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ABSTRACT

A COMPUTER-BASED OPTIMIZATION METHOD FOR
PLASTIC DESIGN OF BRACED MULTI-STORY STEEL FRAMES

by
LEROY ZACHARY EMKIN

Submitted to the Department of Civil Engineering on October 3, 1969 in
partial fulfillment of the requirements for the degree of Doctor of
Philosophy.

A method is developed for plastic design of both braced and
unbraced multi-story steel frames including a consideration
of elastic stress and elastic deflection constraints. It is
applicable to rectangular multi-story planar frames of steel
with coplanar loading. '

The method consists of three parts which are the plastic
analysis and design part, the elastic analysis and elastic
stress design part, and the elastic stiffness design part.

The plastic analysis and design part for factored loads
follows a story by story optimization procedure in order to
determine the most favorable force distribution in the frame.
The optimization procedure utilizes a gradient search technique
intended to minimize material cost. In addition, by means of
an iterative procedure, the so-called P-A effect due to
gravity loads acting in the laterally displaced position of
the structure is accounted for. A1l member proportioning is
in accordance with the 1969 AISC Manual of Steel Construction.
The elastic analysis and elastic stress design part for service
loadings performs an 'exact' matrix stiffness analysis of

the structure and redesigns members in order to satisfy im-
posed elastic stress constraints. Finally, the elastic
stiffness design part for service loadings is executed in
order to satisfy imposed elastic lateral deflection con-
straints. This part also utilizes a story by story gradient
search optimization technique in order to minimize the
material cost increase needed to satisfy the elastic de-
flection constraints.
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A computer design system, written in the Fortran IV

language, is also developed to execute the proposed
design method.

The practicality and efficiency of the design method is
illustrated by several example problems. The results
indicate that satisfactory and economical designs may
be obtained by the proposed design method.

Thesis Supervisor: William A. Litle
Title: Associate Professor of Civil Engineering
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DEFINITIONS OF SYMBOLS

area of beam (i,j).
area of panel (i,j) tension brace.

ABR(i,j) for wind from left (k=2) or wind from
right (k=1)

area of column (i,j).
one-level array representation of KS’
s

beam (i,j).

plastic design flag indicating mode of panel resis-
tance (0.0 = moment resistance, ~1.0 = truss resis-
tance).

Column (i,j).

horizontal component of tension brace force.
ratio of Pé to Pi.

depth of beam (i,j).

average beam depth in panel (i,j).

depth of column (i,j).

average column depth in panel (i,j).
relative story i deflection.
panel (i,j) relative story deflection.

total approximate elastic relative story deflec-
tion.
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elastic relative story deflection due to beam
elongation and shortening effects.

Ac(i) calculated at the beginning of the elastic
stiffness design.

approximate elastic relative story i deflection due
to column elongation and shortening effects.

'exact' relative story deflection.
'exact' relative story gravity sway deflection.

As(i) calculated at the beginning of the elastic
stiffness design.

approximate elastic relative story i deflection
due to beam and column bending and tension bracing
elongation.

approximate elastic relative story deflection com-
puted at the end of each execution of the elastic

stiffness design.
total incremental shear applied to panel j.

incremental shear applied to top left joint of
panel j.

incremental shear applied to top right joint of
panel j.

change in panel top beam right joint moment.

chagge in panel beam end moment (at face of col-
umn).

AM due to AH].

AM due to AHZ‘
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change in panel beam end moment (at face of column).

increment of mid-span beam moment.
increment of left joint beam moment.

increment of right joint beam moment.
change in panel column end moment (at face of beam).

total change in top right joint beam moment.

sub-sensitivity coefficient of columns below panel
J.

sub-sensitivity coefficient of story i beams to
left of panel j.

sub-sensitivity coefficient of story i beams to
right of panel j.

sub-sensitivity coefficient of a panel member.
change in beam cost with respect to changes in beam
plastic moment capacity.

change in beam cost with respect to changes in
beam axial force capacity.

change in column cost with respect to changes in
column plastic moment capacity.

change in column cost with respect to changes in
column axial force capacity.
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= change in tensjon brace cost with respect to

changes in brace axial force capacity.

modulus of elasticity.
total error in the Aa calculation.

error in the latest approximate deflection calcula-
tion not including gravity sway effects,

required axial force capacity.

cost of all members affecting relative story de-
flection.

beam (i,j) axial force.

beam axial force to left of panel j.

cost of a single beam to left of panel j.
beam axial force to right of panel j.
panel (i,j) tension brace axial force.

axial force in panel (i,j) tension brace for wind
from the left (k=2) or wind from the right (k=1).

column axial force below panel j.
cost of a single column below panel j.
column (i,j) axial force.

cost of all member which experience force changes
due to the application of AHJ to panel j.

(f)beams adjacent = cost of top beams adjacent to panel j.

to panel
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cost of columns below panel j.
cost of beams in panel j.
cost of columns in panel j.
cost of tension brace in panel j.

lateral unfactored concentrated load applied
at exterior joint of story level i from the
left or right.

sum of factored lateral loads from story 1
down to and including story i.

height of story i.

moment of inertia of beam (i,j).
moment of inertia of column (i,]).
ratio of AH2 to AH].

beam stiffness matrix.

beam (i,j) stiffness (IB(i,j)/L(j)).
tension brace type 1 stiffness matrix.
tension brace type 2 stiffness matrix.
column stiffness matrix.

column (i,j) stiffness (Ic(i,j)/h(i)).

structure stiffness matrix.
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Mg (143)
My (K,3)
Mgy (153)
s (153)
My (K»3)
Mgp(153)

Mgp(K»3)

Mag (13
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element (i,j) of beam stiffness matrix.
element (i,j) of column stiffness matrix.
element (i,j) of beam stiffness matrix.

length of bay j.
clear span length of beam j.

diagonal brace length in panel (i,j).

arbitrary load factor.

Toad factor for the gravity load condition.

load factor for the combination gravity plus wind
load condition.

number of stories,

sum of column joint moments at joint j in story
level under consideration.

beam (i,j) mid-span moment.

anel j mid—sEan moment in top beam (k=1) or
ottom beam (k=2).

beam (i,j) left joint moment.
beam (i,j) left end moment (at face of column).

anel j left joint moment in top beam (k=1) or
ottom beam (k=2).

beam (i,j) required plastic moment capacity.

panel j required plastic moment capacity for top
beam (k=1) or bottom beam (k=2).

beam (i,j) right joint moment.



N
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beam (i,j) right end moment (at face of column).

panel j right joint moment in top beam (k=1) or
bottom beam (k=2).

panel j right end moment (at face of column) in top
beam (k=1) or bottom beam (k=2).

terminal value of upper right joint beam moment.

terminal value of upper right end beam moment (at
face of column).

column (i,j) bottom joint moment.

column (i,j) bottom end moment (at face of beam).
column j bottom joint moment.

column (1,j) required plastic moment capacity.
column (i,j) top joint moment.

column (i,j) top end moment (at face of beam).
column j top joint moment.

required plastic moment capacity.

number of stories.
number of columns in a story.

total number of joints in frame not including joints
at the foundation.

applied concentrated unfactored gravity joint
loads.

axial member force equal to the product of member
area and steel yield stress.
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in plastic design: equivalent concentrated load
applied at mid-span of beam (i,j).

in elastic design: applied unfactored uniform grav-
ity beam load.

equivalent concentrated load applied at mid-span
of top beam in panel model,

equivalent concentrated load applied at mid~span
of bottom beam in panel model,

column (i,j) rigid body rotation,
average of story i rigid body column rotations,
beam (i,j) deflection sensitivity coefficient.

panel (i,j) tension brace deflection sensitivity
coefficient.

column (i,j) deflection sensitivity coefficient.

sum of horizontal components of tension brace force
in story 1.

horizontal component of tension brace force in
panel (i,j).

non-dimensional distance from bottom column joint
to column inflection point.

radius of gyration about major axis.
radius of gyration about minor axis.

mass density of steel.

in plastic design, lateral shear load applied to
joint j in story level under consideration.

in elastic stiffness design, sum of unfactored
wind loads from top story level down to and includ-

ing story level i.
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elastic member stress.

equivalent required shear capacity of story i.
maximum elastic member stress.

steel yield stress.

beam steel yield stress.

brace steel yield stress.

column steel yield stress.

in plastic desjgn, beam rotation at a plastic
hinge.

in elastic stiffness design, story level i joint
rotations or story level i rigid body beam rota-
tions.

left joint beam rotation.

right joint beam rotation.

unit material cost of beam (i,j).

unit material cost of panel (i,j) tension brace.
unit material cost of column (i,3).

column (i,j) joint shear.

uniformly applied unfactored gravity beam load.
uniformly applied unfactored gravity beam load.

uniforaly applied dead floor Toad.

uniformly applied live floor load.
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beam plastic section modulus.

column plastic section modulus.
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CHAPTER 1

INTRODUCTION

1.1 Objective of this Dissertation.

As a result of many years of concentrated research both in
this country and abroad plastic design of steel framed structures
has become an accepted design method. For several years the American
Institute of Steel Construction's Specification for the Design, Fabri-
cation and Erection of Structural Steel for Buildings has permitted
plastic design for simple one and two story frames as well as
continuous beams. For such simple structures plastic design is
easily amenable to hand computation and, in many respects, is more
easily accomplished than the alternative elastic design. The February
1969 revision of the AISC Specification now permits plastic design of
braced multistory frames and it seems likely that a subsequent revisionn
will permit plastic design of unbraced multistory frames as well. Unlike
the situation for continuous beams and one story frames the plastic
design procedures of multistory frames are not simple. In many ways
they are more complex and demanding than the alternative elastic design
procedures which have been in use for some years.

The objective of this dissertation was to develop a practical and
efficient computer system for the plastic design of both braced and un-
braced multistory steel frames. For unbraced frames the system simply
proportions individual beams and columns according to a certain optimi-

zation procedure. For braced frames the system also examines the
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question of where braces should be located, given that there is some
flexibility in this regard. The work is computer oriented not because
plastic design of such structures by hand computation is not possible,
but rather because the enormous amount of data which must be processed
makes a computer solution the most rational approach.

This dissertation follows and builds upon an earlier doctoral
dissertation of Y. Nakamura(s). First of all, Nakamura's dissertation
contains an excellent historical review of the research efforts related
to plastic design. The review will not be repeated or ekpanded here.
More importantly, his work, while 1imited to unbraced frames, contains

a basic organizational focus which appears sound and was followed.

1.2 Description of the Design Methodology

The computer system described herein consists of the following
five parts:
1. Input of the design problem.
2. A strength design for factored ultimate loads.
3. An elastic analysis for working loads. Modification of
member sizes when elastic stress 1imits are exceeded.
4, An elastic stiffness design if, at working loads, lateral
story deflection limits are exceeded.
5. Output of design results.
Figure 1.1 shows a macro flow-chart of the overall computer system.
In somewhat more detail, Figure 1.2 shows a macro flow-chart for the
plastic design for factored combined load condition, Figure 1.3 shows

a similar chart for the 'exact' elastic analyses and elastic stress
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design, and Figure 1.4 shows a chart for the elastic stiffness design.

1.2.1 Input of the Design

The units of input are kips and inches unless specifically
mentioned. Details of the form of the input are given in Appendix D.
1. Geometrical Conditions.

The proposed design method considers multistory plane
frames with coplanar loads as illustrated in Fig. 1.5. The story
levels of the frame are numbered from top to bottom. Geometrical data
to be given are as follows.

M : Number of stories,(2 <M < 30).

N : Number of bays, (2 < N < 5).

L(j) : Span length of bay j.
h(i) : Height of story 1.
2. Loading Conditions.

The working loads applied to the frame are also shown in

Fig. 1.5. Loading conditions are as follows.
i. D.L. + L.L.

ii. D.L. + L.L. + W.L.

As input data, D.L. + L.L. are uniformly distributed
vertical loads on beams and concentrated vertical loads on joints.
W.L. are concentrated horizontal loads at the external joints of the
frame. Ultimate loads applied to the frame are calculated by the
computer programs by multiplying loading conditions i and ii by the

appropriate load factors.
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ENTER

Input Data

Calculate Factored Gravity Load For

ce Distribution.

'

Determine Beam and Column Section Size
Beam Mechanism Failures for the Factor

s on the Basis of
ed Gravity Load Condition.

| .

i

Perform Plastic Design for the Fact

plus Lateral Load Condition.

ored Combined Gravity

Ultimate Deflection A
Convergence Criterion
Satisfied?

Compute New Lateral Load
Distribution Based on
New Story A's.

Yes

4

Perform 'Exact' Elastic Analyses for Unfacto
Modify Members When Elastic Stress Limits ar

red Loading Conditions.
e Exceeded.

-

Unfactored Load Lateral
Story Deflection Constraints
Satisfied Based on Latest
'Exact' Relative Story

Perform Elastic Stiffness
Design Utilizing Approxi-
mate Deflection Analysis
(Stiffness Design for
Unfactored Combined Loads).

Deflections?

Figure 1.1 Macro Flow Chart of Total Design System
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7

Perform Final Plastic Design Check for Satisfaction of Plastic Design
Code Formulae. Modify Members if Necessary.

Qutput Final Design

END

Figure 1.1 Continued
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|ENTER|

R 4
Determine Initial Force Distribution by Multiplying Factored Gravity

Load Force Distribution by AZ/A].

(:)-»<i§terate By Story From the Top Story Down to the Bottom Story

Set RHF = Total Required Story Shear Capacity.
Set IFIN = 0.

® 4
Calculate Two Sensitivity Coefficients for Each Panel in the Story.
One Coefficient is Associated with Panel Moment Action and One Coefficient
is Associated with Panel Truss Action.

Select the Panel and Mode of Resistance Corresponding to the Minimum
Sensitivity Coefficient.

Determine the Incremental Shear, AHJ, to be Applied to the Panel J
Selected Above.

RHF = RHF - AHJ

RHF < N0
Yes

IFIN =1

AHJ = AHJ + RHF

&

Figure 1.2 Macro Flow Chart of Plastic Design Method for Combined

Load Condition
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1

Apply AHJ to Panel J and Determine New Force Distribution.

Check and Redesign If Necessary A1l Members Experiencing Force Changes
Due to the Application of AHJ.

Output Results of Plastic Design.

END

Figure 1.2 Continued
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ENTER

Perform Elastic Matrix Analysis to Determine Joint Displacements
and Internal Member Forces Under Working Loads.

I

Output Results of Elastic Analysis.

4
Calculate Maximum Member Elastic Stresses.

Maximum Member
Elastic Stress < Maximum
Allowable Elastic Stress?

Yes

No

Redesign Member Resulting in the Maximum Member Elastic Stress < Maximum
Allowable Elastic Stress.

=
4
Output Results of Elastic Stress Design.

END

Figure 1.3 Macro Flow Chart of Elastic Stress Design Method
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ENTER

A

———*Qterate By Story From the Bottom Story Up to the Top Story>

e
Calculate Relative Story Deflection by Approximate Deflection Analysis.

Elastic Deflection Constraint
Satisfied Based on Latest Approximate
Relative Story Deflection?

Calculate Deflection Sensitivity Coefficients Using the Approximate
Deflection Analysis for Each Member Affecting the Relative Story

Deflection.

Y
Select the Member With the Most Negative Deflection Sensitivity Coefficient

and Increment Member Size.

No

A1l Stories Designed?

Output Results of Elastic Stiffness Design

END

Figure 1.4 Macro Flow Chart of Elastic Stiffness Design Method



Level 1

H(T)

2 H(2)

-35-

SPJ.(]’.I) [fpj(]’z) f’PJ(]’J) prj(1,j+])
\4 Wl(] s;l )‘2 : w(l] azer__?:“ Wl(1 9j1)2 : : j!\ 7r
'fpj(z,]) PJ(Z’Z) Eaj(zsj) Pj(29j+]) E
2,1 2,2 2,] =
!( 1)21 ws 321 Am ﬂ( JRQ I

@ T

L
D A T 2
L — e T o f
Pj(1,1) P.(i,2) Pj(1,J) Pj(1,J+1)
w(i,l w(i,2 iéw i,
"E 1( L—ll (1 23 f{‘ 1( JI)J’ [T _}F
=
'lr  — T Iz?Tﬂl I — 11 _iF__
> 1 I I I 1??1‘* 1 I -
,J S — —— ) | — — '*W
N —T ll I I I‘(\z_l I ] 1 7‘%
=
=
77 77 77 77 =
L(1 L(2 L(Jj
W Ju@ L, oL
Bay 1 Bay 2 Bay Jj

Figure 1.5 Geometrical and Loading Conditions



-36-
3. Material Properties.
Any grade of steel may be used. However, the grade of steel
(i.e. A36, A441, etc.) must be input for each member in the frame in-
cluding bracing elements even if bracing is not used.

Data to be given are

Oyg Yield stress of a heam. 0ne value for each beam.
Oy * Yield stress of a column. One value for each column.
IR’ Yield stress of a brace. One value for each set of
diagonal braces in each bay.
UB’UC’UBR: Unit material costs (cents/pound) corresponding to each

of the above specified yield stresses.
4, Load Factors.

A Load factor under D.L. + L.L.

1

by Load factor under D.L. + L.L. + W.L.

2

5, Design Constraints.
j. Maximum permissible relative story deflections under
working loads.
ii. Maximum permissible elastic member stresses under
working loads.
iii. Maximum permissible beam and column depths.
jv. Actual maximum unsupported beam and column Tengths
with respect to out-of-plane deformation.
v. Panel codes indicating allowable modes of panel

resistance.
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6. Assumed Story Deflections A at the Collapse Mechanism,
. The P-A effects are accounted for by an iterative procedure.
Zero displacements may be input as the initial values of A. If this
is the case the computer programs will assume initial values to be
0.0005h. However, for unbraced frames, A/h = 0.02 may give faster con-
vergence. For braced frames, where bracing may exist in any story, a
maximum of two iterations will lead to convergence. For the braced
frame case, it is advised that zero initial values of A be input so that
two iterations are executed. The reason for this is that advantage of
the joint size effect can only be taken with iterations greater than or
equal to two.
7. Available Sections.
Any series of rolled sections for beams, columns, and
braces may be used, although the illustrative examples use wide flange
sections listed in the AISC Manual. The section tables used in the
illustrative examples are given in Appeﬁdix A.

i. The beam section table consists of two parts. The
first part consists of economy beam sections ordered
on increasing section area without regard to beam
depth constraints. This part is required. The
second part, which is optional, consists of non-
economy beam sections ordered on increasing plastic
section modulus. This part is used in the design
when beam depth constraints are critical.

ii. The column section table also consists of two parts.

The first part consists of a commonly used column
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series ordered on increasing section area without
regard to column depth constraints. This part is
required. The second part, which is optional, consists
of additional column sections ordered on increasing
area but with depths that satisfy specific column
depth constraints., This part is used in the design
when column depth constraints are critical.

iii. The brace section table consists of only one part.
It is simnly a series of available brace section sizes
ordered on increasing area.

8. Side Constraint.
The following side constraint is not input to the design
system. Instead it is assumed in the design method. It is that the

same column section be used in two successive stories.

1.2.2 Plastic Design.

1. Gravity Load Condition (D.L.+L.L.)
i. The gravity loads (D.L.+L.L.) are multiplied by the
load factor Al.

ii. The moment distribution in the beams due to the
factored gravity loads are calculated on the basis of
beam mechanism failures.

iii. Moment and axial force distributions in the columns are
calculated from force equilibrium equations. Moments
for the adjoining columns at a joint are assumed to be

equal.
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Based on the resulting force distribution, beams and
columns are designed according to the 1969 AISC Manual(l).
These beam and column sections represent the minimum
section. sizes for the design.

Empirical relationships between beam and column section
properties are calculated by a least squares technique.
These relations are used in the calculation of the

sensitivity coefficients.

2. Combination Load Condition (D.L.+L.L.+W.L.).

1.

ii.

iii.

iv.

Initial force distributions are calculated by multi-
plying the factored gravity load force distribution
by_the factor xz/xl.

The required story shear capacity, ST’ is equal to the

sum of the factored lateral loads from the top story
down to and including the story under consideration
plus the equivalent shear due to the P-A effect in the
story dnder consideration. The equivalent P-A shear
is calculated as the total factored gravity load
column axial forces times the relative story deflection
at the collapse mechanism divided by the story height.
The design proceeds on a story-by-story basis be-
ginning with the topmost story and proceeding down

the frame to the bottom story.

Sensitivity factors are defined as the increase in

cost of a panel due to an increase in lateral shear



vi.

vii.

-4Q-

capacity of the panel. Two sensitivity coefficients
are calculated for each panel in the story. One
coefficient is associated with the panel providing

the next increment of shear capacity through moment
changes in the beams and columns (panel moment action).
The second coefficient is associated with the panel
providing the next increment of shear cabacity through
axial force changes in the beams, columns and

diagonal tension brace (panel truss action). The
values of the sensitivity coefficients are functions
of the geometrical condition, the current member
properties, and the current state of the force distri-
bution.

The panel and mode of resistance (moment action or
truss action) corresponding to the minimumlsensitivity
coefficient is selected. The selected panel and mode
of resistance will lead to the least increase in cost
for an increase in lateral shear capacity.

The value of the incremental shear, AHJ, to be applied
to the panel J selected in (v) above is calculated.
AHJ is a function of the current member properties and
the current state of the force distribution.

The value of AH, is subtracted from the required

J
total story shear remaining to be distributed into
the story. If the difference is less than zero, AHJ

is modified so that the difference is exactly zero.



viii.

ix.

Xi.

-41-
AHJ is applied to panel J and a new force distri-
bution is calculated.

A11 members experiencing force changes are checked

for adequacy against the appropriate 1969 AISC code
formulae and are redesigned if necessary.

If the remaining story shear to be resisted is greater
than zero, go back to (iv) and continue in the

current story. Otherwise, the design process proceeds
to the next story and begins with (iv). After all
stories have been designed by the above process,
continue with (xi).

Deflections at the collapse mechanism are calculated
for each story. If these deflections satisfy the
convergnece criterion such that the change in de-
flection is less than five per cent of its absolute
value, the design process goes to (xii). Otherwise,
the calculated deflections become those of the P-A
effect in the next cycle of design which begins at
(ii). The design process will continue until the de-
flections at the collapse mechanism satisfy the con-
vergence condition, or the number of cycles of
jteration equals the maximum number input to the
computer programs. Note that the benefit of the
joint size effect is realized only with the second

or greater cycle number.
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xii. Output results of the plastic design method. Output
_ includes required member sizes for both the factored
gravity load condition and the factored combination

Toad condition, the force distributions under the two
loading conditions, the panel shear capacity distri-

butions, and the final total weight and material cost

of the plastically designed frame.

1.2.3 Elastic Stress Design

i. Perform an elastic matrix analysis of the frame sub-
jected to working loads in order to determine the joint
displacements.

ii. From the joint displacements determined above, calculate
the internal member forces.

§i4. Maximum elastic member stresses are calculated on the
basis of the internal member forces for all members.

jv. For each member in the frame, check if the maximum elastic
member stress is less than or equal to the specified
maximum allowable elastic stress. If this is the case,
proceed to the next member and repeat the check. If this
is not the case, the member in question is redesigned so
that the elastic stress constraint is satisfied.

v. After all members are checked against the elastic stress
constraint and redesigned if necessary, the results of the
elastic stress design are output. Output includes the

joint displacements from the stiffness analysis, internal
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member forces, elastic member stresses, member sizes
before and after the elastic stress design, and the final

total material weight and cost.

1.2.4 Elastic Stiffness Design.

i.

ii.

1ii.

This design part proceeds on a story-by-story basis be-
ginning with the bottom story and proceeding up the frame
to the top story.

For each story, check if the'exact' relative story de-
flection calculated from the matrix analysis in Section
1.2.3 is less than or equal to the specified maximum
allowable relative story deflection.

If the elastic relative story deflection constraint is
satisfied, proceed to the next story and return to (ii).
If the constraints in all stories are satisfied proceed
to a final plastic design check and output of final results.
If this constraint is not satisfied at any story level,
member sizes must be modified in order to reduce the
relative story deflection. The redesign begins with the
calculation of deflection sensitivity coefficients for
each member affecting the relative story deflection using
an 'approximate' deflection analysis. The deflection
sensitivity coefficient reflects the decrease in relative
story deflection due to a unit increase in the cost of a

member.
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jv. Select the member with the most negative deflection
sensitivity coefficient. This member will cause the
maximum decrease in relative story deflection for a unit
increase in cost. Increment the selected member by one
section in the economy section table or to the least
weight beam or column section in the non-economy section
table with a moment of inertia greater than the moment
of inertia of the current section.

v. Calculate the new relative story deflection by the
‘approximate' deflection analysis and check the elastic
deflection constraint. Return to (iii). After all stories
satisfy the elastic relative story deflection constraint,
the results of the elastic stiffness design are output.
Output includes the final relative story deflections as
calculated by the 'approximate' deflection analysis, the
member sizes before and after the elastic stiffness design,
and the final total material weight and cost.

vi. While the deflection constraints are now satisfied
according to the 'approximate' deflection analysis, a new
'exact' elastic analysis is made to insure that the con-
straints are in fact satisfied. That is, the computer
program at this point returns to Section 1.2.3.

This concludes the description of the general philosophy of the
design system. More detailed descriptions are contained in Chanters 3,

4, and 5.
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1.2.5 OQutput of the Design Results

As described in the preceding sections results are output not
only for the final design but for several intermediate stages. By
examination of all results the user can identify how the various design
conditions and constraints affect the final results.

1.3 General Design Conditions and Limitations.

The type of frames considered in this design method are braced
or unbraced rectangular multistory steel plane frames. All beams and
columns are prismatic and rigidly connected at the joints of the frame.
When bracing is used in the.design, only diagonal bracing elements are
considered. The bracing elements are prismatic and assumed to be pin-
connected to the joints of the frame. In addition, bracing elements
only span between diagonal joints of a bay in a story. Furthermore,
the bottom story columns are assumed to be completely fixed to the
foundation.

The proposed design method does not attempt to perform an opti-
mization of the geometrical configuration of the beams and columns of
the frame. On the contrary, it is assumed that the geometrical and
topological conditions of the frame, such as the number of stories and
bays, the story heights and the bay lengths, are determined from
functional considerations for the frame. Consequently, these geome-
trical conditions are considered fixed and are input to the design system.

The loading configuration considered in the proposed design |
method conforms to the recommendations in the AISC Manual "Commentary

on Plastic Design in Steel."(2) The first loading condition is the
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combination of dead loads plus live loads while the second loading
condition is the combination of dead loads plus live loads plus wind

or earthquake forces. Dead Toads and live loads are taken as uniformly
distributed gravity loads applied to the beams of the frame and concen-
trated gravity loads applied to the joints of the frame. Wind or
earthquake Toads are taken as concentrated horizontal loads applied to
the external joints from either side of the frame. A1l Toads are taken
as static loads.

Two important design constraints that are considered in the
design system contribute significantly to the practicality of the
proposed method, The first constraint is a maximum depth constraint
for beams and columns. The user may specify maximum beam and column
depths which may not be exceeded in the design process. If unspecified,
the design system will assume no limitation on the corresponding depths.
Allowing for this constraint is necessary due to numerous functional
requirements stemming from architectural, mechanical and other con-
siderations. The second constraint is the two story column constraint.
The design system designs column sections in two story lengths. For
an even number of stories there are an even number of two-story column
lengths. For an odd number of stories, the bottom story columns are
taken as one story column lengths. This constraint is followed due to
a consideration of the economics of the construction of the frame.

Finally, the following basic assumptions are made in the
proposed design method:

1. The stress-strain curve of steel is represented as an ideal
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elastic-plastic, bilinear Tine where strain hardening effects are
neglected..

2. The spread of yielding in a member is not considered. In-
stead, the concept of plastic hinge formation is adopted.

3. The frame and loading are coplanar. Consequently, biaxial
bending moments are not considered.

4. For plastic design under gravity loads only all diagonal
bracing is neg]ected and the resulting unbraced frame alone is con-
sidered to provide the strength of the frame.

5. Under the application of the combination gravity plus wind
load condition, only diagonal tension bracing and beams and columns
are assumed’to contribute to the strength and stiffness of the frame.
Diagonal compression bracing is assumed to take on a buckled con-

figuration under the application of gravity and lateral loads.

1.4 Computer Requirements.

The computer system has been coded largely in the Fortran IV
language. The current size of the system requires the use of a
computer with a minimum werking core size of 100,000 words. A1l of

the programs have been tested on an IBM 360/65.
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CHAPTER 2
SUMMARY OF RESULTS

This Chanter will present examnle problems illustrating the
annlication of the author's design system. Two frame geometries and
Toadinas have been selected. They are Frames B and C contained in the

(10) of their 1965 summer conference on

Lehigh University lecture notes
nlastic design of multistory frames. The desiaon data for these frames
which will be nresented in this section can also be found in these
lecture notes. Before nresenting the design data, the following
important points should be kept in mind.

i. Unit costs used in the examples are different from those
identified in the Lehigh lecture notes. The values used
herein attemnt to reflect fabrication and erection costs
as well as material costs.

ii. Direct comparisons with Lehigh design solutions are made
only on the basis of the results of the plastic desiagn.
In addition, althouah Lehigh desian solutions do not in-
clude either elastic stress constraints nor elastic de-
flection constraints, several examnle solutions by the
pronosed design method will be presented which include
these additional constraints.

iii. The 1969 AISC(l) nlastic design code requirement which
states that axial member forces are not nermitted to

exceed 0.35 P has been neglected in the examnle problems
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in order to be consistant with the design constraints
of Lehigh University. Instead, the alternate constraint
imposed is that axial member forces are not permitted to
exceed 1.0 Py.
Material weights presented for the author's design

solutions are based on nominal member lengths (i.e. joint

center to joint center).

2.1 Frame B General Design Data.

General design data applicable to all Frame B examnle problems

are presented in this section. Additional design data are presented

in Section 2.3 and Appendix B.

i.

ii.

iii.

Geometrical Conditions.

The geometrical conditions for Frame B are illustrated
in Fig. 2.1.

Material.

a. Modulus of Elasticity: E = 2.9x10% k/in.?

b. Yield Strength.

36.0 k/in.2

ASTM A36 Steel: Gy

ASTM Ad441 Steel: Oy

50.0 k/in.2

c. Unit Cost.

ASTM A36 Steel: U 20 cents/1b.
ASTM A441 Steel: U = 24 cents/1b.
Load Factors
M 1.70 (for D.L.+L.L.)

Ao 1.30 (for D.L.+L.L.+W.L.)
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Figure 2.1 Frame B Geometry
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iv. Loading Conditions, Working Loads.

Roof: wL = 30 psf.

WD = 60 psf.
Floors: wL = 80 psf.

wD = 80 psf.
Exterior Wall: wD = 45 psf.

Wind: 20 psf.

2.2 Frame C General Design Data.

General design data applicable to all Frame C example problems
are presented in this section. Additional design data are presented
in,Section 2.3 and Appendix C.

i. Geometrical Conditions.
The geometrical conditions for Frame C are illustrated in
Fig. 2.2.
ii. Material.
a. Modulus of Elasticity: 2.9x10% k/in.?
b. Yield Strength.

!l

36.0 k/in.2
2

ASTM A36 -Steel: Oy

ASTM A441 Steel: Gy 50.0 k/in.

c. Unit Cost.

ASTM A36 Steel: U = 20 cents/1b.

ASTM A441 Steel: U = 24 cents/l1b.

iii. Load Factors

A 1.70 (for D.L.+L.L.)

1

A 1.30 (for D.L.+L.L.+W.L.)

2
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Level

= 288

24 @ 12

\
A7 77 77 77 —
20° J12' ] 28’
i
Bay 1 Bay 2 Bay 3

Bent Spacing = 24 ft.

it

3 ft.
6 ft.

Maximum Lateral Unbraced Length: Beams
Columns

Figure 2.2 Frame C Geometry
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Loading Conditions, Working Loads.

Roof: NL = 30 psf.

wD = 95 psf.
Floors: wL = 100 psf.

ND = 120 psf.
Exterior Walls: wD = 85 psf.

Wind: 20 psf.

2.3 List of Example Problems with Additional Design Data.

Twenty-eight example design solutions are presented. Section

sizes, material weights, and material costs for each example are

illustrated in Figs. 2.3 through 2.30.

The following points of clarification should be noted:

(a)

Plastic design implies a consideration of only the plastic
design constraints and no consideration of either elastic
stress constraints nor elastic deflection constraints.

Total design implies a consideration of plastic design con-
straints, elastic stress constraints, and elastic deflection
constraints. -

When elastic stress constraints are considered:

max = %y

When elastic deflection constraints are considered:

—%—< Z%ﬁ" For Frame B examples, A < 0.36 in. for stories

1 to 9 and A < 0.45 in. for story 10. For Frame C

examples, A < 0.36 in. for all stories.

Unless otherwise stated, panel moment action is permitted.
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Recall that a panel's resistance to lateral shear by either
moment or truss action can only be controlled in the
plastic design nart. In the elastic design parts, the
distribution of force is based on the actual elastic stiff-
ness characteristics of the frame.

(f) Unless otherwise stated, no beam or column depth con-
straints are imnosed.

(g) The author's material weights presented are rounded to
the nearest tenth of a ton. However, the author's material
costs presented are based on actual material weights. In
addition, material costs nresented for Lehigh designs are
based on the author's unit material costs aonlied to the

rounded weights nresented in the Lehigh lecture notes.(lo)

The twenty-eight example problems are as follows:

i. Frame B, A1l A36 Steel.

1. Example Problem B1l.1A: author's design solution:

unbraced frame:; plastic desian.

2. Example Problem B1.1L: Lehigh's design solution;

unbraced frame; plastic desian.

3. Example Problem B2.1A: author's design solution;

bracing permitted in bay 3 only; nlastic design.

4. Example Problem B2.1L: Lehigh's design solution:

bracing permitted in bay 3 only; plastic design.

5. Examnle Problem B3.1A: author's design solution;

bracing permitted in any bay; plastic design.
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Frame C, A1l A36 Steel, Braced Frames Only.

6.

10.

11.

12.

13.

14,

15.

16.

17.

Example

Problem C1.1A: author's design solution;

bracing

Example

permitted in bay 3 only; plastic design.
Problem Cl.1L: Lehigh's design solution;

bracing

Example

permitted in bay 3 only; plastic design.

Problem C1.2A: author's design solution;

bracing

Example

permitted in bay 3 only; total design.

Problem C2.1A: author's design solution;

bracing

Example

permitted in any bay; plastic design.

Problem C2.2A: author's design solution;

bracing

Examnle

permitted in any bay; total design.

bracing

Example

Problem C3.1A: author's design solution;
permitted in bay 1 only; plastic design.

Probtem C3.2A: author's design solution;

bracing

Example

permitted in bay 1 only; total design.

Problem C4.1A: author's design solution;

bracing

Example

permitted in bay 2 only; plastic design.

Problem C4.2A: author's design solution;

bracing

Example

permitted in bay 2 only: total design.

Problem C5.1A: author's design solution;

bracing

Example

permitted in bays 1 and 3 only; plastic design.

Problem C5.2A: author's design solution;

bracing

Example

permitted in bays 1 and 3 only; total design.

Problem C6.1A; author's design solution;

bracing

permitted in bay 3 only; no panel moment action
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permitted (i.e. all shear in plastic design part
resisted by bay 3 vertical cantilever truss);
plastic design.

18. Examole Problem C6.2A: author's desian solution;

bracina permitted in bay 3 only (i.e. all shear in
plastic desiqgn part resisted by bay 3 vertical
cantilever truss):; total design.

iii. Frame C, A441 Steel for ATl Columns in Stories 13 to 24,
A36 Steel Elsewhere, Braced Frames Only.

19. Example Problem C7.1A: author's desiqgn solution;

bracing permitted in bay 3 only: plastic design.

20. Examnle Problem C7.1L: Lehigh's design solution:

bracing nermitted in bay 3 only; nlastic design.

21. Example Problem C7.2A: author's design solution:

bracing permitted in bay 3 only; total desian.

jv. Frame C, A11 A36 Steel, Braced Frames, Beam Depth
Constraint.

22. Example Problem C8.1A: author's design solution:

bracinag permitted in bay 3 only: maximum allowable
beam denth = 17 in.; nlastic design.

23. Examnle Probhlem C8.27: author's design solution;

bracing permitted in bayv 3 only: maximum allowable
beam depth = 17 in.; total design.

v. Frame C., A441 Steel for A1l Columns in Stories 11 to 24,
A36 Steel Elsewhere, Unbraced Frames Only.

24. Example Problem C9.1A: author's design solution;

unbraced:; nlastic desian.
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25. Example Problem C9.1L: Lehigh's design solution;

unbraced; plastic design.

26. Example Problem C9.2A: author's design solution;

unbraced; total design.

vi. Frame C, A1l A36 Steel, Unbraced Frames Only.

27. Example Problem C10.1A: author's design solution;

unbraced; plastic design.

28. Example Problem C10.2A: author's design solution;

unbraced; total design.

2.4 General Discussion of Results.

This section presents general results illustrating the
practicality and efficiency of the proposed design system. Included
in the presentation are direct comparisons between the author's design
solutions and Lehigh's design solutions, the effects of the beam depth
constraint on a selected author's design solution, and a comparison
between a braced frame with no restriction on brace location and
several other braced frames with restricted bracing patterns. In
addition, Tables 2.1 through 2.5 summarize the results for all example
problems.

2.4.1 Comparisons Between the Author's and Lehigh University's Design
Solutions.

Five comparisons are made between the author's and Lehigh's

design solutions.
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1. Comparison with Lehigh University Frame B, Unbraced, A11 A36 Steel.

Lehigh's design solution, B1.1L, and the author's design
solution, B1.1A, are illustrated in Figs. 2.4 and 2.3, respectively.
In both of these examples only the plastic design constraints are
considered. Note that the total material weight according to the
Lehigh design is 0.5 per cent lighter than the author's design. This
is due to the fact that Lehigh's total girder weight is based on clear
snan lengths while the author's total girder weight is based on nominal
joint center to joint center girder lengths. In fact, when nominal
girder lengths are used to calculate the girder weights of Lehigh's
design, the author's design solution is 1.5 pner cent lighter.

The author's design required six cycles to satisfy the P-A

convergence criterion. The execution time was 48.1 seconds.

2. Comparison with Lehigh University Frame B, Braced, A1l A36 Steel.

Lehigh's design solution, B2.1L, and the author's design
solution, B2.1A, are illustrated in Figs. 2.6 and 2.5, respectively.
In both of these examples only the nlastic design constraints are
considered. Note that in the author's design, no braces have been
nlaced in the top story. This occurs since the author's design
permits shear to be resisted by unbraced panels as described in
Chanter 3. The design indicates that it is more economical to resist

the total top story shear purely by panel moment action.
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Furthermore, whereas Lehigh's brace design is based on
resisting the total story shear, the author's brace design allows a
reduction in brace force capacity depending on the total shear
resisted by the unbraced story panels according to the method
described in Chapter 3.

The author's design is two per cent lighter than Lehigh's design.
Only two cycles are required for the P-A convergence criterion to be
satisfied. The execution time was 25.3 seconds.

Attention is now called to the author's design solution, B3.1A,
where the location of bracing elements is unspecified and permitted
to be placed in any panel. The resu]t,_showh in Fig. 2.7, is identical
to the author's design B2.1A except that all braces are located in
bay 2. This illustrates the fact that the proposed design method is
at most capable of aohly determining a local optimum solution and that
no guarantee is given that the solution found is a global optimum
solution. In fact, no guarantee can be given that the resulting
solution is even a local optimum. However, the comparative study being
presented .is intended to show that economical designs can be fealized
by the proposed design mefhod. The execution time for example B3.1A

was 27.3 seconds.
3. Comparison with Lehigh University Frame C, Braced. A1l A36 Steel.
Lehigh's design solution, Cl.1L, and the author's design

solution, C1.1A, are illustrated in Figs. 2.9 and 2.8, respectively.

In both of these examples only the plastic design constraints are
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considered. For the same reasons as explained for example B2.1A, no
braces are necessary in the top story of the author's design. Other-
wise, the member distribution is very similar between the two designs.

The author's design is 1.7 per cent lighter than Lehigh's design.
The exeuction time was 1.8 minutes.

Figure 2.10 illustrates the results of example nroblem C1.2A
which is the same as example C1.1A except that the elastic stress and
elastic deflection constraints are considered in addition to the
nlastic design constraints. Only beam size changes were necessary to
satisfy the elastic stress constraints while only brace size changes
were necessary to satisfy the elastic deflection constraints. The
result is that the author's design exnerienced a five per cent weight
increase. The execution time for examnle C1.2A was 3.7 minutes.

Another interesting comparison is between the above discussed
author's design C1.1A where panel moment action is permitted in the
plastic design and the author's design C6.1A where no panel moment
action is permitted (see Fiq. 2.19). In design C6.1A, only a vertical
cantilever truss in bay 3 is used to resist the total required story
shears. In this case, example C6.1A is 3.4 per cent heavier than
axamnle C1.1A where the increased weight is due to larger beams, columns,
and bracing elements in the bay 3 truss system. The execution time for

example C6.1A was 1.5 minutes.
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4, gomp?rison with Lehigh University Frame C, Braced, A36 and A441
teel.

Lehigh's design solution, C7.1L, and the author's design
solution, C7.1A, are illustrated in Figs. 2.22 and 2.21, respectively.
In both of these examples only the plastic design constraints are con-
sidered. The author's design is eight per cent lighter than Lehigh's
design. This large decrease in weight is due to the very much lighter
A441 column sections. The difference in column section size may be
due to the fact that the proposed design method allows a reduction in
required column plastic moment capacity due to column plastic hinge
formation at the intersection of a column centerline with a beam
flange. In addition, the compldate details of the design data by
Lehigh University are not available. With this in mind, another reason
for the large difference in A441 column weight may be due to a
difference in maximum laterally unsupported column lengths (assumed to
be six feet in the author's design). This effect would cause larger
differences between the more slender A441 columns of examples C7.1A
and C7.1L ;han in the less slender A36 columns of examples Cl.1A and
Cl.1L.

The execution time for the author's design C7.1A was 1.6
minutes.

The effects of considering elastic stress and elastic stiff-
ness constraints in addition to the plastic design constraints are
demonstrated by example C7.2A as shown in Fig. 2.23. Only beam size
increases were necessary to satisfy the elastic stress constraints

while only brace size increases were necessary to satisfy the elastic
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deflection constraints. The result is that the author's design

exoerienced a seven per cent weight increase in A36 steel. The

execution time was 3.6 minutes.

5. Comparison with Lehigh University Frame C, Unbraced, A36 and A441
Steel.

Lehigh's design solution, C9.1L, and the author's design solution,
C9.1A, are illustrated in Figs. 2.27 and 2.26, respectively. In both
of these examnles only the pnlastic design constraints are considered.
The author's design is 11 per cent lighter than Lehiqgh's design. Most
of this weight difference is due to lighter A441 column sections. The
reasons for this are the same as the ones presented for example C7.1A
above.

The execution time for the author's design C9.1A was 3.4
minutes based on five cycles of plastic design in order to satisfy
the P-A convergence criterion.

The effects of considering elastic stress and elastic stiffness
constraints in addition to the plastic design constraints are demon-
strated by example C9.24 as shown in Fig. 2.28. A detailed description
of the elastic stiffness design for this example is presented in

Section 2.5.4.

2.4.2 Effects of Depth Constraints.

A beam depth constraint which 1imits maximum beam depths to
17 in. is imposed on the author's design solutions C1.1A and C1.2A.

The results are given by examples C8.1A and C8.2A as illustrated in
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Figs. 2.24 and 2.25. When only the plastic design constraints are con-
sidered (C1.1A and C8.1A), the beam depth constraint affects the beams in
bay 3 only. In addition, several columns in column lines 3 and 4 (C and D)
have increased in size, This is due to larger required column plastic
moment capacities resulting from smaller beam depths. Furthermore, re-
ferring to the T1ist of sections in the AISC Manual(l), it is apparent
thap there are several non-economy beam sections which satisfy the
beam depth constraint as well as the plastic design constraints and
which are of lesser weight than the non-economy beam sections
selected in example C8.1A. This occurs since the design system can only
select the least weight available section input to the program. Re-
ferring to the non-economy beam section table (Table A2 in Appendix A),
the non economy sections selected in example C8.1A represent the
least weight sections that are available. Obviously, if the entire
AISC section table had been inpUt, lighter beam sections would have
been selected.

When elastic stress and elastic deflection constraints are
considered in addition to the plastic design constraints (€1.2A and
C8.2A), the beam depth constraint controls beam sizes in bays 1 and 3.
However, columns are still only effected in column lines 3 and 4.

Also note that the bracing weight is higher for example C8.2A than
for C1.2A. This occurs since the smaller depth beams in C8.2A provide
less stiffness and thus lead to larger elastic deflections. Since the
braces are more economical for deflection control,.only the braces
change size in the elastic stiffness design. Thus, more brace weight

was required in C8.2A.
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A 4.9 per cent weight increase is necessary to satisfy the beam

depth constraint when only plastic design constraints are considered
and a 7.7 per cent weight increase is necessary when elastic stress and
elastic deflection constraints are also considered. The execution times
for examples C8.1A and C8.2A was 1.8 minutes and 3.9 minutes,

respectively.

2.4.3 Comparison of the Free Bracing Case with Several Selected Bracing

Patterns.

A study is made in order to determine the validity of the pro-
posed design method with respect to determining a bracing pattern that
leads to a Teast weight structure. As discussed in Chapter 3, the
optimization procedure is heuristic in nature and, thus, no guarantee
can be given that resulting designs are optimal (either local or
global). Consequently, only through comparative studies such as
presented here can one develop a feeling for the validity of the optimi-
zation procedure.

The comparison is made using Frame C with all A 36 steel.

Table 2.2 summarizes the comparative study except that examples C8.1A
and C8.2A should not be considered since these examples include a beam
depth constraint. Examples C2.1A and C2.2A are the cases where

bracing is permitted in any panel (free bracing cases). The results

are also illustrated in Figs. 2.8 to 2.20. When only the plastic design
constraints are considered, example C2.1A is 0.48 per cent lighter than
the next heavier comparative example (C1.1A) and 3.7 per cent lighter
than the heaviest comparative example (C6.1A). When the elastic

stress and elastic deflection constraints are considered in addition
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to the plastic design constraints, example C2.2A is 0.39 per cent
lighter than the next heavier comparative example (C1.2A) and 10.3 per
cent lighter than the heaviest comparative example (C4.2A).

The bra;ing pattern selected by the design method for the free
bracing case is illustrated in Fig. 2.11. Admittedly, although the
bracing pattern selected led to the least weight structure of those
compared, it is not a practical pattern. However, this free bracing
pattern may be used to suggest an alternate, but practical, bracing
pattern which might be best. One alternate suggested is to allow
bracing in bays 1 and 2 only.

The following points summarize the general results presented in
Section 2.4:

(i) As indicated by the comparisons‘with the Lehigh University

designs, the proposed system leads to reasonable solutions.
In four of the five comparisons, the author's designs were
of lesser weight. The one exception, B1.1A, is explained
by the fact that the author computes beam weight on the
basis of nominal beam lengths, rather than on the basis of
clear span lengths, whereas Lehigh computes their beam
weights on the basis of the clear span lengths.

(ii) Of all braced Frame C, A36 steel,. examples considered,
the lightest structure occurred when the brace location :
was completely unconstrained. However,; of more importance
is the fact that all of the different bracing arrangements

lead to frames having approximately the same total weight.
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(iii) The consideration of elastic stress and elastic de-
flection constraints in all cases led to heavier
structures.

(iv) Beam depth constraints not only result in heavier beam
sections, but may also lead to heavier column sections
to satisfy the plastic design constraints and heavier
bracing sections to satisfy the elastic deflection con-

straints.

2.5 A Detailed Consideration of Selected Results.

This section will present a more detailed consideration of

selected results from several example problems.

2.5.1 Examples of the Approximate Deflection Analysis.

Tables 2.6 and 2.7 compare the results of the approximate and
exact relative story deflection analyses for the combination gravity
and lateral service loads for example problems C2.2A and C1.2A,
respectively. The elastic deflections presented are based on the
member property distribution determined in the plastic design part
(before the execution of the elastic stress or elastic stiffness
designs).

The table headings are defined as follows.

Ay = approximate relative story deflections due to beam and
column bending and tension brace elongation under the
application of service lateral wind loads.

Ao T approximate relative story deflections due to column

elongation and shortening under the application of
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service lateral wind loads.

A = ‘exact'relative story deflections due to service

gravity loads calculated by the matrix stiffness method

of analysis.

Aa = AS+AC+A9
= total approximate relative story deflection neglecting
the effects of beam elongation and shortening due to the
combination gravity and lateral wind load.
A, = ‘'exact' relative story deflections calculated by thé
stiffness method of analysis.
Error = B = By
= error in the approximation including the effects of beam
elongation and shortening which are not taken into con-
sideration in the approximation.

Values of Ag are calculated for presentation purposes only. In
addition, note that values of Ag which are added to values of A, and A
for wind from the left represent relative story deflections due to
gravity loads and associated with a frame geometry that includes
tension bracing for wind from the left (brace type 2).When wind from

the right is considered, values of A_ which are added to Ag and A¢

g
are associated with a frame geometry that includes tension bracing
for wind from the right (brace type 1).

Note that the error terms in Table 2.7 are larger than those in
Table 2.6. This may be due to larger beam shortening effects in

example C1.2A than in example C2.2A.
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2.5.2 Effects of the Elastic Stress Design.

In all examples presented that consider the elastic stress con-
straint, it was found that most beams designed on the basis of the
nlastic design constraints violated the elastic stress constraint
(i.e. these beam elastic stresses were greater than the corresponding
steel yield stress), and were modified in the elastic stress design
part. In addition, for all braced frame examples, it was found that
after each execution of the elastic stiffness design part a few beams
again violated the elastic stress constraint and were again modified
on the basis of elastic stress. In no case were columns or braces

found to violate the imposed elastic stress constraint.

2.5.3 Effects of the Elastic Stiffness Design.

In all but two examples presented that consider the elastic
deflection constraint, only one execution of the elastic stiffness
design was necessary in order to reduce the elastic relative story
deflections to a value less than or equal to @%ﬁ-h or 0.36 in. for
the Frame C storjes. One of the exceptions, example C6.2A, was found
to satisfy the elastic deflection constraint following the first
elastic stress design. Consequently, the elastic stiffness design
was not executed. The second exception, example C9.2A, required six
cycles of the elastic stiffness design. This result will be dis-
cussed in more detail in Section 2.5.4 since it uncovered a difficulty

in the elastic stiffness design procedure.
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In all but one of the braced Frame C examples in which the
elastic stiffness design was executed, only increases in brace section
size was necessary in order to satisfy the elastic deflection con-
straint. The exception, example C4.2A where braces were only permitted
in bay 2, required increases in both brace and beam section sizes in
order to satisfy the elastic deflection constraints. In no braced
frame example were columns modified during the elastic stiffness design.

In the unbraced example C10.2A, only beams were modified in
order to satisfy the elastic deflection constraints.

The effects of the elastic stiffnéss design on elastic
relative story deflections are presented for examples C1.2A, C2.2A,
C4.2A, and C10.2A in Figs. 2.31, 2.32, 2.33, and 2.34, respectively.

In these figures:

(Ae)initial ‘exact' elastic relative story deflections
based on member sizes from the plastic design
part alone.

(Ae)final = ‘exact' elastic relative story deflections

based on the final design member sizes.

2.5.4 A Difficulty in the Elastic Stiffness Design Method.

A difficulty in the elastic stiffness design method was un-
covered in its application to example problem C9.2A. The difficulty
stems from the fact that the formulation of the elastic stiffness
design does not attempt to minimize gravity sway deflections when
modifying members in order to satisfy the elastic deflection con-

straints. In example problem C9.2A, during the elastic stiffness
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design, the gravity sway deflections become sufficiently large so as
to cause an unreasonably large weight increase before the elastic
deflection constraints were satisfied. This difficulty is described
in some detail in what follows.

Figures 2.35 to 2.41 show the elastic deflection character-
istics of example C9.2A after the plastic design part and after each
execution of the elastic stiffness design where the 0.36 in. hori-
zontal Tine represents the maximum allowable elastic relative story

deflection. The following definitions apply to each figure.

Ao = ‘exact' relative story deflection computed by the
stiffness method of analysis for the combined service
gravity and lateral wind loads.

A = approximate relative story deflection due to beam and
column bending under the application of service lateral
wind Tloads.

Ao = approximate relative story deflection due to column
elongation and shortening under the application of
service lateral wind loads.

Ag = ‘'exact' relative sway deflection due to service gravity
loads.

Aa = AS+AC+A9

= total approximate relative story deflection for the
combined service gravity and lateral wind loads and

neglecting beam elongation and shortening effects.
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€T Ak
= error in the latest approximation based on the ‘exact’
relative story deflection computed after each execution
of the elastic stiffness design.

%X = the final value of relative story deflection computed

at the end of each execution of the elastic stiffness

design and based on the error term computed at the be-

ginning of each execution of the elastic stiffness design.
Note that the error term includes the effects of beam elongation and
shortening since the approximate calculation does not compute a value
for this effect.

The convergence characteristics of the elastic stiffness design
will be described as‘fo1]ows:

(1) Immediately following the plastic design, 'exact' elastic
relative story deflections (Ae) are computed. As shown in Fig. 2.35,
numerous values of e exceed the maximum permitted of 0.36 in. Conse-
quently, values of A, are calculated so that the initial error terms,
e, may be'calculated. The total weight of the structure following the
plastic design is 132.4 tons.

(ii) The first execution of the elastic stiffness design is
now executed. After all member size changes are made, the predicted
approximate relative story deflections after this first elastic stiff-
ness design, &, based on the error term in Fig. 2.35, are plotted in
Fig. 2.36. In addition, the current values of Ay aS well as new exact

values of Mg Ag’ and e are plotted. Note that the plotted values
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of 2, plus the error terms of Fig. 2.35 equal the plotted values of
A. Also, the new exact values of g do not all equal the values of
A since the error term has changed slightly for several stories. In
fact, the error term has changed sufficiently to just cause a few
values of g to again exceed the maximum permissible. The total
weight of the structure following the first execution of the elastic
stiffness design is 138.9 tons, where all of the weight increase is
due to beam size changes. Note however that 3.5 tons of the 6.5 ton
increase is due to numerous beam size changes necessary to satisfy the
elastic stress constraint which was checked immediately prior to the
first elastic stiffness design execution. Also note that all succeeding
weight increases due to elastic stress design modifications are ex-
tremely small relative to the weight increases due to elastic stiffness
design modifications and thus will no longer be mentioned.

(iii) Since several values of Ae plotted in Fig. 2.36 exceed
the maximum permissible deflection for wind from the left and right,
a second execution of the elastic stiffness design is performed.
Again, resulting values of 4, based on the error term in Fig. 2.36,
are plotted in Fig. 2.37. In addition, the current values of Aa
as well as new exact values of D> Ag and e are plotted. Again, the
error term has changed sufficiently to just cause a few values of Ae
to again exceed the maximum permissible. The total weight of the
structure following the second execution of the elastic stiffness

design was 141.3 tons (2.4 ton increase). A1l member size changes

but one were due to beam size increases in bay 2. One column in
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story 14, column line 3, increased in size. Note that the effects of
gravity sway plotted in Fig. 2.37 due to the current member sizes are
still quite small.

Up to this point only one column has changed size while all
other elastic stiffness design member size changes occurred in the
beams in bay 2.

(iv) Since several values of Ae plotted in Fig. 2.37 exceed
the maximum permissible deflection, a third execution of the elastic
stiffness design is performed. The same types of deflection measures
that were plotted in Fig. 2.37 are'.again plotted in Fig. 2.38. This
is a particularly significant plot. Note the extremely large changes
in the gravity sway deflections, Ag, as compared to the much smaller
changes in the error}term e. In fact, if the values of Ag were sub-
tracted from the exact deflections, Ba» the elastic deflection con-
straints would be satisfied. Instead, the increased sway deflections
have caused several values of BAg to exceed the maximum permissible de-
flection by larger amounts than in the previous cycle for both wind
from the left and wind from the right.

The reason for these large gravity sway deflections is that the
third execution of the elastic stiffness design resulted in large
column size increases in column line 3 of stories 14 and 16 as well
as beam size increases in several stories of bay 2. These changes, ih
addition to those made in previous cycles, lead to a highly unsymmetrical
stiffness configuration which in turn leads to large gravity sway de-

flections. It is at this point where the gravity sway deflections begin
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to control the elastic stiffness design since, .as indicated above,
if values of Ag were subtracted from values of Bg s the design would
terminate.

The total weight of the structure following the third
execution of the elastic stiffness design was 145.3 tons (4.0 ton
increase).

(v) The next two executions of the elastic stiffness design
again caused large variations in the gravity sway deflections as
illustrated in Figs. 2.39 and 2.40. In both of these stiffness designs,
beams and columns within stories as well as columns below stories
under consideration were increased in size. Finally, the sixth
execution of the elastic stiffness design (Fig. 2.41) caused
neqligable changes in the gravity sway deflections and the design
terminated. The final structure weight was 192.4 tons. The execution
time was 10.0 minutes.

In summary, although changes in the error term caused two
additional executions of the elastic stiffness design (the second
and third), the total increase in structure weight was at least
reasonable. In fact, if the gravity sway deflections caused by un-
symmetrical member size changes in the third execution of the elastic
stiffness design were neglected, the design would have terminated
with a total structure weight of 145.3 tons which is considerably
less than the 160.2 tons necessary to satisfy the elastic deflection
constraints of the all A36 steel example C10.2A. However, gravity

sway deflections cannot be neglected in the deflection calculation,
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and consequently, the sudden variations of Ag after the third
execution of the elastic stiffness design resulted in additional
executions of the elastic stiffness design Teading to an
excessively high final structure weight.

One poésib]e simple solution to this difficulty might be to
require the elastic stiffness design, based on the approximate de-
flection calculation, to satisfy a deflection constraint somewhat
less than the constraint the exact deflections must satisfy (say 85
per cent). However, even this procedure would not guarantee the
avoidance of this problem in all situations. On the other hand, the
best soJution would be to somehow account for gravity sway deflections
in the member selection procedure during the elastic stiffness design.
[t is not immediately obvious how this could be done, and thus is
recommended as a future area of study.

One last point is to be made. In the doctoral dissertation of
Y. Nakamura(s), an elastic stiffness design is also performed which
leads to similar member size changes as in the first execution of the
author's elastic stiffness design method. However, Nakamura only per-
forms one execution of the elastic stiffness design and makes no
attempt to check the results by an exact analysis. Consequently,
Nakamura cannot guarantee with his design method that exact relative

story deflections satisfy the imposed elastic deflection constraints.
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Material Weight (TONS) Materal Cost

Example

Girders Columns Bracing Total (Dollars)
B1.1A 16.9 20.4 ~ 37.3 14,904
B1.1L 16.5 20.6 - 37.1 14,840
B2.1A 15.75 19.14 1.55 36.44 14,575
B2.1L 14.5 19.6 3.2 37.3 14,920
B3.1A 15.75 19.14 1.55 36.44 14,575

Table 2.1 Materal Cost and Weight for
Frame B, AT1 A36 Steel
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Material Weight (TONS)

Material Cost

Example

Girders Columns Bracing Total (Dollars)
(a) Plastic Design:
C1.1A 29.5 108.5 7.7 145.7 58,289
C1.1L 28.1 110.7 9.4 148.2 59,280
C2.1A 29.9 109.2 5.9 145.0 57,982
C3.1A 29.9 110.8 6.4 147.1 58,833
C4.1A 29.8 114.4 5.3 149.3 59,812
C5.1A 29.9 109.4 6.7 145.9 58,374
C6.1A 30.0 109.8 10.8 150.6 60,258
C8.1A 35.8 109.3 7.7 152.8 61,121
(b) Total Design:
Cl1.2A 35.2 108.5 8.5 152.2 60,888
C2.2A 35.7 109.2 6.7 151.6 60,640
C3.2A 35.7 110.8 9.1 155.6 62,225
C4.2A 41.3 115.4 12.3 169.0 67,618
C5.2A 35.7 109.4 8.2 153.3 61,300
C6.2A 34.4 109.8 10.8 155.0 61,995
C8.2A 45.3 ‘109.3 9.3 163.9 65,554

Table 2.2 Material Cost and Weight for Braced

Frame C, A11 A36 Steel
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Material Weight (TONS)

Example
Girders  Columns  Columns Bracing Total

Material Cost

(A36) (A36) (A441) (A36) A36 (Dollars)
A441
(a) Plastic Design:
68.6
C7.1A 29.5 31.1 56.0 8.0 —------- 54,329
56.0
68.6
C7.1L 28.1 31.1 66.5 9.4 ---ee--- 59,300
66.5
(b) Total Design:
77.5
C7.2A 35.0 31.1 56.0 11.4 ~ceeeee 57,867
56.0

Table 2.3 Material Cost and Weight for Braced
Frame C, A36 and A441 Steel
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Material Weight (TONS)

Example .
Girders Columns Columns Total Material Cost
(A36) (A36) (A441) A36 (Dollars)
A441

(a) Plastic Design:

63.5
C9.1A 40.6 22.9 68.9  ~------- 58,463
68.9
65.8
C9.1L 42.8 23.0 83.4  -----e-- 66,352
83.4
(b) Total Design:
80.1
C9.2A 57.2 22.9 112.3 —=ceeeea 85,942
112.3

Table 2.4 Material Cost and Weight for Unbraced
Frame C, A36 and A441 Steel

Material Weight (TONS) Material Cost

Example
Girders Columns Total (Dollars)

(a) Plastic Design:

C10.1A 39.4 116.4 155.8 62,312

(b) Total Design:

C10.2A 43.8 116.4 160.2 64,077

Table 2.5 Material Cost and Weight for Unbraced
Frame C, A1l A36 Steel



A= Error = Ae-Aa

(includes beam
elongation and

Story As Ac Ag +AC Ae shortening
A effects)
g
1 .06 .18 .00 .24 .14 -.10
2 .06 .18 -.01 .23 .21 -.02
3 .08 .18 .00 .26 .24 -.02
4 11 .18 .01 .30 .29 -.01
5 .13 .18 .01 .32 .31 -.01
6 .16 .18 .02 .36 .35 -.01
7 .18 .18 .02 .38 .37 -.01
8 .20 .17 .02 .39 .40 .01
9 .19 .17 .03 .39 .41 .02
10 .20 .17 .03 .40 .42 .02
11 .20 .16 .03 .39 .41 .02
12 .18 .16 .04 .38 .37 .01
13 .20 .15 .04 .39 .41 .02
14 .20 .14 .05 .39 .38 -.01
15 .24 .13 .04 .41 .39 -.02
16 .23 .10 .05 .38 .40 .02
17 .18 .09 .05 .32 .36 .04
18 .21 .07 .05 .33 .35 .02
19 .22 .07 .05 .34 .34 .00
20 .21 .05 .05 .31 .33 .02
21 .22 .05 .05 .32 .32 .00
22 .22 .04 .05 .31 .33 .02
23 .24 .01 .05 .30 .31 .01
24 .18 .00 .03 .21 .17 -.04

Table 2.6 Example C2.2A, Elastic Relative Story Deflections Prior to First

Execution of Elastic Stress and Elastic Stiffness Design,

Wind from Left.



Aa = Error = Ae'Aa
. A (Inc1ude§ beam
Story &g A&, 4 w. e chortening
+A effects)
g

1 .06 .09 .00 .15 7 .02
2 .06 .09 -.01 14 .19 .05
3 .08 .09 .00 17 .22 .05
4 B .09 .00 .20 .25 .05
5 .13 .09 .00 .22 .27 .05
6 .16 .09 .00 .27 .31 .04
7 .19 .09 .00 .28 .33 .05
8 .21 .09 .01 .31 .36 .05
9 .24 .08 .01 .33 .38 .05
10 .26 .08 .01 .35 .40 .05
11 .24 .08 .01 .33 .39 .06
12 .25 .08 .02 .35 41 .06
13 .27 .07 .02 .36 .41 .05
14 .25 .07 .02 .34 .41 .07
15 .26 .06 .02 .34 .42 .08
16 .28 .06 .02 .36 .42 .06
17 .28 .05 .02 .35 .42 .07
18 .27 .05 .02 .34 .41 .07
19 .27 .04 .02 .33 .41 .08
20 .27 .03 .03 .33 .40 .07
21 .28 .03 .03 .34 .40 .06
22 .27 .02 .03 .32 .38 .06
23 .29 .01 .03 .33 .33 .00
24 .20 .00 .01 .21 .18 -.03

Table 2.7 Example C1.2A, Elastic Relative Story Deflections Prior to First
Execution of Elastic Stress and Elastic Stiffness Design,

Wind from Left.
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Figure 2.3 Example Problem B1.1A

DESIGN CONDITIONS
1. Unbraced Frame.

2. Plastic Design.

MATERIAL WEIGHT AND COST

A3 Steel
Girder Wt. = 16.9 Tons
Column Wt. = 20.4 Tons
Total Wt. = 37.3 Tons

Material Cost = $14,904
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Example Problem B2.1A

DESIGN CONDITIONS
1. Bracing Permitted in Bay 3 Only.
2. Panel Moment Action Permitted.

3. Plastic Design.

BRACING SIZES (Double Angles W)

Size Level Type*

2x2x1/4 2 to 10 1,2

* Type = 1 = Tension, wind from right.

= 2 = Tension, wind from lefr.

MATERIAL WEIGHT AND COST

A36 Steel
Girder Wt. = 15.75 Tons
Column Wt. = 19.14 Tons

Bracing Wt. = 1.55 Tons
Total Wt. = 36.44 Tons
Material Cost = $14,575
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Example Problem B2.1L

DESIGN COWDLTIONS
Bracing Permitted in Bay 3 Only.
2. Panel Moment Actfon Permitted.
3. Plastic Design.

[

BRACING SIZES (Simgle m!g.' !)
Level Type*
1,2

Size

6x6x3/16 1 tol0

* Type = 1 = Tension, vind from right.
= 2 = Tension, wind fram left.

MATERIAL VEIGHT AWD COST

A Steel
Girder Wt. = 14,5 Tons
Column We. = 19.6 Tons

Bracing Wt. = 3.2 Tons
Total Wet. = 37.3 Tons

Material Cost = $14,920
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Figure 2,8 Example Problem C1,1A

DESICH

CONDITIONS

1. Bracing Permitted in Bay 3 Only.

2. Panel Moment Actfon Permitted.

3. Plastic Design.

BRACING SIZES (Double Aagles VW

Size Level Type*
Ix2x3/16 210 1,2
mx1/4 w1y 1,2
exdxl/é 14 to 16 1,2
m2ja/s 17 1,2
4x3x5/16 18 1,2
6!)%15/16 19 1,2
4x3x3/8 20 to 21 1,2
x¥xy/e 22 1,2
axIx7/16 2 1,2
s.)%.me 2 1,2

MATERIAL WEIGHT AND COST

Al6 Steel
Girder Wt. = 29.5 Tons
Column Wt. = 108.5 Tons
Bracing Wt. - 7.7 Tons
Total Wt. = 145.7 Tons

Material Cost

* Type = 1 = Tensi
= 2 = Tensi

= $58,289

on, wind from right.
on, wind from left.
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Example Problem C1.2A

DESIGH CONDITIONS
1. Bracing Permitted fa Bay 3 Omly.
2. Panel Momeat Action Permitted.

3. Plastic Design.
[N

Elastic Stress Duul(‘_.“,) .

S. Elastic Stiffmsss Dum(e%)

BRACING SIZES (Dowble Angles.T )
Size Level Typet
I/ 16 2te 9 1,2
10 F]
wmadx1/e 10 1
axxl/é 11 o 13 1,2
w¥xs/16 1 1
] 2
ax3xs/16 14,16 2
15.16 1
m2jx3/8 15 2
4x3xd/8 17 1
18,19,21 1.2
4xdx?/16 20 1
23 1,2
/s 20 2
22 1,2
x¥x/16 2 1.2

* Type = 1 = Tension, wind from
@ 2 = Tension, vind from

MATERIAL WEIGHT AMD COST

A Steel

Girder We.
Column Wt.
Bracing Wt.
Total Wt.

= 35.2 Tons
= 108.5 Tons

right.
lefe.

= 8.5 Tons

= 152.2 Tons

Materisl Cost = $60,888
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Figure 2.11

Example Problem C2.1A

w N e

DESICN CONDITIOWNS

. Bracing Permitted in Any Panel.
. Panel Moment Actfon Permitted.
. Plastic Design.
BRACING SIZES (Double Angles, W)
Size Level Bay Type*
3x2x3/16 2 ¢t0 8 2 1,2
12,14,17,18 1 2
13,15,18,20 1 1
13,15,17 2 1
15,2¢ 2 2
15,21 3 2
21 3 1
Wal/e 9o 11 2 1,2
12,14 2 2
17,19 1 1
20,22 1 2
21 2 1
23 3 1
4xidxl/4 12,19 2 1
13,18,20 2 2
W2NI8 14,18 2 1
21,23 1 1
22 2 2
4x3x5/16 16 2 1,2
21 1 2
x¥xs/16 17 2 2
b 19 1 2
4x3x3/8 20 2 1
24 1 2
4xIxl/2 22 2 1
edlays 2 2
Sx3x1/2 24 2 1

* Type = 1 = Tension, wind from right.

= 2 = Tension, wind from left.

MATERIAL WEIG!

HT AND COST

A6 Steel

Girder Wt.
Column Wt.
Bracing Wt.
Total Wt.
Material Cost

29.9 Tons
109.2 Tons

5.9 Tons

= 145.0 Tons
= §57,982
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19 — " do "~ - do do
(—-\—— — MATERIAL WEIGHT AND COST
-—
= < Ly 2 . A% Steel
20 ¢ — 18WFS50 ™~ do Gl do -
L - & § Girder Wt. = 35.7 Tons
- T /\ =3 3 -
21 — " do - I do do Column Wt. = 110.7 Tons
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2 ==I_ E g < 135.6 Tons
22 Ple—""4do ~F do 3 do 3 Total Wt. = 155.6 Tons
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- — 4 1 =
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Figure 2.14 Exampnle Problem C3.2A
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DESIGN CONDITIONS
i= o @x©
i s : L : 21WE3 2 E . Bracing Permitted in Bay 2 Only.
= ~
g 2 \,‘V\/ 3 3 2. Panel Moment Action Permitted.
— - —
22 e L . Plastic Design.
~ //
L) ~ -7 [
3 - o) PRast IR [ do 5 BRACING SIZES (Double Angles [ )
= fa P ™ =
T =z B - x =
B = 2 2 e s Leval Type*
do = -~ do\\.\ = do ize - ype
-~ amiP In2x3/16 2to8 1.2
- -
T @ ~ - =
P 40 ) Pl B (2 49 o ]xZ%ﬂli& 9 to 11 1,2
5 5 ~ /—/"V; >
=) = o = = 4xIxl/4 12 to 13 1.2
do e do ’
D o e W2I/8 14 eo 1S 1.2
- = ~ =2 -]
& do ) I T L do B Wx3xS/16 16 1.2
= w P 5
- x ~ - = =
= 2 —~ = - 4x3x3/8 17 1,2
do ~ _do do i
et = u}?ul 18 1,2
z do ~le T do g~ do £ x3Ix7/16 19 1,2
3 e | 3
2 2 > |z 4x3xl/2 20 1,2
do ~ 14822 do )
T 6x33x3/8 21 1,2
o o = ™ -
o o - o = 4
a do = —0 = do i bxaxd/8 22 1,2
x ™ ~ - ;
= x S i
= = -~ & Sx3x1/2 23 T2
do < _do do "
e - Sx¥:x1/2 24 1,2
o 3 \)./ lon o 2
~ © e -~ — =
© do e do 50 do =
3 5~ - |5 3
= = >~/-.. = =~ % Typa = 1 = Tension, wind from right.
-
= i e = 2 = Tension, wind from left.
~ /
o = e Frd e
i do SNl _do = do o
: E~__— [ £
~ 2 > = = MATERIAL WEIGHT AND COST
= e o Ad6 Steel
= Ad6 Steel
-~
© = < < ~
:j do = /,do ~ = do - Girder Wt. = 29.8 Tons
3 %‘ i PR § g Column Wt. = 114.4 Tons
do “l .~ Tde ~ " do Bracing Wt. =__ 5.3 Tons
e - Total Wt. = 149.5 Tons
< = > e -
= e 4 = - $59,812
i do AL~ Tep2e >~ a5 E Material Cost = $59,
= T ~ (™
2z 3 ~_ B =
= = 2
do ¥ .. do
-
: o >~k 3
3 -
rf do el P P ) _do -
& 5[~ = 3
sad 3 P = =
do - T s _do
= ~ = o
~r o Tl e
.: do N /du\ [ do o
; b - 3
= E 3
-
77 77 ”r

Figure 2,15 Example Problew C4.1A
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DESIGN CONDITIONS
1. Bracing Permitted in Bsy 2 Omly.
2. Panel Moment Action Permitted.
3. Plastic Design.
4. Elastic Stress Desiga (‘m‘&).

5. Elastic Sciffness Design 6.1,

BRACING SIZES (Double Asgles, Il

Size

Ix2x3/16
1
szixllt

oxIxl/4
m%xm

6:)%-)/!

x¥x1/8
Bxéx7/16

4x3xl/2

8xéxl/2

8xéx3/4

Txéx7/16

6xéx7/16
Sx3x1/2

5:)%1(1/2

* Type = ] = Tension, wind from right.
= 2 = Tension, wind from left.

Lavel Type*
2¢c0S 1,2
6 1
(] 2

? 1,2
] 1
] 2
9 1
9 2
10 1
10 2
12,21 1
11 1
11,21 2
15,19 1
12,13,15,19 2
14,16,17 1,2
18,20 1,2
13 1
22 2
22 1
23 1,2

24 1,2

MATERIAL WEIGHT AND COST
A36 Steal

Girder Wt. = 41.3 Toms

Column Wt. = 115.4 Tons

Bracing Wt. = 12.3 Tomns

Total Wt. = 169.0 Tons

Material Cost =

§67,618
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e i 16B26 12Jr1l.8 18WF45
DESIGN CONDITIONS
2 o @ -
2 3] 16WF 36 ~_ 14B17.2 o 21WF55 " 1. Bracing Permitted in Bays | and 3
3 s B [ [ = Only.
- < 2 3 2
%o ~ - - do - as 2. Panel Moment Action Permitted.
3
Y L 3. Plastic Design.
gl -— = -~ -~ ~F @
4 o — do = [ do ~ do ~
. — s w 5 BRACING SIZES (Double Angles,T)
5 . — do ~— do do Size Lavel Bay Type*
—~— = —
- = - = ~ Ixx3/16 2to9 1 1.2
¢ Bl " do — J®  do = do = 15,18,21 3 1
) = | a 5 17,19 1 1
A R 3 3 s 18,20,23 : 2
— do il d Lo
= - = m2dal/6 10 o 13 1 1,2
— - 15 1 1
- T o~ 0| o
e~ = 4 2 dis 2 17,19,22,24 1 1
~
2 —— 3 3 T eoxl/e 14,22 1 1
g — "do T~ _ |7 4o 3 do 14,15 1 2
i T makais 1618,21,24 1 1
3 (= NN R s E 16,17,20 1 2
10 o - - 1
5 E 4 6 2 1 2
- § 53 g x33x5/16 19,2)
i i e e do x ¥/ 20 ) 1
— — 21 1 2
—_—
=~ B . & do o xIx7/16 22 1 2
a ;.:.,. = : : g 23 3 1
=5
2 e el = 3 = &x}%ﬂ?!lb 2 1 2
13 — " do T — i do =, do
= =
—~ " & o
i 2l —"do T — = do o~ do &~ * Type = 1 = Tension, wind from right.
=
= [t T & 5 = 2 = Tension, wind from left.
1 — " do —~ do do
T — ’—’ = _— —
e e = 0 T s o
W SRR >~ B 4o A 4 T MATERIAL WEIGHT AND COST
= T i b s E A6 Steel
bl = =t = - T
P wy =5 =
1 — do e do do Girder Wt. = 29.9 Tons
B s . T 6T
* Pl e ~ — — = Column Wt. = 109. ons
™ - e @ —
18 o 14822 L do — o Bracing Wt. = 6.7 Tons
= = — >
2 T - g § TR e e = Total Wt. = 145.9 Tons
— T - — s T
19 — T16WF36 T 14817.3 calini do — Material Cost = $58,374
—_— —_ T —_—
3 o - 2 T =
iy | == 16WF4D — i~ do o do — i 0
3 R 5 TR e BB 3
= 2 5 = 2 —_— a
3 — " do 14822 — do St
- — — T e
9 —_— e - i 3
L R Y- - =~ _JI~ 14R12.2 o do S o
E o Py s § 3 TR e S 2
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Figure 2.17 Example Problem C5.7A
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Ficure 2.18 Examele Problem C5.2A

DESIGN COMDITIONS

1. Bracing Permitted in Bays 1 and 3

Only.

2. Panel Moment Action Permitted.
3. Plastic Design.
4. Elastic Stress Design “-n“y)'

)
S. Elastic Stiffoess Design Q“w).

BRACING SIZES (Dowble les
Size Level Bay
WI/16 2o ! 1

15,18,21 3

17,19 1

18.20,23 3

a1/ . 1
17,19,22,2¢ 3

ax3x1/é 9,15,22 1
.18 1

x)x3/16 10 to 13,16 1
23 1

4xIx3/8 10 to 12 1
6:)%1)/0 13,19,21 1
16 1

20 3

ax3xl/2 14,15 1
exxy/s 16 1
4x3x?/16 17,22 1
23 3

majx/e 18,21, 1
20 1

o116 2 1

Type*
1,2
1
1
2

1

~ NN NN N e

NN =N

* Type » 1 = Tension, wind from right.

= 2 = Tension, wind from

MATERIAL WEIGHT AND COST
A3 Steel

Girder Wt. = 35.7 Tons
Column Wt. = 109.4 Tons
Bracing Wt. -
Total Wt. = 153.2 Tons

Material Cost = $61,300

8.2 Tons

left.
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e 16826 12Jrll.8 1BWF45
e —
< i o e - DESIGN CONDITIONS
3 LAWE 36 ] J4Bl7.2 Sl JIWFSS i
- ; — = -— '; 1. Bracing Permitted in Bay 3 Unlv.
oy x -~ A
=4 g 3 "_:-—4-'—_‘_’- ~ 2. No Panel Moment Action Permitted
do do — do — (Lateral shear resisted by
— N bracing system in bav 13).
. ) 46 = do i T do i % 3. Plastic Design.
- = T — —5
S 3 3 TN e T o
2id 2 —
do do el BRACING SIZES (Double Angles, )
o — — =3 -
N - = - = ey ) Size Level Type*
» do ~ do -l __—- - do e o)
5 = ™ pa——— S | R SR TT 1tos 1.2
= 3 : .—-‘-’—“"- = 1
do do ___— — " do T e Im2x1/4 6 tol 1.2
— — —
- = 2 /-—_..q_::_“ - Gxdxl/& 9 to 10 1,2
® L do = do - - - do ‘--) E 1
3 5 5 B e o 3 In2yx3/8 11 to 12 1.2
h a = do = g s 5 axdx5/16 13 1.2
" o — o x3n ¥
—~ — —_— 1
iy o oy T ~ x¥u5/16 14 1,2
' e —_ - o 2
\ = do - do ~ o il do — -
E 2 o — e § ax3xl/8 15 1,2
- 2 - = ’-—-— - 1
il do __do fmi — exdu3/8 16 to 17 1,2
S=— _3’1,—
2 2 bl S~ m o exdx7/16 18 1,2
prt A o == o
1. G do = do ~ - dao - ~ 1
5 = e — — ™5  axxxr/16 19 1,2
K = ] —— —_ - 2
= 2 b — g £
| do do el do B = axdxl/2 20 1,2
— — —_ 1
° © o ;-,-:_:" - bx}ixlll 21 1.2
.z do - do Sl — 4o —— __lo
= . ) E—— —— g 6uéxld/8 22 1,2
= 3 3 = z
2 -
do do _: do : » SuInl/2 23 1,2
< . o0 T g o sx¥1/2 24 1,2
= o = —_— = 2
K e do ~ do i e do —~ - ~
; 5 B —= = |
] < el =8
do i do i do T * Type = | = Tension, wind from right.
—_—— e = 2 = Tension, wind from left.
o ~ ey = Wiy Ly
T —- © RO i =
T o = Sl o — — nureg =t
[ 5 5 T — - - =
— 3 3 ——— —_
14 do B do R MATERIAL WEIGHT AND COST
- o — A6 Steel
© o = —— = i L7
= i = =l — — ~
0 o 4o . do - do . Girder Wt. = 30.0 Tons
x = el = — — 3
= 3 3 = s ol Column Wt. = 109.8 Tons
R do do — — do s Bracing Wt. =_ 10.8 Tonms
- & —— = Total Wt. « 150.6 Tons
& o = e — >
s o do o do = do = [ Material Cost = 560,258
% 5 | R
= 2 2 B e
do do = do —
_— - —
- w© i o = @©
= do = do B~ T T~ |3
o7 ‘t = T —— _ — - |2
- z B L T =
. -
77 Vead Ar Wegd
Eiqure 2.19 Example Problem C6.1A
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Figure 2.20 Example Problem C6.2A

DESIGCN COWDITIONS

1. Bracing Permitted in Bay 3 Only.

2. No Panel Moment Action Permitted

(Lateral shear resisted by
bracing system fin bay 3).

3. Plastic Design.

4. Elastic Stress Design (‘m‘l’).

ag 1
5. Elastic Stiffness Design (: 600)'

BRACING SIZES (Double Aagles
Size Level Type*
Ix2x3/16 lto$ 1,2
w2jn1/4 el 1.2
axIxl/4 9 to 10 1,2
wnd/8 1 e 12 1.2
4x3x5/16 13 1.2
xMxs/16 14 1.2
axIxd/8 15 1,2
a8 16 o 17 1.2
ax3x7/16 18 1.2
xBur/16 19 1.2
ax3x1/2 20 1,2
6x3x3/8 21 1,2
6xéx3/8 22 1,2
SxIxl/2 2 1,2
sx¥u1/2 2 1,2

* Type = 1 = Tension, wind from right.
= 2 = Tension, wind from left.

MATERIAL WEIGHT AND COST
A6 Steel

Girder Wt. = 34.4 Tons

Column Wt. =

Bracing Wt.
Total Wt.

109.8 Tons

10.8 Tons

155.0 Tons

Material Cost = $61,995
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Figure 2.2}

Example Problem C7.1A

DESIGN CONDITIONS

1. Bracing Permitted in Bay 3 Omly.

2. Panel Moment Action Permitted.
3. Plastic Design.

BRACING SIZES (Double Angles, W)

Size
2x2x1/4
2x2x5/16

1l
x23x5/16
IxIx3/8

1l
el
4x4x3/8

1 .1
g2

Lavel
2 to 10
11 to 12
13 to 14
15 to 18
19 to 21
22 o 23

24

Type*
1,2
1,2
1,2

1,2

* Type = | = Tension, wind from right.

= 2 = Tension, wind from left.

MATERIAL WEIGHT AND COST

A36 and A44]l Steel

Girder Wr.
Column Wt.
Bracing Wt.
Total Wt.
HMaterial Cost

*#A44]1 column

A3 AbhLes
= 29.5 Tons -——
= 31.1 Tons 56.0 Tons
= 8.0 Tons T
= 68.6 Tons 56.0 Tons
= §54,329

names given in parentheses.



Level 1 14826 12Jr1l.8 16WF45
. . . ~—-—o - DESIGN COMDITIONS
14w - 3
2 § F34 ; s 5 Bl _ — wssT — < | E 1. Bracing Permitted in Bay 3 Only.
-
2 5] s T~ - & 2. Panel Moment Action Permitted.
~ - — —
3 do do - do =~ 3. Plastic Design.
- —
2 ‘ ° o == >
‘o > - o e T |~ BRACING SIZES (Double Angles ] )
x [ { ] { 1)
5 do - do I e T Size Level Type®
T~ - Ix2im1/6 leod 1,2
6 ~ do S d = -~ 3 2 i
] ~ — do —~— - 1
& ﬂ Fxdxl/é 10 to 11 1,2
, n 2 " -l - ’o ~ — 4xIxl/4 12 1.2
= - 1
| - © ~ — © 4x¥oxl/é 13 to 16 1,2
8 & do =l e a0 - :
fe) — lal
E E s ——fi  Sx3S/16 17 to 18 1.2
- <1 3 S~ - <
. do bl o Dy ™t SxHxI/8 19 o 22 1.2
— —
N ~ T~ Sx3x7/16 23 to 24 1,2
o~ — —
10 @ do = do 54 - do T~
% & === -
! <2 s -~ -
n do - do ~ - - do ~ * Type = 1 = Tension, wind from right.
= -2
° - . -~ - —_———— -— 2 = Tension, wind from left.
[l ~ @ —-— -~
12 g do - do A — T do T~
3 % 8 T~~~
13 do ~ do o MATERIAL WEIGHT AND COST
] —~ A T~ o - AJ6 and Aé4l Steel
~ ~ S Py —
14 ;‘ do — do — do ~ - A¥ Ab4lon
= _—
5 5 5 —_— - Cirder We. = 28.1 Tons —
] d - d < - a0 "=
o O = - —
15 = do = Column We. = 31.1 Tons  66.5 Tons
o 2| a - -
16 ’2 do 2 do af - Bracing We. = 9.4 Tons -
3 5 & T —~ T
3 3 £ otal Wt. = 68.6 Tons 66.5 Tons
— —
d | ~ —
v 2 do = LavTe Material Cost = $59,300
3 o 3 -
2 @ 2 —
18 do : do e
[ —
do < do Z —— do o~ [~
19 *%A44] column names given in parenthese
~ —~ —~ < -
3 ) 3 " 2
— — L
20 & do S do S — do Bl
= g fa. ~ - - g
~r
2 : § o= B
21 do ~ do ~l - 20165.4 -~ -
- —
~ ~ ~ - - ~
> & bS] P = )
22 = do o do oo~ do - - E
=3 [ B ~ - P
2 $ $ ~><C 2
23 do ~ do Slo-— " 4o —~
3 5 g T T s <~ T s
24 & do ~ do Al - do - >
g 5 5~ == |2
z 2 2 - o)
f)? /J? /Jf 7

Figure 2.22 Example Problem C7.1L
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Figure 2.23 Example Problem C7.2A

DESIGN COWDITIOWS

1. Bracing Permitted in Bay 1 Only.

2, Panel Moment Acrion Permitted.

3. Plastic Design.

4. .
Elastic Stress Design (‘"““r)

5. Elastic Stiffness Design (*&

1
h 400"

BRACING SIZES (Double Angles, W)

Size Lavel Tvpe*
2x2xl/4 2 to?7 1.2
L} 2
1.1
2-.?:2-215.'16 8.9 1
10 H
2x2x5/16 9 2
Ix3Ix3/A 10,11 1
11,12 2
Yx3x/8 12 I
13 2
3%:3}.::1."2 13,14,21,24 1
15 to 22,24 2
bxéx3/8 14,23 2
23 1
Sx5x7/16 15,16 1
bxéxl/2 17 to 20,22 1
* Type = ] = Tension, wind from right.
= 2 = Tension, wind from lefr.
MATERIAL WEIGHT AWD COST
A6 and A44) Steel
A6 Ab4len
Girder Wt. = 35.0 Tons —_
Column Wt. = 31.1 Tons 56.0 Tons
Bracing Wt. = 11.4 Tons _
Total Wt = 77.5 Tons 56.0 Tons
Material Cost = §$57,867
*#A44]1 column names given in parentheses
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Figure 2.24 Example Problem C8.1A



-104-

tevel 1 16826 14R: 10WF72
2 z 16WF36 A 16826 2 14WF 74 E DESIGN COMDIT10MS
2 = —
2 2 5 —— 2 1. Bracing Permicted in Bay 1 Ouly.
] ey
3 do do - o " do — 2. Panel Moment Actiom Permitted.
R e 3. Maxisum Allowsble Besm Depth = 17",
—
. 16WF40 o= do = I E 4. Plastic Dasign.
= ™ ™S . i =" = “
s ] z - — ¥ 5. Elastic Stress Design ‘4’).
2 = _—
5 do da e Td0  ™— 6. Elastic Stiffmsss Design é‘T&—’).
— -
S —_—
- 2 - . & P =
" © o = ) o] do e
E e e —_ - E BRACING SIZES (Dowble les
— <] = ""‘;-—.:_"_‘_h -
7 10WF72 = 14WFI0 7| _ — 7 deo —_— Size Lavel Type®
= —
a4 o 2 TS e g Ixaxd/16 2t 7 1,2
s o do = do 2 - — T do — ._‘4_. (R 2
> = ™ g — 5 1
= 3 5 -~ T 25xl/4 [K) 1
& = 3 =< - ? 10 2
5 do 16871 i do —
= e axdnl/é u.::.n :
= S s P | 1
voog do = L 26 L 11 1
3 E ;, — - s 3
B = = B ~ 4x3nS/16 12,13 1
do do el do — 14 2
= —
- —~ - & 1
N IR I I ot - i B
1a b X 1
3 5 5 T — —— T |3 exgmsiie 15,16 2
2 =z = —
. do do — 16WF78 T — n}%-m 16,17 i
= - 18,19,21 2
= £ o —— -
-~ do = do S . S exdn/1e 18,19,21 1
5 = s e =13 22,23 1,2
= 3 3 - — = 1
2 2 = ax¥Ex7/16 20,24 1,2
| do do — do 2
-~ -
. —
5 2 < s :
o = do = do 3 do .
= ™ ™ — —_ X * Type = 1 = Tension, wind from right.
~ = x — — — — :
- 2 = g o = 2 = Tension, wind from left.
do do e do —
= —=
= * 5 s =
. ':‘4 do ~ do ~ — do —~ o
_7 = T — — 3 MATERIAL WEIGHT AMD COST
- > > e QTSRS - -
= = = s —Tl ~ Al6 Stee!
£o . do — — do o
— e - Girder Wt. = 45.3 Tons
0 ~ — -
- do < 1n A =" do — _|= Column We. = 109.) Tons
3 5 x| T — e Bracing We. = 9.3 Tons
- = - = w7 -
! do = do Tl ke T — Total Wr. = 163.9 Tons
| l Y = PR Matarial Cost = $65,554
‘ y L i
A P R SR ke
13 do la 40 i
i = -
1 ~= = - [
g do 2l e S — Thewrrs — — - 8
N ;l 3 S~ = |3
£ - - -_— i
= -
r ; ~r

Figure 2.2?5 Examnle Problem C8.2A
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S{gure 2,26 Examole Problem C9.1A
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Fiqure

2.27 Examp!e Problem C9.1L

14B26 121r11.8 L6WF45
g 16WF 36 2| 12B16.5 = 18WF55 =
I " P ]
A 2 E 2
do i dn ~ do
2 do 2 do kS do 2
=3 ' - ;
a3 % 2 =
]
do = 16831 = do
- —
2 16WF45 2] 16WFs0 = do =
™
3 [ -, ;
= 3 3 2
do 2 do = do
= & o °
] 18WF50 o 18WFSO = do ]
e (3
3 5 5 3
o ¥ ~ —
do = do = do
- - o o
E 21WFS5 o 21WFS5 = 21WFS5 =
[
3 5 5 2
— <3 =<3 -
do = do 1~ do
:Q' ~ - =
- 21WF62 2] 21WF62 = 21WF62 =
5 P = 5
~r = 3 =5
- = I3 -
= do o/ do = do ~
=~ = =y =
E 21WF68 = 21WF68 ~ 21WF68 E
3 5 5 3
—_ T ~ -
= do & do - do ~
~ = o =
o 2UWF68 b 24WF68 2 24LWF68 s
5 = ™ 5
= = = ~
= 3 3 =
= do = do = do =
= = - 2
e 24LUF76 i 24WF76 = 24LUF76 2
by fa o 5
t hi Ed -
- = T -
- do :l do - do et
z <l s =
e do - do = do -
™ [
= e I =
<3 = 3 = -~
— -7 -~ -
= 24LWFB4 = 24LWFRGL = 26WFB4 =
I = - -~
~ -1 = -
= do = do - do =
[ B
=x [ [ 3
2 3 3 ped
] do = do = do ~
. | oy
T =~ 0 ~
5 2IWEBL 7| 27uFss E3 27WF84 2
= ™ - I
2 5 5 3
1 4 - )
P -~ =

DESIGM COWDITIONMS
1. Unbraced Frame.

2. Plastic Design.

MATERIAL WEIGHT AND COST
AJ6_and At4l Sceel

A Adg o
Girder Wt. = 42.8 Tons —
Column Wt. = _23.0 Tons 8.4 Tons
Total Wt. = 65.8 Tons 83.4 Tons

Material Cost = $66,352

*#A44] column names given in parenrheses.
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16826 14B22 18WF45
16WF36 a do 2 21WF55 2
3 & & 3
~ -
16WF40 il do ~ do
§ do 2 16826 2 21WF62 3
3 B = 5
- = 3 =
18WF45 o do al do
3 d 3 ot o
3 o 3 16831 ~ 24WF68 =
g B 5 3
- 2 < -
21WFS5 16826 - do
- — Y- -3
= do 2] 1ewr3e 2 do 2
5 5 5 3
do 21WESS do
~ ~ @© ~
o~ o~ vy o
o do ~ 16WF36 = 27WFB4 =
3 ;5 ™ x
= 3 3 ~
do 24WF68 do
~ ~ - ~
=) 0 - 3
s do ] ST, ST —da =
=3 [ [ =
~ = = -
o) 3 = o]
do ~ do ~ JOWF116
- ~ ~ -
3 3 3 2
= do — do ~ 27WFB4 =
3 [ [ 3
3 3 32 3
Z <
21WF62 ~ 36WF280 o do
2 2 g g
o do = J6WF260 3 26WF76 2
=3 fa [ =2
~ x k3 ~3
o) = 2 o)
24WF68 ° 36WF280 < do
g g g g
B ~ o
S do ~ 36WF260 b do &
= [ o x
3 = = ~
z = 3 <
21WF62 Z 36WF280 .~ _do
= s 2 &
S 21WESS & a S
o A6WEL82 o -
= ™ [ x
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o 2 2 <
27WF84 < 30WF108 < 24WF68
A ~ ~ ~
3 a S $
& do s 30WF99 A do &
3 fae . [ 3
~ x x -
v 2 = o)
24WF68 c 30WF116 < do
S| 8] g 3
o 18WF45 n 33WF118 2 do o
= [ e k3
~ e 3 = 3 ~
— ~ - v
p-] I 2
~4 s
; 7 o4 7

Figure 2.28 Example Problem C9.2A

DESIGN CONDITIONMS
1. Unbraced Frame.
2. Plastic Design.
3. Elastic Stress Design K.“l-‘).
4. Elastic Stiffoness Design Q‘%)

MATERIAL WEIGHT AMD COST
A6 and AA4]l Steel

A% Absres
Girder Wt. = 57.2 Tons -
Column Wt. = 22.9 Tons _112.3 Tons
Total Wt. = 80.1 Tons 112.3 Tons

Material Cost = £85,942

#%A44]1 columns given in parentheses.
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LESET 4 16826 12Jr11.8 18WF45
oy
2 16WF 36 14B17.2 2 21WF55 e
3 % i 5
i = =3
3 dg do 2 do -
4 E do = do P do -
3 5 5 3
~ ¥ =
5 do & 14822 i do -
DESIGN CONDITIONS
6 @ 16WF40 3 16826 = =
£ : =] do - 1. Unbraced Frame.
2 3 3 :
~F
: — 3 i & i - 2. Plastic Design.
= 4 2
8 : do ) do o do E
$ 5 5 3
2 2 =
9 do do 21WF62 MATERIAL WEIGHT AND COST
. . - - A Steel
1w do = do 3 24WF68 -
& m s & Girder Wt. = 39.4 Tons
= z 2 * ¢ -
= i 3 N— ke " 1 olumn Wr. 116.4 Tons
Total Wt. = 155.8 Tons
3 = - Materi -
L E o 2 — - 4 E erial Cost $62,312
=3 [ 5
E 3 -
1 do ~|  1swrso do =
0 4 o
14 E do iy 21WF62 ] do E
= [
: 3 :
¥
15 do = 24WF68 = do -
~4 o ~T
o
6o do S| 24uE7e = do 3
5 :
3
1 do o 27WFB4 = do -
0 ~ ~¥
o do & do = do S
5 :
19 do - 27WF94 — do 5
o - =
a0 E do = JOWF99 do =
£ [ e =
6 z 3
- T
21 dp - do F‘ do 3
5 2 e 3
1 3 do S| 3oWwrice o do 2
E 5 : 3
= 3 3 =
23 do ” 30wF116 [~ do
- ﬁl 3 2
w 2 do 21 33wrlle do =
. ™
£ 5 3 2
P s s -

Figure 2.29 Example Problem C10.1A
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Level 1 16826 12B16.5 18WF45
(=]
2 § 16WF36 2] 14822 2 21WF55 A
™ [
B 3 g 3
2
3 16WF40 ~ do ~ do
> do a g
. B ? do s do ® DESIGN CONDITIONS
g % & E
= 3 5 3 1. Unbraced Frame.
5 18WF45 do 21WF62
2. Plastic Design.
> do 3 2 =
6 2 3 16826 = do = 3. Elastic Stress Design (£ 6{,).
E 5 5 5 Ill‘ 1
3 < 4. Elastic Sti —_
7 21WFSS ~ do = do - © Seiffuses esten ($ w00’
- —
= -3
8 E do ot do - 24WF68 2
™ -
3 E g 3
2 3
5 do do - do ~ MATERIAL WEIGHT AMD COST
AJ6 Steel
10 S do S 18WF45 2 d 3
i - 0 - Girder We. = 43.8 Tons
3 3 5 3
~
u do =% 16831 = 27WF84 lal Column Wt. = 116.4 Tons
o , 2 o - Total Wt. = 160.2 Tons
o) o 21WFSS Z
12 g - ~ 24WET6 0 Material Cost = $64,077
3 E g 3
13 do - 24WF68 - do -
el ~3 -]
2
w o do = L S do a
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- . S : ~
15 i do do
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o -4 o
16 E do ~ 30WF99 £ do 2
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= H 5 2
d — i -
17 o do do
3 a 2 =
18 o~ do do L) do 2
3 5 = 5
3 3 3 2
19 do do ~ do
O ~7| (=]
e ~
20 S 18WF50 o do & 24WF68 a
= 3 12 fae %
3 x
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21 o 30WF108 do
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Figure 2.30 Examonle Problem C10.2A
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Re]ativg Story Wind From Left
Deflection (in.)

0.5 |

(8¢)initial
0.4 L
0.36
0.3 L 8 -~ —
0.2 _/\ (8) £inal

0.1 K
0.0 A i | | L Story
] 6 12 18 24
Relative Story Wind From Right
Deflection (in.)
0.5 L (A )initial
0.4 L
0.36
0.3 L RS
(A)cs
02 L e’final
0.1 L
0.0 1 ! ! | | Story
6 12 18 24

Figure 2.31 Example C1.2A, Initial and Final Elastic Relative Story

Deflections.
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Relative Story Wind From Left
Deflection (in.)
0.5 | -
(8)initial

0.4 L m

0.36

0.3 |

0.2 L (Ae)fina1

0.1 |-

0.0 | | 1 1 | Story
1 6 12 18 24
Relative Story Wind From Right
Deflection (in.)

0.5 L (Ae)initia]

0.4 |

0.36

0.3 kL

0.2 | (86) £4na1

0.1 |

0.0 ] | ] 1 | Story
1 6 12 18 24

Figure 2.32 Example C2.2A, Initial and Final Elastic Relative Story

Deflections.
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Deflection (in.) e’initial

(@}
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Relative Story Wind From Right

Deflection (in.) (Ae)initia]
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Figure 2.33 Example C4.2A, Initial and Final Elastic Relative Story

Deflections.



-113-

Re]ativg Story Wind From Left

05 | Deflection (in.) (Ae)initial

0.4 |

0.36

0. -

(Ae)final

0.2 L

0.1

0.0 L | | | | Story
1 6 12 18 24
Relative Story Wind From Right
Deflection (in.) (a)

0.5 | e’initial

0.4 L

0.36 o

0.3 +

(Ae)final

0.2 L.

0.1 |

0.0 | | | | | Story
1 6 - 12 18 24

Figure 2.34 Example C10.2A, Initial and Final Elastic Relative Story

Deflections.
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Figure 2,35 Example C9.2A, Initial Elastic Relative Story Deflections.
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Relative Story Wind From Left
Deflection (in.)
0.5 |
L A
0.4 L — -
0.36 AT T
7
0.3
0.2 |
0.1
0.0
-0.1
Relative Story Wind From Right
Deflection (in.)
0.5 L
Ba A
0.4 | ¢
0.36 [
0.3 -
0.2 |
0.1 |
0.0 | | m Story
1 6 A 12 18 24
-0.1 o

Figure 2.36 Example C9.2A, Elastic Relative Story Deflections After

First Execution of the Elastic Stiffness Design.
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Relative Story Wind From Left
Deflection (in.)
0.5 |
— Aa A
0.4 L
0.36 —
0.3 -
0.2 L

Relative Story Wind From Right
Deflection (in.)
.5 [
—A
a 4
e
0.4 L ,41
0.36 amaana ——.
.3 e
R T A X
0.2 KK\X*&-—X-'X"X/ ~

Figure 2.37 Example C9.2A, Elastic Relative Story Deflections After

Second Execution of the Elastic Stiffness Design.
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Relative Story Wind From Left
Deflection (in.)

Relative Story Wind From Right
Deflection (in.)
0.5 |
S:Aa be
0.4 - Ko LKy
0.36 sl -
3 -
0.2 +

Figure 2.38 Example C9.2A, Elastic Relative Story Deflections After

Third Execution of the Elastic Stiffness Design.
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Relative Story Wind From Left
Deflection (in.)

Relative Story Wind From Right
Deflection (in.)

0.5 By
= K/Ki;

Fiqure 2.39 Example C9.2A, Elastic Relative Story Deflections After

Fourth Execution of the Elastic Stiffness Design.
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Relative Story Wind From Left
Deflection (in.)

Relative Story Wind From Right
Deflection (in.)

Figure 2.40 Example C9.2A, Elastic Relative Story Deflections After

Fifth Execution of the Elastic Stiffness Design.
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Relative Story Wind From Left
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Figure 2.41 Example C9.2A, Elastic Relative Story Deflections After

Sixth and Final Execution of the Elastic Stiffness Design.
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CHAPTER 3
PLASTIC ANALYSIS AND DESIGN METHOD

3.1 Introduction

The plastic analysis and design procedures begin with the
calculation of a minimum member section property configuration as well
as a moment and axial force distribution determined from the factored
gravity load condition. This is then followed by a calculation of the
required additional member properties that are needed to resist the
factored combination wind plus gravity load condition. An attempt is
made to determine an optimum distribution of additional member proper-
ties in a least weight sense and subject to the constraints and limita-
tions of the procedures to be described. These limitations include the
fact that no guarantee is given that the global optimum is ever found.
However, as is shown in the summary of results, very satisfactory
designs are determined.

Numerous investigators(3)’(4)’(5) have attempted and succeeded
in formu]aiing and solving the problem of the optimization of unbraced
multi-story steel planar frames subject to the constraints of plastic
design theory using rigorous mathematical optimization techniques.
However, after reviewing many such investigations, it became apparent ..
to the author that the methods developed were extremely time consuming
and expensive with respect to their use in the design office. Since

one of the intentions of this dissertation is to present a design
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method that may be economically used in an engineering design office,
it was decided that rigorous mathematical optimization techniques
would not be used. Instead, it was decided to use heuristic optimiza-
tion techniques in the solution of the minimum weight problem. In
particular, the concept of a story by story design utilizing sensitiv-
ity coefficients has been adopted from the doctoral dissertation of

(6)

Y. Nakamura This concept makes use of the lower Bound Theorem of
Plastic Design which states that a lower bound, or safe side solution
has been found when two conditions have been satisfied. The first con-
dition is that force equilibrium must be satisfied. The second condi-
tion is that the member sizes selected have moment and axial force
capacities that are everywhere greater than or equal to the required
capacities dictated by the equilibrium condition. Various design pro-
grams are used to select member sizes in accordance with the 1969
AISC(]) code specifications and thus satisfy the second condition. The
first condition, namely, the equilibrium condition, may be satisfied

in an infinity of ways. That is, there is an infinite number of force
distributions that will satisfy equilibrium. The problem then becomes
one of determining the best distribution of forces that satisfy equili-
brium. This problem is solved by determining the appropriate force
distribution on a story by story basis where the actual distribution

is based on values of the sensitivity coefficients calculated for each
nanel in the story under consideration. The definition of these sensi-

tivity coefficients will be given in the description of the design

procedure which follows.
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3.2 Summary of Proposed Method

The minimum section property configuration is determined from
the force distribution resulting from the assumption of beam-mechanism
failures for each beam under factored gravity loads. The assumed
beam-mechanism failures result in required plastic moment capacities
for each beam which are then selected from the beam section tables
using the appropriate design formulae. Utilizing member and joint
equilibrium equations the required axial force and plastic moment capa-
cities of each column are then determined. Again using the appropriate
design formulae, all columns are designed and selected from the column
section tables. The beams and columns thus selected become the mini-
mum sections to be used in the design process.

The design continues with a consideration of the factored com-
bination wind plus gravity load condition. Associated with each story
in the multi-story plane frame is a total required story shear capacity
determined from simple global equilibrium conditions. It is composed
of two barts. The first part consists of the sum of the factored
lateral wind loads at each story level from the top story down to and
including the story under consideration. The second part consists of
the P-A effect. The P-A effect as considered here is the effect of the
additional story overturniﬁg moment due to the gravity loads acting in
the laterally displaced position of the structure at the ultimate load.
These additional story moments are expressed as equivalent story shears
as will be shown in Section 3.4. Thus the total required story shear
capacity consists of a summation of factored lateral wind loads plus

the equivalent P-A story shear.
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The design proceeds on a story-by-story basis starting at the
top most story and continuing down to the bottom story. At each story
level the tofa] story shear is distributed into the panels (i.e. bays)
of the story in an incremental fashion. Wind from the left and wind
from the right are considered simultaneously in the sense that each
increment of lateral shear distributed in a story is first taken as
wind from the left and then as wind from the right. After each incre-
ment of load is distributed into the story, a new force distribution
is determined as well as a redesign of all members which experience
force changes.

The essence of the distribution procedure is the sensitivity
coefficient. The sensitivity coefficient is defined as the increase in
cost of a panel due to an increase in lateral shear capacity of the
panel. Two sensitivity coefficients are calculated for each panel in
the story. One is associated with a moment resisting panel with no
brace to resist the next increment of lateral shear while the second is
associated with a truss resisting panel with a tension brace. ATl
sensitivity coefficients calculated in the story are compared. The
panel which has the smallest sensitivity coefficient is selected as the
one to provide the next increment of lateral shear capacity. The mode
of resistance may be either by a moment resisting panel with no brace
or a truss nanel with a tension brace, depending on which sensitivity
coefficient was least. After the increment of lateral load is applied
to the panel selected and after a new force distribution and redesign

is executed, new sensitivity coefficients are calculated and the above
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procedure is repeated. This process is continued until all of the
required story shear capacity is distributed into the story under con-
sideration. The design iteration then proceeds to the next story
where the distribution procedure is repeated. This process continues
until all stories have been designed.

In summary, a minimum rolled section configuration is deter-
mined for the frame on the basis of beam mechanism failures due to
factored gravity loads. Factored lateral loads including the equiva-
lent shears due to the P-A effect are then applied to the frame on a
story-by-story basis in an incremental fashion. The distribution of
an increment of total story sﬁear is a function of the values of the
panel sensitivity coefficients. After each application of an increment
of story shear a new force distribution is determined and a redesign of
those members which experience force changes is executed. The method
summarized is essentially a heuristic optimization of material cost or
equivalently a heuristic least weight optimization with respect to
material cost.

Following the plastic analysis and design method, the elastic
analysis and elastic stress design method is executed. This method
will be described in Chapter 4.

The following sections of this chapter include detailed
descriptions of the calculation of the minimum section property con-
figuration, the formulation of the sensitivity coefficient, the calcu-
lation of the incremental value of the lateral story shear applied to
a panel, the calculation of the new force distribution, and the basis

of the design of individual members.
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3.3 Notation and Sign Convention

The sign convention adopted is illustrated in Fig. 3.1. Al
forces drawn on the column, beam, and bracing elements are in their
positive directions. Moment forces acting on the ends of columns and
beams are positive when acting in the clockwise direction. Moment at
the mid-length of beams is positive when producing tensile stresses on
the bottom fibres. Axial forces in beams, columns, and braces are
positive when acting in compression. Finally, end shears of beams and
columns are positive when producing counter-clockwise member rotation.

The notation used in this design method is illustrated in
Figs. 3.2, 3.3, and 3.4. Note that M represents a moment at a joint
center (i.e. the intersection point of a beam and column center line),
while M' represents a moment at a beam or column end (i.e. the inter-
section point of a beam center-line with a column flange or a column

center-line with a beam flange).

3.4 Basic Equilibrium Relations

Before proceeding on to the detailed description of the force
distribution procedure under factored gravity loads and the story
shear distribution procedure under the factored combination loads cer-
tain basic equilibrium relations will be presented. This section will
present equilibrium relations for an unbraced story. Later sections
will present equilibrium equations for a braced story.

Firstly, joint moment equilibrium is formulated by summing all

moments acting at a joint. Since the joints of the frame are not
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Beam
L /
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Column

Figure 3.1 Positive Sign Convention for Moment, Axial Force and Shear.



-128-

A B(i,j)
Y \ o~
M —
. :Zf i = ::I’ g
o190 5 Cig (1,5) Maa (3,302 ||
Mer(i,3)—T]
|
Tecig c(i, 13|
dg(i,3) L1 e
, |
CB /§ CB R j/
: S
TR H baos e
— 7 —
7Ta <:f ™
dy (1+1,§) Mac (1+1,3)0Ly,
< L(3)

Figure 3.2 Notation
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Figure 3.4 Column Moment Diagram.
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subject to externally applied moments, the sum of the member joint
moments is zero at each joint. Using the notation of Figs. 3.3 and 3.4

the joint moment equilibrium equation is
Mep(1,3) + Mg (3.3) + Mg (i-1,3) + Mgp(i,3-1) = 0 (3.1)

When Eq. (3.1) is applied at an external joint, the terms associated
with the missing members are set to zero.

Beam moment equilibrium will now be considered with respect to
the loads acting directly on a beam. In this design method uniformly
distributed gravity loads acting on beams are assumed to be replaced
by three concentrated vertical loads acting at the center and each end
of a beam. The magnitude of the concentrated load at the center of a

beam is
P (i.d) = W(i,3)L(5)/2 (3.2)

This assumption is conservative for the upper stories where the verti-
cal loads are dominant, but it does not influence the results for the
Tower stories where the horizontal loads become dominant.(7)’(8) In
addition, this assumption results in a significant reduction in analy-
sis execution time since the location of possible beam plastic hinges
are fixed.

Now, consider the forces acting on the beam illustrated in
Fig. 3.5. Writing a moment equilibrium equation for the free body

diagram of the right half of the beam and rearranging terms results in

the beam moment equilibrium equation expressed as follows:
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Figure 3.5 Beam Force Equilibrium.
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where,

A= A] for the gravity load condition;

A= AZ for the combination load condition.

The relationship between increments of beam moments will now
be formulated. Under the application of lateral loads to the frame,
beam moments will change. However, since no change in gravity load
occurs when the lateral loads are applied, Eq. (3.3) must be satisfied
at all times. Now, designating increments of beam moments by AM and
using a simplified notation we have the following relationship among

the final beam moments under some application of lateral load.

((MgptaMgp) = (Mg +AMg ))/2 + (Mp +aMge) = AP, L/4 (3.4)

Rearranging terms by separating the initial moments from the changes

in moments leads to

(MBR-MBL)/Z + MBC + (AMBR-AMBL)/Z + AMBC = APwL/4 (3.5)
But, by Eg. (3.3) we have
(MBR-MBL)/Z + Moo = AP L/4

Consequently, the relationship between increments of beam moments is

MMgp(i,3) = Mg, (1,3) + 28Mgc(d,5) = 0 (3.6)

Story moment equilibrium will now be considered. This design
method accounts for overall frame instability by formulating the story
moment equilibrium on the deformed state of the frame. The total

story moment is equal to the sum of the joint moments of all columns
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in the story. This total moment is composed of two parts. The first
part is the overturning moment due to the sum of the factored lateral
wind loads applied to all stories from the top story down to and
including the story under consideration. The second part is the addi-
tional overturning moment due to the P-A effect or the moment due to
the gravity loads acting in the laterally displaced position of the
story.

Taking XZZFC to be the total of the story column axial forces
due to the factored gravity loads and A(i) to be the relative story i

deflection at the collapse mechanism, we have

N+1 N+1
DR + 8l T Felhd) + T (r(a3) + Meg(i,3)) = 0

(3.7)
where,
i
HT(i) =X }  H(k) (3.8)
k=1
and,
H(k) = story k wind load
N = number of bays
The required total story moment is therefore
N+.I - 3 - N+.l 3 .
L (erling) + Mggli-3)) = - (D) +28() T Felisi))
(3.9)

From Eq. (3.9) it is seen that the additional overturning

moment due to formulating the story equilibrium on the deformed state
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N+1
of the frame is equal to AZA(1) Yy F ( j). Now, defining ST(i) to
j=1
be the equivalent required total story shear to be resisted by story

i, we have

N+1
SHNE) = = T (er(5.9) + Mep(1.3)) (3.10)

Consequently, from Eq.'s (3.9) and (3.10) the equivalent re-
quired total shear that must be resisted by story i will be calculated
as

N+1

So(1) = Ho(i)+ >\2E—E—.—)— Z F(1.3) (3.11)

Note that the story deflection A(i) at a collapse mechanism is
unknown during the first iteration of design. Therefore, an assumed
value of A(i) may be specified at the beginning of the design. They
are usually from 0.01 h(i) to 0.04 h(i) for unbraced frames and
0.001 h(i) to 0.004 h(i) for braced frames. After member propor-
tioning, A(i) will be estimated by the subassemblage method which will
be explained in Section 3.10. This new calculated value of A(1) is
then used in the next iteration of design to obtain a better approxi-
mation to the final P-A effects. Note that A(i) may be initially
specified as zero. However, more cycles of iteration may be required
before convergence is reached. In any case, if A(i) is specified as
zero, the program will assume an initial value of A(i) equal to

0.0005 h(i).
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3.5 Joint Size Effect

Experiment has shown that the deformed shape of the frame
demonstrates that the plastic hinges from outside the joints. That
is, plastic hinges usually form at the intersection of beam centerlines
with column flanges or column center lines with beam flanges. There-
fore the actual strength of the frame is larger than what is predicted
by using the centerline dimensions. These results are reflected in
this design method by assuming that the plastic hinges occur just out-
side the joint boundaries. Referring to Fig. 3.3, the relationship
between the beam moment at the face of the column and the moment at the

joint centerline is

v . d(1 »3) d(m)
MBR(I’J) = MBRU’J L(J) ) ( L(J‘)
. (3.12)
e d (13)
MBL(1’J) = BL(1’J)(] ‘T(_')_) + MBC(1’J) —LCﬂ_
where,
d;(i,j) = the average column depth of the left and right
. column in the panel.
Thus,
U . .
d (1,3) = 7 (d(1,3) + d_(i,5+1)) (3.13)

Referring to Fig. 3.4, a similar relationship can be obtained

for columns as
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' L. o .. db(]’j) .. db(is-j)
MCT(1’J) = MCT(l’J)(]- *ﬁﬁxqj-') - MCB(T,J) RO
] ] (3.]4)
‘CB(-I’J) - MCB(-"J)(]“ —Z.T('.r)—') - Mc-rhn]) "'z'ﬁ'{'.l_)'"
where, |
db(i,j) = the average beam depth of the top and bottom
beam.
Thus ,
dy(1,3) = 3 (4 (1,3) + d (1+1,3)) (3.15)

Note that the average beam and column depths have been used in
the above. This has been done for the sake of simplicity and gives
results essentially the same as would occur with the actual depths.
Furthermore, since the beam and column depths are unknown during the

first iteration of design, they are initially set to zero.

3.6 Force Distribution Under Factored Gravity Loads

The first step in the plastic analysis and design method is that
of determining a minimum section property configuration. Minimum sec-
tion properties are determined using the appropriate code formulae as
will be discussed in Section 3.8. The force distribution used to
obtain these minimum section properties will now be described. First
note that the proposed design method considers braced frames with only
diagonal type bracing. It will therefore be assumed that the braces
are not to be considered as load carrying members when the frame is

subjected only to gravity loads.



-137-
The gravity load condition consists of the gravity dead and
Tive Toads multiplied by the load factor A]. The gravity dead and
Tive 1oads.consist of the equivalent concentrated load Pw(i,j) applied
to the center of beams and the equivalent and applied concentrated
Toads PJ(i,j) applied to the joints. The bending moment distribution

in the beams is obtained by assuming a beam mechanism mode of failure.

Figure 3.6 illustrates the beam mechanism failure.

The virtual work equation corresponding to this mechanism is
Mgp(d6) =+ AP, L 0/2
= AP (L-d )e/2 (3.16)
Consequently, the required plastic moment capacity of beams is
Mg (1.3) = A{Py (1.0 (L(3)-d_(i,3))/8 (3.17)

Furthermore, from Fig. 3.6,

Mop(i.d) = Mao(i.0) = Mg (1,3) = Myp(4,5) (3.18)

Substituting this result into Eq. (3.12) leads to the resulting beam

joint moments or

LG) +d (1,0
L(3) - d_(1.d)

Map(i,3)

L(3) + d(i,3)
Mg, (1,3) (3.20)
L() - dc(i,3)

-10
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Figure 3.6 Beam Mechanism Failure.
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Substituting Eq.'s (3.17) and (3.18) into Eq.'s (3.19) and (3.20)

leads to
Mag(isd) = Mgy (1,d) = AP (1,0)(L(I) + d (1.9))/8 (3.21)

The bending moment distribution in the columns may now be
obtained utilizing the joint equilibrium equation. From Eq. (3.1),
the bending moment at the top joint of the top story columns are

Mep(is3) ==(Mg (1,3) + Mgp(i,3-1)) (3.22)

-

In addition, the joint column moments at the remaining joints are ob-
tained from Eq. (3.1) and the assumption that the unbalanced beam

moments distribute equally to the upper and lower columns. Thus,
Mep(i23) = Mg(i-1,d) = = 3 (Mg (1,3) + Mg(i.3-1)) (3.23)

] ]
The column end moment at the face of a beam, MCT(i,j) and MCB(i,j),
can be determined by substituting Eq. (3.23) into Eq. (3.14). Finally,
the required plastic moment capacity for columns is the larger of the

absolute values of MCT(i,j) and MCB(i,j).

Mep(13) = Max. {IMerl 915 IMglind) 1} (3.24)

Required axial force capacities of the columns is calculated by
statics from the bending moments in the beam and then adding the con-

centrated vertical joint loads plus the axial loads coming from the

columns above.

Axial forces in beams due to factored gravity loads alone are

negligible and are taken as zero.
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An example of the resulting moment diagram due to the factored
gravity loads is shown in Fig. 3.7. The initial force distribution
due to the factored combination loads, with wind taken as zero, is ob-
tained by multiplying the factored gravity load force distribution by

Xz/x] where )\, is the load factor used for the combination load

2
condition.

3.7 Story Shear Distribution with Sensitivity Coefficients

The next step in the proposed plastic analysis and design
method is to provide the necessary shear capacity to resist the im-
posed lateral loads. To accomplish this the design proceeds on a
story-by-story basis. Within each story the total required éhear
capacity, as defined by Eq. (3.11), is distributed into the bays or
panels of the story in such a way as to minimize the cost increase of
additional material that may be required. Note however that the mini-
mum section configuration determined from the factored gravity load
condition has some inherent shear capacity. The proposed method takes
full advantage of this inherent capacity as will be shown.

The total required story shear is distributed into the story in
an incremental fashion. The decision as to which panel in the story
is selected to resist the next increment of story shear is based on
the sensitivity coefficient. The sensitivity coefficient is defined
as the cost increase of a panel due to an increase in panel shear
capacity. Two sensitivity coefficients are calculated for each panel
in the story. One coefficient is associated with the panel resisting

the next increment of shear by increased moments and axial forces in
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Figure 3.7 Typical Moment Distribution Due To Factored Gravity Loads.
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the panel beams and columns as well as increased axial forces in
certain members external to the panel. This mode of panel resistance
is called mohent action and the panel is called a moment resisting
panel for some increment of lateral shear application. The second
coefficient is associated with the panel resisting the next increment
of shear by increased axial forces alone in the panel beams, columns
and diagonal tension brace as well as in certain members external to
the panel. This mode of panel resistance is called truss action and
the panel is called a truss resisting panel for some increment of
lateral shear application.

The user of the computer program can specify that a panel may
resist lateral shear either by moment action or by truss action. In
this case the sensitivity coefficients are calculated as will be de-
scribed in Section 3.7.1. However, the user can specify that a panel
must be a truss resisting panel at all times. In this case, the
sensitivity coefficient corresponding to moment action is set to a
high value of 100. On the other hand, the user can specify that a
panel must be a moment resisting panel at all times. In this case,
the sensitivity coefficient corresponding to truss action is set to a
high value of 100. This will prevent bracing from being inserted in
the panel. One last option is available. The user can specify that
a panel may not resist any lateral load by either truss or moment
action. In this case, both sensitivity coefficients of the panel are
set to a high value of 100. When this Tlast option is used, the user
must be careful to allow at least one panel in the story to resist

lateral load. Otherwise the design will terminate prematurely. This
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last option is particularly useful when the user wishes to specify

that all stories of a particular bay or bays is to resist all lateral
wind Toads as a vertical cantilever truss. Note that the above
options are applicahle only in the plastic degign part.

After the two sensitivity coefficients are determined for each
panel in a story, the panel with the least valued sensitivity coeffi-
cient is selected to resist the next increment of required story shear
capacity. The type of resistance, moment or truss action, depends on
which of the panel's sensitivity coefficients is least. Note that the
values of the sensitivity coefficients usually range from 0.0 to 5.0.
Consequently, the values of 100.0 set to prevent a particular type of
panel resistance will guarantee that the corresponding truss or moment
action will not occur. After a panel and corresponding mode of resis-
tance is selected, the value of the increment of lateral shear is cal-
culated and then applied to the panel. Following this, the correspond-
ing redistribution of forces is determined and a new member design
performed on those members which experienced force changes.

3.7.1 Formulation of the Sensitivity Coefficients

At this time it is important to note that all succeeding
discussion will be with respect to shear applied to the frame from the
left. Completely analogous arguments are valid for shear from the
right.

Each panei in a story will have two sensitivity coefficients
calculated for it. These sensitivity coefficients are based in part
on the current shear capacity of the corresponding panel. Consider
the model of a panel used in this design method as illustrated in

Fig. 3.8. Since only diagonal bracing is considered in this design
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CAH

AHJ = Panel incremental shear capacity.
= AH] + AH2
CAH‘3= Horizontal component of tension brace force.
0.0, Moment resisting panel.
C =

-1.0, Truss resisting panel.

Figure 3.8 Panel Model.
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method, it will be assumed that compression bracing has achieved a
buckled configuration and will not be considered as resisting any
lateral shear. Thus, only tension bracing is included.
The additional or increased shear capacity of panel j is desig-
nated by AHJ and is equal to the sum of the incremental lateral shears

applied to the upper left and right joints of the panel. So,

AHJ = AH1 + AH2 (3.25)

Each increment of lateral shear, AH;, applied to the panel may be
resisted either by moment action or by truss action. If the value of
the horizontal component of brace axial force due to AHJ is represented
by CAHJ, it is obvious that the panel moment resisting mode is speci-
fied by setting C=0.0 and the panel truss resisting mode is specified
by setting C=-1.0. Note that the value of C or equivalently the mode
of resistance of the panel is not fixed for all applications of lateral
shear to the panel. On the contrary, the mode of panel resistance is
determined for each application of AHJ. Depending on the value of the
appropriate sensitivity coefficient at the time of application of AHJ,
the mode of resistance may change from one incremental shear applica-
tion to another. Also note that AHJ of panel j in story i is assumed
to be transmitted to the story below thru the panel's bottom left
support point to the upper left joint of panel j in story i+].

The calculation of AHJ will now be considered for shear from
the left. Consider the model illustrated in Fig. 3.9. The factored
lateral wind load AZH(j) is.applied at the left most joint of story

level i. Also, at each joint k in story level i a lateral shear load
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Figure 3.9 Model for the Calculation of AHJ.
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is applied and designated by S(k). This lateral joint load may be
composed of one or two of the following two parts. The first part is
due to the P-A effect associated with the axial force in column k of
story i. The second part is due to the lateral shear AHJ being trans-
mitted from the corresponding panels in the story above. So,

o+ ARk B L K= 12,00

S(k) = (3.26)

A(d) -
AF (LK) gy » k= WL

where,

A(i) = relative story i deflection at the failure
mechanism.

szc(i,k) = factored gravity load column axial force.

i-1

the total shear applied to panel k in

AHk
story i-1.

and,

N .i_] i"]
Z AHk = )‘2 Z H(p)
k=1 p=1

From Eq.'s (3.8), (3.11) and (3.26) an equivalent expression for the

total required story shear is

N+1
Sp(i) = MH(i) + ] s(k) (3.27)
k=1

Now, dividing Eq. (3.25) by My results in

1= 2%3-(AH] + M) (3.28)
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Also, dividing both sides of Eq. (3.27) by ST(i) results in

: N+1
1 . :
1= — (A H(1) + S(k)) (3.29)
STZ15 2 kg]
Consequently, after equating Eq.'s (3.28) and (3.29), multiplying both
N+1 j N+1
sides by AH;, and substituting L S(k) = % S(k) + 7 S(k), an
k=1 k=1 k=J+1
expression for the sum AH]+AH2 results where,
AHJ ( ) % ) N+1
M, + aH, = <Y AMH(1) + S(k) + S(k)) (3.30)

AH] is taken as a proportion of the lateral joint loads to the left of
panel j and AH2 is taken as a proportion of the lateral joint loads to

the right of panel j. Thus,

Ay Lo
(3.31)
AHJ N+1

AH, = - S(k)
2 STE15 k=§+1
The calculation of AHJ is described in Section 3.7.2.

A formal definition of the sensitivity coefficient will now be
considered. Let fT represent the cost of all members that experience
force changes due to the application of AHJ to panel j. It will
therefore be equal to the sum of the cost of the beams, columns, and
tension brace in panel j as well as the cost of the beams in story i
external to panel j and all columns below panel j lying on column

lines j and j+1. In particular,
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fr = (f)pane1 ¥ (f)pane] ¥ (f)pane1
beams columns tension brace
(3.32)
* (f)beams adjacent * (f)co]umns
to panel below panel
. . ofy
The sensitivity coefficient is now defined as T or the change in
J

cost of panel j due to an increase in panel shear capacity AHJ. Note
that the phrase 'cost of panel j' as used here means fT‘ So, from

Eq. (3.32),

AR L P | + (3
BHJ 3HJ panel aHJ panel oH,’panel
beams columns tension brace
] (3.33)
af af
* (aH )beams adjacent + (3HJ)columns below

to panel panel

Thus, the sensitivity coefficient of a panel is a sum of sub-
sensitivity coefficients associated with those members that experience

force changes due to the application of AHJ.

The following Sections 3.7.1.1 to 3.7.1.3 describe the formula-
tion of these sub-sensitivity coefficients.

3.7.1.1 Sub-Sensitivity Coefficient of Columns Below Panel j.

The sub-sensitivity coefficient associated with all columns

directly below panel j will be designated by (%{%ﬁ Now, consider
J CBP.

the model illustrated in Fig. 3.10. It is assumed that the vertical
reactions at the support points in the model of panel j due to AH; are

transmitted directly to the foundation thru the columns directly below
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o LG
i : AH.l ; AHZ ‘ —5—
h(i)
i+1 Y
¢ J ? j+1
?AFCB #AFCB
i+] + +
i+2 -+ 4
Vad )
M-1 I I
M 4 +
rr Veas
¢AFCB ? AFCB

Figure 3.10 Model for the Calculation of the Sub-Sensitivity Coefficient

of Columns Below Panel j.



the panel.

by fCB' So,

fep = Pu(ksp)h(K)A,(K,P)

where,
p:
o =
uc(k,p) =
h(k) =

Ac(ksp) =

Thus, the change

force is

= Pu
c
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The cost of one column directly below panel j is defined

(3.34)

JsJtl
mass density of steel

unit material cost of column p in story k

height of story k

area of column p in story k.

in cost of the column due to a change in column axial

3A_(k,p)

(ksp)h(k) ——{ﬁiig—— oF (3.35)

cB

= the change in column axial force.

The sub-sensitivity coefficient is determined by dividing Eq. (3.35)

by aHJ and summing over all columns below panel j. The result is

i
(Z)
3Hy"cpp

where,

M=

oF M 3A.(k,j+1)
cB . c
= K,g+1)h(k) —=g——)
° W, { L ke nt) —5p
(3.36)
D Gugtoingo el )
= u 2J
k=i+l  © Fes

number of stories



-152-

Note that the first summation is oyer all columns in column line j+]
below the panel. This summation increases the value of (%ﬁ—) since
' J CBP

the corresponding columns experience an increase in compression force.
The second summation is over all columns in column Jine j beJow the

panel. This summation decreases the value of (%ﬁ—) since the corres-
J CBP

ponding columns experience a decrease in compression force.

oA (k,p)
The factor —SE will be described in Section 3.7.1.4. Note

CB
that there are certain conditions under which this factor is zero as

oF
will also be described in Section 3.7.1.4. The factor §ﬁ£§- will be

J
be described next.

From global moment equilibrium of panel j in Fig. 3.10,

(AHy + AHy) h(i) = AF.p L(J)

But,
AH] + AH2 = AHJ
Therefore,
AF .
CB _ hi(i -
EHS"' = 1G constant
Thus,
oF .
CB - h{i (3.37)

SHJ L(J



-153-
3.7.1.2 Sub-Sensitivity Coefficient of Beams Adjacent to Panel j.

The sub-sensitivity coefficient associated with all beams in

story i to the left of panel j will be designated byx(gg—i and that
J BLP

associated with all beams in story i to the right of panel j will be

designated by (%%S) Consider the model illustrated in Fig. 3.11.
BRP.

The cost of a single beam to the left of panel j is

fo = oug(isk) L(k) Ag(i,k) (3.38)

BL
where,

k=1, 2, ..., j-1

uB(i,k) = unit material cost of beam k in story i

L(k) = length of bay k

AB(i,k) = area of beam k in story i

Thus, the change in cost of the beam due to a change in beam axial

force is
. aAg(i,k) _
where,

aFBL(i,k) = the change in beam axial force to the
left of panel j.

The change in beam axial force may be calculated in a manner

which is analogous to the calculation of AH1. The result is
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s(1) s(3) S(3+1) S(N) S(N+1)
MH(T) —y ik ; P tt] - I
h(i)
AHJ"/— .JL.

Figure 3.11 Model for the Calculation of the Sub-Sensitivity Coefficient

of Beams Adjacent to Panel j.
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iy K
aFp (1,k) = S—T-(%)- OLH(1) + pzl s(p)) (3.40)
Now; the sub-sensitivity coefficient for all beams in story i
to the left of panel j may be calculated by substituting Eq. (3.40)

into Eq. (3.39), dividing by 3H;, and summing over the beams. The

result is
Aty o5 g oAglink) .
G, = e, [el KL TRy sy (20)
K
+ ) S(p))]} (3.41)
p=1

The sign of (gﬁ—) is positive since the beams to the left of panel
J BLP - _

J experience increases in axial compression forces.
A completely analogous argument is valid for the sub-sensitivity
coefficient for all beams in story i to the right of panel j. The

results are,

) —T-yAHJ NE] ) (3.42)
3Fpp(ik) = - . S(p 3.42
BR S p=k+1

where,

aFBR(i,k) = the change in beam axial force to the
right of panel j.

and,
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N 3Ag(1.kK)

of = . _ 1
IR { k=JZ'H Lug (T HILL) 5e kY 5700
N+1
- T s} (3.43)
p=k+1

As shown in Eq. (3.43), the sign of (a =) is negative when the beams
BRP

to the right of panel j experience decreases in axial compressive
forces. However, there are times when beams to the right of panel j
experience increases in axial tension force. If this is the case, the

factor (g%—) is set to zero reflecting the fact that beams will not
J BRP

change size under the application of axial tension forces since the
combination moment plus axial tension force condition will be designed

on the basis of the moment condition only.
(1 k) BAB(1 k)
The factors and will be described in
BL(‘ k) 3Fgr(15K)

Section 3.7.1.4. Note that there are certain conditions under which
these two factors are zero as will also be described in Section 3.7.1.4.

Finally, the sub-sensitivity coefficient of all beams adjacent
to panel j is

of of of
(57) = (x7) t (z7) (3.44)
Eng-beams adjacent 8HJ BLP aHJ BRP

to panel

3.7.1.3 Sub-Sensitivity Coefficient of Panel j Members

Sections 3.7.1.1 and 3.7.1.2 have formulated the sub-
sensitivity coefficients associated with those members external to

panel j that have experienced force changes due to AHj;. It is
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important to note three conditions that exist for these members.
Firstly, these external members experience changes in axial forces only.
Secondly, it is known beforehand which members experience increases in
compressive axial forces and which members experience decreases in
compressive axial forces due to applications of AHJ. Thirdly, the
changes in axial forces in the external members are independent of the
mode of resistance (truss or moment action) of the panel.

The above three conditions are not valid for all panel members.
On the contrary, changes in axial forces and moments are very dependent
on the mode of panel resistance as well as on the relative values of
AH] and AHZ applied to the upper left and right joints of panel j
respectively. For this reason it is first necessary to develop the sub-
sensitivity coefficieﬁts for the panel members in a more general way
than the development for the external panel members. Certain prelimi-
nary information will now be developed.

Consider the model panel as illustrated in Fig. (3.8). Define

the factor K as,

(3.45)

Note that AH1 4 0 since it is required that a concentrated wind load be
applied at the left most joint of every story (right most joint when
wind applied from the right). Substituting Eq. (3.31) into Eq. (3.45)

results in the equation used to calculate K. Thus
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N+1
] S(k)
K = k2t (3.46)

j
H(i) + S(k
i)+ T S(K)

Now, dividing Eq. (3.25) by AH1 leads to

AH AH
1+ 2 J

= (3.47)
AH1 AH1

Consequently, using Eq.'s (3.45) and (3.47), the following relations

may be developed.

R
AHJ 1+K
(3.48)

i I

AHJ 1+K
Note that 8H]/3HJ = AH]/AHJ and 3H2/8HJ = AHZ/AHJ'

Define fPM as the cost of a panel member.
So,

o = Pupy Lpw Apy (3.49)
where,

Upy = unit material cost of a panel member

Loy = length of a panel member

APM = area of a panel member

Also, the change in cost of a panel member, afPM’ due to changes in

AH1 and AH2 is expressed as
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- of of
= (M ~_PM
oty = G ) oty ¢ (Sﬁg"’ MM, (3.50)
The sub-~sensitivity coefficient for a panel member will now be
defined as (QI;J. . After dividing Eq. (3.50) by aH, and using
oH J
J panel
member.
Eq. (3.48), (%&-) can be expressed as
J panel
member
f oy, 1 3fpm, |, K
(&) = (5 (3 * G (3 (3.51)
BHJ panel 3”1 1K aH2 1+K
member

Since the panel members may be subject to changes in axial force or

3afpy ofpy

changes in moment or both, the factors o and o can be expanded
1 2
as follows,
Mo .oy (M), (oM (o
8H1 aMp 3H1 oF aHl
, (3.52)
Dem oL emy Moy, (2pMy (of
aHy aM, © “oHy oF oHy
where,
Mp = required plastic moment capacity;
F = required axial force capacity.

The change in cost of a panel member with respect to a change in
required force capacity will now be investigated. Diyiding Eq. (3.49)

by aMp and 3F, the change in cost of beams, columns and tension brace
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of panel j in story i with respect to changes in required plastic

moment and axial force capacities are expressed respectively as

of ey Bhglksd) .
(W;)Beam = p uglk,J)L(J) M (Ko7 ko= 1,141
3 oy Ahglksd) .
(5¢) sear = p ug(k,J)L(J) FkT) k= 1,i+]
(%—&—) = p u_(i,k)h(i) ———(—TBAC(ifk) , ko= 3,34 (3.53)

p Column ¢ 8MCP 1,k ’

3A (i,k)
(25 UL 5 LR B
3Agp(1,d)
(%;) Tension - ° uBR(i’j)LB(j) 5?§§T7737
Brace

The factors %%— and %é»w111 be described in Section 3.7.1.4.

Note that there are certain conditions under which these two factors
are zero which will also be described in Section 3.7.1.4.
The changes in required force capacity of the panel members with

respect to changes in AH] and AH2 will now be described. Since the

o
factors aHk

resistance of the panel (moment or truss action), the behavior of the

and %ﬁ—3 k = 1,2, are highly dependent on the mode of
k

panel in these modes must be deteymined. To begin with, the behayior
of the panel as a moment resisting panel will first be described. The
1odel used to describe this behavior will be based on the moment

distributions in the panel beams and columns.
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Under the gravity load condition, a moment distyibution exists
in the beams and columns where the load factor used is M- Under the
combination gravity plus wind Toad condition the load factor 4, is used
where Ao<hy- Consequently, the initial moment distributions under the
factored combination loads, that is to say, the moment distributions
that exist when the total value of incremental shear applied to a panel

is zero, may be calculated by multiplying the factored gravity load

moments by the factor ;%-< 1.0. Furthermore, the initial values of
gravity moments considered in the beams are equal to one-half the

actual gravity moments except in the top story beams where the full
value is used. In other words, one-half of a beam's initial moments

are associated with the panel above the beam while the other half is
associated with the panel below the beam. Under the application of
incremental lateral shear forces to a panel, the beams and columns will
experience incremental moment changes. Four moment states of a panel
will be defined as functions of the beam moment values resulting from
these incremental moments being added to the initial moment diagram.
Furthermore, each moment state corresponds to a particular type of fail-
ure mechanism defined for the panel. Note that member design will
always be based on the full value of moments. For beams, the full value
of moment is the sum of beam moments associated with the panel above

and panel below the beam. For columns, the full value of moment is the

sum of column moments associated with the panel to the left and panel

to the right of the column.
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The factored grayity load moments used in the moment state
model of a panel is shown in Fig. 3.12 where the panel failure mecha-
nism is a beam mechanism failure. Note that the initial] moment distri-

bution implies the following values of P; and Pé

Py(isd)s 122 (3.54)

ro|—

-0
n

s = g Plisi), i 22
Fig. 3.13 illustrates the initial moment diagram under the factored
combination loads.

Moment State 1 is now defined as that state in which lateral
load is applied to a panel until the value of the initial right end
beam moment under factored combination loads increases up to the value
of the initial right end beam moment under the factored gravity Toads.
The failure mechanism of this state is a combination beam and panel
mechanism failure. During the application of AHJ in Moment State 1 the
value of the left end beam moment decreases in a counter-clockwise
sense (or increases in a clockwise sense). The final moments in Moment
State 1 are the initial moments of Moment State 2 as illustrated in
Fig. 3.14. Moment State 2 is defined as that state in which lateral
Trad is applied to the panel until the value of the left end beam
moment equals the value of moment at the center and right end of the
beam. The failure mechanism of this state is still the combination

failure mechanism. The final moments in Moment State 2 are the initial
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moments of Moment State 3 as i]]ustratgd in Fig. 3.15. Moment, State 3
is defined as that state in which lateral] load is applied to the panel
until the smaller of the upper and lower beam end moments become equal
to the larger of the upper or lower beam moments. This state is a
transition state from the combination failure mechanism to a full sway
failure mechanism. The final moments of State 3 are the initial
moments of Moment State 4 as illustrated in Fig. 3.16. Note that

Moment State 3 is skipped if the factor Cv(j) defined as

C,(3) = Py/P, (3.55)

has the value Cv(j)=1.0. Moment State 4 is defined as that state in
which the additional application of lateral load causes equal incre-
ments of additional moment at the beam and cd]umn ends. This is the
full sway failure mechanism state.

The above brief definitions of the four moment states, or fail-

ure mechanism states, will serve as an introduction. Detailed defini-

oM
tions including the formulation of the factors —£ and 35—-, k = 1,2,
- s 7 aby

will now be described. Note again that the case of wind from the left
will be formulated. Completely analogous arguments are valid for wind
from the right. Also, the joint size effect will be included. When
the joint sizes are not known, as in the first cycle of design, this
effect is neglected by assuming beam and column depths to be zero.

1. Moment State 1 ~ Failure Mechanism State ]

The initial moment diagram of this state corresponds to the

factored combination load condition with HJ=0 as illustrated in
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Fig. 3.13. However, as discussed above, for the purposes of defining
the failure mechanism states, the initial values in the beams are set
to one-half the actual initial values. If the panel is selected to
resist the application of lateral load as a moment resisting panel,
sufficient lateral load will be applied in order to increase the lee-
ward, or right end beam moments in the panel up to the value of M*
shown in Fig. 3.172.

In the remainder of this chapter, the following notation is
adopted: AMBR(k,j), AMBL(k,j), and AMBC(k,j) are the beam right joint,
left joint, and center moment increments respectively in panel j of
story i. The subscript k=1 designates the upper panel beam and k=2
cesignates the lower panel beam. Also, AMCT(j) and AMCB(j) are the
column top and bottom joint moment increments respectively in column j
of story i. Also note that a prime designates a member end moment
considering the joint size effect.

Now, suppose the increment of right joint moment of the upper

beam due to wind from the left is AM. Thus,

AMBR(l,j) = AM (3.56)

The increments of moments of the other parts of the beams are now
obtained by applying the collapse mechanism condition and the moment
equilibriums. The collapse mechanism condition is a combination beam
and panel mechanism with plastic hinge locations at the center and

right end of the upper and lower panel beams. Consequently,

(k,ij) = AMBR(k,j), k =1,2, (3.

w
(S2]
~

S
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Substituting Eq.'s (3.56) and (3.57) into Eq. (3.12) leads to the

upper beam center moment increment. Thus,

L(3) - d_(i.d) M

< (3.58)
L(3) + d_(1,3)

MMye(1,3) =

The upper left joint beam moment increment is calculated by substituting
Eq.'s (3.56) and (3.58) into the equilibrium equation for increments of
beam moment, Eq. (3.6), and solving for AMBL(1,j). So,

(i,3)

3L(3) - d
7 AM (3.59)
L() + d_(1,5)

Noting the definition of C, (j) by Eq. (3.55), the Tower beam moment

increments are calculated as

Mga(2,3) = C,(3) o

L(3) - d_(1,d)

T AM (3.60)
L(3) + d(i,3)

1
(]

3L(3) - d.(i.d)

7 AM
L(3) + d (i,d)

Mg (2,3) = €,(9)

The increments of joint moments of the columns are obtained by

using the joint equilibrium equation. They are,
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-3L(3) + d (i,3)

AM'CT(J‘) = L(j) + d::(i 2 ) d
Mep(3) = -C,(3) il d;(i’j)’ v
V EeI (3.61)
Miep(3+1) = -
Migg(3+1) = -C,(3)

The calculation of @M will now be described. Consider a free
body diagram of the upper half of panel j as illustrated in Fig. 3.17.

From the lateral force equilibrium requirement,

AHJ*‘AS + AS +CAHJ=0

1 2
Thus,

Also, from the moment equilibrium requirement,

MMep(3)+aM g (G)FaMop (3+1)+8Mcg (341) = (ASq#8S,)h(1)  (3.63)

Consequently, from Eq.'s (3.62) and (3.63),

"

AMCT(j)+AMCB(j)+AMCT(j+1)+AMCB(j+1) —AHJh(i)(1+C) (3.64)

Now, substituting Eq. (3.61) into Eq. (3.64) and collecting terms

results in the relation between AM and AHJ. Thus,

L)+ d(i.d)  BHjR(E)(1+C)

s Gy e )

(3.65)
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| = (L
X1P1 M A1(2 Mgravity)

Figure 3.12 Moment Diagram Under Factored Gravity Loads in the Moment

State Model Panel.

A
2 mx
M
H.,=0 1
____.JL. B XZ(E'Mgravity)

Figure 3.13 Initial Moment Diagram Under Factored Combination Loads in

the Moment State Model Panel.
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Figure 3.14 Initial Moment Diagram of Moment State 2.
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Figure 3.15 Initial Moment Diagram of Moment State 3.
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Figure 3.16 Initial Moment Diagram of Moment State 4.

AH » AH
1 j 2
—_— —_ @
AS] CAHJ A52
AHJ = AH1 + AH2

Figure 3.17 Free Body Diagram of Upper Half of Panel j.
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In addition, AM can be expressed as the sum of AM; and aM, due to AH]

and pH, respectively. So,

Ay = AM1 + AM2
L) +d (1,3)  aHph(i)(1+C)
oM, = RE) =) (3.66)
L LE) +d ) aiph(i)(1%0)
o = LI 6) I R )

Consequently, for a given value of AHJ = AH]+AH2, the moment
distribution in this moment state can be determined.
Furthermore, the terminal value of the upper right joint beam

moment, M for this state corresponding to Eq. (3.21) and the

BR,max.
definition of Moment State 1 is

l = WPy (L) + 4 (1.9))/8 (3.67)

BR,max.

where P; is defined by Eq. (3.54). Thus, the total change in the

upper right joint beam moment, AMT, is

Mz = (A-A,) Py(L(3) + d.(1,3))/8 (3.69)
Since the maximum value of beam moment in this state is that
due to the factored gravity load condition, the required plastic
moment capacity of beams, Mpp, due to AH, and AH, need not be increased.
So,

oM
B B (3.69)
1 2

oM
oH
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However, for the columns, the required plastic moment capacities, Mep»

are functions of the moment distributions in the adjacent panels.

aMCP vaM

Therefore, —— and —H——-will be calculated in this state as follows.

3Hk AHk AHK ? ? )
Mep
If by Eq. (3.70) the factor S 0 it will be set to zero implying no
K —

increase in required column plastic moment capacity in Moment State ].

Changes in required panel member axial forces in Moment State ]
will now be described. The notation used is as follows:

AFB(i,j) and AFB(1+1.j) designate changes in the upper and lower
beam axial forces respectively while AFC(i,j) and AFC(i,j+1) designate
changes in the left and right column axial forces. Furthermore,
AFBR(i,j,Z) designates the change in the tension brace force when wind
is applied from the left and AFBR(i,j,1) designates the change in the
tension brace force when wind is applied from the right. Note again
that the following formulations are with respect to wind from the left.

Consider the free body diagram of the upper left joint of panel j
i{llustrated in Fig. 3.18. The net axial force in the upper beam will
be taken as the sum: AFB] t AFBZ Horizontal force equilibrium and

column moment equilibrium require that,

tMer () + aMgg(d)

t _
) ) (3.71)
MM () + A i)
t et CB
AFgy = A4S, = (1)
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Substituting Eq. (3.61) into Eq. (3.71) where aM=aM, or aM=aM, defined

by Eq. (3.65) results in

AFJBC] B ] d (1 sJ)
“A"_T_I" = (1-3C + —‘E‘GT—‘ (H‘C
. (3.72)
oFS, ] d.(1,3)
W, 7 (1tC - *gtr—y— (1+C))
afgy afg . . .
Since AH] and AHZ are constants, the changes in required beam axial

force capacities with respect to AH1 and AH2 are

Fg(153)  4Fg
BT AH}‘

(3.73)
.. t
3Fpo(isd) i AFgs
““SHE”' Aﬁg

Finally,
N t
AFg(i,3) = AFgy + AFg, (3.74)

Note that when the panel is selected to resist AHJ as a truss resisting
panel (C=-1.0), AFB] = AH; and AFB2 0. This shows that AH, passes
through the upper beam to the upper right joint where it and AH, are
transferred to the bottom support points through the tension brace and
the right column.

Consider now a free body diagram of the right half of panel j as

illustrated in Fig. 3.19. The net axial force in the lower beam will
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t <« st
AH]—a-l-.— ~— AFg, l—— bF g, )—7‘—> B,

r————

AS, 4S,

(a) AHy # 0, AH, = 0. (b) 4Hy = 0, 4H, # 0.

Figure 3.18 Free Body Diagram of Upper Left Joint of Panel j.

t t
AFgy— AFgp —= AH,
— _r
CaH, CaH,
AFb —_ AFb —_
B1 , B2
(a) AH] £0, AH2 = 0. (b) AH] =0, AH2 £ 0.

Figure 3.19 Free Body Diagram of Right Half of Panel j.
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be taken as the sum: b] AFEZ. Horizontal force equilibrium
requires that,
b _ t
. . (3.75)
Substituting Eq. (3.72) into Eq. (3.75) results in
AFE] AFEZ d (1,3
= = -7z (€ + + .
aH, I, p (3¢ + =Sy (140)) (3.76)
AFB] N
Since AH] and AHZ are constants and equal,
oFg(it1,5)  oFg(i+1,d)  aFy, -
—_— = = 3.77
BH] 8H2 AH]
Finally,
. o\ b b _ AHJ dC(] :J)
AFB(]+],J) N AFB.I + AFBZ = - T (1+C + G (1+C)) (3.78)

Consider now a free body diagram of the upper right joint of panel j
as illustrated in Fig. 3.20. The net axial force in the right column
is taken as the sum: AFC] + AFCZ Vertical force equilibrium requires

that,
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ro .
gy = Sgy- Cﬂﬂl%)l
) MBLU,J) *‘MBR’(T;J)’ - e h
L{J) al [%J'g
r _ h(1) (3.79)
AFcp = 3 - CaMp 13T
Mg, (153) + aMae(1,3) (s
BL BR h(i
() - ety {3}
Using Eq.'s (3.56), (3.59), (3.66), and (3.79) leads to,
r r .
Mgy Mg opgiy 1 OG0 (3.80)
AH] AH2 L{7) T+ Cvlj) )
Since these factors are constan® and equal;
aF(1,3+1)  oFc(1,3+1) A}
C = ¢ = ¢l (3.81)

3H] 3H2 AH1

Finally,

N YO N N
AchlsJ 1) = & Cl + AFCZ =1 3 T—;—E;TET—— AHJ (3.82)

Consider now a free body diagram of the upper half of panel j
as illustrated in Fig. 3.21. The net axial force in the left column
will be taken as the sum: AFE] + AFEZ. Vertical force equilibrium

requires that,

L. r h(1
h (3,83)
L. r (1
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£Sgy J AsszJ — AH,
h(i h(i
CaH, [§3%~1 CaH, E%E%’1
A A
r r

(a) AH] # 0, AH, = 0. (b) AH] =0, AH2 # 0.

2

Figure 3.20 Free Body Diagram of Upper Right Joint of Panel j.

AH.I AH2

h(i h(i
CoH, L—}J—ﬂ CoH, L—bl 1

L T r T L T r
TAFC] AFC] AFCZ AFCZ

(a) AH] # 0, AH, = 0. (b) AH] =0, AH2 # 0.

2

Figure 3.21 Free Body Diagram of Upper Half of Panel j.
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Substituting Eq. (3.80) inte Eq. (3.83) results in,

AFtl' AFEZ h(i) 1+C
W omW, - 14 TFTET (3.84)

Since these factors are constant and equal,

. . L
aF(1,3) aF(1,J) AF
Cly oMo af
Finally,
.oy - L L _ h@ 1+C

Consider now a free body diagram of panel j as illustrated in
Fig. 3.22. The right and left reactions respectively are ARr and ARL.
Also, AR, and AR, are taken as increments of axial force in all columns
below the panel in column lines j+1 and j respectively. Now, moment

and vertical force equilibrium require that,

_ h(i
ARr o [{3%' AHJ

(3.87)
. _h
R s
In addition,
AF(kad) = AR ko= 441, 142, ooy M
(3.88)

AFp(Ka341) = ARy ko= 141, 142, .oy M
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Also,

aF~(k,yjt+T) AF- (k Jt1)

C = C = J

o -{—} K= i1, ..., M

| (3.89)

aFc(k’J) AFC(kaj) h({
—a_H._.— = -—AF—— = - L q Y k = i+], ceey M

i ] J

Consider finally a free body diagram of the tension brace as

illustrated in Fig. 3.23. The horizontal component of brace force is

CAHJ. Thus,
. CaHy Lg(i,3)

AFBR(MJ,Z) = Coss C—UJ—-)— AH, (3.99)
where,

Lz(i,3) = diagonal brace length.
Furthermore,

oFgp(isds2)  aFgp(i.3,2) Lg(isd)

BHJ = AHJ = C TG (3.91)

This completes the detailed description of Moment State 1 or
Failure Mechanism State 1.

2. Moment State 2 - Failure Mechanism State 2

The initial moment diagram of this state is shown in Fig. 3.714.
The leeward end moments of the beams under the factored combination
Toad condition are equal to the corresponding moments under the factored
gravity loads. After this point, the required plastic moment capacities

of the beams must be increased due to additional horizontal Toads.
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AH.J = AHy + AH,

AH‘J <

? ARL ? AR

r

Figure 3.22 Free Body Diagram of Panel j.

G—Lu)—’i//AFBR(i .3 52)
]

Lg(1-3) (i)

_—3
-

AFBR(i,j,z)

CAHJ = C(AH] + AHZ)

Figure 3.23 Free Body Diagram of Tension Brace.
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The failure collapse mechanism in this state {s the same as in
the first state, that is, the combination beam and panel failure mech-
anism. Consequently, all equations for increments of moments and axial
forces in this state are the same as in the first state. Furthermore,
the change in required plastic moment capacities of the beams are

AMBP(]’j) = AMéR(]:j)
(3.92)

WMo (2,3)

Mgp(2,3)

So, from Eq.'s (3.57), (3.58), (3.60), (3.66), and (3.92) the change in

required beam plastic moment capacities with respect to AH] and AH2 are

AMBP(]sj) L(j) - dc(iaj) h(i)(]+cg

AHk = 4L(j) .I T CV(J Py k = ],2
. (3.93)
M, (2,3) My (1,3)
BP = ¢ (§) BP
Mo W B,
These factors are constant. So,
Mgp(123)  Mgpl1nd)
5Hk - AHk >R T
. (3.94)
Mp(2,3)  Mgp(2,3) - 1.2
BH - AH ’ - 2
k k
For columns, due to the same reason as in the first state,
oM AM P M -~ M
CP - C = CP,new ! CP,O‘ld , k = ]’2 (3.95)

BHK A K AHk
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This state terminates at thg pqint where the windward end beam moments
become equal to the beam moments at the center and right end. Beyond
this point the sway mechanism becomes the exact failure mechanism,

The terminal leeward joint moment of the upper beam in this
state, MBR,max.’ is easily obtainable by considering the terminal
moment state as illustrated in Fig. 3.24. The virtual work equation

states that,

Considering the joint size effect,

]
L(3) + d.(1,3)
MBR ,max ‘ ' MBR ,max
R L(d) - d (1,3) et

n

(3.96)

Thus,

M Ay Py (L(G) + 4 (1,3))/4 (3.97)

BR,max. -

Subtracting Eq. (3.67) from Eq. (3.97) results in the total change in
the upper Fight joint beam moment AMT. So,

M= (24, - Aq) Py (L) * dc(,3))/8 (3.98)

This completes the detailed description of Moment State 2 or

Failure Mechanism State 2.

3. Moment State 3 - Failure Mechanism State 3

If the vertical loads Py and P; on the upper and Jower panel

beams are equal, Cv(j)=1.0, and this state is skipped. Consequently,
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Figure 3.24 Terminal Upper Beam Moments in Moment State 2.
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when Cv(j)fl,Q, this state {s considered as the transition state from
the combination failure mechanism to the full sway failure mechanism.
Now, when Cv(j)fl.o, the beam joint moments are not all equal

to each other at the initial point of this state as {llustrated in

Fig. 3.15. The ratio of the joint moment of the lower beam to the
upper beam is Cv(j). So, in order to equate the upper and Tower beam
joint moments, the additional joint moments will be applied to the beam

which has the smaller joint moment.

If cv(j) < 1.0 :

AM

n

AMBR(Z’j) = AMBL(Z’j)

Mg (2,3) = MMge(1,3) = aMg (1,3) = AMge(1,§) = 0

. : _ (3.99)
AMCB(J) = AMCB(J+1) = - AM
AMCT(j) = AMCT(j+]) = 0
If Cv(j) > 1.0 :
MMgp(1,3) = AMg, (1,3) = M
AMBC(]’j) = AMBR(Z’j) = AMBL(ZsJ) = AMBC(Z’j) =0
. (3.100)
AMCT(j) = AMCT(J+]) = - AM
AMCB(j) = AMCB(j+1) = 0
Substituting Eq. (3.99) or (3.100) into the moment equilibrium
Eq. (3.64) results in
MMy -h(1)
M = ——— (14C) (3.101)

2
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. §
The change in beam end moment, AM , considering the joint size effect
may be obtained by substituting Eq. (3.99) or (3.700) into Eq. (3.12).
The result s,
MI e dc(i,J)
Moo= - *—1137‘0 M

Now, since the change in required plastic moment capacity of a
oM

(3.102)

beam is equal to AMI, 5“523 k=1,2 for a beam is, for Cv(j) < 1.0,
Mao(2:3) ' (o s - d_(i,d)
BP - MM (2,3) _h(i) (4 . ¢ -
aHk AHk 2 (1 —1137__4 (]+C)’ k = ],2
. (3.703)
Mep(1-3) ' (L) - (=1,
oHy AHy ’ ’
and for Cv(j) > 1.0,
Moo (153) ' 1 s . d (i,3)
BP _ M (1,3) _ h(i) _C _
BHk AHk > (1 —ETFT——? (1+C), k 1,2
(3.104)

aMBP(Z’j) i} AM|(2,j) i}

The required plastic moment capacities of columns obviously do

not change in this state. Thus,

Mep (1,53) Mp (1,311)
cP = ZC T T L g, k=1,2 (3.105)
aHk aHk

The terminal leeward upper joint beam moment, M , in this
BR,max.

state is,



-185-

MR, max. = Moxe Map(1ad)s Mgp(2.9)}

moments, the total change in right joint beam moment, AMT, is

AMT = IMBR('I’J) - MBR(Z’j)I

(3.106)

Since this state seeks to equate upper and Tower right joint beam

(3.107)

Changes in axial forces with respect to changes 1in AH1 and AH,

description of Moment State 1. The results follow:

For Cv < 1.0,
3Fo(i,§)  AFE
B 2 = B] l_ (]-C)
o A 2
1 1
3Fo(i.d)  AFE
BT 72 1 (q4)
L B, ~ T2 (

N t
AFB(1,J) = AFgy + AFp,

b

aF (i+1,3) AF
B Bk 1
= = - % (1+C), k = 1,2
aHk AHk 2
AH
Cia ey b b _ J
AFB(1+] aJ) - AFB] + AFBZ - - 2 (]+C)

are obtained using the same free body diagrams as were used in the

(3.108)

(3.109)
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aFc(1,311) Ay ) -1
o Aty ) [%j% A

hi (3.110)
P = r r = - 1
aFc(1,341) = afy + aFgy G A
. L L
oFc(1.d) afg Fy o k=12
? : ?
o A A
(3.111)
AFL(3,3) = aFk, +aFL, = 0
c'e CT c2
lbdt) sy
aH‘J AHJ L{J
AFc(k,3+1) = h%i} AH
c\ L(3) ~"
. k = i+1, ..o M (3.112)
aFC(k’J) - ARL - _ h ,i.
BHJ AHJ Lijg
o __h(
AFc(ks3) = - E%E%' AH
oFgp(i=d-2) aFgpling,2) ) Lg(i,3)
oH, AH, L(3)
(3.113)

o Lg(i,3)
AFBR('I,J,Z) = C_LC]T_ AHJ

For Cv(j) > 1.0, Eq.'s (3.108), (3.109), (3.112), and (3.113)

are still valid. In addition,

.. r
aFC(1,J+1) _ AFCk _ - 1.2
ol A,Hk Léig ? ?

r r _ h{i
AFcy + 8Fco = oy Ay

(3.114)

H

AF(1,3+7)
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afc(15d) AF
Fmkb O JUONEERE.

(3.115)
AFe(1,3) = AFc1 + AF = - —{%%-AHJ (1+C),

This completes the detailed description of Moment State 3 or
Failure Mechanism State 3.

4. Moment StatéA4 - Faf1ure-Mechanism State 4

This moment state is associated with the full sway failure
mechanism. Consequently, the increments of moments at the beam and
column joints are equal at all four panel joints as illustrated in
Fig. 3.16. So,

MMy (1,3) = AMgp(1,3) = aMg) (2,3) = AMgp(2,3) =AM

AMBC(l,j) = AMBC(Z,J) =0 (3.116)

Mo (3) = aMep(d) = aMp(3+1) = aMcp(3+1) = -aM
Substituting Eq. (3.116) into the moment equilibrium Eq. (3.64) results
in,

AHh(1)
AM = 7 (1+C) (3.117)

The changes in beam and column end moments, AMB and AMC, are obtained
by substituting Eq. (3.116) into Eq.'s (3.12) and (3.14). The result

is,
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! d (13J)
g = (- gr Lo
R (3.118)
- dy(1:3) |
M = (- hpy
M
Furthermore, BHEP and aﬂip , k=1,2 are,
Mop(1,3)  Mp(2,3) d (1,3)
BP _ BP
- AHk 41) (1 - =) (1+0)
. (3.119)
3Mcp(1:J) 3 aMCP(TsJ'H) A h('l) ( ( ’J))('|+C)
BHk BHk AHk hl15

The terminal leeward beam joint moment, M , in this state

BR,max.
depends on the maximum moment capacity of the given wide flange sec-

M
tions. If MBR( i,j) becomes equal to MBR max. * aHiP k = 1,2, is set

to a very large value in order to yield the lowest priority to the
corresponding bay.

Changes in axial forces with respect to chénges in AH] and AH2
are obtained using the same free body diagrams as were used in the
description of Moment State 1.

The results follow,
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e t
BFB(lyJ) _ AfB] 1 (] ¢)
3'[' - AH - 7 ~v!
] 1
Falind) P 1
T = m. - -z (0
2 2
AFg(1,3) AFE, + AR,
aFB(1+1,j) Ang 1 140, k= 1.2
— = T - 7 + ’ = ]
3H, AH 2
AH
bFg(i+1.5) = aF +afh, = - =T (1+0)
oF (1,341} aFG 1o
of, * W, T Al (1-C), k=1,
AH; h(i)
2Fe(id) AFtk h(i) _ (1+c), k = 1,2
= = = : +C)s =1
aHk AHk 2L(J
AH, h(i)
. L L J
AFC(“J) = AFC] + AFC2 = -G (1+C)

(3.120)

(3.121)

(3.122)

(3.123)
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aFc(k:J+]) _ ARf i j
o, Aty Léi%

AFc(kaJ+]) = H AH
i (3.128)
BFC(k,j) k 'i+]’ CIEEEY M
BHJ - ‘E.—g—
AFc(k’j) = - E‘%‘;‘AHJ
BFBR(iaJsZ) } AFBR(i’j’z) - LB(i’j)
3HJ AHJ E(J)
(3.125)
Lg(i,3)

AFBR(i,j,Z) = C"'T—r-‘LJ AH
This completes the detailed description of Moment State 4 or

Failure Mechanism State 4.

3.7.1.4 Change in Required Member Area with Respect to Changes in
Required Force Capacities

A11 changes in required member force capacities with respect
to changes in AH] and AH2 have now been formulated. Only the changes
in required member area with respect to changes in required plastic
moment and axial force capacity need to be formulated in order to have
all the necessary factors to calculate the sub-sensitivity coefficients
as defined in previous sections of this chapter.

A11 member selection will be based on the 1969 arsc{l) plastic
design code formulae. Consequently, the changes in required member
area with respect to changes in required plastic moment and axial force

capacity are formulated on the basis of these code formulae. Note that
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in what follows, any design formula introduced will not be fully
described in this section. Instead, all design formulae used in this
plastic design method are described in detail in Section 3.8.

To begin with, the change in required beam area with respect to

changes in required plastic moment and axial force capacities respec-

e ohg(i,3)  3Ag(i,d)
tively are designated by aMBP(i’j) an aFB(i,j)’ For columns, the

. ahc(i,d)  aAc(iLg) _
corresponding factors are 5ﬁE;T?T§7’a"d 5?613137-. For a tension brace

the factor is 2Agg{T,d-H) . k=12
BFBRI1,J,k$
1. Beams

The design of beams may be based on either a moment condition
only or a combination moment plus axial compression force condition
when lateral torsional buckling is a controlling factor. Note that
when a beam experiences a combination moment plus axial tension force
condition, it will be designed on the basis of the moment condition
only.

When the current beam design is controlled by a moment condition
alone, the required plastic section modulus is determined from the

equation,

Z (3.126)

B - Mgr/9y
The empirical relation between beam area and beam plastic section

modulus as described in Section 3.9 will now be employed. So,

_ 2
AB = CZZB + C]ZB + CO (3.127)
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Now, substituting Eq. (3.126) into Eq. (3.127) leads to,

C C

T 2\ M2 1
Ag = () Mgp + (=) Mg + Cg (3.128)
o} Y
y
Finally, differentiating Eq. (3.128) with respect to Mgp and Fp
respectively results in the desired factors.
3AL(1,3) 2C o
B = (52) Moo(i,) +
M, (1,7) 2 BP*
BP Gy y
(3.129)
BAB(i,j)
30 -
B b

When the current beam design is controlled by a combination
moment plus axial compression force condition, the member properties of

a satisfactory section must satisfy the following AISC Formula (22),

F CM

PB * mFBP < 1.0 (3.130)
L -
Pe m

where Pcr, Cm, Mm, and Pe are functions of the member properties as

described in Section 3.8. A numerical technique is used to find

BAB BAB
i and = First, changing < to = and solving Eq. (3.130) for
BP B
Map and FB respectively results in,
M F F
m B B
M = L (1-5)0-5)
BP Cm Pe Pcr
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The numerical procedure used is as follows:
i. Select two values of plastic section modulus, Z] and
Zys where.ZO represents the current value of plastic
section modulus and

z +AL

1 Ly

1, = L, -AZ

2 0
ii. Using the empirical relation Eq. (3.127) leads to

two corresponding values of member area, A1 and A2.

iii. Using another empirical relation described in
Section 3.9, calculate two corresponding values of

radius of gyration, " and ro.

jv. A1l the necessary factors in Eq. (3.131) may now be

evaluated. At points 1 and 2, MBP] and MBPZ are
oA

calculated and ——E—-is taken as,
BMBP

(3.132)

Mep(i53)  Mgpy~Mgpy

Similarly, at points 1 and 2 calculate FB] and F82 respectively and
oA

take — as,
BFB

3Rz (i,3) i A-A,

- A 2 (3.133)
Fg(T.3) — Fpy-Fpp

2. Columns

The design of columns is based on either the strength interac-

tion equation, AISC Formula (21), or the buckling interaction equation,
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AISC Formula (22), whichever is critical.

When AISC Formula (21) controls,

F MCP

59.+ <1.0, M., <M

y 1.18 MP — cP—-""P

Changing < to = and solving for MCP and FC results in,

F

_ C
Mep = 1.18 M5 (1.0 - &)
y
M
i cp
Fe =P, (0~ T.18 T, )

(3.134)

(3.135)

Using a similar numerical procedure for columns as described above for

beams,
Aling) M
Meplis] Mep1-Mep2
WA (i.3) Ay-A,

aFCli,jj FC]-FCZ

When AISC Formula (22) controls,

Again, solving for MCP and Fr results in,

(3.136)

(3.137)
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o = =) (=)
. m e cr

(3.138)

M 1

Fe = %'[(Pe+Pcr) B V/;'Pe'Pcr)2 tAPP ﬁig ]
Applying the above described numerical procedure to Eq. (3.138), the
resulting Eq. (3.136) is again applicable.

Note that when a column experiences a decrease in axial com-
pressive force or moment to the extent that the section size is con-
trolled by the minimum section requirement from the factored gravity

aAC(i,J) aAC(i,J)

load condition, the factors BMCP(i’j) and aFC(i,j) are set to zero.

3. Tension Brace

The design of tension braces is based on the relation,

FBR(i,j,k) < 0.85 Py (3.139)

where,

{1, wind from right
2, wind from left

>~
!

Py = ABR(isjsk) O'y

Changing < to = and substituting for Py leads to,

gg(1,d-k) 1 k=12 (3.140)
Fgodok] - 08 g T :

when a panel is being considered as resisting the next increment of

lateral force, AH,, by truss action. However, if the panel is being
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considered as resisting AH; by moment action, aABR/aFBR is set to zero.
Furthermore, AHJ may not be Targe enough to induce a force greater than
0.85 Ry in the brace when truss action is under consideration. Thus.
the factor BABR/SFBR is set to zero until the full capacity of the
current brace size is utilized.

In conclusion, all factors used in the calculation of the sensi-
tivity coefficients of panel j in story i have been formulated. Recall
that there are two sensitivity coefficients calculated for each panel.
One is associated with a moment resisting panel (C = 0.0), while the
second is associated with a truss resisting panel (C = -1.0). Before
an increment of lateral load is applied to a story, the two sensitivity
coefficients are calculated for each panel and compared. The panel
with the least va1uedvsensitivity coefficient is selected to receive
the next increment of lateral story shear. After the panel and mode of
resistance are selected, the value of incremental story shear, AHJ, to
be applied must be determined. The calculations of AHJ will be

described in the following section.

3.7.2 Calculation of Applied Incremental Story Shear, AHJ

The proposed method for distributing Tateral loads into a story
is essentially a gradient search technique where the gradients of the
objective functian are the sensitivity coefficients. As in most
gradient search methods the problem of determining how far to move
along a gradient is, to say the least, no small problem. In the pro-
posed method, the calculation of how far to advance along a gradient,

that is to say, the value of the next increment of story shear AHJ to
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be applied to a panel, is based on the current state with respect to
the controlling code design formula of those memhers which will
experience force changes due to the application of AH,. Two simplify-
ing assumptions are made in order to calculate the value of AHJ. The
first assumption is that the gradient, or sensitivity coefficient, is
composed of a series of straight line increments where each straight
line does not change slope over the application of AHJ. Now, the

sensitivity coefficient af/aHJ can be represented as (G) (%%9 (%ﬁ—)
J

where G is some constant, 3A/3F is the change in area with respect to
changes in required member force capacities, and aF/aHJ is the change
in required member force capacity with respect to changes in panel
shear capacity. The factor aF/aHJ has been shown to be a constant in
Sections 3.7.1.1 to 3.7.1.3. The second assumption is now made. It is
assumed that although the factor 3A/3F corresponding to each controlling
member design equation is not constant, its value may be taken as con-
stant with small error on the final sensitivity coefficient. In other
words, it is assumed that a different constant value of 3A/5F exists
for each member design equation. The fact that 3A/3F is not in reality
a constant is accounted for only to the extent that new values of
5A/aF are calculated after each AHJ is applied to a panel and a redesign
of the members is executed.
- Several potential values of AHJ will be calculated. AHJ is

calculated for each of the beams in story i to the left and right of
panel j as well as the upper beam in panel j with respect to changes

in axial force. In addition, AHJ is calculated for each column in the
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panel and below the panel in column lines j and j+1 again with respect

to changes in axial forces. If the panel has been selected to resist
the next increment of lateral load as a moment resisting panel, AHJ is
calculated that will just cause the moment state of the panel to
change. Finally, if the panel is selected to resist the next increment
of lateral shear by truss action, AHJ is calculated for the tension
brace with respect to changes in axial tension force. The least value

of AH, is selected and applied to the panel.

J
3.7.2.1 AHJ Due to Story i Beams to Left of Panel j

This value of AHJ is calculated either for panel moment or
truss action. Beams in story i to the left of panel j experience
increases in axial compressive force. This change in beam axial force

is calculated by Eq. (3.40) as,

. AHJ . k
Z\FBL(1,k) = §;r;7‘ (AZH(T) + pzl S(p))

Solving this equation for AHJ results in,

AH, = ) AFBL(i,k) (3.141)

The equivalent form of Eq. (3.141) used in the computer programs is

obtained with the aid of Eq. (3.29) as,

AFBL(i,k)

My = - (3.142)
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When the heam under consideration has been designed on the basis of a
moment condition only, AFBL(i,k) will be taken as the additional axial
compressive force that will just cause the current beam size to be
controlled by a combination moment and axial compression force condi-
tion. Equation (3.142) is then used to solve for M,. On the other
hand, when the beam under consideration is controlled by the combination
moment and axial compression force condition, AHJ will be taken as 20%

of ST(i).

3.7.2.2 AHJ Due to Story i Beams to Right of Panel j

This value of AHJ is calculated either for panel moment or
truss action. Beams in story i to the right of panel j experience
decreases in axial compressive force or increases in axial tension

force. This change in beam axial force is calculated by Eq. (3.42) as,

(i,k) o M (p)
AFgplisk) = - z S(p
BR ST(15 p=z+]

Solving this equation for AHJ and using Eq. (3.29) results in,

AFBR(i,k)

AHJ = - (3.143)

k
(- gy D) + J s

Now, when the beam under consideration has been designed on the basis
of a moment condition only or the combination moment and axial tension
force condition, M, is taken as 20% of ST(i). However, when the beam
under consideration is controlled by the combination moment and axial

compression force condition, M; will be calculated by Eq. (3.143).
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In this case, AFBR(i,k) is calculated as follows. Let F, be the value
of axial compressive farce in the current heam. Another beam size is

calculated on the basis of the beam moment only. Let F, be the value

of axial compressive force that will just cause this new beam size to

be controlled by the comhination moment and axial compression force

(Fz) condition. The value of AFBR(i,k) will be taken as Fo-Fy-

3.7.2.3 AHJ Due to Upper Beam in Panel j

This value of AH‘J is calculated either for panel moment or
truss action. It is not known a priori whether the upper beam in
panel j experiences an increase or decrease in axial compressive force.
This must be determined before AHJ is calculated. First, using a simi-

lar argument that led to Eq. (3.51), the following relation may be

derived.
AFR(i,3) AFR(1,3) AFR(i,3)
L = ) @) (1) (3.144)
J 1 2
AFg(i,3)  aFp(iLJ)
where K is calculated by Eq. (3.46), and BN and depend

1 AHp
on the current moment state as described in Section 3.7.1.3. Solving

Eq. (3.144) forAkb results in,

0Fy(1.4)
= e ) (35g)

(3.145)
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BFa(1,3)
Now, when "EZH"‘— >0, the beam experiences an increase in axial
Y :

compressive force. In this case AFB(i,j) is calculated in the same
way as AFBL(i,k) and Eq. (3.145) is used to ca]cu]ate.AHJ. When
BFg(1,3)

—— 0, the heam experiences a decrease in axial compressive
J

force. In this case AFB(i,j) is calculated in the same way as AFBR(i,k)

and again Eq. (3.145) is used to calculate AHJ.

3.7.2.4 AH‘J Due to Lower Beam in Panel j

This value of AHJ is calculated only for panel moment action.
The lower beam in panel j experiences a decrease in axial compression
or increase in axial tension under the app]ication of AH] and AHZ. In
addition, for the same reasons that led to Eq. (3.144), the following

relation may be developed.

0y (i+1,5) M(i+1,3) MR (i+1,3) ¢
—m, = o, ) ) () (3.146)

Solving this equation for AHJ results in,

AFp(i+1,3)
My = Fp(i+1,3) ] Mg (i+1,3) " (3.147)
= et ™+
1 2
AFB(1+],j) AFB(i+1,j)
Now, since —=—m——— < 0 and ——g— < Q as discussed in Section
’ ol A,
AFp(i+1,5) .
3.7.1.3, then ——pg—— < 0 and the Tower panel beam only experiences
J

decreases in axial compressive force or increases in axial tension
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force. Thus, AFB(1+],j) js calculated in the same way as AFBR(i,k)

and Eq. (3.147) is used to calculate AHJ.

3.7.2.5 AHJ Due to Columns Below Panel j

This value of AHJ is calculated either for panel moment or
truss action. Columns in line j+1 below panel j experience an increase
in axial compressive force while the columns in column line j below
panel j experience a decrease in axial compressive force. These

changes in axial force are obtained from Eq. (3.89) as

. _ h(i s
AFC(k’J+]) - +ﬁ—j% AHJ’ k = 1+], se ey M
(3.148)
. __ h(i o
OFc(k,3) = E{E% MM , k=41, ..., M
Solving for AHJ in each equation results in,
_ L . .
My = ﬁéﬁ% OFa(k,3+1), ko= i+, L., M
( (3.149)
- L(J . .
My = - AFC(k,J), k = i+1, ..., M

When a column size below panel j and in column line j+1 is
controlled by the minimum section constraint, AFC(k,j+1) is taken as
the additional axial compressive force that this minimum section can
support. If instead this column is controlled either by design equation
Eq. (3.134) or Eq. (3.137), AFC(k,j+1) is taken as the additional axial
compressive force that can be supported by the maximum column section
size in the column section table.

When a column size below panel j and in column line j is con-

trolled by the minimum section constraint, AFC(k,j) is taken to be a



-203-
value that will result in a value of AH.J equal to 20% of ST(i). If
instead this same column is control]ed by design gqyation Eq. (3.134)
or Eq. (3.137), AFC(k,j) is taken as the difference between the current

column axial force and Fmin The term F is the maximum axial force

min.
that can be supported by a column section selected on the basis of the

column moment only. Thus, AFc(k,j) = Frin.” Fc(k,j).

3.7.2.6 AH‘J Due to Columns in Panel j

This value of AHJ is calculated either for panel moment or
truss action. The right column in panel j experiences an increase in
axial compressive force while the left column experiences a decrease
in axial compressive force under the application of AHJ. For the same

reasons that led to Eq. (3.51), the following relation is obtained.

AF.(i,k) AFA(d,k) AF (i ,k)

C C 1 C K 3.150
- ) )+ ) ) (3.150)
K= 3, 3t |

OF (1K) BFc(i,k)

where K is calculated by Eq. (3.46) and and depend
AH AH2

1
on the current moment state as discussed in Section 3.7.1.3. Solving

Eq. (3.150) for AH, results in,

AFC(i,k)
MH, = : :
J AF.(1,%) 1 AF(i,k) K
AH.] ’] + K

(3.151)
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where AFC(i,j+1) and AFC(i,j) are calculated in the same way as
AF.(p,J+1) and AF.(p,j) were calculated for columns below the panel
(p = i+1, ..., M).

3.7.2.7 AHJ Due to Tension Brace in Panel j

This value of AHJ is calculated only for panel truss action.
The incremental story shear associated with a tension brace is that
value of AHJ that will increase the force in the current tension brace
size up to the maximum capacity of the brace without causing a change

in brace area. So, solving Eq. (3.90),(3.113), or (3.125) for M

J
where C=-1.0 results in,
Moo= - ap (4,5,k) (3.152)
J LB 1,] BR
where,
BFpp(isd-k) = - 0.85 P -Fpp(i,5.k)

Py = OyABR(i,j,k)

k

1,2 (wind from right, left)

Note that AFBR(i,j,k) is negative in accordance with the sign conven-

tion for tension force defined in Section 3.3.

3.7.2.8 AHJ Due to Moment State Changes in Panel j

This value of AHJ is calculated only for panel moment action.

1. Moment State 1

Solving Eq. (3.65) for My with C=0.0 results in,
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. A 1 C, )
AH, = ) - AM (3.153)
o) +d Gy RO

where AM represents the additional moment required to increase the

current upper right joint beam moment to the value, Mgp .., given by
Eq. (3.67) as,
:>\| 3 l"
Mag.max. = P1 (L(3) + d (i.3))/8
Thus,
M= APy (L(G) + d (4,0))/8 - Mgp(1,5) (3.154)

2. Moment State 2

Since Eq. (3.65) is also valid for this state, Eq. (3.153) is
again applicable for the calculation of AHJ. The increment of moment
M for this state represents the additional moment required to increase

the current upper right joint beam moment to the value, MBR

,max.’
given by Eq. (3.97) as
MBR‘,max. = )‘ZP] (L(J) + dc(i’j))/4
Thus,
M = AZPI (L(3) + dc(i,j))/4 - MBR(]’j) (3.155)
3. Moment State 3
Solving Eq. (3.101) for M) with C=0.0 results in,
2N (3.156)

Mg = RGY
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where AM represents the additional moment required to increase the
current Tower valued right joint bheam moment up to the higher valued

right joint heam moment. Thus, .

M= max. (Mgp(1,3), Mao(2,3)) - min. Mop(1,3), Mpp(2,3))

(3.157)
4. Moment State 4
Solving Eq. (3.117) for AHJ with C=0.0 results in,
_ 4
My = RGT (3.158)

where MM represents the additional moment required to increase the
current right joint beam moment up to the maximum moment carrying

capacity, M , of the current beam size. Thus,

B,max.

M o= M Mgp(i>3) (3.159)

B,max.

Before proceeding on to the next section, an additional point
must be clarified related to the calculation of AHJ. Suppose the
selected value of AHJ is one that is calculated on the basis of exhaust-
ing the remaining capacity of a given section size. The next time AHJ
is calculated for this same member, its value must be zero since the
member has no remaining reserve capacity. In order to overcome this
difficulty, all AHJ values calculated on the basis of reserve member
capacity are multiplied by the factor 1.10 in order to guarantee at
least one member size increase. Thus, the factor 1.10 is applied to

AHJ values calculated for the following cases:
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Beam to the left of panel j controlled by the
moment condition only.

Beam to the right of panel j controlled by the
combination moment plus axial compression force
condition.

Upper panel beam experiencing increases in axial
compressive force and controlled by the moment
condition only.

Upper panel beam experiencing decreases in axial
compression force and controlled by the combina-
tion moment and axial compression force condition.

Lower panel beam controlled by the combination
moment plus axial compression force condition.

Columns in column line j+1 controlled by the
minimum section constraint.

Columns in column line j controlled by design
equation Eq. (3.134) or Eq. (3.137).

Tension brace.

Moment State 4.

This concludes the description of the calculation of the incre-

mental story shear, AHJ, to be applied to the panel with the least

valued sensitivity coefficient.

3.8 Member Selectiaon

~ The selection of heams, columns and tension braces to resist a

given set of forces is in accordance with the 1969 AISC(]

)

code speci-

fications on Plastic Design of Multi-Story Frames. The appropriate

formulae will he Tisted here for completeness.
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Beams
FB < 0.8 Py , Combination gravity plus wind load condition.
MBP-i MP (3.160)
o, S gy
Pcr (1 - ;g) M -
e
FB = axial force in beam
MBP = maximum beam moment
AB = beam area
ZB = beam plastic section modulus
Fy = yield stress of steel
, = radius of gyration in plane of bending
ry = vradius of gyration perpendicular to plane of bending
Lb = unbraced length in plane of bending
Ly = unbraced length perpendicular to plane of bending
E = modulus of elasticity
K = column length factor

L/r = Tlargest (length/radius of gyration) factor.

P = AF

y By
Mp = ZgF,
C, = 0.8
Pep = 1.70 AgFy
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Py = 1.92 AjF,
vES (L /r)
My = (107 - —Le Yy m < M,
Eo. 149,000,020
) (KL /rp)

149,000,000/(KL/r)2, KL/r > .

F, =
A , F 2
Y- KTy e <

F.S. zcz - C

o

Fs = 54 3(KL/r) (KL/r‘)3
- T 3T TR 3
o 8C
C
C 2 TTZE
(o} Fy
Kp/mp < Cc
Columns

Fo £0.85 Py , Combination gravity plus wind load condition.

cp—-"P
F M
C CP
= + —— < 1.0 (3.161)
Py 1.18 Mp —
F CM
C + m CP <1.0
P F —
cr (1 - __Q) M
p m
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where all definitions of terms for beams apply to columns with the

following additions and changes:

FC column axial force

MCP = maximum column moment

AC = column area
ZC = column plastic section modulus
P = A.F
y Cy
MP = ZCFy
M
Cm = 0.6 +0.4 ﬂ5-3_0.4
IM]I f_!le
M]/M2 = pratio of column end moments

M]/M2 < 0 when column bent in double curvature
M1/M2 > 0 when column bent in single curvature

P

or 1.70 ACFA

1.92 ACFe

©
1]

3. Tension Brace

F < 0.8 P , Combination gravity plus wind (3.162)
BR" — y

load condition.
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where,

-n
I

gr = tension brace axial force (negative).

p-J
|

BR = tension brace area

Fy = yield stress of steel
Py = ABRFy

After each application of AHJ to a panel a new force distribu-
tion is determined. A1l members experiencing force changes will be
checked against the above code formulae. If a current member size
satisfied the code formulae an attempt is made to decrease its size if
it experiences a decrease in member force. If a current member size
violates the code formulae the member size is increased. A1l changes
in member sizes are made in an incremental fashion, that is to say, by
selecting the next larger or smaller member size in the appropriate
section table. After each increment of member size, the code formulae
are checked. When increasing member sizes, the first section satisfy-
ing the code formulae is selected. When decreasing member sizes, the
last section satisfying the code formulae is selected. Note that the
section size selected on the basis of the factored gravity load condi-
tion always represents the minimum or lower bound member size.
Furthermore, the beam and column section tables are composed of two
parts. The first part of each represent the economy sections without
regard to depth and where sections are arranged in order of increasing
section area or, equivalently, increasing section weight. Consequently,

each section selected from the first part of the beam or column section
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table corresponds to a least weight section satisfying the appropriate
code design formulae. In addition, bracing sections are also ordered
on increasing area (weight) and sections selected also represent least
weight sections satisfying the code formulae. On the other hand, the
second part of the beam and column section tables represent the non-
economy sections used to satisfy imposed depth constraints. The non-
economy columns are also ordered on increasing area (weight) and thus
section by section incrementation still leads to a least weight section.
On the other hand, non-economy beams are ordered on increasing plastic
section modulus. Thus, in order to select least weight sections,
rather than incrementing one section at a time, a special program is
used to select the least weight non-economy beam section that satisfies

all design constraints.

3.9 Empirical Relations between Section Properties

Various kinds of hot-rolled sections are available to struc-
tural engineers. Although any series of sections may be used in this
design method by simply specifying the appropriate section tables to
the computer program, rolled sections listed in the AISC Manua1(1) are
used in the illustrative examples. In particular, the rolled sections
used in the illustrative examples are listed in Appendix A.

As discussed in previous sections, the calculation procedure
for the sub-sensitivity coefficients associated with beams and columns
utilize continuous functional relations between various section
properties. Since the sub-sensitivity coefficients are highly sensi-

tive to changes in section area (A) with respect to changes in plastic
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section modulus (Z), quadratic polynomials are used to closely approxi-
mate the A vs. Z relations. On the other hand, the sub-sensitivity
coefficients are very insensitive to changes in radius of gyration (r)
with respect to changes in plastic section modulus. Consequently,
only linear polynomials are necessary to approximate the r vs. Z
relations.

In practical design, two series of rolled sections are usually
used. They are a column series and a beam series. For example, wide
flange sections of the nominal depth of 14 inches and of varying flange
thicknesses may be used exclusively for columns while sections of
varying depths, but of the most economical shapes, may be used for
beams. As discussed in Sections 3.8 and 3.11, column and beam series
of these types must be input as the first part of the column and beam
section tables respectively. Note that the empirical relations are
derived only for these types of sections. Figures 3.25 and
3.26 illustrate the empirical relations and the corresponding economy
beam and column section properties used in the illustrative examples.
Note that when beams are selected to satisfy depth constraints (from
the second part of the beam section table), empirical relations are
not used to calculate the corresponding sub-sensitivity coefficients
(see Section 3.11). On the other hand, since column depth constraints
are not satisfied until the end of the design method, the empirical
relations for the first part of the column section table are always

used in the calculation of the appropriate sub-sensitivity coefficient.
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Figure 3.25 Empirical Relations Between Section Area (A) and Plastic
Section Modulus (Z) for the Economy Beams and Columns Used

in the ITlustrative Examples.
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Figure 3.26 Empirical Relations Between Radius of Gyration (rx & ry) and
Plastic Section Modulus (Z) for the Economy Beams and Columns

Used in the Illustrative Examples.
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The coefficients of all-empirical relations are calculated by

the Method of Least Squares(g) at the beginning of each design, based
on the input section tables. The empirical relations for the economy
beam and column sections used in the illustrative examples are as
follows.

1. Section Area (A) vs. Plastic Section Modulus (Z)

For economy beams,

Ay = 4.486 +0.0794 7 - 0.0000124 72 (3.163)

For economy columns,

2

Ac = 2.972 +0.1609 7 - 0.0000253 Z (3.164)
2. Radius of Gyration (rx) vs. Plastic Section Modulus (Z)

For economy beams,

"YB " 6.02 + 0.0109 Z (3.165)

For economy columns,

'y.C ~ 5.172 + 0.00239 Z (3.166)
3. Radius of Gyration (ry) vs. Plastic Section Modulus (Z)

For economy beams,

"B T 1.022 + 0.00247 Z (3.167)

For economy columns,

r = 2.683 + 0.00194 Z (3.168)

y,C
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3.10 Calculation of A for the P-A Effect

In the proposed design method, when each panel in a story
is required to be an unbraced panel, A is taken as the maximum of the
mechanism deflections for each panel in the story. While the influ-
ence of column and beam elongation and shortening is neglected such
influences would be relatively small and the procedure should be con-
servative even for very tall frames.

When one or more panels in a given story may contain braces
the calculation of a A value, which would be applicable for all pos-
sible bracing patterns, becomes much more difficult. The procedure
used in this dissertation is greatly simplified and may be unconser-
vative. It is anticipated that future work (see Chapter 6) will in-
corporate a more sophisticated calculation procedure for this situa-
tion.

What is done at this time is to calculate for each panel where
bracing is permitted the relative panel deflection due to brace
elongation at the yield strain. Then A is taken as the minimum of

these values, A In addition, the relative deflection is calcu-

min.”
Tated for each unbraced panel after each application of AH,. When
this unbraced panel deflection becomes equal to Boin. all further
applications of AH; to the panel under consideration is required to
be resisted by panel truss action.

There are certain aspects of this procedure which are conser-

vative and others which are unconservative. It is conservative in
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the sense that the maximum shear capacity of the panel is not yet
reached when the shortest brace yields. On the other, and unconser-
vative, hand the effects of column and beam elongation and shortening
are neglected in the calculation of A.  For braced stories A is an
order of magnitude smaller than for unbraced stories and, according-
1y, axial deformation of columns and beams can be relatively more
important. The AISC Specification, in fact, asks that such deforma-
tions be considered. For the situation where all lateral forces are
assumed to be resisted by a statically determinate vertical canti-
lever truss, the calculation of that part of A due to axial deforma-
tion of columns and beams is easy. However, for the general case
being considered here, such calculation is more difficult.

It is important to note that the example problem comparisons
between the author's and Lehigh University's braced frame solutions
(see Chapter 2) still are considered to be valid. While it is not
exactly clear how A was calculated in the Lehigh solutions, it appears
to have been done in the same way as in this dissertation. In any
case inclusion of column and beam axial deformations for these parti-

cular cases would have only a minor influence.
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3.10.1 Braced Panel

The relative deflection for a braced panel is calculated as
the deflection occurring at the time the brace reaches a yielded state.
This is also conservative since the design equations require the maxi-
mum brace stress to be less than or equal to 85 percent of the yield
stress. Referring to Reference (10), Chapter 7, the relative deflec-

tion of a braced panel is calculated as follows.

2

Ni,j) = iLEL—E%)—Jl | (3.169)
where,
Gy = Brace yield stress
Lg(i,i) = Brace length

L(J) Bay length

E = Modulus of Elasticity

3.10.2 Unbraced Panel

The relative deflection for an unbraced panel is calculated
on the basis of the plastic moment diagrams and current beam and column
section properties. The method used is the slope deflection method
applied to the subassemblages of the story (see Reference (10),
Chapter 14). Each subassemblage consists of an upper story panel beam
and a windward panel column. The relative deflection will be calcu-
lated at the time immediately after the collapse mechanism formation.
Before this time, it is assumed that no plastic hinoes have formed in

the members of the subassemblage. Consequently, the slope deflection
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method can be applied to the deflection calculation. The results

follow.

For wind from the left,

o . Meg(i53)
L = el - 5 12 ey Mep(n3) - =51
where,
LMy (L) d(,d) | ML (D) 4 (,d)
o(1.0) = zpr gy U aey ! - e L e
"2 Vs
P13 (L (4)) d.(i,3)
+ s 1+ —= 3.170
235 P EFS D (3) : (3:170)
L'(3) = L) - d (i)

For wind from the right,

1] | i Mog(1,3+1)
A£1; ) = 6(1,j+1) - 3E 12§}2j+1) [MCT(i’j+]) - —EE—'TT-‘—— ]
where,
ol 141) = Map(i,3)L (3) d.(1,3) Mg (5,3L (3)__ d.(3,3)

F LD L A e Ty L G
ARyl () o d(1,3)
8E IB(13J) L'(j)

(3.171)

3.11 Beam and Column Depth Constraints

Recognizing that beam and column depth constraints can be very

important in practical design, the proposed design method takes these
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constraints into consideration. Beams and columns intended to be used
to satisfy these depth constraints are input as the second part of the
respective section table. Whereas the first part of the beam and
column section tables represent economy sections without regard to
depth, the second part of these tables are intended to provide sections
with the necessary section properties to satisfy the appropriate code
formulae as well as depths small enough to satisfy various depth con-
straints.

Beam depth constraints are taken into consideration throughout
the total design process. Since beams are primarily bending members,
it is easier to account for beam depth constraints in the sensitivity
coefficient calculations. Note that the empirical relations between
section properties are not derived for the non-economy beams where
depth constraints are important. Instead, the appropriate derivatives
for the sensitivity coefficient calculations are determined on a sec-
tion by section basis in the plastic design. In the elastic stiffness
design, the deflection sensitivity coefficient calculation is no differ-
ent for non-economy beams than for economy beams.

Column depth constraints are satisfied at the conclusion of the
total design process. There are several reasons for doing this. The
first reason is that column depth constraints occur much less frequently
and are usually much less restrictive than beam depth constraints. The
second reason is that column depths used in a practical design usually
have small variations in nominal depth as reflected by the fact that
sections with a nominal depth of 14 inches are very often used as column

sections. A third reason lies in the nature of the ordering of the sec-
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tion properties as they occur in the non-economy section table for
columns. While routines could have been written which would have al-
lowed for the plastic design sensitivity factors to properly account
for combined bending and compression, the effort was not deemed worth-

while.
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CHAPTER 4
ELASTIC ANALYSIS AND ELASTIC STRESS DESIGN METHOD

4.1 Introduction.

The proposed design system allows the user to specify the
maximum elastic stress which will be calculated for an unfactored, or
service load condition. If no elastic stress constraint is specified,
the programs will assume that the yield stress of the specified
steels cannot be exceeded under either the gravity or combined load
conditions. Obviously, the elastic stress design can be bipassed by
specifying a very high value of allowable elastic stress. An elastic
analysis and design is executed to satisfy the elastic stress con-
straints. In addition to stresses, the elastic analysis provides rel-

ative story deflections based on 'exact' analysis techniques which
may then be compared to the maximum allowable relative story deflec-
tions. . If these 'exact' relative story deflections exceed the maxi-
mum specified, an elastic stiffness design is executed as described

in Chapter 5.

A basic assumption in the elastic analysis and design method
consistant with the plastic analysis and design method is as follows.
Only diagonal tension bracing will be assumed to be acting under the
combination gravity plus wind load condition while no bracing will
be considered acting under the gravity load condition alone.

The method of solution selected for the braced or unbraced

plane frame is the Stiffness Method of Ana1ysis(]]). This method
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leads directly to the joint displacements of the frame which are

then used to determine the corresponding member end forces. The
stiffness matrix developed for the frame corresponds to a considera-
tion of three degrees of kinematic freedom per joint. That is to
say, lateral, vertical, and rotational displacements for each joint
are considered as the unknown joint displacements. Furthermore,
elements of the stiffness matrix neglect shear deformations, but con-
sider both axial and bending deformations of the members.

The joints of the frame are numbered in a way that minimizes
the band width of the structure stiffness matrix. The method of
matrix reduction selected is a modified form of the Square Root
Method (12) whereby full advantage is taken of the symmetrical and

banded properties of the structure stiffness matrix.

4.2 Notation and Sign Convention

Global joint displacements and corresponding joint forces

(applied forces as well as fixed-end forces) are shown in their posi-
tive directions in Fig. 4.1. Member forces calculated from the joint
displacements will conform to the same member force sign convention
used in the plastic design method.

The joint numbering convention is illustrated in Fig. 4.2
where the joint numbers increase consecutively from the leftmost
story joint to the rightmost story joint. Note that the support

joints are not numbered since only the free joints with displacement
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Figure 4.1 Global Joint Displacements and Forces.

1 2 3 o (N+1)
(N+2) (N+3) (N+4) 3 (2N+1) 2(N+1)

L ~ L L L

o~ T T T T
M(N+1)-N — 2 M(N+1)

Va4 77 Ve Veus T

Figure 4.2 Joint Numbering Convention.
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unknowns are numbered.

4.3 Member Global Stiffness Matrices.

In order to minimize the time required to construct the
structure stiffness matrix as well as minimize the computer core
storage required to store the necessary data, member stiffness matri-

ces are formulated directly in terms of the global displacements.

4.3.1 Beams.

The Tow joint number of a beam designated by 'a', is the
left joint and the high joint number, designated by 'b', is the right

joint. The beam joint displacement vector, QB is taken as,

ruB,al

Ug,a2
u

= ‘_g.’égh (4.])

1]

B =

C o
o 1o

-

T 1
[~
(o]

-

o

—

Corresponding to the partitioning of Eq. (4.1) the beam global stiff-
ness matrix, §B’ is formulated by noting that each element of KB’

kB,ij - kB,ji, represents the force in the i direction due to a

unit displacement in the j direction with all other displacements

fixed. Fig. 4.3 shows the unit global displacements applied to the
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Figure 4.3 Beam Left Joint Unit Displacements and Resulting End Forces.



-228-

left joint and the resulting end forces (elements of 5B,aa and §B,ba)'
Fig. 4.4 shows the unit global displacements applied to the right
joint and the resulting end forces (elements of 5B,ab and EB,bb)'
The resulting 6 x 6 beam global stiffness matrix is as follows where
only the upper triangular part is shown. The elements below the di-

agonal are obvious since &B is symmetrical. So,

A 0 0 -EA 0 0
L L
12E1 6E1 0 - 12EI 6E1
Kg =
4E1 0 — 6EI 2E1
L E?_ L
SYM. EA 0 0
L
1261 —6EI
3 2
41
L
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U,a2 /P/ L A Ug,b2

“B,a3 KF u YB,b3 4\
B,al

Us,b1
d > - >
a Beam b
low joint high joint
u = ]:
B,bl
s -EA ~ EA
-E_-——+—+-3 g ——> :

L
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66l f feee—— — —— na

Figure 4.4 Beam Right Joint Displacements and Resulting End Forces.



gB,aa

Ks,ba

where,
E =
A = beam area
I =
L = beam length

4.3.2 Columns.
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5B,ab

Ks.,bb

modulus of elasticity

beam moment of inertia

(4.2)

The low joint number of a column, designated by 'b', is

the top joint and the high number, designated by 'a', is the bottom

joint. The column joint displacement vector, Qc’ is taken as,
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Corresponding to the above partitioning the column global stiffness
matrix is formulated in a similar way as that for beams. Fig. 4.5
shows the unit global displacements applied to the bottom joint and
the resulting end forces (elements of 5c,aa and Kc,ba)‘ Fig. 4.6
shows the unit global displacements applied to the top joint and

the resulting end forces (elements of £c,ab and Kc,bb)' The result-
ing 6 x 6 column global stiffness matrix is as follows where only
the upper triangular part is shown. The elements below the diagonal

are obvious since &C is symmetrical. So,
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Uc,a3

be —>Yc,b1

Alc,a2

& ——> Uc 3]

CoTlumn

Figure 4.5 Column Bottom Joint Unit Displacements and Resulting End

Forces.
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Figure 4.6 Column Top Joint Unit Displacements and Resulting End Forces.
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Ke,ab

% b0

(4.4)
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where,
A = column area
I = column moment of inertia
h = column height

4.3.3 Tension Bracing for Wind from Right (Brace Typel).

The Tow joint number, designated by 'a', of the tension brace
for wind from the right (brace type 1) is the upper left joint and
the high joint number, designated by 'b', is the lower right joint.

The brace type 1 joint displacement vector, QBR]’ is taken as,

( 3

YBR1,al
YBR1,a2

TR I B Pt (4.5)

Corresponding to the above partitioning the brace type 1 global
stiffness matrix is formulated in a similar way as for beams. Fig.
4.7 shows the unit global linear displacements applied to both joints
and the resulting end forces. Rotational joint displacements do

not effect the braces since the brace ends are pin connected to the
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Figure 4.7 Tension Brace Type 1 Joint Unit Displacements and Resulting

End Forces.
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frame. The resulting 6 x 6 brace type 1 global stiffness matrix is

as follows where only the upper triangular part is shown.

The ele-

ments below the diagonal are obvious since EBRl is symmetrical. So,

[ 2

C -CS

S2

SYM.

§BR1,aa

KBr1 ,ba

e

KgRr1,ab

KBR1,bb

s 0

s )

0 0

S 0

2 o
0
(4.6)
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where,
C= L/LB
S = h/Lg
L = bay length

LB = brace length
h = story height

A = brace area

4.3.4 Tension Bracing for Wind from Left (Brace Type 2).

The low joint number, designated by 'b', of the tension
brace for wind from the left (brace type 2) is the upper right joint
and the high joint number, designated by 'a', is the lower left
joint. The brace type 2 joint displacement vector, HBRZ’ is taken

as,

Ugr2,al

Yera,a | _ | YBR2,a3 } (4.7)

Corresponding to the above partitioning the brace type 2 global

stiffness matrix is formulated in a similar way as for beams. Figure
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Figure 4.8 Tension Brace Type 2 Joint Unit Displacements and Resulting

End Forces.
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4.8 shows the unit global linear displacements applied to both
joints and the resulting end forces. Rotational joint displacements
do not effect the braces since the brace ends are pin connected to
the frame. The resulting 6 x 6 brace type 2 global stiffness matrix
is as follows where only the upper triangular part is shown. The
elements below the diagonal are obvious since KBRZ is symmetrical.

So,

———cz cs o & -cs ;—_
2 o0 s -s2 0
Kary -ﬁg- o 0 0 0
¢ ¢ 0
52 0
0
L _ ]
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EBRZ,aa 5BR2,ab
_AE (4.8)
= L
B X8r2,ba SBR2,bb
- ]

where,

C, S, A, L, LB’ and h are defined in Eq. (4.6)

4.4 Structure Stiffness Matrix.

The formulation of the method used to directly construct the
structure stiffness matrix from the member global stiffness matrices
is well known(1]). Consequently, only the details of the method
will be described here. In what follows, the construction of the
structure stiffness matrix will be considered followed by a descrip-
tion of the advantages taken of the symmetry and banded properties
of the matrix.

To begin with, consider an arbitrary member in the plane
frame where the low joint number is designated by 'L' and the high
joint number by 'H'. The member stiffness matrix, 5M’ in terms
of global displacements and partitioned according to joint number

for this member may be represented as,
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r_ R
Km,LL KM, LH
Ky = (4.9)
KM, HL Km,HH

The matrix 5M js a 6 x 6 matrix while each of the submatrices
&M LL® KM LH = (&M HL)T’ and EM HH is a 3 x 3 matrix.
Consider now the full structure stiffness matrix, KS’ parti-

tioned according to the joint numbers of the frame.

——

Ks,11 Ks.12 ... Ks,iw

Ks Ks,21 Ks,22 Ks,2,Nd

(4.10)

Ks,na,1 Ks ,NJ,NJ
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where,
NJ = total number of joints
= (M)(N+1)
M = number of stories
N = number of bays

The matrix Ko is a (3NJ) x (3NJ) matrix while each of its submatrices
as shown in Eq. (4.10) is a 3 x 3 matrix. In addition, Ks is symmet-

ric so that,
= ( )T (4.11)
Ks,10 = Ks a1 | :

where the T means matrix transposition.

Finally, the rule for constructing 5S‘can be stated as follows.
Each submatrix of 55, say KS,IJ’ is equal to the sum of all member
submatrices &M,IJ°

A simple example will be used to illustrate the procedure.
Fig. 4.9 shows a two-story, one-bay plane frame with all members
and free joints labeled.

The partitioned member global stiffness matrices for beams

B1 and B2 are,



C1

C3
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B1 2
c2
B2 4
C4

77

Figure 4.9 Two-Story, One-Bay Frame.
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Ke1,11  Kg1,12

Kg1 =
Ks1,21  KaL,22
— —]
Ke2,33  Kp2,34
Kg2 =
Ks2,43 Kp2,44
— p—

The partitioned member global stiffness matrices for columns C1

and C2 are,
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Kei,m  Kas

Ke1

Ke1.31 Ker,s3

pome— —

Ke2,22 Kc2,24

Ke2
Ke2,42  Kc2,44

Only the member global submatrix associated with the free joints of
columns C3 and C4 need be used since the support joint displacements

are zero. So,

Ke3 = Kes,33
Kea = Kea, a4

Finally, the partitioned global structure stiffness matrix is,
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ks,n Ksoz o Ksaiz Ks,ue
Ks = Ks,o2  Ks,o3  Ks,os
SYM. Ks,33  Ks,3
Ks 44
| - —_—

where,

Ks,11 = Ke1,11 ¥ Ker,

Ks,22 = Ke1,22 T Kez,22

Ks.33 = K2,33 + Kc1,33 * Kes3,33
Ks,aa = Ke2,48 * Kc2,40+ Kca, 44
Ks,12 * (§5,21)T = Ke1,12

Ks,13 = (55,31)T = Ker,13

Ks,14 = (Ks.a1)" =9

T-9

Ks,34 = (165,43)T = Kg2,34

Ks,23 = (Ks,32)

The advantages taken of the symmetry and banded properties
of the global structure stiffness matrix, 55, will now be described.
Since &S is symmetrical and banded, only those elements of

53 on the diagonal and above the diagonal but within the band width
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are ca]cu]afed and stored in the computer. The band width of K¢
is defined here as the maximum number of elements in a row in the
set of elements to the right of the diagonal and including the diag-
onal element in which a non-zero element exists. Thus, the band
width is directly related to the maximum difference between two
joint numbers connected by a member. Since diagonal bracing is con-
sidered, the maximum number of joints between two connected joints
including the two connected joints is NIC + 2, where NIC designates
the number of columns in a story or N + 1. Consequently, the struc-
ture of the upper triangle of KS including the diagonal elements
is illustrated in Fig. 4.10. Now, the elements of 55 are stored
by the computer programs as a one-level array, KKka). The one-level
array stores the elements within the band of 53 in a column-by-col-
umn fashion. That is to say, each column in the band of §S is

stored in AK as follows.

AK = kg 195 kg 120 K 020 Ko 130 Kg 230 kg 330 - - )

{P], pzy P3s Pa» Pgs Pg> - - .} (4.12)

Furthermore, the computer programs calculate the position of k. i
in KK(pk) by calculating the value of k for given values of i and j.

In particular,
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3(NICH2) 3(NIC(M-1)-2)

R ]

3(NIC(M-1)-2)
3(M)(NIC)

3(NIC+2)

3(M) (NIC)

Figure 4,10 Structure of the Structure Stiffness Matrix.
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when,. 1 <Jj < 3(NIC+2)

and, 1 <i <j (4.13)
then, k = (j-1) j/2 + i
or
when, 3(M)(NIC) > j > 3 (NIC+2) + 1
and, j - 3(NIC+2) + 1 <i < (4.14)

then, k = (j-1) j/2 + i - [§-3(NIC+2)
+ (§-3(N1C=2) - 1)(3-3(NIC+2)) /2]

4.5 Square Root Method.

The derivation of the Square Root Method of matrix reduction

(12),(13) and thus will not be pre-

is presented in numerous texts
sented here. Instead, only the details of the method will be de-
scribed. Furthermore, the following description will not include
the consideration of the banded property of the stiffness matrix.
However, the computer programs dc take full advantage of the banded
properties by executing the reduction procedures only on the ele-
ments within the band.

The system of equations to be solved may be represented by

the matrix equation
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KX = (4.15)

]
o

Where,

K = global structure stiffness matrix
X = column vector of unknown joint displacements
£ = column vector of applied joint forces plus fixed-end forces

due to loads applied directly to the frame members.

Also, K is symmetrical which permits the application of the Square
Root Method. The order of § will be designated here as p x p.
Thus, X and [ are of order p x 1.

The Square Root Method decomposes 5 jnto the product of a

Tower and upper triangular matrix such that,

_ ol
K=5"5 (4.16)

N

The form of S is
ny

11 512 1p
$ = S22.. .. %2 (4.17)
0 *pp

where Sij is a function of the elements kij of 5. In addition, an

intermediate column vector, 8, is constructed and is of the form,
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(4.18)

0
3

where q; is a function of 543 and the elements of fi of E. Finally, the

solution for each X5 of ﬁ uses values of q and Sij' In particular,

11 ° sz;?

wn

i
—
—o
-—de

|
'1 p—)
W31
—t —
(V2]
~ ™ J
s

i " (4.19)
-1
k:. - L. 5 .5 . ..
_ i3 or=1 CriTrj , i<]
S.. =
u Sii
ap = fy/sqy
ii]
TR I R I (4.20)
9 S.. -
ii
x =
p " %p/Spp
P
q; - g s, X . -
X - i’ i+1 2ir’r , i<p - 1 (4.21)

1i
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Note that each time a value of kij or fi is used in a particular calcula-
tion it is no longer needed in any succeeding calculation. Conse-
quently, in order to minimize the computer core storage needed to

store the data, each calculated value of S and 9 is stored in

J
the same computer core location as the no longer needed values of

kij and fi respectively.

4.6 Force Vector.

The force vector i used in the previous section is defined

aS,

FEF (4.22)

e—n
It
oo
+
om
-

where,

applied joint loads

!8'0

-
om

F = fixed-end forces due to loads applied directly to the
frame members.

The applied joint loads are specif{ed thru input to the computer
programs and consist of concentrated vertical gravity loads applied
to each joint of the frame and concentrated lateral wind loads
applied to the external joints of the frame. Member loads consist

only of uniform gravity loads Pw(i,j) applied to the beams of the

frame. The fixed-end forces applied to the joints due to Pw(i,j)
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are illustrated in Fig. 4.11. The values of the fixed-end forces

consistent with the sign convention illustrated in Fig. 4.1 are,

F(i,3) = F(i,341) = =P, (1,d)L(5)/2
Mi,3) = =R (1,0)L5(0)/12 (4.23)
M(i,341) = P_(1,0L5(3)/12

4.7 Elastic Member Design.

Member end forces are determined from the joint displace-
ments by multiplying the member global stiffness matrix times the
member joint displacement vector and adding the appropriate fixed-
end forces. The resulting member end forces are in terms of the
global sign convention. The computer programs convert the global
member end forces into the local member sign convention and store
the results.

Elastic member design simply consists of satisfying an
elastic stress constraint which states that the maximum calculated
elastic member stress, SE’ must be less than or equal to the speci-

fied maximum allowable stress, SE So,

,max. "’

SE5~SE,max. (4.24)

The maximum elastic member stress is calculated for beams and col-
umns as,
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S5 = P/A + M/S (4.25)
where,

P = magnitude of axial force

M = maximum magnitude of moment

A = member area

S = member elastic section modulus

For tension braces,
SE = P/A (4.26)

Now, the maximum magnitude of moment for columns is one of the two
column end moments. However, since uniform loads are applied direct-
1y to beams, the maximum magnitude of moment may occur anywhere along
the beam and thus must be calculated. The three values of moment
that must be compared in order to determine the maximum are the ab-
solute values of the two end moments, MBL and MBR’ and the absolute
value of the moment, M, at the place where the slope of the beam
moment diagram is zero if any. Congider the free body diagram of

a beam in Fig. 4.12 where the end moments and interior moment are
shown in their positive directions according to the local member
sign convention. The location, X, and the moment, M, at the place

where the slope of the beam moment diagram is zero is,



-256-

P (i4d)
M(i,9) LN

joint ¥+- { 1

3( . Beam(i,Jj)
le

=

M(i,3+1)
}j ' f—jO'int

F(i.9) Fli.3+)

f
N

L(J)

Figure 4.11 Fixed-End Forces Due To Uniform Beam Loads.

Figure 4,12 Maximum Beam Moment.
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X=1L1/2 - (MBL+MBR)/(P L) (4.27)
w

where,

R = PwL/Z - (MBL+MBR>/L

If X< 0 of X>L only the magnitudes of MBL and MBR are compared to
determine the maximum moment to be used in the stress calculation.

Finally, if the current member sjze violates the elastic
stress constraint the next larger section in the member section table
is checked. The firstvsection satisfying Eq. (4.24) is selected.

If member sizes are changed in order to satisfy the elastic
stress constraint, the internal member force distribution will change.
However, since the force distribution is relatively insensitive to
changes in stiffness distributions, it is assumed that the actual
member stresses have not changed sufficient]y to cause the elastic
stress constraint to be violated. Thus, a new elastic stress design
is not performed in order to check this new force distribution.
However, referring to Fig. 1.2, note that whenever the elastic stiff-
ness design method is executed, a new elastic stress design is per-

formed.
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CHAPTER 5

ELASTIC STIFFNESS DESIGN METHOD

5.1 Introduction.

The proposed design method includes an elastic stiffness de-
sign in order to satisfy imposed lateral deflection constraints. The
user of the program specifies maximum relative story deflections which
he wishes to allow under service (or working) gravity plus wind Toading.
Exact lateral joint displacements are calculated by the stiffness
method as described in Chapter 4. Relative story deflections are then
defined as the difference between the average lateral joint displace-
ments of upper and lower story joints. If the relative story deflec-
tions thus calculated exceed the specified maximum by more than three
per-cent, varjous member section properties are increased in order to
reduce the calculated deflections. In addition, it is obvious that
when member properties are to be increased it is very desirable to
effect such a modification in a way which minimizes the cost increase
for an incremental decrease of relative story deflection. However,
the stiffness method does not provide an efficient way to perform such
an optimization procedure. Consequently, it is desirable to formulate
an approximate method to perform the elastic stiffness design which is

amenable to optimization techniques.

Note that the assumption made in Chapter 4 with respect to the

diagonal bracing behavior is also made in this Chapter. That is to
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say, it is assumed that the compression bracing takes on a buckled
configuration and thus only the tension bracing contributes to frame

stiffness.

5.2 Summary of the Elastic Stiffness Design Method.

The elastic stiffness design method is executed if one or
more of the ‘exact' relative story deflections, Bg» calculated by the
matrix stiffness method described in Chapter 4, violate the deflection
constra{nts. During the elastic stiffness design, an optimization pro-
cedure is used to modify member properties. In addition approximate
relative story deflections, Ay, are calculated.

The approximate deflection calculation assumes that relative
story deflections are equal to the sum of four basic types of frame
deflection. The first three deflection types are taken as relative de-
flections due to wind load alone while the fourth deflection type is
taken as that due to gravity loads. The first type, A s is due to
beam and column bending as well as brace elongation. The second type,
Aes is due to column elongation and shortening of the columns below
the story under consideration. The third type, By s is due to beam
elongation and shortening effects. Finally, the fourth type, Ag’ is due
to the sway deflections which result from unsymmetrical gravity loads
or from gravity loads acting on a geometrically unsymmetrical struc-
ture.

Explicit algebraic equations are formulated to approximate the

relative story deflections in the braced or unbraced multi-stqry frame
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due to the first two deflection types, namely, Ag and A On the
other hand? the remaining two deflection types, Ay and Ag, do not
lend themselves very easily to approximate calculation. In addition,
the calculation of As and AC are approximate and consequently may
contain errors in their calculation. A new deflection measure there-
fore is introduced which accounts for the second two deflection types
in addition to the errors involved in the A, and AL calculation.
This new measure, E, is defined as the difference between the exact
relative story deflection, Ae’ calculated at the beginning of the elas-
tic stiffness design and the sum of AsO and Aco where AsO and Ao
are equal to AS and AC respectively, when calculated at the beginning
of the elastic stiffness design before member properties are modified.

Thus,

E = Ay - (A50+Ac0) (5.1)

A different value of E would exist for each story in the frame.
The approximate relative story deflection, Ao calculated during the

design optimization procedure is as follows.
Ay =0+ AL HE (5.2)

Note that before any member properties are changed, Aa = Ae' However,
during the design optimization procedure, member properties are {increased
in order to reduce the calculated Ay relative deflections until

the deflection constraints are satisfied. The reduction in By is real-

ized by reductions in A  and A/ while the current value of E is taken
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as a constant throughout each cycle of the design optimization proce-
dure. _

The design optimization procedure will now be summarized.
This procedure is used to determine an optimum distribution of addi-
tional member properties needed to satisfy the deflection constraints.
The procedure used is the same in principle as that used in the plastic
analysis and design method. In particular, the method is based on
values of deflection sensitivity coefficients. The deflection sensi-
tivity coefficient of a member reflects the increase in cost of the
member with respect to the member's effect on decreasing the relative
story deflection under consideration., The member with the least de-
flection sensitivity coefficient (i.e. most negative) is selected to
increase in size by one section in the section table. This selected
member will experience the least increase in cost due to an incremen-
tal decrease in relative story defection. After each change in mem-
ber size, new values of Ag and A, are calculated by the approximate
equations and Ay is calculated by Eq. (5.2) where E is still taken to
be based on the initial A, A, (i.e. Aggs A.g) and 4, calculation.
If the new relative story deflection, Ays still violates the deflec-
tion constraint, new deflection sensitivity coefficients are calculat-
ed, a new member is selected and increased in size, and Ay is recalcu-
lated. The procedure is repeated until A, satisfies the deflection
constraint. After all stories that initially violated the deflection
contraints have been redesigned in order to satisfy these constraints

according to values of Ay, @ new matrix stiffness analysis is executed
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and new 'exact' relative deflections, Bg» are determined. If the new
values of Ae satisfy the deflection constraints, the elastic stiff-
ness design is terminated. Otherwise, new values of E are calculated
by Eq. (5.1) based on the latest approximate values of A, and A, to
be interpreted as AsO and AcO and also the latest values of by The
design optimization procedure is then repeated. The above iteration
continues until the 'exact' relative story deflections, Ae’ satisfy
the deflection constraints.

The following sections will describe the formulation of the

approximate deflection equations and the design optimization procedure.

5.3 Relative Story Deflection Due to Beam and Column Bending and Ten -

sion Brace Elongation.

The calculation of relative story deflections due to beam
and column bending will first be formulated for the unbraced plane
frame. The formulation will then be extended to include the effects

of diagonal brace elongation in a braced story.

5.3.1 Unbraced Plane Frame.

Consider a section of an unbraced plane frame in its deflected
position as illustrated in Fig. 5.1. The following assumptions
are made with respect to the behavior of the frame:
i . The joint rotations 6(k) are assumed to be equal for each

joint in story level k.
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H(i-1) i-1
h(i-1)
H(1) /i
h(i)
H(i+1) i+
h(i+1)
[ i+2

Figure 5.1 Relative Story Deflections.
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ii . Rigid body column rotations y (k) are assumed to be equal
for each column in story k.

iii. The inflection point of each column in story k is assumed
to be located at the distance rh(k) from the botton of the
column, where 0.0<r<1.0,

jv . Beam and column elongation and shortening are neglected
in this part.

Now, column moment equilibrium for column j in story i is ex-

pressed by the slope- deflection eguation as,

Mer(1.3) = 4E K (1,3)8(1) + 2E K (1,3)6(i+1)
- 6E K (1,3)v(i) (5.3)
Meg(i53) = 2E K (i,3)e(i) + 4E K_(1,3)6(i+1)
- 6E K_(1,3)v(i)
where,
K(1,3) = 1.(1,3)/h(3)

Ic(i,j) = column moment of inertia

By assumptions (i) and (ii) and Eq. (5.3) the sum of top and bottom
column end moments respectively in story i are,

N+1 N+1
321 Mcp(i53) = [4E0(3) + 2E8(i+1) - 6Eu(1)] _Z] K (1,3)
= J:

(5.4)
N+1 N+
jz1 Meg(1:3) = [260(1) + 4E0(i+1) - 6EW()] ] K (3.d)
= J:
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Story moment equilibrium js expressed in terms of the sums of

column end moments and end shears as,

N+l . N+1 N+1 .
'JZ Mer(i,3) + jz] Mg(isd) + h(d) 321 V.(i,5) =0 (5.5)

The sum of column end shears is calculated by considering the story

shear equilibrium. So,

N+1
_21 V.(1,3) = S(i) (5.6)
J=

Substituting Eq.'s (5.4) and.(5.6) into Eq. (5.5) and solving for y(i)

results in,

p(i) = (EE)JK(1) é ) + 9(1'2”) (5.7)
J

Beam moment equilibrium for beam j in story i is also expressed

by the slope-deflection equation. So,

Mg (153) = 4E Ky + 2B Kg(1,3)0p (5.8)

Mgg(isi) = 2E KB(i,j)eL + 4E Kg(1,3)ep
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where,

Kg(i.d) = T5(i,3)/L(3)

IB(i,j) = beam moment of inertia.
eL = left joint beam rotation.
eR = right joint beam rotation.

However, by assumption (i),

6 = 6p = 8(i) (5.9)
Therefore,
Mgy (13) = Mgp(i,3) = 6E Kg(i,3)6(i) (5.10)

Consider now the joint moment equilibriums in story level i.
The sum of the column end moments at joint j in story i is defined by

M(j). So,
M(3) = Meg(i-1,3) + M (3,3) (5.11)
Thus, the joint moment equilibrium condition requires,

Note that any term referring to a member external to the frame is merely
neglected. Substituting Eq. (5.10) into Eq. (5.12) and summing over

over all joints in story level i leads to the sum of all column end mo-

ments at story level i in terms of the joint rotations and the sum of

beam stiffnesses. Thus,
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N+T N
) M(3) = 12eE8(1) ) KB(i,j) (5.13)
J=1 j=1
Finally, consider the equilibrium of the free body diagram of
story level i illustrated in Fig. 5.2. Each column end moment equals
the product of the column shear and the distance between the column

inflection point and column end. Therefore, the sum of the column end

moments can be expressed in terms of the sum of column shears. So,

N+1 W) ( ) N+1 ( )
M(j) = rh(i-1 vV (i-1,]
jZ} j rh(i jZ] li-1,3
N+1
+ (1-r)h(i) .Z] v (i.3) (5.14)

J

Substituting Eq. (5.6) into Eq. (5.14) results in the relation between
the sum of column end moments at story level i and the total story

shears. Thus,

N+1
: M(3) = S(i-1)rh(i-1) + S(i)(1-r)h(i) (5.15)

e+

J
The joint rotations are now determined by equating Eq.'s (5.13)
and (5.15) and solving for 6(i). Thus,

8(4) = S(1-1)rh(i=1) + S(1)(1-r)h(i) (5.16)
! T2E3K, (7,3
J

Similarly, for story level i + 1,

6(i+1) = S(i)r?éé%K;(?E;T};(1-r)h(1+1) (5.17)
J
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The assumption is now made that the inflection point of the columns

occur at their mid-height or assume,
r=1/2 (5.18)

This assumption is satisfactory since it was found that variations of
r between 0.0 and 1.0 had little effect on the final calculated re~

sults. Thus, by this assumption, 6(i) and 6(i+1) become,

o(i) = S(i)h(i) + S(i-1)h(i-1) (5.19)
! 24E3K, (7,3)
N

The rigid body column rotations y(i) are now calculated by substitut-

ing Eq. (5.19) into Eq. (5.7). The result is,

(i) = SN _, SG)h(E) + S(i-1h(i-1)
v T2ETK (7 ,3) I8ERKS (7,3
J J
S(i)h(i) + S(i+1)h(i+1) (5.20)
TBETK, (1+1,3)
j

+

Finally, the relative story deflection As(i) is simply the product of

the story height and the column rotation. So,
A_(i) = h(i)w(i) (5.21)

Thus, the relative story deflection in an unbraced multi-story plane

frame is approximated as,
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o 4 1 1
A (1) = =g [ K (753) * §KB(1,37+ IKg (1+1,3) !
J

S(-Dh(i-Dh() [ _ 1 4
T8E Ka(153)
J

+ (5.22)

» SUHDR(i+1)h(i) | 1 ]
ik K (77753
J

The following section extends the above formulation to the case of a

diagonally braced plane frame.

5.3.2 Diagonally Braced Plane Frame.

Consider the equilibrium of the free body diagram of story Tevel
i illustrated in Fig. 5.3. In the braced story, the sum of the column
end shears is no longer equal to the total story shear. Instead, it
equals the total story shear less the sum of the horizontal components
of brace force. Thus,

N+1
JoVe(i-1,3) = s(i-1) - R(i-1)
J=1

N+1 (5.23)
=1

and,
R(i) = g R(1,3) (5.24)
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Figure 5.2 Unbraced Story Level Equilibrium.
> 5(3-1)
f !
rh(i-1)
H(i) 2
(1-r)h(i)
A é J J» —Y

Figure 5.3 Braced Story Level Equilibrium.
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where,

n

N number of bays in story i.

R(i,3) horizontal component of tension force in brace j of

story 1.

Now, the principle equations that were developed for the un-
braced frame which are applicable for the braced frame are Eq.'s
(5.3), (5.4), (5.5), (5.10), (5.13), (5.14), and (5.18). The column
rigid body rotations in the braced story are calculated by substitut-
ing Eq.'s (5.4) and (5.23) into Eq. (5.5) and solving for y(i). The

result is,

p(i) = L%%%%Ri($%§§]h(i)+ eéi) + e(;+1) (5.25)

J

The relation between the sum of column end moments and total story
shear is determined by substituting Eq. (5.23) into Eq. (5.14).
N+1

Y M(3) = [S(i-1) - R(i-1)Irh(i-1)
= (5.26)

+[s(i) - R(i)1(1-r)h(3)

Joint rotations are calculated by equating Eq. (5.13) and Eq. (5.26),

applying the assumption that r = 1/2, and solving. The results are,

5(4) = SLINGE) + SG-1)h(i-1) - R(i)h(i) - R(i-T)h(i-1)

283K (T,3)
’ (5.27)
8(i+1) = S(i)h(i) + S(i+1)h(i+1) - R(i)h(i) - R(i+1)h(i+1)
24EgKB(i+1,j)

J
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Now, the relative story deflection is calculated by substituting Eq.'s

(5.25) and (5.27) into Eq. (5.21) and solving for As(i). Thus,

A2 (s
.y S(i)hT(H) 4 1 ]
8(1) = Foge— [y * wGgmay * gee)
N i j
, SG-Dh(i-1)h(i) , S(i+1)h(i+1)h(i)
A8EzK;(3,3) EZK; (+T1,]
J J
2
_ R@)RT() [ 4 b + 1 ]
48E IK (7,3) * IKG(7,J) © ZKG(i+1,3)
J J J
(5.28)
_RGi=Dh(E-1)h(i) _ RGi+1)h(i+1)h(i)
F8ETK, (7,7) A8EZK; (T+1,3)
i J

The terms R(k) will now be formulated in terms of the bracing areas
in story k. Fig. 5.4 illustrates the deflected position of a panel
where by assumption (iv), beam and column elongation and shortening is
neglected. From the geometry of the deflected position, and consider-

ing small deformations, the elongation, e, of the brace is,
e = 8 ()L(3)/Lg(1,5) (5.29)

In addition,

_ Faglglisd)

e — (5.30)
A TRL
where,
FBR = brace force.

ABR(i,j) = brace area.



-273-

Figure 5.4 Brace Deformation.
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The horizontal component of brace force, R(1,j), is,
R(1,3) = Fgpl(3)/Lg(i,3) (5.31)
From Eq.'s (5.29), (5.30) and (5.31),

2.
R(i,5) = Ea (i) =41 (4,5) (5.32)
S 3G6.g) R

Substituting Eq. (5.32) into Eq. (5.24) results in,

N N a €) .

Before substituting Eq. (5.33) into Eq. (5.28), the following notation

is adopted in the interest of concise notation. So, let

_ 4 1 1

Kiso = k537 T iki.3) T I G )

I "B 7B

i i i
Kisp = 1/§KB(1+1,j)

205) N

Q=5 gt Agglind)

j Lg(i.g)

A, = S(i)h%(i)/(48E)

B. = S(i-1)h(i-1)h(i)/(48E)
C. = S(1+1)h(1+])h(i)/(48E)
AL = h%(i)/(48E)

B! = h(i—])h(i)/(48E)
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C; = h(i+1)h(i)/(48E)

With this notation,

=
—
Py
~
1

As(i)EQi (5.34)

As(i) = A K1SO tBiKisy * CiKis2 - As( )EQ1A1 iSO

- ag(1-1)EQ; 1B, is1 " (1+1)EQ1+1 Kiso (5.35)

‘Solving Eq. (5.35) for As(i) leads to,

[Aikiso * BiKist * Cikis

Sy 1
A1) = = .

- As(i—l)EB K1S]Q1 1" S(1+1)EC K152Q1+] ] {(5.36)

Note that when Eq. (5.36) is applied to the top story, i =1, AS(O)
is taken as zero. Also, when Eq. (5.36) is applied to the bottom
story, i = M, AS(M+1) is taken as zero.

Eq. (5.36) is applied to each story in the frame. The result
is a system of M equations in the M unknown relative story deflections.
This set of equations is solved by a method of successive substitutions
as follows.

i . Eq. (5.36) written for story 1 results in As(]) as a

function of AS(Z) as well as member properties in story 1.

ii . Eq. (5.36) written for story 2 results in A (2) as a

function of As(l), AS(S) and member properties in story 2.
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iii . As(l) is substituted into Eq. (5.36) written for story2
which is then solved for AS(Z). The result is AS(Z)
as a function of AS(3) and member properties of stories
1, 2.

iv . Eq. (5.36) written for story 3 results in AS(3) as a
function of A (2), A, (4) and member properties in story 3.

Voo AS(Z) is substituted into Eq. (5.36) written for story 3
which is then solved for AS(3). The result is AS(3) as
a function of AS(4) and member properties of stories 1, 2,
and 3.

vi . At this point the assumption is made that terms relating
to influences three or more stories away are negligable
and thus may be neglected. Consequently, As(3) is a func-
tion of AS(4) and member properties of only stories 2 and 3.

vii . Eq. (5.36) written for story 4 results in AS(4) as a func-
tion of As(3), AS(S) and member properties in story 4.

viii. AS(3) is substituted into Eq. (5.36) written for story 4
which is then solved for As(4). The result is AS(4) as a
function of AS(S) and member properties of stories 2, 3
and 4.

ix . The assumption made in (vi) is applied to AS(4). Conse-
quently, AS(4) is expressed as a function of AS(S) and
member properties only in stories 3 and 4.

X . The procedure is continued story by story down the frame

to the bottom story where A_(M) is expressed only as a
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function of member properties in stories M - 1 and M.
By back substitution all other story deflections may be obtain-
ed. The finaT‘result for the general story relative deflection in a

braced frame due to beam and column bending and brace elongation is

as follows.
A8)(A13)
.\ _ A6 - A7 - (Al
A1) = TeRT T (5.37)
€A145
where,
AT = EAsK 500y

_ 2 ! ]
Az = BB05 1Kis1Kia1,52% %

A3 = BAy 1K1, 5001
-2 ¢
A= BB Gk 182, 52810

AS = BAj 2Ki2,50%i-2

A6 = AKiso * BiKisy * CiKyso

A7 = A (+1)EC,K: p04 1

A8 = EB;KigqQy

A9 - Ai-1Ki—1,SO + Bi-lKi—],Sl + Ci-]Ki-l,SZ
MO = BBy 1K; g 510
AT = EAL oKy o so0i-
A2 = Ay oKi2,50 * Bisaliz,s1 + Gi2Mieg,s2
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A13 = A9 - L(‘I"HTIMS A2

Al4 1+A3--né£15-)—

Note that in an unbraced frame, all terms involving Q are zero.

Thus, Eq. (5.37) reduces to Eq. (5.22) in the unbraced case or in terms

of the new notation
As(i) = A6 (5.38)

Also note that Eq. (5.37) requires knowledge of the relative story
deflection in the story below the story under consideration. There-
fore, the calculation of relative story deflections begin with the
bottom story, i = M, where AS(M+1) = 0.0, and proceed story by story
up the frame to the top story. Furthermore, when i =1, all terms in-
volving the subscripts i-1 and i-2 are taken as zero and when i = 2,

all terms involving the subscripts i-2 are taken as zero.

5.4 Relative Story Deflection Due to Column Elongation and Shortening.

The relative story deflection due to column elongation and
shortening, Ac(i), is based on an elastic force distribution in the
columns due to lateral wind loads alone applied to the braced frame
with only tension bracing acting. This force distribution is the most
recent one calculated by the matrix stiffness analysis as described in
Chapter 4. It is assumed that these elastic forces remain constant

during each execution of the elastic stiffness design method. This



-279-

assumption is reasonable since the elastic force distribution is rela-
tively insensitive to changes in stiffness distributions. However,
as described in Section 5.2, at the end of each elastic stiffness de-
sign, new exact deflections and forces are recalculated by the matrix
stiffness analysis. If the new exact deflections still violate the
deflection constraints, the elastic stiffness design method is repeat-
ed. If this is the case, the new (i.e., most recent) elastic force
distribution is used in the calculation of the relative story deflec-
tions due to column elongation and shortening.

The calculation of Ac(i) is based on an accumulation of average

story rotations. Thus,

A1) = h(i) ] w(k-1) (5.39)

where,
P(k-1) = additional story k-1 rotation due to column elongation
and shortening in story k.
Referring to Fig. 5.5, the additional story p rotation, y(p), where
p = k-1, is calculated as a straight average of column rotations,

¢(p,j), over all interior columns in the story. In particular,

W(p) = oy z (5.40)

Each interior column rotation in story p is calculated on the basis of
a weighted average of the two beam rotations in level p + 1 at the

bottom of the story p cotumn. Thus,
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Figure 5.5 Story Rotations.
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o(p,j) = W(p+1,3)0(p+1,3) + W(p+1,j-1)6(p+1,j-1)
’ W(p+T,3) + W(p+1,3-1) (5.41)

A weighted average is used rather than a straight average since it is
felt that the average story rotation should in some way relfect the
shear distribution in the story. This procedure turns out to be quite
significant when bracing exists in the p + 1 story. Thus, when story

p + 1 contains bracing, the weighting factors are calculated as follows.
W(p*1,3) = 5 [V (p#1,3) + V (p+1,341) 1 + R(p+1,3)  (5.42)

where,
R(p*+1,j) = Horizontal component of tension brace force in the
panel from the exact matrix stiffness analysis
described in Chapter 4.
Vc(p+1,j) = Column end shear from the Chapter 4 matrix stiff-
ness analysis.
When no bracing exists anywhere in story p + 1, it was found that a
better procedure for calculating the weights was to assign W(p+1,j) the
value of 1.0. This is equivalent to calculating interior column rota-
tions in story p by straight averages of the beam rotations in story
Tevel p + 1.
Finally, the calculation of the beam rotations, 8(p+1,j), are
calculated relative to an assumed straight (but rotated) story level
p + 2. These beam rotations are directly related to column elongations

and shortenings in story p + 1. Thus,
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e (p+1,j+1) - e_(pt1,3)
B (ptl,j) = —= 3] < (5.43)

where the change in length of column j in story p+l is,

o Fpt1.3)h(pt1)
eC(P+1 ,J) = Ac(pﬂ J7E

(5.44)

where,
Fc(p+1,j) = Column axial force.
h(p+1) = Column length.
Ac(p+1,j) = Column area.
E = Modulus of Elasticity.

Note that when g(i+1,j) is negative, it was found that setting its value
to 0.0 led to better results.

Now, substituting Eq.'s (5.44), (5.43), (5.41) and (5.40) into
Eq. (5.39) and defining T(k,j) by,

T(k,3) = F(k,i)h(k)/E (5.45)

the relative story deflection due to column elongation and shortening

may be expressed as,
M N H] + H2 + H3

.\ _ h(i)
61) = k=§+] jz LWy

(5.46)

X
i

_ = T(ksd-1) W(k,j-1)
1 ‘I;f??}iT%‘ L03-1
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- I(k,j) W(k,j=1) _ wgk,jg
H2 c(Ksd [ J- J ]
e = T k,j+1) W(k,j
3 AéTF%3+1) L(j;

5.5 Method of Optimization for Elastic Deflection Constraints.

When the total relative story deflection due to combined
gravity and wind loads (with Ap = 1.0) exceeds the maximum allowable
relative story deflection, member sizes must be increased. The pro-
cedure used to increase member sizes should select those members which
will increase in cost the least for a unit decrease in relative story
deflection. The method selected is a gradient search technique that
is similar in principle to the one used in the plastic design method.

The cost, f, of all members effecting the relative story deflec-
tion is represented as,

f = a§] (upLA) (5.47)

members

where u, p,L, and A represent respectively the unit materjal cost, mass
density, member length, and member area. The increase in material
cost due to a decrease in relative story deflection is calculated by
differentiating Eq. (5.47) with respect to A(i). So,

ot L oA
() 2 sy (5.48)

Since the change in cost, 3f, is positive while the change in deflec-
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tion, 9A(i), is negative, the sign of 53%;7 is negative. Consequently,
. - of
member size changes are made which maximize SZK?7'(1'8‘ make
. e . of
least negative or minimize the magnitude of 53177-).
Now, the deflection sensitivity coefficient, Q is defined as

follows.

of
B_A(T)- = L uplL -—T—”Aa? = Z(]a) (5.49)

Thus, for beams,

Loy 1 aa(i) (5.50)
%(1:3) = SETITGT #()

for columns,

Qo

>
Commn

—

N )
Qe tkad) = S TCTIRTET BA (K, (5.51)

for braces,

L5y = 1 2 (i)
Ur(153) = S T3] 3gglT o) (5.52)

Since gz%gy-must be maximized or made least negative, the value of Q
must be minimized or made most negative.

The procedure to increase member sizes consists of first calcu-
lating the deflection sensitivity coefficient for each member that ef-
fects the relative story deflection to be reduced. The member with the
most negative (minimum) deflection sensitivity coefficient is selected

to increase in size by one section in the appropriate section table.
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After each increase in member size, the new relative story deflection
is calculated. If A(1) still exceeds the maximum allowable, new de-
flection sensitivity coefficients are calculated and the process re-
peated. Furthermore, the method proceeds on a story by story basis
from the bottom story to the top story. This takes full advantage of
the most current column sizes below the story under consideration.
Obviously this method is feasible only due to the fact that the ap-
proximate method of calculation of A(i) is extremely efficient on the

computer.

(i
p)

umn bending, tension brace elongation, and column elongation and short-

The factor will now be formulated. Since beam and col-

ening make the most significant contributions to the relative story

deflection, only these effects will be considered in the calculation

aa(i)
of A

5.5.1 Beams, Columns, and Tension Brace in Story i.

The factor §é%%l for beam and column bending and tension

brace elongation in story i could be calculated by differentiating

Eq. (5.37) with respect to each member area in story i. However, due
to the complexity of effecting an exact differentiation on Eq. (5.37),
a simple numerical differentiation will be performed. In particular,
each beam, column, and tension brace area is increased separately keep-
ing all other story member areas at thair current values. The change
in member area is designated by sA. The new relative story deflection,

As(i)new , after a change in member area is then calculated by
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Eq. (5.37). The factor égéil-for the particular member area change

is then taken as,

aA(i) 24 (1) - 8 new, - A () current (5.53)
3 A MA

5.5.2 Columns Below Story i.

The factor égéil-for columns below story i is obtained by
differentiating Eq. (5.46) with respect to each column area below

story i. The result is as follows.

3(i) (1) h()h(K)F, (k.d)

). - [
Atad) RGBT 22 (6, 5) (1)L ()

176t G3] (5.54)

where,

i+l <k <M

- W(k,j-T)L(])
+ W(k,j—])]

° * WKL 32)

[p]
1]

- W(k,j)
3 W(k,j) + W(k,j+T)

Note that G GZ’ or G3 js taken as zero when any one of them contain

"s
any terms involving subscripts less than or equal to zero or greater

than N.
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CHAPTER 6
RECOMMENDATIONS

Recommendations for future extensions to the design system
are as follows:
1. Rewrite the input format making it more user oriented. The
use of a problem oriented language is recommended.
2. Develop a more general and flexible loading specification in
order to:

(a) account for live load reduction coefficients
automatically;

(b) allow for the specification of more general
loading types such as concentrated loads
applied directly to members.

3. Extend the design system to include:

(a) a consideration of checkerboard loading
patterns;

(b) a consideration of a vertical deflection of
beams constraint;

(c) a consideration of more general bracing types
(i.e. K-bracing, etc.)

(d) a consideration of more general loading con-
figurations such as concentrated loads applied
at various points along the beams.

4, Extend the elastic stiffness design method to include a pro-

cedure to eliminate the poor elastic relative story deflection
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convergence characteristics in those sjtuations where the effects of
gravity sway deflections become significant. This might be accom-
plished by modifyina the procedure that selects members to increase
in size so that the tendency to increase gravity sway deflections is
minimized.

5. It is recommended that the effects of column and beam
elongation and shortening effects be included in the calculation of
A for the P-A effect. The effects of column elongation and shortening
might be accounted for by using the same method as used for the ap-
proximate elastic deflection calculation, but where the column axial
forces would be those resulting from the plastic design part. This
addition would fit into the current design procedure whereby an itera-
tive procedure is used to satisfy the ultimate relative story deflec-
tion convergence criterion since the A calculation is based on the
final member properties following each cycle of the plastic design
part.

6. Extend the method to three-dimensional structures including:

(a) a procedure to distribute lateral loads to the bents
of a building according to relative bent stiffnesses;

(b) a consideration of bjaxial column bending;

(c) a formulation of an approximate three-dimensional de-
flection calculation to include the effects of over-
all frame torsion;

(d) a major revision of data storage capability in order
to handle the enormous quantity of data associated
with a three-dimensional structure,
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11.

12.

13.

14.

-289-

REFERENCES

American Institute of Steel Construction, Inc., Manual of Steel
Construction, AISC, 1969.

ASCE, Commentary on Plastic Design in Steel, Headquarters of the
Society, 1961.

Foulks, J., Minimum Weight Design and the Theory of Plastic
Collapse, Quart. Journ. Mech. and Applied Math., Vol. 10, No. 4,
1953.

Bigelow, R. H. and Gaylord, E. H., Minimum Weight of Plastically
Designed Steel Frames, Bulletin of University of Illinois, 1963.

Ridha, R. A. and Wright, R. N., Minimum Cost Design of Frames,
ASCE Journal Struct. Div., Vol. 93, ST 4, August, 1967.

Nakamura, Y., Plastic Design Method of Multi-Story Planar Frames
with Deflection Constraints, Sc.D. Thesis, M.I.T., March, 1968.

Heyman, J., An Approach to the Design of Tall Steel Buildings,
Proc. Instn. Civ. Engrs., December, 1960.

Heyman, J., Discussion on an Approach to the Design of Tall Steel

Buildings, Proc. Instn. Civ. Engrs., April, 1962.

Hildebrand, F. B., Introduction to Numerical Analysis, McGraw-
Hi11, Inc., 1956.

Lehigh University, Plastic Design of Muiti-Story Frames, Fritz
Engineering Laboratory Report No. 273.20, 24, August, 1965.

Gere, J. M. and Weaver, W., Analysis of Framed Structures,
D. Van Nostrand Co., Inc., 1965.

Faddeev, D. K. and Faddeeva, V. N., Computational Methods of
Linear Algebra, W. H. Freeman and Company, 1963.

Banachiewicz, T., Methode de Resolution Numerique des Equations
Lineaires, du Calcul des Determinants et des Inverses et de
Reduction des Formes Quadratiques, Bull. Intern. Acad. Polon.
Sci. A., 1938, 393-401.

Bigelow, R. H. and Gaylord, E. H., Design of Steel Frames for
Minimum Weight, ASCE Jrnl. Struct. Div., Vol. 93, No. ST 6,
December, 1967.




15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

-290-

Korn, A. and Galambos, T. C., Behavior of Elastic-Plastic Frames,
ASCE Jrnl. Struct. Div., May, 1968.

Wright, E. W. and Gaylord, E. H., Analysis of Unbraced Multi-
Story Rigid Frames, ASCE Jrnl. Struct. Div., May, 1968.

Lu, L. W., Inelastic Buckling of Steel Frames, ASCE Jrnl. Struct.
Div., December, 1965.

Williams, J. B. and Galambos, T. V., Economic Study of Braced
Multi-Story Steel Frames, AISC Engineering Journal, Vol. 5, No. 1,
January, 1968.

Gaylord, E. H., Plastic Design by Moment Balancing, AISC Engineer-
ing Journal, Vol. 4, No. 4, October, 1967.

Rubenstein, M. F. and Karagozian, J., Building Design Using Linear
Programming, ASCE Jrnl. Struct. Div., December, 1966.

Kicher, T. P., Optimum Design-Minimum Weight vs. Fully Stressed,
ASCE Jrnl. Struct. Div., December, 1966.

Reinschmidt, K. F., Cornell, C. A. and Brotchie, F. F., Iterative
Design and Structural Optimization, ASCE Journal Struct. Div.,
December, 1966.

Brown, D. M. and Ang, A. H., Structural Optimization by Non-Linear
Programming, ASCE Jrnl. Struct. Div., December, 1966.

Khan, F. R. and Sbarounis, J. A., Interaction of Shear Walls and
Frames, ASCE Jrnl. Struct. Div., June, 1964.

Goldberg, J. E., Lateral Buckling of Braced Multi-Story Frames,
ASCE Jrnl. Struct. Div., December, 1968.

Chen, W. F. and Santachadaporn, S., Review of Column Behavior
Under Biaxial Loading, ASCE Jrnl. Struct. Div., December, 1968.

Driscoll, et al., Preliminary Plastic Design of Multi-Story
Frames by Computer, ASCE Annual Meeting, Preprint No. 756,
September, 1968. :

American Iron and Steel Institute and American Institute of Steel
Construction, Plastic Design of Braced Multi-Story Steel Frames,
New York, 1968. ’




-291-

APPENDIX A
SECTION PROPERTIES OF ROLLED STEEL SHAPES USED IN THE ILLUSTRATIVE EXAMPLES

Rolled sections®and their section properties used in the illustrative
examples are tabulated in the following Tables Al to A5.

Table Al presents the economy beam sections.

Table A2 presents the non-economy beam sections used when beam depth
constraints controlled beam sizes.

Table A3 presents the economy column sections. Since column depth
constraints were not considered in the design examples, a table of
non-economy column sections is not presented.

Table A4 presents the equal leg double angle bracing sections when
used.

Table A5 presents the unequal leg double angle bracing sections when
used,

(1)

*Note that all sections used are taken from the AISC Manual .



TABLE Al. Economy Beam Sections.
SECTION PLASTIC
MOMENT OF INERTIA MODULUS MODULUS RADIUS OF GYRATION

SECTION | Wt./Ft. | AREA | DEPTH I, I, Sy Z, ry ry

(Ib/ft) | (in.2)| (in.) | (in.)  (in.4) (in.3) | (in.3) (in.) _(in.)
6JR4 . 4 4.4 1.30 6.00 7.3 0.17 4 2.8 2.37 0.36
8JR6.5 6.5 1.92 8.00 18.7 0.34 4.7 5.4 3.12 0.42
10JR9 9.0 2.64 | 10.00 39.0 0.61 7.8 9.2 3.85 0.48
12JR11.8 11.8 3.45 | 12.00 72.2 0.98 12.0 14.3 4.57 0.53
10B15 15.0 4.40 | 10.00 68.8 2.79 13.8 16.0 3.95 0.80
12B16.5 16.5 4.86 | 12.00 105.3 2.79 17.5 20.6 4.65 0.76
14B17.2 17.2 5.05 | 14.00 147.3 2.65 21.0 24.7 5.40 0.72
14B22 22.0 6.47 | 13.72 197.4 6.40 28.8 33.0 5.52 0.99
16B26 26.0 7.65 | 15.65 298.1 8.71 38.1 43.9 6.24 1.07
T4WF30 30.0 8.81 | 13.86 289.6 17.5 41.8 47.1 5.73 1.41
16831 31.0 9.12 | 15.84 372.5 11.57 47.0 53.8 6.39 1.13
T4WF34 34.0 10.00 | 14.00 339.2 21.3 48.5 54.5 5.83 1.46
16WF36 36.0 10.59 | 15.85 446.3 22.1 56.3 63.9 6.49 1.45
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TABLE Al. Continued

SECTION PLASTIC
MOMENT OF INERTIA MODULUS MODULUS RADIUS OF GYRATION

o ?:b;::) ???2) [()E:n; (in.%) (?ﬁ.“) (?ﬁ?) (1rsz(3) (:ﬁ.) (1;).’)

16WF40 40.0 11.77 { 16.00 515.5 26.5 64.4 72.7 6.62 1.50
18WF45 45.0 13.24 | 17.86 704 .5 31.9 78.9 89.6 7.30 1.55
18WF50 50.0 14.71 « 18.00 800.6 37.2 89.0 100.8 7.38 1.59
21WF55 55.0 16.18 | 20.80 1140.7 44.0 109.7 125.4 8.40 1.65
21WF62 62.0 18.23 | 20.99 | 1326.8 53.1 1256.4 144.1 8.53 1.71
24WF68 68.0 20.00 | 23.71 1814.5 63.8 153.1 175.5 9.53 1.79
24WF76 76.0 22.37 | 23.91 2096.4 76.5 175.4 200.1 9.68 1.85
27WF84 84.0 24.71 26.69 | 2824.8 95.7 211.7 £43.2 10.69 1.97
27WF94 94.0 27.65 | 26.91 | 3266.7 115.1 242.8 277.7 10.87 2.04
30WF99 99.0 29.11 29.64 | 3988.6 116.9 269.1 312.0 11.70 2.00
30WF108 108.0 31.77 | 29.82 | 4461.0 135.1 299.2 345.5 11.85 2.06
30WF116 116.0 34.13 | 30.00 | 4919.1 153.2 327.9 377.6 12.00 2.12
33WF118 118.0 34.71 32.86 | 5886.9 170.3 358.3 414.3 13.02 2.2
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TABLE Al. Continued

SECTION PLASTIC
MOMENT OF INERTIA MODULUS MODULUS RADIUS OF GYRATION

SECTION Wt./Ft. |AREA DEPTH IX Iy SX Zx rx ry

(b/ft) |[(in.?) [Gin.) [Gn.YY  (in.h (in.3) (in.3) (in.) (in.)
33WF130 130.0 38.26 33.10 6699.0 201.4 404.8 466.0 13.23 2.29
36WF135 135.0 39.70 35.55 7796.1 207 .1 438.6 509.1 14.01 2.28
36WF150 150.0 44 .16 35.84 9012.1 250.4 502.9 579.8 14.29 2.38
36WF160 160.0 47 .09 36.00 9738.8 275.4 541.0 623.3 14.38 2.42
36WF170 170.0 49.98 36.16 10470.0 300.6 579.1 666.7 14.47 2.45
36WF182 182.0 53.54 36.32 11281.5 327.7 621.2 716.9 14.52 2.47
36WF194 194.0 57.11 36.48 12103.4 355.4 663.6 767.2 14.56 2.49
36WF230 230.0 67.73 35.88 14988.4 870.9 835.5 942.7 14.88 3.59
36WF245 245.0 72.03 36.06 16092.2 944.7 892.5 1008.0 14.95 3.62
36WF260 260.0 76 .56 36.24 17233.8 1020.6 951.1 1076.0 15.00 3.65
36WF280 280.0 82.32 36.50 18819.3 1127.5 1031.2 1167.0 15.12 3.70
36WF300 300.0 88.17 36.72 20290.2 1225.2 1105.1 1255.0 15.17 3.73

-¥62-




TABLE A2. NON-ECONOMY BEAM SECTIONS.

SECTION | PLASTIC |
MOMENT OF INERTIA MODULUS MODULUS RADIUS OF GYRATION
SECTION Wt./Ft. AREA DEPTH IX Iy Sx Zx rx fy

(b/ft) [(n.2) | Gnd) | 0y (0% (in.3) Gn.>) | (in)  (in.)
12WF45 45.0 13.24 | 12.06 350.8 50.0 58.2 64.9 5.15 1.94
10WF54 54.0 15.88 | 10.12 305.7 103.9 60.4 67.0 4,39 2.56
12WF50 50.0 14.71 12.19 394.5 56.4 64.7 72.6 5.18 1.96
10WF72 72. 21.18 | 10.50 420.7 141.8 80.1 90.7 4,46 2.59
T0WF89 89.0 26.19 10.88 542.4 180.6 99.7 114.4 4 .55 2.63
12WF79 79.0 23.22 12.38 663.0 216.4 107.1 119.3 5.34 3.05
18WF60 60.0 17.64 | 18.25 984.0 47 .1 107.8 122.6 7.47 1.63
14WF74 74.0 21.76 14.19 796.8 133.5 112.3 125.6 6.05 2.48
10WF100 100.0 29.43 | 11.12 625.0 206.6 112.4 130.1 4.61 2.65
18WF64 64.0 18.80 | 17.87 1045.8 70.3 117.0 131.8 7.46 1.93
14WF78 78.0 22.94 | 14.06 851.2 206.9 - 121.1 134.0 6.09 3.00
12WF92 92.0 27.06 12.62 788.9 256.4 125.0 140.2 5.40 3.08
18WF70 70.0 20.56 | 18.00 1153.9 78.5 128.2 144.7 7.49 1.95
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TABLE A2. Continued

SECTION PLASTIC
MOMENT OF INERTIA MODULUS MODULUS RADIUS OF GYRATION

SECTION Wt./Ft. AREA DEPTH IX Iy Sx ZX rx ry

(bsft) | (in.®)] Gin) | G GnY (in.>) Gin.®) | (in)  (in.)
16WF78 78.0 22,92 | 16.32 | 1042.6 87.5 127.8 145,5 6.74 1.95
10WF112 112.0 32.92 11.38 718.7 235,4 126.3 147 .5 4.67 2.67
12WF99 99.0 29.09 12.75 858.5 278.2 134.7 151.8 5.43 3.09
18WF77 77.0 22.63 18.16 1286.8 88.6 141.7 160.5 7.54 1.98
12WF106 106.0 31.19 | 12.88 930.7 300.9 144 .5 163.4 5.46 3.1
16WF88 88.0 25.87 16.16 | 1222.6 185.2 151.3 169.0 6.87 2.67
18WF85 85.0 24.97 18.32 1429.9 99.4 156.1 177.6 7.57 2.00
12WF120 120.0 35.31 13.12 1071.7 345.1 163.4 186.4 5.51 3.13
21WF82 82.0 24.10 | 20.86 1752.4 89.6 168.0 191.6 8.53 1.93
18WF96 96.0 28.22 | 18.16 | 1674.7 206.8 184.4 206.0 7.70 2.71
18WF105 105.0 30.86 18.32 1852.5 231.0 202.2 226.5 7.75 2.73
18WF114 | 114.0 33.51 18.48 | 2033.8 255.6 220.1 247.9 7.79 2.76
2IWF112 | 112.0 32.93 | 21.0 2620.6 289.7 249.6 278.0 8.92 2.96

-96¢-



TABLE A2. Continued

MOMENT OF INERTIA aggaigg aggalag RADIUS OF GYRATION

SECTION Wt./Ft. |AREA DEPTH IX Iy SX ZX ry 'ry

(b/ft) |(in.%) | Gin) | G (in.h (in.3) (in.%) | (in.)  (in.)
14WF158 158.0 46.47 15.00 1900.6 745.0 253.4 286.3 6.40 4.00
TAWF167 167.0 49,09 15.12 2020.8 790.2 267.3 302.9 6.42 4.01
24WF110 110.0 32.36 | 24.16 3315.0 229.1 274.4 307.7 10.12 2.66
12WF190 190.0 55.86 | 14.38 1892.5 589.7 263.2 311.5 5.82 3.25
21WF127 127.0 37.34 | 21.24 3017.2 338.6 284.1 317.8 8.99 3.01
24WF120 120.0 35.29 | 24.31 3635.3 254.0 299.1 336.6 10.15 2.68
21WF142 142,0 41,76 | 21.46 3403.1 385.9 317.2 357.0 9,03 3.04
14WF202 202.0 59.391 15.63 2538.8 979.7 324.9 373.6 6.54 4.06
24WF145 145.0 42.62| 24.49 4561.0 434.3 372.5 416.0 10.34 3.19
24WF160 160.0 47.04| 24.72 5110.3 492.6 413.5 463.7 10.45 3.23
14WF264 264.0 77.63| 16.50 3526.0| 1331.2 427.4 502.4 6.74 4.14
27WF160 160.0 47.04| 27.08 6018.6 458.0 444 .5 504.3 11.31 3.12
14WF287 287.0 84.37| 16.81 3912.1 1466.5 465.5 551.6 6.81 4.17
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TABLE A2. Continued

SECTION PLASTIC
MOMENT OF INERTIA MODULUS MODULUS RADIUS OF GYRATION

SECTION Wt./Ft. AREA DEPTH I I S z r T
200 . . 4% . Y4 . %3 . %3 X y
(1b/ft) | (in.%)| (in.) | (in.7) (in.") (in.”) (in.”) (in.) (in.)
27WF177 177.0 52.10 27.31 6728.6 518.9 492.8 556.9 11.36 3.16
33WF152 152.0 44 .7 33.50 8147.6 256.1 486.4 558.3 13.36 2.39
30WF172 172.0 50.65 29.88 7891,5 550.1 528.2 593.0 12.48 3.30
30WF190 190.0 55.90 30.12 8825.9 624.6 586.1 659.6 12.57 3.34
30WF210 210.0 61.78 | 30.38 9872.4 707.9 649.9 733.9 12.64 3.38
14WF398 | 398.0 [116.98 | 18.31 | 6013.7 | 2169.7 656.9 803.0 7.17 4.3
33WF240 240.0 70.52 33.50 13585.1 874.3 811.1 918.2 13.88 3.52
36WF230 230.0 67.73 35.88 14988.4 870.9 835.5 942.7 14,88 3.59
36WF280 280.0 82.32 36.50 18819.3 1127.5 1031.2 1167.0 15.12 3.70
36WF300 300.0 88.17 36.72 20290.2 1225.2 1105, 1255.0 15.17 3.73
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TABLE A3. ECONOMY COLUMN SECTIONS.

SECTION PLASTIC
MOMENT OF INERTIA | MODULUS MODULUS | RADIUS OF GYRATION

SECTION | Wt./Ft. | AREA, | DEPTH 1 'y, > fx " ry
(1b/ft) | (in.%)| (in.) | (in. (in.7) (in.~) (in.”) (in.) (in.)
6HF20 20.0 5.90! 6.20 3.7 13.3 13.4 15.0 2.66 | 1.50
8WF24 24.0 7.06| 7.93 82.5 18.2 20.8 23.1 3.42 | 1.6
8WF28 28.0 8.23| 8.06 97.8 21.6 24.3 27.1 3.45 | 1.62
8WF31 31.0 9.12| 8.00 | 109.7 37.0 27.4 30.9 3.47 | 2.01
8WF35 35.0 | 10.30| 8.12 | 126.5 42,5 31.1 34.7 3.50 | 2.03
10WF39 39.0 | 11.48] 9.94 | 209.7 44.9 42.2 47.0 4.27 | 1.98
12WF40 40.0 | 11.77| 11.94 | 310.1 44.1 51.9 57.6 513 | 1.94
14WF43 43.0 | 12.65| 13.68 | 429.0 45.1 62.7 69.7 5.82 | 1.89
14WF48 48.0 | 14.11] 13.81 | 484.9 51.3 70.2 78.5 5.86 | 1.91
14WF53 53.0 | 15.59| 13.94 | 542.1 57.5 77.8 87.1 5.90 | 1.92
12WF58 58.0 | 17.06| 12.19 | 476.1 107.4 78.1 86.5 5.28 | 2.5
14WF61 61.0 | 17.94| 13.91 | 641.5 | 107.3 92.2 102.4 5.98 | 2.45
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TABLE A3. Continued

SECTION PLASTIC
MOMENT OF INERTIA MODULUS MODULUS RADIUS OF GYRATION

SECTION | Wt./Ft. éREé DFPTH ' zx ?y . ?X 5 %X 3 ?x .rx

(Ib/ft) {(in.%) | (in.) | (in.7) (in.7) (in.”) (in.”) (in.)  (in.)
14WF74 74.0 21.76( 14.19 796.8 133.5 112.3 125.6 6.05 2.48
14WF78 78.0 22.94| 14.06 851.2 206.9 121.1 134.0 6.09 3.00
12WF79 79.0 23.22| 12.38 663.0 216.4 107.1 119.3 5.34 3.05
14WF84 84.0 24.711 14.18 928.4 225.5 130.9 145.4 6.13 3.02
12WF99 99.0 29.09| 12.75 858.5 278.2 134.7 151.8 5.43 3.09
14WF111 111.0 32.65| 14.37 1266.5 454.9 176.3 196.0 6.23 3.73
T4WF119 119.0 34.99| 14.50 1373.1 491.8 189.4 210.9 6.26 3.75
14WF127 127.0 37.33| 14.62 1476.7 527.6 202.0 225.9 6.29 3.76
14WF136 136.0 39.98| 14.75 1593.0 567.7 216.0 242.7 6.31 3.77
14WF142 142.0 41.85| 14.75 1672.2 660.1 226.7 254.8 6.32 3.97
14WF150 150.0 44.08| 14.88 1786.9 702.5 240.2 270.2 6.37 3.99
14WF158 158.0 46.47| 15.00 1900.6 745.0 253.4 286.3 6.40 4.00
14WF167 167.0 49.09| 15.12 2020.8 790.2 267.3 302.9 6.42 4.01
14WF176 176.0 51.73| 15.25 2149.6 837.9 281.9 321.3 6.45 4.02
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TABLE A3. Continued

SECTION PLASTIC
MOMENT OF INERTIA MODULUS MODULUS RADIUS OF GYRATION

SECTION Wt./Ft. AREA DEPTH I I S Z r r

X y X X X y
(b/ft) | (in.B)] Gn)) | GnY  GinlY (in.3) (in.3) (in.) (in.)
T14WF184 184.0 54.07; 15.38 2274.8 882.7 295. 337.5 6.49 4.04
T14WF193 193.0 56.73! 15.50 2402.4 930.1 310. 355.1 6.51 4.05
T14WF202 202.0 59.39| 15.63 2538.8 979.7 324. 373.6 6.54 4.06
14WF211 211.0 62.07| 15.75 2671.4 1028.6 339. 391.7 6.56 4.07
14WF219 219.0 64.36| 15.87 2798.2 1073.2 352. 408.0 6.59 4.08
14WF228 228.0 67.06| 16.00 2942 .4 1124.8 367. 427.2 6.62 4.10
T4WF237 237.0 69.69| 16.12 3080.9 1174.8 382. 445 .4 6.65 4.11
14WF246 246.0 72.33] 16.25 3228.9 1226.6 397. 464.5 6.68 4,12
14WF264 264.0 77.63; 16.50 3526.0 1331.2 427. 502.4 6.74 4.14
T14WF287 287.0 84.37] 16.81 3912.1 1466.5 465, 551.6 6.81 4.17
T14WF314 314.0 92.30 17.19 4399.4 1631.4 511. 611.5 6.90 4.20
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TABLE A3. Continued

SECTION PLASTIC
MOMENT OF INERTIA MODULUS MODULUS RADIUS OF GYRATION

SECTION |Wt./Ft. AREA DEPTH 1 I S VA r r
2y s 4 . Y4 . X3 . %3 X Y
(1b/ft) [(in.%) |[(in.) [(in.7) (in.") (in.”) (in.”) (in.) (in.)
14WF320 320.0 94,12 | 16.81 4141.71 1635.1 492.8 592.2 6.63 4.17
14WF342 342.0 100.59 | 17.56 4911.5| 1806.9 559.4 673.0 6.99 4.24
14WF370 370.0 108.78 | 17.94 5454 .2 1986.0 608.1 737.3 7.08 4.27
14WF398 398.0 116.98 | 18.31 6013.7| 2169.7 656.9 803.0 7.17 4.31
14WF426 426.0 125.25 { 18.69 6610.3| 2359.5 707.4 869.3 7.26 4.34
14WF455* | 455.0 133.73 | 19.05 7214.9| 2561.2 757.5 986.0 7.35 4,38
14WF500* | 500.0 146.95 | 19.63 8234.1 2882.7 839.1 1099.0 7.48 4.43
14WF550* | 550.0 161.75 | 20.26 9443.1 3256.7 932.2 1241.0 7.64 4.49
14WF605* | 605.0 177.85 | 20.94 | 10842.3] 3680.9 1035.7 1403.0 7.81 4.55
14WF665* | 665.0 195.51 21.67 | 12477.7| 4166.2 1151.7 1567.0 7.99 4.62
14WF730* | 730.0 214.65 | 22.44 | 14371.4) 4716.8 1280.6 1770.0 8.18 4.69

* = "USS Shapes and Plates"
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TABLE A4. EQUAL LEG DOUBLE ANGLE BRACING SECTIONS.

AISC SECTION NAME Wt./Ft. AREA
DESIGNATION INPUT (b./ft. (in.2)
2x2x%— 2AN6 6.38 1.88
5
2x2x3, 2AN7 7.84 2.30
A1) 2 5ANTO 10.0 2.94
I : : :
3x3x%- 3 AN4 14.4 4.22
CLINCAINE] 3.5AN17 17.0 4.96
7X35%g : : :
4x4x%— 4AN19 19.6 5.72
shald 3.5AN22 22.2 6.50
2 2 2 . L} 3
4x4x% 8AN25 25 .6 7.50
7
5x5x] 5AN2S 28.6 8.36
5x5x% 5AN32 32.4 9.50
6x6xT7~6 6AN34 34.4 10.12
6x6x% 6AN39 39.2 11.50
8x8x% 8AN5?2 52.8 15.50
6x6x§- 6AN57 57.4 16.88
8x8x§- BAN65 65.4 19.22




TABLE A4. Continued

AISC

SECTION NAME Wt./Ft. AREA

DESIGNATION INPUT (1b./ft.) (in.2)
6x6x] 6ANT4 74.8 22.00
Bxxl 8AN9O 90.0 26.46
8x8x1 8AN10Z 102.0 30.00
8x8x2 8AN113 113.8 33.46

8
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TABLE A5. UNEQUAL LEG DOUBLE ANGLE BRACING SECTIONS.
AISC SECTION NAME Wt./Ft, AREA
DESIGNATION INPUT (1b./ft.) (in.2)
3x2x~f—-6 3UANS. 1 6.1 1.80
3x2%x% 3UAN9. 0 9.0 2.62
4x3x%» 4UANT1.6 1.6 3.38
3

3x2%x§‘ 3UAN13.2 13.2 3.84
4x3x-15-6 AUANT4. 4 14.4 4.18
Ax30x2 JUANTS. 4 15.4 4.50

2*T6 : : -
4x3x%— AUAN17.0 17.0 4.96
4x3%x%- AUANTS.2 18.2 5.34

7

ax3x AUAN19.6 19.6 5.74
ax3x] AUAN21 .2 21.2 6.18

216 ’ : :
4x3x%— AUAN2Z. 2 22.2 6.50
6x3lx§

%3 6UAN23. 4 23.4 6.84
6x4x% 6UAN24 .6 246 7.22
5x3x%- 5UAN25 .6 25.6 7.50
53y 5UAN27 .2 27.2 8.00
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TABLE A5, Continued

AISC SECTION NAME Wt./Ft. AREA
DESIGNATION INPUT (1b./ft.) (in.2)
6xx 6UAN28.6 28.6 8.36
Txdxle 7UAN31.6 31.6 9.24
BxdxT 8UAN34 .4 34.4 10.12
Bxdxy 8UAN39. 2 39.2 11.50
Bxaxy SUANS7 .4 57.4 16.88
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APPENDIX B
FRAME B LOADING DATA

General design data applicable to all Frame B example
problems are presented in Section 2.1. Details of the applied
loading also applicable to all Frame B example problems are
presented here as follows.

i. Wind Load INPUT

Top story (Level 1): 2.88 kips
General story (levels 2-9): 5.76 kips
Bottom story (]evé] 10): 6.33 kips

ii. Girder Loads.

Roof girders (Level 1):

L.L. = 0.03 ksf x 24 ft, = 0.72 k/ft.
D.L. = 0.06 ksf x 24 ft. = 1.44 k/ft.
Total INPUT to program = 2.16 k/ft.

Floor girders (Levels 2-10):
Percent L.L. reduction by ASA A58.1:
Bays 1,2,3: 46.1%

L.L. = (1-0.461) x 0,08 ksf x 24 ft. = 1,03 k/ft.
D.L. = 0.08 ksf x 24 ft. = 1,92 k/ft.

Total INPUT to program = 2,95 k/ft.
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iij. Column Loads.

Wall loads on exterior columns (Levels 2-10) = 13.0 kips
Dead weight of columns (average) = 0.20 k/ft.
Dead weight of fireproofing = 0.05 k/ft.

Percent L.L. reduction by ASA A58.1:

Story 1, Col. A,B,C,D = 0.0%
Story 2, Col. A = 2.8%
B,C = 46.1%

D = 23.0%

Stories 3-10, Col. A,B,C,D = 46.1%

A special procedure must now be used to determine the actual
applied joint Toads to be INPUT to the computer program. Chapter 3
describes the method used to calculate the gravity load condition
column axial forces from the joint and girder Toads INPUT to the
computer program. In effect, the method used distributes one-Ha1f
the girder load to each joint connected by the girder and sums the
total joint loads above the column. However, when the live load
reduction coefficient for the beams and columns are not all equal, the
applied joint loads INPUT to the computer program should take on values
that will account for the differences in live load reduction coefficients.
Consequently, the joint loads to be INPUT are calculated as follows.

Let F~(i-1,j) represent a story i-1 column axial force due to gravity

o
loads only and based on the beam live load reduction coefficients.

Let F,

C(i,j) represent a story i column axial force due to gravity
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loads only, but based on the column live load reduction co-
efficients. The joint load, Pj(i,j) applied to the top joint of

the column is simply,

oy T g oy W(ELILG
Pi(1,3) =Fc(i,3) - Feli-1.3) - 5 L

where W(i,j) is the uniform load applied to beam (i,j) using the
beam Tive load reduction coefficient.
An example of the calculation of Pj(2,1) will be shown as
follows.
1. 1In this case, i = 2, j = 1,
2. The axial force in column (1,1) due to gravity loads
only and based on the beam 1ive load reduction
coefficient is:

(320(2.16) + (12)(.25)

1}

Fa(1,1)

cf

- 35.4 kips
3. The axial force in column (2,1) due to gravity loads
only and based on the column live load reduction

coefficient is:

(30) (2.16+(1-.288) (1.92)+1.92)

Fo(2,1)

+ (12)(,25+.25)+13.0

100.7 kips
4. Thus, joint load (2,1) INPUT is,

_ ) _ (2.95)(30)
P,(2,1) = 100.7 - 35.40 95)(30

= 21.05 kips
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This procedure is easily tabulated by proceding joint by joint down
the frame in any column line. The resulting joint loads INPUT for

Frame B are as follows.

Joint A Joint B Joint C Joint D
Level 1 : 3.0 k. 3.0 k. 3.0 k. 3.0 k.
Level 2 : 21.05 3.25 3.20 21.40
Level 3 : 11.05 3.15 3.20 10.80
Levels 4-9 : 16.05 3.20 3.20 16.10

Level 10 : 16.80 3.95 3.95 16.85
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APPENDIX C

FRAME C LOADING DATA

General design data applicable to all Frame C example

problems are presented in Section 2.2. Details of the applied

loading also applicable to all Frame C example problems are

presented here as follows.

i. Wind Load INPUT.

Top story (Level 1):
General story (Leve]é 2-24):

ii. Girder Loads.

Roof Girders (Level 1):

L.L. = 0.030 ksf x 24 ft. =
D.L. = 0.095 ksf x 24 ft =
Total INPUT to program =

Floor Girders (Levels 2-24):
Percent L.L. reduction by ASA A58.1
Bay 1 : 38.4%
Bay 2 : 23.0%
Bay 3 : 50.9%

4.8 kips
5.76 kips

0.72 k/ft.
2,28 k/ft.

3.00 k/ft.

Uniformly distributed loads on floor girders;

Bay 1: L.L.

D.L.
Total INPUT to program

(1-0.384) x 0.100 ksf x 24 ft.
0.120 ksf x 24 ft.

1.48 k/ft.

2.88 k/ft.
4.36 k/ft.
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Bay 2: L.L. = (1-0.230) x 0.100

D.L. 0.120

Total INPUT to program

Bay 3: L.L. = (1-0.509)x 0.100
D.L. = 0.100

Total INPUT to program

iii. Column Loads.

Wall loads on exterior columns:

Level 1 (4 ft. parapet wall)

Levels 2-24
Estimated dead load of column pl

(average) = 0.625 k/ft.

ksf x 24 ft. = 1.85 k/ft.
ksf x 24 ft. = 2.88 k/ft.
= 4.73 k/ft.
ksf x 24 ft. = 1.18 k/ft.
ksf x 24 ft. = 2.88 k/ft.
= 4,06 k/ft.
8.2 kips
24.5 kips

us fireproofing

Percent L.L. reduction by ASA A58.1:

Story 1, Col. A,B,C,D

Story 2, Col. A
B =
C =
D

n

Story 3, Col. A =

B,C,D

Stories 4-24, Col. A,B,C

The procedure used to calculate the

to be INPUT to the computer program and to

between beam and column Tive load reductio

0.0%

19.2%

30.7%

38.4%

26.9%

38.4%

50.9%
,D = 50.9%
actual applied joint loads
account for the difference

n coefficients is the same
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as the one described for Frame B in Appendix B. Consequently,
only the final results will be presented. So, the joint loads

INPUT for Frame C are as follows.

Joint A Joint B Joint C  Joint D
Level 1 : 15,7 k. 7.5 k. 7.5 k. 15.7 k.
Level 2 : 36.6 8.22 9.48 40.06
Level 3 : 27.4 -7.38 -2.52 23.86
Level 4 : 23,0 0.42 3.48 31,96

Levels 5-24 : 29.0 0.42 3.48 31.96
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APPENDIX D

DESCRIPTION OF COMPUTER PROGRAM INPUT FORMAT

The following description of the computer program INPUT
format assumes the reader is familiar with the Fortran IV Read
statement and FORMAT statement. The INPUT is described in the order

they are required to appear.

1. READ IRD, IWR
FORMAT (2110)

Where, IRD = the read code associated with the computer
card reading device.
IWR = the write code associated with the computer

printer output device.

2.  READ NPROB
FORMAT (110)

the total number of problems to be input
(NPROB > 1).

Where, NPROB

3. READ LN, LPR1, LPR
FORMAT (3110)

maximum number of plastic design cycles

Where, LN
(LN > 1).
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LPR1 = 1 = maximum amount of output for each de-
sign part.
= 0 = minimum amount of output for each de-
sign part.
LPR = 1 = maximum amount of debugging output.

= 0

no debugging output.
The following values are recommended for normal problem execu-
tion:

LN > 2

1}
—

LPR1
LPR =0

READ (TITLE(I), I=1, 18)
FORMAT (18A4)

Where, TITLE a maximum of 72 alphanumeric characters

composing the title of the current problem.

READ NB, NBT
FORMAT (2110)

Where, NB number of economy beam sections to be input.

it

NBT total number of beam sections to be input.

Note that when NBT = NB, no non-economy beams are to be input.

Note also that NB > 3 and 3 < NBT < 250.

For each beam section to be input (I=1 to NBT):
READ BMID1(1), BMID2(I), WFWB(I),
WFAB(I), WFDB(I), WFIXB(I),
WFIYB(I), WFSB(I ) WFZR(I),
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WFRXB(1), WFRYB(I)
FORMAT (2A4, F8.1, F6.2, F6.2,
2F11.1, 2F8.1, 2F7.2)

Where, BMIDI

BMIDZ

WFWB
WFAB
WFDB
WFIXB
WFIYB
WFSB
WFZB
WFRXB
WFRYB

Note the first NB

first four alphanumeric characters in the
beam name.

last four alphanumeric characters in the
beam name.

beam weight (1b./ft.).

beam area (in?).

beam depth (in.)

beam major axis moment of inertia (ing).

beam minor axis moment of inertia (1n?).

beam elastic section modulus (in?).

beam plastic section modu]us(in§)-

beam major axis radius of gyration (in.).

beam minor axis radius of gyration (in.).

beam sections input (economy beams), are

ordered on increasing area. The next NBT-NB beam sections

(non-economy beam sections) are ordered on increasing plastic

section modulus.

Also note that since NBT may equal NB, the

non-economy beam sections are optional.

READ NC, NCT
FORMAT (21170)

Where, NC

NCT

number of economy column sections to be in-
put.

total number of column sections to be in-
put.
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Note that when NCT = NC, no non-economy columns are to be input.

Note also that NC > 3 and 3 < NCT < 90,

For each column section to be input (I=1 to NCT):
Input the same type data for the columns as for beams and in
the same format as for Beams.

A11 columns input are ordered on increasing area,

READ NBR
FORMAT (I10)

Where, NBR = number of bracing sections to be input.

Note that 1 < NBR < 20.

For each bracing section to be input (I=1 to NBR):

READ BRID1(1). BRID2(I), WFWBR(I), WFABR(I).
FORMAT (2A4, F8.1, F8.2)

Where, BRIDI] = first four alphanumeric characters in the
brace name.
BRID2 = last four alphanumeric characters in the
brace name.
WFWBR = brace weight (1b./ft.)
WFABR = brace area (in?).

READ NSTRY, NBAY
FORMAT (2110)

1]

Where, NSTRY number of stories

NBAY number of bays.
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Note that STRY < 30

2 <N
2 < NBAY < 5.

READ (RL(J), J=1, NBAY)

FORMAT (8F10.3)

Where, RL(J) = length of bay J, (in.).
READ (RH(I), I=1, NSTRY)

FORMAT (8F10.3)

Where, RH(I) height of story I, (in.).

READ((PW(I,J), J=1, NBAY), I=1, NSTRY)
FORMAT (8F10.3)

Where, PW(I,J)

uniformly agp11ed unfactored gravity load
applied to beam (kips/in.).

READ ((PJVvD(I,J), J=1, N1), I=1, NSTRY)
FORMAT (8F10.3)

Where, PJVD(I,J)

applied unfactored concentrated gravity
Toad applied to joint (I,Jd), (kips).

N1 = NBAY + 1
READ (PH(I), I=1, NSTRY)
FORMAT (8F10.3)
Where PH(I) = lateral unfactored wind load applied to

story level I, (kips).

1, NSTRY)
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Where, DA(I) = initially assumed relative story I deflec-
tion at the ultimate load (i.e. initial A
of the P-A effect) in inches,

READ (D? 1, NSTRY)

1), I
FORMAT (8F1

( =
8F10.3)
Where, DP(I)

maximum permissible elastic relative story
I deflection in inches for unfactored loads.

READ RLD1, RLD2
FORMAT(2F10.3)

Where, RLDI1 load factor for the gravity load condition

().

load factor for the combination gravity
plus wind Toad condition (},).

RLD2

READ ((SYB(I,J), J=1, NBAY), I=1, NSTRY)
FORMAT (8F10.3)

Where, SYB(I,J) = beam (I,J) steel yield stress, (ksi.).

READ ((sSYC(I,J), J=1, N1), I=1, NSTRY)

1,d)
FORMAT (8F10.3)

Where, SYC(I,J) column (I,J) steel yield stress, (ksi.).

N1 NBAY + 1.

READ ((TSYBR(I,J), J=1, NBAY),I=1, NSTRY)
FORMAT (8F10.3)

Where, TSYBR(I,J) = steel yield stress of the pair of diagonal
braces in panel (I,J) assuming braces were
permitted, (ksi.).
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READ ((UCB(1,Jd), J=1, NBAY), I=1, NSTRY)
FORMAT (8F10.3)

Where, UCB(I,J) = unit material cost (cents/1b.) corresponding
to the beam (I,J) steel type.

READ ((ucc(I,Jd), J=1, N1), I=1, NSTRY)
FORMAT (8F10.3)

Where, UCC(I,J)

unit material cost (cents/1b.) correspond-
ing to the column (I,J) steel type.

N1

NBAY + 1.

READ ((TUCBR(I,J), J=1, NBAY), I=1, NSTRY)
FORMAT (8F10.3)

Where, TUCBR(I.J) = unit material cost (cents/1b.) correspond-
ing to the steel used for the pair of
braces in panel (I,J) assuming braces were

permitted.

READ ICDEB

FORMAT (110)

Where, ICDEB = flag indicating whether or not the maximum
laterally unsuported beam (1,J) length,
RLYB(I J{, 1s to be specified for all beams
(0=no; 1=yes)

If ICDEB = 0, RLYB(I,J) is set to RL(J) for all beams. GO TO

27.

If ICDEB = 1, GO TO 26a.
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26a. This data input only when ICDEB = 1.

27.

27a.

28.

READ ((RLYB(I

,J), J=1, NBAY), I=1, NSTRY)
FORMAT (8F10.3)

Where, RLYB(I,J) maximum laterally unsupported beam (I,J)

length, (in.).

READ ICDEC
FORMAT (I10)

Where, ICDEC flag indicating whether or not the maximum
laterally unsupported column (I,J) length,
RLYC(I,J), is to be specified for all col-

umns (0=no; l=yes).

If ICDEC = 0, RLYC(I,J) is set to RH(I) for all columns. GO
TO 28.
If ICDEC = 1, GO TO 27a.

This data input only when ICDEC = 1:

READ ((RLYC(I,J), J=1, N1), I=1, NSTRY)
FORMAT (8F10.3)

Where, RLYC(I,J) maximum laterally unsupported column (I,J)

Tength (in.).
N1

NBAY + 1,

READ IMAXD
FORMAT (110)

1]

Where, IMAXD flag 1ndicat1n% whether or not maximum per-

missible beam (I,J) depth, BMAXD(I,J), is
to be specified for all beams (0=no; l=yes).
If IMAXD = 0, BMAXD(I,J) is set to 10000.0 in. for all beams.

GO TO 29.
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If IMAXD = 1, GO TO 28a.

This data input only when IMAXD = 1:

READ ((BMAXD(I,J), J=1, NBAY), I=1, NSTRY)
FORMAT (8F10.3)

Where, BMAXD(I,J) = maxi?um permissible depth of beam (I,J),
(in.).

READ JMAXD
FORMAT (110)

Where, JMAXD flag indicating whether or not maximum per-
missjble column (I,J) depth, CMAXD(I,J), is

to be specified for all columns (0=no; l=yes).

If JMAXD = 0, CMAXD(I,Jd) is set to 10000.0 in. for all columns.
GO TO 30.
If JMAXD = 1, GO TO 29a.

This data input only when JMAXD = 1:

READ ((CMAXD(I,J), J=1, N1), I=1, NSTRY)

FORMAT (8F10.3)

Where, CMAXD(I,J) = maximum permissible depth of column (I ,J)

(in.)
NBAY + 1.

N1

READ IBST
FORMAT (110)

flag indicating whether or not maximum
permissible beam (I,J) elastic stress

STBMX(I,J), is to be specified for all
beams (0=no; l=yes).

Where, IBST
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If IBST = O, STBMX(I,J) is set to SYB(I,J) for all beams. GO
TO 31. .
If IBST =1, GO TO 30a.

This data input only when IBST = 1:

READ ((STBMX(I,J), J=1, NBAY), I=1, NSTRY)
FORMAT (8F10.3)

Where, STBMX(I,J) = maximum permissible beam (i,j) elastic
stress (ksi.) under unfactored loads.

READ ICST
FORMAT (I10)

flag indicating whether or not maximum per-
missible column (I,d) elastic stress,
STCMX(I,J), is to be specified for all col-
umns (0=no; l=yes).

I

Where, ICST

If ICST = 0, STCMX(I,J) is set to SYC(I,J) for all columns.
GO TO 32.
If ICST =1, GO TO 31a.

This data input only when ICST = 1:

READ ((STCMX(I,J), J=1, N1), I=1, NSTRY)
FORMAT (8F10.3)

Where, STCMX(I,J) = maximum permissible column (I,Jd) elastic
stress (ksi.) under unfactored loads.

NBAY + 1.

N1

READ ((IBRP(I,J), J=1, NBAY), I=1, NSTRY)
FORMAT (4012)
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Where, IBRP(I,J)

flag indicating the permissible modes of
panel resistance for plastic design only.

= 1 = panel moment and truss action permitted.

= 0

only panel moment action permitted.

=-1

only panel truss action permitted.

-2 = neither panel moment nor truss action
permitted.
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