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R . CHAPTER 1

'INTRODUCTION.‘

'&oncern has become ev1dent about the overall stablllty of these in-" fﬁ’
L oo LI . \ B
\

'.;crea51ngly slender structures ‘ Confu510n 1n this’ aspect of the de51gn -
Ah.of taLl bu11d1ngs has arisen from the fact that tre analyses used by the E
T - N
‘de51gner“to compute the dlstrlbut1on of forces and moments throughout

the strugture do not include those aspects of the behav1or of the struc--
: ture relat1ng to the overall stab111ty of. the structure Thus, the re-
*{sults of these analyses must be adJusted emp1r1cally to reflect the
’stab1L1ty effects (1)

.: ,h.; Tradltldnally, the adJustment for the negligt of stablllty
ufeffects is made 1n the 1nteract10n equatlons for ‘the de51gn of beam
“columns (24) . Flrst the structure must- be c1a551f1ed as e1ther fsway

’

Tpermltted" or "sway prevented" ‘ Then the effectlve length factor K,
r'and the equ1va1ent moment factor w, are calculated dependlng on how
the structure 1s‘classIf1ed These factors are- then used 1n the stabl-

: Lity'interaction equatlon (24,43):;

the factored compre551ve re51stance developed by the member 1f '

_*f,ﬁ+ —t <10 S ¢ 75 8]
c. . I & L e 2 R '
Ty asLy
where T
Mf.; maximum end moment on the.mémber‘produced'by the-fac?ored.loadsh
'Cfri ax1a1 load on. the member produced by the factored loads



subjected to an axial load, - ey
"_Mr = the factored moment reSistance developed by the.member if -
'subjected ‘to loads cau51ng bendlng moments without 51gn1f1-
'»j':~cant ax1a1 force
'hC _ 286,000A

ef'-(KL/ )2 the elastlc buckllng strength of the member where

.”KL/r ’represents the slenderness rat1o in the plane of bendlng

'fTrad1t1onally, 1t had been assumed that if the structure con—

tained a st1ff vertical truss or shear wall, -%ranslatlon would be '

effectlvely prevented and the columns could then be de51gned as "'sway
prevented” members : In‘the absence of a st1ff vertlcal element, resrs-h
tance to lateral sway,must be provided.byfthebflexural resistance of:

. /
the beams and . columns in the structure and the columns were then de51gned

\_i

as "sway permltted" members w

The use of various terms 1n Equatlon (l 1) to adjust for the

l'neglect of the stab111ty effects in the analyses of the structure has

' been an area of con51derab1e controversy, partlcularly, when con51deru1g

‘the: de51gn of b»am columns in tall 'structures (3 4) As a result there

have been a ber of proposals to ratlonallze and 1mprove the deszgn of

" beani columns for stablllty effects (b 6 7, 8 9) Most of the attentlon
given to the problem has focused on attempts to correlate the mathema-_f.\
‘t1ca1 blfurcatlon of equ111br1um states w1th the actual stab111ty pro—.
blem. ' The maln obJect of many of these proposals has. been ‘to develop a
fmore rat10na1 effectlve length or K factor to use. in the 1nteract1on
. s R
equatlons The use of thevK'factor in the interaction equatlons has

been based on emp1r1cal con51derat10ns, and thus any change in-the K

fﬁfactor 1tse1f must’ reflect the nature of 1ts use



Recently, a departure. from the trad1t10na1 approach has ‘been

~proposed (10 11 12 38 39) This method has been<ca11ed the:PA method .

<
for . stab111ty de51gn e

L

et

et

The method proposed that e1ther a r1gorous or an approx1mate

<

second order analy51s be performed on tHe structure so that the effect'

&

of ax1a1 loads on the deformed geometry of the structure 15 con51dered;

Thus, the dlstrlbutlon of momients and. forces 1ﬁ the members of a struc-

ture w111 1nc1ude those most 51gn1f1cant stability effects ' It is

v

‘further proposed that if the stab111ty effects have been -included in

-

the analyses,vthe members may be de51gned’on the basis of the ”sway pre-

vented" COndltlon while 1f these effects have not been 1nc1uded"the

structure must be de51gned as "sway permltted" It is also suggested

therefore that the classlflcatlon of structures as "sway permltted" or

”sway prevented" should be based only on whether stab111ty effects are
1nc1uded in the analys1s of" the structure
The purpose'of this dissertation is to study the implications

of the proposed PA method and to propose any modlflcatlons or 11m1tat10ns

.that may be requlred Included in thls study w111 be an evaluation of

o

other designﬁmethods; both exlsting and proposed

Before explor1ng theruse of the PA method an understandlng

[}

-of the behav1or of structures under varlous loadlng systems is requlred

An outllne of the behav1or of frames suﬂJected to both vertlcal loads
and to a comblnatlon of horizontal and vert1ca1 loads is presented in

Chapter II Thls behaV1or 1s 111ustrated by the results of a number of

ﬁi,experlments performed on various types of frames (16 17 18, 20)

SN .
(9 -

. “The tradltlonal method of accountlng for stab111ty effects is

!



outlined in Chapter III. In this Chapter;‘a:modgliis developed for
predicting-thq ultimate strength of restralned.beam-column permittedlto
sway An elastic-plastlc analysis of this model is‘used to illustrate:
Tthe manner in which the tradltlonal methods account for second order
qeffects._ This. model is also used throughout the dlssertatlon to' JAllus-

A trate uarlous factors,effectlng the strength and_éehav1or of beam-columns.
: - As a-result of the extensiuefresearchylnto the behavior'of
:beam columns, many. proposals have been made to the des1gn of such mem-'
Lbers for stab111ty effects As suggesteﬁ by Lay (3), when 'a new method

for de51gn is- 1ntroduced the pros and cons of .this method are seldom
dlscussed with respect to those of other proposals ' The obJect of
Chapter IV.1s to dlSCUSS varlousvrecent proposals and tco relateothe‘ime:
pllcatlons of these proposals to those of the PA technlque

The PA method is outlined in detall in Chapter V as or1g1nally

fproposed.. The 1nvest1gat10nﬁ3f various 11m1tat10ns of the‘PA method 1s _
described in Chapter»V The resulﬁs of analyses aré’1ntroduced to con-:
llfirm the;method and the accuracy and convergence of’the approx1mate.
second order analy51s is dlscussed The_slgn1f1cance of the varlous'f_
'second orderieffects‘considered;are»reVlemed.' The“effectvof inelastic;
‘ heamihehaVior’On.column‘restraint;’the.effectsvofcinitial out of plumbs;
‘the effect.of axiallloads on columnvstiffness,‘the'effectiofhoverall
l*‘frame.stiffness, and other factors thatp'may7haue'some influence‘on:
;stability of frames’are'discussed. o d ln .tv f _ik/.:'”'
The lack of spec1f1c 1nformat10n on the effect of . 1ne1ast1c
' _beam response on the behav1or of beam- column subassemblages 1ead to the

-

development of" an analy51s in: Chapter VI to predlct such behav1or ' The.

.
TN



- results of the analys1s are. conflrmed by compar1son to various experl-

‘ mental results " The results of ‘the analyses are then used to examlne ;

the effect of 1ne1ast1c beam rcsponse on the stab111ty of beam- column

subassemblages

To 1llustrate the use of the P- Delta techn1que for the de51gn '

- of tall bu11d1ng frames, de51gn examples are presented in Chapter VIT.
In this chapter a 26 storey bu11d1ng frame is de51gned u51ng both the

Cp- Delta technlque and tradltlonal design technlques and a proposal 1s,

‘vpresented for de51gn1ng w1thout con51derat10n of second order effects

o

'The result1ng member sizes are compared and the f1na1 de51gns are ana-

lyzed u51ng a second order elastlc plastlc ana1y51s to compare the be—,v

s
/

hav1or of the d1fferent frames /in addltlon a "leaned frame” is also

de51gned u51ng the P- Delta techn1que to examlne the behav1or of a frame

subJected to large sway effects " R

The recommendatlons deveIOped from the 1nvest1gat10n Are pre-

~sented in: Chaﬂﬁer VIII A summary of the"TﬁVEStlgaflon and conc1u51ons

_reached are presented 1n Chapter IX

- . _ ) : Ty . .



' CHAPTER 11’
BEHAVIOR OF FRAMES
. 2.1 INTRODUCTION

- The 51gn1f1cance of sec0nd order effects is more clearly
understood when related to ‘the behav1or of frames under varlous loadlng
"condltlons. Of partlcular 1mportance is the.relatlonshlp between the
: behav1or of frames as: predlcted by varlous analyt1cal models and the f;
actual behavior of frames as observed in experlmental models

‘Extensrve research has been conducted in recent‘years to in--
vestlgate the behav1or of unclad mu1t1 storey frames and the1r components

(13,27) Thls research has 1nc1uded both analyt1ca1 and experlmental

stﬁdies' The exper1menta1 approach has been to test relat1ve1y large-o

e

. scale 51mp1e frames, de51gned s0. that the stab111ty effects are srmllar '

; —
. to those predlcted in portlons of mult1 storey frames R

- In thls chapter a number of analytlcal models used to pre-
d1ct the behav1or/of frames w111 be dlscussed The behav1or pred1cted

'-by these analyses shall then be compared\!ith experlmental behav1or to ,
_?demonstrate the 51gn1f1cance of second ordes}effects to the response of

bu11d1ng frames d

e Co - : B LT
-2.2;'ANALYSIS OF FRAMES - |

The behav1or of a frame can be descrlbed in terms of- the re-
P o,

latlonshlp between applled loads and the resu1t1ng deformatlons (1)

The pred1ct1on of this. relatlonshlp depends on the materlal propertles,

i

' 10ad1ng hlstory, and con51derat10ns of equ1libr1um and compat1b111ty
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The dlscrepancy between the behav1or pred1cted by>tﬁe ana1y51s and'the

. "true" behav1or as observed dur1ng tests depends on the sophistlcatlon .

e

of the mathemat1ca1 model used in the ana1y51s, (31) The soph1st1cat1on,
of the model used is dependent on ‘the de51red accuracy and the avqpla;'
b111ty of: computat10na1 fac1l1t1es and funds, .(31). For de51gn, the

P

model used should 1nclude all those factors wh1ch s1gn1f1cant1y 1nf1u-_ : *_hu%f

_ence- the. behav1or of the actual structure.;‘ v ;r SRR '.’v-.pj'lﬁ*f ERCER

To 111ustrate the behav1or of a frame as pred1cted by var1ous ff'-'"

e

' mathemat1ca1 models, he 51mp1e frame shown as an #nset to F1gure 2. 1 A

w111 be used The behav1or of thls frame can be descrlbeh'

1at10nsh1p betWeen 1ncréas:ng load P, “and the lateral movement of the

‘ S J o ’/’;;;,,;,~<**”’/ flev 3

frame @t the top,, . - o lL ,,,r%“5 : __‘f,ftnfﬂy} B

. ” Af/,,;,~fé—f' ] FRRRT R

/;‘ ’,,partreular 1mportance to the analy51s are assumpt1ons in-
'f-e{"”& L :

' g v
volY1ng mater1a1 propertles and frame geometry When mater1a1 propert1es
/_\\

- are said to be elastic’ the relat}Onshlp Between stress and strain. for the

mater1a1 shall be con51dered to- be 11near w1thout 11m1t When the
, . ; :
' materlal is assumed to be elastlc plastlc, the stress stra1n relatlon—

.

: sh1p W111 be 11near unt11 the plastlc limit, then followed by a reg1on
vof uml1m1ted deformat1on at constant\stress. ' ‘
When a f1rst order ana1¥51s is used the loads are cons1dered:
' to act/on the undeformed geometry of the frame._ IX the case of the
second order aha1y51s, the effect of 1oads~shall be con51dered to'act on
_'the deformed or deflected shape of the frame
o If the frame in Flgure 2 1 1s analyzed for 1ncrea51ng ver- g

t1ca1 loads and y set to zero, members 1n1t1a11y geometr1cally perfect

uslng a f1rst order elast c analy51s, ‘the solquon of thls frame would i



P
)

g1ve zero dlsplacements for all é?ads except the cr1t1ca1 loads (31)

s

At the Crlt1d£1 loads, the deflectlons of the frame are 1ndeterm1nate

and the load deformatlon curve_ b1furcates .or d1v1des 1nto twa branches;"‘

(31) Reai”frames do not b1furcate 1n such a manner as they are never e

. +

geometrlcally perfect and thls b1furcat1on only results from a mathema- ;

[h’*' t1ca1 representatlon of- the real frame (31\.: The elastlc buckllng

- “

~ load- is, however, a useful tool 1n predlctlng a\upper 11m1t of member S
behaV1or The elaStlc buck11ng 1oad P r is. shown as the upper dashed,,”
11ne 1n Flgure 2. 1 _ ' ,,x o S o B .. ) B - __‘_yhf Jer

'; If the lateral load 1s 1ncreased 1n prOportlon w1th the

vert1ca1 loads and a f1rst order elastlc”ana1y51s 1s used the load

deformatlon relatlonshlp shall be 11near -as’ shown in F1gure 2, 1 as T'qn: | i

~_curve A When a second order e1ast1c ana1y51s 1s used however, the‘
1oad deformatlon response of the frame will be non 11near as shown in"

¢

'bl Flgure 2 1 ‘as curve B In the llmlt approach1ng 1nf1n1te deformatlon,m -

the second order elastlc response approaches the elastlc buck11ng load _
~Pcr'(1)‘ ST e e o T

If the mater1a1 reSponse of the frame 1is. no longer perfectly

e1ast1c, another cr1t1ca1 load may be reached before the e1ast1c ,_,p \w';;{v:“

buckllng Ioad ThlS cr1t1ca1 load results from the format1

plastlc mechanlsm in the frame (1)

3

a0 1n F1gure 2.1
. J o ~ '

buckllng load the deflectlons are 1ndeterm1nate for a r1g1d p1ast1c .

]
.

f_r1t1ca1 load is shown as Ppl

_r1g1d plast1c ana1y51s. As in the case: of the

[N «

f1rst order ana1y51s If a second order r1g1d plastlc ana1y51s is used

-t

the loads must decrease to ma1nta1n equ111br1um as shown in Flgure 2

_;(1);11;h 'f.‘ o



As a result, when‘a T st order elastlc plastlc ana1y51s is
bused the load deformation re;ponse predlcted for the frame is. shown as
- curve C. The llmlt of the.flrst order;elastic-plastic analysis is the
frrst order -igid plastic.limit. The results ofia second/order elastic—‘
',plaStic analysis are shown as eurve D. The dlfference between the f1rst
order and second order elastlc.piastlc curves 1s a measure of the PA
. effects for a glven’frame and foading oondition (0.

~

fhen"true” frame behavior is depicted by.curvelE as shown in
:Figure 2.1; 'The'ddscrepancy between the results of a‘second order

: elastic¥p1astic analysis,and‘the'“true" behavior is. the resultqof gra—

dual penetrat}on of the y1e1ded zones, re51dual stresses, initial 1m—

-_perfectlons and strain hardenlng Thls dlfference w111 vary depending "
N partlcular frame geometry and stlffness, mater1a1 propertles, ‘and -

'the loading COndlthﬂS |

2.3 B'EHAV-I"ORIOF FRAMES "'SUBJE‘C’EED TO COMBINED GRAVI'I.'YE AND LATERAL LOADS

4

]

" 2.3.1 UNSRACED FRAMES

To examine the behav1or of an unbraced frame subjected to.

\ﬂcomblned loadlng, a 51mp1e 51ng1e storey frame w111 be used (16) The

"Ajtest of thls frame has been d§51gned SO that the stab111ty effects are

) 51mllar to those predlcted in portlons of mu1t1 storey frames.

The 1nset to Figure 2 2 shows a 51ng1e storey, 51ng1e bay

’frame subJected to constant vert1cal loads and to a lateral. load H
whlch deflects the frame 1n a 51desway mode (16) The lateral deflec-
"tlon at the beam level 1s denoted by A.. The upper broken 11nes degrct

<

"the behav1or predlcted by a flrst order elastlc plastlc ana1y51s wh11e,



lower, dashed curve represents that predicted by a similar second. order
ﬁnalysis - The results observed during the‘test of the frame are repre7

sented bx\the full 11nes 301n1ng the sol1d circles.

The 51gn1f1caik stages in the response of the frame are de-
noted by A, B and C in Figure 2. 2 - Stage A on the actual response
‘curve is the stage correspond1ng to the (nom1na1) formatlon of the f1rst

plastic hinge. ‘The correspond1ng-stage, as predicted by the first order

ana1y51s, is denoted as B in Flgure 2 2. As shown the inclusion of

£y

second order effects has 51gn1f1cant1y reduced the load correspondlng to

“the attalnment of the u1t1mate capac1ty in the cr1t1ca1 member These

.'\ ( i

effects have also produced 1ncreases in’ the deflectlons and correspondlng

B

moments and shears throughout the frame at each siage of loadlng

| At Stage C, the structure has“reached 1ts max1mum capac1ty
Beyondbthls stage, equ111br1um can only be ma1nta1ned by a reduction of.
the lateral load. This stage is assumed to correspond to fallude of the

structure,although under particular-1oading‘cond1t10ns;pth15 is not .

&

necessarily the case (1.

The structure shown in the inset to- F1gure 2.2 was de51gned
plastlcally so that full morient redlstrlbutlon could occur beyond Stage

Al In a 51m11ar structure . de51gned accordlng to elastic de51gn tech-

e

niques, Stage A would_ correspond to the’ 11m1t state of the frame since

~ the lateral braclng spac1ng and plate slenderness prov151ons are suffl-

c1ent only for the cr1t1ca1 member to reach 1ts u1t1mate capac1ty and

_ permlt only»mlnor red1str1but1on of moments. '

v

L

‘10
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..f,‘”
‘ the columns The load deformatlon behav1or of" these frames was

2.3.2. FRAMES WITH STIFFVERTICAL BRACING ELEMENTS Ly '

A number of tests have been performed on frames which. con—

' ta1n vert1ca1 brac1ng systems (17 18). An example is the frame

shown as an 1nset to Figure 2.3 (1}8) which contained a concxete shear
wall to pr0V1de re51stance to lajéraixmovement The test was designed
fto 51mu1ate a portlon of a mu1t1 -story bulldlng The verticallloads
were held constant, whlle the horlzontal loads were applled to the frame
in increments. 'The experlmenﬂal response is shown as the solrd line
joiningbthe circles As.fn the nreviOUS,examp}e, Stage A represeg§s the'
'rmatmn of the first plastlc hlnge in the test while Stage B repre-’
sents the predlctlon of the flrst h1nge by the first order e1ast1c ana- -

f
1ysis; Stage C is the’ ultlmate load of the frame.

The results of the f1rst order elastlc plastlc analy51s are
shownhby the,upper broken,llne. The results of a second order elas 1c-v ,
plasticvanalysis are shown by-the'dashed‘llne. The second order vy51s

ives. an adequate predlctlon of the behav1or of the frame. Thus,

:'splte:o g pr%sence of a st1ff vert1ca1 shear wall the second order

and test result.
'/V : Slmllar results were observed 1n tests of braced steel

ffames (17) In these stud1es, s1mp1e steel frames w1th dlagonal

’!brac1ng were subJected to 1ncrea51ng horlzontal loads, one frame~w1th

'v' )A‘\

colgmns subJected to axial loads another frame with no axial lo ds on’
/

f1cant1y dlfferent. The d1fferences in behaV1or weremalnlyduea

second order effects 1ntroduced by the presence of . the ax1al lo



A theoretical study was performed by  Davison and‘Adams'to'

examine the stability of braced multi-storey frames (14). For this

msthdy,~an elasticsplastic second order'analysis was developed toxpredlct‘
’the'behavior of both braced and unbraced.frames 'This analYSis Was used -
v to predlct the behaV1or of two twenty four storey bu11d1ng frames, one.

,braced and one unbraced, each de51gned to re51st the same load1ng con-

o

Idltlons (13) The resultsvof,these‘analyses showed that the‘dlagonally

braced frame:deflected more than the unbraced’frame at all.loads,up to
the factored design loads. As.d result, -a comparison of”firstband .

second order analyses of ‘the braced twenty-fodr Storey frame showed' that
rthe‘ultimate‘load factor was reduced 36% byvthe PA5effectsﬁ”

2.4 BEHAVIOR OF FRAMES SUBJECTED TP GRAVITY LOADS ONLY

. ik o S . o
As outlinedvin’sectioh L'Q, when a'geometrically'perfect

~ frame. is subJected to concentrlc ax1al loads such as the frame shown as
. an 1nset to Flgure 2.4, the deflectlo§;>are zero until a critical load

is reached P . At the.crltlcal 1oad however ‘any m1nor perturbatlon‘

will cause the frame ‘to lurch 1nto a 51desway deflected shape (19) If

‘ /small deflectlon the>rx,as/hsed to determ1ne the cr1t1ca1 load the value

~ .

of the151desway deflectlon is 1ndeterm1nate'as 1mp11ed by'the horlzontal
dashed 11ne in’ Flgure 2. 4 Theflarge'deflection theory; howerer would
predlct the load deflectlon curve shown by the sol1d l1ne in Figure 2. 4;
ThlS 1mp11es a sl1ght 1ncrease in load carry1ng capac1ty after the crr—'
tical load is attalned but as the frame deflects further,'lnelastrc
“action decreases frame,stiffness'and ardecrease in the equillbr1umvload
© results (19). | e

- - L : e o~ ° . 4
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'elastac stab111ty_(19).

_‘however showsthe frame deflectlng w1th 1ncrea71ng load as a result of

Real. frames, however, are not perfect. Initial curvatures

. . . . - . ’ e e ¥ . .. -
-are introduced in individual members™during manufacture. Initial sways

' _are.introduced to members during erection, and ioads_are seldomly

e -

applied in a conCentric'manner as assumed .in the analysis ‘As a result,

the 1mperfect frame beglns to sway’ 1atera11y w1th 1ncrea51ng applled

. loads. At low 1oads; the sway is usually small however asvlnelastlc

N action occurs in ve rlous members of the frame w1th a corresponding re-.

ductlon of frame s 1ffne55, the deflectlons increase rap1d1y as shown by o )//

;the broken curve in Flgure 2.4. As the load approaches the . cr1t1ca1 B —

value, the deflectlons 1ncrease rapldly and the frame falls thrOugh 1n—3 [

-
! s

Large scale tests of a three storey, unbraced frame subJected

_'to vert1ca1 1oads only (shown: as an 1nset to Flgure 2, 5) were performed

by McNamee (20). As both/f;ame geometry and applled loads ‘are’ symme- o

trical, a flrst order ana1y51s will not predict deflectlons " The ulti-

'mate strength can be predlcted by rigid plast1c ana1y51s Thevultimate ..

3strength would be reached when a beam mechanlsm forms at P = 27 kipsb

~-The 1oad deflectlon relatlonshlp observed from test results,.

vglnltlal 1mperfect10ns 1ntroduced dur1ng fabrlcatlon and erectlon A

second order ana1y51s can be performed by assumlng small lateral loads -

-

(L of 1° of P) are applled to the fra?e to 51mulate 1n1t1a1 eccentr1c1— -

t1es (19) The results of this- second order ana1y51s are shown as the

. dashed 11ne in Flgure 2.5. '.. - O -

Dur1ng the test the f1rst plastlc h1nge occurred at Stage o
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A, and fallure occurred at- Stage B as a. result of- 1ne1ast1c 1nstab111ty
The behav1or of the. frame was qu1te 51m11ar to the behav1or of a frame

'.subJected to comblned loadlng and the second order elastlc plastlc ana-
, ta ‘ T
1ysis gave a rea115t1c1pred1ctlon of thls behav1or._ '

]

2.5 SUMMARY

‘As outllned 1n the prev1ous sectlon of . thls chapter a flrst
order predlctlon of the behaV1or of tall bu1ld1ng frames overestlmates'

' both st1ffness and strength of the frame even when the frame contalns

a sgiff vert1ca1 brac1ng element In .each case, the inclusion of the ‘

\

'P Delta effects 1n the ana1y51s has resulted in a more rea11st1c pre--
: d1ct10n of frame behavior.. In add1t10n, 1t has been shown that be—
,hav1or of frames subJected to grav1ty loads is similar in all respects
fto that of frames w1th comblned loadlng
When the moments and forces used for member de31gn are’ obtalned

‘from'the'results»of"a frrst.order-ana1y51s. the de51gn procedures must

" include an allowance for second order effects. : Trad1t10na1 procedures
- used to.account for the neglect of second order effects w111 ‘be outllned
'1n Chapter III Proposals to mod1fy the tradltlonal procedures w111 be 2
B outllned and examlned in Chapter IV A proposal to, 1nclude the second
.order effects d1rectly in ana1y51s of structures w111 be outllned 1n

‘ . Yy A

T
[

Chapter V.
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g - CHAPTER 1113 L T

' REVIEW OF THE TRADITIONAL DESIGN PROCEDQBE

N

‘, 3.1 INTRODUCTION ' e o jv ; 1If\
» SRCT = . R
‘_“In the preVIous chapter the various methods‘fo¥;the¥ana1ysi§:“; /
'of planar frames were br1ef1y presented At present; the anaiysis used
for the de51gn of a. structure is generally a f1rst order e1ast1c ana1y51s
’I.The bendlng moments obtalned for the beams are then used d1rect1y to de-
>s1gn.the glrders, wh11e the ax1a1 forces and moments for the columns are
used in the 1nteractlon equatlons to Check the column de51gn _'”f
“f//KS/ZEZQn in the prev1ous chapter, a f1rst order analysls.li-t o

. 5\ L]
overest1mates the st1ffness and strength of the structure whether the.

. frame contalns a stlff vertlcal braC1ng element or depends on member .

"stlffness to re51st 1atera1 movement - In order to compensate for the
apparent dlscrepancy between "true” behaV1or and\behaV1or predlcted by a

first order ana1y51s, the member selectlon has been emp1r1ca11y adJusted
q-.

In this chapter' the traditional method of compensation“for v =

: second order effects shall be rev1ewed Thevlimits,Obtainedffrom'the I\i\;'

trad1t1ona1 method w111 then be compared to the results of an ultlmate ‘1 ; iLI
f .

‘strength ana1y51s of restralned beam columns permltted to sway

>‘3.2-_ULTIMATE:STRENGTH OE,RESTRAINED BEAM COL _SIPERMITTEDITOYSWAY |

The model used to determfne the u1t1mate strength of a beam

‘ fcolumn is based on the subassemblage technlque (13) A subassemblage is

SR W



“an 1solated portlon of a large frame that reflects the behaV1or of the

v*f-'frame as a whole For example, in the case of an unbraced frame, the

'-frame w111 deform as shown in Flgure 3. la. ‘5,':
To determlne the strength of a.column in a frame, 1t may ber
,conven1ent to 1solate the columm segment and 1ts~ne1ghbor1ng members
5from the~frame and treat thls'beam column subassemblage as a:unlt«(13)f‘.
Flgure 3 1b shows a §ﬁbassemblage that rep’ﬁsents the structural actlon
,4~~of’6b umn AB in the frame In this subassemblage the effects of mem— :

bers excluded from the ubassemblage 1tse1f are fEﬁ?EZZH%nd by spr1ngs

- 21

When study1n the behavzor of column AB in the subassemblage,.'

-

f .
‘ the effect of adJacent beams and columns may also be represented by '

sprlngs to obtaln a restralned column permltted to sway as shown in

,Flgure 3 lc (13)

In mu1t1 storey bu11d1ngs, the stlffness does not vary appre-

c1ably from storey to storey, espec1a11y 1n the storeys removed from the

_are bent in double(curvature W1th a, po1nt of 1nf1ect1on near the m1d-

helght of the column The behav1or of a column may then be represented
91-,

by. a 51mp1er subassemblage in wh1ch a p1n 1s placed at mld helkht in the
column as shown in F1gure 3 2a ‘,,gs e ' .'* ﬁdﬂg""

The forces act1ng on th1s subaSSembllge and the deformed
\

. : q _
conf1gurat10n of the column are shown/an F1gure 3:2b (13) In thls ~

©

wElgure ' "'f.- o ‘;.' : ‘_., '5, T '~_,
: A} B ._mn,= moment'at the top of‘the”column
’ p 'bhii; the restra1n1ng moment of the beams
-Mn—1}= the moment in the column 1n the storey above |

‘.top and bottom of the bu11d1ng Thus, in a swayed p051t10n the columns



; ax1a1 load transfebfﬁd 0 the Column tOp

”-E?_ﬂ

@
/ An
| From statlcs, the moment ﬁi the upper end of the column 1s

horlzontal ‘shear cQ{ﬂ&@a,by thls column

storey deflect1on SRR o -

Where Qn is the lateral @slgtance Of the COIumn and 1s re-

lated to the lateral load applled thFhe storey, Hn, by the dlstrlbutlon S

factor A, irf the equatlon I
| ‘=2z Hn o f ‘1‘ . b-’ j.-u;;-; (3 2)

v U51ng equatlon 3 1 the mﬂmeht at the t0p of the column Mn
‘ may be compared to the moment 1n the folhﬂm abOVe Mn— . Slnce Z Hn >
2 Hn 1,Pn > Pn 1 and A can be ’ume} % be eqUal aboVe and below the
floor (relatlve stlffness of ‘the memb/T5 zbove and below the floor are
g nearly equal), then Mn 1 w111 likely V% less than Mn (13) . In fact, 1f
the deflect1on An is greater to or eqﬁﬁl than An\1 Mn w111 always be v
| numerlcally larger than Mn 1. Therefd§e Mﬂ 1 may be c0n5ervat1ve1y
cons1dered equal to Mn (13) o
o ""“‘Equlllbr1um of moments of hy upper Jo1nt requlres

" Mr = - Mn 1 - Mn

but | , h: 51 , A o
gtheiefore, 2 s »b v :
e a"By’ebmpétabiiifylg-l‘”'\ | | | - |

22

3 ", '(3§3)l



v

. / _M+P—-+Q—h=‘0
N o 2 2
!
" ,or mon- d1men51ona11y (13)

P_h d A
| ) Mr wo o, PP
o - fﬁ;. Mpc Mpc  2.36 £(1-P/Py) ©

~howe\/er, for most Qide;flange'shapes»(ISI

v‘g_.=’1_15 _ A
. Zr . ! .
R » | .
sand £=1.11
‘tfhefefore,‘
o S P . hy A

o

, 2Mpc . . Mpc 2;28(1bP/Py)

the shear eqUiIiSrjum equation‘is given by~ T

£3.8) -

(

The behaV1or of a frame may then be- solved for a g1ven h;

23

(3.7) .

(3.9)

3.10)

P

and restralnlng function, Mr The restralnlng functlon' the effectlve

A
T

resxstance to rotation. prov1ded by the beam to the column is glven by

39

E I . )
Mr = K-———  .BMpc.
. Lg Mpe U
‘where = K= restralnlng coeff1C1ent f"

e
i}

: n%— 3 for a beam plﬁﬁﬂd at the far end

6 fer a beam for&yh1;h end rotatlons are equal

For ‘the purpose of this analysis, beams shall be aéSumedaﬁo

be elastlc and fixed at both ends © Thus, if the:eiare two,beaﬁs fremed

o

e
Y

into a column oo i

(3.11) -

a12)



g .
Mr = §LEL'(E-E§9: 8 Mpc . S 3.1
- Mpc  Lg .{,i SR ' :
-_-hewever S . . | .
o Mpe - 1.18 Mp (14P/Py)  T tj ,‘t3;14)
- Mp is the plastlc moment for the column oyZ therefore S
‘Mp Coz-flwoi li-c S o 3as)

Y"‘: d/2 MV

‘,Substltutlng equatlons 3 14 3 15 1nto 3. 13 and mu1t1p1y1ng

' top'andtbottom by‘h,and r,_the f0110w1ng expre551on 1s obtalned for the

resistipg'momemt.‘ o - T
. - . "J I
| 65(2—9)—‘3 | o
Mr = 21c - eMpe - (316

118 (1:11D) (59 (—) 24 (1—P/Py') "

,pl;f1ed by using equatlon 3. 9. and notlng the boumdary condltlon term
fused in evaluatlng “the effective length factor for columns in mu1t1—.
storeytbujldlngs, G is g1ven by (1)

o=L1le = Z;Ic/h'A

(3.17)

o \The resu1t1ng expression for the re51st1ng mdment'of'bhe”

"beamnin‘te:ms of-h/révG,,P/Py, oy/E reduced plast1c moment for the ,

‘columns, Mpc and jdimtarotation, 9, is given by equatlon 3.18.
Mr 3 5.27 - 8 Mpc, ' R N ;(3;18)
G T (1 - py) ¢

. R T L Lo e
~ " As a result, the ultimate strength-behavior of ‘a beam column

py

ThlS expre551on\for the resisting. moment can be further 51m— s



dmay be‘prediCtedigiven column»siend;rness, h/m,_axialdload,‘P/Py;
.materialdproperties) oy/E,dandArelatiue stiffnesses{of members at the
restraining joint‘ G. An-example‘calcuiation‘is giyen;in Table 3.1’and
:’results plotted in éléure 3.3. |
F1rst a serles of joint rotatlons, e, are_assumed and tned‘
cOrrespondlng.restralnlng moments_Mr are calculated. Qhevcorresponding
column end rotation3~y,fcan.then bﬁ:ootained from,column moment;rOtation
chatts'(IS).b The:deflections‘ate thenfobtained using equatien 3;6. |
7 Flnally, the shear equ111br1um equat1on (equatlon 3. 8§§1s used to solve

for the shear re51stance of the columm in terms of the column moment

'M/Mpc and the second order shears PA/Mpc l If this process.is repeated,

defor é number of values of 301nt rotatlon e a'fuil load-de‘ ation re-

L

‘ latlonshlp for a. glven column w1th a constant ax1a1 load ' btained
Y

25

columm end moment deflectlon curve for a g1ven column and cons ant ax1al .

N

load. The’ dlfference between these curves. is the PA term. This type of
analysls has‘been compﬁred to experxmental results ‘and found to give a
L e , » o S o i .

- reasonable prediction of a restrained column permitted to sway (21,22).
3.3 DESIGN OF BEAM COLUMNS USING INTERACTION EQUATIONS

_ At present,. for steel structures in Canada, a designer has

the option'of using one of two'standards (40) CSA 516—1969‘permit53the

desxéner to use allowable stress de51gn for all structures and. permlts
’plastlc de51gn of portlons of certaLn structures (2) ) CSA 516 1- 1974

' tpermlts the use of L1m1t States Des1gn of all aspects of steel structures

X

,~(24)- For the purpose of this dlssertatlon the de51gn of beam- columns



\
shall be outlined u51ng ‘the 1nteract10n equation as spec1f1ed in CSA
f516 1- 1974 The ba51s for the development of the 1nteract1on equat1ons
_1n each standard however, remains: essentlally the same (43) ,‘Al fj
| In.order toucomply w1th the requ1rements*of CSA 816 1—1975
class 1 or'class 2 sectlonslof I- shaped members subJected to. comblned
‘axial load and bend1ng moment must sat1sfy three equat1ons (24) The

flrst equat1on satlsfles the requ1rement that the beam shall-not fa11 in.

'pure blaxlal bendlng by:ensurlng that:,

MEx | MEy < ‘” o B . | 8
i Sro ot (3a9)

\where .fo and ﬁfy'are the bending moments abont‘the'i'and } aris ofrthe
member respectfvely under factored load and er and Mry are the factoredff
.lfmoment re51stance of the member about the x and y. axis of the member
;\respectlvely o “ |

. . The member ?J'.s then checked for s-uff1c1ent strength -to re51st_

'local fa11ure due~to comblned axial force. and bendlno in the f0110w1ng

" equation: .u';; P _ PR B
C£, 0.85 Mfx _ 0.60 My < . -
Cr "' Mrx - +\ Mry fﬂﬂ;fo o - (3-20)
where:
, . Lo S : o
cf = the compressive force in the member under factored
load factored axial load
Cr = factored yleld load for the member

Flnally, the member must be checked for fallure by overall :

1nstab111ty This condltlon ;s.checkedibyxuslng~the third interaction
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"equation:

- Cr * er(l - Cf ) Mry(l1 - Cf.) _’170_ S (3721)

Cex - - Cex

where, in this case:

Cr = factoredh%ompreesiue reSistance of the member if‘f
: axial ldadtonly is present, | .
Ce = Euler buckling load = 286,000A/ (KL/z)2 g
where (g%q_renresents theveffectlvevslenderneeévratie
" in the plane of.bending.and-h.ls the crossesectienal area,
w ='ithe coeefflcent used to determlne the equ1va1end bendlng

effect 1n steel columns

blf the prlmary bendlng moment is not uniform‘overfthe member

'length the strength of the columm w111 be 1ncreased Tc~account for
this strength 1ncrease, an equlvalent ‘moment factor W, iS'computed‘by
ch0051ng one of the follow1ngvformulae::f:

a , | e | | |
v o= 0.6 + O 4 _fl but not- less than 0. 4 o g-';(3(22)

where, fl and Mfé are. the larger and smaller moments respectlvely
: actlng at ‘the ends of the member thand:Mf2 are both pos1t1ve 1f

the member is, deformed 1nto 51ng1e curvature and Mfl is negative ;f
- s . :
_ the—member is 1n double curvature

»pb)_a-i, lv,, _ _‘,"fﬁ ® ; 0. 85 S ‘-"'} o (3 23a)

for members bent in double curvature or subJect to moment at one end

-

s



or
Cws=10 - (3.23)
for members bent in s1ng1e curvature due to moments at each -end.
Tradltlonally, the ch01ce between case a (equatlon 3.22) and
, case b (equat1on '3.23a or 3. 23b) was based on the manner in which lateral '

forces were re51sted by the frames (2) If the lateral ‘forces applled tov
A2

* the frame were re51sted by a stiff vertical braclng system, the frame
?was cla551f1ed as sway prevented and equat1on 3 22 would be used to cal—‘ :
culate w.“ 1f, however, only the flexural stlffness of. the compressrons
fmembers was used to re51st 1atera1 forces, the frame is c1a551f1ed as
sway permltted and e1ther equatlon '3.23a or equation.3: 23b is used.’

- In the stab111ty 1nteract10n equatlon (equat1on 3 21), the
term 1/(1 - Cf/Ce) is an ampl1f1catlon factor that accounts for the
secondary moments produced by axlal 1oads actlng on the -deformed member
_ The- effect of boundary cond1t10ns at the member ends are 1nc1uded 1n the
calculatlon of the effectlve length of ‘the member, KL, wh1ch in turn is
1:used to calculate the  term’ Ce in the amp11f1cat10n factor As a result
'.the calculat1on of the effectlve length has ‘a d1rect 1nf1uence on the
V’ magnlflcatlon of the moments in- the member to account for second order.
‘,effects. “In add1t10n to 1ts use 1n‘moment magnlflcat1on, the effectlve‘"
. ’ :

; length factor 1s also used in the calculatlon of the factored compre551ve

re51stance of the column, Cr

©

The phy51cal 51gn1f1eance of the effectlve 1ength of a mem-
ber can only be related to ax1a11y loaded members The effect1ve length

‘of a member is the dlstance between theoret1ca1 p01nts of 1nf1ect10n of



'
i

m1tted mode (31)

’

- 29

the deflected shape.of a member .at the point of_bucklingv(31).' Thus, the

,calculation of the effective length for a member depends on’whether the

”-frame is assumed to buckle.in a sway prevented mode or in a sway per-

-

‘A procedure for evaluat1ng the effect1ve length factor K

for both sway perm1tted and sway prevented frames was developed by Jullan'

'and Lawrence (48), and is outllned by Galambos (l) : The effective length

factor is calculated in terms of the followxng parameter

LI, /L R T

G- (3:24)

I Ig/lg

_ In the sway permitted case, the effective length faCtor,,K;_is obtained.

by the solution'of (1)' N ‘ *l | . | . ' o
6, Gy (n/x) RERNCSE ' (5.25)
66, + Gy *kran(ﬁ/x) S

In thlS equatlon the L and uU. subscrlpts refer to the upper
“and 1ower end of the column respectrvely " In the swayrprevented case,

the follow1ng equat1on is used. (1)

5 _’wx)"’-* Gy r 61 - /K
4 'sz  Tan(n/K)

+‘2 Tan7tw/2K)f:;
«hﬂ/K

As a result to. calculate the" effectlve length of the member

| when u51ng equatlon 3 22 the frame must be flrst class1f1ed as "sway

“ preventedﬁ”or "sway perm1tted". Tradltlonally, th1s c1a551f1cat10h has :

1 S (3.26)
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'-been made on the bas1s of the method used in the structure to re51st

,lateral loads, that. is, whether a Stlff vert1cal braC1ng element is 1n-
4 chuded in-the framev(Z).

B L " . ! 4
. 3.4 COMPENSATION FOR SECOND ORDER EFFECTS

!

i

)
I
A.

The manner. in wh1ch ‘a- compensatron is made for the second
~ order. effects in the trad1t1ona1 de51gn method ls 111ustrated by con-
L

fs;derlng the behaylor.of a-restre1ned column_permltted to»sway as out-
lined in Section 3.2. | |

| The example column 15 “assumed to have a y1e1d strength of 36
‘_k51, a slenderness ratlon, h/r 40 and is restralned top and bottom by
"'elastlc beams 'sO that G (Equatlon 3 24) is. equal to 2 The-model used
for ana1y51s is shown as an 1nset to Figure 3. 4 The 1nteract10n be- ‘
tween ax1a1 load and re51st1ng moment of the column at - ultlmate strength
can be pred1cted by u51ng the ana1y51s developed in Sectlon 3 2 and cal-
culat1ng the res1stance of the column to lateral load for .a’ glven ax1al
load.  The, ax1a1 load applled is non dlmen51onallzed as P/Py where Py
'; is- the yield load of the column. The re51stance of the column to:
dateral load at ultlmate strength is non- d1men51ona112ed as- Qh/2Mp
'where Mp is the plastlc moment of the column ThlS relatlonshlp 15”
shown as the lower sol1d 11ne in Flgure 3 4

| In‘addltlon, the 1nteract10n between the moment at. the top of
_.the column at ultimete load, -MT/M Qh/ZMp Y Mp, and the ax1al in
"~ the ¢§1umh'is shown as upper solid - llne The dlfference between these
ourves at anx specific value of ax1al load ;s the second order moment

atvthe ultimatelload.'
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s

The ultimate strength predicted by the interaction_equations

is theienvelOpe-of the'combined‘lnteraction equations.’ For the case of ”
a member classified.as swayvprevented this‘envelobe‘is'shownvas thei
|upper dashed 11ne in F1gure 3.4 as bounded by Equatlon 3. 19 Fquatlon

3. 20 and equatlon 3. Zl(m and K based on the sway prevented model)s ThlS
11m1t is a reasonable predlctlon of the maximum moment in the member at.
ultlmate strength (upper 5011d curve). If the second order effects are
effectlvely re51sted by some other members in the structure such as a
brac1ng system or a shear wall, then the 1nteract1on eouatlons g1ve a
reallstlc pred1ct10n -of beam column behaV1or |

. If, however, the frame has been c1a551Eled as sway.perm1tted

the ultlmate strength predlcted by the 1nteract10n equatlons is the en- -
: velope shown as. the lower broken line in Flgure 3. 4 bounded by equatlon
3.21 with w and K based on the sway prevented model along w1th equatlons
3. 20 and 3 21 This envelope glves a somewhat conservatlve predlctlon
of the ultlmate strength 1nteract10n of a restra1ned column permltted to
sway as shown by the lower sol1d curve in F1gure 3. 4 | | -~
Thus, for a g1ven v%lue of ax1al load, P/Py, if a structure
s c13551f1edvas <way.perm1tted ‘the. ult1mate‘moment for the column is
11m1ted by lower dashed curve. { For example for P/Py .6, M/Mp 0. 26,
The ultlmate strengfh of the. beam column is predlcted by the upper dashed
curve, M/Mp ', The dlfference between the 11m1t1ng moment&for a.

sway permltted columm and the ultlmate moment of the column is the com-
| pensatlon for second order moments when using the 1nteractlon equat1ons

ThlS compensatlon is based on’ the c1a551f1cat1on of the frame as sway

permltted or sway prevented and the resultlng d1fferences‘1n the equlva—

D



. equatlon 3.21. : : J-Tﬁ

columnsrpermitted to sway and the limit-predicted by equation 3.21 with

32

-

lent moment factor w, and the effectlve length factor, K ‘used in

/

A further comparison of the ultimate strength of restrained

w and K based on the sway pefmltted model is shown in Flgures 3 5 3.6,

\

N and 3 7 for various values of G and h/r In_general, the interaction

.equatlon is a conservatlve predlctron of the ultimate Strength of the

‘column, ThlS result conflrms .an analys1s by’Yuraand Galambos for 51ng1e

_storey frames (26)

‘beams. :*‘/ﬁ

N
|

3.5 'SU_MMARY

- While the results of a first order analysis may be used

. ) / . o Cn : L R
directly in the interaction equations, the second order effects are in- -

/.d1rect1y comﬁ'nsated for in the de51gn by use of a "sway permltted”

model for - calculatlon of certain terms in the stab111ty 1nteract1on
équation. '-This approach to beam column de51gn has been conflrmed to be.k—\

at least conservatlve Jin thls chapter and in prev1ous studles (26) The

somewhat conservatlve nature of the trad1t10na1 method for de51gn of

‘dlbeam columns has lead to proposals to change thls de51gn method (4,5 6 7)

However there has been no attempt to compensate for second
‘order effects when the de51gn is controlled by member strength (rquat1on

3.20 and Equatlon 3.21) or to compensate for second order effects in
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Figure 3.1 Unbraced Frame, Sway Subassemblage and Restrainec Column -

e
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' A F,iguré 3.2 .,Re_St'f_ai_ned FFColumn Model
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'~ the column in questlon (6 30)

 CHAPTER 1V °

PROPOSED MODIFICATIONS TO THE TRADITIONAL METHOD

g

4.1 INTRODUCTION_-

In the preV1ous chapter the use of the effectlve length

factor, K, along w1th the equlvalent bend1ng~moment coeff1C1ent w, to

compensate for second order effects has been discussed. Most cr1t1c1sms
© of the trad1t1ona1 method for the des1gn of beam- columns have been. based.

not on the use of X and w 1n the stab111ty 1nteract10n equatlon (Equatlonv

3. 21) but on the modeI used. to calculate K(4)
"The. trad1t10na1 method for the calculat1on ova assumes
;that all columns of the frame buckle 51multaneously, and effectlvely,
‘the colums cannot prov1de support to each other . (l) As a result
-;number of mod1f;cat1ons have been suggested that would con51der the
: ilateral restralnt prov1ded by other columns of the frame (4, 63 or the

'irotatlonal restralnt that could be’ prov1ded by other columns. framed 1nto

Yura has questloned the use of only elast1c propertl s of «
members in the calculatlon of the effectlve length of a. column (7f,
Yura proposed a method for the calculatlon of an effectlve 1ength ba ed
'on a model that would 1nc1ude 1ne1ast1c behav1or of columns Yura has
-also- proposed a method of. con51der1ng the lean1ng actlon -of a flex1ble
'frame on a more r1g1d frame through a mod1f1cat10n of the effect1ve

length factor (7).

The obJect of thls chapter is to outline. these proposed mo-
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_ difications to the‘traditioﬁal‘method of beam column design and diseuss';

~ the’ 1mp11cat1ons of these proposals with respect to the stab111ty effects

- in bu11d1ng frames

. N Lo e

“4.2 K .FACTORS DETERMINED BY FRAME BUCKLING ANALYSES

o The effectlve length concept relates the buckl1ng load of a

-

vmember with glven end cond1t10ns to the buckllng load of the same member

w1th.ends effectrvely pinned and translatron‘prevented by: the equation

. . ,/‘
2
Pcr

v

Qhere K iS,the'effective length’faétors
- Pe = jzgl_iis the'Euler huekllngfload
' LZ: : - .
*Per-islthe buckling load of‘the column - in queStion.
;
1n a mult1 storey bu11d1ng frame, is to relate’ the effeet of other mem-
bers of the frame to the stab111ty of thevcolumn in quest10m1
: xan ﬁ' _ At the'time theltradltiomel;method'mas derélopedlforicelCu-
s”lation'of.K faCtorsl‘the'bUCkling sblution of a largekframe.wes-too com;

plex for available cdmputatlon fac111t1es (1) The trad1t1ona1 model

K* = Pe I ERCREE

The problem when'. determlnlng the K factor for a given column5

v?used to determlne effect1ve length factors was based on- a serles of sxm-j'

‘ p11fy1ng assumpt1ons

1\ o The columns of the frame were assumed to buckle s1mu1tane- :

‘ohsly (1), thus the column in quest1on could not be- supported laterally

by other columhs in the frame. In add1t10n,vthe restraining moments,of‘,
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‘the beams were assumed»to be‘distrrbuted between the-column in‘question
'and the other column framed into the 301nt 1§@$he ratio of the I/L values
of the two columns (1) The 1mp11cat1ons of these assumptlons have been
the focus of many of tﬁe~proposals to modlfy the calculat1on of the
effectlve length factor X (4 6 50) Do R Z{ :
| W1th the advent of more soph15t1cated‘e1ectron1c d1g1ta1

computers, buckllng SOlUthﬂS of 1arger structural systems have been

_ developedv Haldorson and Wang (29) developed a program for the.stabl—
lity analys1s of frameworks To determ1ne the buckllng loads for a
i ‘structural framework the effects of ax1a1 loads are 1nc1uded in the
Aformulat1on of member stlffness resu1t1ng in a stab111ty stlffness matrix
for the structure?;[K], (29). - -

| :For;a struotural,system‘whose'members are subjected:to.arialj
loads only,bnegiect1ng ax1ai deformat1ohs thevjoint loads relative to

[N

'the unrestralned JOlnt deformatlons are zéro. That is, at bifurcation,

o only the cr1t1ca1 primary aX1a1 forces are capable of ma1nta1n1ng equi-

11br}um and compat1b1e deformatlon W1thout external forces (42) In

' matrlx form-

{p} [x] 0 = IO O Y

where {P} are the prlmary ax1a1 forces

G-

{X} are the unrestralnec joeint deformatlons

\

[K] is the stab111ty stlffhess matrlx

For the ‘non- tr1V1a1 solutlon the determlnant of the stabl—,

11ty matrlx, [K] must be zero (29) For a structure w1th an aX1a1

loadlng system the ax1al loads may be. varled by an ax1a1 load factor

N,- resu1t1ng 1n a var1at1on to the stab111ty stlffness matr1x [K] ‘The
. . . B
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eritical load'factor, N, .» may bepdetermined‘by varying the loadffactord
| BN o K
'by 1ncrements, checklng thest

ue of the determinant of [K]. -The value of ™~

g N 11es between 1né¥ements of N for wh1ch the determlnant of. [K] changes

er

| from p051t1ve to negat1ve in’ 51gn (42)

_ The effectlve 1ength factor for each- axaally loaded member
"of the ffame can then be calculated based on the critical buckllngiload
~_factor,for the-frame. .For‘example, for the th‘member of the frame
gi:‘ven the appli'e_d- axial load% ford that member', FP.n', and the Euler buckllng
Ioad‘for that member.Pé; the effgct1ve ‘length of ‘the member K : is g1veni _ ‘.g

v/b}_’

(4

‘ Wh1le Holdors:??and-Wang used a'f}amé buckling analysis;to
‘determ1ne effectlve length factors of axlally loaded members, they did
questlon the use of these effect1ve length factors 1n the’ determlnatlon
of allowable stresses (29) They suggested however that the effective NUVV
lengths used in present spec1f1cat10ns were defectlve because the effect”\;e éﬁi
of the relat1ve values of ax1al loads on the effect1ve length rat1os were
_not 1nc1uded In conc1u51on Holdorson and Wang belleved that the - 1n-"
corporation of the u1t1mate strength theory W1th a second order struc-
tural analys;subeyond thenelastlc range was perhaps a more log1cal
4approaoh upon.whichrapproximate methods-of design P?actice'should be
: based (ZQ)f | . . | s
An approximate method for-the determination of frame buckling

‘loads was developed by Edmonds and Medland (6). The method»involved the

_ determlnatlon of a ”reserve lateral st1ffness" for the columns of a
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' -storey 6): The cr1t1cal 1oad factor for a storey<(s determined when
this reserve lateral-stlffness becomes z[ro. “The cr1t1ca1 1oad factor

“‘for the f’gﬁe“is-the smallest of the criticat load-factors determ1ned
P T AR o .
" for the sto‘mg The@r'i 3, load_%or was then used to determlne

"\

7,ef§§ctive length'factorsfb” ‘ iﬁd,ame buckllng (6) onds and Med—

Q;adltlonal methods to

[

:determlne the K factor were serlously under&des1gned when compared to
‘those proportloned using the overall frame cr1t1ca1 load factor to es—

YR

tablish the effectlve feﬁgth (6) . | Lo A‘*Z R '; >

- To examine the implications'of the use ofieffective 1ength
factors based on frame buck11ng$}or the de51gn of beam columns, an ana—
r1y51s of a ten- storey frame was performed using the method proposed by
thdmonds and Medland (6).' The frame used in the analysls was_the ten— ‘
storey. frame de51gned us1ng an allowable stress method in the Lehigh
Lecture Notes-(13) The member slzes for the frame are shown 1n F1gure
-4;1? The results of the ana1y51s are shown in Table 4 1. In thls
’*Table, and for the purpose of thlS d15cuss1on the effectlve length
'factors based on a SOlutlon of Equatlon 3. 25 are de51gnated as Kf the
.effectlve length factors based on the buck11ng load factor for the total
hframe are de51gnatfd as - K and effectlve length factors based on the h
vbuck11ng load factor of each storey. are de51gnated as KS ‘ The buckllng

’ load factors for each storey are. also.shown in Table 4 1.as Ac

| A comparlson between the. trad1t10na1 effectlve length factors,
{.:Kf; and_the:effective length factors"based on‘frame buckllng, KF, shows
;that~in nearly all cases, forjavgiven;cOlumn;vKT; isggreater.than}ko:

" This discrepancy is particularly significant in the storieSvnear the top
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of<§he frame The 51gn1f1cance of the d1fference betweeﬁﬂk factors ob—
».talned by each method can be obtalned by plott1ng the stab111ty'1nter—
actlon equatlon (Equat1on 3. 21) u51ng each X factor The limits obtained

© can then be compared to an- ult1mate strength 1nteract10n prediction as

outl;ned in Chapter 3. _ - i 1 T = . &

| The 3nteract1on between ax1a1 load P/Py and. ultlmate moment
'M/Mp, pred1cted by series of ultlmate strength analyses of column 1 of
nstorey nine of the frame is shown as the 5011d line in F1gure 4 2 The
1nteract10n predlcted by Equatlon 3.21 w1th w = .85 and K-é-KT-is Shown
as the broken 11ne in Flgure 4.2. The 1nteraction predicted.by Eouation-
.'3;21 w1th’m = 85 and K F -is shown as the dashed line in Flgure 4.2.
" The results of 51m11ar analyses of columnaz of storey n1ne}are shown in

Flgure 4 3, é?

.2

In each case, the 1nteract10n 11m1t predlcted by Equat1on
. .
' =3 21 w1th K= KT is sllghtly conservatlve when compared to.the results
.predlcted by the ultlmate strength ana1y51s : If however,. K.=1KF is
: used 1n Equatlon 3 21 ‘the 1nteract10n limit predlcted is cons1derab1y :
'more conservatlve when compared to the results of the u1t1mate strength
amalysis. L |
| The conservative nature of the 11m1ts obtalned when an effc

ht1ve 1ength factor based on frame buckl1ng is used in Equatlon 3 Zl
arlses from an 1mproper appllcat1on of thls effect1ve length rathe than
an 1ncorrect der1vat10n of the effect1ve 1ength The phy51ca1 ir | z2r-
Apretatlon of. effectlve lengths of members of a frame only relate e
: frames 1n whlch members are subJected to axial loads The effectlv

1ength derlved on the basis of frame buck11ng represents the theoretlcal

© B ) ) _



dlstanceﬁgetween p01nts of 1nflect10n at ‘the 1nstant of buckllng (31).

If there are large varlatlons in member stlffness and loadlng

as may often be found in tall structures, the actual buckllngbof the

frame becomes quite localized. This phenomena is illustrated'by'a'com_
parison of the theoreticalucritical'load*for”each floor in Table 4.1.

/
For thlS partlcular frame, the variation of cr1t1cal 1oad factors from

.
floor to floor is con51derable from 13.04 1n storey two to 27. 98 in
storey ten.’ The buck11ng of the frame is the result of condltlons .that:

~exist in storey two and adJacent sﬁbrles, and is not 51gn1f1cantly 1n-

fluenced in thlS case by condltlons An ‘the ‘top stories of the structure.

The effect of the use of a K for the de51gn of the members

-

of thrs example frame would be that members 1n stor1es ‘nine and ten

would be proport1oned for cond1t10ns that ex1st in storey two of the
\\ . .
fran®. There however, ‘is no relat1onsh1p between the sernd order ™

effects that occur in storles nine and ten and the cr1t1ca1 buck11ng of

storey two of the frame Thus; the use of a K factor based on the cri-
- s

.t1ca1 buckllng of the frame would result in even more conservatlve de51gn

:and does not reflect a more rat10nal approach to compensatlon for second
order effects in the frame | |

Effectlve lengths calculated on the ba51s of the cr1t1ca1 -
,1oads for each storey could be of 1nterest These storey buckllng K

factors, K. as shown 1n Table 4. 1 would,reflect only 1oca/,cond1t10ns

S

‘ fand could reflect the supportlng of more cr1t1ca1 columns by other mem-'

- bers in that storey

This supportlng of one member in'a storey by the other mem-

bers, of a storey is. 111ustrated in storgy n1ne ‘of the example -FQT, :

ST %
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column 3 in storey n1ne KS 0.70.- AKX factor of less than onenlmplles ‘
the member is effect1vely braced aga1nst 51desway buckllng In thls .
case, the support is provided by other columns in the storey rather
than a braclng system The result of . thlS ana1y51s conflrms a suggestlon
by Lay that less cr1t1ca11y loaded columns in a framlng system can pro- -

vide support to nelghborlng columns, in effect preventlng these columns

o from buckllng in a sway permltted mode (5) It must be noted however

that wh11e the effectlve 1ength factors for certa1n columns of the frame
have been decreased gs a consequence of the support proV1ded by a less,é
cr1t1ca11ybloaded column, there 1s a correspondlng increase in the effec-”
.tlve length of the supportlng columns For example for column»l in

:‘storey n1ne, KS =1.77, wh11e K | '

T 1 68 , R

o To examlne the use of K in Equatlon 3. 21, a comparlson was
' made of the u1t1mate strength 1nteract1on between P/Py and M/Mp
pred1cted by the ana1y51s of Chapter 3 and the predlctlon obtalned u51ng
h‘Equatlon 3 21 and K = K “for column 2 of storey nine. - The resultSuof
these analyses are shown 1n Figure- 4 4 " The ultimate strength analy51s
is shown as the solid curve a Equation 3 21 w1th K = KS is shown as the

f@ﬁﬁfed curve. For a large range of values of. P/Py, the interaction

limit predlcted by Equatlons 3.21 and K= KS is unconservat1ve ‘ For a

of column 1 in storey n1ne the 1nteract10n predlcted

-'51m11ar analysix

. by Equat1on 3.21 and K = Ks is shown as, conservatlve in. Flgure 4. S

AFT“MT o Thus ?f the effectlve length factor was to 1nc1ude the

1nf1uence of the members of the storey in quest1on rn some. cases the
resultlng de51gns may be unsafe in. the 11m1t state £or\\hat 1nd1v1dua1

.member (24) Whlle the reserve capac1ty of supportlng members of the

.I .
-
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7f6£e, % and S = ;- In add1t1on the sway 1s zero Thus, 1f 8
" assumed equal to 0

'_columm rs g1ven by

- .49

frame,such as column 1, may result in a suff1c1ent lateral load capac1ty'd,

‘ for the frame as a. whole thlS 1mp11es, however a re dlstrlbut1on of .

load carrylng capac1ty between members of the frame that 1s not - per-

mlttld when’ u51ng elastlc design’ technlques (2 24) e

4.3 EVALUATION OF END RESTRAINTS PROVIDED;TO-CQLUMNS
~To evaluate the buckling loadﬂfor'an individual columm of a
A .

frame the rotat1ona1 restra1nt prOV1ded by other members framed into u\

the . ends of thls column must be determlned CIf the 301nts of the frame

.. I
are assumed to" be r1g1d then the -end restralnt prov1ded to a column is.
. .4.' .
measured by the moment developed at the 301nt per un1t rotatlon of the
'y o
301nt The moment developed at a 301nt A of a member M%B’ by a.rqﬂatlon

at 301nt A of GA, a rotat1on at the far end of the member of 6 B* and a

re1at1ve sway of the ends of the member p, is g1ven by :
~UAB L

AB A

- (86, +'SCBB 515(1?+.C)p)-?_ ‘ :‘_' _ - : (4.4)A d:

where S and C are - stab111ty functlons dependent on the ax1a1 load in the

..

member, P/P (32)

*??:"%~ Q “In the case of-a beam the ax1a1 load is neg11g1b1e theré; ‘

A..'
B> the restralnlng functlon prOV1ded by a beam ‘to. the

L\'(

.,‘< : . - : o o

AB

The casy”;f:an ax1a11y 1oaded member fram1ng 1nto the JOlnt

(usually a column above or below the column to be de51gned) is cons1—‘-’ .

{ &

: o eT S NI . .
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derablyomore complex Thegrestralnlng moment prOV1ded by Equatlon 4 &

-

depends on the ax1a1 load 1n the member as’ well as the relatlve move-

>

: ment of the JOlntS as the member buckles As a result the restralnlng

moment can have a p051t1ve or’ negatlve value A-positivé value of res-

ftralnlng moment 1mp11es that the‘ax1a11y loaded member w111 restra1n-

L e

-, the rotatlon of the 301nt A negatlve momeni 1mp11es that the restralnt

prOV1ded by the beams at the 301nt must be divided between the columns o

o

-

'above and belowyghe 301nt f. . »gf, .

P

50

To' fac111tate the ealculatlon of effect1ve length factors 1n

] > Ceg, v

. corplcxframes wrth varlous loading condltlons, a11 columns ‘were. assumed

~ -

to’ buckle 51mn1taneously (1%3 The re51st1ng moments supp11ed by the

' 'beams Were d1V1ded between dolumns in proportlon to- the relatlve I/L

’

. values of the columms _ ThlS assumptlon is, reflected 1n the term G glven‘ff

Y‘-

o ?&. . R o )':IG/LG.‘» o o ‘ o ‘
' G T e (4:6)

N

used in. Equat;ons 3 25 and 3 26 to determlne sway perm1tted and sway

.prevented K factors SR

Lay, however suggested t at the aSSumptlons used to derlve -

T .t

' o | — o
Equat10n;4;6 were.overly conservatlve He suggested a more e@act solu—_

. 4

y tion of the cr1t1¢a1 1oads for columns or at least Equat1on 4 6 should

‘1be adJusted to reflect the 1nf1uence of ax1al 1oads on members framlng

7x1nto the column 1n questlon. Lay suggested an . alternatlve form for the '

calculatlon of G that would be preferable in: alI 51tuat10ns (30)

¢
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I column be'b designed ' o
g1 o L column °CIPE designed . b
= — —3 — (4.7)
(1 - p/P )E-all otherfmembers

'l, Lay, . unfortunately, did not study the effect of using an-
' effect1ve length factor calculated on the ba51s of Equatlon 4.7 in the
' beam column 1nteract10n equatlons To study the effect of the use of . _’
Equatlon 4.7 on the stab111ty 1nteract10n equat1on (Equatlon 3. 21), an
ultimate strength ana1y51s was performed on an elast1c plastlc beam
. column subassemblage as- out11ned 1n Chapter 3. The sol1d line. i
'.F1gure 4 6 111ustrates the 1nteract1on between ax1a1 load and u1t1mate
moment for a subassemblage in which h/r ; 26,' =2, and oyvé 36.-To
obta1n a value of G' aslng Equat1on 4. 7 P/P was assumed to be O 1 and

I /L was assumed equal for each storey Therefore,,f°

‘ A o Z Ic/Lc - o ; o]
| L G E—— s E (4.8)"
- | A pX IB/'LB o , S o !
S - ot g/ly = -5 [ R R -
;;hus; in Equation 4.7 )
,IC/LC.

0]

G = 71 (4.9)

| o ‘S»Ic/Lc + (1 - .l)I /L' ; .
'ivlhis value of G' is used in. Equatlon 3. 25 to oﬁtain—an*effEC“*“r1
| t1ve length factor K of 1. 22 U51ng thls value for K Equat1on 3. 21 S 1
", wWas plotted as the dashed 11ne in F1gure 4.6. For all values of P/P

' the 1nteractlon prgdlcted by Equation 3, 21 and K=1. 22 is sl1ght1y un-

‘;conservatlve. S1m11ar results are shown in F1gure 4.7 for h/t = 40,

j
I
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| ﬂ*&%' A |
G = i,‘o = 36. . ' S fd, ; | v*; ‘ ;;, B
. .Thus, the use of a rev'ised v‘alvig;for end r’est‘ravifnti or‘gi;itded .
by Equat1on 4.7 may. lead to des1gns that are‘eglghtly unconseruat1ve %%
when ‘compared | with the results of'an ultimate stahl ‘
“beam-column subassemblage | While Lay s suggestlon‘
. ‘ ~
rea11st;c value for the buckllng liad of a column the use of such a K A

o y 41 L
th 1ntéract1on og?a v

.‘,,

prov1-&e 2 omore

2

" factor when designing'beam columns is questlonable. A ' o

‘4.4 EFFECT OF INELASTIC, COLUMN:.AC‘*'IJ‘ION:

Another modlflcatlon to the calculatlon of the effectlve
length factor, K, has been’ proposed by Yura (7) Yura questloned the

use of elastic columm stlffness to. eggluate effect1ve joint restralnt
SRS~ S t
when the actual column st1ffness may be reduced due ‘to y1e1d1ng caused
I - / pes
by res1dual stralns in add1t10n to xhe stralns caused by the applled

!

load Yura developed an, express1on that allows for 1ne1ast1c column

<

P N . ‘v

'behav1or in the calculatlon of the constant é (Equatlon 4. 6) that is .

used in Equatlons 3.25 and 3 26 to calculate the K for a restra1ned -;ff

: : _ g
column. = /

!

| : ‘
In Yura' s’proposal an elastlc value of G is, calculated

usingﬁEduation 4.6. ,Thls value is then-mod1f1ed by
e .

el Ginelastlc-='?%4Gelastic . ; R (4.10)
* where: . ‘"'Fa ié»the'allowable stress for a column éubject‘to aXial
rloadponly

FJ is the allowable stress in a column using Euler's - s

‘equation and a factor of safety of 1.92.

7~
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f.In_theicase of an elastic column haEFef and there~is no
modification-of G. 3 ura suggg;ted that in the case of an inelastic
column, Equatron 4. 105hou1d be applled 1terat1ve1y until G has converged
.to the smallest possgble value (7) For each 1terat10n, the values Fe'

. and Fa are based on the X calculated in the preV1ous cycle YUraﬁ

_suggested that K would converge to 1 fornwst 1ne1ast1c “columns.

In the or1g1nal proposal Yura only con51dered the use of
.theﬂlnelastlc X factor for the case of axially " loaded members Adams
(33),)however, questloned the use .of such a K factor in the 1nteract10n ‘
'equatlon for beam columns (Equation 3 21). ' In his reply, Yura
isuggested that an 1ne1ast1c K factor should only ‘be applled when calcu-
'iflatlng the allowable stress when only ax1a1 load is present and should
w:not be app11ed to the moment magn1f1ca€1on (34)

v To study the 1mp11cat10n5“of Yura s proposed K factor for

» the de51gn of beam columns,'é factors calculated u51ng hlS method were
;used in Equatlon 3. 21 and the- resultlng interaction curve was compared‘
: w1th the pred1ct10n of the ultimate strength ana1y51s out11ned in Sec—
tion 3.2. The results of these analyses are shown 1n F1gures 4.8 and

,.-

4 9 for h/r s of 20, 40, and 60 and Gelastlc of 0. 5 and 4.0. In all
cases, oy = 36 k51 It mUst be noted. that Yura's proposal was related'
-to .an allowable stress spec1f1cat10n,wh11e in thls study, all analyses "\

have been performed u51ng a. L1m1t States. De51gn procedure (24) Thus,

| Equatlons 1015 mod1f1ed to

@]

Ginelastic = EIfGelastic - K _ - N (4.11) \

where C| is the factored compressive. resistence of a member for axial
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load, and : S o o '

ce i's'.‘ the elastic buckling load.
The dlfferences between the results of Equatrons 4 lOand 4.11

. were found to be small (less than 5%).

. Whlle the K factors calculated u51ng Yura S suggestlon ‘were

reduced from thelK factors calculated from an elastlc model in no case,
~did the K factor actually reduce to 1 as Yura suggested (7) {fll

As‘seen in Flgurev4.8 and 4;9, the 1nteraction,predicted by |
Equation 3.21 using an inelastic K'factor (shown as the dashed line) is

quite close to the interaction predicted‘by the ultimate strength ana-

‘ lysis‘(shown as the solid 1ines) for‘h/r ; 20 for G = 0. 5 andvG = 4.0.
. _ x . B
As-the column slenderness (h/r) 1ncreases, however, the. 1nteract10n pre—

dlcted u51ngvthe 1nelast1c K_factor-becqmes.conservatlve when compared'
‘to the ultimate strength prediction. &

L . ,Thus,'while,YuraJ§ proposalidoesfprOVide'anfexcellent-pre4

,dlctlon for low vabues of column slendernecs (when 1nelast1c action in
. i 1

,columns is’ more prevalent), the procedure does not prov1de a more con—
B L te s

51stent margln of safety fOr all values of column slenderness than K

. 5 4 R

factors based on an elastlc model Indeed ‘a5 a practlcal_deSLgn

“method the proposed method'haS‘some disadvantages. The procedure can
1nvolve lengthy‘calculatlons that may not result in 51gn1f1cant mater1al

savings.‘ ‘In addltlon, the de51gner may be confused by the use of two
’ dlfferent K factors 1n the same equatlon
In his d1scuss1on of the or1g1na1 paper Adams questloned

the cons1derat10n of 1nelast1c column behavxor wh11e 1gnor1ng the re-

"ductlon'of beam stiffness due to 1ne1ast1c actlon; Experlmental-studies
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have shown that there is llttle reductlon to column strength due«to beam
y1e1d1ng unless the beam has becpme fully plastlc ( 44, 45 ). To date,
however, there has been no exper1mental or analytlcal confirmation of

the suggestlon that Jnelastlc column behavior will 1ncrease the effec-

tive end restralnt on the column.

P

The results of the analyses performed 1n thls sectlon does

‘a reasonable pred1ct10n of beam column behav1or, partlcularly ‘

at low slenderness ratlos It is 1mportant to note that a large per- -

centage of columns used in medlum helght bulldlngs will be found in thls-

slenderness range , R
. ; '_. } - ; ,A’.H ‘»

SubJect to the pract1ca1 11m1tatlons dlscussed Yura's pro—
posal does appear to have merit when applled to.a limit states de51gn
approach Lo de51gn of bu11d1ng frames Thls method howeVer, does not

appear to be afurtherratlonallzatlon of de51gn°for stablllty,'only a

0_1

method*whose'results'are a reasonable predlctlon of. member behavior for

P

a tange,of member sizes.
o ol . .

‘4.§*yp§AM£§,ﬁiTn MEMBERS OF VARYING STIFFNESSES
R L N s
! As. outlined in Section 4 2 a maJor problem in the design of -
:beam columns 1sbre1at1ng the overall stablllty of ‘the structure oTr a
‘crltlcal portlon of the structure to the de51gp of a partlcular member
This: problem is partlcularly dlfflcult when a: column with ends effec-
,trvely p1nned is supported by a column w1th r1g1d)end restralnts In

» he trad1t10na1 procedures,'a>p1n ended column that is not supported by

a brac1ng system (sway permltted) is con51dered to have‘an effective



56

_. length that approaches inflnityf Thus; thelallowable axial‘load’for the-
member is zero. ‘ H |

| | In addition to his suggested method“forfcalculating K on the
i basis of inelastic column stiffness,.Yura also proposed methods for
‘_evaluatlng the overall capac1ty of a frame 1n which the columns vary in
stiffness (7 34) : In th% 1n1t1al paper, Yura suggested that a storey
of a plane frame should be de51gned to satlsfy the criteria that the
lsum of the vertlcal forces applied to the members ;f.the frame shall be
less than or equal to the sum- of the re51stance to vert1ca1 load of all -
members of the storey If a column is effectlvely pin ended ‘the re51s—‘
ftance of that. column to vertlcal forces 1n the sway condltlon is zero.
To ensure that the frame does not fall by the buckllng of one member
each member is checked for its ability to carry 1ts own load w1th K
based on.the swayvpreyentedfcondltlon..

| | In hisﬂlater dichsslon‘of‘thefpaper’ Yura ertended thiS‘

1‘concept to de51gn of beam columns by suggestlng the moment magnlfler,

(an ultlmate strength form) be replaced w1th -

'B':l-zp/zp'_ . . Iy

Jﬁ?1Me stab111ty check (Equatlon 3. 21) for each member where-
ZP,= sum of the axlal forces 1n the storey in questlon, v‘ : f =
ZP'*-'sum of the elastlc bucklfng re51stances for each member 1n the A

.storey (no%ﬁ for K = w, P"*> 0)

The effect of thlS proposal is that the form of moment mag-

n1f1cat10n is related to the overall stab111ty of the storey To study

1

_this proposal the ana1y51s outllned in Sect1on 3.2 was mod1f1ed to con-

v
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e
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¥ A2

"sider a beam column subassemblage linked to'pin ended column. This&was

_ accompllshed by multlplylng 2 A/h in the shear equ111br1um equatlon by

an 1nteger factor,' "~ The 1nteract10n as predlcted by the stah lltv
equatlon was found by the follow1ng o ;95}J |
: B g v WMe e T .
B - T T .(4.13a)
c - LG i?);c,%,f TOUE T %
T ",«' . ;‘f“}’, A 2 " [
M1 —==) ¢ e
N "Zf:e( 3" ; 5. 2 » "
‘r ,. o , v ;
where ZCf is an and ZC is C for the supportlng column (ﬁ“’ L
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The comparlson of these 1nteract10n curves«for varlous values

-_of h/r, G, ‘and n are shown in F1gures 4 10”ﬁ4 11 and 4 12 Ine each

case, he theoret1ca1 ultlmate strength 1nteract10n is shown as - the

.

SOlld 11ne and the correspondlng predlctlon uslng Equatlon 4 133 ‘with K -

’ o

based on the trad1t10na1 model 1s shown as the dashed 11ne Por the

_ examples shown, although the factor of safety is not con51stent for all

'values of h/r and G Equatlon 4 13a prov1des a reasonable pred1ct1on of

member ultlmate strength

More recently, however Kanchanalal has presented a mod1f1—

"catlon to Yura s prOposal (49) ' In 11m1t states form, Equatlon 3. 13a

‘would be mod1f1ed as (49)

<
/

< 1.0 f - (4ﬂi3b)’

The object of this' equatiobn would be to‘eheckdmembervstrengthii

v
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-In add1t10n, the stab111ty of each stordé sould be checked by (49)
o

—X < 1.0 | D (4.18)

In his study of the de51gn of beam- columns, Kanchanalal,

v

showed that the moment magnifier in Equatlon 4. 12 prov1ded a somewhat
conservatlve‘predlctlon of second order moments in r1g1d frames

Kanchanalal also compared the predlcted moment axial load 1nteractlon

?‘
fa,prov1ded by Equat1on 4. 13b with the results "of an ultlmate strength

analy51s for 51ng1e storey r1g1d frames Wh11e the resultlng curves
showed that Equatlon 4. 13b could prov1de a reasonable prediction of

‘member‘behav1or the 51ng1e storey-model usedtls not well related to.

actual member behavlor in multi- storey frames r

The pred1ct10n prov1ded by Equation 4. 13b of the 1nteract10n

between moment and ax1a1 load for th@ model outllned in Section 3.2 is
1shown as the broken line in Flgures 4 10 4 11 and 4 12. In each-ca @,
d_the pred1ct1on 1s qu1te conservative when compared w1th the ultlmate }

strength ana1y51s Thus, wh11e the use of the moment magnlfler as
suggested by Yura does prOV1de a method for con51der1ng "leaned frames”"‘
-u51ng tradltlonal effectlve 1ength procedures, the mod1f1cat10n pre-

hsented by Kanchanala1 is not Justlfled R d. SRR T

-

Wh11e Kanchanalal performed experlments in an attempt to con—_

'Neflrm the valldlty of Equatlon 4. 14 he d1d not conslder the eﬁfect of
. e
) _thlS 1ym1t on thef"leaned frame” system The limit 1mpc‘ed by thlS

/ .
equatlon can_bencon51dered.for‘a glven.h/r, G, cy and n oy e expression{'
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Thus, for h/r = 2 '; = 0. S,‘oy-=f36 and n ='¢r thevvalue of

>P/P would be 11m1ted to 0.22. As shown in Flgure 4 10 ‘this limit is-
not related to-the actual u1t1mate strength of the subassemblage
The use of thls Equatlon 4 14 . for a mlxed framlng system_/

could result 1n the de51gn of the more r1g1d members of the system to
‘ carry the vertlcal loads applled to all members of the system In
reallty, each member should be de51gned to carry Aits de51gn axial load
h11e the more r1g1d members may be requlred to carry the secon7 order
" (or sway) effects of’ the other members 1n the system | Thus, Equatlon

4. 14 does not necessarlly reflect the behavior of the mixed framlng

"system.
4.6 SUMMARY. :

The thrust of most proposals to mod1fy the de51gn of struc—

WA

‘tures for stab111ty has been some. mod1f1cat10n of the effectlve length

':- factors used in, the de51gn of ax1a11y loaded members The rat1onal

used is that the model tradltlonalky used for the calculatlon of effec—,

lt1ve lengths does not reflect true structural behav1or The ma1n pro—

‘ .blem 15 to relate the overall stab111ty of'a structure ‘to the des1gn of
- a. spec1f1c member
Unfortunately, the: proposed,mod1f1cat10ns have only dealt

w1th the calculatlons of the effectlve length factors and not how. or.

:why these factors are applled to de51gn formulae Since the use of

3
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In thlS chapter the results predlcted when a proposed effec-
“tive length factor was.used'ln the stab111ty 1nteract10n equatlon
'(Equatlon 3.21) were compared to the predlcted member response obtalned
for an ultlmate strength analy51s. Thls comparlson 1s a measure-of how
.‘the proposed mod1f1cat10n actually predlcts member strength when used
in de51gn formulae. |

None of the- proposed methods prov1ded a con51stent‘predrct10n

’of member behav1or In .some cases, the predlctlons prov1ded were un- '

‘realistically'conservative. In other cases, the predlctlon of member

i
i

V:strength for comblned ax1al load and bendlng was unconservatlve In no
case was there an. actual assessment of overall structural stab111ty
.under comblned loadlng A truly rat10na1 de51gn method Should ade-

. quately predlct member behav1or and prov1de an’ assessment of the. overall

"stablllty of. the structure

60



. TABLE 4.1

) EFFECTIVE LENGTH:FACTORSiFORﬁTEN STORY FRAME

Column Story = KT SR _KF T KS. B %‘C
1 1 1.43 1.45 = 1.35 15.20 o
2 1 1.31 . 1.24 15

3 1 1.34 1.27 . 17

N 1 1.52 . 1.53 Ek.42
1 2 2.01 1,93 1.93  13.04
2 2 1.67 1.63 - 1.63 ]

3 2 1.75 1.67..  1.67 )

4 2" 2.27, 2.02 . 2.02
1 3 2,03 1.87 171 15.50 [

2 3 1.72 1.64 - 1.50 | o ”
3 3 1.80 1,61 . 1.48 . N
4 3 2.30 1.87  1.72 -

1 4 C2.120 2% 1917 14.39 :

2 4 1.82  1.75 . 1.67 .

3 4 1.88 . 1.72 1.64 o |

4 4 2.40 2.0 1.2 B

1 5 2.1~ 1.85 1.75 - 14.48
2 5 1.82 1.63 - 1.54
3 5. 1.82 1.47  1.40

4 5 2.32 1.73 1.65

1 6 1.97 2.04  1.87  15.54

2 6 1.69 1.79 . 1.64 A

3 6 1.67 1.62 - 1.48

4 6 2,11 .1

92 1.7
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" CHAPTER 'V
COLUMN DESIGN BY THE P DELTA PROCEDURE * 4w 4
5.1  INTRODUCTION

The analyses ‘used to determ1ne the dlstrlbutlon of bendlng
 moments and 1nterna1 forces throughout the structure are generally flrst‘
ﬁorder. Thls type of ana1y515‘neg1ects the_effect of sway deformatlons
on the shear equ111br1um equatlons,and also, the 1nf1uence of ax1a1 force
on the stlffness of the members 1). A f1rst order analysls overestlmates
both\the stlffness and the _strength of~a frame.(l). T

' If the axial forces are 51gn1f1cant, a b%tter 1nd1cat10n of

the d1$tr1but10n of the 1ntera1 moments and’ forces 4in the structure is

obtarned’by usang a second order*analys1s. v{n-a second order ana1y51s /
{

,‘v-

-~ the shear" equ111br1um equatlons are formulated on the deformed structure ud

In other words, the secondary moments produced by the vert1ca1 loads
acting through the sway d1sp1acements of the struéture are accounted for o
in+the ana1y51s These secondar; momentslind forces arq termed the PA
- effeéts; The 1nf1uence of ax1al force on the column st1ffness may also

Abe con51dered ’ _

In this Chapter ‘the P Delta Procedure of column de51gn‘w111

- be: out11ned Factors that can effect de51gn u51ng the P Delta Procedure

are dlscussed as well ‘as 11m1tat10ns that may be requlred Factors to’

-

S

be d1scussed 1nc1ude, 1ne1ast1c beamgact1on effect of ax1a1 load on

'column‘st;ffness, frame‘flex1b111ty,'and other pertlnent_behaV1or.

~ . hlo

75



5.2 P DELTA DESIGN PROCEDURE

The d1ff1cult1es w1th the present de51gn procedure arise
from the fact that the negleq% of the PA forces 1n the ana1y51s of the
structure is only 1mperfect1y compensated for in the selectlon procedure
for 1nd1v1dual members These d1ff1cu1t1es could be overcome by per-

formlng analyses wh1ch do 1nc1ude the second order effects v Standard

computer programs are avallgble to perform a second order analysxs, but

‘the use of these programs for the analys1s of a large frame are expen-

51ve (14 42) The results of a standard flrst order ana1y51s may be

jeas11y mod1f1ed to 1nc1ude the PA effect _ . : ;. ,/‘- o

The 1n1t1al step in the mod1f1cat1on procedure 1s to compute

_"the sway forces The late&al and vert1ca1 ‘loads are f1rst applled to

the system and the: lgteral dlsplacements, denoted as A 1n F1gu;e 5. 1,

’315")1

jare computbd by flISt order theory The floor level is denoted y i.

T

" The add1t1onal storey shears due to the vert1ca1 loads are then ¢omputed

T Yo @i o1y o o0 GD
- .- where V = additional.shear in storey i due to'the sway‘forces;

fZPi ‘sum of the colummzaxlal loads ‘in storey I,
- °h1 he1ght of. storey i and, | ”

{Al + 1, A;“— dlsplacements of level i + 1 and i; respectively.t

The sway forces due to the vert1cal loads H are then computed as. the o

- d1fference between the add1t1ona1 storey shears atx%ach level:

CHy =V, o=V LR o "1_“» IR R

Y-

=



'
]

TThe syay forces, H, ,.are added to the app11ed lateral ands, and the
‘tstructure Te- analyzed When the A values at the»end of a’ cycle are
nearly equal to. those of the preV1ous cycle the method has’ converged

,and the resultlng forces or moments ‘in every . meﬁber now 1nclude the PA
lweffect. : ' | »
| The method'described~above”is applicable:to.both thehcom—
"'blned load1ng case and to the vert1ca1 1oad only case ln both cases,

the deflected shape under the appl1ed loads is determlned and the sway‘b*‘.
»forces calculated u51ng Equat1ons (5. 1) and (5 2). The ‘sway forces arer:"
%vthen app11ed to the structure and the deflected shape—agaiﬁ/determlned”
In some 1nstances, for the vertlcal 1oad only case, the‘1n1t al dppll—
'»cat1on of the vertlcal 1oads w111 not produce a s1gn1f1cant swa¥ d:'s-

o

- placement of the storey In these cases, 1n1t1a1 sway forcec ma) be -

‘computed on the bas1s of a storey rotatlon equal ‘to the probable erect;on ;fL-
'tolerance.‘l'"“ | . |
| | . Once the process has converged the moments and forces e
“/lude an allowance for the PA effect In most cases for pract1ca1

'?structures the convergence is extremely fast and the f1rst 1terat10n

'produces acceptable results (11) ‘-ﬂ‘“';

a ) S1nce the PA moments hare now been 1nc1uded 1n.the analys1s;
they need not be accounted for in the des1gn Thus, the de51gn of the
gbeam-columns may . be based on Equatlons 3.19, 3. 20 and 3. 21 but w1th l:bﬁ

f‘fthe computatlon of K based on. the sway prevented model and w glven by
:Equatlon 3. 22 Thls procedure requlres _that the columns and g1rders be_J
| ede51gned for 1ncreased monents ta res1st tzp PA effect. »

\\'-% , The procedure suggested is bas cally equlvalent to deszgnlng



.

. on the envelope prov1ded by the upper dashed 11nes (Equatlon 3. ?1 w1th K

, based on the. sway prevented model and w g1ven by Equatlon '3 QZ) and the
broken 11ne (Equatlon 3. 20)~1n Flgure (5 2) In effect the total homent

| capaclty of the member is now to be matched agalnst the total (prlmary

- and PA) bendlng moment: app11ed to the member, as_ shown by the upper

o SOlld line 1n Flgure (5 2) For the cond1t10n shown in Flgure (S 2),
the 1nteract1on equatlons prov1de a close estlmate of ‘the u1t1mate capa-

- - . o
N % . . ‘
< .

Yy e

: c1ty of the member
Thewde51gner would 51mply-analyze the structure to be con-cfi

31dered under ‘the varlous load comb1nat1ons con51dened 51gn1f1cant In
3 .

Qeach case,’ the sway forces would be computed and added to the applred

lateral loads on the structure ‘ The 1nf1uence of these add1t10na1 loads

‘ would be. evaluated and, 1f necessary, ‘a second 1terat10n could be per-

78

/ .

formed 1n‘the analysis The normal 11m1t state would be used in the '/f'

o . . o

- glrder des1gn, whlle the columns would be evaluated uslng the 1nteract10n

ViR D

equat1ons with K based en the sway prevented model and w evaluated as

.0 . i, : - - ) . ,. .o . v' ;NL-:

for the sway prevented case (1) '_Q:_:}; ,; G K.

.o~

When us1ng an allowable stress des1gn, howevér the use of

R -

o

és presented in, Appendlx A.

o ThlS mod1f1cat1on
5.3 :EFFECT‘OF]INELASTIC ACTION' o

A ERTE E T

: T T R R

In the PA technlque descr1bed abov

. the bend1ng_mo ent and

force d1str1but10ns are computed en the”Bas1s of'an elast1c analysrs of

SO
¢ . - N L oL S

[ S ) B
kN . s _‘,, s , o s

A L
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K the'structQFe“Wﬂﬁ!h includes the PA effect. The.various elements'in L
. d!

the structure w111 accept the moments and forces caused by the PA effect

!

1n proport1on to their stlffnesses Slnce the PA effects are. known and
T

fare 1nc1udjﬁ in the ana1y51s, the de51gner need not prOV1de a reserve of

‘strength 1n select1ng the actual member o "7' ff

‘”& S | o The 11m1t states, de51gn techn1que generally 1mp11es that a

1

safety 1ndex is ma1nta1ned agalnst the atta1nment of the u1t1mate capa-'
Do ﬂcrty of a cr1t1ca1 member ' Except for 11m1ted recognltlon of moment

».;fredlstrlbutlon, the atta1nment of the ult1mate capac1ty at one locatlon _'_‘

S

e 1n the cr1t1cal member 1s assumed to correspond to the ultlmate strength),

. ~ O |
"}”of the structurﬁ,t .
: : . . t) '

At thls stage of 1oad1ng, however some 1nelast1c deformat1on

,5‘..

Y

e

w111 have occurred 1n var1ou57'

arts of the structure For example,

uSJng publlshed momentAro"ation relatlonshlps for beams under moment--

'.’:“7.‘ gradlent (27‘“37) ’ h(’f

.'.'u1t1mate moment capaC1ty, Mp, are approx1mate1y 1. 3 t1mes those whlch

fwould be- computed on the ba51s of e1ast1c act1on Slmllar results have :

"7vfbeen obtalned from tests 1ntended to slmulate other structural conflgu-jrf;;

lfratlons (27) Although only one or a few members may y1e1d before the

'f1rst plastic'h1nge has formed these 11m1ted 1ne1ast;c dbformat1ons

+

iw111 tend to 1ncrease the PA effect above that computed on the bas1s ofh,"

x

helastlc actlon ERRER I DR, SRR
If‘;‘:' In add1t10n to the 1ne1ast1c act1on de§ﬁ§1bed above, columns N
1' subJected to h1gh ax1a1 loads may yleld along the1r lengths due ‘to thei'

bt35;stralns caused by the: ax1a1 loads ThlS s1tuat10n w111 occur when thenﬂ

‘ax1a1 load 1s greater than 0. 7 t1mes the yleld load assum1ng that the;,?




’,

[l

- maximum re51dua1 stress is 0.3 Fy (27)

reduced stlffness for the column and 1ncreased deflectlons (and mﬂﬁs,

80 -

o B S RS
A R '

v

Thebretlcaliy, yleldlng of the ftange t1ps W111 result 1n a

'7PA effeots) above those computed e1ast1ca1}y In most cases however

-, v,

"~ the ax1a1 column loads (at the load level correspond1ng to the attaln-e'

-

‘ment of the u1t1mate capac1ty of the cr1t1cal member) are below the

-:'level requlred to cause 51gn1f1cant y1e1d1ng Where the members are "~d'\ }‘

subJected to h1gh ax1a1 loads, the sway deflectlons w111 be 1ncreased

"above those computed elastlcally, only for that port1on of the 1oad1ng

r'hlstory for wh1ch the \\\al loads exceed 0.7 t1mes«the y1eld load

Theoretlcally then the PA forces should be based on deflec- B

tlons that exceed those calculated on the ba51s of elast1c behaV1or

" braced structure,_lf'the brac1ng system i

Because of the conservatlve nature of theacolumn des1gn procedure (1)

and because the test results on large scale spec1mens have not revealed

_1‘51gn1f1cant 1ne1ast1c deflectlons at the loads correspondlng to. ‘the -

l 2

”.format1on of the flrst plast1c hlnge (27), the PA technlque 1gnores 1n-_f'

1

.
;elastlc deflectlons The 1nf1uence of member\y1e1d1ng w111 be con51dered :

:i at length 1n the follow1ng chapter

:f) . | : E ..

-;fs;4 4,EF£Ecr.opfFRAME FLEXIBILITY; L e e

deslgned to re51st both
app11ed lateral forces and sway forces, the fuLl capaC1ty of the member

1s avallable to re51st the applled moments and forees For unbraced

L
'
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structures thls may not always be true 3 ~

1h7§73” o The results of an ana1y51s of the system are shown in- Flgure

/ . [ .
~” R . -

Con51der the-columm shown in F1gure 5. S(a) subJected to an

axlal load P and a transverse load H. The columm is. p1nned at the base

. and restralned by a rotat10na1 spr1ng at the top. The spr1ng represents

. the restr81n1ng action of the glrders as- the column is perm1tted to sway

L

In . the deformed p051t10n shown in F1gure 5 3(b), the column end moment

é, must be equal to: S el o :
and must be: equalland opp051te to the g1rder (sprlng) end moment | Eor' fr_
compat1b111ty, the .end rotat1on of the column y, (from 1ts chord) and \w

the glrder end rotatlon, 9 are related by

A/h = Ty 6. k ‘ U ’ o (5 4)_

LAl ’ ' et e T

‘5. 3(c), where the ‘moment capaC1t1es used- up by the var1ous forces are .
. v o
plotted aga1nst the deflect1on A The PA term is shown as the dashed

11ne, wh11e the re51st1ng moment developed at the column top (MC »Hh +
PA) is.. shown as the upper SOlld curve Thls curve reaches a max1mum

e - .

';Hd value of Mp » the reduced plastlc moment capa01ty of the member:. The

lower SOlld curve plots the portlon of the re51st1ng momentsﬁsed by . the
flrst order moment (Hh) From Equatlon/S 3 thls curve reaches a. max1-
mum where the rate of change of the re51stang moment is equal to the PA U

effect




the PA moments are 1ncluded 1n the ana1y51s (1n the PA mexhod), the full
.moment capac1ty, Mﬁq 1s st111 not. aVallable to re51st the total calcu~s'
,lated moments.' Lo ".; ‘ - “"t' fﬂ ' f‘y

- ‘e

" To 1llustrate thlS p01nt the results of several analyses of

a’ubeam columns free to sway are shown in F1gures 5. 2 5 4 and 5 5 : The
. p v

A'column 1s shown in the 1nsert to each f1gure and the results correspond; L e

to the atta1nment of the ultlmate load capac1ty ' Thé reslst1ng moment

“at the top of the column M .is non- d1men51onal and M /M and plotted

agalnst the ax1a1 load ratlo P/Py,'as sho n by the lower solld curve 1n

r

"_the f1gures. The port1on u§ed by prlmar' moment MC Hh/2\+ PA is.

shown as the upper SOlld curve. For a given P/Py value, the dlfference

,between the two curVes is a measure of the moment requlred to. reslst the.i

In these flgures, the upper dashed curve representes the re-ﬂﬁ
'-sults of the stab111ty 1nteract10n equatlon (24) ;'_s' - b‘fx

o o FC wM ,‘ C e . B - :

o ‘_£+_i' Ce <lio 1 L (5.8)

- -I"_ C
e

- ;‘ based on the sway prevented model The lower dashed curve represents -

'Equat1on 5 6 based on. the sway permltted model The broken curve repre—”f“

1'5sent§ the strength equat1 nv(24 439

0.85M .. o
+ —

<1.0 . e s



’v-ends are prevented from translatlon (31). When a—structureﬁcontalns av:-f
)-:; Stlff vertlcal‘brac;ng system that has been proportloned to’ carry all
f( lateral forces plus sway effects, the behav1or of beam columns 1s
| governed by local stablllty or strength and the de51gn of ‘these members
p can be based on the 1nteract10n equatlons usxng the sway prevented model

o K
' ‘to column 301nts to reslst lateral fo ces ;- the column moment 1nc1udes s

\

the sway effects (Equatlon 5 3), and thus, the behavror of 1nd1v1dua1

i

In ‘the case of a structure that relleszn the bendlng st1ffness of beam ‘

members 1s 1nfluenced by the overall stab111ty of the structure ' Thus,

oy

the envelope prOV1ded by the sway prevented 1nteract10n equatlons no
B 1onger prov1des an adequate predlctlon of column end moment at ultlmate

- load for all loadlng cases.

-.f.tifi” FOT h/r 40 and G : 2 (Flgure 5 2), the dlfference between’

. -

the moment at ultlmate load pred1cted by the analy51s (upper SOlld 11ne)
and the envelope prov1ded by the sway prevented 1nteract10n equatlons

(upper broken and dashed 11nes) is qu1te small for all values of P/Pyl“
_ , B
In thlS case, the stab111ty effects are: small-and therefore, have less

o effect oh the fallure than the bendlng res1stance of the total resis- B
tance of the column (as shown by the upper\member) In Flgures 5 2
5.4 and 5. S G represents the ratlo of column to glrder st1ffness

| BT EI/h

- - 5.5) ’_
R ) -/L'., RS S A

In the case of 4 more flexlble column, h = 60r, as shown in B

; : Wt s -
Flgure 5. 4 the en“ pe no longer adequately pred1cts the ult;mate
strength for hlgher va (es of P/P . The same is true for Flgure 5 5 in

v_whlch_the beam stlffness (“LulwaJ

N
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u51ng the PA procedure may a11 due o overall stab111ty beﬁore the 1n-v.

d1v1dua1 members attaln t ultlmate\moment predlcted by~the swa& re-

x\zented 1nteract10n equat'ons Thls dii fference is only 51vn1f1 aft, ‘-A*Ve”‘ /&
however, when the sway ffects become exte551ve Th15

' / : _ o .

' eflectlons/(th frame is too f;7&1b1e/ 54 exces— EUR

result'from excessxve

: to tje st rey or a comb1n tion /o both

51ve vertlcal loads

~

To examln 'p0551b1e 11m1ts hat could be i posed tovavold a .

‘-'./’

Ay

 P equatlons'

Leflectlon was thenlz |




———

bending moment specified‘by-thé'interaction‘equgtiohs must decrease,

,'1s w1th1n the requlred 11m1ts ‘For example when h/r 60, G’=-2;

7 frame" in whlch a flex1ble frame is 11nked to a more r1g1d frame tﬁ t-is | -

; des1gn d toicarry all sway effects 3 In such a case, “the deflectlon ma

o

85 .

@
.
.

. - B . . ‘ N . . . - e

thus, the lateral load that can be carrled by the ﬁeam column subassem-‘iz" -

blage must also decrease As-a result, the deflect1on obtalned from the
»

app11cat1on of the des1gn lateral load is found ‘to decrease w1th 1n-

creasxng ax)al load (P/P ) in F1gure 5. 6 Thus, there are values of

¢

ax1a1 load for whlch the d1fference bétween the ultlmate column moment e

preg1cted by analys1s and the ultlmate column moment predlcted by the'

sway prevented 1nteract10n equat1ons 15 s1gn1f1cant yet the sway 1ndex-

- "6-:and P/P- - .7, there. 1s a s1gn1f1cant dlfference between the
moment at fallure and the 11m1ted pred1cted by Equatlon 3 20

‘The results of the elastlc analys1s shows a work1ng load sway 1ndex

=2

A/h O 0016 N Thus, a stab111ty problem can exlst even when the de€}éc-~
tlon 1s well w1th1n sugéksted 11m1ts for the allowable defléctlon (24)
Wh1le 1t is 11ke1y that 1n a structure of pract1ca1 and normal

1oad dlstrlbutlon the stab111ty problem may be overcome by de51gn1ng the
structure to a reasonable drlft 11m1t (51), there may be except10na1

: R N/
frames for wh1ch thlS cr1ter1a may nqt bé}suff1c1ent In the case of a

AR

-@‘fjstructure subJected-to large vert1ca1 loads and relatrvely small lateral

loads, @ stab111ty problem can ex1st even’ 1f the sway 1ndex 1s sat1sf1ed
Th1s 51tuat10n would be part1cu1ar1y cr1t1ca1 1f de51gn 15 governcd by
the vert1ca1 load only case, when relatlve lateral sways are small. 'One

p0551b1e example of such a structure would be. the case of a ”leancd(//

be w1t in spec1f1ed 11m1tes, wh11e the sway forces may be: con51derab e.

Sy
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To obtaln a more generally applled l1m1t the nature . of the
stab111ty problem must be examlned If a s1mple r1g1d frame subJected

‘to vert1cal loads is perturbed by the appl1cat10n of a lateral load H
the structure w111 sway due to the lateral load an amount §. The- effect

Pl

of the lateral load act1ng on the deflecte(::t:?% is the equ1valenn of

s
an add1t10na1 shear, AH Thls additional shea results ln an add1t10na1

. sway AG wh1ch results in another addltlonal effect1ve shear If the

1

stablllty effects are small, an equ111br1um p051t10n is obta1ned qu1te
rapldly If the stab111ty effects are 51gn1f1cant the equ111br1um

pos1t10n of the frame is more d1ff1cu1t to obtaln w1thout a s1gn1f1cant
numberfof 1terat1ons To examlne thls phenomena the approx\mate ana-

lys1s outllned in sectlon 5. 2 was performed on a varlety of elastlc sub-

'f_assemblages ’ The number of 1terat10ns requ1red to prov1de a d1fference

between sway calculated from succe551ve approx1mat10ns of less than 3%

]
. -

" was obtalned The results are shown ‘in F1gure 5.7 as number of 1nter-

act1ons for convergence versus P/Py for values’of h/r, G, ‘g . When'rec-'fjﬁ
.- sulty are compared with Flgures 5.2, 5 4 and 5 S, the. onset-of the : iAf
‘\staézllty problem corresponds to a rapld increase of the number of 1ter—.-v
: at1ons requ1red for convergence B In addltlon, ‘the flhal deflectlon ob- ’k'f

gz

talned by the approxlmate analy51s was compared w1th the true second

4 4

order deflect1on obtalned when. the sway term is: 1nc1uded 1n the slope f,'

deflectlon equatlons The apparent error 1n the approxlmate analy51s€57'
& ,Y, r-,b -
1ncreased rapldly as the number of 1terat10ns requ1red for convergence

1ncreased as shown in Flgure 5 7 Thus, there appears to be a. corre-

latlon/between the convergence of the second order ana1y51s and the

. error 1ntroduced by u51ng the sway prevented 1nteract10n equatlons to
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I

predlct the. moment 1n a sway perm1tted column at ultlmate load For the
. examples shown thls error w111 be reasonably small 1f the number of

" 1terat10ns for a. dlfference of succe551ve approx1mat1ons of 3% does not 2

excegd_s
If a stability problemuexists; however* this.prOCeSSbmay be
‘ time conSuming" In’addition 1f a d1rect second order solutlon is: used

the exlstence of. a stab111ty problem may not be obv1ous A more prac- N

_t1ca1 11m1t may be derlved from the fact that the cause of the stablllty”":

~'problem 1s the ex1stence of sway effects (PA shears) that are large when

-

’compared to. app11ed shears -)f
”éf, o A ratlo that 1s an: 1nd1cator of the magn1tude of the stablllty'

e
2

“effects can be obtalned from the results of a f1rst order analy51s tlf,
~the sum of shears appl1ed to a storey is: EH and the sum of addltlonal

sway forces applled to the storey . (Equatlon 5. 2) calcu]ated from the -

. p N
first order analy51s is ZH', then .

'v:_; v' o . ':. R1-s'ZEiLj | v"'-‘b' ;é",’ i .(5,9)

y This ratio is plotted 1n Flgure 5.8 versus ax1a1 load P/P

for var1ous comblnatlons of. h/r G and oy of the elast1c subassemblageQN
S

When compared w1th Flgures 5.2, S 4, and 5 5 and the rate- of conver- ’

3 gence 1n Flgure S. 7 the onset of a stab111ty problem can be predlcted p

"by a ratlo ;Rlp;of o so

P

Thus— 1f the sway effects ratlo RI 1s greateTNthan 0. 5 for
'fany storey of a frame a stab111ty problem ex1sts and convergence of
-the approx1mate PA analy51s w111 be slow An ana1y51s of the conver—A‘?‘5~”

t

gence “of the approxlmate PA_method by,MacGregor and Hagecshowedpthat"
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-

e convergence to a dlfference 3& succe351ve approx1matlons of 5% w1ll
1 N S i U.‘,.. . o(\g
occur if R1 ¢ 0 SS (Sl) 'Z”‘& o Coe ‘,3' - : ]

The ratlo of- sway effects, Rl, may also]be used as an. 1nd1cator s
ﬂ L

of the s1gn1f1cance of second order effects to the ana1y51s. When the
. v . ¢ -
values of thls ratlo for ‘a. structure are generally low, say 0 03, the

error,lf the second order effects are neglected completely, w111 be
approx1mate1y 3% (51) Thus,(when thls ratlo is- less than a spec1f1ed
value for lower structures w1th small ax1al loads, there would be no: '

' need to perform a second order analy51s or account for secbnd order~

effects

5.5 EFFECT QF ,Al(IAL" boAb:_’ON TVMEMBER-'S,TIFFNEss L e R
Normally, the dlstrlbutron of moments throughout a’structure

‘ 1s determlned on the ba51s of an elastlc analy51s wh1ch neglects the 1n-,
fluence of column ax1al loads on the st1ffness of the 1ndav1dual members“
In the presence of‘an ax1a1 compre551ve force,:the stlffness of a member
1s reduced (l) ThlS reductlon 1s a functlon of PL’ /EI where P denotes‘
. the ax1al load on the member L the member length E denotes the modulus

of elast1c1ty, and I the moment of 1nert1a 1n the plane of. bend1ng

The general slope deflectlon equatlon for an ax1a11y loaded

: member relat1ng end momentnat A to rotatlons at A and B, A and eB, and
a relatlve end movement . 1s given by (l).
: <}‘EI¥ R R
My = (00 8oy - p(C v S))

L y

l‘

whereFC and:S,are stablllty‘functlons'dependent on PL /EI lfvaxial

load P 1s assumed to be zero then C = 4 and § = .,_Toﬁexplorelthe fﬂf7
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Sy L DR ,
- , _:' : - d . < '
effecg of axlal load on the. nalys1s of frames the elast1c subassemblage
. : o_-

- '_:,outllnéd 1n sect1on s, 4 was analyzed u51ng C = 4 and b -—2, and then, ,: 4

analyzed agaln w1th C and S dependlng on PL /ET for a var1at1oﬁ af

o

" P/P yr ! h/r G ‘and oyh The results of these analyses are shown in F1gure'

/,

5 9 as . the’percent error in deflectlon when C 4'and~s =,2 arg‘used 1“:/{? B
:the ana1y51s versus the value_ PL’ /EI

The errors were found to vary as the stlffness of the subassem-“l

LR

e )
blage varled For the subassemblages studled the error 1n calculated sz.,

e

'<;def1ect10n was_ less than 2 if the value of "PL 2/E1 was less than 1. 2

“For’ values of PL /EI @reater than 1. 2 d5n51derat10n must be glven to

':‘fm 1nc1ud1ng the effects of - ax1al load on member 'tlffness

For most structures of pract1 1 proportlons the value of

PL /EI is con51derab1y less than For the de51gn example dlscussed

'1n chapter 7 the use of C "Cd's 2 was found to produce an error _

o~

P; of c8n51derab1y less than 1° . both sways and member torces and moments

when compared w1th an exact Analy51s

5 6 suﬁMARY Lk

‘olumns u51ng the ‘PA procedure has been

. The de51gn of beam-

,/

outl1ned An approx1mate metho”_for obtalnlng a second order analy51s

from the results of a f1rst order aq‘alyslg has also been presented
- compar1son between 11m1ts pred1cted by the PA Procedure and the results
o of a second order elast1c plast1c analy51s of beam columns shows a good

o correlat1on, except when fallure 1s goVerned by a stab111ty failure

Th1s stab111ty problem can be avo1ded by a 51mp1e check of the magnltude

A of the sway effects dur1ng the analys1s of the structure

:" ’(‘



S1nce the accuracy of the PA Procedure depends on the accuracy

of the pred1ct10n of the deflected shape of theﬂstructure all effects

‘_that can 1ncrease the deflectlons, h%nce, the second order shears must

f

‘ be con51dered The effect of axlal oad. on column stlffness and 1nelas-_,

e
t1c behaV1or offmembers have been con51dered The effect of ax1a1 load

o

on the resultrn deflectlon was found to be less than 26 1f PL /EI LS

less than I. 2 The effect of 1ne1ast1c actlon w111 requ1re further 'w:\
4analy51s and w111 be: examlned’ln chapter 6 It 15 suggested however,v~“»

-~

fﬂzthat all effects that may be 51gn1f1cant*to the calculatlon,of deflec—'

'Z" - /

*‘lh'tlon must be con51dered when a PA Procedure.lsyemployed Such effectsly,y

"c,_may 1nc1ude effect of column shorten;ng,veffect of shear on’ JOlnts, and

fﬁ}ﬁfiany effect that may cause 51gn1f1cant deflectlon. f;"*



. Figire 5.1 Sway Forc

oot
Tz v

08

B
A Py

Due To Vertical Loads .

A



0.8 |

06

<o

021

56.‘4

¥  Pervented

.0 02 - 04 . 06 - 08

h=40r G=2 o,=36ksi

- /~Eq. 5.6 Sway o S ’¢/l"v\Mc"» :

—-Eq. 5.6 Sway |
- 'Permitted .

————

P

~ Figure 5.2 Interaction Relationships, h/r=40 G=2



‘Moment Capajci_ty

=

: (a).‘

N
1
-
|
\
1
\
1
|
i
|
i

e

0 F_igure 5.3 ‘Loss of Load C‘ar'ryin»g‘Cap'aéltyDue to PA"s_‘

. 93



10

0.8

0.

Eq.5.6 Sway
\ /—Prevented R

\’§\

‘ Eq. 568way
Perm|tted

02 - 04 06

" Figure 5.4 Interaction Relationships, h/r =60, G =2



95

. £Eq.56 Sv_Vay" -
; L - Permitted -

0 EETIN R IR T
0 - .02 . 04 06 08 ,,1:0‘// -,

"Figure 5.5 Interaction Relationships H/R=40,G=10 . . Ve

A oL



a|

L -~ 1

0 . 0002 0004  0.006

. Figure 5.6 P/Pyv vs Sway At Specified tqad o

0008 o\.‘m—e.fi;\lf_‘}.

(for dGSIQnIoad) -



J’l-o PR

oaf

02f

10 -

.ol

No. -Of.-l‘t"er'a_ti‘o'_ns Required For Cq‘ﬁ\/erg'ence'

Figure 5.7 P(Py vs No. Of IterationsFor Convergence of P-a Analysis

3

.



/P;opbsed Limit |

o - »"'--_.0.25 050 . 075 100
| _IH |
’”i
Flgure 5 8 P/Py vs Sway Effects Ratio

<o

Cy



99

o cm:oozmo peje[noed u| Bt_w_ SA13/,1dr 6'GenBld

. g__c_ozum.zmo an_:o_mu_c_,Lotu._ |

P




CHAPTER V1.

EFFECT OF INELASTIC BEAM RESPONSE ON BEAM COLUMN. BEHAVIOR
6.1 INTRODUCTION

When thefPA‘design_procedure is used to design columns in a -
structure as out}ined in Chapter V, it is-essential that the model used

in the analy51s predlcts ‘the behavior of the structure accurately. " In
the trad1t10na1 de51gn procedure, the results of the ana1y51s ‘have been »v
P*adjusted to account for the dlfferences betueen actual frame response‘
andfthe behayiorfpredicted by’the anaiysis} When,the.PAxprocedure is
used,’this_adjustment is no:fapplded. | |
‘:The analysis uSed to predict the behavior‘of'the structure ;
‘ normally assumes a perfectly elastlc plastlc‘response for the restra1n1ng

' effect of the beams on the columns as shown by the sol1d line in Flgure

e.1. The effect of re51dual stresses and gradual penetratlon of yleld“

-

?'results 1n a roundlng off of the moment - curvature curve for a beam as
,rshown by the dashed line in Figure. 6. 1(43)
| The resultlng restralnt prov1ded by the beam to the column -

jis_leSS”than pred1Cted i an analysms that;assumes the beam’is elastic

,_until,the_plastic moment of the beam or columns is reachedyl‘Conse}

quently, the results-of the .analysis may ovefestimate the stiffness of .
 the structure and result in'an'unCOnservatiye prediction of the second

~.order'effects at the limdt state : The effect*oﬁ gradualiplaStification
of the beam was dlscussed—by Danlels and Lu(35) Whlle they suggested

: that the shear re51stance of . the storey would be’ reduced they also

S w0
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v‘suggested that th1s reduction would ‘be 1ns1gn1f1cant when.the assumptlons-
-on ‘which the subassemblage method are based or cons1dered (35) The 're-

: sults of large scale tests has tended to conflrm this assertlon at pre-

; sent (16 17, 18 20, 21) Slnce an. analys1s that w111 predlct the effect

: of gradual plastlflcatlon of restra1n1ng beams on'the behavior of beam

columns has not been developed the 51gn1f1cance of thlS effect cannot:

be conf1rmed

. The‘analysis uSed in the prev1ous chapters -has assumed an’
eBastlc restra1n1ng funct1on at the upper 301nt 1n the column T In thls ',v _ii

éhapter a second order analys1s that pred1cts the behavior of beam

columns restralned by both e1ast1c -plastic and 1nelast1c restra1n1ng |
functlons will be developed The behav1or predlcted by this. analys1s ‘i

w111 be compared to- other\anaﬁyses and experlments ‘The dlfferences

‘between the behav1or of columns w1th elastlc p1ast1c and 1ne1ast1c res—

“,tralnlng functlons w111 be cons?’%red w1th emphas1s on the predlctlon of
the Timit state of the column \ :. ’ o o ' _VT ;}
6.2, INELASTIC ANALYSIS OF SUBASSEMBLAGES
The model used to predlct the effects of 1ne1ast1c beam res-lb
"tralnts -on’ beam column behaV1or 15/based on the’ beam column subassem-

blage as outllned in Chapter 3 and shown in F1gure 6. 2 ‘ To 1nc1ude the g

- effects of gradual plastlflcatlon,'a numer1cal 1ntegrat10n procedure,._'

' outllned in Reference‘ls 1s used to model 1nelast1c ‘beam beh v1or
"_Boundary cond1t1ons are satlsfled by compatab1l1ty cond1t10ns and equ1— p.l

llbr1um equat1ons applled The mater1al propert1es for the beams are
prov1ded by the moment curvature relatlonshlp that is spec1f1ed for each

7

"‘partlcular'problem
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A

The far ends of the beams,‘B and C, are aSSumed to be/res-_
. { .
1lftra1ned by elastlc springs. The stlffness:of each spring is spec1f1ed
by the relatlve stlffness of the joint, B or C; with re pect to 301nt A
Thus, a rotatlon at JOlnt A, GA,'ls accompanled by a.rotatlon at 301nt
B, Ops where | o R | o
| = £0,) R e
L - h" The functlon of.Equatlon 6. 1 may| be determlned n51ng a pro;
- " cedure outllned by: Danlels\andﬁbg(ss) or the|]01nt5 may 51mp1y be :
.iassumed to- have equal stlffness N;;\iiﬁieése where the far end is -
1nned the salutlon is 51mp11f1ed by~ settlng the moment at the far end
of the beam to zero and allow1ng the far end of the beam to rotate .

-

'freely S ' : o L o RN
/?ﬁe/forces acting on the*beam and the“columnIOf’the sub-vi"
‘assemblage are shown-in‘Figure 6.3." To obtaln the relat1onsh1p between

<-applled 13tera1 §ﬁ%ar and JOlnt deflectlon the JOlﬁ%qé is- glven an '

A arbltrary rotatlon eA » The equ111br1um of the beam is enforced by a f‘

e

’b_summatlon of-mOments about A in Figure 6;3a-to-ca1cu1ate VAB: s ﬁ&%@% »
_ © ' [ - R h. T R P W?#
- o : R  Lag Lol ~ o SRR o\

To perform the 1ntegrat10n the beam is broken up 1nto a -

)

bd

.‘number of segments, N.: The size of each gﬁgment should be approx1mate1y
| equal to the. radlus of gyratlon ‘of the. beam (13) The'bendrng moment_

at the centre of each segment is calculated by e Y T | ‘
:‘BM | (QAB X )/2 - M, B | ;Z"-. - (6 3)

where<x is” the dlstance from the end of the beam to the centre of ‘the
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‘ segment Knowing"the bending'moment in~each segment, the-curvature of

i

each segment can be found from the spec1f1ed moment curvature relatlon-'
sirip. .

The moment curvature relatlonshlp used at~th15 p01nt w111

deflne the type of restralnt prov1ded by the beam to~the column

T

In the
3
computer ﬁrogram developed for this ana1y51s,_the moment curvature re-
/ .

: 1at10nsh1p is descrlbed by a serles of p01nts JOlned by stralght llne .

segments. A hor1zontal segment of the M -¢ curve is descrlbed by two o

-x-v : P

"po1nts w1th ‘a f1n1te but very small slope between them Essentrally,
Vany moment - curvature relatlonshlp ‘can be spec1f1ed at thls po1nt

Examples of elastlc, elastlc plastlc and 1ne1ast1c M-¢ curves are shown
. . &

in Flgure 6. 4 and the correspondlng 1nput data fOr each curve are listed
' in Tables 6. 1 6.2, and 6.3. . e »"'- Vlh 'f= :' - ,»_-7ff';'
The curvature obtaIned from th1s M ¢ curve is- used to cal-

".iculate the deflectlon at the end of the segment 1n the equatlon (13)

- . ‘.' . 2 1 .
‘ Vit Vi o T o1 ST % s ey
j S 2 ' ’ :
. & e
where: ‘ T ..
] , 5 : , . . o
.Vi = deflectlon at the ‘end of the 1 segment =5
: R N
Vi -1 = deflectlon at the end of the i - 1 th segmégt R
= ;.l“e the slope -at; the end’ of the 1 - l h_-_segment
ldiv= the length of the 1th_segment
i g
~¢; = the curvature of the i" segment.
The‘slope at;the‘end'of.anyfsegment,»ai;'canibevfound by,

3



1‘04:

C T mmE Lo gpey T e ST ()
.‘ ’ ‘ ‘o P ‘ . /
~ Using Equations (6.4) and (6.5), the beam is integrated té _
obtain' the slope'and'deflectiOn at'theffar.end.':As the beam is-‘s‘,"up—"‘li
ported at the far end the deflectlon must be zero This deflectiohfcan

be altered by varylng the near end JOlnt moment MAB The slope ‘at: the

far end of the beam is controlled by the rotatlon of Jo1nt B. Thus,_ifi‘y

havang specif1ed a relatlonshlp between the rotat1ons of JOlntS A and B,

.r‘x

L'

: for a glven rotatlon at A the requ1red 301nt rotatrom at B BB, can be
: calculated The slope at the far end of the beam must then be equal to
_ the rotatlon of the far end 301nt BB 1f th1s cond1t10n is not sat1s-

' f1ed the far end. moment MBA 1s adJusted unt11 the condltlon is satls-

oo
s

i“ A satlsfactory solut1on for ‘the beam 1s obtalned by adjustlng[

L the>end moments‘MA and. MBA unt11 both of the end cond1t10ns are satis-
| fied A If these condlglons are satlsfled then the beam ‘is compatlble‘
dm‘ w1th the spec1f1ed boundary cond1t10ns ‘and’ is in. equ111br1um | ’
| ' Each beam 1s con51dered separately and a set of JOlnt moments

e MAB and.MAC are¢0bta1ned Then for equ111br1um of the 301nt

oM ‘f'Mi& M ’ﬂ; M, *+‘(VAB4 Q20 (6.6)

. if Mo ;ZXAﬁ" 'at is, the columns share the re51st1ng momeng then
T —extT

o Map T*f iy ‘-MAC_T (Vpp VAC) d/2)2 g ;' oot 7)
'.t where‘. d is the column w1dth B T
Hav1ng calculated the end moment for the column AD’ using.

Equatlon (6 7), the correspond1ng end rotatlon for the column, Y, can be -

obtalned u51ng a moment rotatlon curve Examples Lf moment - rotat1on



'1jgrammed in Fortran IV for the IBM 360/67 system In thls sectlon the S

‘_numerlcal 1ntegration pﬁocedure out11ned in’ Reference 13:

: 6-..3, , ‘,CLOMPUT'ER PROGRAM_ -

)

A

”ﬂ.curves are g1ven 1n Reference 25 These curves were developed u51ng the

A .

The sway that results from the 301nt rotat1on eA’and the
';]bcolumm end rotation Y is" found by

.JIn the cdse when the coluim has an 1n1t1a1 sway due to manufacturlng or
oL .f )
o erect1on, thls sway may be 1nc1uded 1n Equatlon 6 8. as (A/h) 1mp

A/h BA - Y + (A/h)lmp i' ‘v: . f.».i 4 (6 9)t7""‘

The shear re51stance of the subassemblage Q,_ls obtalned

by a summat1on of moments about A 1n Fl“ﬁv;ﬁﬁl
‘ .), '.‘; | Q Z "M . p A
By repeatlng thlS procedure for dlfferent 301nt rotatlons

A’ the full load deflectlon curVe may be obtalned for a glven sub— .

G
o

Y 1

The analys1s descrlbed in- the precedlng sectlon was pro—1;

"{1og1c of the program and the functlon of each subrout;ne 1s brlefly
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Jassemblage R o T RO

descrlbed The program 1s out11ned in- Appendlx B the nomenclature of P

Vthe program in section B 1, the flow dlagrams in sectlon B.2, the 1nput'

data in sect1on B 3 and the program l1st1ng is presented 1n sect1on ‘B.4.

,ja'*';‘{ “The analys1s proceeds in the follow1ng manner

The beam propert1es are 1nput, 1nc1ud1ng sectlon propertles, 1ength B

- 3

loadlng and a moment curvature relatlonshlp as graph co ordlnates



‘The column properties are inpu*, including section properties, -

.;lenéth, yield stress, P/Py and - column'mOment vs end rotation re-

-

lationship as graph co-ordinates.

-

‘The initial joint ‘rotation, joint rotdtion increments, rpitial im-

perfection, relative. joint rotations are input.

* All initial calculations reqUired in the program are performed,

such as, beam and’ column stiffness, and plastic moments, initial:

fixed end moments and other values.

‘Using the fixed end moments as an initial guess the left hand beam

is 1ntegrated boundary condltlons are checked, end moments are ad-

lgusted as requlred and the process is. repeated until boundary con-

d1t10ns are satlsf1ed

'-Step 5 is repeated for.the\right handebeam.u The signs used for the

lntegratlon of the’ rlght hand beam are altered as the 1ntegrat10n

Jd1rect1on has been reversed s r-”,_ RN R 3

10..

‘relationshlp

_and columm ‘moment.

v

“After both beams are sat1sf1ed the. column end moment is calculated.

:The column end rotatlon 1s célculated from the moment end rotatlon

o ‘ . . -

;‘_Column deflect1on ‘is calculated, and column shear is calculated

B

Column deflect1on and shear are output along w1th beam end moments

-

o,

” Joint rotation isiincreased and}steps's,to 8 are repeated. ‘The end

moments at the conc1u51on of. step 8 are’ used as initial trlal values

The program contlnues unt11 the column reaches plastlc moment - or a

,spec1f1ed number of JOlnt 1ncrements have been repeated

The ma1n program controls the ana1y51s and calculates and

L
o_‘_



outputs flnal Tesults. Subroutlne READ. . 1nputs and echo checks data
Su?xoutlne CALC calculates beam and " column propertles requ1red by the
analysis. Subroutlne ‘BEAM checks boundary condltlons and alters end -
'moments to sat1sfy boundaryﬁgondltlons Subroutlne SUM 1ntegrates the
beam u51ng the moment curvature curve prov1ded to find far end rotatlon

and deflect1on. Subroutlne COLUMN uses the moment rotatlon data -to

‘calculate columnhendurotation.
6.4 COMPARISON WITH EXISTING ANALYSIS.

To conflrm the loglc and accuracy of the proposed ana1y51s, :
a comparlson ‘was made between the results glven by Danlels ‘and Lu (35)
and the resultsjof the proposed inelastic analysrs. For comparrson, a
'subassemblage was“useddwith h/r = 24 -and- beams that prov1de an equlya—
lent: re51st1ng moment of M = ZSO’GMP‘. To 51mp11fy the ana1y51s, pln'

connectlons were assumed at the far ends of the beams The result{ of

%

these analyses are shown in- Flgure 6.5 w1th the Danlels ‘and Lu analy51s.

_shown as the solid curve and the pr0posed analy51s as p01nts on the

curve. There is an excéllent agreement etween the results of these two

‘analyses ThlS d1fference results from he calculatlon of the beam

re51st1ng moment at the column centrelln o Dan1els and Lu used the

centre to centre column dlstance to appr x1mate the re51st1ng moment

107

(35), while the proposed analysls calculates the true column centrellne '

moment by 1nc1ud1ng the beam shears 1n Equatlon (6. 6) ln a sway frame,
'the column shears effectlvely increase re51st1ng moment whlle the
effect-of Daniels' and. Lu' s assumpt1on is to decrease re51st1ng moment

o«
- 1f a beam load iS»included,~andjelasticeperfectly plastlc
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P2

beam response is specified, the cuPves in Figure 6.6 a«¢ obtained. ’The

-lower solid curve is obtained using Daniels' and Lu's analysis (35),“'
e o : _ .
.while the upper dashed curve represents the results of the inelastic -
o . ' N : . @ - S o
amalysis procedure. -The location of the plastic hinge-in the beam

_ differs in each case. ‘Daniels andaLd assume the‘piastic.hinge<ocours at.
the‘eolumn face {(355, while‘tne-useﬂof;numerical;integration;in:thehinf
e}astic|ana1ysi$ ?TOCedure-reSults:in'the formation of a hingera'finite.
distance’from'the'colomn'face._}Tests nave'shown'theﬂlatter‘assumptionp

B 2

N

may be more reallstlc (37).

A comparlson between the resolts of the 1ne1ast1c analysas -

pr’!!dure and the results of_subassemblage analyses (35) shows a good
_ agreement when elastlc and elastic- plastlc beam responses were spec1f1ed
~leferences between the analyses result from the apparent locatlons of
,plastlc hlnges»and hence, the p01nt on thefloadsdeflectlon_curye.at:
:Owhien tne‘beam*stiffness is reduced.due,to;hinge‘formationff'Tne‘ninge .
locationvinvthedproposedfanaiYSisgdoesbnot appear to be'inconsistent
with actual frame.behavior (27). | o
" 6.5 COMPARISON WITH EXPERIMENTAL DATA

< o ¢ :

'The inelastic analysisfwas used to predict thenbehaVior of - .

'-ba number of exper1ments performed by K1m and Danlels (21 22) The -
2 f1rst set of experlments 1n¢1uded tests on restralned columns permltted

to sway (21) ‘ The second set of experlments 1nc1uded two unbraced

“-subassemblages (22)

. For. these analyses, the 1ne1ast1c beam response shown: by )

.

'the.moment-curvature relatlonshlpaln Flgure 6.1 was specrf1ed~(1),
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o
t
.4 X ,

These M-¢ curves were anplled with and without the effects of straln
~hardenlng - While the typlcal moment-curvature relatlonshlp for a w1de—
'flange beam should 1nc1ude the effects of stra1n harden1ng, the reduc—
"t1on of moment carry1ng capac1ty brought on by local or lateral buckllng
"must also be con51dered

For the sake of the ana1y51s, the p01nt loadlng used in the ‘-:
experlment was approx1mated by an’ equlvalent unlformly d1str1buted load

The 1nten51ty of thlS applled load was chosenrto prov1de end moments -

X
N -

(con51stent with the end moments resultlng from the pblnt loads in the
experlment, o

'The.resultstof test ﬁCFl. a:uinduard"restrained”columnvare-.
shown in‘Flgure16;7 (21), as the solid line Jo1n1ng p01nts The brof
'ken llne is .an analys1s u51ng an elastlc plastlc;beam response.. The."’
'-.dashed l1ne is the Tesult of an 1ne1ast1c beam response, (21) " The
analy51s is only adequate as a predlct1on in thls case. The results of
vthls experlment are questloned as dur1ng the exper1ment one of the
'rollers was. found to: be Jammlng In addltlon, the frame was found to
B have an - 1n1t1a1 out of plumb that was not measured The analy51s was
corrected for th1s out of plumb by approx1mat1ng the 1n1tlal A/h. . The
behav1or ;redlcted by the 1ne1ast1c analy51s is more con51stent w1th the
.actual behav1or than the behavior predlcted u51ng an e1ast1c perfectly |

' > ’ oo : L
- plast1c beam response : : - : . Lo Lo

The results of test RC 2 1an interior'restrained column:arEJ
g ;Qshown as the 5011d 11ne ‘in F1gure 6.8 (21) The results of an 1nelast1c

'ana1y51s are shown as the dashed 11ne in the F1gure The analy51s pro—

v1des an excellent predlctlon of behav1or D1screpanc1es between the

o
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predicted and. actual behavior beyond the ultimat'e load abpear to 'b'ue -
‘to the dlff1culty in pred1ct1ng the effect of. stra1n hardenlng and 1 -

_buck11ng in both beam and column near ultlmate load [EERE

The results of test RC—S; a*leeward restrained column are o

shoun as the solid_line‘in bigurenédé' (21). The pred1ct1on based on the
T‘Vinelastic aﬁalysis is'shown as the dashed llne in the,F1gure The re—vh
-sultsvof‘the inelastic analysis'ptoylde.a reasonablehptediction of thev
initlal.pottlonhof~th load deflection curve. vThere_are,.however;'appatw
' entTdisctepancies in he later'stagesgof the’curve. Again;,these~dis-
crepancieskate likely-due to the'effects-of sttain:hatdeningb“ In.the v
.report on the.test‘tesults, thedrestrained column was found‘to,attain‘a;a
moment of M/Mpc = 1;25;- | - ' |

&

The results of an exoerlment of an unbraced subassemblage are _

'~shown 1n Flgure 6. 10(25) as the 5011d curve. I’Thls subassemblage, SA-l,

- was de51gned to 51mu1ate the top stor1es of'a building. An analysis was
‘performed-by breaklng the subassemblage 1nt0>three restrained columns.,
_and spec1fy1ng an 1nelast1c beam response The column load in. each case

‘was assumed to.be the column load at fallure | The results of these ana-_"
lyses were.summed to give the_resultlng g;;hen‘cutye in Figute}prO.
:This'analysis;bronded anvexcellent:predictioh of actual behaulor.:fTheth
sl-.lght'-'discrepancy in "the'ul'timate 105& a%. i.s'likely'due to the diffi- -

'culty in predlctlng the effects of stra1n hardenlng

| : The results of'experlment SA g are shown as the SOlld curve

_1n F1gure 6 11(22) .In thlS case, the subassemblage was deslgned ‘to |

approx1mate the behav1or of the lower storles of a tall bu11d1ng 'The

o~

'“.predlct1on based on the proposed 1ne1ast1c ana1y51s shown as a’ SOlld
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‘. : :
,curve in Figure 6.11 prov1des a close agreement w1th the exper1menta1

.results Anal)ses performed by Kim - and Danlels are. shown by the dashed

1and broken lines in the f1gure (22).

el -

6.6  BEHAVIOR oi-‘ INELASTIC BEAM COLUMN SUBASSEMBLAGES '
16.6.1 EFFECT OF LOAD SEQUENCE

i

fhe behav1or of ‘the subassemblage outllned in- Sectlon 6.2 w111
g depend on the nature and sequence of loads applled to. the members of the
subassemblage. The subassemblage may be subJected to beam loads, w
?column(arlal loads, P, and a laterak sheer H as shown in Flgure 6.2.
When uslng L1m1t States Des1gn Procedures the cr1t1ca1 load for the
u‘subassemblage is deflned as the load or comblnatlon of loads at wh1ch
:the factored reslstance of any member'ls equal to ‘the effect of factored
loads (24). For beams, thlS 11m1t is usually deflned by y1eld or plas—bf
- t1f1cat10n of the beam ' For'columns;'the fallure may be due to local
yield orvplastlflcatlonvOr-an overall- stab111ty fallure
| . lheoretlcally;'ifkaperfect symmetr1ca1 subassemblage is sub—
‘jected'to.gravityrloads‘only, the 11m1t state may be reached due to
plastlflcatlon of the beam or: column or a buckl1ng of the column Con—;_:'
"ﬂcern has been ralsed of the effect of gradual penetratlon of yielded -
‘reglons in both beams and columns .on the buckllng of restralned columns"
- (7, 33) ThlS problem ‘was dlscussed in chapter 3 and 1s a’ source of
vcontlnued research (44 45) ”;..‘yb' o }“' : T vw“
| Real structures however, are notvperfect - In1t1a1 1mper—___ .j
-'fectrons and load eccentr1c1t1es produce sway {P- Delta) forces The ac—v/

. /,“';.
, tual behav1or of the subassemblage 15 not unl1ke that of a subassemblage
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subjected to,a.lateral load. For- a 51deswaytsubassemblage, the 11m1t
_state may . be reached due to local plast1f1cat10n of the beam or column
or a. loss of 1oad carrylng capac1ty due to overall 1nstab111ty of the R
subassemblage The point of overall 1nstab111ty is reached when the

i

lateral shear re51stance of the restralned column is less than the sway

-~

',effects plus any applied lateral shear
The problem then is to define under what load comblnatlon or
seduence a gradual plastlflcatlon can 51gn1f1cant1y affect the occur-
rence of the limit- state.l In1t1ally, only non- proport10na1 load1ng w111
}:be‘COnsidered A constant vert1ca1 gravity . load shall be applled and
the horlzontal shear w11L be varled Thls type of load sequence is ,' hx\\g
'more 11ke1y to occur * naturally as large varlatlons of grav1ty load ‘
”(snow or occupancy) do not- normally occur s1mu1taneously w1th large
rnvarlatlons of lateral load (w1nd or earthquake)
' To examine, the effect of 1oad1ng on ‘the behav1or of 1ne1ast1cc~;_
‘.subassemblages, a subassemblage w1th h/r =30 and G =1, S was analyzed;”i
'>u51ng ‘an elastlc perfectly plastlc beam response and then reanalyzed
o w1th an 1nelast1c beam response as deflned by the beam moment curvature
'relatlonshlp (see Flgure 6 1) : Forathese analyses, the-beam loads were_
'vvarled up to'a max1mum of w = 0 6 wp, where wp 1s the 10ad that resultspll
vlln a beam fa11ure under grav1ty loads only The beam.loads were held
'.constant wh11e the151desway response ‘of the subassemblage was obtalned
‘u51ng the ana1y51s out11ned 1n Sectlon.ovz ;
The results of ‘an ana1y51s of the subassenblagevwlth

W 6 wp are shown 1n Flgure 6. 12. The elastlc plastlc analys1s is

: shown as the solld 11ne, the 1nelast1c analy51s is the dashed 11ne
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‘The results of ‘each ana1y51s are essentlally 1dent1ca1 except for the
range of loads at wh1ch the beams form leeward h1nges, The effect of. .
these hlnges are apparent f1rst in the 1nelast1c ana1y51s as the sub-

assemblage response softens due to gradual penetratlon of the y1elded_

S

zone. After the h1nges have formed 1n the elast1c plastlc model the
: two curves\conwerge aga1n The ultlmate loads obtained are nearly
1dent1cal for Each analysis. ' The u1t1mate load for the 1nelast1c ana-
lysis ‘was actually sllghtly greater when stra1n hardenlng was 1ncluded
in the 'beam response A 51m1bar ana1y51s for w = 0.45 wp is shown in
TFlgure 6.13 Agaln the responses predlcted by both elast1c plastlc
rand 1nelast1c analyses are 51m11ar except for range of loads at wh1ch
. ;nelastlc actlon_occurs.v There‘ls v1rtually no difference betWeen
ultimateVIOads‘ - |

' For each of these analy/es, the ultlmate load resulted from
:an overall stablllty fallure rather than a localstrength fallure ' The
--plast1f1cat10n of the beam affected the fallure by reduc1ng the Tes-
training functlon at the 301nt A comparison of 11m1t states for each
analy51s is extremely dlfflcult as the limit state of the 1nelast1c
restralned subassemblage is qu1te dlfflcult to deflne If, however,
the 11m1t state is deflned as full p1ast1f;cat1on of the beam, the
"11m1t state as pred1cted by the 1ne1ast1c model would be greater than
fthat assumed for amn elast1c plastlc model :
The spec1f1c concern, however is to determlne the effect of .
"1ne1ast1c beam response on the behav1oﬁ of a beam columnvat the 11m1t

state.’ Wh11e there was a local d1vergence of the curves predlcted by

3the d1fferent beam responses, the ultlmate loads pred1cted by each ana-
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lysis were very'closen This lack of distinctionbbetween the resu}t

predicted by d1ffer1ng beam response relates- to the u1t1mate“cond1t1ons

lIn each case, beam hinges were fully developed and the restra1n1ng

‘moments prov1ded by " the beams were essentlally‘equal to the beam plastlc e

_ moment Thus, when con51der1ng the ultlmate load 1t~matters not how

:the beam developed a plastlc moment, whether by gradual penetration of

yield or by develop1ng a plastic hlnge ”instantaneously",‘after plasti—

.f1cat10n has taken place the restraint provi ed by the beam An each .

case is the same. Slnce in each,case,the restralnlng effect of the

beam on the:column is effectlvely the same, there will ‘not be a srgnl-

f1cant dlfference in- overall column behaV1or N |
. As a result " when cons1der1ng the restralnlng effect of an

1nelast1c beam on a column, it.is 1mportant to apply the load condltlon

"that will 51gn1f1cantly affect the behav1or of an 1nelast1cally res-p'

tralned column If the restralnlng beams are fully elastlc or fully

~plastic when the column atta1ns u1t1mate load the fact, that the beam

'behaves 1nelast1ca11y dur1ng its. loadlng hlstory w1ll have l1tt1e effect _///

’ -

on the column response v If however the beam*ls in an. 1nelast1c state, -

: that is partial penetratlon of the y1elded zone, at or near the ult1mate

load for the - subassemblage, the resu1t1ng increase 1n the deflectlon may
lower the apparent ultlmatevload due to an 1ncrease in second order
heffectég Thus, when the effect of 1ne1ast1c beams are stud1ed the

'beam loads should be adJusted to. reflect 1ne1ast1c beam response at the‘
,:ultlmate load of the. subassemblage o ‘ B Hh ‘s. - J'-:h
This crltical condition may;behattained using both_prOpor-fg' b

’

tional and non-proportlonal loading. Since the range of loads at which . -
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‘this critical condition. can develop is small, there will be essentially
- e 3 kb :
“no distinction between the results obtained, using each type of loading.

_For ease of obtaining this loading condition;‘non-proportionalvloading

.will;beeused;
6.6.2 EFFECT OF FRAME' STIFFNESS

As outllned in the preV1ous sectlon the effect of 1ne1ast1c
beam response is 11kely to be more pronounced if the beam is. 1ne1ast1c.
'but not plastlc at the p01nt when the ultlmate load of the subassemblage_'}‘
is reached - In addltlon this effect is 11ke1y to be more pronounced

when the sway’ effects are greater To study thls behav1or, subassem-

blages of various values for h/r G, -P/Py w1th oy = 44 k51 were ana-

7 3
. zed using both elast1c plast1c and 1ne1ast1c beam responses Typlcal

nresu ts of.these‘analyses are presented.
- The’ subassemblages used for these analyses were symmetrlc
.beam-column‘subassemblages w1th the far ends of the beam p1nned Whlle
the use of beams with plnned ends reduced computlng t1me cons1derab1y,.
f”the nature of the response of the subassembfage was not altered Inr
- each case, the development of a plastlc h1nge in. the beam gradually re;
quces the restralnt prov1ded to the column 301nt The beam loads were-
dselected by su ce551ve trlals to produce an Inelastlc beam response

w1thout full plas 1f1cat10n at the cr1t1ca1 load for the subassemblage

For. thls study, 51gn1f1cant straln hardenlng was not 1nc1uded

. . . ‘,‘ :
The su17s of the analyses for h/T = 0,,G = 2 are shoWh in -

Flgure 6l14”for P Py 0 7. . The curves for each type of ana1y51s were‘

’:' kd

'_ almost 1dent1cal Slm1lar'resu1ts were‘obta1nedffor other values of
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s

. p/py. ] “ ,. . . .‘ . N ‘- } . 3 .’ i : ) . N —
| The resuIts of the analyses for h/r = 40 G = 2 are shown in

Flgure 6 15 For- P/Py 7. Agaln, the behav1or predlcted by both

a

e1ast1c plastlc and 1ne1ast1c analyses were almost identical. There
was a sllght d1fference in ultlmate load obtained from the ana1y51s

‘but this dlfference was. relatlvely 1n51gn1f1cant ' ;4_ ‘

The_results of the analysesvfor h/r'= 60, G = 2 areﬁshown»in-
Figure 6.1G for P/Py = 0.6. In ‘this case, there was ‘a- 51gn1f1cant
dlfference between the ultlmate load predlcted by 1ne1ast1c beam be-

haV1or and the elastlc plastlc beam behav1or The dlscrepancy between

' u1t1mate strengths predlcted by 1ne1ast1c and elast1c plastlc analyses

-

-became even more pronounced for h/r % 40, G =10 and P/Py_= 0.5 as

shown in Flgure 6.17.
‘ Thus, the dlfference.between a column ; response to latetal
load when restralned by an elastlc -plastic beam or an 1ne1ast1c beam
varles as- the column slenderness, the restralnlng functdon, and " the
‘ax1a1 load The softenlng effect of gradual penetratlon of yielding
‘.was found to be 51gn1f1cant only- beyond the stab&%lty 11m1t establlshed
in Chapter V. If the sway effects in a. frame are 51gn1f1cant the 1n-7<"

R

elastlc response of beams can 51gn1f1can reduce the ultlmate strength

;‘ of the frame (and hence, the 11m1t st te of the,v'lumn) If_the sway

is not signi-

effects are not 51gn1f1cant, the effec ‘of;beam y;eldl

ficant.

©6.6.3 'BEHAVIOR OF A ONE-STOREY BEAM COLMWN SUBASSEMBLAGE -

In the previous sections, the’

v

pnse of simple beam-column
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L

;subassemblages were analyzed to examlne the effects of 1ne1ast1c beam‘
restra1nt on the stab111ty of beam columns In real structures, the
joverall stab111ty of a planar bent is a functlon of all the separate o
responses of beam-columns summed together In thlS sectxon, the effect :
of local 1ne1ast1c behaV1or on the overall performance of the frame bent C
willxbe discussed This behﬁv1or is part1cular1y 1mportant when u51ng

‘ plastlc analysis. for the de31gn of-a structure |

N - To study the overall response of a’ ‘frame, the subassemblageb
used in tﬂ! analys1s by Danlel and Lu (35) was c0n51dered (see F1gure
'_6 18) , The storey was broken up 1nto four ba51c subassemblages Each
-subassemblage was analyzed us1ng the program Outllned in Sectlon 6 3

W1th the beam moment curvature relatlonshlp deflned by (a) elastlc-‘

L

N\
plast1c behav1or, (b) 1ne1ast1c behaV1or, (c) 1ne1ast1c behav1or w1th

vstraln harden1ng as shown in Flgure 6.1. The results of ‘the separate .
‘subassemblages were then summed\to obta1n an overall Toad deflectlon

response for. ‘that. storey of the fra e. :
) 0

» When the elastlc plastlc res lnse is compared to. the 1ne1ast1c

response, as shown in Flgure 6 19, ‘there 1s a sl1ght dlfference only

near u1t1mate load If a stra1n hardenlng fu tion is 1nc1uded 1n the -7f\“\

'beamnresponse, as shown in Flgure 6. 20, ‘there. 1s 0 apparent dlfference

. . - : o
-l between ultimatelloads. In each case,'the load for formatlon of the

.
3

f1rst hrnge, which is effectlvely the 11m1t state for thls portlon of

the structure, was found to be effectlvely the same for each type of

Yo

analy51s, SR Dol o R

Thus, when overall frame behav1or is con51dered ldcal losses

in frame stlffness due to 1nelast1c actlon are often compensated for by A
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.the behav1or of Other members in the frame and the effects of stra1n .
s I8

"”hardenlng A general conclu51on for all structures, partlcularly those

designed using plastic analy51s would requ1re con51derab1y more study

of thlS p01kv{‘p0551bly 1nclud1ng large scale.tests

6.7 __SUMMARY h
o s - S
. . o <. . : > . . .
In this.chapter, a procedure @és.deVEIoped to analyze in-
elastlc beam column subassemblages restra1ned by~_pelast\f beams An

_1ne1ast1c beam is deflned as a beam subJected to gradual penetratlon of

A P’

the y1elded zone, 1nc1ud1ng the effects of re51dua1 stralns The're—
' sults predlcted by thlS ana1y51s were conflrmed by a compar1son w1th

the results of varlous tests Unfortunately, only one of the tests ;"~‘

\

avallable contalned 51gn1f1cant 1ne1ast1c behav1or The proposed ana-

1y51s did prov1de s1gn1f1cantly better predlctlons of the behav1or of

restralned columns perm1tted to sway

The’ analy51s was then used to predlct the effect of 1ne1ast1c‘ L
beam response on the behaV1or of varlous beam column subassemblages

The 1neLﬁst1c beam behav1or was found to 'soften the response of these

L

subassemblages for a. short per1od of load hlstory, but only effect the V

f_ult1mate strength of 'fleX1ble' columns when the failure of the column

&

,accompanled the 1neLast1c behav1or

' . -
. -
e

; When the behav1or of a frame that 1ncluded several restralnedf o

AN

B 5columns was con51dered there was 11tt1e d1fference found between the

‘ response of an- elast1c plastlc ana1y51s and an 1nelast1c analys1s that
Ve , : :
1nc1uded straln hardenlng
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CHAPTER - VII

R g DESIGN EXAMPLES

7.1 INTRODUCTION

Toee.

In the preyious chapters; the PA procedure for the design of «

Feam columns has been" out11ned and compared with tradltlonal de51gn

n’procedures. Dlscrepanc1es between d951gn assumg
~dure and actual frame behaV1or have been outllned and 11m1ts to the =

’ suggested de51gn procedure have been dlscussed

In thls qhapter, an example bulldlng frame will be designed .
: us1ng both tradltlonal de51gn procedures and the proposed PA procedure
-The frame w111 also be de51g u51ng a proposal to neglect PA effects‘
‘altogether‘(46) In addltlon an example of the de51gn of a ”leaned

v frame" will be presented The behav1or of the frames that result from.
,veach de51gn procedure w1ll.be compared u51ng a second order elastic-

bplast1c~ana1ysls:(l4).
7.2 FRAME DESIGNS -
- The design loading and_framekgeometry for this study'was |

iselected from'a-study performed at Lehigh (46)‘“ The frame is a 26-
4

“storey, three bay symmetr1ca1 frame as shown 1n Flgure 7.1. The des1gn »

e ‘loads\are shown 1n Flgure 7. 1. The member sizes used for prellmlnary

~

analyses of the structure wete the 51zes resuKt1ng from De51gn 3 of the»”

L Lehlgh Study (46) Thls partlcular frame was chosen for this study as

it was representatlve of typlcal medlum to h1gh off1ce bu11d1ngs that

@ .

could be expected often in practlce rauher than an extreme structural

141

7ons for the PA proce-‘



form " A moderate wind load was used invthis study as fg is~believed

the 1nf1uence of P Delta moments is reduced y higher_wind loads (46)2

purpose of thls de51gn, th fOliowing assumptions

o b
A, e
“ A 3 o i

ﬂ'}'ASTM ASE steel is us

s

~of the frames and are subJected to strbng axis
'-fbendlng

3. - The frames are b@!ﬁkd in the out- of plane dlrectlon .

at the joints,and this bracing'system‘is des;éned
for sway effecfs. The cofimn'ends'afe effectivély
: binned for weak”axfs butkling; ¢
4. Lateralftorsionai buckliag of tﬁe béams'is pre-
| vented'by the floor system; |
5. Loaai buck1ing of flangés and websaddés‘hot gccur. -
6. . Member lengths are deflned by. thelr centrellnes
7. _.The Nat10na1 Bulldlng Code of Canada 11ve load re-
'jvduction formula is ‘used to Qompute:the beam and
‘¢olumn loads. | ‘
8.' Wall and parapet,loadé are appliéd ag.éoﬁcentrafgd
| ‘loads at_théﬁexteriprvjoints{_ E 1  . ,‘?17 .
9. Wind loads‘a}eiapplied as_concéntfatedkiaadélat‘;hev
. ' | eéxterior joints. o
10.  No composite actionﬂoccura_betwaenathe‘béams aad

ot

‘ thé'flaor system.

L 11. Behavior of frames is assumed to be linear and elastic.

142



_ sultlng member loads To ensure cons1stency, no de51gn over- stress was

- 143

.

The frames were de51gned for the effed&s of comblne&DVertlcal

]

and lateral loads 2 vertlcal loads only whlchever produced the more

cr1t1cal effect. -In each case, the'prelrmlnary analyses were performed

u51ng the computer program outlined in Reference 14. The beams were

R, L N )
: proportloned to re51st ‘the moments developed in the preliminary analy- &B‘

— g

sis. - e

The column Sizes were chosen by a computer program prepared

»for ‘this 1nvest1gat10n Th1s program was used to prov1de a con51s—

tency of column 51ze ch01ce for each spec1f1ed de51gn method and re-

allowed. .The column selectlon was performed as follows

l. A Design axial loads and end moments were input from thF
resultsiof the pre11m1naryAana1y51s

2. -:Prellmlnary member 51zes were used to calculate effec—

'

“tive length factors based on the model spec1f1ed by
fthe de51gn procedure i

3. A series of prospectlve column 51zes were 1nput alongj
‘w1th memberrproperties in tabular form’ These pros-
,pectlve columns ‘were 1nput 1n order of 1ncrea51ng
' member we1ght _.

4. The sultabllrty of. each cilumn, 1n order of 1ncrea51ng

weight, was checked in the beam column 1nteract10n

E equat1ons (Equatlons 5.6 and 5. 7) and Equatlon 7.1.

Eaoo
.where" Mf ls‘the Fictored column moment

Mr is the factored bending resistance of the



L

Design B -

tfollows:

'dDesign.A

~of" axial

e

"3 \’1:. : ’ ‘. . ) . v ‘ . ‘ ,
'?%, column. ' o "
If the column size failed any one of these conditions;
‘this size was rejected and the next member size was’

. . : ) . o
‘tried.- The first size to satisfy all conditions was

output as the design size for that loading condition.

Thehfinal column'was selected‘on the_basls of the~m0§{
critical column size.for ekterior columns and_interior
columns. and intetior columns.Based on‘a'two;storey |
height of column.

The differences between design_procedures used mere.as

r

For De51gn A, the beams and columns were proportloned using

- ‘and forces was a second order elastic - ana1y51s that included the effect

load on member stlffness and ax1a1 shorﬁenlng of columns

ot

Thus, when checking the 5u1tab111ty of members, w and K were: calculated

3

_For Design“B the beams and columns were proportloned u51ng

CSA1816.1—1974. The factored member loads and moments were obtalned

ffom the

‘design

results of an elast1c'f1rst order analysis‘of the preliminary

Thus, when checklng the su1tab111ty of column members w and - K

were calculated u51ng ‘the sway perm1tted models

De51gn C

o~

el

Tofprovide a comparison,between»a.frame designed using a-P- .

S

144 :

:CSA 516 1 1974 (24) The analy51s used to obtain‘factored member loads

;us1ng the sway,prevented-models;otheyratlo Rl,was checkedﬂfor each storey.



'7.3 LANALYSES OF DESIGN EXAMPLES

e /tovO 01 .

o

A . 1
14
N ' o N o

.-
.

Delta\ilmlt states des1gn and a frame de51gned u51ng trad1t1onal allow—_

able stress procedures, a frame was de51gned u51ng CSA 816 1969 (2)..

The worklng loads were obtalned from the results of a. flrst order ‘ana-

e ¢

ly51s of. the frame under spec1f1ed loads. Thus,'the column su1tab111ty

Was checked using the sway permltted model to check the column inter-

lfactlon equat1ons as spec1f1ed in CSA 816 1969 (2)

The resultlng member sizes are summarlzed for each design

>
v

method in: Table 7. 1. © 3 o E .

ey

Each of the frames de51gned as outllned in the prev1ous

”sectlonwereanalyzed u51ng an 1ncrementa1 elastlc-plastlc second order

'analy51s\(l4); For thlS analys1s, dead loads were mult1p11ed by a deat

n.

1oad factor of l 25 then held constant. The 11ve loads and w1nd loads
Were increased proportlonately by 1ncrements of loads factor A, equal

8

In the case of vert1ca1 loads 0n1y, -the’ effect of 1n1t1a1

eccegﬁgi&itles were 51mulated by apply1ng a small lateral shear equl—

5h'va1ent to the sum of vertlcal loads actlng on the storey multlplled by

9'%‘ > .
the assumed 1n1t1al deformatlon, 0 002 1n/1n Recent studles have

s ‘,

shown thls assumptlon to be overly conservatlve (47), however thls

L.

- value was con51stent w1th the allowance presently suggested and with

f‘.

~the value of~1n1t1alv1mperfect10n used for the design.of frame A (24)

145

The results of the analyses of the frames subJect to comblned '

loadlng are shown Ain- Flgure 7. 2 The results pf De51gn A are shown as
/

‘~the sol1d line, the results of De51gn B are shown as the dashed 11ne



. tical p01nts on the?b curves 1s approx1mate1y 1°

Ty

]

and the results of the ana1y51s of De51gn C are shown as the broken
“line. In each case, load factor A, is plotted agalnst frame sway, b.
As ‘the 1ncrements used for A were 0 01, the;apparent accuracy of cri—‘

AT

For De51gn A, the f1rst hlnge occurred at A -.l;lS; The

146

'rprogre551on of hlnges to fallure is shown in Flgure 7 3 At ultimate- .

©.

dload A= 1 33; (spec1f1ed by ‘a negatlve value for the determ1nate of

¥

. the stlffness matrlx) there were 39 beam hlnges and 51 column hlnges.

?progre551on of h1nges to fa11ure is shown 1n Flgure 7 4 At uktimate'h,

At spec1f1ed load X =0.7, the overall sway 1ndex = 0 00237

B
: For Deslgn B the flrst hlnge occurred at- X = 1 07 The

'vload ku’= 1. 34 there were 71 beam hlnges and 15 column hlnges :Atwf'

Q

; ec1f1ed loads, A= .7, the overall sway. 1ndex = 0 0025
7

A
~ o7

; De51gn C, the f1r§t ‘hinge occurred at k = 1. 17 The

’ progre551on of h1nges to fallure 1s shown ‘in Flgure 7 S. At‘ultimate

' in cr1t1cal columns 1n the let storey The results of the ana1y51s'

1oad' k = l 46, there were 57 beam hlnges and 28 column h1nges At

,ﬁﬁja% orklng loads for allowable stress des1gn, A= 0 75, “the overall sway -

oy

:-_mdex=000244 L S

v

w Ry

t1ca1 loads only are shown in Flgure 7,6. The results of the analys1s

of De51gn A are shown as the SOlld curve;h.The'f;rst'hlnge occurs at

- . ~,.:4

‘x'é 1.81, wh11e ultlmate load is- reached at l'=*2.12'due"to'yielding

. v-.“"l_h:
of De51gn B are shown as Me dashed l1ne 1n Flgure 7. 6 The f1rst‘

A

' hlnge occurs at A 2 09 and the. u1t1mate load at A ' 2. 49 due to’

. «fyleldlng of cr1t1ca1 columns 1n the '17th storey Thefresults of the f

- —.,

~

ki l V The results of the analyses of the example frames under ver-
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analysis of Design C are shown as(the broken lin€é in Figure 7.6. The -

o f1rst hlnge occurred at A '= 2.26 with failure due,toiyielding~inpthe

.-

_ftopvstorleSvat A = 2.74. 1]"'.v_‘; L I R

7.4 . DISCUSSION OF DESIGN EXAMPLES ~ * . -

[N . : - S -

- v : o ) o 2

7.4;1:'COMPARISON OF-DESIGN”AvAND:DESIGN B '

R | . | b B » .
SR TP . Since De51gn A is an example of a/de51gn u51ng the PA’ tech-

‘-q . s’

PR

~‘n1que and De51gn B is an example of the trad1t10nal allowance for sway

effects, a comparlson of these examples is a d1rect comparlson of these -
.:two design techn1ques A comparlson of the member 51ze§ shows that the mi

'1nc1u51on of second order effects in’ the analy51s results 1h larger

_51zes for the beams as the PA procedure 1nc1udes the second order

o~

'moments in &351gn of the~beams The more ratlonal approach to des1gn

of columns 1n the PA» technlque lead9 ‘to generally smaller column 51zes

B

The‘est1mated welght of De51gn A is 395 900 pounds wh1ch 1s 4% 1ess

e

s

than the 411 300 pound welght of De51gn B

N 'E d For the PA de51gn procedure, ‘the column slzes were found to
ﬂbe governed by fhe strength 1nteract10n equatlon Equatlon (3 20) The
- sway effects ratlo, RI was found to vary between 0. 09 and 0 12 Qell

f_¢w1th1n the 11m1ts suggested 1n Chapter 5. 'The column sizes in the

B f_trad1t1onal de51gn procedure were malnly governed by the stab111ty

: N : _ ¢ .
- 1nteract10n equatlon, Equatlon (3 21). : e ”“f/ e
. ,i'3 Slnce the ana1y51s used to study the behaV1or of the‘frames

does- not 1nc1ude out-~ of plane effects, there was- some questlon-as to
' the va11d1ty of the assumptlon that members Were only laterally braced

at %torey levels, Thls-assumptlon ;s certalnlx more real1st1cjwhenwthe

~ .
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'behavior of real frames are considered. To check this.point,‘a design
,of each'frame was perfb;égd using the assnmptlon that the frame is com-
» pletely’braced in the out—of;plane.directionfb<The resulting‘memberht”

‘Sitesvwerd\e;actlybthe same. as found when memberslwere only braced at
%torey Ievels FOr the PA de31gn, since the. member s1zes were con-

\

l

trolled by member strength there was no effect 1f£/he members were
~braced at storey levels. In the case of the trad1 ional: de51gn, it ‘was.
. ) R -
‘found that Kx L/rx was always greater than KyL/ry for these larger mem-

ber sizes, hence, this assumption had no effect on the de51gn

148

A comparison of'the results_of the analys1s of each frame w§§

' fshows that Des1gn Ais approx1mate1y 5% stiffer at working loads. |

©

the margin of safety for combined live loads is 0.70 times 1.5. There
:15, however .an add1t10na1 allowance to account for mater1al perfor-—

'mance of 1/0. 9 Thus, the resultlng factor of §ﬁ}ety for comb1ned

‘.loadlng is 1 17 De51gn A satisfies this factor of safety

S
e

f.whlch is less than the spec1f1ed safety factor l 17 /This prematore

. . 7 ,{ . o
, hlnge formatlon results from neglect of the second order ‘moments in the

. . 7/ o,

ude51gn of the beams. While a redlstrlbutlon of moments In the frame

' allows a cont1nued increase’ 1n.load carry1ng capac1ty of De51gn B beyond

A 1 17, there is no- allowance for this redlstrlbutlon of moments un-~ -

For De51gn B, however ‘the f1rst h1nge 1s formed at A= 1.07l .

"De51gn_A developes aﬁplastlc hlnge at A = 1.18. For limit states.design,

less ‘beams are de51gnated as Class 1 seC{(ons and are properly braced 7

A comparlson of the»frames at ult1mate load shows that the

frames fa1l at nearly the same load but in: somewhat d1fferent manners,

w

: De51gn A develops constﬂerably more column hlnges wh11e the fallure of
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As

De51gn B 1s essentlally related to the formagﬁﬁn of beam hlnges a
result De51gn B exhibits more overall laterai sway at fallure and /hus. W
‘tends to absorb more energy before collapse “igéiil ,' _'4é;.;% . |
Thus, a de51gn u51ng the PA. techn1que,m§y tend to produce a.;qgé_ Lé

/i b g»‘ A

g

e

a,

tends to produce a weak beam, strong column structure.
£
B !

for tradltlonally des1gned frames to be somewhat more flexlble can lead
Thus, the beam Sizes .

to de51gn belng controlled by deflection criteria.
may have to be 1ncreased to meet frame st1ffness requlrements and mod1—

S o

fy the fa11ure pattern _
i’. A comparlson of-the results,of the vertlcal loads only analy—
sis showslthat des1gn has. been‘controlled by the . comblned loadlng case ..,
| The u1t1mate load

and nelther frame is cr1t1cal for vertlca@ loads
for De51gn B “is somewhat hlgher than the "ltlmate ‘load of De51gn A as

the behav1or under vert1cal load is more controlled by column size.
| o o _ |

)

!

“’/‘

7.4.2 DISCUSSION OF DESIGNJC
- Since allowable stress des1gn procedures used the trad1t1onal

method exclus1ve1y to allow for sway effects, Des1gn(3 was 1ncluded in

this dlssertat1on to compare the results of trad1t10na1 allowable stress
des1gn to a 11m1t statés PA de51gn The estlmated we1ght of Des1gn o
‘is 424 200 pounds or 79 more than De51gn A. | l . . "
st1ffer than De51gn A at worklng

Des1gn Cis approx1mate1y 4%
1:.17, essent1a11y the same as

s

_loads._ The f1rst hlnge occurred at A
Des1gn C, however has been des1gned for an effect1ve factor
‘Thus, De51gn(3does not meet the

ﬁeSign A.
-O.TS/Q.GQv 1.25.

of safety, of S.F.
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factor of safety spec1f1ed for the de51gn method Thls apparent incon-

24 S

51stency results from neglect of the second order momenfs for the desrgn

i

~of the beams. '@,},

35 t , The ultlmate load for De51gn C is sljightly hlgher than De51gn

A (9%). In addltlon the fallure of[k51gnC was more duct1le w1th

fallure related to beam hlnges o S : o S
The comparlson between de51gns resultlng from a 11m1t states

2

«de51gn u51ng theJPA techn1que and a tradltlonal allowable stress deslgn‘

-~

shows that each de51gn has essent1a11y the .same load factor at the
_11m1t state, whlle the limit states design shows an apprec1ab1e materral
_sav1ngs." The allowable stress: de51gn does result - in a more favourable.

- collapse condltlon and cons;derably more reserve 1n.load‘capacity\and
'energy.absorpt;on, T T B ‘
'7.5. FRAMES DESIGNED WITHOUT CONSIDERING FRAME STABILITY -

RN

‘_ A further de51gn procedure has been presented in the Column

/

. _Research Counc1l Gu1de based on research at Lehlgh 1nto the behav1or of

'_several bu11d1ng frames des1gned us1ng various methods (31 46).. For

c

Adﬁ‘thls de51gn pr0cedure, 1t 1s suggested that a frame can:-be desxgned '

,’.,J

us1ng the results of a f1rst order analy51s, but w1th K=1.0 and

= 0.6 - 0.4 M /M-f2 > 0 4 15 the follow1ng condltlons ‘are met

' 'i? ’\The ax1a1 loads 1n the columns are such that Cf/Cr

“and Cf/¢AFy“are both 1ess-than‘0f75.

}.

- 2. - The aximum'in-plane slenderness ratio does not
o vexceZd 35. h
'3. -Theibare.frame first order sway index is controlled by

g o ' : : S ‘ e

13



'A/ﬂ<(1/7)zv7t?.:”

where: o
H ='storeyfheight
VA:f_drdft.o%‘storey due.to_lv B
IV = total storey shear >'-3;' :" o
ZP‘= total grav1ty load on the storey R

1 .
In the_Lehigh Study (46),,seven_frames;gvaryingkfrom‘@Qten-

‘s;;fey; tive—bay to a'forty;storey, two—bay, were designed'using the
PA procedure, the/traditional'effectiye'length procedure,yand;using the
method'outlined above ‘ The frames designed using these'methods were

‘ then analézed under varlous loadlng procedures u51ng a second order
:»elastlc plastlc ana1y51s Based on the results of these analyses, the

authors recommended that frames may be de51gned wlthout con51derat1on

of second order effects as long as the condltlops outlined- earller in “

;this sectlon were met.

e N v

Cat
2
e e

Unfortunately, there were “some* serlous over51ghts in the

] ¥ o«

study' In des1gn1ng the’frame u51ng the PA procedure, the beams were

_apparently proportlonedxu51ng flrst order moments, thus, the resu1t1ng
1beam 51zes were 1dent1cal for each de51gn When the PA procedure is
¥ .

::properly app11ed the resultlng beams w111 be larger and thus, the \

'_frame stlffness w111 lrkely 1ncrease

2

When the de51gn procedure ﬁroposed by the authors was applied,

v

it was assumed that columnsnwere completely braced out- of plane, thus,”

Kx L/rx, goVerned the column 51ze. 'Thls waS“not-con51stent wrth.the

B

151

assbmptions made for thelother‘design methods For the other desxgns, s

the columns were assumed to be braced only at the storey levels in the

@

4

~
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out-of—plane.direction " The authors were effectlvely comparlng frames
. N
tdes1gned under d1fferent support cond1t10ns maklng compar1sons unrea-u

11st1c.

F1na11y, the authors were more concerned with a comparlson of

v

behav1or at ultlmate strength of the frames, whereas for. both allowable

N
N

stress des1gn and 11m1t states de51gn procedures, the limit state for

the structure 15 reached when any member reaches a cr1t1ca1 stress or

; ';vtgength yTherefore the load factor for the formatlon of the

w

’ ff§rst3h1hgy is extremely 1mportant In the study, there was l1tt1e

varlatlon of the load factor at f1rst hlnge between the dlfferent de--

\\.

, 51gns Thls, however reflects the fact that the beams were the same

:for all de51gns and 1n1t1a1 hdnges were formed 1n§§he beams Whenvthe

.:PA procedure lS properly applled larger beams w111 result and hence

the h1nges w111 form later .as found in De51gn A.
. To further evaluate the Lehfgh des1gn proposal - the example

B A
apt?

frame was also de51gned u51ng a f1rst order analysis, but w1th K=1.0

in both d1rect10ns and w’ O 6 - 0 4 Mf1/Mf2 O.4ﬂ The ratlo C, /¢Ary

& was checked ?Er each column In add1t10n the column slenderness rat1os.'v

and the sway 1nd1ces were also checked aga1nst the suggested 11m1ts
The de51gn of the frame_proved to be qu1te d1ff1cult in thlsv”

'case. The original proposal was made for an allowable stress procedure

'—Whlle for this dlssertatlon stab1l1ty des1gn u51ng L1m1t States De51gn

<
was evaluated Thus, the suggested ratio for axlal loads may not be

= d1rect1y appllcable and should poss1b1y be mod1f1ed In the or1g1na1

Kl

proposaI there was no suggested action for the cases when tHis ratlo
exdeeded. In. the de51gn_example, 1f_the member’siZes‘were»increased

[N
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i

until the ratio was satisfied, the resulting column sizes were consi-

~

‘ derably largerfthan the previcus examples. For this design example;\f

the ratio was not considered for member selection, but was calcuxated\\>
for discussion.

As in the prev1ous examples, the frame was con51dered braced

-laterally at storey'levels. Fo;)thls design procedure, this assumptlon

will affect f1na1 member sizes, however to be consistent w1th the

other de51gns and normal practlce, the same assumptlon was made The re4‘
sultlng member sizes are shown in Table 7.1. In thls Table the de51gn
method has been de51gnated as De51gn D. The ax1a1 load ratio for the

cr1t1cal members varled between 0.77 and 0. 85 for comblned loadlng w1th

values' as hlgh as 0. 92 for the case of axial loads only The column.ln-
ﬂ . b

j;plane slenderness ratio llmxt‘and sway 1ndex 11m1t‘were easily_satisfied.

~.In most cases, the resulting column sizes were the same as the

sizes for Design A. ‘A number of the exterior columns were smaller\in

~-

jDesign D than those resulting from Design'A. The beamVSizes were iden-

t1ca1 to those ‘sizes resultlng from De51gn B. - The total‘weight.for the

-

structure was approxlmately 381 800 pounds, the 11ghtest of all example

frames.

The results of a.second’order elastiCQoIastic analysis of -

0851gn D are shown as the SOlld 11ne in Flgure 7.7.. The f1rst hlnge.

formed at A =1.06 with the u1t1mate cond1t1ons reached ‘at A =. 1 23

\The resultlng 5tru§§ure had an- overall worklng load sway 1ndex of

.

0. 00247 approxlmately 9° greater than the sway index for De51gn A At

?ultlmate load, there were 46 beam’ hlnges-and;39 column h1nges.‘-The

. hinge patternuis,shown.in‘Figure.7,8;‘iThe‘frame underwent considerable

B .
o oy
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e

deformation before failure. . ' o a_;¢~

7.6 DESIGN OF A LEANED FRAME

. ,
‘ .
o -

To exam1ne the behav1or of a‘ more extreme structural form

",.
S, -

de51gned ushng ‘the PA techn1que the example frame was re des1gned CIm

LI

this case, however, 1t was assumed the frame'suppogted,la%erally the*two:v”‘“-”‘

b
adJacent frames. The r1g1d frame carrles all 1ater§T forces through

ok o
the bend1ng res1stance of the beam to column 301nts In the ad]acent

.
o,

'frames the beam to column joints were de51gned to transfer only shear

( .
Thus, the adJacent frames are only de51gned to carry vertlcal loads (,

S o The lateral shears applled to the noﬁ»rlgld frames whether .

jind loads,: or second order shears are- transferred to the r1g1d frame

W9 ' B
by” thedlaphragmactlon of the floors » They accentuate the stab;11ty :

effects in th1s problem the effectlve w1nd force was reduced_by‘a
factor of three Thus, 1n_sp1te ofvthe fact that the central rigid
frame is requlred to carry all lateral forces applled to the flex1b1e

,frames the total de51gn lateral load applled to the frame was. the .

' same .as- the other examples v
| - The ana1y51s of the frame is fac111tated by 11nk1ng the
/
rlgld frame to a f1ex1b1e column that carries all of the vertlcal load
‘vapplled to the flexlble frames. = The second order effects-from the
- flex1b1e frame are thus passed to the supportlng frame by a-link.*
ThlS procedure was used by Dav1son for the analy51s of leaned sub-bd.
: assemblages (14) The model used for the analys1s was later conf1rmed

by modifying Dav1son's programlto include the second'order effeCts of

.
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'the.leaned frame:directlyhih'the shear eduilibrium eduation. The

LW _ . S
results of the analyses using this modified program were essentially

. the. same as thosetobtained from the leaned frame model.

Y

Since the second order effects for‘the‘flexible.frame have

been accounted for, alOnngith the applied wind forces in the deSign of.

-the r1g1d frame,'the flex1b1e frame may be de51gned as a sway prevented

frame A de51gn such as thls would not be allowed u51ng tradltlonal

LN

procedures ' The rlgld frame was de51gned on. the ba51s of a second

‘order’ analy51s of the llnked frame model A check of the sway effects

‘ratio, Rl def1ned in Chapter V, showed th1s value varled between 0.40

and 0 42 for storeys of the frame. These values approach the 11m1t
suggested ln Chapter;v. _The mEmberusizes for the rigid_frame are shown
iﬂ‘Tabled7.2. 'lhe resultlng.member sizes show'a'sighiflcaht increase
in:column‘siaeS} |

" The resulting frame was then analyzed uSing the second order:

velastic—plastic(analysislforrcombined loading. ‘The results of this.
_:”analysis are«shown in'Figure'7 9. The first hinge developed at A =
451 18 an acceptable value f0r 11m1t states des1gn The_structure failedw

'fasuddenly due - to overall 1nstab111ty at A = 1.21. At'ultimate load,

" ‘there were. nine g1rder hlnges and f1ve column h1nges as “shown 1n Figure

-

At worklng loads, the flrst order sway 1ndex Ah for the ¥

‘*structure was. 0. 016& w1%? a max1mum storey sway, A/h of 0.00189
Q;These values/?ée w1th1n acé%ptable 11m1ts The max1mum second order |

sway for the structure at work1ng loads, Ah, was 0. 00028, sllghtl/

T
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‘higher than'an‘acceptable lateral sway (24). It is possible that -an
vunusual.structure wlth’significantvsway-effects may have an aceeptable -
' sway 1ndex Thus, the suggested check of the’ stab111ty ratlo appears to

@ be Justlfled although continued research 1nto this type of fallure is

warranted." N o o : j} d" S
7.7 SUMMARY B S SRS

,Inlthis chapter;’a number of different design techniques were:
applled to the same frame ‘A comparlson of the resultlng designs and
' the1r behav1or as predlcted by a second orderrelastlc plastlc ana1y51s .

S :
showed the followlng i ) - i‘;>

< N
N

fi“ a)‘ De51gn A, a 11m1t states'de51gn u51ng.the PA tech-
n1que résults in the llghter structure when com-
‘pared to tradltlonal de51gn procedures Th1s
structure performs qu1te satlsfactorlly under both
spec1f1ed and factored loads' This de51gn does re-
sult in a. collapse condltlon that is predomlnantly
column hlnges,’w1th less capac1ty to absorb energy -

.b)_. De51gn B a 11m1t states de51gn with trad1t10na1

\ K]
prov151on for sway effects results in a somewhat

, heav1er structure than De51gn A“e Design B, how;

_ever, is somewhat more flex1b1e and forms hlngesAat

: a factor of’safety less_than required by therstan—
2 dard. Tﬁe-¢611ap§é condition, however issp}edd-
m1nant1y beam hinges w1th more capacrty to’ absorb

energy.
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S
£

Design C, a trad1t10na1 allowable stress de51gn is
con51derably heav1er ‘than De51gn A. Design c does" i -
?perform satlsfactorlly at spec1f1ed and factored

#oads. In addltlon thls de51gn has a somewhat:

h;?her"capacity to absorb‘energy before collapse
d) De51gn D, a de51gn procedure in: whlch second order
effects are heglected 1f certain condltlons are met
“results in the llghtest structure if the axial
3 load{ratlo 15 rgnored If this ratlo is applled as
v suggested the resultlng column 51zes were unrea-
llstlcally larger than the other de51gns It must

L 3

be noted ‘that thls ax1a1 load ratlo was arbltrarlly
”3551gned,1n the;orlg;nal study:and a rational'dis-

. . Cussion_offthis ratio is nothpossrhle | The-analy-
51s of the resultlng frame showed a somewhat more f‘
flex1ble structure that d1d not satlsfy 11m1t
states‘crlterla and reached ultlmate condltlons at

: a 51gn1f1cant1y lower 1oad factor than other de51gns

~In addltlon to these comparltlve designs, aniexample of'a'

. A

A”leaned frame" de51gn was performed The leaned frame was‘designed-to
‘ develop significant‘sway effects.beyond‘the'limits~SUggeSted in Chapter =

V. Whlle the structure satlsfled\llmlt states cr1ter1a, the sudden

3

stablllty fallure was: developed Just past the 11m1t state The, results

of thlS example tends to conflrm the concern over, structures w1th sta-
i - - !

s blllty problems
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23
24
2
27

Beams

TABLE‘7.2 s

MEMBER SIZES FOR'LEANEbAFRAME
. (. ‘ :

Sizes

 W30x99
W30x99
W30x99
W30x99
" W30x99
W30x99
W30x99

W27x94
W27x94

W27x94

W27x94 .
. W27x84
W27x84.

W24x84

W24x84

W24x76

" W24x76
W24x68
W24x68
 W24x61
' W24x61
W21x55

W21x5S

W21x55
. W21x$5
W21x44

, Columns
Levels Sizes
1-3 EXT Wl4x3a2
INT W14x398
3-5 . Wl4xs1e
ST Wi4x342
5.7 b W14x287 -
e Wi4x3a2
7-9 W14x246
" W14x314
9-11 W14x219-
B "W14x287
11-13 W14x193
B © W14x246
13-15 Wlax176
Wl4x219
15-17 W14x150
R  W14x184
17-19 _ W14x127
o 4:‘W14x150
©19:21 W14x103
o W14x127
21-23 Wldx 84
| S wWiax1o03
C 2325 Waxel
S Wi4x 68 -
C 2527 W1dx 48

Wl4x 48
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Roof Load

" Live 80 psf

- Floor Load:

Live 75 psf

_26 @ 12—

Dead 50 psf

Wall (Story) 18 kips

*3e30>

7 sy orr——

.o ) A

Figure 7.1 ‘Frame Geometry And Loading - B
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. T 'Story-Bay‘ 263

Sp_acing'»“so ft.

© 'Dead 40 psf .

' Wind Load 20 psf
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CHAPTER VITI

o - DISCUSSION AND:RECOMMENDATIONS

‘8.1% INTRODUCTION =~ | | o

The problems related to the de51gn for stab111ty of steel

-

structures have been outg%ned in the prev1ous chapters along with a -

’vnumber of proposed desrgng%ethods ) Partlcular emphasis has ‘been placed_

.on the de51gn of structures using the PA procedure and the use. of” the
*,, e
.1nteract10n equatlons (Equatlon 3. 20 and’ 3. 21) to account for the sta-

:b111ty of structures

8.2 DESIGN‘OFnSTEEL STRUCTURES FOR STABILITY . : -

iih';:'.f;*t

(s ;%S'Outliﬁed infprevious sections, the main problem.when de-

151gn1ng a.structure is to relate. the de51gn Pf i/partlcular mémber to.
'the overall stab111ty of the structure Tréd\Jdonally, sway effects
have been neglected when performlng‘the analy51s of ‘the structure ' As'
out11ned in Chapter II, the sway effects can- be 51gn1f1cant when pre—

d1ct1ng the behavior of stru

-

res whether those structures are braced

’

N or unbraced When sway effect ¢ A effects) are 1nc1uded 1n the analy-i
b51s, the resultlng predlctlon of,the behaV1or of frames subJected to
"both comblned loadlng and vert1ca1 loads only is- found “to be extremely;_-

,clos@ to behaV1or predlcted by exPerlments . ., : - s‘

B/ T e
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R - 0 - - .

The discrepancy jetween .the behavior of a real ‘frame and the

results of a first order analysis iS'traditionally accounted for by. the

"dlstlnctlon between a "sway prevented” and a "sway permlt 4" structure
and the resultlng K factor and w: gactor The K'factor is also’used to

14\4‘

account for effect of end restralnts on the behav1or of a beam column

The K factor resy&ts'from the_use'ofva mathematical model to predict.

-

the buckling’ofvan individual memberiof the structure, while considering

the influence of .other members in the stxucture There is- however no

K

relatlonshlp between the mathemat1ca1 model used’to predlct the sway

oy

permltted K factors and the second order moments developed in the frame.

Thu7 the use of the K factor in the 1nteract10n equation (Equatlon 3. 21)

amounts to an emp1r1ca1 predlctlon of the ultlmate strength of a res-

tralned column permltted to sway

[N

In effect; each 1nd1v1dua1 membef will resist the factored
loads w1thout fallure due to overall 1nstab111ty or local materlal
'fallure Thls 1mp11es that the members in that storey w111 not fa11

‘as-a un1t due to an overall 1nstab111ty There is, hoWever,'no,spec1—

fic check’ of. the stablllty‘of‘the‘structure.iteelf., S _'w
' ‘. - » ‘ . -... .,‘ . . | . ! . ‘
.lé.f PROPOSED MODIFICATIONS TO TRADITIONAL PR_'C.’)C'ED'URES |

‘ As*Outlined 1n prev1ous chapters, the model trad1t10ﬁéir

N

,

d of 51mpllfy1ng assumptlons Thus, K when based on the sway perm;oted

‘ . .» _<.

‘H. case, reffec s only ‘the effects of end condltlons for .an 1solated mem—_'




A
5y

" in some way, the overall buckling of‘the frame‘itself

L Edmonds and Medland suggested that the effectlve length fac-
tors could be calculated on the ba51s of- the buckllng of the frame it-

-self (6) as shown in Chapter III . A comparison betweénnthe lnteractlon
predlcted,by an<ult1mate strength analysis.and the interaction predicted

by Equat1on (3 21) with K based on the frame buckllng condltlon showed

‘:'the proposal to be unreallstlcally conservative. -This dlscrepancy

arises from’ the fact that the stab111ty of a beam column is not related

@

to a mathemat1ca1 predlctlon of the crltlcal 1oad for a perfect frame.
The frame buckllng load is often related to the behavior of a spec1f1c
store) in the frame, and thus, cannot be expected to relate ﬁb the be-

,hav1or of members, far removed from the area of weakness
LY) S
. \

An apparently more rat10na1 approach would be to con51der the

‘ buckling of each storey separately and calculate K based on.the buckllng )

load of each storey. A comparlson between»the 1nteract10n predlcted e

when a K factor is based on a storey buckllng and ‘the ultfmate strength
X,

. of 'the member shows that in some cases, the _storey buckllng K- 1s over-

ﬂ
'conservatlve,_and in other cases, th1s factor results in an unconserva—

tive. predlctlon of member strength Thus, the resultlng'structure may
"sat1sfy overall 5tab111ty requ1rements, whlle not sat1sfy1ng 1nd1V1dual

.member'strength For L1m1t States De51gn, th1s procedure would be un-

ERS

‘acceptable (24) »':kl & . ' -

Lay suggested a procedure thatlwoudeconsidercthe effect of .

o ax1a1 load on member stlffness when con51der1ng the restralnt prov1ded

A

to the ends of a- column (S 30) : At present members w1th axlal load

r;gwabove 'and below the column in questloﬁ are assumed to be on the

S
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.
vergevof buckllng and’ thus, share the restralnt”prOV1ded by the beams
to the beam-column JOlnt Whlle Lay's proposal w111 reduce the Stlff—
ness of columns framing into the joimt, it will" never result ln a
‘negative stiffness as'presently'assumed. When a K- factor calculated by :
Lay S . procedure is used in Equatlon (3 21), ‘the 1nteract10n predlcted

is unconservatlve when compared to the results of an ultimate strength

,analysis.- This is another case in.which the‘adeStment of the K factor

Y‘J

N céGR_’j'

A«\

d1d not con51der the actual use of this factor 1n practlce

% o Lay also proposed a method for cla551fy1ng members 1n struc—
\,' ) ' $

ﬁures as sway prevented 1n structures w1thout Stlff vertlcal braC1ng R

elements (5 30) Whlle studles in Chapter v showed that when consl-
ylg; .
deratrons frame buckllng of one: storey can result in members that are

effectlvely sway prevented,ﬂ;n fact other members in the'same“Storey1ﬂ?-*

l

df that are supportlng the more flex1ble columns may weaken by theresulthng
N

N
.lean1ng actlon. Before a member can, be c1a551f1ed as sway prevented on

‘the basrs of support prOV1ded by other members, some prov151on of the K-
1!

‘effect thls actlon has onvthe supportlng members must be made 'to ensure_

overall stab111ty of the frame - As: outllned when deallng w1th Med -

and's suggestlons, the requrrements(of a limit states de51gn procedure
"may not be met when a re- dlstrlbutron of 1oad carrylng capaC1ty takes -

[

”,‘place in the frame (24)
L Yura developed proposals for the adJustment of the- effectlve
ylength for 1nelast1c column behavior and for the con51derat10n of: over-
all,frame.instability. As shownj&n‘Chapter IV‘vthe’use-of a K factor._CiQ

".based on 1nelast1c column behavror results’ 1n a reasonable pred1ct10n

of beam columm strength for stockler columns often used in the desrgn

7



remained quite conservative.

‘length factor. mEach proposal would 1ncrease cons1derably the cal ulat

f'columns or prov1de any allowance for second order moments in beams

There is no certalnty that any of ‘these proposals wlll actually ensure ;"

| overall sfabzllty

‘8.4 THE,PA“PROCEDURE -

174

e
13

k;,.‘,"‘

!‘\ ’
L

of buiidipﬁs ofhmedium'height.u In other cases, however, the predlctlon

\.‘

_While Yura s 1n1t1a1 proposal for moment magnlflcatlon in-
: /

m1xed framlng systems prOV1ded a reasonable pred1ct10n of the ultlmate -

~. -

‘strength of the supportlng member, the Stablllty check as proposed ’h

',~Equat10n 4. 14 does not reflect the actual . stab111ty of the structure,

The stab111ty of a structure 1s not related 51mply to. the sum of the

'»ax1a1 load res1stances of the members, but the ab111ty of the structure

" to resist sway‘effects ' S » ﬁ;, '//_;_/’/9///- R

R
vy

In each of these proposals, the approach has been to attem)t

to prOV1de a more . rat10na1 model for the calculat1on of the effettave ¥

Gl

g

»-tlons requlred for the de51gn of beam columns "Yet, the-proposalsvdo”"

oLk .S
./ PO S

_not proV1de'a con51stent allowance for the second order moments in. beam;p

. ) o

- [N

The alternatlve to'a de51gn based on’ the results of a flrst

»order analy51s corrected by ‘use of” effect1ve length factors would be
‘direct calculatlon of second order moments as outllned in Chapter V
'3If the- second order effects have been 1nc1uded in the ana1y51s, than o

'the members may ‘be de51gned for member strength and stab111ty as pre-

dlcted whs: the 1nteiact10n equatlons are used w1€h the sway prevented L

K and w factors. - ' R R _' )
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.

“A comparison between this prediction and the COlumn end

moments at ultlmate strength of a restrarned column permltted to sway
f,\, W.'- X [

shows that the member may. not attain the predlctediend moments before .

T o

- o
fallure due to member 1nstab111ty Thls dlscrepancy'between predlcted

i

,member strength and actual member strength has been shown to 1ncrease

when the effect of 1ne1ast1c beam response is con51dered in Chapter VI

[ ."\.

The 1nelascgc response of . beams was fpund to only have a 51gn1f1cant
5effect on restrarned%&olumns that are susceptlble to a’ Stablllty fallure
ﬂand only when beam yleldlng corresponds to the column ultlmate strengthqa
| °::§ The dlscrepancy between the ultlmate strength predlcted by : ”1:55

.

,,the PA procedure ‘and the ultlmate strength predlcted by analys1s arlses
~ s

«'when the member falls due to rnstablllty before the ultlmate moment of ’

'member is reachedf ThlS 1nstab11;ty results when second order effects:

'“f'become srgnlflcantly large compared to member trength and StlffneSS mfutw
!}{f': Analyses of restralned columﬁs rn Chapter V hafe shown that thlS 1nsta-‘
e ff. blllty can be pred1cted by comparlng sway' effeéts to applled loadst

R b; _7 When an. approxlmate second order analy51s is used the p0551L,'

P

Q. -

x%‘_~

~w;app11ed lateral shears If ‘this ratlo 1s greaten than O 5:

! . e

,for.any S
-'fstorey, that storey can’ be deflngd aseunstable ah membe s1zes must J
‘1ncreased to proV1de more stablllty Whﬁﬂga.drrect caléulatlon of < prv'

"second order effects 1s used (14 41), a flrst prder aialy51s should

'talso be performed and the same ratlo should be Calculated and checked

Thus when the PA procedure 1s used for de51gn of members rn

" a structure the members w111 be de51gned for actual cond1t10n§1;hat

. ‘;L”*-:
a ‘ .
\
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A . . .'” l '.f ) . ) .
exrst at the.llmlt state The pre'scrib‘ed ».chec’ks of -sway effects at =

lxmlt state w1ll serve as a check of overall stab111ty of the structure, i

The PA procedure provades a method of de51gn1ng for member strength and j‘df( .

e

*chech»ng for structural stab111ty at- the same time. It must be empha-

[3

- 51zed that the second order analy51s must 1nclude any effect that can'? "
51gn1f1cantly effect deflectlons, and therefore, sway effects v

The de51gn examples for a 262 -storey’ bu11d1ng frime show that

s

the PA procedure results in a structure that 1s 11ghter yet stlffer
. I

, than the structure desrgned uslng the tradltlonal effectlvetlength pro--

,cedures v In fact thezframe desrgned u51ng the trad1t10na1 procedpres
. i X

”reached ay lamlt state before factored de51gn loads were reached Thus,
17 . : : ¢ :

ﬂﬁlfthe trad1t10na1 procedure may result 1n unsafe de51gns unless prov151on

E I B
S .

“h_ls made to ensure moment~re-dlstr1but10n can take place Thls problem
"*~may:haveibeen avoi"d 1n the past by the effect of hlgher apparent T

”factors Of sa' y»that result when the allowable stress deslgn technl-'

L)
q

. que is used,as 1n de51gn example C. - It must be noted;fhoweVer, that

~ the fallure of the frame de51gned usmng the PA technlque was related to-"7""

a series of column h1nges. Thus,_the frame d1d not dlsplay the ab111ty AN
3 o i

" to absorb 1arge amounts of energy before fallure

.- BT

— Jf' The de51gn nd analy51s of a structure that developed 51gn1-v
: : e ”.
'f1cant sway effects showedwthat a problem w1th stablllty effects ‘can

\ ,

e
exist for a "leaned étructure” when the PA de51gn technlque is ESed

~

» ‘Thls example was not conc1u51ve however,;gpss1bly because of the d1ff1—,

'ficulty in modelllng the "leaned structure" for the ana1y51s Further
. study or - experlments may be requlred in thls area

A proposal to neglect the PA effects altogether under certaln
" SO e 3

-
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: . _. » . \ . N } ! : . .' ‘:,
»condrtlons%!as also studied. Thls study was qu1te dlfflcult as the s

N -

proposal dealt w1th af&owable stress‘§e51gn and some aspects of the

proposal were not well. deflned If all 11m1ts are applled as . suggested
o

there would be few structures that c0uld be de51gned u51<g this propo—

sal except for a few low structures A de51gn eXample of a medium ) .
helght structure u51ng thlS proposal resulted 1n an unsatlsfactory

structure ‘when one of the proposed limits was 1gnored If however

wi

- this 11m1t had been applled tbe resultlng column sizes were unrealls- : _"

‘ tlcally over- 51zed Thls partlcular limit, "the ratio of aX1al load to.

_“axral-re51stanCe for\coiu@ns'appeared to be'qu1te arbltrarlly a551gned.
- : ! ™~ . ‘ 4 .

T~

’\
-

8.5 "RECOMMENDATIONS
5. T
8.5.1 DESIGN RECOMMENDATIONS

On the basis of the results of ‘this 1nvest1gat10n the-

&

follow1ng recommendatlons are made with reference to the Canadlan Stan-

o darduSl6 1 “Steel Structu : Bu1ld1ngs & L1m1t\States Deslgn" (24) -bﬁ\'r

Structur'de:"gned in accordance w1th Clause 8. 6 1 and 8 6. 2

‘

~ for'which sway,effe produced by-vertlcal_loads actlng on a‘structure

in 1ts dlsplaced conflguratlon, should only use effectlve length fac— _

/«-

= gtors and equlvalent moment factors based on'the sway prevented condltlonﬁ

;f:"ffa stablllty check of the structure is satlsfled 1 This stab111ty

':llchecL shali be satlsfled for a spec1f1c storey if the ratio of the. sum

'“v’of artrflcal lateral loads produced»at or above the £loor fevel -caused :q

by the Vertlcal forces actlng through the flrst order dlgplacement,;ula.w

- . v

‘, d1v1ded by the sum of the applled lateral shears at or above the floor



o

‘Figure 8.1.

s

‘ &
.level 'is less than 0.50.. In equation form, this reqoirement,is;;
ch'1 .
<o 50.
iwhere:'b

H;i;is,tﬁe'artifieal lateral load produced at:thew
ith storey above the - ﬁdog¥ in questlon due to the
' vert1ca1 loads actlng through the first order dls-
placed conflguratlon of thevframe '“*f'

" H i is the applled lateral force at the 1th storey

~above the floor in questlon

The artifieial»laferal‘load can be»calculated’by‘referring.to

e

A+ l and i, respectlvely ’.,'g

The second paragraph 1n Clause 8.6.1 of CSA 516 lg"Stee

T
S W

v v ea
- where: _ . L o :r_ra ‘ . .V"w'
vV'i‘=:thearﬁificiai}shear in;sforeyhi due to
éway'forees-ie\giyeh‘by: | |
,j't f _;{ : 01;>= EEE.(AI + 1 ; Al) .. ) (8%35
. aZPi = sum of the column ax1al loads in sfgrey 1’. |
! helght of storey i | . |
;y;31 Ai.+,1; Ai-=.f1rst order?oﬁerlacemenze of'level’ ;i
R L o R '
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Structures for Bu11d1ngs - L1m1t States Design" (’4), refers to certain’

“—structures for whlch sway effects may ‘be neglected It is recommended
that thlS clause only be applled if the ratio = “f‘ Sl

W B . : Ly X T e,

'YZH'

- (8;4)

7”ishsatisfied,,thus; thé error in neglécting.second'order'effects would

begless[than 3%. 0 ‘ R B ‘ . .
- o . S . o o
' It is ‘also. recommended that con51derat10n be " glven to any

e ~

phenomena that may have a 51gn1f1cant effect on the deflectlons calcu-
' 1ated'1n_the second order analysls, Spec1f1ca11y, 1f the ax1al loads
CORE O ¢

in the members aré so large that ¢ o Ce ?..‘ﬁ. . “f

where: -

A
]

£ the factored axial load.inithedmember PR TR

[and
L}

the member iength

s]
™
B

.Youngﬁs‘modulus A ’ >

P
1}

moment of-inertia in the blanefof bending_for o PR o

~
W

 the member‘ -
j then the effects ofoax1allioad on member‘stlffnessAshould be consldered
Jq1csd 'ﬁﬂn : In the’cases ‘when structures are de51gned u51ng.the nrov151ons'
of’ Sectlon 8. 6. 3 of CSA 516 1 "Steel Structures for Bu11d1ngs - L1m1t
;vatates De51gn” (24), in wh1ch a flrst order ana1y51s 1s used and” sway

<effects are compensated for by use of the sway permltted K and « factors, -~

',prov151on for beam h1ng1ng must be made It is recommended that pro-

‘viflons be made that for structures de51gned 1n accordance w1th Clause‘



. e . . . v s N
8.6.3Hshallfhaye:beamslthat.satisfy (245;7ﬁ o '3  @f;f
~a) . the width—thickneSS“ratio_fequirements‘qf‘a Classe
. = o - -
'lfsection?as éiVeh ih“Clause 1112?, !
" b) -ithe;steeliusedlhas Fy < 9.80 fu;ahd e;hlbits'the‘ \
. 7;lqadlstraih~cha}acte;istlcs:necessary~to achleVe n
p vmement dlstrlhutiOh.‘ '.: f ) |
) afevlaterallyebfaced‘Alaf’the columns ih accOfe; )
) dance with véiausé,ié.z;: R B
\These proﬁlsions‘wbuld a§Sure that early beau-hinges caused Qt
S - S ns U ,
;'uhen‘seconuvetdef effects;in beams are’deglectedfwill‘net result.lﬁnjf'gg
local failufe'befqre‘the specifiedlload factor.v’f,‘
. ;.It is futtherlisceumendedithat in view‘efxthe.material pfe: -
:“sented fh Chapter lV that when the results of a flrst order analy51sl
‘1is used for de51gn the trad1t1onaP model for calculatlon of a sway pete_*
lmltted K factor be used Whlle th1s uodel prOV1des results that are
-"somewhat conservatlve and’ the model 1tse1f may not eflect actualhstruc-
‘tural behaV1or the results prOV1ded by thls modellare apuarently . blf' _b\e_

-

pnOV1de a relatlvely con51stent factor of safety for 1nd1v1dual member .

strength.and structuralustablllty. ) X
. 8.5.2 RECOMMENDATIONS FOR FURTHER ‘R'ESEAR’CH- : > ST

I

-
L

W1th respect to the de51gn of stnuctures u51ng the PA method‘ o

it is recommended that further de51gn examples be studled to conflrm L

the stablllt?"roblem and check the value of «the stab111ty effects

‘_ratlo sugges; . To ‘this end, ;tlls suggested.that~1arge scale experi;f

j‘hehts_df "1¢5ﬁ,WJLEQQ



R

- lity problemL It is also suggested, that some of these tests be de-

1n restra1n1ng beams.

nv.

‘With respect to progosed ﬂOdlflcatlons of the method for cal-

‘.

';f41cu1at1ng the effectdve length factor K, 1t is suggested that any mod1—

'vfled K factqr should be checked for 1ts ‘use 1n Equatlon (3 21) hThe )

g-1nteract10n predlcted by Equatlon (3. 21? u51ng uhe mod1f1ed K should

. I

,sprov1de a reasonable agreement w1th the 1nteract10n predlcted by an

d

-

Iultlmate strength ana1y51s of a restralned column’ permltted to sway as

u'outllned in Chapter III If the‘predlctlon prov1ded is. unconservatlve

) Q@

,ev1dence should be prov1ded that the premature loss of lateral load

LY

‘capac1ty of one: or more members of the frame does not affect the over-

all stab111ty of the ;tructure

@

T

{
|

*181

j51gned to produce 51gn1f1cant stablllty effects due to 1ne1ast1c actlon '
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SUMMARY ANP/CPNGLUSIONS .

9.1 SUMMARE‘

A 5 ' ‘ .

"-b111ty have been 1nvest1gated in thlS the51s 'First the Uehavior df-

:frames, both braced and unbraced subJected to comblned loadlng and

‘f.

vertlca%}loads only was out11ned Varlous analytlcal ‘models that can be
used to. predlct the behav1or of bu1f®1ng frames were dfscussed
It was shown that a flTSt rder ana1y51s over estimates the .

strength and stlffness of a structure, wh11e a second order. ana1y51s

-

(an.ana1y51s that 1nc1udes PA forces)«provldesﬁa ‘reasonable predlctlon.

. of structural‘behavior, .
P "When, a'firSt order analysis is u$edv thers must be an adjust-
'_ment 1n the de51gn procedure to account for the neglected second order

"Veffects The trad1t10na1 method for adJustment for second order effects

as been presented along w1th a number of proposed modlflcatlon;\to

the trad1t10na1 method Analyses were performed to ascertaln the effect g

N -

-

-’v;of these mod1f1cat10ns on the de51gn of membens;%* DR ”";' S

A proposal to 1nc1ude second order effects 1n the analyses of -
‘structures,and thus, negate the ad;ustments requlred for de51gn has

fﬁ,been outlrned Analyses were performed to check the accuracy of Jhe “
: 6.

- ot

——

CHAPTER IX. = . - 5

Methods for the de >of tall steel building frameskfor~sta;‘

‘PA procedure It was found that the Pa . procedure can be unconservatlved.

Af the structure is approachlng a stablllty fallure L1m1ts were pro-

posed to ensure the stablllty of structures de51gned by the: PA proce-p‘
!

]

dure.,



.

An ana1y51s was‘developeé to study the effect of 1nelast1c
beam response on the behav1or of restralned columns permltted to sway
-The 1nelast1c beam response was found to reduce the apparent strength
of restralned columns that are subJect to" stab111ty fallures For"
'members that fall w1t 1n the 11m1ts proposed to measure sway effects,
the effect of an. 1ne1ast1c beam response was found ‘to be negllglble

An example bu11d1ng frame was de51gned u51ng a number of
{different de51gn procedures. The resultlng members 51zes were compared

\

and the ‘behavior of the resultlng frames were. pred1cted u51ng a second

\

order elastlc plastlc ana1y51s

.
ERY

The results of the 13vest1gat10n were dlscussed and ‘a number-ﬁ

of recommendatlons were made for the de51gn of steel structures for

stablllty Suggestlons for” the course of further studles were also put

forth.
9.2 CONCLUSIONS

The PA- procedure for the des1gn of bu11d1ng frames prov1des

for a rat10na1 de51gn of steel frames as long as prov151on is made’ to

184

-

assure the overall stablllty of the structure Such a: prov1slon can be,‘

lmade by comparlng the art1f1c1a1 shear forces predlcted u51ng the re-

’

fsults of a flrst order ana1y51s of “the structure to; the applled 1ateral

»:forces ”fAlthough a structure that satlsfles the cr1ter1a fo L

f}sway w111 not 11ke1y be subJect to a; stablllty‘p>ob1em only a check of -

'vsway effects as outlined wlll ensure - that stab111ty criter1on are.

satlsfied

'

.The softening of.member'responSe,caused_by‘inelastic‘behaviOr
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of beams was found to be?pnly 51gn1f1cant when the sway effects in the

. /
member are 51gn1f1cant Thus, when the structure sataéfles criteria
for struCtural’stability, theflimit state of %he”structure.wilk not be .

1nf1uenced by 1nelast1c actlon in beams caused by gradual penetraslonb
of the y1e1ded zones. ' 'vg,-f i‘ ) S -L‘ {Cof

' Second order effects should only be neglected 1n.the anaiy51s
1f such effects are“shown to be neg11g1b1e 1n the ana1y51s or 1f pro-;
V151onsvare made in the de51gn procedures to allow for neglected second
order effects An acceptable procedure for a110w1ng for neglected L

' second order effects 1s the use of sway permltted models for the calcu—

o

v/
lat1on of effectlve length factors, K and equlvalent moment factors

Cwh When thls procednre is used however prov151on should be. made for
premature beam hlnges since no. allowance 1s made for second ‘order

.

moments 1n beams

Slnce the use of a _sway permltted effectnve 1ength factor re-
' .flects an, essentlally emp1r1ca1 adJustment for neglected second order :
'feffects the de;elopment of a more ratlonal effectlve Iength factor does
‘5»not necessarlly result in a better predlctxon of member behav1or >Pro;
posed modifications to the effectlve length factor studled d1d not pro—l
-v1de a more.con51stent predlctlon of member strength than the trad1t1onal
effectlve length factor when used in the stab111ty 1nteract10n equatlon
lAny future mod1f1cnt1onsnof the trad1t1ona1 procedure for the calcula:~:

,tlon of effectlve length factors should be. Justlfled not be the rat1on%1

of the effectlve length calculatlon but by the use of thls factor 1n$ .

-es1gn?equat10ns
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e “presented for the L1m1t States De51gn Technlque The.analysis must;
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APPENDIX A ’Q(Jd?'i,ﬁ

Vo RN G

CALCULATION OF STABILITY EFFECTS R R
FOR. ALLOWABLE STRESS DESIGN | L

effects has been presented in’ Sect10n’5 2 ThlS anarysrs has been‘

e AR

'Ube mod1f1ed when u51ng Allowable Stress Design Bquation A-1 is

.,(_" ) [

' mod1f1ed by the 1nc1u51on of a load factor, a, to: ‘ o ©

a1

where; . Lo IR S
V. = add1t10na1 shear in story 1 due to the sway
“forces,

,ZPi =*fsum‘of the'columnfaxial:loads in story i, . -

o o= the 1load factor, -
:H; _:"height of-story,i, and

A} A, = 'dispiacements-ofrlevel i + lfand i,.respectively.
.The'sway forces due to the vert1ca1 loads,.Hl, are then computed as

the d1fference between the add1t10na1 story., shears at each level

MpE e D T .
S N o )
S U IR TR P - : +-2) W

Equatlons (A-l) and  (A- 2) requ1re that the sway forces be :

7.computed on the basis of ‘the factored ax1a1 toads  even though the

purpose of the computatlon is to’assess the magnltude of the PA effect

- at worklng loads o ' S

192

£



ThlS apparent 1ncon51stency may be explalned w1th‘f“

-

freference to Flgure (A—l), a plot of the load deflect1on -
1

' "relationship for a typieal structure subjected to vertical

~_loads, W, ‘and horizontal loads, H. T

. A
[

The response is assumed to be shoWn by the solld curve.
Two stages on the curve are of 1nterest that at Wthh the cr1t1ca1

‘member reaches 1ts ultlmate capac1ty, correspondlng to the 1atera1

S

W’ respectlvely tf-'”j :

" In the allowable stress oe51gn technlque the ultlmate

_"loaoinﬂz-.and the worklng lcad level H

capaC1ty of the member is’ d1V1ded by a factor of safety,

at the alﬂowable capac1ty at the, de51gn 1oad 1eve1 » In North Amerlcan

“'Speclflcatlons this load factor is: usually 1. 70 and- the 1mp11cat10n

in. thlS technlque 1s that since the res1stance of the member can . - .

’ inerease by a factor of a ﬁ 1. 70 between the working load‘level and

3

the attainment of the ultimate capacity; theaforces On_the structure'

'should increase by this same factor. BN
. . : . . . ~

Since both'theAVertical.andthOriZOnta};hxutLincrease #

N

: S - o L R TR
on the structure, the deflection corresponding!to HZ’ that -is oy
o - B 3 - T
'is more than 1. 7 times the'defleCtion'Azw.' Thi5‘is beCause,

although the shears dues to the applled horlzontal forces have :

P

'1ncreased by a factor of 1 7 the PA shears have 1ncreased by more

/u'than thls amount 51nce (see Equatlon A- 1) both the vertlcal loads

and the deflectlons 1ncrease durlng the loadlng history. Howeverl o

“if the story shears (Equatlon A 2) ‘are computed‘\??the b351s of

'»factored vertlcal loads as suggested thlS is equ1va1ent to u51ng'

e

a, tg-arrive

193
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: N | . : ! - > Ve
“an 1ncreased deflectlbn at worklng 1oad 1eve1 AZW in Flgure

'V(A—l) 1n the computatlon of the PA forces Under thls procedure.'
_the story shears (and therefore the bendlng moments and ax1a1
h forces) correspondlng to the attalnment o{&;he ultimate capac1ty

in the crltlcal member w111 be 1 70 t1mes those at the worklng
'_load level. ° ‘f\ ‘ o T S A :"',f

..

When us1ng 11m1t states de51gn, however there is no

"need to apply the load factor 1n Equatlon (A-l), as the 1oad factor '

.

‘has already beeh app11ed in the anaLysls LI

o R
L l'

T
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APPENDIX B

' COMPUTER PROGRAM

. a

- )
The computer program presented ‘herein for the 1nelast1c

analy51s of restralned columns permltted to sway, was developed

for an (?& 360 - model 67 computer with M1ch1gan Term1na1 System

' The“program was developed for an,rnteractlve type of term1na1 use
~and is most efficient when used in thiS'manner ‘ o o
The 1nteract1ve use allows a chang1ng of analys1s‘

: a

,constraintS'to speed the analysis process. When the’ program was

;runvon batch on éﬁ,IBM 360 - model 50 compoter'at Lakehead‘University;”
the.éeleotion of‘the lﬁitial.Valdes for joihtFrotatiom aﬁdvthe joiht

:rotat1on lncrements proved t1me consum1ng 'The'author'and the .

) Unlversity of Alberta d15c1a1m any respons1b111ty for. the mlsuse |

»,

of the program nor will they be. respon51ble for errors in the
e .

A’&hjlng" e T




axn
A\

B.1 = 'NOMENCLATURE FOR COMPUTER PROGRAM“

ABM, ACM
'ADM, ADMI =

ADMY

ALPHAX, ALX, ALX1

[}

o

AXV

BC

BI, CI

BL, CL

BM-

BMB, BMC

BMF, BM}(-_" X

BMD
CN

“

BML, BMR "

BQ, CQ-

BRM

"BS, CS

cM

A

N

‘column end mOheng, non-dimensionalized
column eﬁd_ﬁément (K-in)

vertical dispiacémént at girder eﬁd
‘divided by girder 1¢ngth§

‘girder end mohent (K-in.)

[

final girder end moment s (K-in.) .-~

girder end shear (K)

curvature for moment-curvature

reIationShip

L e L4
girder moment in inertia (in. )

girder length (ih,); ;

relationship -

moment for moment-curvature

.197

near end girder moment, non-dimensionalized

‘bending moment at centre of girder

segment, non-dimensionalized

P

far end girder mom

o

ents, non-dimensionalized

girder load (K/ft.)

“total qifder'resisting moment,

nonQdimensionalized .

girdei‘plasticvmodulué4(in§-b

-

moment from column moment-end rotation

reiationShip

~



CR

DA

. DELTA i

DI

" DIFF, Dlppz.'
DLIQ . u

- DM, DM2

DP, P. -
DTHA

BTHB, 'DTHC

DTH1, DTH2, DTH3
oz ’
E " s
;'Fyg; FM¢:“/:“
PV

GA

fJH"

.INDEX’? B

NP

NPB . -

Y.

1?8‘ :

end rotation from column moment- ' -

end rotation relationship

.column area (in? )

‘length of beam segment (in.)

o PR AN o
- column moment of inertia (in. ) »

-~ factors used ‘to check convergence

- column lehgth‘(inﬂ)

- -.changes in girder end moments

\

to force convergence
- -column axial load.(K) R R .

- inctement in girder-column joint rotation .

constant function "1sed to relate far end to

e Co o
near end joint rotatjons .

functions used to check for convergence

'4'columnlp1astic modulusi(in§ )

- Young's modulus (29000 KSI)

- trial girder ‘end mdménts”(K4inf)/

- yield strength (KSI)

- columh énd'rotatidh~(radiéns)~

_ 1atera1 shéar'reSiétgnce of‘spbaséemblage,

»

‘non-dimensionalized = . - .

- control index for far ends pinned case

' - number of pointS'specifi¢d fof énalysis.

- - number of points in girder moment- -

curvature relationship -

- B 5



NPC -

PCM -

PHI
PHIYB, PHIYC

PM

PYB, PYC

RO

- ROIMP

SIGN
SIGN B, s§p§‘c5
- 'SLOPE
CTH
‘THA f

THB, THC, THX

©TOL, TOL2

e

‘end rotation relationship .

‘slope of glrder segment . ‘ ’-_' “m#M;

199

number of. points in column moment-

, e i
maximum column moment before column
failure, non-dimensionalized
curvature of girder segment

girder.yiéld curvatures ; (radians)'

‘coiumn'reduced pléstic'moment (K-in.)
- column yield load (K) D o

 girdérnp1éstic moménts'(xéin.) | Lo

moment of horizontal fesist;ng~$heat
about, far joint (K-in.) -

joint swéy (a/h)

,1n1t1a1 1mperfect10n (A/h)

1

v'control sign for dlrectlon of\}ntegratlon

 contro1 51gn for convergence chéék v

\ - RPN
"\'.

vslope of moment curvature 0r moment— .

"end rotation relatlonshlps_. ‘Wm '

' "5;'. ‘)

'rotatlon of beam-column JOlnt (radlans)

:rotation of_joint.ap far fnd of the

girder (radians)
tolerances for convergence checks - .

function used in convergence checks

girder end momeﬁt (K—in,)t

defleétion of girder_segmenf‘(in;) ,;\



Set Tolerance |

~|Calculate Rotations |..
At Far Joints™ |
Yo \ |s Bl Less'Than 1.0

=

. (CcaliBeam ) - -
—

) Cal¢ulate Column- | .~ . - - .
End Moment | BRI R

!

. Figure B.1 Flow. Diagram Main Program

200



Does Column Moment .
‘ Exceed Maximum .

- (cancolum)

Calculate Sway | -
Calculate Horuzontal '
Shear Resistance

~ '\ Print Shear Sway, Joint Rotatron
© 0\ Girder Moments Column Moment

| Increase Joint Rotation e

Has The Maxrmum Number Oof
Analysrs Pmnts Baen Fxrppdn

Figure B.1 Flow. Diagram 'Main'Pi'ogram (continued)-

B

Jyes

'S_top | -

201



. 202

R AR Readand Print /-~ P , o R
~ | ProblemTltle o S :

N\ 'Re’édandPrint /o U
» Girder Properties - T

‘Read and: P?mt
Glrder Moment-~ :
Curvature Relatlonship

KR
) /

-\ - Read and.Pririt"' S
o \Column Properties /- "+ LY

pi

e

Repd and Pnnt
-.Column Moment-End /.
\ Rotatlon Relatlonshlp

. \ s "~ Read and Print -

L - Initial Joint Rotation,

N l crement of Joint Rotation,-
. Initial Imperfection,

Far End Rotanon Consfants

Co [stmdecrorpmeatna]

| Return |

Figure B2 FleweDiégrem”Subroutine_Readin



R

Initialize Certain
Variables

7

- ¢yes

~—is Far End Pinnetb.‘

Calculate Initial -
End Moments Using

M=WL%/8

Calculate Initial
End Moments Using

M =WL2/12

]

- . Divide Moments.
By Beam Plastic Moments

T

Lloaacant
wishient

Calculate Column Yeild -
Load and Reduced Plastic .

. | Return

Figure B.3 Flow DiggramvSub'ro‘u't‘ine Calc.

v

N

203



204

_.Divide Column Moment - . = S
By Reduced Plastic Moment| .
Locate Points On Moment- _ : ,\

‘End Rotation Curve That
Are Adjacent To Column Moment

v

Calculate Column End
_ Rotation By Interpolation’
Between Successive Curve Points

Return

H

Figure B.4 Flow Diagram Subroutine Column

*



Set Change Of Moment ‘ @
Increment Size : »

v

Calculate Girder|. | <
End Shear .

Call Sum

yes /. |sThé Far End '
Of The Girder Pinned
S L
Is Thé Far End Slope
Equal To The Far
- End Joint Rotation

,‘Lno,.

] Adjust Moment AtThe| o
~|Far End Of The Girder q

—p— ¥

&2 s The Deflection At The ™\, 3
Far End Of The Girder Zero

‘no

Adjust The Near Fn(ﬂ -
Girder Moment v '

R & —-

" Has The Maximum -
- Number of Cycles Been
Exceeded

Call Exit

’ _F Return|

" Figure B.5 Flow Diagram'Subroutine Beam




Initialize Slope,
Defiection, Distance
- | To Segment Centre

Calculate Distance|

... To-Segment -

Calculate. Se_gment
.- Moment

Locate Points On Moment-—}——
-|Curvature Relationship That
Are Adjacent To Segment
Y Moment

_Calculate Cuvature Of
- Segment By Interpolation ..
Between Successive Moments|

vFigure:B.é'Flow Diagram Subroutihe Sum

L
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Calculate Segment
{ - Detfiection

Calculate Segment

Slope
I

no. /s ThisThe
-1 . "\ Last Segment
Set End Slope -
o . . | Equal To Slope
., « |Of Last Segment
4 e e . Jr —
: - * | Set End Deflection

Equal:To Deflection
| Of Last Segn)ent

v

Return

' FigUre”B.6<Fldw Diagram Subfbutine.Sum'(contiqued)_ _



B.

3

INPUT .DATA

.The data for the program is input in thebfollow1ng,order:,

Problem 1dent1f1cat10n label (2A6) column and girder Eropertles

>1dcnt1f1ed(1e elastrc,»lnelastlc} etc.) 2A6.

. Number of point‘in the column momentfend-rotationvrelationehip_(IZI,

%

Girder- propertles (one card for each glrder), sectlon modulus,

length plastlc modulus .load- (4F10. O), if there is no beam on"“

oy

one 51de of - the column set sectlon modulus to zero

o

. Number of point in mbmehtecurvature-rélationship (12)

. Glrder curvature for moment curvature data in 1ncrea51ng order

G1rder moments for moment curvature data in 1ncre351ng orderv

‘startlng from zero (8F10 0)

"o’,_ E v, S SN

’Column data on ‘one card, sectlon modulus, length plastlc modulus,

area yleld strength (5F10 0)

’

\ .

R N 208

’startlng ‘rom zero (8F10 O) | o - h ST




Column P/PY value (F10.0). . '

Corresponding column moments and end.rotations in increasing

order, one set for each tard (2F10.0).

© 209



800

-

B.4 ' - A COMPUTER PROGRAM LISTING.

¢

INMPLICIT REAL*S(A H, O‘Z)

DINENSION BN (20), BC(20) cn(zo),cn(zo)
99 CALL READI¥ (BL,BQ,CL, cQ, e, ROINP,CR,CM,PHN,¥PC,BN,BC THA,DTHA,NPB, 
1BI,BS,CI,C$,PI,DL,DZ,DA,FY, DP DTHB, DTHC INDEX)

CALL CALC (BMB,BMC,PYB,PYC,PHIYB, PHIYC BL,BQ,CL,CQ,PN,BI,BS,CIX, CS,

- 1DZ,DA,PY,DP,R,P,PY,BNL, BNR, INDEX)
DO 997 ID=1,NP
TOL =DABS (THA%O, 0025)

 THB=THA*DTHB -
* THC=THA*DTHC

I¥ (TOL.GT.O. 0000005) TOL=0. 0000005

"ABE=0.0

- IF (BI.LT. 1, 0) Ge TO ‘100

o100

200

- SIGN=1,0

CALL BEAN. (BL,BQ,ABN,TOL, PYB PHTIYB, ALPBAB BMB, SIGN THA BH BC NPB, T

“4HB,BML,INDEX,ABV)
ACK=0.0 .
IP (CI.LT.1.0) GO TO 200

SIGN=-1.0 _ - —_—

210

CALL BFAM (CL, CQ,ACH TOL, PYC PHIYC ALPBAC BHC SIGN THR,BH BC NPB T

18C,BMR, INDEX, ACV)

ADH—-(ABH*ACH*((ABV-BCV)*(DI*1 18/02)))./2.0 °

- PMC=CM (NPC) *PHN

" ADM1=DABS (ADM)

IF (ADN1.GT.PMC) GO -TO 999
CALL COLUNMN (ADH GA,CR,CH,PHN,NPC)

- ‘RO=THA-GA.

600 R

.70
997

999

S 991
998

" IMPLICIT REAL*S (A-H, 0-2) = - 4
DINENSIORN BM (20),BC(20),CR (20),CH (20) *°

RO=RO+ROIMP"
H—-ADH-(P*RO*DL)

H=PM/PN °

BRM=DABS ((2. *ADH)/PB)
BMB=ABN/PYB'

‘BAC=ACN/PYC

WRITE (6,70} H,RO, TH& BMB, BHL BHC BHR BRH

FORMAT (/,F8.3,2F12.6, SP8. 3)
THA=THA+DTHA

CONTINUE

GO TO 99 . . v .

‘IP (N?;EQ.1)‘GQ TO 991

THA=THA=-DTHA
DTHA=DTHA/10.
TBA‘THA*DTHA

N9=1

GO .TO" 800

WRITE (6,998) S
PORMAT (///,' COLUHN'HAS RAILBD ")
srop. . . : SR
END

~

B

SUBROUTIﬁE RBADIN ‘(8L,BQ,CL, CQ,NP ROIHP CR,CHN,PHN, NPC BA, BC THA,DTH

1A,¥PB,BT,BS,CI,CS,DI,DL,DZ,DA,FPY,DP DTHB DTHC INDBX)

.55 READ (5,67,END= =9) FR, ANE,COLUN, BEAN

67
i

PORMAT (4A6)

READ. (5, 1) BL,BL,BS,BQ
PORMAT (4P10.0) -
"READ (5, 1)CI CL CS CcQ



Woe 211

_READ. (5,2) NPB" - ‘ - : -
2 POBMAT (I2) : e A
READ (5,2) (BC(I),I=1,NPB) S . ’
READ (5,3) (BM(I),I=1,NPB) ‘ ' : »
3 PORMAT (8P10.0) . . : . .
READ (5,10)DI,DL,DZ,DA,PY o v
10 PORMAT (SF10.0) . S
READ (4,2) NPC
DO 111 I=1,NPC
111 READ (4,3)CH (T) #CR(I) _ : . S
_ READ (4,4)PY ) L @ o
" "4 PORNAT (F10.0) : B - ' - o~
- DP=PY*FY*DA ‘ : A e o Lo s
_WRITE (6,30) PK,AME,COLUS,BEAN - .~ Sy e
30 -PORNAT -(*1 SOLUTION OF suaasszunncz '+2A6,/,'COLUNN IS ',A6,'BEAN . .
1 IS *,A6,//) : , v ot T
YRITE (6,5)PY ‘ - IR S
S PORMAT (' P/PY=',F6.2,//)
' WRITE (6,40) - - ’

40 POREAT (* - BEAYN PRCPERTIES *,//,t I ;L s .- .Q.
1T 0%, . Co X
" WRITE (6,31)BI,BL,BS,BQ o ' :
WRITE (6,31)CI,CL,CS, co R - S o
31 FORMAT (4P8.1) , ' ) : et
’ WRITE (6,70) S v o '
- 70 PORMAT (//.! m/ap PHI/PHI Y *,/)
po 71 1=1, NPB : S co S "
71 WRITE (6, 72)BH(I) BC(I) I o

72 FORMAT (2F18.4)- ) . ‘ ; N R
WRITE (6,084) o _ R ' ' : ’
44 PORMAT (/ °* COLUMN PROPERTIES *,//). . -~ . -~ o
__ WRITE (6,32)DI,DL,DZ, nn,rv pP . _ D T
32 PORNAT (° . I . L 'z A PY P ', //46
1r8.1,//) .- ' ) n L B . R
: WRITE (6,73) : . S . : _ -
7Y PORMAT (/,' . B/MPC oo TH *,/) S T
» DO. 74:I=1,NPC | . o0 S , oot
"74 WRITE. (6, 75)cn(1),ca(1) S ' :
75 TORMAT (2F15.6)
~ READ (5, 66)THA,DTHA,ROIHP DTHB, DTHC sp
66 PORMAT (SF10.0,I5) =~ .
WRITE (6,482) DTHB,DTHC

482 FPORMAT (/,' THA=',F7. 3 THB THC*',P7 3, THB ', /)
C VRITE (6, n83) ROINP _ N I .
" 483 PORSAT (' INITIAL IHPERPECTION ‘RO =',P10 6,/) , , o
INDEX=1. o '

_IF (DTHB.LT.0.001) Iunzx=2
WRITE (6, ue)

3

46 FORNAT('1 : H - - RO . THETA NBA MAB  HBC
1 HCB . HR/MPC ') . ' e
GO ™ 8. . - ‘ B I - : ‘ » 1‘1: .
9 CALL EXIT N : R R T o
8 RETURN ’ '
END -

SUBROUTIR! €ALC (BHB BNC, PYB P!C PHIYB PHIYC BL BQ,CL CQ,PH BI, BS.
4c1,Ccs,bz,DA,PY,DP,E,P,PY,BAL, BHR, IIDBX) ’
:IHPLICIT BEAL*B(A—H O-Z)

2=29000. . _
BQ=BQ/12. - S : S N
cQ=cQ/12. .. T S



100

- 200

YB=PY*BS"
C=PY*CS
IF (INDEX. BQ 1) GO TO 100
P=DP
PNB= BQ*BL**z/e.
PMC=CQ*CL**2/8,
" BNL=0.0 '
BMR=0.0
‘GO TO 200
P=DP
PME=BQ#*BL**2/12,
PNC=CQ*CL**2/12, *
BAL=-FNB/PYB :
BHR=FHC/PYC
B B=FYB/PAB
BMC=-PNC/PYC
PHIYB=PYB/E/BI

~v .. PAIYC=PYC/B/CI.

SIGN=1. ' : [

PY=PY*DA ,

pPy=1. 18*DZ‘PY*(1.-P/PY)
RETURN

END -

SUBPOUTINE COLUNN (ADN, GA CR CH pY, NPC)

IMPLICIT REAL*8(A-1,0-2)

 DIMENSION B (20) , BC (20) cn(zo) cu(zo)

ADBY=ADM/PH

 IF (ADHY.LT. 0. 0) STe¥=-1,
- ADMY=DABS (ADMY) '
' DO 29 J=1,NPC-

29
28

IF (ADAY. LT cn(a)) 60 TO 28
CONTINUE = -
SLOPE=.(CHK (J) - cu(a 1))/(CR(J) CR(J=1))

GA= (((ADHY-CH(J-1))/SLOPE)0(CR(J 1)))*SIGI

RETURN
_BEXD

- SUBROUTINE SUG (XL,XQ,AXH, AXV P!X PHI!X,ALPHAI SIGN BN, BC THA,NPB,

1TH) .

~ BHD= HD* (=SIGNB)

IMPLICIT REAL*B(A-H . 0=2)
DIMENSION. BNM(20),BC(20) CR(ZO) CH(ZO)
. TH=THA .

T x=0,0 ; ' s - - .

¥=0.0 e e
DELTA=XL/SO. - -~ /.
po 100 ¥=1,50 )
"RN=N- - . '

sicyB=1, SR

X= RN*DELTA-(DELTA/Z ) ' P
BMD= AXV*X-XQ*X**2/2.P(SIGN*AXH) o
IP (BAD.GT.0.0) .SIGNB==1, v ’
BMD=DABS (BMD/PYX) - .

po 9 J= 1 WPB- .

PHI‘DELTA**Z/Z.OTH*DELTA*SIGN
H-PHI*DBLT! : »
R*DELTA . .. - ~ 0z

- -

.

(BHD-BH(J°1))/SLOPE)#BC(J-T))*PKIYX‘SIGNB*SIGN

RN

212



: _ : . o213
. o N
\“E\yopnar(rs 1, ar15 8 ~ ' : o, L
100 CONTINUE . :
) ALPHAX=V/XL e : : ,
666 FORMAT (4F1u, 9) . S -
130 RETURN. _ ‘ g v
END - : s
SUBROUTINE BEMN (XL,XQ,AXN,TOL, PYX, purzx,ALPHAx,sux;SIGN,THA,BH;BC‘ :
1,¥PB,THX ,BMFP, INDEX,AXV) . ' < -
IMPLICIT REAL*8 (A-H +0~17) ‘ ol
.DIMENSION BH(?O) BC (20) ,CR(20) cn(zo) - . :
D8=0.010 o . ‘ T
IP (BMX.EQ.O. 0)enx-1o *THA ‘ '
DO 800 NX=1,100
JX=NX/2 :
< BX=NX
SX=R/2. : S S S
 TX=SX=NX S ‘ v g
DM=0.D010" : : ' ' ‘ :
DO 200 wT=1,200 _
- pM2=0,01 . _ : . :
Do 5Q0 NQ=1,200 . . . ~ P
AXM=BMX*PYX ' S : .
XAN=BMP*PYX '
‘AXV=((BHX*SIGN*PYI)0(BHP*SIGN*PYX)#((XQ*(XL**2))/2))/XL
' CALL SUM- (XL,XQ,AXN,AXY,PYX,PHIYX,ALPHAX, SIGW, BH BC, THA, NPB, TH)
IP .(INDEX.EQ.2Z) GO TO uoo S
- TOL2=TOL ,
DTH1= (THX=TH)
DTH2=DABS (DTHT).
IF (TX.6T.0.0) GO TO 400
IP. (DTH2.1T.TOL2) GO TO 400
IF (NQ.EQ.1) GO TO 600
DIFF2=DTH3/DTHY
IP (DIFF2.GT.0.0) GO. TO 600
BMP=BAP~ (DN2*SIGNC) .
DM2=DM2/10.
GO TO S00
60C DTH3=DTH1
© SIGNC=1.0 , K , : ,
"IF (DTH1.LT.0.0) SIGNC==1.0 ’ o Co
BHF—BHP*(DHZ*SIGNC) C Co '
soo CONTINUE . s .. S o
- WRITE (6,778) . : : : ‘ ' o : :
© CALL BXIT = : : : ' :
400 ALX=DABS (ALPHAX}
IP (ALX.LT.TOL) GO TO 888 :
"IP..(NT.EQ.1) GO TO 1C0 o e
" DIFP= ALPHAX/ALX1 C L T
IF (DIPP.GT.C.0) -GO TO 100 _
« BMX= BHX~ (DM*SIGND*SIGN) . R .
DM=DM/10. o c -
- GO TO 200 .
100" ALX1=ALPHAX _ ' e
. SIGND=1.0 ’ ' A . ' _ o
IP "(ALPHAX.LT.0.0) SIGED==1.0 ‘ o . o : Coe
anx-anx+(on*sxcn*516no) ' : o S
200 CONTINUE : : ' S
WRITE (6,779) - v ' p S
. 777 FORMAT (///' . NO couvsnczxcz 1) Co . o »
~ 779 poanlr L1/ ¥O CONVERGENCE 2 ')' . : - ’

‘o

“ L. . a



i ame e e A - oA BT <o i o am e s an E

. T T T T R T P TSI M TR
o R L o Y thEha Dl P ‘ B A

. o .
3 778 '‘POPMAT /771 ¥ cowvzacrwcz 1)

B CALL BXIT . ;-
888 IF (INDEX.EQ.2) GO TO 999 K

' ~IP (ALX.LT, Ton.nuo DTHZ LT. TOLZ) GO TO 999
800 coNTINOE ,

. ~ WRITE (6,777) _ . , R : o I
999 AXH=BHX*PII o : S L _ E T

: RETURN ‘ o - : ‘ : ‘
i END

PILE



