 in.

20.63"
28"

21

% _

16-No.9

DESIGN DETAILS

7-53 STRUCTURAL STEEL DETAIIS. To illustrate the type of design details
that might be necessary, typical details for purlin to girder, girder to
column, and column to foundation connections are presented.

Purlin to Girder Connection. The heavy end reactions and moments
make necessary both seat angles and web plates. The web plates stiffen
the purlin web near the connection where the longitudinal stiffeners must

A A,
2 a (| (/s
| f— TP
1 4 -1 . ¢ "
{ . r?:, — s ) | 1" spirol Looped
16w 36 \ p around Slab Steel and
[ =L w— ]f Welded to Top Flange
mew sxgnzr b\ A\
L [ J 16 W 36
e BRr s i
Longn Stir | -1 i 4
. *XZ{- R Full Length ‘R P——T i
ki v e
_V/ F <
rs L ¥xixoy
3
A 4
Note: Fillet Welds 5
Unless Otherwise Noted.
All Bevel Welds Full
Thickness of Par?t. 6 w160
< °
>
Middle Column Purlin to Girder Connection
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be cut. The stiffeners on the girders are not shown. The roof slab is
held down by a steel spiral looped around the slab steel and welded to the
purlin flange.
Girder to Column Connection. The shear force in the column web

reaches a large value in the region between the girder flanges, necessitat-
ing column web reinforcing plates.

13—~ 47
8 " .
-2 4 8
e e N
1|
6 -r
— - "
7 10" S
Top R for 16" 2
16 W Top R for 36W
—
1 I lll 1J I_,— 1
1 16w 36
A
d
R3fxFx2-4 il
.‘i
| [}

Col.Web Reinforcement [ !
Eoc.SideR 7} X § x 3'4"
Shop Weld § Fillet All "
Around, 4-| Plugs 8¢c-c

Down ¢

Girder To Column Conn.

Column to Foundation Connection. The base plate is shipped attached

to the column to make possible a simple connection with reliable and easily
inspected shop welds.
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6-2"¢ x 3'~2"Anch Bolis

7-5k

II Y - r \

UJ L‘A LI"G?OU' l . I I :

l Drill 6-2% Holes — V"V

] 1
*f + 3

| ) 5 ]

2-0"

| £ 9“ E , +

* 3u / H
— - 9 9" 4
3 I'-§ 3 " 2'-2"
2-0" Anchor Plate: ® 8x 13 x2'-2"

Base Piate: B 24"x ¥x 2'-0"

Column to Foundation

7-54 REINFORCED CONCRETE DETAILS.

Typical details are presented to suggest

possible treatments in critical locations.
Girder and Column Steel.

Bars at the intersection of the girder and

Girder and Column Stee!

228

——-——L

3N0.9 X4-0" e A Bo g LSymm
+ 2 Hooks~, 3 No. 9y
Ea.S / o
0.Stir. {
" a
4 No. 37 % ra I q [ )|
1
6 Stir.ot Il 6No.93 15 Stir.at 6= 7-C ;r
A7 ' . |'-
6 No.9 . : 5- 4-7 A LDB 3
- 3No.9 X 8-0"+ 2 Hooks
Section A-A ]| Note: Use Equal Corner  3N0.9 Y oL
—1| Dowels Lapped 40 Dla. 12 c : Tc- i
10 No.9 —J| or Bend Top Girder Bars Y
1| Down ot Outer Cois awetd to 29" {3N0.9 i
1| Bors in Outer Face of Col. SectionC-C
—1| Other Col Bors Bend Over &
Ea.Stir. Extend 3-9, Form Hounches Dowels
4 No.4 0 as Shown, Coll'mm and Girder 3 No.9 Eo. Side
Steel to H 1¥2Protection. Slab "
L) L\ 51::l a° Fo“u%uﬁon' gt::l '::0 S':wn X 5"-0'Long
i 20'-0"cc cols. L
N r| F 2-¢"
6 No.91 o\l s
20 5 %"
Section 8-8B
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the outer column are shown butt-
welded although dowels may be
used. Dowels are shown else-
where. The girder stirrups are
bent to act as ties for bars in
compression.

Wall and Roof Slab Section.

Corner dowels are placed to
minimize any tendency to tear

out of the concrete due to either
inward or outward pressure.

Shear reinforcement is arranged
.in a staggered pattern across
the face of the wall.
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Corner Dowels No.8 at 10" } Cover Top and Bottom

2No.2 Stirrups at 14"
At 5"Along Wall, Staggered

No.8 at IO"-:j
No.8 ot lO"Af/
No.4 ot 12— |

No.4 at 18"

5'-0" 4 No.3 Stirrups of 2"
At 10"Along Wall
T Alternating with

3 No.3 Stir. ot 12"
At 10" Along Wall

Stogger Adj.Groups osShov'm

Constr. Jt.
hNo. 8 ot 5'Dowels

Note: Wall Steel to have -}-cover Inside
2'Cover Outside
Foundation Stee! Not Shown
Roof Slab Shown at Midspan

Wall ond Roof Slab Section

C. H. DUNN
Colonel, Corps of Engineers
Executive
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