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NAME Nur-/ Ce I.e b i
INSTRUCTOR

COURSE

DATE Oct (Q ''J G :?
)

SHEET NO. I OF 31
( 1-1 f1 NNEL IJ NI] Z - 5 EC T J 0 /\( 8 E f) ft1 5 F6 rz It CED e'(

PI PtfH RA· GJ11\5
I, Geherc" I

I

f

TheJcJ,lfere;tft'oJ! equaf/ons of berIcliY/9 undfr oI''Jrrlbtllec!
I

loctd/n9 fer Ih/Yl-wct//ec4 o5/1131i or po;rlf sy,nrnefr/cet/

oper1 ~ec/l,'on,:> (Ukl ckanl1e,k; c;r z- 5e.d/ons) , btOlce.d by

Cl 01 ;~lh rOt f}rn ha ve b€(! t1 der/ ve d. The eqtAal,ot?:5 have

been "5olvea bfj the . Gcd~rfil1 Mel-hod f/5in9 in(/n/ie '5€rles

for hin9~J b()("l.l1dolry condt'l/oYlS Clnd un/{orJ1/l!y c;I/slr/~

bufed load Oie.-l-";1J (downward Or upl/lf) fhrt?/'.(",r.?h

fh~ . web of the beam. TI7e CaSJ2 cf ()n~ cI/~cr~7'c

. . htl~~ . _ .
brr;I{./rI1 ai nllcl-span IS also "fr.(;·alt"~/. Il;e /;roclt7J PI~V:{Jils Ihe

r~e.
Iqfera/ c1€11~61/ol"/ t) and /I rolaf/.:/I'J rf aT yn/r/"'pp.l1. f3r?~t-l{L,C

v/ Ike "'--yrn-n/c-l,'j bf loach·f1.:J also v' cIne! rf/ vetll/5h dt-

L/tal t:c'inf ·

be",./ o(c;v£[vpt.-d [0 cC;i1rule the y/e/d It/a?l capc1ci!'y

of C/lt~H1nf/) /ipf?.ecl dl~lnl7f I ) z- arlOI lifpevl 2""5 eC!lul1

UC!JYi'l'S (VI' t, /,/''Vff1 shear ri~/d/ly a 0/ Ih.e

dio/hrojY'1 bf"O"./'jv. The ":.Jfrc"'j<J«-) of Mids(~~a.17 CUltl

;.;tIYlQx c.le(l€'~t/oY1S LJ a r'l.-{·I rf etf'e cd50 COVYlrL-t./ccl. P.Jc--/tJye

fre'levJitJ .s.ome nl)m~f','coll examples, thl(. effee..-f of I-he

dIOlpt-tr.o/:)>>'1 blo.c.i n~ will be c1J'sc.ussecl 9ua II' faf/v-ely.

(
)

cOmpU7.fr prCCr n J'115 hCtv-e
\.I
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PROBL.EM M e m 0

NAME Nt! r l' (e I.e bi
INSTRUCTOR

DATE oct, G . I '3 G 'j

COURSE SHEET NO. Z. OF 34

2. 11'1 f I/.-1 e.. LA c. e G- t vi t' 0 p h t- G! 9th sf t' r&11' So s

Since fhe 6ro,c/Ylfj re s fro./r1S I:. he po/yds whe re ,"f /5

cOYlne(./fe~1 fo fhe becrv,rJ /Yorn .siclesway clt'~F/clce;-n€nt)

)'f~ e{{eci'\-:enes5 /arc:;e/y clt-fends on hov.) muc...h 4nc-l/',-,

. ,
wh"c.h dt'r-ec f/on lJ.use po/nis -!.e.J<1C! to d/splqce . CO l15/ck r

{)t b€~/Yh f/r~f wt'IJIC/;L1 /;)(,clciY1tj, S"iPfOS€ fha t f he

ol,'O'f hrC4.gff1 w/// letTer be connected -to the (,)pp~r f/cJfJJe

cd po/n° t Ii

~) ChCIVH1.e! or l;r;,eed CV!CP1V1el Or") the ft''"3~!r~" bc/c~u) fh c
1

IDad /~ po r lU j'O 1'112. c-I /~d 0 I-h r-e e c. omf (/ r"l( n ts.

t4
p(C1+ e¢J__

+

Pr

+ ~,

(I)

DOlPn Wet rd !fx)d if1} ~

I
I

" tiP
-r ". riA
e. I'
.i- s,~. I

.-,l a t

The effects of covnponel1ts (2) OV1d (» OIGlcJ ) h.eJ-1ce point 17

move.s cle~rly +0 -the. ri9~d, The bruc.in~ Force +here{ore

;s as tollows :

+

.' b,,() c \ rJ5 force
-·_·F:..:--:L·-

/
- • -.1.-.. '. _ ._,

s,c., It I
I
I
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PROBLEM IVI e m 0

NAME · C I h 'NtA r' e.e I
INSTRUCTOR

COURSE

DATE

SHEET NO. 3 OF 34

He. Yl c e ; CO VI'l P0 Yl e VI t (J) i:;, sf ig 11 f hj ; r) crea 51? cI tVJ",/e l h e 0 IIIe r

t.wo o.!rf> ejr-e,cdly r-educed. Hence the y"e-Id IOcAd capac/I!!

w/f/ c Ie ar/y be t'/1CI.£ oseJ b!/ vi" ctphraJ I'll bra c-/t1.J ·

T
e

-L. ~c..
-I

!

; I

~o.F---

J

+

ThQ s;~uq/,'on i5 more cOYhpleX for- fhi5> c..~SI2. pcivd f1

hOtS the feVlc,\{VJtj fc rt10ve to jh.e r"9fd clue f-o ~he

co mponeYlIi (7..) omd to fhe I.e.f-t cJ lAe fo ~r,e cOvYIpcne rd (3).

How"v~ r wl1eVi we 'V1cr~asc tl'H~ JoctcA c.onfiVlu.ous!j from

.z~ro ) r.P will b~ smell! 0'+ J-ho o",dSfl7 ond the COVJ.1P, (2)

coIn be ()(2r3/etfed. There (ore Q+ fivsi) poivd if will movp to

tho Ie.f+ o.~ ::>hoV'Jr1 OVl +he( I'jur-e cA bove. The oJ iClfh-

r-etym forc.e.s -rhe-n C\.('e as' (ollows :

Ul' (~ )'

+
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INSTRUCTOR

COURSE
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SHEET NO. q OF 31 .

It is. observed fhCLT cll'OtphY'olj'm force.:; ;ncY"tCtse the compo ('l)
I

but aecr~Ct:,e (I}olnd (3), ~jeflu cA-e{.{]t.eil',i3 0'1 see-licYj

properUes br o.e.-,' t19 Wl0!j i"C(e~c:.c cr decr(''''.. sc lhe cO-yo_c../fy
if jjel::'\(' Y1 3 OC.Cl.-{I"S elf fhl.) ste:tje l

Wf/.cVl I-h£ IOOLd <-OWl lV1c(e~ISe ("'lrfher) the c:;Yr7P.(2)

l» d I .bedC yY1 i r1 Cl n t Cl 11 J P:;"y1 t 11 will e v (- ~1 'f 1.-1 et f/1 m" v C
I .

ic Hu. Y'/qht. This ,'" turn c.hClr13es i.h-e. si9 n of IJi~

bt'o e-/rl' fOr-CE'5. Now {he CO/YIP (2) will ,be ~ed/"LCl:cI 'A.Jhd.€ the

C:;'ilif'::ll[id~0) 01'1(../ (3) C;·Jre /()c.r('(;.t5e.). If de.peYlels Cli Cl ;'

0;1 -{lie 5e..cf/':;/7 P,o/t)r:rl/~s

~o{/()c('ly wil) be. /ncreo)c;/ o r c./t c. ,- c ~ I ) {,l ,

fin inferesf/f15 silwal/oYl etr/.5es r",vhen Ihe

c::/i nH n ~ ,. C17 5 cU1 vi -I he Je lJ) ,{ h 0 f I h e 6 e a m Cl (e ·s u C 11

I h Cf t tj ie /01/ f19 DC C fA r 5 cd t h~ Ie vc. / 0 f I- h -e Ie ad

wllere JO(;;!7· fJ has JUST c-om.( bCiC!( from /-he leff 10

lis il1i//OI/ poslj/()I1. For Ih/5 cOlse
J

I-he d/o'phrOtqm forces

are zero, Hence y;e/chr1~ c.o.pac/IJ CCAFII1D1 be? af(cr/eo ::'

by file sfiffYJe~5 cflhe d/Clf!,rCtJYV1,

b) z- or- lipped Z - Se cfJ'0r15 ~ Th e (or r!J /r;j ccApa. cc" fy
of z- 5e{fioVJS c.elYl be -qr-eod/j /;1creos"d b'j d/aph )

b('r)lc-{YJCj) beca.u~ br-o.C./YJ,f 'Suff//es hOt'izOY7!;;J Sl--lpporf,rr:
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PROBLEM ,/Y1 e ,,1 0

NAME Nvr,' Cel-e bi
INSTRUCTOR

COURSE

DATE

SHEET NO. 6 OF 3.q

3.: Con1p ufe r r-e ".> u Its

Su.-mmin'j up fhe dt'scuss/?n In fhe pre VIOlAS

chOtf>l-e,) c1"Clpnro.gm ' hrcrc/ng /YJCreClSes fhe carry /)19

cCfp.o,c1fy of chClnn.el.s under. down l"'lre! /oc,d/r1 :J)

blAf mrAj "Ylcrea~e) decreol'Se or ;1ot a{feci t't for the

IApliff lor;/c/ ir1J C-Cf5e. 011 fhe ofher naYld 1 Ike c Olrryt"Y1y

cQpac/'ty 0/ z- secl /OYlS t,A:J;'/! be /r7cr€Otsec/ for c/oUJn-

vt/o,rd c::lS well as vp/lfl JOCidirJ3' These conc/us/ons

Cf r e con f/, YY1~cI by fhe com ftA re r resu /ts 0.5 .5hot..-un

on TOI~/.R 'J r~It.. i hrcl.t.3 h -I- Q
~rolA.F~Y

In TOl b Ie,::> I-ff~ I he midspa h m(/rn~ r7t /V1::. Pi 'Z
~-

((.;(Vlder !:ft'elcJ IODle!) IS show n for., Q.. 'vcduf'<:> from
?y

o -to 1000 CtYlJ to;' V~lrIOUS ,Sp"tVl le,rt9fh~ r u r-1'j irl9 {rem 3D'

to /20'/, Q. j~ the .:shear sf/ffness of +h~ c//CAfh;oJ/}'

br Cl c,'r?3 o,nd Py .:: 7f'2EI'1/(' i5 .J..'ne Euler buc£:l/YJ3

loa.d. There ,'s oln iW1poriorn1 pc?/'ni I,A.)h ic h c::-t Y7 b-€

ch5erV-f d In Ihesc 7ab/~':J The copac/ly /VI pruc-J/ca/ry
,

does y107 vOlr'j over ~ r-Clf19c eXfeh(I/y15 fronl 0/

f'e/Cllively SfYlOiI/ (/YJ/'Ie value for .sl it2 ar.sti(fI1 R 5S J

S01 Q:: ~'P'( ') up 1-0 /11{"n/fj' (~''Pr i':J 011 opproxif'YI,te

r1Utnb.e.r valid only for -fYJ.e pre":Jevrfet/ e~o.mples. If-mo

~hOd'\je for 5~CI ion 5 w j I h 01 i ffereYli d i rYlQ V1 'S ions) .
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PROBLEM //1 ~ Vl10

NAME N,,(rl' (e!fbi
INSTRUCTOR

COURSE

DATE

SHEET NO. 7 OF 31

115 will he shown in Ihe n.e,(t chapf.er J Of re I a f;' v-" Iy
ca 11 he de v-e lope tI fer

beam:; br.o!ccc/ hi cr r/9 ic/ c;//CtfI7rClJlu. This pr("?cR~'It(re

I-he tl c a rJ be LA sed s c;l { e Jy for beCltrl S b r Ci t e :/ b Y'

d i (;1 PJ) /- ~IJ }¥~.5 0 f reasOn CI I;/e, :5 i iffn.e 5 S ,
. fhrout h 1- D

0/7 Ftjures l-/t. . fhr:- raf"05 /V1o CHlcJ (VJ ClO

\" M ~i1d. fV1 b~nd #

V~"':5\;tS span leV\9+ h ore s ~Ol.-t?h ' ihe 5ubsC/I'pf:s "r;;"cu1J 1'<:iO /.

.5how /'Y1.o".oncJ hr/~/d" brac>I1J r-especf/vely. /10 Cine! /Ylt>'O

are cOf'Ylpared here wilh th~ fhe.or-ef/cCi/ cc:r.po,ct'f,j
The n .....VYlo"n il'1 c.1'rc.le~ jr'\o\l'c-ode whe·rt in/he C'rOb')-Sec..f/c;Y) !.Ji£./d/rj h:~~ Dec.tH

!VI bend = (;-'1 Ix ,~Th~ vi o·ffe cI )irJes - j nd t' cede whe re I- he
. e

f11o.X. Cl J1,Jle of (ota! (on /5 fer r3 e (" I ho h /0
0

•

In I h€ comt c,dCi lions l he :I /e fd 5fr~5S J'j I S C;1'5 ') r-!i.l1e:/

-to be 33 ksi. f-Iow~ V.f r J s/;1ce -Ihe sfres5€'5 OIre ~.etJ.e rally

variable LA 10113 fhe (/OInJR5 Cln,:! //fs J /3 'to ovpr5frpSS/?j

j5 a II0 w ecI, ThiS res u / t 5. I Y) 01 VY1 Q X. -:; fIe S 5 0 f "3 7. CJ5

k~,. cd 'Ihe peaks. t:xcP·'yJp/es. rOY 'Sfress ofisfr;'btAl/c?J1
. fhro~f~ 2-~

Olrf B,ven OV1 'f=/'5 wrcs 2-ft they /v>/;c1y Iho/7

-I h e a/low CI VIceo f c; VR r 5 f r rs j i ,rlJ . "'::J 9 e t}f' r C{ l!y

)Vfs-f/(ied{-o,r uplifl /oC/din'j Cet se, l3u -; (or clown-

wOlrcl JOOfoIlYl3)"1 5.een15 )1.1::>1///~c/ vY//y !'cr uYJ-

brOlc.ec:l be~ms. For braepcl beClY1')~. under dou7nvvclrJ
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INSTRUCTOR
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DATE Dc t G I . l Gj G Cj
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I

~e~i~Yle.r . COVYlpvdeS fhe s!reSSt5 qt 011/ cornerS otnd show.> Ih(;(/- ov r5it'e>s;'n.;,
I 5 J IA sf; f,e (il.

F"'~'fres. 317 fhrou~h3-0. show Ihe let/ered def/ecl/cn5 olnc/

j-h£ COJ9/.R5 of rofod/orJ CIT Ih€ nl/c!-spCtn of ul-lbrocer/

C;;IYJd rijid Iy hr(//('ed ~Ofl'7S ver-Sl-LS fhe toletl loold p.L fc

.lApl/(f IOOJOiYJ5 COlse, /f /s ohserved that Uo {or

c h0. YJ () £ I a n (/) po { c r Z - 5eel/0 Y?5 C1 r e fO/I1J P III/cr / 1-0

file IOCld o,(,i.5 af pL:::: 0 . Th /5 /s becau.se /h-ere /.5

Y}o lead COYUf~t1(rlt 0/1 Jhe ou75et fo caUSQ I-h~5r:

de ~ leeliorl S .

Froln Tobles.TI-fJ I:hrou,fh 1I· IJ ) if /5 ~BCn thOI! Ih~

rcfct!lon5 are 9:2YJera/ly rec;/uced for dCv.Jn weirel h"l f ..

if7Cr~Of{!cI ,for u!,I/lf loC/vI/fi1 w/fh /ncr ev1 s/ rJ3 5IrllY1t'~~ c;1 Ihe b olc/nf'.

Z h..e 01 n I S ch s pIc<y .3 e. n e yO IIy /e S S r 0 I ot I ion J IIC( Y7 C han n (

becurls.lfowev~r) wh.en Ih~ sf"{fn£ss ,.) iYlc~eo!~(>,.jf Ih{'r~'-5

}1 c f VYlI..{ C ~ vi " ( fer e j/)ce belw~eYl lili(. m . No fe Iheel f (;i / I

.; he de flee{ "0 fJs (Q r-e c 0 mp ufe d un d€ r '-j /e /d /00/ cl 0 f f hoT

pa r- f ,'e. L.!I Ct" CG\S e '
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PROBLEM rv 1e rvz 0

NAME Nvt r l~ C~/€ bl'
INSTRUCTOR

COURSE

DATE
Oc t G I 19 6'3

SHEET NO. I 0 OF 3 i

The Y1 I

/

i E r I~ rt :;. p ( C1 t IxY e)
; . Ix.

This I~ V~(j sivYIdcq- -/::/ -I-he c.l,'fferevd/cd ~quuf/oYl

ofor vl t'I'Hit ('1 be V1 ot " ()9. No. vn e /y :

E Ix V IV::. ?

Le i us ole (h1( C! q IAcn1f t' f:f c cd I.e cl b i WI C yy?(? vl t f3 z

'" n~ 10'] OIAS -Co b€? n d i IJ9 m em ~ 'I'd Mx

Bz. =- £ r' fJ II

=- ff p( 01 + TI-v e) cJ ~
. . Ix

I he ~t r e~s vi ue +0 Bz I 5

V = B'Z. Wi

r'

/lA)( .: - E I;< v

v = _M_)(_ ~
Ix

WI::; Tf,;t. ~ e _ x e T W
~)(

W::: Wet ~!" f I ,1 3

p(a t.~ e.). L'l.
.l" 8

,he (OVYlFt..dcd i OY1 of b/moVVJQvl7 6, i5 sOl-ne as I h~

bel'l?lif)j )'Y10VY1QvJ7. 1l-vw.s for .eitCl vYlfl.e) for s/'mp'1 sup fCyfed

bou-nc{f{(Lj c.ov\c-tdiorl~ (i,e. rp::;¢;"= 0 Cit Z=O aV7c17.=L),

.Jh~ yYIox., b i rnoYf1€ni /5 0/1 micl5fa n ClYld equal

. +0
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NAME Nv. (,. c~ It'bi
INSTRUCTOR

COURSE

DATE . tr"l- J / a r C1
V- I GJ ]~j

SHEET NO. 'j OF 31

V}j c: V /IJ 9

It! f

v

- --~t-=~~\ -
c\ i C\ ph Y'C'l yY1

b r C\ c ,'~ ~'
J

pre venT pCiJ'it PI

It ~p / z
--~~---

1· 1./
.l-~T·f .-~. x

\1
I .....-+-'t-

-10k-~

.01e{ /eel/.~ n u c Q r1 b.e

u ~ - tj/. e

Thvt5 f he Ja7e r a I

,, ..

~- Oe<;,i9 rl forYY'IlAI 9 tor rifJid br-Ctc,'.-1§

RiCji J br-QCiy1Cj w;/I

anv~ offer mod; ric.:;dt':/(ls) on.f obfcl//l5 a {Durin crd~r

vi j { (e r ~ V11' ;od e. q 'vt Of...! t'" n for +h e c.1 1-1 9JE 0 f. r 0 f 01."/ ;'0 n ¢.

2-r '.: j"" T "Ix I l.j - I JI.':J e "-
Ix

r:: WVi r p "Y13 c. 0 Y1 S 1Oltl t = cw

K.: '5aJ'Vll- V( r1(l n-f '~ forsion c.Or1~fo/r?i

F:: Re?i':JfC/f)C€. of the Olio.phYo.jrn Cl.:;uj()':7f. '(ofed 'OY1

o f b ~ am. ( I et k a vl Z e r- 0 " V1 f h €. i1 u yn e r- J C Q f
C C1 ,n f lot 1(, -/' 0 Yl · J

fV11~ \:>e.ndirlj YY\ovYJCYl1 due to p

In order /-0 de f ,'ne f he ferm
II ~

birnorne tit ' ":>tA.pp o 5t2 lAJe

fernpot"qrilfj ne~/eGt fhe ferms lA:),"fh less fhah fhe {:::;t-trlh

clert'vcd,ve ;" fhe di{{erei'diOlI -equollio l1 obove.
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PROBLEM

NAME
;\/ tA r I' eel e h;

INSTRUCTOR

COURSE

DATE

SHEET NO. / I OF '3-1

b) 5o/ufio n cf fh.e chffertni)a_/_~uClf/o{1:
" ofl-Ae oljffe~-eY)tiotl. eq~<cdioV1. OYI PCllje. ~

fin Opp'f'o.x.lY!'lCtfc soJu--/,on t\ /5 cbic;l,,1e cl bLj Gcllerlc/n
~

fYl £1 h0 c1 \,0 j ~ h cH1 C 4- ~ V YV] C f s e r t' -L S ¢ = ~ ¢ l .{" , IVCI j/) Y·
¢ ~ ¢, f,

(wh~r'e f, ,':> C~lO'Sen- as /he . f/y~f e"geY7fl-u]C"I/~r7
.of free v/br/afion 6f CI h~OlfY1 :,!,)/Ih 11J.e 'SClJ11e' hour/clary
cOrlcl,'i"ons . as 1/712 beat'''? I,.,-li1c/€r cOr1sic;l€raT/ol7. Ii, is
t fJ e . e / q.e.. h VCl ,~/ e ) .

the CLA.( vaflAre
,

e x. p re s S 0 YJ

11 PPI:J "n 9 the me ihcd
I

¢I=~ ) Ld~
;. ~. ). ~ tI, Z d "5

o

pL'Z( Gt+ We)
E'" ,

S~b7f"h"diYl1 ¢, ,.~'dc Ct-ir-vo.fure -€x-pYfs);on Clne/ dC?/n9

sovrl€ moc!/{,'Cc:;l7,"v,1S th~ slress /;){)COn'le5

W~1~'fe I I

-GK f ~I{I d:s -+ FL'Z. f f,'d"5
1<2. ::- (;) /l, 2 0

Er'll~ f'f, 2d3
o

. ,
Er" ),'1- ( '-t.r. 'tU-) 0 1II 'vi}

{Vlc(' =- -------- _
T. L'2 e

) 3= ~
L



CORNELL UNIVERSITY PROBL.EM I V" t::. ~/Y1 0

SCHOOL OF CIVIL ENGINEERING

NAME N fA r " (e J.e b"
INSTRUCTOR

COURSE

DATE
Oct (; J ./'3 b ':J

SHEET NO. J2 OF. 31

/1'1C( ~ _ 1.08

·e
(~tEf" + GK)

L~

o 5 w ~ II'vV Cl r p I 1'1 .9du.e +0.
IST h .e 7 t r e ~ s ~ ~,u'

f"1'
C'l5 ber1(;\ jY1 9 sfrair1s (eAc.ept ~ he prt'rYlo.r-j b-e n clt't 1j

~tre:.s fv1,< l-J)' As YrlP11/'£/;?€,,,1 be fore) compvllctf/cvJ
Ix

c>f Bz )~ s,'miletr +0 "t rou-f/t1E' b-e n dt>'9 VtlcYrl€r11

~ncI11~i? ) o.ncJ 5V1oL-dtil VlD-{ pre';E?Y17 C1nl.j cUff" c,..df/es.

the(

07

OY)

The {ole-for I shows the iY1{ktfi/Ce
I -tl<lL?

'5otir1f-.vllnanf larsion. /llofe Iha! 1<2 d£{'€ncls

botJ. nclCr r 'j Co tl ?/i II Cn;; ,

The -I e r j 1/ I i 5> Ii It- ~ 01 rn OJ n" f / (u I r'c Y1
1- M //Vl~r

fOle f 0 (', vV rl eYl (vI 0. Ppro C\ c ~ G' ~ M c. r 1 .; h e d e f h c I '" C17 5

CHid 'Sfresses will i;1c(ea~e i;1 cle{"n/lely. The 5//t-Icd/oJ?

/5 "3or11{ \..IJJtCtt similell 10 f~lCd of Gil beo./I11- cohu-n;1 : /11

Cl

beYlcl;rlfj mC7YfHy]1 clL-le +0 the oe nd/fJ'3 c;/efor;r10tl/oJ1s.

lr1 fhi~ c~~~ how~ver) o.clc-!;I/cnaJ tor$iOh Y'Ylomer1is



CORNELL UNiVERSITY

SCHOOL OF CIVIL ENGINEERING

DATE

COURSE

PROBL.EM /' I C--', ~ L/

SHEET NO. /3 OF 34

QI~ Co.U'SC'c\ b~ fhe ("of-cd/on and Lh.e /af-era/ c:j.ef/ecl/~J1

off he c ro ss - 5ec f /or? ·

Note Ihod (Vler I~ c{ nega!/vc qUQI1f/f'j' TheY'-c{cr

+h.t m CI JVi " l" C VI h0 n { Gl C 10 r I ';;; ~ ('.R CL I f r ! h Cl n. L-irIJ' l:t c YJ ~

for ne9 af- /y(? VClltA~ ; 0 f M) f hcd'-5 for up //(1. For

dOtL?ntVClrcf /oc,d/ng l mC'jn;p/caf/oY7 (Dc/or /5 le5':> Ihan

or1 e . -r'h ~ s" I LA, C/ f "0n I 5 f hen 5 / yY) ;' lOt r f'~ ct /:J e a l Y7 - eelLAHI

I"AP i j h 01 f e rl5 i Ie (0 r- C~ .

cI) SUYJi/vnaf'1j of the {ormlAIc:,'S {v, srre.>s_

J - /lil/ Ivl c r

) B-z=- - Ifp(0. i ~ e ) di
'Ix

, r = warpir1~ CCYlstCfn-{ = fw'Ztcls ::. C w

w = wCIl'"'pi~15 (Sifr\p Ie (or m~ letS IVClil c1bJe:

·e'

If p .cl/ .
-z..r I = r + Ix r~ - IJl.~

Ix.

Wi =~ ~ e _ x. e + w
Ix

f.lofe theff iY) formula (or CT CAYla

o Vlcl W yY1 0. 'j h elY%!, cl i ffe re H T '(et It" e,s
of t,he c r-oss-sec-tlon ,

~ k~::: - G 1< j I~I f, d) t.~ ) It ,2 d -5

E f" ) ,1. JIt." d :s
o

Er/)~(I-+klL2) f'f,"L d3
(V1er:- 0

T L~e

Wi) Ihe quorlft'!/e5 XJ'j}

for differer1+ pO/YJ+5

For- Sitnp/}5tJpporfE cl £~:

&ndt'or- F= 0 )

1<.1.. = Gl<
1t l .E r"

Mer=:: I.O~ ( 7r 'l. E'r/ -t Gk)
e Lt.



CORNELL UNIVERSITY

SCHOOL OF CIVIL ENGINEERING

PROBLEM )1'1 f 1"'110

NAME NfA r i {€ /.f bi
INSTRUCTOR

COURSE

DATE Dc t G I /~ b 5

SHEET NO. / 4 OF 34

5 - 5u m WI C{ r L.f 01 V1 oJ co Vl C (u s i 0 V1 S
J

n fl,Y'a Je.

Ft'r1a/I'j Of d.es/~J1 (O("rY}(.,{/c, for cDvnpdf/Yly

the sfres) nelS been de't'e {opec! for- beams br"acrd

by r/{j /d d iOlph ra jrYJ5. It 5 d "5 C (,.A ss.eci be fore 1 I £."11'5

foYtYltAla C.'Clv1 a/~v b.Q w5.e?1 -$.gf~-lj(oV" beCIN15 hraced

b~ dio.fMrQ 9/ns . cf r-eo.sOYlah/e ri9/d.iiy. Ii f~ryr1"tiq

to dQ-fI~}e ~rec;"')oYtClh/e .rigidl/Y'* h '1.ef 'fv he c;/~v-{I{p~d.

The .s+resS C1 n vi vi e f "re GIi 0 Y1 '::> 0 f c ~ l Q VHl -(? J 1 11" PFed

chorIne', z.- GtVlcJ hppqc/ Z-':;)cc}t'c;n beams brClct?c! by

o\io.p~ro.3m~ hav.e. been inve sf,'9o. fe C/! l.AVlder vlct-Vn-

WCH.. J Ole;, well CIS uflt'ff JOClcl/r19 . If is Found thai

fh~ C-o.r-r-y~'nfj co.pCJ.c,'{tj is tjen.fra//tj i;1creas-e) btj

cU~ft1rCJ5m hvoct',,] <-x.c~p1 for chClf'lrJt:/ or //ppec/

CVJClt1r7e/s Ur1o/.er vtpliff /r;o.din3' For i 11 /s Cctse l.he

COIpo. Cl'~:t n'lo'<j be /Y] creosecl or s/i3hf /lj ele creC!c;pd,

,he /vlfhtfJlCe of shear sl-/(fne'5s ex 0;,-1 !.j/~/cr

lou.cl capo c/fj'L/l'~'i n vEsficyafed t1/Amer/ ca11y. I-hrcuj h

cor'tlff,{fer.7h.€ Ca.PClC/'!j ir1c.reaSi?';) rapidly for 5mc~/1

vo/L"U') of G br..d c;~o~.s not VOl(lj c;),pprec/abJy &v.!?r q

ra.nye ex,teYlvlirJ3 {(OVY) 0\ ~I'(l i t<z YOllue of Q ur; to
, (, · f F t(, I III IA / /IYl/Y11 1· -or, eXQV'i1pes COVljlc;erC?? -Here) Ot reOs()r7CU) (!

,

v vi IrA e fe ,... ~ se ev;{p +0 fa fI irrf0 f 11 t'~



CORNELL. UNIVERSiTY

SCHOOL. OF CIVIL. ENGINEERING

PROBL.EM 1/1 (: l')} 0

NAME
/Vvf," CeJ-eb;

INSTRUCTOR

COURSE

DATE 6 c. 7-, G I I:) G 9

SHEET NO. I 5 OF ::) LI

T a\'k I-A; (v1ic\SPCH' nlcVY1012nt /vi == PJ"l. [ki] (und.fr

yi~ Idiu c/ vi) .[0 r- 0\ j (f e rf VI t v./d (,( e) /9 f a / Py ot n vi L

C nQ Vl V) e\ Sec·-f icV)

~b~
I It-' ---.----.-.-.-

e t I
I ---?~

~ s.c·"-·->-l·-~~ h

~~ ~ ~ I
~~---_.-._._.Jl.-.

t~

II
Cl= ,1l571

/1e =3.0

h
II

. .: 5, S 65 II

b = 1, £1 32
1:. :: "J 3 5 II

IV} bencA::: v~ Ix _ G I. 55 1<,
e

Ix.:: 5.59b in L1

ILj=- 1# JCjfj jf}4

r ::. I, 2 6 I /11 (;
r'.:: 3.05(, "11 G

K.:: .0072 ,'" '1

1000o

____------.-----T----------..----~----r-----t-----r------+-~

~G/R"

! L~

J~.672. ~/.887 5S.~2J ~o.203 60.569 fD.CJ77

~7.G~b -=i8.073 t15.212 4~~. 393

15.765 32.101 57.;6/ 63.299 ~,301 G~,4~5

3e.2<ic8 4b.12/

~Oll

bOll

30"

) 2..0 II

.....--...------if--------+-------t'------t-----r------+-------t----~

'15'1 - c13,:J33 _ LJ3.5Gb - 43.373 ~3.309 _ L/3.282 -13,215

boll

90 '1

12.,0"

- ~2. 832 _ ~2. 381 _ <12. 108 _ ~2. 0 I b - 41. 978 ~ '1/. 'j 28

_ 3<1.765 _ 36. 681 _ 37 ~ 7~~ _ 38.. 2 J'3 _ 38, 125 ~ 35'" 714

_ 25,'18 28. 178 ~ 31.240 _ :)2.CJ38 _ 33.818/':' 35,186
I



CORNELL UNIVERSITY

SCHOOL OF CIVIL ENGINEERING

PROBLEM /111 e ~1/] 0

NAME A/v( r " Ce I.e b,'
INSTRUCTOR

COURSE

DATE

SHEET NO. Jb OF 31

Mberlcl=. 9''1 J~ .:GI/55 .kl
e

I x .:: 5. 5:1 G "Yl ~

'1 '1 -= , 2 6 5' "n 4'

IX:J : - •8 I 2 in 4
r .:: ',179 ir1'
r ':. 3.. 035 i n {,
K . 4

.:= " 0072 J Y7

h ;; 5. -865 "
b:. 1~~3211

f.: . J 35"

Q= 0

e, = 3,0 "

Table 1.-5, MfdspaV1 "",'7om('Yt+ M:~ [kJ] (und~r
8

tjie-lt:i\ 1(0101) tOr oI,ffer-enf VOh{Rj cf G/py.c'YJd L

2. - ~e c.1 /O}1 E X 0. vn £1 e

r- b ~



CORNELL UNIVERSiTY PROBLEM !:.ri s ~r\ to

SCHOOL OF CIVIL ENGINEERING

COURSE

INSTRUCTOR

SHEET NO. 17 OF 31

DATENAME

IV1 :;; .El:-'L [k./ ] (4 Vlol e r
8

D ( Q /-Pv 01 V1 d L

Li epe~ c 'vtetVl Y1el ExcnY)pl e

~b4 II

0--'1 Ix :: ~8,3 k "
I I t a ~ /,/0 g~7 M~nd :::.f I II c T 3 1/ ee:. ,0

e -r
1 s.. c- x h h= 5. 86S /1 -r:)( = ~ 33., in ~

~ . r-- . --_.~

1" b: 2. '365 II J'1 ,:: /,307 i 114~

~~~r: c= .633 II r = ~. 351 j r1 ~

t.:; ,,135" r' 21·//5
. ~

.. ~ ::- In p

k :- ,0037 i n 'r4

t!1
._.

~ 0 I ~ :J 16 /000L Y

'-£

30 11 5/,/72 58
4

166 . 5'3. 917 '°.100 60,57 0 60 f 733 $
~,

~.5 II 61. ~33 62,0/5 62.25S
<j

50.028 59.1 J3 6/ ,34' """-J

../ ~

GO 'I. Lf8,~58 61 ,057 63,231 63,77 J 63,973 6'1,236 '
~

~

~
~Oll ~4. 2~9 65,OGI 6S I J J 9 68,811 69, I/o 69, ~55 <

3~, "l60 I

~

120 It 6~, 890
a

73,737 74,768 75,J62, 75,63~ ~

~Ol( ~ 53 .. "14 5 ~ 57.35G ;- Sg. 602 - 59,D37 - 5'3. IbG -Sc;,33G ~.

~
~

~5'1 ~ 54.81' ~S.7,S78 - 58.546 - 58,796 -58_6~o ~ 5fj, 014 ~,
CJ
--.J

60
I,

- 5"8.453- >G 1 326 - 157. 76'0 - 58.31' - 58 ~ 503 - 5<8.570 1-
u..

!JO II --
~ 58, 25~ ,- 57.764 - 57,520 -57.~39 ~ 57. £106 - 51 #360 '-J

I ~
~

I 1.-0 II
~

- 56./~ '3 - 55, ~G8 - 55,897
~

.... 57. 6~' (-56 . 6 B I - 55,802



CORNELL UNIVERSITY

SCHOOL OF CIVIL ENGINEERING

PROBLEM

NAME ( / J
/Ill r i £ e? /

INSTRUCTOR'

COURSE

DATE Gc. f. G) I 9 G :;

SHEET NO. /8 OF 31_

TOlbl-e 7- D /VI id spa n moment /V1~--Ei: [ k i ] ( LAnder'"'
~

lji e. )c) IOCld) for\ d,'fleren 1 vCf[,t,les r 0./ 'P CIt nc/I L-Vi
Y

L,fP(Jd Z- Sev1/ 0 " r; Au rll reIe
I

f
- rb 1r----r T 1'1bena .::: <7':1 I)( .:

1--"

3 1<,'.

I
a= 0 96.

e /I' e
L.

e::: 3 .. 0
)<

hI
;;a>

I

_1
h= 5,f)bS/t T)( :: &.935 in4

-l-~
-1: 1 b = 2.365 /1 .r~ 2. J46 in 4
~' f- ::

! " Ix y :: - 3, 2 7 I /n 4.. L;: .~33-,,:- 'I r 12.584 i,.lGt- 1135 =-

flj r' :::- 2/./1!} 111 6

I~ = .0037 l'n 4

~ 0 ,
~ ~ 16 1000

_._--_... ------
\t

30'1 15,833 59,07S 60.~70 61.305 ·61.550 I
GI .75L S

~
~

45" .,7.377' 60.19J 62.436 62,865 63. 0 20 ! 63.22-1
a
~

Q
60 '( 46.674 62.114 '~,~27 64~857 65,01/ 6.5.2'0 ~,

~
~

~Oll L12 . 666 b7 . 507 69.'77 70,09~ 70,241 70.G128 ........
~

~

120/1 ~7.4/4 73,5~5 75.905 76,285 76,4/2- 76.573 g
_..._--- -'-- -

30" f- ·£18. 866 - 57 . '102 - 53.405 .... 5~.S7~ - GO~ o~7 - t:,D,27<i ~

<:........

~511 - 18, J~7 - 5'6, 754 - 58,~5° ~ ~-:;). cq go - S~.677 - 59.936 ~

Z5
60" - 58,3J8 - 58, ~71

-J

- ~7. 140' - 5"5,862 ~ 58, ~3'1 - 53,172 to-
u

90/1 ~ 14,4LJ7 -53.4ft - 5'G. 557 ~ 57.~/8 - 57.752. - 58.202- --..
Q.
~

"
"'"-

'Lo ~ ~1.O75 ~ so, 24 8 ~ 51. 2./ 8 - S5,~ 18 - 55: '00 -56. 5671_
.-



CORNELL UNIVERSITY

SCHOOL OF CIVIL. ENGINEERING

PROBLEM /'t-7:: 1'1 } ,-?

NAME
N~{r" (.e/lb/

INSTRUCTOR

COURSE

DATE
O f /' I...;J 

C.. c.; I I) b '::J

SHEET NO. /9 OF 3 Lj

ItAb/~ [[-/1: AngJe cf roictf/on ¢ otf mic/5pan {d.ef'r-e(!sJ

( uncle r ':I i e / cl /0 (fi d) 10 r eli!jere r1 t y&J /tj£<.> 0 f Q/'Py a yU/ L

C 1-10 V1Y7 elSe vi i on E l{ CI f11f? Ie
I

~b~
) ---

T -L I 1e -:, ~

1 5.C.

tJ;·~x n~_.

~a ~ j
I -

t~

DlmeV1si~y)5 Clr'e ~ar11e

os· on TClbl-e I-A

~ 0 ) '1 '3 IG JuDO

~
:'0 '1 2.35° I .49 f' J • /5 0

1,07
0 I.04

fJ
1,00

0 '"
~
G

45~1 5,2:'° 3,30 ° 2.33" 2.12
0 2.. 0 ~ 0 /. ~.q v ....J

q

bO'l 3.G'J " ~.22°
I 2.561' ~7, 75 .:J 6,22 0 3.0(:,

~
(J

&)0 II. IZ.8SL:' /q, tj7° 7 r 2.8° 5.37° 1, €>3 4,230

~
, 20 I, J7 . '38° 2.b. 85" Jc1,31° 7,97° G. '11

0
5,01

0 a
Q

30 11
~ . '.87 0 I, '14 0 ~ I .2.,6" I .22. 0 1.20

0

/ . /7 D ~- ~ ..... -
~

45 11 - 3#~$" - 3.0'1 0 - 2.<53° - 2.77(; - 2.7~Q - 2. 72-0 Q.

t;
Go" 5,35~ 5" /7" 5,07° 5,03 0

5.02° 5.0Do ~- - - - - - t--

~o II 10,780
JI, 77° ". 9~o J<.. OG

Q

- /2.09
0 .... 12.13(1 ~... -- - - --...J

Cl.-

120" ,~ , 5~o Jb,88° ~ .. J~, ~o .... 20.75;) - 21,'16 0
- 22. 72"

:1
- ~

.



CORNEL.L UNIVERSiTY

SCHOOL. OF CIVIL ENGINEERING

PROBLEM (Y\£'~HQ

NAME N V r i (.e /.eb"
INSTRUCTOR

COURSE

DATE

SHEET NO. ZD OF ~L

O"meV1S/011~ ~Ye ~am.e

OIS OJ/} Table .I~f3

j

T~ble ll- f.J. 17ny/e of roi-at/on at W}fclsp01Y1 [cJe:1('~~s]·

( unc-l.e r Ij i·e Ic-I I0 Q d) for d ; fie i~ e v/, i V Q IvI € sol- Q/1'r Cj n cl L

"2 - Sec- 7- ,. 0 V} E X'CJ. vn pi e
, ,

~b4

1 T
L.5~ .. _. "~ h

It 1
~~.. '.

~y

~
-.

0 I ~ 9 J6 /000

~

30'1 .~O 0 .70 0 , '35" 1,00 0 1,02 c I.05
Q ~- ~ - - - ~

~

I ~80o 12
0 I. 78° I .. 9/ " 1,')6

0 ~

~5/1 I 2,02°
oJ

~ - - - - ......

93 0 /j

2,85°
~

Go ll

3 . :>6 0 - - Z. 5O C' - 2.7b - - 2, !JSo 0:::
~

"'1 , 6/~
~

~O" 7,2"3° - 3,08 0 - :).88" - 4, 10
0 - CJ • ;;~ 0 ~

~
()

12..0 '( fl. b4 c
l8,~7° - 1,70'0 - ~ .25

0 - 'I , 72° - .5 J-1) ~. 5

~Oll ,31 " , 92 t:' I, J 3 0 I. ISo J, 20 0 1.23 0

• ~

~
""'

45 '1
" IG ~ 2,22° 2 ,b3'; 2.. 7Ll 0 .2 .. 79 0 t'J c.

2,8b
~
a

6,0 11 2.7/
v

1,22- " 4 .. 8~o
()

5.17
0 0 -.J

5,08 5,28
I-

90" 5.Bo~ CJ.21° 11 # b~o
0

.!.J..
11.50() 12 ,67 12,. 80° -

~

~
, 1. 0 II 9 ,~\)o 1L),3~o 18,38" 20.27° 2/ " 2 2

0 . ·0
22.80

--



CORNELL UNIVERSiTY

SCHOOL. OF CIVIL ENGINEERING

PROBL-EM II) e n'l 0

NAME I I .
Nt.Ari Ce e~1

INSTRUCTOR

COURSE

DATE

SHEET NO. 2., J OF 34

TCA/hle rI-c; f}Y]Jle of tolal/on ¢ Olt 11'1/c/span [de:;reesV
I
I

(under yield lead) for oli!ler~nt vet/ues of Q/"Pr ClYlcl L

Jvl~o!?ecl Chutlne! E,(CiYr~p/e

D/m ens "0 t1 S 01 Ie '5 0 1"1') 12

Ct 5 0 i1 Th hI.e [f- C

1
r
h

~b~
I I '1- ' #_.. _..

I U c
Te

1 S,c·-'r ----
~~ ~ I

..-..---- ~---

~L 'Py 0 I 1- 3 lb JOoo'

.-
~

30 11 0

.75°
~

53 0 0 SG" ~I . II .62 .5&. ,
c

2. ~7°
()

I,2.C3°
c,)

1,22
0

''i::
cq 5 11 J. G8 J. 37 () , r26 ~

.-...J

0
2. -23

0 2.17 v
a

GOlf '-1 .31 2, ~7~ 2,38° 2, 10" ~
I

~
~

~.~&'o ." f:J8 a ~,s1
~

~o 'I 6.67~ 4 .4'1 () 4.25
0 <

~

120 II lb, /5 0 0 e, )7 () 7,2'1
0

b, CJ7° 6~51" ?11, ~2.. -

30 '1 - J .07 0 - . 7~o - .63 0
~ .60

0
- .5~~ - .57

c
~

~-
~5" 2,27() 1.6~o I,4/ 0 1,35 0

J, '33" 1.23() c- - - - - - tC
<:)
-J

60" - 3.74° - 2.6SC) - 2.50° - 2.~oo - 2.3bo I- 2 ~Jo, t-

6.06~ 5.LlZ o
S,29 a U

~Ol' 7. ,,0 5.57~ S.37" -- - - - - - -...J

~
()

tJ.70
o

~. b5° <3, 5"8 C .
-.......J

J 'L 0 II _ 10. fj 30 - 10. L2 - ~.83° - - -..



CORNEL.L UNIVERSITY

SCHOOL OF CIVIL ENGINEERING

PROBLEM /)·'1 ..{ I} I 0

NAME ;VLlr/ (e Ie b/ DATE OC f. G J I ') 6 ?
INSTRUCTOR

COURSE SHEET NO. 2'2 OF 31

TOlble II- D , /lno/e of r-o!otlio r1 ¢ ClL
J

/ C) c; cl) fo r- 01 ;( fer en 1. Yo tues

rV7icl5PC/Y'J [c;leJ'I-ees)

c f Q /?y 0 f1c1 L

l-
e

L._. --- T
h

1
lJimeYJ 5/0n s' are 5 a me

as on TCibie 1I-c.

~ 0 I 4 :1 /(;, /000

~

.040 0

.52
v

,54" .55~ -
0 $

30 11
I- ,42 - - - ,5G ~

C'.

.£15 " , /8 0 . .900 I, 13 t'
. 0

/ .2..' 0 ,& 23 c ~- - - J. /8 - -
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PREFACE

Cold-fo~med channels and Z-shapes are widely used as pur

I1ns supporttng roof surfaces which consist of light-gage steel

panels or othe~ material. If the panels are interconnected to

form diaphragms) they brace the purlins and increase their carry

ing capcity ~izeably. It is the purpose of this investigation

to explore this bracing effect and provide tools for its utili

zation ln~design.
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NOMENCLATURE

A = Cross sectional area.

A = Defined by Eq. A.16.s

Al ,A2 ,A3 ,A4 = Coefficients defined by Eq. C.2a.

- - -A
l

,A
2

,A
3

,A
4 = Coefficients defined by Eq. C.2b.

A = Coefficients of u in Eq. 2.l7a.ron n

a = Positive number showing the horizontal dis-

tance between p and shear center (Fig. 10).y

a 1 ,a2 = Constants defined by Eq. 4.9.

a~,ai,a2,a3 = Constants defined by Eq. 4.19.

a~,ai,a2,a3 = Constants defined by Eq. 4.21.

B = Bimoment defined by Eq. 2.5.

Bmn = Coefficients of ~n in Eq. 2.17a.

Bs = Simplified bimoment defined by Eq. 4.57b.

b = Width of flanges of lipped or plane channel

and Z-sections.

b l ,b2 = Constants defined by Eq. 4.9.

b~,bi,b2 = Constants defined by Eq. 4.19.

btl btl = Constants defined by Eq. 4.21.
0' 1

C.G = Center of gravity.

= Coefficients of un
in Eq. 2. 17b .

c = Width of lips of lipped channel and Z-sections.

CO,Cl = Integration constants in Eq. C.lS or Eq. C.23 .

.Cw = Warping constant, defined by Eq. A.28.

C' = Modified warping constant for rigid bracingw
case, defined by Eq. 2.15.
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()cterminants of E<]. 4.2, defined by Egs.

4.7a, b , c respectively.

o = Coefficients of ~n in Eq. 2.17b.
ron

d = Y3' i.e., the coordinate Y for corner 3.

E = Young's modulus.

Em = Right hand side of Eq. 2.17a.

e = Positive number showing the vertical dis

tance between p and shear center (Fig. 10).
Y

eo = Positive number showing the vertical distance

between the diaphragm bracing and shear cen-

ter (Fig. 10) •
supplied by

F = Rotational restraint/diaphragm bracing.

F = Right hand side of Eq. 2.l7b.m

£1 = Vibration eigenfunction of first mode repre-

senting u and/or ~ as a function of Z; along

the beam, defined by Eq. 4.1.

fi = Second derivative of f l with respect to ~.

G = Shear modulus.

G = Effective shear modulus of diaphragm bracing.eff

H I II Illw = Defined by Eqs. A. 39b, c, d respectively.x y

h = lleight of lipped or plane channel or Z-section.
h(t:) = Moment distribution function defined in

Eq. C.7a.

h(~) = Load distribution function defined in Eq.

C.7b.

10 = Polar moment of inertia with respect to shear

center.
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I = Moment of inertia with respect to x-axis.x

I = Moment of inertia with respect to y-axis.y

I = Product of inertia with respect to x and yxy

axes.

K = Saint Venan-t torsion constant.

Kll,K33,K33 = Constants defined by Eqs. 4.4a and 4.4b, see

Table 11.

L = Span length.

L
1

= Distance between the discrete braces.

M = Load parameter defined by Eq. 4.3a.

Mbend = The bending capacity of a beam which is

guided or braced such that the only possible

deformation is bending in the plane of the

load with no rotation or lateral deflection,

defined by Eq. 4.13c.

M ,M =x y

M =z

Mz:: ,M =
:> n

Bending moments with respect to x and y axes.

Torsional moment with respect to z axis.

Bending moments with respect to ~ and n axis.

M~ = Torsional moment with respect to ~ axis.

M
t

= Torsional moment defined by Eq. A.36.

Mtw = Flexural twist, i.e., torsional moment carried

by the beam due to its warping rigidity, see Eqs

A.30e and A.31c.

Myd = Incipient yield moment.

mt,mz = pistributed torsional moments.

N = Normal force

N = Maximum number of terms considered in series

solution.
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= Uniformly distributed load acting in a plane

n = Coordinate axis normal to profile line of

cross-section (Fig. 4 ).

n = Subscript.

P = Concentrated force.

p = Euler buckling load about the x axis.
x

Py = Euler buckling load about the y axis.

p' = Defined by Eq. 4. 3b.y

p~ = Defined by Eq. 4.3d

p

parallel to web.

P = Bracing forces in x and z axes directions.
Px ' z

= Distributed loads in y axis direction.

Shear rigidity of diaphragm bracing.

QL = Limiting shear rigidity, defined by Eq. 4.36.

Q = Defined by Eq. 4.37.
L,con

Qx,Qy'OW = Defined by Eqs. A.17, A.18 and A.19 respec-

tively.

q = Defined by Eq. 4.15.

r = Distance from shear center (Fig. 4 ).

r n = Distance of shear center from the line tangent

to the center line of the cross section (Fig.

It ).
2

r o = Defined by Eq. 4.3 e.

s = Coordinate axis tangential to the center line

of the cross section (Fig. 4 ).

To = Shear force at s = o.

T. = Definite integrals defined by E
1 qs. e.9 and e.lS.
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TU,T~ = Defined by Eqs. F.2a and b respectively.

t = Wall-thickness of the sections.

u = Deflection in x-axis direction.

Uo = u for no bracing case, i.e., Q = O.

u = u for rigid bracing case, i.e., Q = 00.
00

U ,ll = Deflection.in tangential and normal direcs n

tions to the center line respectively.

III = Amplitude of u.

V = Shear force in diaphrag~ contributory to

the bracing of one beam.

v ,V = Shear forces in x and y axes directions.x y

v = Deflection in y axis direction.

Wl ,W2 ,W
3

= Defined by Eq. 4.4, see Table 11

W4 'W5 = Defined by Eq. 4.24, see Table 11

W6 = Defined by Eq. 4.27, see Table 11

W7 'We = Defined by Eq. 4.39, see Table 11

Wg = Defined by Eq. 4.49, see Table 11

WlO'Wll = Defined by Eq. 4.49, see Table 11

W12 = Defined by Eq. 4.52, see Table 11

w = Width of the diaphragm contributory to one

of the beams.

w = Displacements in z-axis direction.

w = Displacement due to normal force.o

Xn = Series terms defined by Eq. C.3a.

x,y,z = Fixed coordinate axis, (Fig. 2 ).

x,y = Coordinates of the shear center.

Zn = Series terms defined by Eq. C.3b.
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(l = Defined by Fig. 4

see Table 11

n = Defined by Eq. 4.28a.

= a for channels, defined by Eq. 4.28a or 4.69a.

= a for Z-sections, defined QY Eq. 4.28a or 4.73a.Cl
Z

B = Defined by Eq. 4.28b.

Bch = B for channels, defined by Eq. 4.28b or 4.69b

Bz = B for Z-sections, defined by Eq. 4.28 or 4.73b

6x ,By ,Bw = Defined by Eqs. A.4la, b, c respectively.

y = Shear strain.

Ych = Defined by Eq. 4.44a.

Yz = Defined by Eq. 4.51a.

x = Kronecker delta.u nm

0ch = Defined by Eq. 4.44b.

Oz = Defined by Eq. 4.51b.

£ = Defined by Eq. 4.13b.

£,cz = Longitudinal strain.

r. = r = Dimensionless length parameter.

n = Defined by Eq. 4.16.

K = Defined by Eq. 4.3a.

~X'AZ = Eigen values defined by Eqs. C.la and b

respectively.

Al = Eigenvalue corresponding to eigenfunction f ,
1

E:,n,l; = Coordinate axis in deformed state (Fig. 2 ) .
11 1 ' IJ 2 ' )J 3 ' IJ 4 = Defined by Eqs. 4.17d through 4.17g.

vx,vy,v z = Defined by Eqs. 4.17a through 4.17c.
p = Dimensionless yield load parameter defined by

Eq. 4.13a.
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Pro = p for rigid bracing, i.e., Q = ~, defined by

Eq. 4. 33.

PL = p for Q = QL' defined by Eq. 4.47 or Eq. 4.53a,

a,a = Longitudinal stress.
z

a ,a ,a~ = Stress components due to curvatures u", v",u V 'fI

<1>" respectively.

= Yield stress.

T = Shear stress.

<t> = Angle of rotation (Fig. 2 ) .
<Po = <P for no bracing case, i. e. , Q = o.

<1>00 = <f> for rigid bracing case, i.e., Q = 00.

w = Warping displacement or sectorial area, de-

fined by Eq. A9; (Fig. 6 ).

WA,WC = W at Location A and location C (See Fig. 2 ).

W3 = w for corner 3, see Fig.

Wi = Modified sectorial area for rigid bracing

case defined by Eq. 4.26
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ABSTRACT

The behavior of thin-walled cold formed channel and Z

sections, braced on their upper flange by light-gage steel dia

phragms under static loading is studied.

The objective of the study is to obtain mathematical solu

tions, to verify these solutions by tests, and to derive design

formulations for the bendi'ng behavior of channel and Z-section

beams with verlous boundary conditions.

This type of structural element 1s encountered as purllns

and girts to support the roof cover and siding of metal build

ings.

The roof cover 1s connected to the upper flange of the pur

lins and gives rise to the case of braced compression flange

when the system is under gravity loading. Similarly, for~theup

lift caused by wind forces, the beam 1s braced on its tension

flange.

The bracing capability of the diaphragms is due to their

shear rigidity and/or due to the rotational restraints at the

beam diaphragm connection.

The effect of the shear rigidity as well as of the rotation

al restraint on the load carrying capacity of the beams have

been investigated.

Since in some applications, the lower flange of the beam

which is not connected to the diaphragm is braced by X-bracings

xv



or sag rods, the additional effect of this discrete bracing is

also included in this study.

The differential equation of the diaphragm braced channel

and Z-section beams have been derived and a series solution has

been obtained by the Galerk1n Method. Based on these studies, a

computer program 1s written for the determination of the yield

load of the beam. The program 1s capable of considering any de

sired number of terms in the series solution and in many cases,

it is sufficient to use but a few terms of the series.

The computer program is sufficiently general to include the

effect of all geometric parameters. Using a single term solutio]

of the differential equation, design formulas for the yield mo

ment are derived for the beams considered. The designer 1s

thus given the choice of using these simple formulas or the com

puter program if he desires more accurate analysis.

Based on theoretical and experimental results, pertinent

conclusions are obtained and recommendations for further studies

are included.
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CHAPTER I

INTRODUCTION

1.1 General

Thin-walled '~old-rbrmed channel and Z-se~tlons are widely

used as purlins and girts due to their'easy and ,economical fab

rication and light weight. They are sUbjected to g~avity and

wind loading transre'rred by roof covering ,or siding of the struc

ture. A typical roof assembly is shown in Figure 1. Generally,

the cover or siding:materlal is a light-gage steel diaphragm.

Since the channel arid Z-sect1on members are weak' against torsion

and bending in the lateral direction, they should be braced in

order to use their' bending capacity in their strong direction.

A diaphragm which is properl~; connected' to pur11n and girts

provides a: firm bracing to the individual members, thereby in

creasing their strength and/or stability. The result is an eco

nomical engineering concept. It has been brought to the atten

tion of the author by reliable sources that there have been re

cent failures of roof structures due to improper design of the

purl1ns. The 'investigation reported 'here is aimed at obtaining

rational and theoretically sound approaches to the treatment of

diaphragm bra'oed, thin-walled channel and Z-sect1on beamswhlch

are most' commonl'y use'd as pur11ns. A critic,al review or the

previous investigations and the object'1ve of the present study

ar~ g1~~n l~~hls ~hapter. Theoret1cal'an~lys1sJdesign consid-
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erations, and experimental programs are discussed in the follow

ing chapters.

1.2 Previous Studies

Torsional-flexural behavior of thin-walled prismatic mem-

bers with open cross-sections has been studied by several inves

tigators. Maillart introduced the concept of shear center in

1922 (35). Extending the ideas of Wagner and Kappus, in 1941 and

1942, Goodier (15,16) developed the differential equations for

stability of such sections under bending and eccentric thrust.

The most extensive investigation of the subject was performed

by Vlasov (35) He derived the differential equations for sta-

bil1ty of thin-walled sections under general loading conditions.

He also suggested their solution by Galerk1n's Method and pre

sented some examples. Vlasov also treated the .torsional bending

of thin-walled open sections. The. concept:s. of' birnornent and flex

ural twist have been introduced by him. However) he did not con

sider the coupling of flexural and torsional bending. Rather, he

treated them separately and superposed the resulting stresses.

The practical implications of his findings were discussed by K.

Z. Koscia (41).

Combined torsional-flexural bending has been investigated at

Cornell by Lansing (20) in 1949 and McCalley (24) in 1952.

McCalley has derived pertinent differential equations in non

principal coordinates. He also studied the second ~rder terms

in the longitudinal strain expression and found that under non

uniform torsion, the cross-section qaes,not rotate about the
.~ /.. .:.
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shear center but about the "rotation c'enter" which 1s defined

unsymmetrical' bending where there are no primary torsional loads

and the twisting of the beam is restricted so that the secondary

torsional moments can be neglected.

Beams and columns are orten braced by other elements of the

construction. There is a large volume of research dealing with

the stability of discretely or continuously praced beams and

columns.' Goodier studied the stability of a bar attached to a

flexible "sheet which prevented the displacements in the plane of

the sheet. Vlasov presented the differential equations for the

stab111ty~ of thin-walled beams, continuously braced by elastic

springs against displacement and rotation.

K. Klopp"el and B. Unger (18) have studied the lateral buck-
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ling of a doubly symmetrical-I beam whose compression flange is

braced by elastic ~prlngs against lateral and rotational move

ments. They used the Runge-Kut~a method for integration of the

differential equat1ons~

Winter (38) also has studied the stability of braced mem-

bers. He has developed a method to obtain the lower limits of

the strength and rigidity of lateral bracing which provide

"full bracing." of beams and columns. The term "full bracing"

means that the bracing is. equivalent to an immovable lateral

support. Larson (21) extended Winter's analysis to shear type

lateral supporting media. In this case~ the restraint 1s a

function of the slope of the member rather than the lateral de-

flection itself.

The behavior of shear d1ap~ragms and diaphragm-braced col

umns and beams have been investigated at Cornell University by

L. Luttrell (2?,23] G. Pincus (31,32), s. Errera (13,14), and

T.V.S.R. Apparao (3,4). Pincus studied concentrically loaded

columns symmetrically braced at both flanges by shear diaphragms.

Errera has derived the differential equations of diaphragm

braced beams and colu~s from energy considerations. He pre

sented solutions for (1) a column braced by a diaphragm on one

flange, (2) a column with enforced axis of rotation, and (3)

diaphragm-braced beams under uniform bending moment with hinged

and fixed boundary conditions. Errera has also considered the

stability behavior of diaphragm-braced beams and, columns in the

inelastic range. App~ao extended the theory to initially im

perfect beams and columns. Heobt.ained So!ution~ for (1) axial-
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ly loaded columns braced by girts, which in turn are braced by

diaphragms, with hinged (i.e. v = v" = u = u,; = 4> = 4>" = 0) and

torsionally fixed but flexurally hinged (i.e. v = v"·= u = u' =
~ = ~t = 0) boundary conditions, and (2) I, channel and Z-beams

with hinged or fixed ends, subjected to uniform bending moment

and braced by a shear diaphragm at one flange. Both cases in

clude ideally perfect and initially imperfect situations. For

the imperfect case, either the beam may yield first, or the

diaphragm may fail. Diaphragm failure 1s defined as the condi

tion when the shear strains exceed a limiting value determined

by test (5). Many tests on diaphragm-braced beams and columns

have been carried out by Pincus) Errera and Apparao to verify

their computations.

These authors have utilized the shear rigidity of the dia

phragm, but neglected the rotational restraint supplied by the

diaphragm bracing with the Justification of being On the safe

side.

On the other hand, Pelikan (30) has performed full scale

tests on purlins braced by well-eternit deck and substantiated

the value of the rotational restraint of the diaphragm. Vogel

(36) has derived approximate formulas for the critical load of

a continuous purlin of dOUbly symmetrical I-section, taking on

ly the rotational restraint into consideration. He also de

rived a simple formula for the required rotational restraint,

setting the critical lateral buckling load of pur11n equal to

its flexural carrying capacity. If the existing rotational re

straint provided by the diaphragm to the beam is larger than



6

the one defined by Vogel, failure is not caused by instability

and the optimum strength of the beam is obtained.

the shear r igidity and the rotationalIn this studY, both

in bracing of channel and Z-purl1nsrigidity of the diaphragm

have been cQns1dered.

1.3 Objective of this Study

1. Establish a theoretical basis for the design of dia-

phragm-braced thin-walled channel and Z-section beams.

2•. Obtain the solution to the differential ~quat1on of the

diaphragm-braced thin-walled beams.

3. Investigate the effect of various parameter~, computer-

izing the solutions obtained.

4. Obtain closed form and relatively simple design formulas.

5. Verify the theoretical findings by model and full-scale

tests.

The objectives are achieved as follows: In the second

chapter, the elastic theory for combined bending ah~ torsion of

thin-walled beams with open cross sections 1s discussed. ~he

differential equations for diaphragm-braced channel and Z-beams

are presented and their solution is outlined. The derivation

of the general theory 1s given in Appendix A where, among others,

the works of Vlasov (35) and McCalley (24) have been used exten-

sively without specific reference. Derivation of the differen

tial equations for d1aphr~gm-bracedbeams and a detailed treat

ment of their solution 1s presented in Appendices Band C re

spectively. Appendix D describes an experimental procedure to

determine the rotational restraint of the diaphragm.
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The third chapter deals with numerical studies through com

puters. The results are discussed qualitatively. The flow

chart of the computer program 1s given in Appendix E.

Some possibilities for design simplifications are described

in the fourth chapte~.

Experiments are discussed in the fifth chapter.

Finally, in the sixth chapter" the results are summarized

and future research ~s outlined.



(2.1)

CHAPTER II

THEORETICAL ANALYSIS

2.1 General

Ordinary beam theory with the assumption of· plane sections

remaining plane is, 1n general, unsatslfactory for thin-walled

beams with open cross sections. Such beams warp when loaded,

and the corresponding stresses and deformations are of the same

order as the ones due to ordinary beam theory. Hence, a more ad-

vanced theory which considers warping is necessary.

2.2 Theory of Thin-Walled Open Section Beams

The theory for thin-walled beams is described in Appendix A.

Coordinate axes and the positive directions of the forces are

given on Figures 2 through 4. Equilibrium of an element in the

z-axis direction is shown on Figure 5.

The long1tudlnal stress as determined in Appendix A is:

= Edwo Ed2u Ed2v _ Ed2~ w
°z crz- - --2 x - -- y

dz dz 2 dz 2

The last term is due to warping. The quantity w is called sec

torial area or warping displacement. For channel and Z-sections,

w 1s shown in Figure 6.

The shear stress when there are no longitudinal tractions

along the surface and along the free edges of the beam 1s:

8
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(2.2)

where Qx ' ~y' and Qw are statical moments whose values depend

upon the coordinates of the point of the cross section where

the stress is sought. The last term represents stresses due to

warping. Warping stresses are assumed to be constant over the

thickness. Saint Venant shear stress, which is zero at mid

thickness and varies linearly over the thickness 1s not 1nclud-

ed above.

When the shear stresses are integrated over the cross sec-

tion, the component due to warping results in torsional moment

Mtw = -EC d 3¢ (2.3)w dz 3

This 1s called flexural twist in distinction from Saint Venant

twist. The latter is

Mts = GK d~
(2.~)

dz

Thus, an external twist will be resisted by both warping and

st. Venant rigidities. The significance of the warping rigid

ity increases as the wall thickness and the span length of the

beam decrease.

When the normal stresses are integrated to find the stress

resultants, the component due to warping has no contribution to

normal force or bending moments. However, the virtual work of

these normal stresses acting over the warping displacements

does not va~i~~~ It 1s useful to introduce the following quah

tity, called bimoment (35), to represent warping stresses in a
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cross section.

,. ~2.t
B = AJaw dA =,·EC 2

W dz

A system which has zero force and zero moment resultants

but has a b1rnoment is shown in Fig. 7a. It is intuitively

clear that such a force system will warp a thin-walled beam

with open cross section.

The external loads which do work along warping displace

ments create external b1moments. For example, a longitudinal

force P acting at a point A (where wA is not zero) constitutes

a bimoment of PwA• A blmoment 1s always accompanied by warp~

ing and twisting of the beam or column. Hence, a concentrical

ly loaded column of Z-sectlon will twist in a continuous man

ner due to the b1moments PWc at the ends., On the other hand, a

column of channel section loaded concentrically will remain

straight until the buckling load because Wc =0 for this case

(35,41) Some examples for loads causing bimoments in a member

are shown on Figures 1a through 7d. In summary~ both torsional

moments and external bimoments lead to warping of the cross

section and twisting of the beam or column, producing warping

stresses.

Note that flexural twist is the derivative of the b1moment

as can be seen from Eqs. 2.3 and 2.5,

The differential equations of channel and Z-beams loaded

in a plane parallel to ~he web ~re
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2 d 2vElxy
d u + EI = -M (2.6a)
dz 2 x dz 2 ~

Ely
d 2u Elxy

d2v _
Mn ( 2 • 6b)--+

dz 2 -2 -
dz

3
~ = -MEC £::1_ GK (2.6c)w dz3 dz ~

The derivation of these equations is given in Appendix A. The

curvatures in Eq. 2.1 will be obtained by solving the differen

tial equations for combined bending and torsion (20,24). The

moments M~, Mn and Mt are in the direction of the deflected

axes. M~ and M
n

act at the centroid while M
t

is at the shear

center. They can be expressed in terms of the moments Mx ' My'

and Mz in the direction of undeformed axes as follows

M~ M + <1> My
du= dz Mzx

Mn = -<pfJI + M dv M
x y dz z

M
t

= du M + dv M + ~1dz x dz y z

(2.7a)

(2.7b)

(2.7c)

2.3 Theory of Diaphragm-Braced Beams

The behavior of diaphragm-braced beams depends on the

cross-sectional configuration of the beam and the type of the

loading. The main types of loading in a roof structure are

gravity loads and wind suction forces. They are transmitted

from diaphragm to the members by bearing for downward loading

and through the connectors for uplift loading.

If doubly symmetrical shapes such as I section or singly

symmetrical shapes such as r1. or'T are used in the d1aphragm-



12

beam assembly, the loads act in the plane of symmetry. Thus,

the beam deflects'only vertically without any rotation or la

teral deflection until the bending capacity is reached or la

teral instability occurs. This behavior will also be observed

for channel and Z-section beams, when the load plane passes

through the shear center and the load is applied parallel to

one of the principal ax.es. However, in the analyzed structure,

the loads do not act through the shear center in the case of

channels and are not in the direction of principal axes for Z

sections. Hence, in addition to the vertical bending, these

sections rotate and deflect laterally with increasing load.

Evidently, this 1s not a stability problem. It is rather a

problem of combined bending and torsion.

2.3.1 Diaphragm Bracing

Diaphragms usually consist of thin-walled corrugated or

orthotrop1c metal plates with open configuration. Because of

its orthotropic characteristics, one can assume that along the

corrugations, the axial stiffness is infinite, but perpendicu

lar to the corrugations, it is zero. Consequently, in the lat

ter direction, no axial force and moments in the plane of the

diaphragm can be carried. The bracing capacity of a diaphragm

in its plane is then only due to the shear strength and shear

rigidity. When the beam where the bracing is attached deflects

sideways, the diaphragm undergoes shear deflections.· Conse

quently, shear forces arise in the diaphragm. The rate of

change in the shear force along the z-axis is eqUivalent to a

distributed load acting on the upper flange of the beam. This
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distributed load restrains the deflection of the beam in the

plane of the diaphragm bracing. Previous research at Cornell

University indicates that this model is adequate to describe

the behavior of diaphragm-braced members within engineering

accuracy. The shear forces in the diaphragm, and the lateral

bracing force between the diaphragm and the beam are shown on

Figure B.

It should be noted that shear type deflection of the dia-

phragm is not due only to actual shear strains in the material.

Cross-sectional deformations of the diaphragm and deflections

at the fasteners generally ·contribute the larger pprtion of

the macroscopic shear deformations. Hence, shear rigidity de-

pends on several factors, such as cross-sectional configuration,

the length of the diaphragm along the corrugations, and materi-

al thickness, fastener type and spacing, etc. Research 1s in

progress (12) to predict the shear rigidity Q of a given dia-

phragm analytically. But for the time being, no established

analytical formulation 1s available; therefore, Q must be de

termined experimentally (22,23).

In addition to shear rigidity, the diaphragm has a cross-

bending stiffness along its corrugations. This may provide

rotational bracing to the members. The rotation of the dia

phragm and the purlins are sketched on Figure 9. Three types

of deformation are possible:

(1) Rotation ~b caused by beam type deflection of the

diaphragm.

(2) Rotation ~fl caused by deformation of the flange with
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respect to the web,

(3) Rotation <fldia caused by local deformation at the con-

nections of the diaphragm. The local rotation then consists of

1 ~ ~ + ~ The totalthe sum of ~fl and 'dla' .e. ~local = ~fl dia'

rotation of the cross-section of. the purl1n 1s the sum of $b

and $local o The corresponding components of the rotational

rigidity F are designated as Fb and Flocalo Thus

111- = - +-
F Fb Flocal

Since the local deformations depend on the connection detail and

on the type of deck panel, it 1s proposed to find the correspond

ing rotational restraint by a test. A possible test set-up 1s

discussed in Appendix D.

2.3.2 The Differential Equation

Previous investigations of diaphragm braced: beams' considered

only either the shear rigidity Q(l4,4) or only the rotational

stiffness F (36), and were generally confined to doubly or

singly symmetrical sections with the loading in the axis of

'symmetry. This research includes the effect of both of the

parameters at the same time.

The differential equations of diaphragm-braced I, channel

and Z-beams loaded in a plane parallel to the web are derived

in Appendix B. They are

(I I - I 2) d4u d2u d2~ d2 I
E x Y xy .Q -2 - Q ( -E...

Ix dz4 - dz eD dz + dz2 Mx<fl)· - Ix Py

(2.8a)
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( 2 • 8b )

where

Q = shear rigidity of the diaphragm

F = cross-bending rigidity of the diaphragm

eD = a positive number showing the vertical distance of the

diaphragm from the shear center (Figure 10)

Py = distributed load in the plane of the web (positive

for downward, negative for uplift loading case)

a, e = positive numbers indicating respectively the horizon-

tal and vertical distances of the application point of

p from the shear center (Figure 10)
y

Mx = fIpydZ 2 , i.e. bending moment due to Py

For I beams I = a = 0, thus the equations are homogeneous inxy

d1cating a stability problem. For channel sections I = 0
xy

but a ~ 0, whereas Z beams have I XY ~ 0 and a ~ O. Hence, Eqs.

2.8 remain nonhomogeneous for both channels and Z beams so that

stable deflections will arise continuously with increasing loads

Eqs. 2.8 are repeated below in terms of a dimensionless

variable ~, where
z

l; = L

In the remainder of this study, primes will indicate differentia

tion with respect to ~, except when otherwise specified.

E(I I - I 2) I
x Y xy uIV _ QuI! _ Qe$" + (Mx$)" = - IX~ P

y
L2 (2.9a)

I L2 xx
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EC 2 2-.!L <jllV _ GK<jl" _ Qe2<jl?l _ p eL 4> + FL 4> + M u ll
- Qeu" =

L2 Y x

where en = e is substituted assuming that the distance of the

bracing force p and external load p from the shear center 1sx .Y

the same.

The parameter Q influences both the lateral and rotational

stiffness of the beam-diaphragm assembly since the bracing forces

cause stabilizing torsional moments about the shear center. In

contrast, F increases only the torsional stiffness of the purlin.

Thus Q appears in both of the equations 2.9 while F is present

only in 2.9b.

The vertical deflection can be found from
4 I 4d v _ Pv xv d u
~ - EI; -~ dzij (2.10)

2.3.3 Special Cases

For two limiting values of the shear stiffness Q) the coupled

equation system 2.9 can be reduced to one fourth order differen

tial equation for ~.

2.3.3.1 No bracing) i.e. Q = 0

For this case

EC 1M 2
W cj>lV _ GK<jl" _ [p e + x x ]

L2 Y E(I I _ I 2)
x y xy

I M 2
= [p a - xy x ] L2

Y E(l I - I 2)x y xy

After <p is round, u" is given by

(2.11)

u" =
(2.12)
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2.3.3.2 Rigid bracing, i.e., Q: ~

For this case the displariements u and ~ are no longer

independent. Specifically) un = 0 gives

(2.13)

The differential equation is

(2.14)

where
I I -I 2x y xy

Ix
2e (2.15)

2.3.4 Solution of the Differential Equations

The d1rfe~ent1al equations are solved by the Galerkln

Method. The displacements u and ~ are represented by ~nfinite

series of the form
00

u = L u X
n=l n n

co

<P = r <P nZnn=l

(2.16a)

(2.16b)

where the functions Xn and Zn satisfy the boundary conditions.

By the Galerkin Method the differential equations are converted

into algebraic equation systems for u and $. Thus Eqs. 2.9n .n

become

00

L (Crnn Un + Drnn $n> = Frnn=l
m. 1,2, ••• 00

(2.17a)

(2.17b)
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where A through F are constants which depend on beam dimen-mn m .
sions, boundary conditions, d1aph.ragm st1.ffness,. and load

distribution and 1nt.ens1ty. The details of the procedure and

formulas for Amn through Fm are presented in Appendix C.

2.3.5 Stress Calculations

The curvatures are used to compute stresses. The vertical

curvature is

(2.18)

using this equation, and assuming that there are no longitudi

nal forces on the be~, Eq. 2.1 becomes

(2.19)

The following summarizes how the terms U U and V U are

determined.

a) General case

From Eqs. 2.16,

U" :I

00

L
n=l

U Xli
n n (2.20a)

co,Ii II r 4> Zit (2.20b)n=l n n

Coefficients u and ~n can be determined using Eqs. 2.17n
b) No bracing, 1. e. , Q = 0

Here u" may be found from Eq. C.22 (Appendix C) as a

function of f1x and ~. For a given number of terms in the

series solution, this will give better accuracy than Eq. 2.20a,

because the series for defl t1
eo on converges more rapidly than

that for curvature.
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c) Rigid bracing, 1. e. , Q = 00

Since u~r = -e4>", Eq. 2.19 becomes

M
!L- W'<t>"a x y= Ix -
L2

(2.21)

where
I

w' = w - (x - 2:.Y.. y ) e ( 2 • 22 )
Ix

The curvature ep'" is given by Eq. 2. 20b for both Q = 0 and

Q = '00.



CHAPTER III

PHYSICAL BEHAVIOR AND DISCUSSION OF

COMPUTER SOLUTION

3.1 General

In general, channel and Z-sect1on beams undergo lateral

displacement and rotation when loaded parallel to the plane of

the web. Diaphragm bracing which 1s connected to the upper

flange of the beams resists these deformations, thereby general

ly increasing the yield load capacity of the purllns and reduc

ing their deflections. The evident but important consequence

of the above statement 1s that the effectiveness of the dia

phragm depends on the deflection tendency of the upper flange

and rotation tendency of the cross-section. Detailed examples

illustrating this statement are presented in this chapter.

A computer program has been prepared on the basis of the

series solution of the differential equations for lipped and

plain channel and Z-sect1on beams braced by diaphragms. This

program determines the incipient yield load, lateral deflec

tion u and angle of rotation ~ at midspan (for both yield load

and service loads) as well as stresses at the cross-section

where yielding starts. All plots and tables are based on

using three terms of the series solution for u and ~ each.

20
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Though the numerical results are given for hinged boundaries,

extension of the program to other boundary conditions s,hould

not' cause any basic, difficulty. Both uplift and downward grav

ity loads are investigated. The lo~d 1s taken as uniformly

distributed.

The coupling of bending and torsion generally results in

a nonlinear relationship, between the load and the stresses.

Hence, the yield- load cannot be found directly, but only

through iteration. In the computer examples, the theoretical

failure 1s defined as the load resulting in a maximum stress

of 37.95 or 46 ks1. The value of 37.95 ks1 as maximum stress

1s obtained by applying a 15% overstressing to the basic yield

stress of 33 kal. This overstressing factor was first proposed

in Ref. 37 where localized maximum stresses appeared at the

corners of the cross-section. This also has been observed by

the author in unbraced channel and Z-sect1on beams or in braced

beams of relatively small L/h (length/depth) ratios, particular

ly for uplift loading case. On the other hand, as the L/h

ratio increases, the stress distribution on the flange becomes

more and more uniform, since the main contribution to the

stress comes from the bending about the strong axis. In these

cases, an overstressing 1s not justified. Thus, in'the latter

phases of this investigation, where ,relatively large L/h ratios

were studied, the maximum stress was ~taken a~ 46·ks1 without any

overstr~ss1ng considerations. In the opinion of the autho~,

the designer should be the one to decide whether or not he can

increase the max1mum~stress after.cbeck~ng the stress d1str1bu-
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tion. Further considerations are discussed in Chapter IV in

connection with th'e d'eterm1na,t1on of str'ess distribution.

The two important characteristics of diaphragm bracing

are the 'shear rigidity Q and the rotational restraint F. Sep

arate and combined effects of both of these parameters are in

vestigated in this study. The studies also include the case

where both parameters vanish, namely, the unbraced case.

It should be noted that an extensive discussion of phys

ical behavior 1s also included in Chapter IV.

3.2 Influence of Shear Rigidity Q on Behavior

3.2.1 General

Light gage steel diaphragms usually have both shear rigid

ity Q and offer rotational restraint F. However, there may be

cases where the rotational restraint is not reliable. In

order to cover this separately, and to simplify the explana

tion of some of the phenomena connected mainly with the shear

rigidity, the discussion here will be confined to the case F=O.

The dimensions of the members involved in the discussions are

given in Fig. 11.

3.2.2 Deformations

Figures 12-15 show the lateral deflections and the angles

of rotation at midspan for the sections in question for uplift

loading with L D 60". It is seen that Z-section beams display)

in general) less rotation than channel beams with identical

dimensions. However. when the -diaphragm stiffness is increased.

there is not much dlfferenoe between them. It is also observed

that U o for channels and ~o for Z-sectlons are tangential to
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the load axis at the origin. (Subscripts 0 and ~ refer to

no bracing and rigid bracing cases, .respectively). This 1s

so because there 1s no load component at the outset to cause

these deformations. Slight non-linearity can be observed in

these diagrams. The reason 1s that new components of the

loads are ·created by the deformation u and ~ of the beam.

The effects of these secondary components may add to or sub

tract from the primary loading effects depending upon the

parameters involved.

In general, for uplift loading, both diaphragm-braced or

unbraced channel and Z-beams will have pL - $ diagrams with

decreasing slopes at failure. No examples for the downward

case are included here. However,' for the·unbraced case the

pL - ~ diagrams will be more non-linear and will have a de

creasing slope as above. On the other nand, for the rigidly

braced case, a stiffening-type pL ~ ~ curve will emerge for

downward loading. (This will also be the case for a reason

able stiffness of the diaphragm bracing).

3.2.2 Yield Load Capacity versus Span Length

On Figures 16 through 19, the ratio M/Mbend versus span

length is shown for no and rigid bracing cases. M is the

bending moment at midspan due to uniformly distributed load
2

p, i.e., M =~. It is compared here with the theoretical
a I

bending capacity Mbend == 7~· Mbend represents the capacity

Of a beam which is 'gu1dedor braced such that the only pos

sible deformation is bending in the plane of the load with no

rotation or la.teral deflect"fon. Thus Mbend for I, channel
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also will be finite. The birnoment causesaddit10nal stresses

in the cross section and reduces M/Mbend to some definite value

less than 1.15. The amount of the reduction will depend on

the section properties.

In the case of a Z-sect1on loaded in the plane of the

web, there is also a reduction. Since the load 1s not in the

principal plane, the beam experiences lateral deflections in

addition to the vertical ones. For' convenience these deflec

tions can be thought of as caused by fictitious lateral loads(ll
I

equal to p I XY ' These loads result in a lateral bending
x

moment of M IXy/lx which remains finite as L goes to zero.

Thus the ratio M/Mbend will be reduced due to the additional

stresses caused by this moment.

3.2.4 Yield Load Capacity for Gravity or Uplift Loading

Figures 16 through 19 illustrate the effect of diaphragm

bracing on yield load capacity.

First, it can be observed that for the downward loading,

due to the shear rigidity of the diaphragm bracing, there is

a definite increase in yield load capacity of channel and Z-

beams.

For the uplift case, however, only Z and lipped Z sec

tions show a definite improvement. The yield load capacity of

channel and lipped channel beams under uplift loading may not

be effected by the shear rigidity of the diaphragm bracing.

This puzzling behavior can be explained, qualitatively,

with the aid of Figures 20a and 20b. First a channel beam
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without bracing will be considered. For this case, on Figure

20a, the uplift load is decomposed into three components with

respect to the deformed configuration. The signs of the cor

responding component stresses are also indicated in this fig

ure and it can be observed that all component stresses at

corner 3 a~e of the same slgn~ "Thus, it 1s concluded th~t

for this loading the stress at corner 3 will govern the initia

tion of yielding. As far as the displacements are concerned,

the upper flange has a tendency- to move to the r1gh~ due to

component B on Figure' 20a and to the left due ·t.o compone·nt C.

If the load is increased' continuously' from 'zero 'until yielding,

it would be observed that at first ~ will be small and com-

ponent B can be neglected. Therefore, at first. th~ upper

flange will move to the left. The bracing forces correspond

ing to this displacement if the beam were connected to a dia

phragm along its upper flange is illustrated in Figure 20b.

The diaphragm force component Bt adds to while component C'

subtracts from the corresponding components in Figure 20~.

(Component At of the diaphragm forces is of higher order and

can be neglected in this discussion). The stress at corner

3 will be affected similarly. If the stress at corner 3 due

to the bracing force components Bt is larger than the stress

due to bracing force component 0', then the stress in the

braced case is likewise larger than in the unbraced case.

The reverse is true if component Bt is smaller than Ct. Thus,

if the former case leads to yielding) then the yield load

capacity ot the braced beam will be smaller than tha"tot the
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unbraced beam. In the latter case the reverse will be true.

However, since for small values of ~ the stresses due to

bracing force components B' and C' are of the same order of

magnitude, their difference will be small and the net effect

of bracing on the,y1eld load capacity will also be small.

If yielding does not occur at relatively small $ and

the load 1s increased further, the force component B of Fig

ure 20a will become dominant and eventually the upper flange

will move to the right. This in turn changes the sign of the

bracing forces. Now component B' of Figure 20a will be re

duced while C' is increased. The stress at corner 3 in the

braced case may again be larger or smaller than that of the

unbraced case. Hence, the yield load capacity again may be

increased or decreased by the diaphragm bracing depending on

the section geometry, the span length and the magnitude of

the yield stress.

The behavior of diaphragm braced channels under down

ward loading and Z-section beams under both uplift and down

ward loading cases could be ,discussed in a similar manner as

above. However, intuitively it is clear that for these cases

the upper flange of the unbraced beam will move only in one

direction with increasing load. Thus, the diaphragm will al

ways restrain this movement, thereby increasing the capacity.

3.2.5 Stress Distribution Example

Figures 21 and 22 show the stress distribution in un

braced and rigidly braced channel and Z-beams under uplift

or downward loading at failure. Numerical values of failure
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moments, that is the moment causing 1.15 times the yield stress,

are given in these figures in parentheses. The span length is

60". On Figure 21, it can be observed that shear rigidity of

the bracing has almost nO'effect on the stress distribution in

the channel section for the uplift loading case for this par

ticular span length. This is' in accordance with the previous

statement on the yield load capacity of channels under uplift

load.

Comparing Figures 21 and 22, one see~ that rigidly braced

channel and Z-beams have similar stress distributions. Since

the magnitude of the angle of rotation is almost the same but

of opposite sign 'for channel and Z-beams, the unbraced flange

in both cases has similar"stress distributions. In this flange

the stress due to twist (second component in Eq. 2·.21) increases

the stress at corner 3 while reducing it at corners 2 and 1.

In the braced flange, however, the stress is nearly constant

and mainly due to vertical bending~

3.2.6 Yield Load Versus the Shear Rigidity

In Figures 23-26, plots of M/Mbend versus Q/Py are given.

Py is the Euler buckling load, that is

n2 E I
p = y

y L2

These figures consist of several curve segments each indicating

yielding at a particular corner of the cross section. Only the

curves determining the yield load are shown.

On these figures it can be seen that for downward load

ing yielding initiates at corner '3 for a wide range of values
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of Q, varying' from a relatively small finite value up to in

finity. For smaller value~ of Q, yielding at corner 4 governs.

As Q decreases further, yielding at corners 5 or 6 may govern.

The value of the diaphragm shear rigidity where the curves for

corners 3 and 4 intersect is designated QL " It can be observed

that there is a rapid increase in the yield load capacity for

the range 0 < Q ! QL. On the other hand, for Q > QL the change

in the yield load capacity is quite small. Obviously, to pro

vide diaphragm shear rigidities less than QL would be uneconomi

cal in practical design. Approximate determination of QL and

the corresponding yield loadw111 be discussed in Chapter IV.

3.2.7 Tables

In Tables 1 through 10, the load carrying capacity and

the angle of rotation of channels and Z-beams are investigated

for a wider range of parameters than in the plots mentioned

above. The parameters are:

Q/Py ' hIt, blh, clb, and L/h

where

h = depth of the beam

b = width of flange

c = width of the lip

t = thickness

L = span length

Both downward and uplift loading are conslde~ed. Most of the

information listed in these Tables is qualitatively the same

as that given in Figures previously discussed. Below 1s a

brief description of these Tables.
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(1) Tables la, lb, 2a and 2b: The ratio p/Pbend =

M/Mbend at theoretical fall~re

(2) Tables lc and 2c: The point of maximum stress at

theoretical failure

(3) Tables 3a, 3b, 4a and ~b: The midspan .rotation ~

at theoret1eal failure

(4) Tables 5a, 5b, 6a and6b: The midspan. rotation

~1.67 at 1/1.67th of the theoretical failure load

(5) Tables 7a,., 7b, 8a and 8b :. The ratio pip atco

theoretical failure

(6) ,Tables 9a, 9b,lOa and lOb: The ratio 4>/4>00 at

theoretical failure.

Some of the values in Tables 7 through 10 are plotted in Fig

ures 27 and 28 to illustrate the effect of various parameters

more clearly.

The angle of rotation at service loads 1s of special

interest in design. In preparing Tables 5 and 6, an arbitrary

safety factor of 1.67 against theoretical failure was assumed

to obtain service loads. The most important parameter appears

to be the span length. Below is a summary of the magnitudes

of ~1.67:

0.00° < ~1.67 < 1.32° for L/h = 5

0.06° < ~1.67 < 3.67° for L/h = 10

0.25° < ~1.67 < 6.32° for L/h = 15
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3.3 Influence of Rotation Restraint F on Behavior

3.3.1 The Rotation Restraint Due to Local Deformation of

The Diaphragm

As mentioned earlier F consists of the two components Fb

and Flocal. Fb is the rotational restraint offered by the

cross-bending rigidity of the diaphragm and may be computed by

ordinary beam theory from the cross-sectional properties of

the diaphragm and purlin spacing. On the other hand Flocal

may be determined experimentally (Figures 29 and 30) as pro

posed in Appendix D. In general, Flocal is smaller than Fb as

has been observed .in full scale tests with purlins by light

gage steel diaphragms.

When the beam rotates, the diaphragm develops counter act

ing torsional moments on the beam at the connection points.

This moment is partly created through the bending rigidity of

the mechanical connector itself. The couple consist of a com

pressive force at the corner where contact is established be

tween the beam and the diaphragm, and a tensile force in the

screw. The screw connection must be strong enough to take this

force in addition to the tensile force due to uplift loading.

The factors which influence Flocal may be deduced from

the physical model described above:

(1) If the contact between the diaphragm and the purl1n

1s incomplete or if there 1s an intermediate layer of soft

(insulation) material, the realization of either one of the

forces .oonstituting the couple and thus of the torsional re-

straint, •mai··. be doubtful.
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(2) On the other hand, if the couple can be materialized,

the d1stahce between the forces of the couple will be of 1m~

portance. The position of the screw relative to the web in

fluences the rotational restraint F. This will be~d1scuss~d

in the subsequent section in some det,a11,.

(3) The sheet thickness and the crq'~s-~e~tional conr1g,~

urat10n of the diaphragm may also infl,uence Flocal'

3.3.2 The Position of the Screws

The forces which constitute the' restraining couple are

shown on Figures 31 and ~2 for channel and Z-sectlo~s, respec

tively. The' tensile force 'c'cmp'onent acts "at the s'c''rew and the

compressive force component acts at the cont'act points be'tween

the purlln and the diaphragm. The po1nt'of'contact depends on

the direction of rotation 'of the cross-section.:

For channels, as illustrated in Figure 3l,'the angle of rota

tion is clockwise tor gravity and counter-clockwise 'for, uplift

loading cases. Hence the contact point of pur11n and diaphragm

changes from web to lip side when the loading type changes .

from gravity to uplift. Unless the scre~ is e~actly at the

middle of the flange, the lever arm of the forces of the couple

will be different for these two loading cases. Consequently,

the respective rotational restraints will be d1rrer~ntror

graVity and uplift loadings. The research reported here'indi

cates that F is more benefici~l for uplift loading. Thus. it

is preferable to have the screws c'1oser to web than to'lip for

channel section purlinB. Also, if th~ scr~~~~re placed ~loser

to web, the distance of the point ot applieatfon of the uplift
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load from the shear center is smaller and hence the primary

torsional loading 1s reduced. Thus, it is seen that the loca

tion of screws affects both the primary torsional moment and

the rotational restraint F.

As for Z-sect1on purlins,' for gravity loading, the direc

tion of rotation is also influenced by the shear rigidity of

the diaphragm. If the load is assumed to be acting in the

plane of the web, for Q > QL as shown in Figure 32a, the rota

tion is counter-clockwise. (The direction of rotation changes

to clockwise at Q =QL)' A counter-clockwise rotation is like

ly to shift the loading point to the right of the web which in

turn should reduce the angle of rotation of the section.

In the uplift loading case of Z-sectlons, there are two

possibilities as shown in" Figures 32b and 32c. If the screw

(hence the load application point) 1s very close to the web)

the. rotation is clockwise, · while if the screw 1s very

close to the lip, the rotation is counter-clockwise. For both

of these extreme cases, the lever arm of the resisting couple

is quite small. On the other hand, as the screw location is

brought to the mid-section of the flanges, the rotation ten

dency of the section decreases. At the same time, the lever

arm of the resisting couple, hence F increases. Consequently,

the optimum placement of the screws for Z-sections 1s approxi

mately at the middle of the flange.

In summary, it 1s advantageous to have the screws close

to the web for channels and at mid-flange for Z-sectlon pur

lins.
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3.3.3 The Effect of F

The diaphragm beam assembly constitutes a statically

indeterminate system. If the diaphragm can supply··a rot a

tional restraint F, it directly participates in carrying the

primary torsional moments which arise when the beam is loaded

outside the shear center as in the cases of channel section

pur11ns under uplift and gravity loading and of Z-section pur

lins under uplift loading.

The primary loads for channel section purlins consist of

vertical and torsional loads. As was discussed in section

3.2.3, secondary loads arise due to lateral and rotational

deformations. In particular, a secondary load in the weak

axis direction (i.e., Mx$ in Eq. 2.9a) becomes more signifi

cant as the rotation of the section increases. This is the

only load which causes deflections in the weak axis direction

of channel section pur11ns.

When F 1s increased, the angle of rotation $ is reduced.

This, in turn causes a reduction in the .lateral deflection of

channel section purlins. Hence, with increasing F, the ratio

~1/Mbend approaches unity asymptotically as can also be ob

served for example in Figures 34a or 35a.

On the other hand, for Z-sectlons, there 1s also a later

al primary load of intensity p I II in addition to they xy x'
primary loads mentioned above. As the term "primaryll implies,

this load is independent of $. Therefore, even for values of

F approaching infinity, there will be lateral deflections in

addition to the bending in the strong aXis directionwh1.1e $



35

approaches zero. Associated stresses with the lateral deflec

tion reduce the yield load capacity. Thus the asymptotic value

of M/Mbend cannot be unity. (It can be shown that it is equal
2

to l-Ixy /IXIy>'
On the basis of the above discussion, it can be concluded

that channel sections are generally more effected by F than Z

sections. In particular, channels under uplift loads which

have a relatively large tendency to rotate are beneficially in

fluenced by the rotational restraint of the diaphragm. On the

other hand, for Z-sect1ons braced by a diaphragm with a reason

able shear rigidity, the angle of rotation 1s relatively small,

thus reducing the influence of F. As can be seen in Figures

33 through 56 the effect of F 1s most pronounced when the shear

rigidity is equal to zero.

3.3.4 Reliability of F

Unlike the shear rigidity Q, the rotational restraint F

seems to be quite sensitive to the usual inaccuracies of prac-

tlce. Screws are usually applied through the top of the deck.

Thus, their location on the flange of the purl1n 1s quite ir

regular and somewhat unpredictable.

The resisting torsional moments act at discrete points

along the purlln. Therefore, omission or unfavorable placing

of screws at a crucial cross-section (such as at mid-span for

simply supported purlins) may reduce the load carrying capacity

greatly, espec~~lly if the beam has a low torsional rigidity

as is comm~~ in thin-walled purlins with larg~ span lengths.
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Since the yield load capacity ·may vary fairly rapidly

with F for certain cases, utilization of'F 'must be undertaken

with considerable caution.

3.4 Combined Effect of Q and F

3.4.1 General

The influence of Q ~nd F alone were discussed in the pre-

vious sections of this chapter. Here, the combined effect of

Q and F on the yield load capacity and the correspond1n~ angle
~ • • I

of rotation at mid-span will be d1scu~s~d. The effect of vari-

ous parameters we.r~ studied using t~e computer program discussed

in Appendix E. The results are plotted .in Figures 33a and b

through 56a and b. These f1g~res also contain t~e cases of

Q = ° and/or F = 0. Parameters and their ranges of values

that were considered are listed below:

(1) F from a to .40 k1/1n/rad

(2) Q = 0, QL' 2QL and ~

(3) L/h = 15, 30 and 45

(4) Two sets of cross-sectional parameters were considered

a) b/h = 1/4, c/b = .4, bit = 20

b) b/h m 1/2, c/b = .5, bit = 20

In these figures the cases of diaphragm braced lipped chan

nel and Z-section purlins with hinged ends under uniformly dis

tributed uplift and gravity loads are covered •. In the uplift

case of channels two sets of curves are shown~ The full-line

curves in Figures 39 through 41 and Figures 51 through 53 are '

for loads applied at midflange while the dotted line curves

are for loads acting in the plane of the web. On the other
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hand, for Z-sect1ons, curves are given only for the case of

loading in the plane-of web. Since for Z~sect1ons the capac

ity increases when the load application point 1s moved towards

mid-flange, the given curves constitute a conservative repre

sentation of practical cases.

The plots consist of several segments, each indicating

the start of yielding at a particular corner as designated in

the figures. The segment designated by ~ = 30° which appears

in some plots indicates that the failure criterion 1s changed

from yielding to the ar~1trar11y set lim1tln~ value of 30°

for the angle of rotation at mid-span. As a consequence of

the large twist angle, the yield load parameter M/Mbend de

creases rapidly along this segment. (For example see Figure

34a). This limit has been introduced for two reasons: First,

when the angle of rotation becomes excessively large the theory

used in the present study is not accurate. The second reason

concerns the computational difficulties. The lteratlonal

scheme used for the determination of the yield load occasion

ally converged to a wrong value when the angle of rotation was

too large. This is not surprising, since the largeness of ~

may indicate that the yield load 1s quite near the value of

the critical load (instability).

The critical load 1s the smallest positive or negative

root of the main determinant of the equation system given by

the Eqs. 2.17a and b. (The positive root 1s for gravity and

the negative 1s for uplift loading case) .. It is well known

that in the 1nhomogepeous problem, the deformations and the
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stresses grow without bounds as the load approaches the criti

cal value. Of course, yielding occurs before reaching this

value. The region beyond -the critical lo~d has no physical

meaning, but it is mathematically defined. Thus, occasional

ly, during the iterational procesa for the determination of

the yield' load, convergence: to a value in this region beyond

the critical load value occurred. " '

3.4.2 Yield load parameter M/Mbend
In Figures 33 through ij4, the yield ;l'oad parameter M/

M d versus F is plotted for the p'aramet"ers' mentioned above.ben
In the beginning of this chapter, it'was ~tated that the

effectiveness of a diaphragm depends on the lateral deflection

tendency of the upper flang'e of the beam and 'the rotational

tendency of the cross-section. These tendencies depend primar

ily on the st1ffnesses of the beam and the 'direction of loading,

i.e., whether it is uplift or·,downward. The effect of the di

rection of loading was discussed e~rl1er. In the following,

the effect of beam stiffness will be d1scuss~d, in two stages.

The length parameter L/h

As L/h increases, the warping rigidity and the lateral

stiffness of the beam decrease with the square bf L, vhile the

Saint Venant rigidity remains constant. Also, the shear rigid

ity Q and the rotational restraint F remain the same. Hence,

as the beam with increasing span'becomes weake~ in t6rs1on

and lateral bending, the diaphragm can 'restrain the rotation

and the lateral displacement of thebe;am more effectively.

Consequently, for longer spansthe'yield load parameter'
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M/Mbend approaches the asymptotic value at smaller values

of F and Q.

Cross-sectional dimensions

Figures 33 through 44 are given for two channels of cross

se.c tional dimensions as given below.

Section (a) Section (b)

h = 6° h = 641

b = 1.5" b = 3 ii

C = .6 91
C = 1.5!1

t = .075" t = .150 ft

Ix 3.78 in~ I 11.98 in4= =x

I y = .216 in4 I = 3.038 in4
y

Cw = 1.581 in6 Cw = 32.878 1n6

a = .629 in a = 1.67

I of (b)
Ratio of I of (a)

3.15

14.10

20.80

2.66

The first one designated as (a) 1s much weaker than the

one designated as (b). While the bending stiffness in the

.strong direction increases 3.15 times, the lateral and warp

ing stiffness increases 14.10 and 20.80 times respectively.

The horizontal distance of the load from shear center increases

only 2.66 times.

The stronger section (b) has, of course, a larger yield

load capacity than section (a). However, if one compares

their respective M/Mbend ratios it can be observed that (a)

has larger values if Q and/or F do not get too small. (If

the beam is unbraced, the stronger section has a more favor-

able M/Mbend ratio).
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3.4.3 Angle of Rotation

In Figs. 45 through 56, the angle of rotation $ at midspan

versus F is plotted at failure loads for the 'parameters rnen-

3 4 1 As Can be observed, $ is reduced by int10ned in Sec. .'..

creasing F in every case. This reduction is more significant

for cases with l~rger rotational tendency. Hence, the torsional

ly weaker section (a) is influenced more favorably than section

(b) by the same amount of increase in F. Also the cases with

larger span lengths are more affected by F.

F. strengthens the purlin only torsionally; Q, however,

reduces the lateral deflections as well as torsional rotations.

Hence, the effect of Q on ~ is more complex.

For channels under gravity loads, increase in Q reduces ~.

For channels under uplift loading, Q has no appreciable influence.

For Z~aectlons under gravity loads the angle of rotation

1s positive for Q=O and negative for·Q=~. The angle of rotation

changes sign near Q=QL' that is, for Q=QL- $ almost vanishes.

This is also discussed in Sec. 4.5.2. ForZ-sectionsunder up

lift loads, $ is computed assuming the load in the plane of the

web. The actual values of ~ should be much smaller since the

load really acts through the screws which are placed inside the

flange. In this case the primary torsion is in the opposite di

rection of the tor~ion which is .caused by the lateral bracing

forces. For the case where the loads are assumed in the plane

of the web, one observes on Fig.54a as well as on Fits. 54b

through 56b that ¢ increases with increasing Q. On the other

hand for the relatively weaker purlins ~ decreases with in

creasing Q as can be seen on Figs. 55a and 56a.



CHAPTER IV

DESIGN CONSIDERATIONS

4.1 General

Design procedures for diaphragm braced channel and Z-sect1on

beams are presented. The prime objectives of the procedures are

to find the shear rigidity of an efficient diaphragm for a given

beam and carrying capacity as measured.by the yield moment of

that beam. Maximum deflections are also to be determined. Two

possibilities are developed for· the designer: One possibility

is to use simple and conservative design formulas. The other 1s

to make use of the prepared computer program. Both methods will

be described and discussed below.

In some applications, the lower flange of the purl1n, which

1s not connected to a diaphragm, is braced at discrete points.

The additional effect of such discrete bracing 1s also included

in this chapter.

4.2 Computer Program as Design Tool

The program .is based on the series solution of the differen

tial equations of equilibrium. Though it written to consider any

number of terms, three terms are found to give sufficiently ac

curate results for practical problems. Included in the program

are the t~~o parameters: the shear rigidity Q and the rotational

41
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restraint F. These may have any positive value or be zero. In

addition to Q and F, the cross sectional dimensions, the span

length, and the yield stress of the purlin are given as input.

The program calculates the yield moment of uniformly loaded,

simple span,dlaphragm braced channel or Z-sect1on purlins. It

further calculates the deflection u and the angle of rotation ~

under yield and working (service) loads. A flow chart of the com

puter program 1s given in Appendix E.

4•3 Derivation of '.ApproJt1mate Formulas.

In the previous section, the computer program was mentioned

as a possible design tool~ , As an alternative design tool, the

following closed form formulas will be derived using only one

term of the series solution.

ij.3.1 Analytical Procedure

For identical boundary conditions of u and " one has

U = u1f1 J;~ .. u" ::a U r"
and 1 1 (4.1)

<P .. ·$lf1 ~ ~, = ~ r". 1 1
where u is the lateral deflection and <I> is the angle of rotation.

Primes indicate derivation with respect to the dimensionless

length parameter t = z/L. For hinged ends, fl=Sin wt.

The amplitudes ul and ~l are found from the following equa

tion system:

MW1

(4.2)
with
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2
M =~ (4.3a)

Ie

where K is the appropriate constant for determining the maximum

bending moment in the beam (K = 8 for hinged boundary conditions).

M 1s defined positive for downward and negative for uplift loads.

I 2
p' = P (1 - -!l-) (4.3b)Y Y IxIy

where Py is the Euler buckling load

11'2E1
Py = K11

y

L2
and

,..2ECw
PIP

1 (K33=
r 2 L2

where 0

I
r 2 = 0

o A

+ GK)

(4.3c)

(4.3d)

(4.3e)

(which 1s introduced to make the dimension of p~ a force) and

Ai / \-2d(
K11 = K33 = 2 0 1 ( ~;~ 4a..)· ·

Tr - / ff"d~
o

f }2do l;
K3'3 = 1 (4.4b)

-J ff"d~
o1

K f· ff"h d~
WI = 0 1 (4.4c)

.f ffll~
o 1

K f f2 ell;;
W

2
= 0 1 (4 .4d)

- J ff" dl;;
o 1

'< f fh dl;
W3 = : f 1 ffl: d; ( 4. 4e)

o
where h is a function of 1; indicating the bending moment distribu-

tion. For hinged boundary conditions, h = ~ (r;; - r;; 2 ) so tha t

M = PL2h. The constants Kll , K33 , K33 , WI' W2 , W3, and Al are
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given in Table 11.

stress a is the sum of three components dueThe longitudinal

to the curvatures associated with vertical displacement v, later-

al displacement u, and the angle of rota~1?n ~.

Eu" Eu" ~
a = ( M + I xy . L2) t;- - L2 x·· L2 w

Substituting u" and <1>" from Eq. 4.1 and mO,difylng slightly;. Eq.

5a becomes

(4.5b)

For given values of M, Q, land F, u1 and ~l can be determined

using Eq. 4.2. Stresses are then computed, sUbst1tu1ng these

into Eq. 4.5b. For the cross~sectlons under consideration, the

stress at any point 1s found using the pertinent values of x, Y,.
. .

and w (the latter being the so-called warping displacement or

sectorial area). The sign convention for x, y, and the formulas

for w for channel and Z-sect1ons are given in Figure 6. As can be

seen in this same figure, a number from 1-6 1s assigned to each

corner beginning with the lower lip of the section.' These numbers

are used as sUbscripts for the parameters x, y,w, or (J to indi

cate for which corner the particular parameter is calculated.

4.3.2 Deformations

The solution of Eq. 4.2 in determinant form 1s

(4 .. 6a)

(ij.QO)

where
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D2 = MW

3
.{- .E.. ·W: M + aPy' + (Ix~ e + a)Q}

Ix 1 x
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I I I
D1 = MW 3 {(.-.Y. eW + aW1)M - [~(r2p + K' FL2) + (~ e + a)Qe]

Ix 2 Ix o~ 33 r;-
(4.1a)

( 4. 7b )

D = -WiM2 ~ [-PieW2+ (2Wl - W2)Qe]M + (r~p~ ,+ K33FL2)Py

+(ro2p~ + K' :FL2 + pyl e 2)Q
'I' 33 (4.7c)

The expressions for D1 , D2 , and D are zero or first degree poly

2nomials in F and Q. Note that in determinant D, terms with Q

cancel each other. On the other hand, they are second order

polynomials in M. Hence

(4.8a)

(4 • 8b)

where

(4.9a)

I
a' =W3

(.rz eW2 + aWl) ( 4 •9b)
2 x

I
b = W3

[aPy + (~ e + a)Q] (4.9c)
~.~.. Ix

I
b2 = -W3 ...Ei. w

Ix 1

Co = (r~p~ + K33FL2)Py + (r~p4> + K33FL2
+ pye 2

)Q

(4.9d)

(4.ge)

(4.9f)
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(4.9g)

4.3.3 Failure Criterion

Failure 1s defined herein as the initiation-of yielding at

any point in the section, i.e., reaching plus or minus ayd at any

point of the purlin. The yieid condiiion at the ~orners of the

governing cross-section maybe represented as surfaces in"the co

ordinate system consisting in Q,. ,F, and Myd ' A possible case is

sketched in Figure 57 where only the regions of the surface g1v-
- ,

lng the lowest ·yield load are shown.

Although one 1s primarily interested in the ln1t1~1 yield

load, the stress distribution in the cross-section is'also of

interest. This aids one to assess the· reserve load capacity af

ter the initiation of yielding. In'Figure 58, the qualitative

stress distribution in channel and Z-sect1ons due to v, u, and ~

are shown. In fact, the relative magnitudes of the component

stresses are influenced by many factors: (1) x, y,. and w which

are functions of, crass-sectional dimensions only; and (2). M, u)

and ~ which depend on (a) boundary condit1ons and span length

(concerning the pur11n), (b) the shear rigidity Q and rotational

restraint F (concerning the diaphragm), (0) horizontal distance

a of load from the shear center, and the sign or the load which

is positive for downward and negative for uplift cases (concern

ing the load). Since av is a linear function of M whereas au and

a~ are not, tne relative nlagnitUdes ·off the component stresses arp.

also influenced indirectly by the value of the yield stress (It

can be noted that the amplitudes uland 1+1 lappr.Oaen' in·f~n1 ty as
•
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the load approaches 'the er1t1cal load, indicating the nonlinear

nature of the associated curvatures). Hence, for a high yield

stress value, the true load may be closer to the er1t1cal load

and the components au and a~ may contribute larger amounts to

the total stress when compared to the case with a low yield stress

Although the above discussion implies that the maximum stress

may in general occur in anyone of the corners of the cross

section, numerical computations for the h1n~d boundary conditions

indicate that for most practical cases of diaphragm~braced channel

and Z-section purllns, yielding occurs at corner 3. This somewhat

simplifies the reverse problem in which the bending moment M which

causes incipient yielding is sought. Hence 03 may be set equal

to +ayd (plus sign for downward loading) as the first trial. The

stresses at the other corners may be checked later to determine

if yielding has been reached elsewhere in the section.

Calculation of the stress distribution in the cross-section

has other advantages as well. If the maximum stress occurs at a

sharp peak localized at one particular corner, it 1s justified to

raise the maximum nominal failure stress above the stipulated

yield stress because (a) the corners have higher yield stresses

than the flat portions as a consequence of cold forming and (b)

there may be favorable stress redistribution when the corners

start yielding. For instance, the 15% increase now in the AISI

Specifications would be applicable to such cases. The knowledge

of compressive stress distribution may also be helpful in the

consideration of local buckling. For example, concentration of

high compressive stresses along a stiffened edge 1s more favorabl
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with respect to buckling than concentration at an unst1ffened edge.

4.4 Possible Design 'Parameters

The design criterion is the maximum stress reaching +Oyd'

The corner where incipient yielding occurs needs not be specified

at the, outset. The information that corner 3 governs for simply

supported pur11ns braced by diaphragms will be utilized later to

simplify more general equations. S~bstituting ul and ~l from

Eqs. 4.8 into Eq. 4.5b, an ex~ress1on for stresses is obta1ned~

_M Y E .IXY (a2M + al}M (b 2M + b1)M
I + 2. [(x - I y}....-.-.,~2~------- + CA) ](_r ft )

x L x .c2M+ clM ~ Co C2M2 + clM.+ Co 1

(4.10)

The constants ai' bi , and ci are defined by Eqs. 4.9. Eq. 4.10

conta1ns among others, M, Q, and F as parameters and may be

arranged for one of th~m in terms of the others. Hence, there

are three possibilities for a des1gn procedure.

4.4.1 Yield Moment

The yield moment M is sought forgiven values of the dia

phragm parameters, Q and F. This is straightforward, except

that one obtains the roll~1ng cubic equation in M.

C2YM3 +
-f" I'

elY - C20Ix + Px --:i [(x 1Xl. y}a2 + wb 2] M2
". x

-fll Ix+ coy - c10lx + P 1---- [(x rz y}al + wb
1

]x
1r

2 :M
x

- C oI = 0
(4.11)o x

w.h.~re

( 4 .·!2)
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Introducing the dimensionless yield load parameter

M
p = e:Mbend

with

£ = 1 for gravity loading

£ = -1 for uplift loading

and
a I

M. ...L-!.-oend = d

(4.13a)

(4.13b)

(4.13c)

~here d is equal to Y3' i.e. the y-coordinate of corner 3 as

shown in Figure 6. SUbstituting the constants ai' b i , and c i
from Eqs. 4.9, Eq.' 4.11 is transformed to a dimensionless form.

Thus

where

~ [v v + (v + vy)qJ n€ = 0z y z (4.14)

(4.15)

(4.16)

(4.17a)

(4 .17b)
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(4.17c) .

to a d
\14 = - ed e y

(4.11d)

(4.17e)

(ij.17f)

(4.17g)

However, by limiting the" range of the shear r1gid1ty'Q to two

specific values, .one can obtain a quadratic equation' involving M

instead of the above cubic. The details of this procedure will

be discussed later on. Thus, Q can be eliminated from the for

mula for M as a parameter. On the' other hand, the rotational

restraint F remains in the eq~at1on and may have any positive

value or may be zero.

4.ij.2 :3hear Rigidity Q

For a given value of F and a prescribed value of M, the ne

cessary shear rigidity Q may be computed and compared with the

one provided. Such an expression for Q can be obtained by solv

ing Eq. 4.14 for q, where q is a dimensionless parameter defined

by Eq. ~.15 involving shear rigidity Q. This gives

Wl Wlf\end at + atp + a'p2 + a'p3
Q = 2W W·

0 1 2 3 (4.18)1 - 2 e
b' + btp + b'p2

0 .1 2
where

(4.19a)



W
a' = [-v v -v ~ ne + v (vp + V

y
11

4
)]€

1 z Y Y WI x Z 3 ~

at = e:3

b t
WI

(vz + vy)n e=0 2W1 - W2

b' = -n +
WI

(vz + 'Vy + v II )e1 2W1 - W2 x 2

b' = 12

4.4.3 Rotational Restraint F

51

(4.19b)

(4.19c)

(4.19d)

(4.1ge)

(4.19f)

(4.19g)

Alternatively, the rotational restraint F may be calculated

for a given value of Q and prescribed value of M. To this end,

Eq. 4.14 is solved first for vz .

a" + a"p + a"p2 + attp3
" = 0 1 2 3 (4 20)
V z b~ + btp •

where

(4.21a)

a" = €3

(4.21c)

(4.21d)
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(lJ.21e)

(4.21f)bi = (Vy + q - VX~3)£

Substituting Vz from Eq. 4.l7c into Eq. 4.20, an expression for F

is obtained.

WI e~end a'l + a"p + a"p2 + a"p3 r 2p
0 1 2 3 o <P (4.22)F =-

bip - K' L2K33 2 b" +
L 0 33

In the second or third possibility, if the given value is

less than the necessary one, either a more rigid diaphragm may be

used or a different purlin may be tried. The disadvantage of

these two design possibilities 1s the difficulty ,of carrying out

accurate computations. As can be observed in Figure 57, for

a range of values of Q and F up to infinity, the surface determin

ing the yield moment Myd becomes very flat. This means that one

may obtain very different Q and F values when the prescribed M is

changed very I1ttle.(Or course, if the prescribed value of M is

larger than a certain value', the plane through the corresponding

point on the M-ax1s may never cut the pertinent surface and the

answers from the equation for Q or F will be wrong). Only for

cases where M changes rapidly with Q and/or F may these equations

be accurate. In general, this corresponds to a region consist

ing of small values of Q and F. It seems' to be more economical

to use a somewhat stronger diaphragm avoiding the steep region of

MYd surface. Thus, it is not practical to use the formula for Q

or F in order to calculate their required values exactly so that

M attains a prescribed value. However, it would be very practical

to have simple, approximate formulas giving the lower limits for
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Q and F (or a lim1 t for the comb inat iono'r the two) so that M

safely attains a certain percentage of the bending capacity

Mbend = 0Yd Ix/d.

4.5 Determination of Yield Moment

It was mentioned above that for two specific values of Q,

the cubic equation (Eq. 4.11 or Eq. 4.14) can be reduced to a

quadratic. These values of Q are (1) infinite, that is rigid

bracing and (2) QL' which is a limiting shear rigidity as will be

discussed subsequently.

4.5.1· Rigidly Braced Channel and Z-Sect1ons

A rigid diaphragm prevents the lateral displacement of the

upper flange. For this case, U can be expressed in terms of ~ as

u = -e<f>

Considering one term of the series leads to

I
(a + 2L e)MW

Ix 5

and

where

1

S~stituting ul ahd .1 from Eqs. 4.23 into Eq. 4.5b

(4.23a)

(4.23b)

(4.24a)

(4.24b)
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or in dimensionless form

P W I M/€MbendM "L x 6 00' (! + ....!1.) 2
E~y = EMbend d + f\end Ed ,e Ix W4(r~p<p+pye2+K33FL) + .ME

eMbendE Mbend

(4.25b)

where

and

I
"00' =(j,) - (x -IxY. y)e

x

W (_f tf )

W6
- 5 1- -~

11"

(4.26)

(4.27)

(4.28b)

(4.28a)

Eq. 4.25b can be simplified by introducing the following positive

and dimensionless parameters

a = W4(r~Pi + pye2 + K33FL2)

e~end

I p w'a xv xB = W6(- + ~) ~___
e Ix ~endd

Using these parameters and with p as defined in Eq. 4.l3a, Eq.

4 •25 l? ~becomes

B .
p l + _« p

d £ P .+ -ali (4.29)

Provided that p ~ -alE, Eq. 4.29 can be rearranged to result in

the following quadratic ·equation tor, the yield l~ad p.arame,ter:
. .
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(4.30)

Eq. 4.30 is general in the sense that one might assume in

cipient yielding at any corner and obtain the corresponding yield

load by substituting the values of y and w' of that corner and

setting 0 equal to plus or minus 0yd' E is +1 for gravity and -1

for uplift loading. Since p 1s defined only for positive values,

negative or imaginary roots can be ignored. In the case of two

positive roots, the smaller one is to be taken. If there is no

positive root, this means that the stress will not reach the ylel

stress level at that corner.

It would be a lengthy calculation if all the corner yield

possibilities had to be checked individually. However, numeri

cal computations indicate that for purlins of usual dimensions

braced by diaphragms with reasonable shear rigidities, generally

corner 3 governs for hinged boundary conditions. Hence sUbsti-

tut1ng

into Eq. 4.30 gives

= 1 and 0 = 03 = EO
Y

P2 + (-1 + a + ~)
e: e:

The positive root of this equation 1s

a = 0e: (4.31)

,-_._. __._-_._ ... _-- -----,
p = 1 [1 _ a _ f3 + E I( 1 _ ~ _ ~) 2 + 4 a ]

2 £ £ ,; £ £ £

Or written separately for gravity loading

p = 1 [1 - a - a + ~ 1 - ~-=-B) 2 + 4a ]
~ 2 \/

(4.32)

(4.33)
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and for uplift loading

1
p~ = 2 [1 + a + B

_._---_." ..-.' , ~...,

til + a + 6)2 - 4a ]
v

(4.34)

where the subscript m indicates rigid bracing.

4.5.2 Limiting Shear Rigidity

For downward loading, it 1s also possible to obtain a qua~

dratic equation for the yield load if the shear rigidity equals

the so-called limiting shear rigidity QL' QL is so defined that

for the range QL ~ Q ~ m, the increase in the yield load 1s com

paratively small and does not increase significantly with in

creasing Q. On the other hand, for Q < QL' the yield load de

creases rapidly with decreasing Q. Hence, in design, it would

not be economical as far as the purllns are concerned to use shear

rigidities less than Qt'

Extensive computer calculations have shown that Q
L

can be

defined as that shear rigidity which makes the stresses at the

two corners 3 and 4 simultaneously equal to a d in absolute value.. y
By the following qualitative considerations, it may be deduced

when this is the case, i.e. when 03 =-04.

The stress a at any point consists of the sum of the three

component stresses 0v' o~, and au, For channel and Z-sections,

°v is antisymmetrlcal with respect to the midpoint of the web;

that is, 0V,3 = -ov,4' For channel sections, o~ is antisymmetri

cal and 0u is symmetrical, while for Z-sections, the reverse is

true. Hence, in order to have 03 = -04' that stress component

which is symmetrical must vardsh, namely for channels a = 0
) U

. .

and for Z-sections o~ = O. Since these stresses are proportional
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to the curvatures u" and cP" respectively', the corresponding cur

vature must also vanish.

In the series solution, un and <1>" consist of the summation of

the terms ukfk and tPkfk, respectively. Hence, it 1s possible that

for certain values of Q, certain combinations of uk's and tPk's

will make uff and <1>" zero, respectively. However, when only one

term is considered, u" and tP" will vanish only if ul = 0 and tP l =
0, respectively. Since u = ulfl and tP = tPifl' the respective

deformation also vanishes for Q = QLe In summary, if one term of

the series 1s considered and the shear rigidity is equal to the

limiting shear rigidity QL' 03 will be equal to -04 and at the

same time for channels, the deformation u and for Z-sections, the

deformation $, will vanish.

The formula for QL will now be derived using these

c0nditions. The amplitudes ul and tP l are given by Eq. 4.2. For

channel sections I XY = 0; therefore, an expression for ul can be

obtained sUbstituting I XY = 0 into the first of Eqs. 4.2.

Qe - Mydvl l
Py + Q

where Myd indicates the yield moment. On the other hand, for Z

sections, if a = 0, i.e. if the load acts in the plane of the web,

the second of Eqs. 4.2 gives

Qe - MydW1
~ = - (4.35b)

1 - r~PtP + K33FL2 + Qe 2 - MeW 2
Setting u

l
= 0 for channels and tP l = 0 for Z-sections ~ads to an

expression for QL as

(4.36)
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As seen from Eq. 4.36,wh1ch is valid for both channel and Z

sections, QL is proportional to the yield moment Myd . if only

one term is considered. Since a negative shear rigidity has no

physical meaning, QL is defined only for positive values of Myd '

i.e. for the gravity loading case. On the other hand, if more

terms are taken, it may well be possible that for uplift loading,

a positive QL may also be obtained. However, this would probab

ly not lead to a simple expression for design purposes and is not

considered here.

A conservative estimate for QL is obtained by sUbstituting

Myd - Mbend in Eq. 4.36

(4.37)

4.5.3 Channel Section

Substituting Q = QL' where QL is as defined by Eq. 4.36.

into Eq. 4.2, expressions for the amplitUdes u
l

and '1 can be

obtained

-U1 = 0

aMW3~l = ~2-----;2~:.....-----...-
rop, + K33FL + (Wl - W2)Me

Letting

1
W7 :I: W

l
- W

2
Ww. 3

a WI - W2

which are tabulated in Table 11, Eq. 4.3Bb becomes

• • aMWa
1 W7(r~p. + K33FL2) + Me

(4.38a)

(4.39a)

(4.39b)

. (4 .. JlO)
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SUbstituting u1 and ~1 into Eq. 4.56, the expression for

stress becomes:

(4.41)

Due to the definition of the limiting shear rigidity QL' simul

taneous yielding at corners 3 and 4 occurs. Hence, considering

the stress at corner 3

or setting

(4.42)

the above equation can be written as

1. = M~d PxWg w3 a Myd/Mbend

Mbend + Mbend a- e W7(r;p~ + K33FL2)/eMbend + Myd/Mbend

(4.43)

This equation can also be written in the form

where

(4.44)

Ych = (4.45a)
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(4.45b)

Since both Y
ch

and p are positive, the denominator Ych + p cannot

be zero. Therefore, Eq. 4.44 may be tran~formed into a quadratic

equation by multiplying both sides by the expression in the de-

nominator.

(4.46)

The positive root is

where the subscript t indicates that Q = Qt. Once Myd = PL~end

is determined, Qt can be found usins Eq. 4.36.

4.5.4 Z-sectlon

The derivation is similar to that of channel section. The

following expressions can be obtained for the deformation com

ponents ~l and u1 ·

4> = 01

letting

W
10

- 1
- WI

=~WII WI

the expression for deflection u
l

becomes

'IXl '~lle
u1 = - I ------

x W10Py e + M

(4.48a)

(4.48b)

(4.49a)

(4.49b)

(4.50)
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Substituting this expression for u1 with $1 = 0 as well as

into Eq. 4.5b -to obtain stress a

W (-f") I
a = d [M + P e 11 1 (xY)2 M ]

y Ix x w2 Ix W10Pie + M

After some modifications and using the dimensionless parameters

Mp = Mbend ,

Yz
W10Pye

-
Mben""d

w12Pxe I

Oz ~ (...Y)2
Mbend Ix

where

W12 =
W11(-f1)

11'2

one obtains

1 = p + 0 P
z y + pz

(4.51a)

(4.51b)

(4.52)

(4.53)

This may be brought into a quadratic of the same form as Eq. 4.46 4

The positive root of this equation 1s

P = 1 [1 _ Y _ ~ + ~l - y - ~-)2 + 4yz]
L 2 z Z J\J Z Z

(4.53a)

where the subscript L indicates that Q = QL·

Again, once Myd = PLMbend is known, the limiting diaphragm rigi

dity Q
L

can be found from Eq. 4.35.
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4.6 Discussion of the Approaches

In the preceding sections, formulas for the yield moment Myd

of channel and Z-section purlins have been derived using one term

of the series solution and assuming yielding at corner 3. In

order to obtain a quadratic equation for .00, the shear rigidity Q

has been limited to two specific values~ namely Q = m or Q = QL'

The latter constitutes the lower limit for the useful shear

rigidity of a given pur11n. The rotational resistance F 1s in

cluded in the design procedure as a parameter. The exceptions are

Z-sections under gravity loading with Q = QL and a = 0, i.e. load

ed in the web plane where the. angle 'of rotation $, happens to be

zero, thus eliminating F from the formulas.

For gravity loading, two formulas giving the upper and lower

limits of practical pur11n capacity have been derived using Q =

~ and Q = QL respectively. However, to have matters simple,

only the yield load based on QL is proposed for design use. This

gives the lower limit for the desirable range Q > Q
L

and, at the

same time, it 1s not too conservative when compared with the case

of maximum value of Q = ~.

In the case of uplift loading, a simplified formula for the

yield moment MYd can be obtained when Q =~. It is safe to use

this formula also for actual (i.e. finite) shear rigidities.

The safety justifications of the given formula differ for channel

and for Z-sections, as explained below.

The behavior of channel sections under uplift loads is such

that the lateral deflection of the upper flange where the dia

phragm is connected to the purlin is generally negligible.



Hence, the shear rigidity of the diaphragm cannot influence the

yield load capacity of the purlin appreciably. In other words, a

plot of yield load versus Q is almost horizontal. Thus, the

formula for Q = ~ 1s safe to use also for cases where Q is finite

but reasonable) e.g. Q ~ QL-

For Z-sections, the shear rigidity does affect the yield

load capacity. However, by a compensating conservative assump

tion concerning another parameter which also influences the yield

load, one may obtain a safe formula. This parameter is a, that

Is,the lateral distance between the point of load application and

the shear center. Uplift loading 1s transmitted through the

screws which are located near the mid-portion of the flange.

However, since the yield load capacity is smaller if the loading

is applied at the corners rather than near mid-flange, a conser

vative estimate of the yield load isobtalned by assuming a = O.

This 1s justified also, because the exact locations of the screws

are never known in practice. Incidently, this also simplifies

the formulas for Z-sections. It should be noted that for channel

sections, ~ cannot be assumed zero, because this would mean ap

plying the load at the shear center.

The lower practical limit for the shear rigidity is QL for

gravity loading. For design computations, it is proposed to use

the conservative value QL = WI Mbend/e for uplift as well as for

gravity loading (see Eq. 4.37». This 1s justified not only be

cause of simplicity, but also because the same roof generally

must be able to resist both gravity and uplift loading.
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4.7 Discrete Bracing in Addition to th~ Diaphragm

ij.1.1 General"

The behavior of channels with discrete bracing 1s studied and

reported in Ref. 37. Similar studies fo'r Z-sect1ons are in Ref.

42. Diaphragm bracing was not included in those investigations.

In the following, an approximate analysis will be developed for

diaphragm braced channel and Z-section purlins which are addi

tionally braced at discrete locations between supports~

4.7.2 Theory

In the case of additional discrete bracing, the rotation and

lateral deflection of the purl1n is small. The differential e-

quatlons can~ therefore, be simp11f~ed by neglecting the terms

which couple the deflection u and rotation $.

When discrete bracing 1s used, the beam 1s divided into

smaller sections which have zero rotation at each end. This re

duces the effect of the term GK due to Saint Venant torsion and

F due to rotational restraint supplied by the diaphragm. Thus,

these terms are neglected in the differential equation which,

incidentally, 1s conservative.

The shear rigidity of the diaphragm is assumed to be infinite.

With the simplifications discussed above, Eq. 2.14 takes the form of

EC~ ~IV 2 I
L2 ~ = PyL (a + I:Ye)

Eq. ij.54 can also be written in the form

~ I
EC~ ~ =P (a +~ e)

dz y r;- (.4 •·55)
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This is analogous to the usual beam differential equation of

bending where

cP corresponds to v

C t corresponds to Ixw

Integrating Eq. 4.55

tl= I
EC' p (a + I Xl e)dz (4.56a)w dz 3 y x

d 2 ep I
Ee' = p (a + r e)dzdz (4.56b)w dz 2 y x

The right hand side of Eq. 4.56a is equal to the torsional moment

while the right hand side of Eq. 4.56b is equal to the simplified

bimoment Bs
,~ I

f
~ e)dzMt = -Jpy<a+ I x

,. ." I xy; J

P (a +Bs = -D e)dzdz
y Ix

(4.57a)

(4.57b)

Extending the pr~ious analogy

Bs corresponds to M

M
t

corresponds to V
I

py<a + I: l e) corresponds to P y

Formulas and tables for the bending moment M and shear force V may

also be used for the determination of Bs and Mt as described in

the following section.

4.7.3 The Yield Moment

The stress 1s

(4.58)
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From t~e correspondence between Bs and bending moment M, Bs
can be calculated. For example, in the case of single midspan

discrete bracing, the analogous system for bending moment 1s a

two span continuous beam for which the support moment 1s

l'<1 __ l pL2
! y 1

L c &
,1 2

Therefore,

I
Bs - - ~ p (a + ~)(~)2

Y Ix 2

P L2
I

Bs - - ~ (+-)(a + -Y)
Ix (4.59)

or in general

I
Bs = (Ws ) M (a + -!l e) (4.60)

2 Ix
p L

where M =~ and WB is constant depending on the number of

braces (Table 12). Hence

M (WB) M (a + ~x~ e)oo'
a =-- y + ~....__---:x:.:..- __

Ix C'w (4.61)

After substituting 0Yd for a and
MYd for M, Eq. 4.61 can be

solved for M
Yd

Or with

M
Yd

=__lJ__a.....Y~d::.....:;~ _
L WB I
I + CT (a + I xl e)( -00' )
x w x

(4.62)

p =

The yield moment is

1
(4.63)
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(4.64)

When diaphragm bracing alone was considered, it was pointed out

that yielding usually occurs at corner 3 at midspan (Fig. 6).

This may not be true in the case of additional discrete bracing.

One should find the corner for which the absolute value of p 1s

the smallest. By substituting the values of w' and y for each

corner, the proper sign of the terms should be used as indicated

on Fig. 6. It should also be noted that I xy has a sign.

In the denominator of Eq. 4.63, the term which is added to

1.0 is the ratio of the stress due to warping to the stress due

to bending. When bending stress dominates, this term has a posi

tive sign and a value less than unity for the governing corner.

This corner is most likely corner 1 or 2.

4.8 Proposed Design Procedure

4.8.1 Diaphragm Braced Channel and Z-sect1on Beams

a) Use either the explicit computer program, which gives

the yield moment for any values of the diaphragm rigidity para-

meters Q and F, or

b) use the simplified and conservative formulas given be-

low, or

c) use an even further simplified procedure if diaphragm

shear rigidity Q and rotational restraint F are larger than set

limits.

Formulas for Design for Alternative b above:

Minimum shear
rigidity for
all cases

(4.65)
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where

(4.66)

If the maximum stress is restricted to ,a particular corner in a

localized manner, then raising the nominal failure stress above "

the stipulated yield stress, such as the 15% increase in the AISI

Specification, 1s justified.

1. Uplift Loading

a) Channel Section

with

Yield Moment MYd = -p~-"bend (4.61)

where

(4.68)

Angle of Rotation

a·ch
= W4(r~p$+Pye2+K33FL2)

eMbend
p w'= W ~ x

6 e e~1bendd

(4.69a)

(4.69b)

b) Z-Section

<f>Ch (4.70)

with

Yield Moment MYd = -PMbend

.. J(~+a +8 ) 2 - 4a }z z . " z (4.72)



~lhere

Angle of rotation

small, no need to compute

2. Gravity Loading

a) Channel Section

Yield Moment Myd = p~ d-'ben

with

Yield Moment Myd = P~end

with

69

, (4.73a)

(4.73b)

(4.74)

(4.75)

(4.76a)

(4.76b)

(4.77)

(4.78)
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(4.79)

where

(4.80a)

(4.8ob)

Angle of rotation

small, no need to compute

4.8.2 Diaphragm Braced ,Channe~ and Z,-Sect1on

Beams with Additional Discrete Bracing

Uplift and Gravity Loading

.~

Y1eId Moment Myd = ±P~end .;' (4.81)

with

(4.82)
1

p = Ix I
1 + WB or (a + I xy e)( - ~)

w x y

Note: Find the corner for which the ratio _ Wi
Y

is the largest. The most likely corners

are 1 or 2.

Angle of rotation

small, no need to compute
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4.8.3 Nom~nclature for Des~gn Procedure

a = Positive number showing the horizontal distance

between the uniformly distributed line loading

and shear center (Fig. 10).

Cw = Warping constant, defined by Eq. A.28

C~ = Modified warping constant for rigid bracing case,

defined by Eq. 2.15

d = Y3' i.e. distance of the outer fiber at corner 3

from the x-axis

e = Positive number showing the vertical distance be

tween the shear center and the diaphragm (also be

tween shear center and the uniformly distributed

loads transmitted by the diaphragm).

F = Rotational restraint provided by the diaphragm

bracing.

= Moment of inertia.IO,IX~Iy,IXY

K33 =
M =

Constant defined by Eq. 4.4b (see Table 11).

Bending moment

M = The bending capacity of a beam which is guided or
bend

braced such that the only possible deformation is

bending in the plane of the load with no rotation

or lateral deflection, defined by Eq. 4.13c

Myd = Bending moment causing start of yielding.

Px = Euler buckling load, defined by Eq. 4.12.

Py = Euler buckling load defined by Eq. 4.3c.

PcP = Defined by Eq. 4.3d.
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Q = The shear rigidity of the diaphragm -bracing.

QL = Limiting shear rigidity, defined at section 4.8.2

r 2 = Defined by Eq. 4.3eo
Wi (where i = 1,12) = Constants concerning boundary con-

ditions (see Table VI).

WB = A constant concerned with the bimoment at midspan when

there are one or several discrete braces in addition to

diaphragm bracing (see Table VII).

x,y = Coordinates of a point.

ach,B ch = Parameters for channel uplift case.

a z ,8 z = Parameters for Z-section uplift .case.

ych,oCh = Parameters for channel gravity case.

y ~ :I: Parameters for Z-sect1on gravity case.Z' z
p = dimensionless yield load parameter.

0yd = Yield stress.

~ = Angle of rotation

<P ch = Angle of rotation at midspan for channel sections.

4>z = Angle of rotation at midspan for Z-sections.

w = Warping displacement or sectorial area (see Fig. 6) •

w' = Modified w for rigid bracing case



CHAPTER V

EXPERIMENTAL PROGRAM

5.1 General

In previous chapters, an elastic theory of diaphragm braced

beams under combined torsion and bending has been presented. Dur

ing its development, several assumptions and simplifications were

made. To check the theory and to obtain some information on the

behavior of diaphragm braced beams, a number of tests were

performed.

The experimental program consisted of two parts:

1) Model tests

2) Full-scale tests.

In the following, the test set-up and the results will be

presented for both the model and full-scale teats.

5.2 Model Tests

5.2.1 General

Tests were performed to study the effect of the bracing on

channel and Z-sectlon beams under gravity and uplift load condi

tions. The term "model test" here does not refer to the usual

scaling down of the geometrical configuration. These tests were

not intended to replace the full-scale tests nor to be a prelim

inary study for them. The prime objective was to check the theo-

71
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ret1cal results for the two limiting cases of the diaphragm shear

rigidity, that is, zero (Q = 0) or infinite (Q = ~). An unbraced

beam 1s represented by Q = 0 (Fig. 59).

The case Q = ~ 1s simulated in (Fig. 60) the model test by

bracing e1ther the upper ,or the low'er' flanges of two beams lat

erally against each other (Figs. 60 through 64). The braces were

placed at four discrete locations (Fig. 60). Though the beams were

intended to have the same properties, they were not identical be

cause of fabrication inaccuracies. Therefore, due to these inac

curacies, the braced flange of the beam, which is supposed to be

fully restrained laterally, would deflect sideways when this

flange 1s in compression as in the case of gravity loading.

Such a deflection was prevented by means of some additional ex

ternal bracing (Figs. 62 through 64). On the other hand, in the

tests where the braced flange was in tension, as in the case of

uplift, no additional bracing was necessary.

5.2.2 Test Specimens

The virgin material for the specimen was hot rolled steel

sheets with a sharp yielding a - £ diagram. The sheets were bent

into channel or Z-shapes by cold forming. Several tension coupons

out of the virgin material were machined to the 3" standard

size. The yield stress values for the model test beams are given

in Table 13.

5.2.3 Test Set-up

Four channel and four Z-section beams, each representing a

different bracing and loading condition, were tested. All speci-



Test #1:

Test #2:

Test #3:

Test #4:

Test #5:

Test #6:

Test #7:

(a)
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mens were simply supported.

Loading cases and test numbering as referred to in Figs. 15a

through 15f are shown below:

Channel, unbraced, uplift loading

Z-sectlon, unbraced, uplift loading

Channel,r1gid bracing, uplift loading

Z-sect1on, rigid bracing, uplift loading

Channel, rigid bracing, gravity loading

Z-section, rigid bracing, gravity loading

Channel, rigid bracing, gravity loading

one discrete brace at midspan, loaded within

elastic range

(b) 5 discrete braces~ loaded until failure

Test #8: Z-·beam, rigid bracing, downward load

(a) 5 discrete braces, loaded within elastic ranges

(b) one discrete brace at midspan, loaded until failurE

5.2.4 Results and Discussion

The horizontal and vertical displacements at midspan were

measured by dial gages. From th~m, the angle of rotation ~ and

the shear center deflections u and v were computed. -Here u and

V indicate deflections in the direction of the coordinates ~ and

n of the deflected section. These values agree well with the

theoretical values u and v. Figs. 66 through 71 show the com

parison of test and theory .. The test values for ~ are in general

somewhat less than the predicted values •

.The behavior of channel beams under uplift loading was dls-
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cussed in Chapter 3. It was mentioned that the points where the

diaphragm brac~ng is attached to tpe beam have a tendency to

move first in one direction, and then come back to zero and begin

to move in the other direction, under 1nc~eas1ng loads. This

was actually observed in .~est #1 and is shown in Fig. 66.

The strains have, been rn~as~red at four to six locations at

midspan by Type A-12 SR-4 .strain.gages (Gage locations ~an be

seen on Figs. 72 and 73). At the flange tips, gages also .have

been placed on the inside in ord~r to detect any local buckling or

bending during the loa~1ng. ~he sections were dimensioned not to

buckle locally in the elastic ran~e ~nd they did, not. Fig. 74

shows the predicted and measured strains at locations 2 and 3.

The agreement is quite satisfactory in the elastic range where

the theory is valid.

The inelastic behavior for the uplift and ~ownward loading

cases was quite different. In the former, the stress distribution

is such that there is tension everywhere 'except at the corner of

the web and "compresslon tt flange. Hence, no· local buckling was

possible and failure occurred by yielding.' The beams under down

ward loading failed due to a combination of yielding at the ten

sion flange and plastic local buckling of the compression flange.

The experimental strain and stress distribution at failure on

the midspan cross-section for tests #1 and #2 are shown on Figs.

72 and 73, respectively. For tests #1 through #4 (uplift loading),

one observes that a plastic hinge "was fOrming at the co~pression

flange. On the other hand, for tests #5 through #8 (downward

loading), the stresses at ihe flangeiwere fairly uniform on the
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flat portions; at the corners, the strains were usually large

enough to develop the increased yield strength due to cold form

ing. A partial plastification of the web 1s also observed.

In Table X, the experimental failure loads in Column (1) are

compared wi th the following computed ones:"

a) Column (2): Incipient yield loads

b) Column (3): Load when 15% overstressing 1s allowed for

Tests #5 through #8 only

c) Column (ij): Yield load assuming the beam to be 'braced

such that only vertical bending is possible, i.e. Mbend

d) Column (5): The load of column (~) plus the additional

capacity due to increased corner strength

e) Column (6): The load computed from the experimental

stress distribution at failure (which includes the ef

fects of cold forming and partial plastification of the

web) •

It 1s seen that the experimental failure loads for Tests #1

through #~ (uplift loads) are closely predicted by criterion (a)

or (b). This may be explained as follows: In the uplift cases,

there 1s considerable angle of rotation in the elastic range.

Hence, the strains are highly nonlinear, especially at the tip of

the compression flange. A small addition to the load causes large

strains. Therefore, the ultimate load capacity was not much

higher than the incipient yield load. On the other hand, the

beams in the downward load case (Tests #5 and #6) displayed com

paratively small rotations and the strains were almost linear for

increasing loads. These beams have shown large reserve strength
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beyond the predicted valVes of criterion (a) or (b), as indicated

in Table ~5. He~ce, altbOugh the theory is valid ,only in the elas

tic range, the nonlinea~~ty in the strain-load relationship may

indicate whether or not ~here 1s reserve strength in the beam.

However, it is felt that thi~ conclusiQn cannot be generalized.

In beams with other dimeOsions and material properties, local

buckling may occur at lo9~S not too much above the incipient

yield load.

Tests #7 and #8 had discrete braces on the ten~ion rlange in

addition to the simulateOrigid bracing on the compression flange.

The bracing arrangements ~or. these tests are shown on Figs. 63

and 64. The brace at midsp~n was the most effective, reducing

the angle of rotation of the be~ almost to zero (Fig. 65). Ad

ditional braces were the~ not of much value for the test beams

since the displacements ~ere probably of the order of the play

present in the braces (NO figures are given in series 16 for the

deflection of these testS since they are very small, i.e. ~ « 10).

For test beams #7a gnd #8b with a discrete brace at midspan,

the incipient yield loadS turn out to oe somewhat smaller than

that of a beam without t~at brace. Since the .brace at midspan

changes the sign of bimo~ent, and the corresponding warping stres

ses at the brace locatio~' the maximu~ stress occurs at the open

side of the tension flange instead of the corner, and incipient

yielding occurs at a lower load. However, local plastification
, "

wipes out this effect and the failure load is of about the same

magnitude as for the be~without the discrete brace (Compare.
r "

theexper1mental fa1lure loads of Tests #6 to #8b).
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Tests #7b and #8b suggest that the main advantage of dis

crete bracing for downward loading 1s not that it may increase the

strength of the diaphragm-braced channel and Z-beam, but rather

that the angle of rotation is greatly reduced. For the uplift

loading case also, the angle of rotation will be reduced by dis

crete braces (which would now support the compression flange at

one or more points). But when ~ 1s small, the torsional load due

to ±p(e$) may be insignificant and therefore the difference

between the c'apacities corresponding to uplift or downward loading

cases diminishes. Hence, discrete bracing may increase the capa

city of diaphragm-braced channels and Z-beams for the uplift

loading case.

5.3 Full-Scale Tests

5.3.1 General

Full-scale tests wer& performed to study the behavior of

diaphragm-braced channel and Z-section purlins. Since the theory

was checked for some limiting values of the parameters Q and F in

the model tests, the main purpose of the full-scale tests was

to duplicate the conditions in practice and find out the problems

associated with practical applications.

5.3.2 Specimens

The first specimen was used to develop and improve the test

set-up. Subsequently, there were three channel and two Z-beam

tests. Each specimen consisted of two purlins, 4' apart (Fig. 78

braced on one flange by a narrow-rib light gage steel diaphragm

of 26 gage material with 24 ft cover width, as shown in Fig, 79.
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The panels were connected to the purlins py self-tapping screws

at every valleY,result1ng in a ·screw spacing of 8'j. This pro

vided a diaphragm shear rigidity of Q = 50 kip.s as determined ex·

perimentally by the standard procedure given in Refs. 22 and 23.

Rotational restraint F was determined by the test procedure

described in Appendix D. The values of.F ranged from'.060,to .180

1n-k/1n/rad depending on the position of the ·screws with respect

to the web. As it was discussed in Section 3.3 in some detail,

the value· of F .is very sensi t1ve to the pas-! t10n of' the screws.

Since in the pur11n test specimens, the ecrewswere placed from

the top of the deck panels, as it is the case in practice, the

position of the screws varied considerably, apparently resulting

in different rotational restraints in different test assemblies.

Usually effectively different values of F are obtained, even for

the beams A and B of the same assembly. Therefore, for co~par1son,

on the plots for test results) analytical computations are given

for a range of values of the rotational restraint ,F) between zero

and .180 1n-k/ln/rad.

The specimens were simply supported •. X-bracings were sup

plied at the supports to prevent any rotation of this cross-
1"section. The web was stiffened by a ~ plate at the supports to

eliminate web crippling.

The mechanical properties of the steel used to manufacture

the specimens were determined by tension coupon tests on the ma

terial of same heat. The coupons were machined to 3" gage lengths

according to ASTM 370-65. The values of the yield stress tor full-'

scale test beams are given in Table 14.
.... { "- .... ~"\
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5.3.3 Test Set-up

The test set-ups for gravity and uplift loading cases are

shown on Figures 80 and 81, respectively. The load was applied at

four points on the beams through a w1ffle tree. The weight of

the wiffle tree was 800 Ibs. The load was applied by a tension

jack coupled to a gravity simulator which was developed at Le

high University. As can be seen on Figure 82, this device con

sists of a mechanism which enables the unobstructed sideways

translation of the load with the deflection of the beams. Dur

ing this translation, no lateral resistance 1s created and the

load remains almost vertical as long as the lateral displacement

is not too large (say less than 3H for the device used in these

tests). The magnitudes of the loads were measured by a cali

brated tension bar.

In the case of uplift loading, the load is transmitted to

the web by a rigid piece of channel section in order to avoid

the distortion of the tension flange which would occur if the

load were applied to the flange directly.

The tests are summarized below:

Test #Fl: Channel, uplift, loaded until failure (span = 20 ft

Test #F2: Z-sect1on, uplift) loaded in the elastic range

(span = 16 ft. 8 in)

Test #F3: Z-section, uplift, one discrete brace at midspan,

loaded until failure (span = 16 ft. 8 in)

Test #F4: Channel, gravity, one discrete brace at midspan,

loaded in the elastic range (span = 20 ft)

Test #F5: Channel, gravity, loaded until failure

(span = 20 ft)
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As can be seen above, identical specimens were used for Tests

#F2 and #F3 as well as for Tests #F4 and #F5, except for the

midspan brace.

5.3.4 Results and Discussion

Full-scale tests were helpful in bringing out the signifi-

cance of the rotational restraint of the diaphragm bracing.

This 1s best demonstrated in Fig. 83 for Test #Fl. While for

F = 0 the angle of rotation at midspan would be 16° due to the

o'mere weight of the w1ffle tree, it was limited to 1 at the same

load when the rotational restraint of F = .180 in-k/in/rad. was

considered in the calculations. The latter agrees with the ex-

perlments.

Fig. 84 shows the angle of rotation for test #F2. In this

test, the stresses were in the elastic range and the beam was

unloaded at the load of 1100 Ib/beam in order to be used in the

sUbsequent test. Although the tests #F1 and #F2 are not direct

ly comparable due to differences in the span length, wall thick

ness of the purlins and the rotational restraint F, their re

sults support the conclusion that Z-beams generally display less

rotation than channels. In test #F2, the angle of rotation ~

for beams A and B are very close to each other and to the theo

retical result for F = .060 ki/in/rad. The theoretical predic

tions corresponding to F = .180 ki/in/rad is also given on this

Figure for comparison.

In addition to the diaphragm bracing, test #F3 had a dis

crete brace at midspan, providing zero angle of rotation. Fur

thermore, an additional external restraint was provided to secure
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zero lateral displacement at midspan. The discrete bracing lim

ited the angle of rotation to values less than 1.50 elsewhere

in the sPan (Fig. 85).

In test #F4, an assembly of 20 ft. long channel purlins

with a discrete brace at midspan in addition to the diaphragm

bracing was tested under gravity loads. This test was terminated

at a total load of 2000 Ib/beam before inelastic deformations

occurred. The maximum angle of rotation was less than 2° because

of the discrete brace (Fig. 86).

In test #F5, Fig. 87, the difference between the angle of

rotations belonging to F = 0 and F = .060 to .180 in-k/in/rad.

are again very significant.

In Fig. 88, the stress distribution for test #F4 with dis

crete brace is shown. As was discussed at the end of Section

4.7.3, the maximum stress for this case occurs at corner 2. On

the other hand, for #F5 without discrete brace, the stress dis

tribution on the flanges are almost uniform for F = .180 in-k/in/

rad., as shown in Fig. 89.

It is seen from Figs. 88 and 89 that measured and computed

stresses are in satisfactory agreement. The seeming discrepancy

at high loads for test #F4 (Fig. 88) comes from the fact that

calculated results assume elastic behavior while actual stresses

at: these high loads were already in the inelastic range. At

these inelastic strains, local flange waving was visible, which

increased discrepancies between actual and elastic calculated

strains.



CHAPTER VI

CONCLUSIONS

6.1 Summary

The principal objective of this investigation was to study

the behavior of thin-walled cold formed channel and Z-sections

braced by light gage steel diaphragms.

Though there were previous studies dealing with the behavior

of similar types of elements, none had included the combined ac

tion of the shear rigidity and rotational restraints by the di

aphragm bracing. This study established the mathematical back

ground and gave numerical solutions to include the interactive

effect of the mentioned parameters upon the carrying capacity

of the braced beams.

The solution was computerized so that the included parame

ters could easily be varied and accurate results could be ob

tained.

The study proposes practical and fairly simple design form

ulas. It also includes the additional effect of discrete bracing,

if the diaphragm braced beams were x-braced or connected to each

other by sag rods.

The theoretical results were verified by model experiments.

Full-scale specimens were tested to obtain more insight into the

behavior of the braced purlins.

A method was suggested to determine experimentally the ro-

82
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tational restraint suppli~dby the diaphragm.

6.2 Conclusions

The following conclusions are based on both the theoretical

and experimental findings:

1. The overall elastic behavior of the diaphragm braced

beams can reasonably be predicted by the given solution of the

differential equation.

2. The model tests showed that the incipient yield -load

predicted by the theory generally constitutes a conservative es

timate of the failure load. This reserve strength depends main

lyon the plastic local buckling tendency of the compression

flange. For purlins with dimensions as in the full-scale tests,

the reserve strength does not seem to be appreciable.

3. The usefulness of a light gage unbraced purlin is limit

ed by its low resistance to torsion.

4. Theory and experiments clearly showed that diaphragm

bracing considerably increases the carrying capacity of light

gaged, cold formed purlins.

5. For gravity loading, the shear rigidity of the diaphragm

caused a definite increase in the yield load capacity of both

channel and Z-section beams. For the uplift case however, only

Z-sections showed definite improvement due to shear rigidity.

For channel beams under uplift loading, the load carrying ca

pacity generally did not-increase with the shear rigidity.

6. The rotational restraint F 1s most effective for channel

sections. For Z-sectlQns, it 1s helpful only for uplift loading,

provided that Q ~ QL.



7. The 1nfluenbe of diaphragm bracing increases with the

increase in beam span length, since the parameters Q and F do not

change with L while the beam stiffness decreases. Ignoring ei

ther Q or F may lead to results which are too conservative.

8. The computer program based on the series solution of

the differential equation showed that consideration of three
"'. .

terms was sufficient for quite accurate results.

9. Simplified and cOl'lserv.atlve design formulas could be

obtained using one term in the series solution.

10. Analytical studies showed that the governing design

stress for channel and Z-sectlons will occur at the corner be-

tween the web and the lower flange, if t~e diaphragm bracing has

a shear rigidity above a specified value QL Whi~h is a function

of the bending stiffness of the beam.

11. In none of the tests was there a fracture type of

failure. There were also no shear or bearing f~1~ures at the

diaphragm attachment locations.

6.3 Recommendations for Further Study

The following recommendations are made for further inves

tigations:

1. The elastic behavior of the thin-walled sections with

unsymmetrical configurations may be studied.

2. The effect of the different typesot connections of di

aphragm to the beam could be critically examined.

3. Theoretical and experimental work is encouraged in order

to study the inelastic behavior of diaphragm braced light gage

sections.
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4. The interaction between the combined torsion and bend

ing and the local buckling atthe.compression flange or lip

needs further studies.



APPENDIX A,' .

. GENERAL 'THEORY

Al Assumptions

The theory of nonuniform torsion for the prlsmatlcal

beams of thin-walled open sections 1s based on the following

assumptions:

a) The shape of the section is undeformable. Hence the

displacements in the plane or the cross section for any point

can be described through the translation of a reference point

and the rotation about this point.

b) The shear deformation of the middle surface 1s ne

gligible. Hence the angle between the generator of the mid

dle surface and a cross section is assumed not to change dur

ing deformation. Since thin-walled beams of open sections

are very flexible under torsional moments, the contribution

of shear strains to the deformations are indeed small. In

contrast to this is tubular beams which are geometrically

many times more rigid than open sections under torsion. Here

the shear deformations might be quite important.

c) Deflections are assumed to be small. Thus

sin ~ • ~ and cos ~ = 1

Non-linear terms in the differential equations have been ne

glected.

d) Hooke's law is assumed to hold.

86
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A2 Coordinates

A right handed coordinate system is adopted. (Fig. 2).

The positive signs of deflections} angles, slopes, curvatures,

forces and moments consistent with this system are described

in Ref. 24 'in detail (Fig. 3). Several sets of coordinates

will be employed. The first set x,y,z will stay fixed in

space in the unloaded position of the beam. The origin of

the coordinates need not be specified at the outset; but later

it will be shown that it 1s to be chosen at the centroid to

simplify the expressions. The z axis will be taken along the

beam axis. The second set ~,n,~ will be attached to the beam

to deflect with it under load, the t axis being tangent to

the deflected axis of the beam. Yet another coordinate sys

tem is useful in specifying the points in the cross section.

As shown in Fig. 4 a curvilinear orthogonal system sand n

will be established. Note that sand n are in accordance

with the right hand rule.

The deflections in the x, y and z axes directions are u,

v and w. Usually u and v will show the deflection of a speci

fic reference point with the coordinates x and y. Later we

will see that it is advantageous to choose the shear center

as this reference point. The angle of rotation 1s $. The

deflectlons in directions of axes sand n are Us and un'

A3 Warping Deformation

Using the first assumption of a rigid cross section we

can find the deflection of any point in the tangential direc

tion s in terms of the deflections u, v of the reference
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point and~. Let u
A

and vA denote the displacement of point

A in the direction of x and y axes (Figure 4)~

UA = U - (y-y)~

v = v + (x-x)cflA

The displacement of A'in the direction s 1s:"

(A.l)

(A.2)

Us = -uA sina + vA c~sa

= -u s1na + v cosa + [(y-y)slna + (x-x)cosa]~

= -u sina + v cosa + rn~

where r n is the distance of the reference point to the tan

gent drawn to the center line of the section at point A. The

angle between this tangent and the y axis 1s indicated by Q.

aw Clu s
=as+az-=O

Clw Clu s du dv das = -az- = -(-dz sina + dz cosa + r n *)
w = - J(-~~ sina + ~~ cosa + r n ~)dS + Wo

But

dx :& -ds s1na

dy = ds cosa

Therefore,

w = - (~~ x + ~~ y +*Jr n ds) + w0

~t

w = Jr de·n

(A.4)

(A.5)

(A.6)

(A.7)

(A.8)

(A.9)
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This quantity 1s called sectorial area in accordance with

Vlasov. SUbstituting w in Eq. A.8 we obtain the longitudi

nal displacement

w = w - (dU x + dv Y + ~ w)
o dz dz dz (A.I0)

(A.l1)

The first three terms in Eq. A.IO correspond to the

hypothesis of plane sections remaining plane. The last term

characterizes the warping of the cross section.

A4 Strains and Stresses

If warping and displacements are constant along the beam

and not restrained at the ends, they will cause no stresses.

Otherwise strains and consequently stresses arise. Taking

only the linear terms in the ~~raln displacement relations.

the longitudinal strain is

aw _ dwo d 2u d2v d2p
£z = az - dz - (-2 x +~ y + 2 w)

dz dz dz

Hook~'s law states

Assuming an = a = 0,s

(A.12)

Now the shear stresses will be determined considering

the equilibrium of an element in the longitudinal direction

(Figure 5)

do ds t + dT dz t + Pz ds dz = 0



a(at) + a(Tt)· + p = 0az as z

90

(A.13)

Solving this for the shear stress gives

t = 1 [T (z) _j<S a(at) ds -:1 S
P

z
ds]

t 0 oaz '. < 0
(A.14)

For S = 0 we get t = To/t,; Hence To/t ~ans the shear stress

at the longitudinal section s = O. SUbstituting a from Eq.

A.12

T ..

d3Vl s d
3'1 s ,+ E - Y'dA + E· ··w dA]

dz 3 0 dz 3 0

(A.15)

Let

(A.16)

Qx =i
s

y dA (A.17)

Qy =fo8 x dA (A.18)

rS
Qw =)0 w dA .<A.19)

Then the shear stress becomes
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TO(Z) s d 2 3
L = - !1 .p ds - E~ A + E d u Q

t t 0 Z t dz2 s t dz 3 y

3 3
+ E d v Q + E ~ Q (A.20)

t dz 3 x t dz 3 w

If Pz = 0 and there is no shear stress at the free edge, the

shear stress 1s given as follows:

(A.21)

A5 Stress Resultants

In analyzing beams it 1s convenient to integrate the

stresses into equivalent internal forces and moments. This

can be done in a systematic manner if we demand the virtual

work of these forces to be equal to that of the stresses.

The corresponding virtual displacements are found when we ex

amine the kinematical degrees of freedom of the system.

duThere are seven degrees of freedom, namely u, v, $, wo' dz'

dv and £t because the displacement of any point of the beam
dz' dz'
is described uniquely in terms of these quantities (refer

to Eqs. A.I, A.2 and A.IO).

A5.1 Resultants of a

The -degrees of freedom in the longitudinal direction are

du dv d~wo ' dz' dz' dz· Setting one of them equal to unity and the

others to zero we obtain the following displacement states

from Eq. A.ID.

Wo = 1, w = 1 (A.22a)

du =dz -1, w = x (A.22b)



dv = -1, w = y
dz

.Q.t= -1, w = wdz

92.

(A.22c)

(A.22d)

The stress resultants are obtained considering the virtual

work of a dA on these displacements.

N = fa 1 dA

A

M = -Ja x dAy
A

M
x

=: fa y. dA
A

B=. fa w q,A
A

(A.23a)

(A t' 23b)

(A.23c)

(A.23d)

Substituting a from Eq. A.12, we get

N = E(dwo JdA - d
2
u Jx dA - d

2
v f Y dA _ d2~ jw dA)

dz A dz2 A dz2 A dz 2 A

Ix Jx 2

(A.24a)

M =
dwo d 2u d2v IxE(--- dA + dAY dz dz2 + -- Y dAA A dz 2 A

+ d2~_ fwx dA)
dz 2

A

(A.24b)

M
X

• E( dWo f Y dA d
2
u J d

2v J 2
dz A - dz2 A x y dA - dz2 A Y dA

- d24 Jw y dA)
dz A

(A.240)
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dwo 1 d
2

u J d
2 JB = E( dz w dA - -2 . (&) x dA - V2 CAl Y dA

A dz A dz A

d2t
- 2

dz
dA)

(A.24d)

Choosing the position of (1) the coordinate axes, and (2)

the reference point (where upon the deflections u and v be

lo'ng) appropriately we may e11m1n'ate some of thelntegrals

in Eqs. A.24. Namely, if the origin of the coordinate axes

1s taken at the centroid the following integrals vanish:

Jx dA = 0,
A

JY dA = 0
A

It can be shown that choosing the reference point at the

shear center we ~11m1nate the following

JW dA = 0, Iw x dA = 0, J(&) Y dA = 0
A A A

Let

Ix =1 y2 dA (A.25)
A

I =1 x2 dA (A.26)
y A

I =1x Y dA (A.27)
xy . A

Cw =f (&)2 dA (A.28)
A

Then the stress resultants of the normal stress a are

dwo
N = AE dz

2 2
~y = E(d ~ I y + d v I )

dz· dz 2 xy

(A.29a)

(A.29b)
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(A.29c)

B =
2

-EC 9
W dz

(A.29d)

A5.2 Resultants of .~'

The stress resu.ltants of the, shear ·st:ress will be foun~

in a similar fashion. The virtual d1spla~~ments in the direc

tion tangential to the center line of the cross section are

glven by Eq. A. 3 with Eqs. A. 6, A. 7 J A. 9 '. .,

u = 1 --.,.. Us = ..sina = dx/ds

v = 1 ~ Us = cosa = dy/ds

<I> = 1 ~, Us = r = ,dwl,ds

Now writing the virtual work of 't'tds

Vx = ~ (Ttds) dx/ds = LTtdx

Vy = ~ (Ttds) dy/ds • J~ 'rtdy

Mtw :a ~ (-rtds) dw/ds :II LTtdw

Substituting T from Eq. A.21

V = E d 3u J + E d3v 1 d 3t 1
x dz 3 A QydX dz3 A Qxdx + E dz 3 A QwdX

Vy = E d
3
3 fA QydY + E d

3
; JQdy + E d3t 1Q dy'"

dz dz A x dz3 A W

d
3
u 1 d

3
v f 3 1Mtw = E ---3 QydW + E~ Q dw + E~ Q dw

dz A dz A x dz3 A W

The integrals can be modified using integration by parts.



For example

.[ Qdx = Q xl ... 1xdQ = o - Ix .·xdA :It -IA Y Y P. A Y A Y

.{ Qydy = QyYI ~ ydQ = o - LY xdA = -lxyA Y

JQydw = Qwl' -1 WdQy - 0.- I W xdA = 0-
Y A A A

Similarly

[' QxdX = -I JQ "dx -' 0
A x

A w

f Qxdy = -lXY ~ Qwdy = 0
A

f QxdW = e LQwdw = -c
A w

Hence the' stress resultants are

d3u E I XY
d 3v

V =-Ely dz 3 -
dz 3x

Vy = -Elxy
d 3u

E Ix
d 3v

dz 3 - dz 3

= -EC ~
w dz 3
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(A.30a)

(A.30b)

(A.30c)

Comparison of Eqs. A.29b, c"and d with Eqs. A.30a, b, and c,

respectively, gives.

Vx
d= -dz My

d
Vy = dz Mx

Mtw
d= dz B

(A.31a)

(A.31b)

(A.31c)
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A5.3 Discussion of B1moment

The bending moments and shear forces determined in the

previous section are the same as in elementary beam theory

and need no further comment. The b1moment defined in Eq.

1 t d d b Vl ov (??) It is a balA.23d or Eq. A.29d was n ro uce .y as •

anced force system, statically equivalent.xo zero. An ex

ample is shown in Fig. 6a. However, the derivative of b1

moment with respect to z is a torsional moment namely Mtw
as defined in Eq. ·A.30c. Mtw is c~lled flexural twist, as

distinguished from Saint Venant twist.

Generally, if -a ·forc·e 'system '(even with zero resultant)

can do work on displacements due to the warping of the cross

section, it causes b1moment in the beam. Bimoment, and con

sequently flexural twist J may arl'se unde.r severai d1f~erent

types of loads. Some common examples may be transverse load

ing'outside the shear center, and a single or distributed

torsional moment. More unconventional examples are a longi

tudinal force applied at a point with non-zero sectorial area

or a single bending moment applied in a plane parallel to the

longitudinal axis at a distance from the shear center. In

the former case B • Pw, hence· its sign depends on both Pand

w. A tensile force is taken positive. The. sign· of thew 1s

determined by the sweeping moveme~t of the radius vector r

(Fig. ~). If r moves from a point with zero sectorial area
. .

to the point in question according to the right hand rule (i.e.,

in counterclockwise direction in a positive cross section),

w is positive. In the latter case B =M at where a is the
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distance between the shear center and the plane in which M is

acting. The sign convention for this case is as follows:

The bimornent is positive if the moment vector M is pointed

towards the shear center as shown in Figure 7b.

It is very important to distinguish whether a bending

moment arises due to a force couple perpendicular (Fig. 7b)

or parallel (Fig. 7c) to the z axis. The former 1s what we

meant above as a single bending moment M whose b1moment 1s

B = Ma. The bimoment for the latter case is found by adding

the birnoments of the single forces. Hence, although the mo

ment 1s the same for the cases shown on Figures 7band 7'c,

the resulting bimornents have opposite signs. The difference

between these cases is demonstrated more dramatically in

Figure 7d. In one B = 0 whereas in the other B = M'2a.

According to Saint Venant's principle, if a system of

forces is equivalent to zero its effects remain localized.

This is not the case with bimoment. The stresses and deflec

tions are quite large even at a considerable distance from

the application point of an external blmoment.

~5 4 Stress Resultants in the Deformed State

Thus far the displacements, strains, stresses and stress

resultants have been referred to the undeformed state of the

beam. However, since the differential equations of equili

brium will be written in the deformed state, we need the cor

responding stresses and their resultants. During deformation,

normal stresses are oriented in the direction of the bent and

twisted fibers of the beam. The shear stresses remain parallel
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to tbe center line of the deflected cross section. The mag

nitudeS of the stresses,however,can be taken, in a first order

appro~imation, equal to the ones referred to the undeformed

state. Since the cross section had been· assumed rigid, sec

tional properties will -be-the same in the deformed and unde-

formed states. That is It ~ Ix,In =I y ' etc. Hence the

streSS resultants of the normal stress may be obtained from

Eqs. A.29 by changing the subscripts' of the stress resultants.

N =
' dwoAE -

1; dz

M; = ,..E(I
XY

d 2u
Ix

d 2v-+ -)
dz2

dz 2

Mn = E(Iy
d2u

I XY
d 2v-+ ~)

dz2 dz

d2t
B = -EC

w dz2

(A.32a)

(A.32b)

(A.32c)

(A.32d)

Similarly the shear stress resultants are obtained from

Eqs. A· 30

v~ = -E I y
d3u E I XY

d3v
dz3 - dz3

d3u 3
Vn = ··E I XY ::3 - E I Q....y

dz x dz3

(A.33a)

(A. 33b)

(A.33c)M =-EC d3~
l;,w w dz

As.Ve Normal Stress in Terms of the Stress Resultants

From Eqs. A.32

dwo Nt
dz • EX
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(A.34b)

2d v··_.':
dz 2 ..

MrI +M Ix
_ \t Y -" Y

E(I I -I 2)
x y xy

(A.34c)

d2$ _ B
dz2 - -ECw

SUbstituting these into Eq. A.12

N~ Mnlx+M;IXY M;Iy+Mnlxy + B
a~ = X- - 2 x + 2-- -- w (A.35)

(IXly-IXY ) (IXly-IXY ) Cw

A? Torsional Moment due to a

During torsion every fiber, except the one through the

shear center, 1s twisted into a helix. Consequently, the

normal stress at a point is no longer parallel to the axis

through the shear center. Let the distance of a point from

the shear center be called r. The component of the normal

stress perpendicular to both r and the shear center axis 1s

a r .£t
dz

Torsional moment of this stress around the shear center 1s

M = J (0 r Q!)dA r = 9..t J 0 r 2 dA (A.36)
t A dz dz A

where
2- 2 - 2r = (x - x) + (y - y)

,Substituting a from Eq. A.35 into Eq. A.36

(A.37)
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I'= 1r 2· dA
0 A

H == f y r
2 dA = .f

A
Y(X~+Y~)dA - 2xI '- 2ylxx A

xy

H =J x r
2 dA = 1x(x2+y2)dA - 2xI - 2y1

XYy A A Y

H • Jw r
2 dA' :·1 w(x2+y2)dAw A A

(A.39a)

(A.39b)

(A.39c)

(A.39d)

or
I I H -1 H I H -1 H H

M
t

= d~ [N -2 + M y x xy ~ _ M x Y xy x + B -!]
dz t A ~ (I I -I ) n (I I I 2) Owx y xy x y- xy

(A. l~O)

where

(A.41a)
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f3 w
Hw

(A.4lc)=-Cw

Note that if l XY = 0

ax =
Hx 1

~ yex2+y2)dA - 2y
Ix = Ix

ay =~- i J xex2+y2)dA - 2xI -
y Y A

Furthermore, for singly symmetrical sections like a channel,

if x 1s the symmetry axis

For point symmetrical sections like a Z-section

For doubly symmetrical sections like an I section

AI Differential Equat1o~s

Eqs. A.32b and c give the differential equations for

bending. For torsion we have to combine Eq. A.33c, Eq. A.40

and the portion carried by Saint Venant torsion. Hence the

differential equations for combined bending and torsion are

as follows:
2 d2vElxy

d u + Elx = -M~
dZ2 dz 2

Ely
d 2u ElXY

d 2v Mn~+ dz2 =dz

(A.42a)

(A.42b)
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EC d3~ _ (GK + Nr ~o + MtBx - MnBy + BBw)~ = -Mt (A.42c)
w dz3 ':J

The moments Mt , M
n

, and M
t

are in the direction of the de

flected axes. In order to determine them, we may first find the

moments at the points on the deflected axis through the shear

center but in the direction of fixed axes x, y, z and then pro

ject the latter into the tJ n, t coordinates. The transforma-

t10n formulas are

Mt = Mx + ~M •• du M (A.43a)y dz z

Mn -4>M + M dv
(A.~3b)= - dz Mzx y

M = du M + dv M + M (A.~3c)1; . dz x dz Y z

To obtain a linear differential equation, we may use N, M
x

'

and My in Eq. A.42c instead of Nt, Mn, and M
C

'

The b1moment B in Eq. A.42c 1s unknown at the outset.

Since it is not a statical quantity, it cannot be found directly

from equilibrium equations as can the bending moments. However,

it can be determined approximately, using the differential

equation of torsion and the pertinent boundary conditions.

94 d2",
EC - OK ~ =m

w dz dz 2 ' t

where mt indicates the external distributed torsional moments.

SUbstituting B from Eq. A.32d
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Note that the term Baw in Eq. A.42c vanishes for doubly and

singly symmetrical sections such as the I and channel, since

Bw = O. For point symmetrical sections like the Z, it vanishes

if the bimoment is zero. This is the case, for example, if a Z

beam is under transverse loads through its centroid.

A.B Summary

In summary, the normal and shear stresses in a thin-walled

beam of open cross section are

. dw 2
a = E(~ _ dux

dz dZ 2
d 2p

2 (0)
dz

(A.12)

(A.21)

The stress resultants of 0, in the direction of the deflected

coordinates are

dw
Nr;; = AE dZO

-E(l XY
d 2u

Ix
d 2v

M~ = -2 + :2)
dz dz

2 d 2v
Mn = E(l d u + l xy -)

y dz2 dz 2

B = -EC d2
4>

w dz 2

(A.32a)

(A. 32b)

(A.32c)

(A.32d)

The stress resultants of L are

(A.33a)

(A. 33b)
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(A.33c)

(A. 42b)

(A.42a)

The differential equations of combined bending and

torsion are
2 2

EIXY :z2 + EIX :z2 · -Mt
2 2

EI d u. + EI d v = M
Ydz2 xy dz2 n

ECw ::~ - (GK + Nt ~O + MtBx - MnBy + B aW)~: = -Mt
(A.42c)

where
.. du

M~ =M + epMy - dz Mz (A.43a)x

Mn = -4> M + M dv
(A.43b)x y - dz MZ

Mt
= du M + dv

(A.43c)dz x dz My + Mz



APPENDIX B

THEORY FOR DIAPHRAGM-BRACED BEAMS

Let the diaphragm be attached to the upper flange of the

beam at point D (XD, YD) as shown on Figure 10. There is no

difficulty in taking the bracing at any other point. The

choice 1s dictated by practical considerations. The dia

phragm lies parallel to the x-z plane.

Bl The Forces Between Beam and Diaphragm

In a roof structure external loads are transmitted to

the beam through the diaphragm. Having this practical prob

lem in mind more general loading cases where 'additional loads

are applied directly to,the beam are not considered.

a) The lateral force Px

The deflection of the fiber of the beam at point D is

called un

Let

The shear strain

The shear force

v = Qy = Q(~~ + eD ~)

105

(B.l)

(B.2)
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where Q 1s the shear rigidity of the diaphragm contributory

to one of the beams.

The bracing force Px

. 2 d 2¢
p = dV =Q(~'+ eO :=2)

x dz dZ~ dz

The external loads in the direction of the x axis in the

plane of the diaphragm'can be assumed to be carried by the

diaphragm alone, because its rigidity is usually several

times than that of the beam.

b) The vertical force Ey

The vertical and horizontal distances of the 'application

point of p from the shear center 1s indicated by two pos1-y .

tive numbers e and a respectively. Downward loading is trans-

ferred from the diaphragm to the beam through bearing. Since

the section may rotate during the loading, for this case, the

contact point may be at the junction of the web and flange

rather than point D. On the other hand uplift loading is

transmitted by the connectors, hence it acts at the point D.

However, in the derivations and numerical computations in

this report both uplift and downward loading is assumed act

ing through the web. For Z-sections this means setting a = 0

which brought certain simplifications such as elimination of

B 8 in Eq. A.42c. This should be taken into account if thisw

assumption is discarded. For channel sections there is no

such complication. One can simply sUbstitute the proper

value of "a" directly into the computer program.
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c) The longitudinal force Pz

There are usually a number of parallel beams braced by the

same panel. The m~dle beams contain only lateral bracing forces.

On the other hand, the edge beams have to supply shear forces to

the diaphragm along the free edge and get thereby axial loads in

addition to the lateral loads. The sign of the axial loading for

the two edge beams are opposite to each other.

+ .v
p - z - - w = ± ~(dU + e

D
£!)

w dz dz (B.4)

where w is the width of the diaphragm contributory to one of the

beams.

d) Torsional moment rot

where F is th~ rotational restraint of the diaphragm per unit

leng~h.·

B2 Equilibrium Equations

In the following, nonlinear terms have been ignored. The

effect of longitudinal forces Pz will not be included. Hence,

the equations are valid for the middle beams in an assembly. As

mentioned before, the forces with indices x, y, z are at the

shear center but in the direction of the fixed coordinates.

Bending in x-direction:

(B.6)
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(B.7)

Bending in y direction:

(B.8)

(B.9)

Torsion:

Torsion is due to p ,p and cross-bending rigidity ofx y

the diaphragm. Considering equilibrium along the z axis,

Dividing by dz and using Eqs. B.6 through B.9,

(B.10)

(B.lla)

83 Differential Equations .of Diaphragm-Braced Beams

The projections of Mx' My' Mz in ~, nand t will be de

termined by Eqs. A.43. However, the last terms in Eqs. A.43a

and b which indicate the projection of Mz on ~ and n, respec

tively, will be neglected. (This can be justified by 'the

fact that the slopes are small on the major part of the span.)

d2Mt _ P
~- - y

(B.llb)



(B.12a)

log

(B. lIe)

Differentiating Eqs. A.42a and b twice with respect to z and

using Eqs. B.lla and b we get

4 4
E d v I + E d U I = p

dz 4 x dz lJ xy y

d 4v d
4

d 2 pE ----ri I XY +, E--¥ I + 2 (M <1» = P (B.12b)
dZ~ dZ~ Y dz x x

dM
Now Eq. A.42c will be differentiated once and dZ t will be sub-

stituted from Eq. B.lle.
4 2

EC d ~ _ OK d ~ +
w dz4 dz2

d 2
tl+ M ---.• -

x dz2
(B.12c)

The vertical deflection can be eliminated from Eqs.

B.12a and b.

SUbstituting,

<IXIy-IXy2) d 4U + d2 I XY P
E Ix dz 4 dz2 <Mx~) + Ix y = px

(B.13)

(B.14a)

I, channel and Z beams:

For I or channel beams B = a = 0 For Z beams B = 0,
x w • x .

and if there 1s no primary torsion also B = o. Hence for

our case the corresponding terms in Eq. B.12c will vanish
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d4~ 2 d2u
EC ~ GK d-~ + M ' ---2 - P e$ + 'F$ =

w dz 4 - .d;2 x dz Y .

Finally, the bracing force Px from Eq. B.3 will be sub

stituted into Eqs. B.14a and b.

~(IxIi-Ix~2) ~ _ Q~ _ Q e
D

d2~ + d
2

2
(Mx~) =

x dz dz .dz dz

(B.15a)

422
EC d ~ _ GK ~ - Q en

2 d~~ - P e~ ~ F~
w dZ~ dZ~ ~ Y

2 2
+ M d U _ Q e du = p a (B.15b)

x dz 2 D dz2 Y

Assuming that Px and Py have the same vertical distance from

the shear center

(B.16)

SUbstituting this and introducing the dimensionless variable

l; = !L

Eqs. B.15 become

(B.17)

ECw ~IV 2
'f - GK<p" - Qe $"L2

(B.lab)

where primes denote differentiation with respect to z;.
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84 Special Cases

The coupled equation system B.18 will be converted to

one differential equation in ~, for no and rigid bracing

cases.

a) No bracing, i.e. Q = 0

For Q :&: O· :.. Eqs. B.18 become

E(I I -1 2)
x y xy uIV + (M ~)" =
I L2 x .

x

I xy 2
-r p Lx y

(B.19a)

ECw IV _ GKtf\" _ P eL2~ 2 2L2 ep 'f' Y 'f' + Mxu" f' FL. <p ,= PyL a (B.19b)

Eq. B.19a can be integrated twice and solved for un

u" =
2

L (-M I ep + 1M)
E(I I -I 2) x X xy X

X Y xy

SUbstituting this into Eq. B.19b

ECw IV
- ~ - GKep" _. (p e +
L2 Y

(B.20)

(B.21)

Eq. B. 2], is a special case of a more general differential

equation given in Ref. 24, if the term with F 1s excluded.

b) R1g~d bracing, i.e., Q = m

For this case the displacements u and $ are no longer

independent. Specifically, un = 0 gives

(B.22)



Consider Eqs. B.14. The "bracing forces Px can be

eliminated between them. Simultaneously u = -e~ will

be substituted. Then

EC~ IV 2
----2. 4> - GK4>" + FL 4> - M~"e - (M cf» "e
L x x

I
_pyeL2~ = p L2(a+ xy e)

y Ix

109c

(B.23)

where

(B.24)



APPEN.D·):X C

SOLUTION METHOD

Consider EQs. 2.9. These are linear fourth order

coupled differential equations with variable coefficients.

Their eX.act solution is, difficult if at all possible.

Galerk1n's Method proves to be very powerful in solving such

differential equations approximately.

The displacements u and <I> will··be :represented by infi

nite series. A suitable choice is the eigenfunctions of

transverse vibrations of a rod which has the same boundary

conditions as our beam. (After separation of variables, the

partial differential equation of the vibration problem is

reduced to an ordinary differential equation), For trans

verse and rotational vibrations we have respectively:

Their solutions are

uIV _ ). 4u = 0
x

ql IV ._ ). 441 = 0
z

(C.la)

(C .1b )

(C.2a)

41 = Al sln).z~ + A2 cos )'zt + A3 sinh ).z~ + A4 cosh AZ~

(C.2b)

From the four boundary conditions for each displacement,

homogeneous equation systems for the respective coefficients

110
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are obtained. In order to 'avoid the trivial solution their

determinants are set equal to zero. This results in two

transcendental equations for the eigenvalues A and A whichx z
have an infinite number of roots. Correspondingly there are

an infinite number of eigenfunctions which form an orthogonal

and complete set. For the most important boundary conditions,

the approximate values for eigenvalue's and the corresponding

eigenfunctions are given in Ref. 35, Table 33.

Cl Solution for General Case

Let
00

u = 1: unXnn=l

00

<P = L <P nZnn=l

(C.3a)

(C.3b)

Now the Galerk1n Method will be applied to Eqs. 2.. 9

m :: 1, 2, co...,

EC
[ M Xu QeX"] + tf\ [--!!!. z IV - (GK+Qe 2 ) Z"un x n - n ~n L2 n n

In = 1, 2, ... , co
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For practical computation we can consider of course only

a finite number of terms.

From Eqs. e.l
X IV = ~ 4Xn· x n

Z IV = ~ 4Zn z n

Eqs. C.4 may be written in a more compact form

00

I (Amn un +Bmn ~n) = E (e.5a)
n=l m

00

1: (Cmn un +Dmn ~n) = Fm (C • 5b )
n=l

m = 1" 2, ... , co

where
1

Amn =
E(IxI;y-IXy

2) "x4
...[ XnXmd~ Qfl X"X d~ (C.6a)I L2 n m

x 0

Bmn = -QeL1
Z!~ X dr; +fol (M Z )tI Xmd~ (C.6b)n m x n

C :Imn

:1

-Qej
o

X"Z dl;n m

.1

+J
o

M xttz dl;
x n m (C.6c)

Z"Z dl;n m

- eL
2L~ PyZnZmdt + FL

2L1
ZnZmdt

I 1
Ern = _-Y.. L21 P X dr;

. . Ix 0 Y, m

Fm = aL2~1 PyZmdt

(C.6d)

(C.6e)

(c.6r)
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Let

Py = P h{Z;)

(C.7a)

(C.7b)

where p is a load parameter and h, h are dimensionless moment

and load distribution functions. Then

(C.8a)

(C.8b)

(C.8c)

ECw 4 2 2 2=~ Az T7 - {GK+Qe } TS - pL e T9 + FL T7 (C.8d)
L

I XY 2
E = ---- pL TIOIm Ix

(C.8e)

(c.8r)

where Ti indicate the integrals. Some of the integrals may

be modified by using integration by parts as shown below

T1 =J1 XnXmd 11
2 (C.9a)= °nm 0 Xm d

0

=L
1 1

-L
1 _ (1

T2
Xl1 X d ~ = X'X I X'X'dl; = X~X~dZ; (C.9b)n m n rn n m Jo0

T =1 1
Z"X dZ;;

1 1 _fal= Z'X I 1 Z'X'dZ; = Z~X~dr,; (C.9c)3 n m n m 0 - n m
0 0



T-
4
; ':..'1' 1 1 11 11

xn Z d ~ = x' z I -" x'Z 'd r; = - x'Z ' dnm· nm o 0 nm 0 nm
. 0
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(C.9d)

1 . 1 1
T5:~l (h Z)" X dr; = (h Z )'X I -1 {h Zn)tX~dr;;. n· m n moo

, :

=,£1 (h Zn)tx~dr;

(C.ge)

(h Z )tXtd~m n (C.9f)

T7 =ll ZnZmdr; = 6nmL1
Zm2d Z; (C.9g)

=11
Z"Z dr;; = 1 fl

=-L1
Ta Z'Z I - Z'Ztdr: Z'Z'dt.;(C.9h)o n m nm o 0 nm~ n m

Tg =L1
h ZnZm dZ;

T101 =L1
h Xm dr;

T102 =J 1 h Z dr;
o m

(C.91)

(C • 9j )

(C.9k)

SUbstituting T1 from Eqs. C.9a through 1 into Eqs. C.8a

through d, the coefficients become:', ..

2
E(IXly-IXY ) 4 11 2 11

Amn = I
x
L2 Ax ~nm 0 Xm dr; + Q 0 X~X~dr;;

(C.10a)
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B" = QeJl Z'X"dr; -PL21~ (hZ )"'X'or (C.I0b)mn 0 n m 0 n m ~

Cmn = Qel1 X'Z'dl; - PL211 (hZ )'X'dr; (C.lOc)
o n m m n

... 0

= ~).z4 <5.1 1
Z 2d l;+ (GK+Qe2)l l

Z'Z'dl;
L~ nm 0 m 0 n m

- PL2eJl - FL211hZnZmd 1; + ZnZmd r;
o 0

(O.lOd)

Eqs. c.6 or C.IO may be used to compute the coefficients.

From the latter we observe that Amn and 0mn constitute sym

metrical matrices and Bmn 1s the transpose of C . Withrnn

matrix description Eqs. C.5 become

Solving Eq. C.lla for un

U = A -l{E B ~}n rnn m - mn ~n

Substituting this into Eq. C.l1b

A . -1 B' ]'*' - {F -I}[Omn - Cmn mn mn ~n m - Cmn Amn Em

(C.lla)

(c. lIb)

(C.12a)

(C.12b)

Note that the coefficient matrix in Eq. C.12b 1s still sym

-1metrical since Amn had a congruent transformation. ~n can

be found from Eq. C.12b. Then substituting back into Eq.

C.12a determines un'

Alternatively one may consider Eqs. C.lla and b as one

system. In that case the coefficient matrix may be defined
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as fol~ows·.. ! (~1nce Orrin ~ Bnm , t.bis matrix also is sym

metrical).

All Bll. A
12

' B12 • • • • • u1 El
,I., r'

Fl
'C" ' D11

"C~ .. .
°12 '<I>11' 12 1

A21 B21
A

22
' B22 u2 = E2

C21 D21 C22 D22 ~2 F2
•
• r •·"

.

(e.13)

Hence the.deflection components un and ~n may be found from

Eqs. C.12 or C.13.

The vertlca'~ ..: deflection may be found as follows:

d2v d2uE.Ix ~ = -M + EIXY ~ (C.14)
dZ~. x dz

Integrating twice

N
M dz2 +EI ~ Xx xy ~ un n

n-l
(e.1S)

where the constants Co and Cl are determined from the boundary

conditions.

If I XY =0, the vertical deflection is un~oupled from U

and <1>.

Discussion:

Th~ coeffici~nts Amn t~rough ?mn ~or th~. unbraced case
. . . :.

may be found by sUbstituting Q = 0 into Eqs. ,C.12 or C.13.
, ,

However. thesolu~ion prese~~ed in the; fOllowi~g section

should c~nverg~ faster. On the other hand, the coefficients
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for the rigidly braced case cannot be obtained directly from

C.12 or C.13. Dividing both sides of Eqs. C.lla and b by

Q and setting l/Q = 0 does not help either. In that case the

right hand 'side becomes zero, i.e., Em = Fm = O. For the

left hand side, inspecting Eqs. c.6 and granting that Xi = Zi

(since the unknowns ep and u are no longer independent because

U = -<f>e) it follows that

Amn = e Brnn = e Cmn = e 2 Dmn

SUbstituting these into Eq. C..12b results in

Hence $n remains undetermined. The indeterminancy could be

eliminated if Eqs. C.ll were first solved without substitut

ing a numerical value for Q. Arranging the determinants Dj

and D as polynomials of Q

2 n-l
~j = ~D = aJ ,O+a j ,lQ+a j ,2Q +.•• +aJ,n-lQ
~ 2 n-l nb +b 1Q+b 2Q + ....+b lQ +b Qo n- n

where aj,n and bn are some constants. The constant bn is

zero, because it 1s equal to the following determinant (see

Eq. C. 6)

-11 XliX dr; - ell Z"X dr;
o n m 0 n m

-ell X"Z dr; - _e211 ztlz dr;
o n m 0 n m

This determinant is zero for Xi = Zi. Thus, $j becomes equal

to the ratio of two polynomials of the same order. If we now
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letQ.approaoh 1nf1n1ty~ we get in:the limit

··A direct 'solution; for' the rigid bracing case will be ob

.tained from Eq. B.23 as' will be shown in section C3.

C2 . Solution for Unbraced Case, i.e., Q = 0

Applying the Galerk1n Method to Eq. 2.11, we obtain

co 11 ECw IV
t <t> {T Zn'

n=l n 0 L

(C.16)

m = 1, 2, ... 00

(C.17)

,~=1,2,••• co
. . .

Let

(C.18b)
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In matrix form

{F }
m (C.19)

where

T
E(l-I _ I 2) 10

x y xy
(C.20a)

(C.20b)2 Tl03E(IXIy-IXY )

and Ti is given in Eqs. C.9 and C.lS.

Hence the angle of rotation 1s determined in series form

(C.21)

where N 1s the number of terms considered.

The curvature for the lateral deflection un 1s obtained

from ·Eq. B.20.

u" = (C.22)

Having the curvatures, we are able to determine the normal

stress using Eq. 2.19 •

If the lateral and vertical deflections are required

we may follow one of' two ways: the first is to integrate Eq.

C.22 twice

u = Co + ClL~ + L
2

2 (-Ix n~l $n~~MxZnd~2+Ixyf~Mxd~2)
E(IXIy-IXY )

(C.23)

However, the functions resulting from these integrations may

be cumbersome. The second way is to apply Galerk1n's Method
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also to Eq. B.19a. Then

co 11 E(I I -I'" 2) IV
L x y xy . u X ... (M Z ) It <f> X d 1;2 n n x n n m

na:l 0 I Lx

I. 21 1
='-~.. L P X d~y m

Ix 0

(C.24)

Let

(C.25a)

Solving Eq. C.2~ for un gives

(C.25b)

(C.25c)

(C.26)

Note that Arnn is just a diagonal matrix. Thus, we have also

the lateral deflection in series form.

N
u = E un X

n=l n
(C.27)

m =- '1, 2, ••• Q)

The vertical deflection can be found from Eq. e.l5.

C3 Solution for R1~1d Bracing Case, i.e., Q = ~

The differential equation for this case was given by

Eq. 2.14

co '" 11 { EC~ Z IV _ OK ZIt + FL2Z' . _ M Z"e
1: 'fin 0 :2L n n n x n - (MxZn ) lien=l

- pyeL2ZJ Zmd t. = (a+~:Ye )L2fal PyZmd.,

(C.28)
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E4>n
n=l
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EC~ 4 2 11 11
{(-2- A + FL) Z Z dr; - GK ZItZ dr;

L . Z 0 n m 0 n m

(C.29)
In = 1, 2, ... co

Let
Ee'

D = (--!!.. A 4 + FL2) T7 GK T - peL2 (T
S

T T)mn L2 Z - 8 + 6 + 9

(C.30a)

(C.30b)

Again the problem 1s reduced to the solution of an algebraic

equation system.

[Dnm]{4>n} = {F }
m

Hence the angle of rotation 1s

N
tP = E cPn Z

n=l n

The lateral deflection is simply

u = -e¢

The vertical deflection is given by Eq. e.15.

(C.31)

(C.32)

(C.33)

C4 Evaluation of the Integrals

The expressions for the displacements v, u and $ have

been developed in Sections Cl through C3. They are valid for



122

a continuous but arbitrary distribution of p and for a
" ....: y ...

number of ,boundary conditions, which may be different for u,

v and~. Th~y can be utilized once the values of the defi

nite integrals Ti are known. In this section, these inte

gra~s'will ~e.~~valuat~4 ,for some specific boundary conditions.

For some cases also the coefficients Amn , Bmn , etc. will be

given after substitution of T1 into them. In the following

the load is taken uniformly distributed. Hence

For similar boundary conditions X = Zn'n
Eqs. e.g

T1 = TT = Tg

T
2 = T3 = T4 = TS

Hence from

C4.1 Hinged boundary

v = v" = 0

u = utI = 0 at t = 0, 1

ct> = $" = 0

The primary bending moment is

2
Mx =~: (t-t2)

1 .' 2
h = 2" (t...; t-- )

(C.34)

(C.35a)



123

The eigenfunctions

Xn = Zn = sin nn ~ n = 1, 3, 5, ... (C.36a)

(C.36b)

The integrals Ti from Eqs. C.g and C.18 are evaluated

below

Tl = T7 = Tg 11
2 n1l'~ d~ 1 0 (C.37a)= 0 sin =nrn 0 2 nm

T2 T3 = Tit = Ta = 2 21
1

sin m1Tl; dz:; m2
1T

2
= -m 1T 0 sin n1Tl;; = --- 0

2 run

(C.37b)

-111 2 1T
S

= [(l;-Z; )s1n n1Tl;]H s1n mnc; dl; =
2

0
2

_m 21T 2 1
~ - 4 if m = n

4m3n----- if m ~ n
, (rn2_n2)2

if mjin

T
IO

= ~J:l (l;;_l;;2)2 sin n1Tl;; sin m1Tl;; dl;; =

TlOl = Tl02 =~l sin m1Tl;; dl;; = ~1T

111 2 2Tl03 = 4 0 (l;;-l;;) sin m1Tl;; dl;; =

a) General case

The coefficients were given in Eqs. C.6

(C.37d)

(C.37f)
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(C.38a)

(C.38e)

EC 4.... 4 . 2 2 . 2 ' 2
= [ w~ + (GK + Qe) ~ _~ + FL ]6
~ 2 2 2 2 nm
L (C.38d)

E • _IXy.2PL2..
m Ix ron

where n = 1, 3 j ,5, • ~ i,

m = 1, 3, 5, ...

(C.38f)

For this case [Amn ] and [Dnm ] are diagonal matrices.

b) No bracing, i.e. Q = 0

The coefficlents'neceSSarY'for~n' (Eqs. C.20)

2pL2
F = a --m m1r

The coefficients for un (Eqs. C.25)

E(I I _ I 2) T10
x y xy

(C.39a)

(C.39b)
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(C.40a)

(C.40b)

(C.40c)

c) Rigid bracing, i.e. Q = ~

From Eqs. C.30

EC t 2 2 0
D = [ 2W m4~4 + GK m2~2 + FL2 + pL2e{~ _ l)J~

nm L 0 2 2

PL2 4mn{m2+n2)
- ~ e {m2_n2)2- (l-onm)

(C.41a)

C5' Summary

Fro = (a + I XY e) 2PL
2

Ix Inn
(C.41b)

Galerkln's Method has been used to solve the dlfferen-

t1al equations for the diaphragm braced I, channel or Z

beams and for the two special cases of no bracing and rigid

bracing. The displacements u and ~ have been expressed in

infinite series.
co

U = 1: unXn1
ex>

ep = L <l>nZn
1

(c. 3a) ,

(C.3b)

X and Z are chosen to be the eigenfunctions of a Vibration
n n

problem with-the same boundary conditions as the beam. The

differential equations are converted into algebraic equation



systems of the following form

a) General c~ie, i.e. 0 < Q < ~

126

(C.lla)

where

(C.l1b)

.(·0. 8a)

Bmn =-Qe T3 + PL2 T5

Cmn = -Qe.T4 + PL2 T6

ECw ' 4'
=L2 Az T7 - (GK+Qe 2) Ta - PL2e Tg

Em =.-~:y PL
2

TIOI

Fm = apL2 TI02

b) No' bracing J 1. 'e ~ Q =." 0:

and

(C.8b)

(e.8e)

(e.8e)

: (C • 8f",)

where
(C.26)

(C.25a)

(C.25b)

I (PL2) 2L'2x . . . "

~(Ixly":' I
Xy

2 ) TIO

(C.20a)
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,0)

and

where

Rigid bracing, i.e. Q = ~
j

u = -e~

(C.25c)

(C.20b)

(C.31)

(C.33)

(C.30b)

The integrals T1 through Tl03 are defined by Eqs. C.9

and e.18. They have been ,evaluated for simply supported

boundary conditions and uniformly distributed loads in Eqs.

C.37.



APPENDIX D

TEST PROCEDUR.E· 'FOR THE DETERMINATION OF Flocal

Since the local de;format1ons depend on the connection detail

and on the type of deck panel, it 1,a·.,~proposed to f'ind tlte corre

spon~ing rotational restraint Flocal experimentally. A possible
:. . "'"

test set-up 1s shown in Fig. 29. A segment of the purl1n 1s fixed

to a rigid support. One panel width of deck is fastened to the
I

pur11n. At each edge of the panel, an overlap similar to that

in the actu~l structure is provided. This simulates the con

tinuous nature oft'he roof decking. The screws are aligned at
;' : ~

a certain distance from the web.

The rotational deformalt1'on is enforced by loading the roof

deck panel by hung weights. At the edge where the weights are

applied, a light stiffening angle parallel to the purlin seg

ment is 'u'sed 'to ','obtain a un'1forin'deflection of ·'the end' of the

cant11everlnr'pari~1.'

In Fig. 29, the panel is extended at both sides of the pur

lin to provide two possibilities for hanging the weights. When

the weights are hung at the right side as in Fig. 29, the di

rection of the rotation corresponds to that from uplift loading

of channel purlins. On the other hand, loading at the left

side would simulate the rotations from gravity loading.

~exp' the total deflection of point A (Fig. 30) is mea

sured during testing. 6b ) the deflection of point A of the di

aphragm acting as a cantilever beam, can be calculated from stan-

128
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dard formulae. .subtracting 0b from 0 , deflection 01 1 due. exp oca

to local deformation and hence ~1 1" 'can be obtained. Theoca
slope of the ~xp~rimental curve of cantilever moment per unit

width (pl/w) versus .looal gives the value of rotational re-

straint Flocal.

A limited number of such tests were performed on the nar-

row ribbed light-gage steel panel with the dimensions shown on

Fig. 79. The results of such a test on a panel with screws

placed 1/2 inch from the web 1s given in Fig. 90· (Since the cor-

ners of the pur11n are rounded, the real distance of the screws

from the contact point between the diaphragm and the purlin 1s

somewhat smaller than 1/2 inch). This test gave F = .060 1n-kl

In/rad. On the other hand, for a distance of 1.0 inch from the

web, the rotational restraint was F = .180 in-k/in/rad.

The test should duplicate the connection detail of the

structure as close as possible. If in the real structure, the

screws are placed randomly, it would be desirable to find FI 1oca

for two different screw locations, in order to get an idea of

how much F 1s affected by changing the screw location. If in-

sulat10n material is used between pur11n and diaphragm, the test

should be performed after a certain period of time so that any

loosening in the connections due to creep of the insulation is

accounted for in the determination of F.

The influence of F on the behavior of channel and Z-section

purlins was discussed in Sec. 3.3. Here, it may be noted that

the value of F 1s different for uplift and gravity loads unless

the screws are placed exactly at the middle of the flange. For



130



APPENDIX E

FLOW CHART OF THE COMPUTER PROGRAM

El. General

The overall flow chart is given below. Some of the indi

vidual blocks of this flow chart are explained subsequently and

some important parameters' are defined. In particular, a more

detailed flow chart of the" block for determination of the fa11-

ure load 1s presented.

E2. Overall Flow Chart

\ Input 7
.. " ~

Geometrical parameters

for

channel and Z-eections

J
" Nested DO loops for
/

Ie, F, Q, HL, and
.!

Determination of the

failure load

~.

Deformations and stresses

under failure load

l\4 Part1al output /

\ surnmary:!ootput 7
·131
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E3. Input, output

Input serves many purposes. These are: (a) Initializa-

tion of some pa·r9-me,te·rs, (b) setting the lim! ts 'of the DO loops,

(c) storing the matrices consisting of the values of the defin

ite integrals due to Galerk1n's method, and (d) reading the dim

ensions 'of' 'the"~~oss~sect1on under consideration .

. Outp\it~'~ohsls'ts of' several parts: (a) After finding the

failure 'load for one case, the stresses and values of some inte

ger parameters indicating the flow in the program are printed.

(b) After completion of a group of cases for different values of

Q and the span length L, a partial summary is' printed which in

cludes the values of the yield moment as well as the maximum

values of the deformations u and~. (c) A summary table for the

ratio of yield moment to Mbend and ,the maximum angle of rotation

~ 1s given for gravity and uplift loading cases. The corner

where the start of yielding occurred 1s also indicated.

E4. Definitions

The parameters controlling the do loops' are

NPRB = Number of cross ...·sectlons

NIC = Number of cases concerning

a) The horizontal distance of the load from

the shear center, a = HA

b) The direction o~ ~he ·load i.e.,
Ie = 1 for gravity

. "

Ie = 2 for uplift

NQF = Number 'of cases for the rotational rigidity F

IQM = Number of cases for the shear rigidity Q
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IHM = Number· of cases for the span length L = HL

Some other important paramters are:

M = MM2/2 = Number of series terms considered for

each displacement component

L = in general, indicates the index of the corner

where stress is equal to <1
yd

L = 7 means <I> = <l>limit while 01 < <1
yd

L = 8 means the attempt to find the failure load was

unsuccessful

L8 = Index of the corner with the largest stress in

absolute value

Parameters MJ and MP are discussed in the next section in ~ome

detail.

E5. Explanation of the Flow Chart for Failure Load Determination

The flow chart for failure load determination 1s given in

Section E6. Here, some explanation is given to facilitate un-

derstandlng of this flow chart.

There are two criteria for failure:

1. The maximum angle of rotation ~ = ~11m1t can be speci

fied (say 30°).

2. The stress at one of the corners in the governing cross-

section 1s equal to the yield stress.

These criteria may be symbolized as

where

1 = 1,2, .•.• ,6 for lipped sections

1 = 2, ...• ,5 for plain sections
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The failure load is determined by successive approximations,

starting with a first estimate as

- 1 -P =. - P or P2 cr
8

= ±.. 6 Mbend L2

whichever is smaller. Pcr is the approximate critical load ob

tained by setting the main determinant or the equation system

equal to zero for MM2 = 2 (see Eq. 4.2). The sign of p is posi

tive for gravity and negative for uplift cases, respectively.

The determination of the failure load proceeds in two

steps:

1. The values of the functions ~(p) and 0i(P) are computed

for at least two pIS, until there is a change of sign in either

~(p) or in anyone of 0i(P). In every cycle, p is decreased or

increased by P, whichever brings p closer to the zero point of

the functions'·~(iD·or 0i (p) • The increment at the beginning is

6p = 1 P·2 .

In the subsequent cycles, however, the value of the increment

is taken as half of that for the previous cycle. Of course, a

limit for the number of cycles 1s provided. Hence, if there is

no change in the sign of the above mentioned functions within the

set limit, the problem 1s abandoned and the next case 1s consid

ered. This situation arises when the first estimate p and/or

the increment 6p are too large or too small when compared to the

final value Pfail· Hence, the situation may be remedied by sub

stituting better estimates for p and 6p.

2. Once a sign change occurs, the next Yalue of p is found



135

by l1near1nterpo1at1on. If the s1gn change occurs 1n 01(P)

for one particular value of 1 = L, linear interpolation 1s per

formed only on 0t(p). If the s1gn change occurs s1multaneous1y

in more'than one value of 1, the one giving the largest stress

is selected as 1 = L.

The- flow of the program 1s mainly controlled by the two

integer parameters MJ and MP. The determination of the failure

load proceeds with MJ = 1. The parameter MP determines the de

tails of the flow.

a) MP = 1: First, check $. If ~ < 0 set MP = 5. If ~ > 0

check 01 for 1=1, •.• ,6. If 01 < 0y 1ncrease p =

p + op, repeat the cycle. If 01:> 0y set MP = 2.

b) MP = 5: Check whether there is a change in the sign of ~

(needed in case entry 1s not through MP = 1). If

there is none, change the load p and repeat. If

there is, set MP = 3.

c) MP = 2: Find the yield load by linear interpolation. Set

MJ = 2.

d) MP = 3: Find the load for ~ = ~limlt by linear interpolat1or

Set MJ = 2.

For MJ = 2, the program skips the parts described above and pro

ceeds to the determination of stresses.

There 1s a final checking of the.stresses and the angle of

rotation~. If the check is unsatisfactory for 01' then MP = 4

and if it is unsatisfactory for ~J MP = 5; in addition, MJ = 1

and the control returns to the beginning of the block for fail

ure load. If the checks are satisfactory, some of the results
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are printed, some· of them are stored for the summary table, and

one pr'oceeds' to, the next case.

For MJ'= 3, the whole failure determination part of the

program is bypassed .. This can be useful if the deflections and

stresses are sought under a given load (For example) under ser~

vice loads obtained by dividing the failure load by a constant).

E6. Flow Chart for Failure Load Determination

Determine p and 6p

initialize

MP = 1

ISS -= 0

(;\ J--_!"'-"-~
~~---1 ISS = ISS + 1 l

B

initialize

M:J = 1

IA '-' 0

IT :: 0

4>{p) = 0

°1(P) • O.

Yes

L = 8

p = . .0

The attempt to find

the failure load

is

unsuccesful

(continued on the

next page)
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(continuation)

set

p = p

Determine the

coefficient matrix

for Eq. 2.17

Determine un and ~n

by solving Eq. 2.17

Determine

u and ~ by Eq. 2.16

utI and ~ .. by Eq. 2.20
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MJ = 1

Determination

of failure

load

(continued on

the next page)

MJ = 2 MJ = 3

Failure load is The load p is

determined given.

go to Compute

final checking u, p and cr

under p.

(see page 1-1~)
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L

.('co.ntinuation)
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. interpolation

on C"L( p)

use linear

i'n-tarpolat1on

on -,(p.).,
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contj,.nuatlon

Det...m1ne 'the

stresses

at the corners

Fidd the corner with

the largest stress

and

des1gnate the index of,

that corner by

LS

L • L5

lSS • ISS + 1

MP • 4

Stress criterion 1s

viOlated

No

Failure' load 1s

determined on

~he basis or
• ·~11m1t

ISS • ISS + 1

MP • 5

Angle or Rotat1on

cr1terion 1s v10lated

s

determined on

the basis ~t

aLS • "yd



APPENDIX F

FORMULA FOR M/Mbend

In Figures 16 through 19 the ratio M/Mbend versus span

length L is plotted where M = pL2/8 and p is the load causing

failure which was defined as the maximum stress attaining a

value of 1.15 0y' Mbend is the capacity of a beam whose ro

tations and lateral deflections are eliminated by appropriate
IXoybracing, i.e., Mbend = -d--- Here, the value of M/Mbend at

L = 0 will be computed.

Consider Eq. 2.19. Since we demand that the stress is

equal to 1.15 0y' the bending moment Mx = M must remain fi

nite as L approaches zero. Next it will be shown that also
U <Pn u" <P"
~ and ~ (consequently ~ and L2 ) remain finite.

L L L

Fl No Bracing Case

From Eq. c. ].9

where for L = 0

= ECw A 4 T
z 7 (from Eq. C.20a)

hence
<P 8r-1 a [A 4 T

7
]-1{T

102
}{--!!.} = ECwL2 z

From Eq. c.26

u 1 -1
ep

{.21} • 2[Amn] E - L2[B ]{--!!.}
L2 L

m mn L2

140

(fl"'om Eq. C. 2Db )

(F.la)



where

hence

L2 B = 0-8M T = 0mn 5

I xy
Em = ~--I-- 8M TIOIx

(from Eq. C.25b)

(from Eq. C.25c)

The curvatures

(F.lb)

The matrix multiplications lead to one function of t. It

reduces to one number when the value of ~ showing the place

of yielding 1s substituted. Let

(F.2a)

(F.2b)

The values of Tu and T~ are given in the section E4 for

simply supported boundary condition.

(F.3a)
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(F.3b)

SUbstituting into Eq. 2. 19

=

for channel I XY = 0

for Z section a = 0

1.15=-~~--------I
1 + c: ~. 8 T<j> a

(F.5)

M _ =
l\bend

1.15
(F.6)

The ratio M is usually the same for downward andMbend
uplift loading cases. (More precisely this 1s so if for th~se

loading cases the Inc1p1en~~31eld1ng in the cross section

occurs at the same point or symmetrically located ones in
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reference to the x axis for channels and the centroid for

Z-sections, respectively, because then the values of ; in

Eq. F.5 and ~ in Eq. F.6 do not change.)

F2 Rigid Bracing Case

From Eq. C.31

where for L = a

L2 D = Ee' A 4 T
ron w z 7

Fm = (a +
I XY e)SfI-1 T102Ix

(from Eq. C.30a)

(from Eq. C.30b)

hence

(F.7)

With T<p from Eq. F.2a, the curvature is

<P t~ 8M (a +
I xy

L2 = -EC' -r- e)T¢
w x

Substituting into Eq. 2.21

!L y + SM w'
I

a = (a + xy e)T
Ix C' Ix epw

(F.8)

I a I I
X + - x w'( xv) 8 ]--- = M[l a + ---veT
y C~ y Ix ~

Hence for a = 1.15 0y

M--=
~end

1.15
I, I XY1 + -! ~ (a + )8TCt y -r- e ep

w x
(F.9)

C' and 00' have been defined by Eqs. 2 .15 and 2 .22, respec
w

t1vely.



For a channel, I '= 0,
,~y ,

M. ,', =
~end

For a Z section, a = 0

,1.15 (F.IO)

M _ 1.15
Mbend - I

XY
Wi

1 + ct y- 8 T~ e
w

(F. 11)

F3 General Case, i.e., 0 < Q < ~

The ratio M/f\end for L = 0 and any finite value of Q

is the same as for the unbraced case" because if similar

calculations as above are made the terms involving Q will

vanish as L approaches zero.

F4 The Values of Ttl> and Ttl for Simply Supported Boundary

Conditions

For similar boundary conditions X = Z. It follows
n' n

,that

Tu = T~

From Eq. C.36a

X" = Z" = _n 2 'lT 2 sin n1T t,n n

Let

n = 2k-l

For l; = 1 Eq. F.13 becomes'2'

X" = Z" I: -(2k-l)2 11'2 (_1)2k.n n .,

n = 1, 3, 5, ... ~

k = 1, 2, 3, ... ~

, (F.12)

(F.13)

'(F .14)

. !

SUbstituting Ax = Az = n1l' with, T1 = T1 and T
101

I: T
102

from
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Eqs. C.37; the matrices become

[). 4 T ]-1 = 2
x 1 ~

o

The matrix multiplication gives

The sum is related to "Riemann's zeta function". Its value

can be found on page 439 of Ref. 33. Hence

(F.16)
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TABLE la

THE RATIO .~ = ~ - OF DIAPHRAGM-BRACED
bend Jobend

CHANN-EL BEAMS FOR DOWNWARD LOADING AT
THEORETICAL FAILURE

I
Q/Py

hIt b/h c/b 0 1 4 9 16 1000 L/h

0 •55·20 .7273 .7614 .7697 .7727 .7767
80 1/4 1/3 .5441 .6708 .6980 .7048 .7073 .7106

1/2 .5461 .6501 .6727 .6785 .6806 .6835
5

80 0 .4860 .5783 .6034 .6098 .6121 .6152
40 1/2 1/3 .5204 .5680 .5805 .5837 .5849 .5865
40 1/2 .5611 .5871 .5914 .5924 .5928 .5933

0 .3211 .7439 .8377 .8559 .8621 .8667
80 1/4 1/3 .4119 .6993 .7566 .7695 .7742 .7802

1/2 .4387 .6783 .7235 .7342 .7381 .7436
10

80 0 .4419 .5936 .6264 .6344 .637~ .6414
40 1/2 1/3 .5059 .5893 .6032 .6068 .6081 .6098
40 1/2 .5524 .6047 .6093 .6105 .6109 .6115

0 .2093 .5689 .8921 .9354 .9476 .9611
80 1/4 1/3 .2697 .6469 .8203 .8474 .8563 .8672

1/2 .3023 .6641 .7848 .8068 .8144 .8238

.6126 .6617
1580 0 .3793 .6732 .6775 .683040 1/2 1/3 .4822 .6217 .6388 .6431 .6447 .646740 1/2 .5286 .6313- .6376 .6392 .6398 .6406
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TABLE Ib

THE RATIO ~ M OF DIAPHRAGM-BRACED=
bend Mbend

CHANNEL BEAMS FOR UPLIFT LOADING. t\T THEORETICAL
FAILURE

I 0

Q/P y

hit b/h c./b 1 4 9 16 1000 L/h

0 .6631 .6920 .7027 .7055 .7065 .7079
80 1/4 1/3 .6131 .6479 .6604 .6637 .6649 .6665

1/2 .6003 .6307 .6~18 .6447 .6458 .6472
5

80 0 .5099 .5708 .5908 .5959 .5978 .6004
40 1/2 1/3 .5339 .5627 .5728 .5754 .5764 .5776
40 1/2 .5769 .5831 .5854 .5860 .5862 .5865

0 .6291 .6243 .6215 .6205 .6201 .6196
80 1/4 1/3 .6137 .6134 .6130 .6128 .6127 .6126

1/2 .6034 .6039 .6039 .6038 .6038 .6037
10

80 0 .5272 .5634 .5762 .5795 .5807 .5824
40 1/2 1/3 .5548 .5680 .5728 .5741 .5745 .5751
40 1/2 .5886 .5862 .5853 .5850 .58~9 .5865

0 .4393 .4432 .4467 .~483 .4491 .4504
80 1/4 1/3 .5365 .5334 .5314 .5304 .5305 .5302

1/2 .5462 .5411 .5380 .5370 .5360 .5361
15

80 0 .5353 .5467 .5511 .5522 .5526 .5532
40 1/2 1/3 .5761 .5733 .5720 .5716 .5714 .5711
40 1/2 .6003 .5892 •58 114 .5831 .5825 .5818
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TABLE 2a

P M OF DIAPHRAGM-BRACEDTHE RATIO P = M
bend bend

Z-BEAMS FOR DOWNWARD LOADING AT THEORETICAL
FAILURE-----_........--...__ .......... - ....._-_..._.

Q/P y

hIt b/h c/b 0 1 4 9 16 1000 L/h

0 .5902 .7565 .7762 .7803 .7818 .7836
80 1/4 1/3 .5561 .6959 .7170 .7216 .7233 .7254

1/2 .5420 .6755 .6974 .7023 .7040 .7063
5

80 0 .4917 .5894 .6064 .6102 .6115 .6133
~O 1/2 1/3 .4775 .5726 .5907 .5948 .5962 .5982
40 1/2 .lt919 .5845 .6032 .6075 .6091 .6111

0 .3594 .8568 .8732 .8751 .8757 .8764
80 1/4 1/3 .4577 .7714 .7893 .7922 .7932 .7945

1/2 .4666 .7407 .7595 .7629 .7641 .7655
10

80 0 .4681 .6173 .6334 .6368 .6380 .6395
lta 1/2 1/3 .4650 .5948 .6140 .6183 .6198 .6212
40 1/2 .4816 .6022 .6218 .6262 .6277 .6298

0 .2188 .7671 .9669 .9665 .9663 .9662
80 1/4 1/3 .2931 .~,·86 53 .8785 .8192 .8793 .8795

1/2 .3314 .8289 .8422 .8433 .8436 .8440
15

80 Q' .4198 .6625 .6766 .6792 .6801 .6813
40 1/2 1/3 .4426 .6300 .6509 .6553 .6569 .6589
40 1/2 .4633 .6306 .65J_4 .6558 .6574 .6595
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TABLE 2b

THE RAT:r:O P - ='.: ...OF DIAPHRAGM-BRACED
,. Pbend bend'

Z~BEAMS FOR UPLIFT LOADING AT T~EORETIOAL

" FAILURE

Ic/b·1
' . Q/Py

; . '16 1000 L/hhIt b/h 0 1 9

0 .5996 •6769 .- • 7020 ' . ~ 708.6.. .7111 .7145
80 1/4 1/3 .5594 . 6447 •6694 . '.• 6756 . .'6780 . .6810

1/2 .5442 .6330 .6580 .6642 .6666 .6696
" 5

80 0 •4920: .5727' '.. "59ci1" .5948 .5964 .5984
40 1/2 1/3 .4776 •562·3 ".5811 ~5855 .5871 '.5892
40 1/2 .4920 .5763 .5957 ,6002 . ,6019 ·.6040

".' \
{ ... j.l, t··.·· '" .• :. rl;:... ....

0 .4731 .5604 •6026 .6137 .6183 .6247
80 1/4 1/3 .4990 '.5766 .6081 .6172 .6209 .6285

1/2 .4951 .5768 .6078 .6165 .6199 .6246
10

80 0 .4735 .5509 .5711 .5761 .5779 .5804
40 1/2 1/3 .4668 .5543 .5765 .5818 .5838 .5864
40 1/2 .4828 .5697 •5919· •. 5973 ',5992 •601.9

0 .3151 .3752 .•-4148 .4299 .4366 .4468
80 1/4 1/3 .4082 .4773 ',5148 . .• -5276 '.>5330 •540'7

1/2 .4186 ,.4924 •529,5 -5416 .5466 .5538, .
1580 0 .4426 •'5161. .53914 ,5456 .'5480 .551240 1/2 1/3 .4500 .5414 .5681 ,5757 .5783 .581940 1/2 .4685 .5590 .5857 .5925 .5970 .5985



TABLE 2c

THE POINT OF MAXIMUM STRESS FOR DIAPHRAGM-BRACED
Z-BEAMSAT THEORETICAL FAILURE
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TABLE 3a

ANGLE OF ROTATION ~ OF DIAPHRAGM-BRACED
CHANrmL BEAMS FOR DOWNWARD LOADING AT
THEORETICAL FAILURE

: Q/Py 9
c/b I 16hit b/h 0 1 .1000 L/h

0 2.47° 1.54° 1.20° 1.11.0 1.08° 1.O~o

80 1/4 1/3 1.8go 1.26° 1.01° .950 .930 .900

1/2 1.67° 1.140 .93° .88 0 .86 0 .830

5
80 0 1.16° .770 .63° .590 .580 .560

40 1/2 1/3 .850 .580 .490 .46 0 .450 .44 0

40 1/2 .69 0 .500 .420 .400 .J.too .39 0

·0 7 .85,0 7'.21° 4.21° 3.65° '3 •45° 3.21°
80 1/4 1/3 7.83° 5.32° 3.71° 3.36 0 3.230 3.06°

1/2 6.96 0 4.77° 3.49° 3.19° 3.09° ~.95°
10

80 0 4.67° 3.09° 2.45° 2.290 2.23° 2.15°
40 1/2 1/3 3.29° 2.31° 1.900 1.79° 1.75° 1.700

40 1/2 2.70 0 1.98° 1.66° 1.58° 1.54° 1.500

0 14.23° 20.15° 9.25° 6.62° 5.87° 5.06°
80 1/4 1/3 14.54° 14.29° 7.59° 6.ijoo 5.95° 5.41°

1/2 13.970 12.60 0 7.32° 6.25° 5.88 0 5.43°
80 0 10.65° 7.15 0 5.28° 4.85° 4.69°

15
4.48°

40 1/2 1/3 7.120 5.14 0 4.08° 3.81° 3.71° 3.58°
1/2 5.88° 4.41° 3.60 0 3.89° 3.31° 3.21°
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TABLE 3b

ANGLE OF ROTATION ~ OF DIAPHRAGM-BRACED
CHANNEL BEAMS FOR UPLIFT LOADING AT
THEORETICAL FAILURE

I .Q/Py
hit b/h c/b O. 1 4 9 16 1000 L/h

0 -1.98° -1.50° -1.31° -1.26° -1.24° -1.22°
80 1/4 1/-3 -1. 6'6 0 -1.23° -1.06° -1. 02°' -1.00° - .98 0

1/2 -1.51° -1.12° - .97 0 - .93 0 - .91 0 - .890

5
80 0 -1.12° - .76 0 - .64 0 - .60 0 - .59 0 - .58 0

40 1/2 1/3 - .82 0 - .580 - .49 0 - .46° - .46 0 - .450

40 1'/2' - .68 0 - .500 - .43 0 - .41° - .40°. - .39 0

0 -6.44° -6.07° -5.86° -5.79 0 -5.77° -5.73°
80 1/4 1/3 -5.47° -4.80° -4.48° -4.38° -4.34° -4 • 29. 0

1/2 -5.06° -4. 3-6 0 -4.03° -3.93° -3.89°' -3.81~o

10
80 0 --4 .06°. -2. 98°' -2. 58° -2. 4'7° -2.43 0 -2.37°
40 1/2 1/3 - 3. 03'0 -2. 25°' -1. 95° -1. '87° -1.84° -1.800

40 l/~ -2.53° ..··1.93° -1.69° -1.63° -1.60° -1.57°

0 -11 •.:57° -11.79°-11.98°-12.06°-12.10°-12.16°
80 1/4 1/3 -11.36° -11.16°-~1.04°-11.000-10.98°-10.96°

1/2 -10.26° -9.92 0 -9.71° -9.64° -9.62° -9.58°
15

80 0 -8.06° -6.57 0 -5.93° -5.74° -5.67t? -5.57°
40 1/2 1/3 -5.99° -4.83° -4.33° -4.18°' -4.13° -4.06°
40 1/2 -5.13° -4.18° -3.77° -.3.65° .... 3.60° -3.53°
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TABLE 4b

ANGLE OF ROTATION ¢ OF DIAPHRAGM-BRACED
Z-BEAMS FOR UPLIFT LOADING AT THEORETICAL
FAILURE

Q/Py

hit b/h c/b 0 1 4 ·9 .16 1000 L/h

0 .31 0 .95 0 1.15° 1.20 0 1.220 1.25°
80 1/4 1/3 .16 0 .74 0 .900 .94 0 .960 .98 0

1/2 .120 .660 .810 .85 0 .86 0 .88 0

5
80 0 .030 .450 .54 0 .56° .57 0 .58 0

40 1/2 1/3 .020 .34 0 .41 0 .43° .44 0 .45°
40 1/2 .01 0 .290 .35 0 .37 0 .38 0 .380

0 2.84° 4.70° 5.51° 5.72° 5.80° 5.92°
80 1/4 1/3 1.83° 3.43° 4.02° 4.18° 4.24° 4.33°

1/2 1.44° 3.00° 3.54° 3.68 0 3.74° 3.820

10
80 0 .47 0 1.88° 2.24° 2.32 0 2.36° 2.40°
40 1/2 1/3 .22° 1.38° 1.660 1.73° 1.76° 1.79°
40 1/2 .16° 1.17° 1.42° 1.48° 1.51° 1.55°

0 6.45° 9.31° 10.96 11.55° 11.81° 12.180

80 1/4 1/3 6.36° 9.14 0 10.39° 10.77° 10.92° 11.14°
1/2 5.14° 7.83° 8~95° 9.29° 9.43° 9.62°

15
80 0 1.92° 4.51° 5.27° 5.41° 5.54° 5.64°
40 1/2 1/3 .93 0 3.13° 3.75° 3.90° 3.96° 4.04°
40 1/2 .69 0 2 ,,'65° 3.21° 3.34° 3.40° 3.47°
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TABLE 5a

ANGLE OF~OTATION· -<Pl. 67 OF DIAPHRAGM-BRACED

CHANNEL 'BEAMS FOR DOWNWARD LOADING AT 11 67
OF THE THEORETICAL FAILURE ·

1,-· 0
.Q/Py.

hIt b/h c/b '1'" 4- 9 ·····16 .. 1000 . L/h

a 1.32° .92° .7'4 0 .690 .68° .650

80 1/4 1/3 1.07° .750 . ,.62° .580 •.57 0 .55°
1/2 .96° .68° .57 0 .54° .53° .510

5
80 0 '.68° .46 0 .380 .360 .360 .34 0

40 1/2 ' 1/3 .50 0 .35° .290 .•:28° .270 .27 0

40 1/2 ,•. 41 0 .30 0 .26 0 .'24° .240 .23°

. 0 3.17° 3.66° 2.68° 2.44° 2. 35 0
. 2.23°

80 1/4 1/3 3.51° 3.010 2.35° 2.17° 2.12 0 2.03 0

1/2 3.32° 2.75° 2.19° 2.05° 1.99° 1.92°
10

80 0 2.58° 1.84° 1.50° 1.41° 1.380 1.34°
ijo 1/2 1/3 1.89° 1.38° 1.16° 1.09° 1.07° 1.04°
40 1/2 1. 57,0 1.19° 1.01° .96° .94° .91°

0 4.20° 6.32° 5.330 4.50° 4.21° 3.85°80 1/4 1/3 5.05° 6.30° 4.86° 4'.34° 4.15° 3.90 0

1/2 5.21° 6.05° 4.62° 4.19° 4.03 0 3.83°
80 0 5.21° 4.18 0 3.32°

15
·3·~.lOo 3.01° 2.90 0

40 1/2 1/3 3.85° 3.05° 2.52° 2 .. 3'8 0 2.32° 2.25°40 1/2 3.27° 2.63 0 2.21° 2.09° 2.050 1.99 0
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TABLE 5b

1691o

ANGLE OF ROTATION ~1.67 OF DIAPHRAGM-BRACED
CHANNEL BEAMS FOR UPLIFT LOADING AT 1
OF THE THEORETICAL FAILURE I:b7

1OOOJ~L"""'I--h-h/t·b/h c/b

80 0
40 1/2 1/3
40 ·1/2

80
o -·~1.25°

1/4 1/3 -1.03°
1/2 - .94 0

- .89 0
- .76 0

- .720
- .71 0

- .690

- .730
- .620

- .59 0
- .580

- .57 0

~ .670
- .570

- .540
- .530

- .52°

- .450
- _38 0

- .360
- .350

- .34 0

- .35 0
- .29 0

- .280
- .27 0

- .27 0

- .30 0
- .25° - .24 0

- .24 0
- .23°

5

80
a -3.67°

1/4 1/3 -3.38°
112 -3.15°

80 0 -2.55°
40 1/2 1/3 -1.67°
40 1/2 -1.55°

-3.13° -2.88 0 -2.80° -2.77° -2.73 0

-2.70° -2.41° -2.33° -2.30° -2.25°
-2.50° -2.22° -2.14° -2.110 -2.07 0

-1.77° -1.50° -1.43° -1.40° -1.36°
-1.34° -1.15° -1.10° -1.08° -1.05 0

-1.15° -1.00 0
- .96 0

- .94 0
- .920

10

o .... 4.96°
80 1/4 1/3 -5.76°

1/2 -5.58°

80 0.· -5.11°
40 1/2 1/3 -3.73°
40 1/2 -3.17°

-4.78° -4.71° -4.70 0 -4.69° -4.69°
-5.25° -4.98° -4.89° -4.86° -4.81°
-4.98 0 -4.67° -4.58° ~4.54° -4.49°

-3.80° -3.30° -3.16° -3.11° -3.04°
-2.85° -2.49° -2.40° -2.36° -2.31 0

-2.48° -2.19° -2.11° -2.08° -2.03°

15
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TABLE 6a

ANGLE OF ROTATION ~1.67 OF DIAPHRAGM-BRACED
Z-BEAMS FOR DOWNWARD LOADING AT 1167 OF
THE THEORETICAL FAILURE •

~OOO~
Q/Py

L/hhIt b/h', c/b 0 1 4 9 16

0 .130 - .410 - .610 - .640 - .65 0 - .67°
80 1/4 1/3 .06° .. .40 0 - .51° - ,.53° - .54° - .550

1/2 .05 0 - .36°' - .460 - .480
- .490 - ..•.50 0

5
80 0 .010 - .26° - .32° - .33° - .34 0 - • 34°
40 1/2 .1/3 .01° - .200 - .250

- .26° - .260 - .26 0

40 " ·1/2 .00 0 - .17 0 - • 210 ' _ .22° - .220 - .23°

0 .86 0 -1.27° -2.020 -2.16° -2.21° -2.27°
80 1/4 1/3 .790 -1.32° -1.83° --1.94° -1.98° -2.02°

1/2 .62° . -'1.26° -1.71° -1.80° -1.84° -1.88 0

10
80 0 .190 -1.01° -1.26° -1.310 -1.33° -1.36°40 1/2 1/3 .Ogo - .77 0 - .960 -1.00° -1.010 -1.03°
40 1/2 .060 - .66 0 - .820 - .860 - .880 - .8go

0 1.51° - .780 -3.280 -3.66° -3.77° -3.91°80 1/4 1/3 1.66° -1.760 -3.40° -3.66° -3.75° -3.86°
1/2 1.61° -1.98° -3.30° -3.54° -3.62° -3.720

80 .83°
15

0 -2.12° -2.720 -2.84° -2.88° -2.94 0

40 1/2 1/3 .390 -1.610 -2.05° -2.15° -2.19° -2.23°40 1/2 .28° -1.40° -1.18° -1.87° -1.90° ··1.94°



TABLE 6b

ANGLE OF ROTATION ~1.67 OF DIAPHRAGM-BRACED
1Z-BEAMS FOR UPLIFT LOADING AT I707 OF THE

THEORETICAL FAILURE

159

I
_.

I

Q/P'y
hIt b/h c/b 0 1 4· 9 16 1000 L/h

a .120 .53° .650 .68 0 .690 .710

80 1/4 1/3 .060 .420 .520 .550 .560 .570

1/2 .040 .380 .47 0 .490 .500 .510

5
80 0 .010 .260 • 32° .33 0 .34° .350

40 1/2 1/3 .01 0 .20° .25°' ..• 26 0 .260 .27 0

40 1/2 .00 0 .170 .210 .22° .220 .23°

0 .98° 2.10° 2.560 2.69° 2.74° 2.81°
80 1/4 1/3 .660 1.72° 2.08° 2.18 0 2.21 0 2.27°

1/2 .53° 1.55° 1.880 1.97° 2.01° 2.05°
10

80 0 .17 0 1.07° 1.28° 1.34° 1.36° 1.38°
LJo 1/2 1/3 .080 .80° . .970 1.010 1.03° 1.050

L~O 1/2 .060 .68 0 .830 .87 0 .880 .900

0 1.93° 3.36° 4 • 11~ 0 4.~2° 4.5l.J° 4.720

80 .'
1/4 1/3 2.03° 3.68° 4.40° 4.63° 4.72° 4.85°

1/2 1.12° 3.38° 4.06° 4.27° 4.35° 4.46°
15

80 0 .710 2.39° 2.86° 2.98° 3.02° 3. 08°
40 1/2 1/3 • 34° 1.74° 2.120 2.21° 2.25° 2.30°
40 1/2 .25 0 1.50° 1.83° 1.920 1.95° 1.990
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TABLE 7a

THE RATIO pIp FOR DIAPHRAGM-BRACEDco
CHANNEL BEAMS FOR DOWNWARD LOADING
AT THEORETICAL" FAILURE,

I

Q/P y
L/hhit b/h c/b 0 1 4 9 16 1000

. '
., "

80 0: .. ~'711 ~ 936 .980 ~991 .995 1.0
80 1'/4 1/3 .766 .944 .982 .992 .995 1.0
80 1/2 .799 ".951 ,.984 .993 .996 1.0

5
80 0 .970 .940 .981 •. 991 .995 1.0
40 1/2 1/3 .887 .968 .990 .995 .997 1.0
40 1/2 .956 .990 •997 ' .998 ,.999 1.0

80 0 .369 .855 ' .963 .. 984 .'991 1.0
80 1/4 1/3 .528 .896 .970 . .986 .992 l~O
80 1/2 .590 .913 ' .974 .988 .993 1.0

10
80 a .689 .'926 .977 .,989 .994 1.0
40 1/2 1/3 .830 .966 .989 .995 .997 1.0
40 1/2 .903 .989 .996 ' .998 .999 1.0

80 0 .218 .592 .928 .973 .986 1.0
80 1/4 1/3 .311 .746 .946 .977 .987 1.0
80 1/2 .367 .806 .953 ,,979 .989 1.0

80 .897 .969
15

0 .555 .986 .992 1.0
40 1/2 1/3 .745 .961 .985 .994 .997 1.0
40 1/2 .825 ,.985 .995 .998 .999 1.0
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TABLE 7b

THE RATIO P/P~ FOR DIAPHRAGM-BRACED
CHANNEL BEAMS FOR UPLIFT LOADING AT
THEORETICAL FAILURE

~
I

Q/Py
hit b/h c/b ~ 1 '4 9 16 1000 L/h

0 '.937 .978 .993 .997 .998 1.0
80 1/4 1/3 .920 .972 .991 .996 .998 1.0

1/2 .927 .974 .992 .996 .998 1.0

.984
5

80 0 .849 .951 .993 .995 1.0
40 1/2 1/3 .924 .974 .992 .996 .998 1.0
40 1/2 .984 .994 .998 .999 .999 1.0

0 1.015 1.007 1.003 1.001 1.001 1.0
80 1/4 1/3 1.002 1.001 1.001 1.000 1 ~·OOO 1.0

'1/2 1.000 1.000 1.000 1.000 1.000 1.0
10

80 0 .095 .967 .989 .995 .997 1.0
40 1/2 1/3 .965 .988 .996 .998 .999 1.0
40 1/2 1.007 1.003 1.001 1.000 1.000 1.0

0 .975 .984 .992 .995 .997 1.0
80 1/1.J 1/3 1.012 1.006 1.002 1.001 1.001 1.0

1/2 1.020 1.009 1.003 1.002 1.001 1.0
15

80 a .968 .988 .996 .998 .999 1.0
40 1/2 1/3 1.009 1.004 1.002 1.001 1.001 1.0
40 1/2 1.032 1.013 1.004 1.002 1.001 1.0
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TABLE Ba,

THE RATIO P!P . FOR'VIAPHRAGM-BRACED
. CX).,

Z-BEAMS FOR DOWNWARD LOADING AT
THEORETICAL LOADING

Q/~i -bhIt b/h. c/b 16 1000 L/h1., 9
'.

.. ..""...... .. .. ...... . ~

80 0 .753 .965 .990 .996 .998 1.0
80 1/4 '1/3 '. 767 ' .959 :~ 988 '1.995 .997 1.0
80 1/2 .. 761 ,':~ 956 ' '~987 '.994 .997 1.0

5
80 0 .802 .961 .989 .995 .991 1.0
40 1/2 : 1/3 .798 r.,' .957 .987 ~994 .:'.997 1.0
40 1/2 .805 .956 .987 ~994 .997 1.0

. ,,"

80 0 .410 .978 .996 .998 .999 1.0
80 1/4 . 1/3 .576 .971 .993 .997 .998 1.0
80 1/2 .609 .967 .992 .997 .998 1.0

10
8-0 0 .732 .965 .990 .995 .998 1.0
40 1/2 1/3 .747 .• 957 .988 .994 .997 1.0
40 1/2 .765 ' •956 .987 .994 .997 \1.0

80 0 .226 .7914 1.001 1.000 1.000 1.0
80 1/4 1/3 .334 .984 .999 1.000 1.000 1.0
80 1/2 .393 .982 .998 •999 .999 '1.0 .

.616
1580 0 .972 .993 .997 .998 1.0

40 1/2 1/3 .672 .956 .988 .995 . · 997 1.0
40 1/2 .702 .956 .988 .9·94 .997 1.0
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TABLE 9a

THE RATIO ¢/~~ FOR DIAPHRAGM-BRACED
CHANNEL BEAMS FOR DOWNWARD~LOADING

AT THEORETICAL FAILURE

9 , 1000 -Jc/b I
Q/Py "

hIt bili 0 1 4 : ' 16 L/h

80 " 0 '~. 366 1.481 '1.150 '1,.069 ,~ I" 039 1.000
80 1/4 1/3 2.113 ' 1'.401 1.129 ,1.060 1.034 1.000
80 1/2 2.003 1.370 1.120 1.056 1.032 1.000

t 5
80 0 2.069 1,.362 1,.118 1 •.055 1.031 1.000
40 1/2 1/3 1.915 1,.322 1.107 ' 1.,050 1.028 ·1.000
40 1/2 1.781 1.289 1. 097· ,,1.0,46 1.026 1.000

80 0 2.,447 '2. 248 1.313 '1.137 1.076 '.1.000
80 1/4 1/3 2.559 1.739 1.213 1.096 1.054 1.000
8-0 1/2 2.364 1.619 1.185 1.085 1.047 1.000

10
80 0 2.175 1.437 ','1.139 '1' .,"064 1.036 1-, 00,0 ,
40 1/2 1/3 1.935 1 ..360 ' '1.118 1.,055 1.031 1.000
40 1/2 1.799 1,.,319 1.106 1.050 1.028 1.000

80 0 2.815 3.988 ,,1. 830 1.309 1.162 ,1. 000
8,0 l/~ ,1/3 2.689 2.644 ~.435 1.183 ' 1.100 1.000
80 1/2 2. 5'73 2.322 1.349 1.151 1.084 1.000

i.181
1580 0 2.379 '1. 599 '1.083 1.047 1.00040 1/2 1/3 1.988 1.435 1.138 1.064 1.036 1.00040 1/2 1.834 1.377 1.122 1.057 1.032 1.000
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TABLE 9b

THE RATIO $/~ FOR DIAPHRAGM-BRACED
00

CHANNEL BEAMS FOR ·UPLIFT LOADING AT
THEORETICAL FAILURE

I
Q/P y 1:hit b/h c7b 0 1 4 9 1000 L/h

0 1.626 1.233 1.080 1.038 1.022 1.0
80 1/4 1/3 1.709 1.257 1.088 1.041 1.024 1.0

1/2 1.698 1.255 1.087 1.041 1.024 1.0
5

80 0 1.946 1.317 1.105 1.050 1.028 1.0
40 1/2 1/3 1.848 1.296 .1.099 1.047 1.027 1.0
40 1/2 1.738 1.268 1.091 1.043 1.025 1.0

0 1.123 1.059 1.023 1.011 1.006 1.0
80 1/4 1/3 1.273 1.119 1. Ol~ 4 1.021 1.012 1.0

1/2 1.317 1.136 1.050 1.024 1.014 1.0
10

80 0 1.713 1.257 1.088 1.041 1.024 1.0
40 1/2 1/3 1.684 1.252 1.086 1.041 1.023 1.0
40 1/2 1.614 1.233 1.081 1.038 1.022 1.0

0 .951 .970 .985 .991 .995 1.0
80 1/4 1/3 .1.036 1.019 1.007 1.004 1.002 1.0

1/2 1.071 1.035 1.014 1.007 1.004 1.0
15

80 a i~447 1.179 1.064 1.030 1.017 1.0
40 1/2 1/3 1. 1175 1.191 1.067 1.032 1.018 1.0
40 1/2 1.450 1.183 1.065 1.031 1.018 1.0
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TABLE lOb

THE RATIO $/$p FOR DIAPHRAGM-BRACED
Z-BEAMS FOR U LIFer LOADI'NG AT
TllEORETICAL FAILURE

Q/Py
hIt b/h c/b 0 1 4 9 16 1000 L/h

0 .252 .162 .922 .963 .979 1.0
80 1/4 1/3 .166 • 7,54 .921 .963 .979 1.0

1/2 .138 .751 .921 .963 .979 1.0
5

80 0 .059 .771 ~931 .968 .982 1.0
40 1/2 1/3 .036 .766 .929 .967 .982 1.0
40 1/2 .029 .757 ~926 .966 .981 1.0

'0 .481 .794 .931 .966 .981 1.0
80 1/4 1/3 .423 .793 .928 .965 .980 1.0

1/2 .376 .785 .926 .965 .980 1.0
10

80 a .196 .783 .932 .968 .982 1.0
40 1/2 1/3 .125 .769 .928 .967 .981 1.0
40 1/2 .105 .760 .925 .965 .980 1.0

0 .528 .764 .900 .948 .969 1.0
80 1/4 1/3 .571 .821 .932 .967 .981 1.0

1/2 .535 .814 .932 .967 .981 1.0
15

80 0 .3~1 .799 .934 .969 .982 1.0
40 1/2 1/3 .231 .774 .921 .966 .g80 1.0
L~ 0 1/2 .200 .766 .925 .965 .980 1.0



TABLE,Il

COEFFICIENTS W

(hinged:.b9Undary)

168

A1 . - 11'

j{:. =,1
·11

K33 = 1

K33 = 1/11'2

\~4 = 1.078

Ws = 1.112

Vl 6 = 1.112

2 (1
",2

.869\\'1 =
11"2

+ -) =3

·w S' .810='--- =2 1f2

Woo· =~= 1.032
3 1f3

W7 = 17.02 ~10 = 1.150
..

Wa = 17.57 W11 = 1.187

Wg = ,"17 .57 W'12 = 1.187

TABLE 12

COEFFICIENTS WB
(hinged end)

\VB
= -.25.for one brace at middle

W -.10 for two L= braces -- 8F,art
B 3

1~J -.036 for three braces
L '

= "If apart' B
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TABLE 13

MATERIAL PROPERTIES OF THE MODEL TEST BEAMS

*Ultimate Strength
ksi

Test No.

Virgin Properties

*Yield Stress
ksi

a" ult
ay

a **corner
cry

1 & 3 33.17 44.65 .1.34

2 & 4 33.71 45.17 1.34

5 & 7 29.50 40.00 1.35 1.53

6 & 8 29.95 43.50 1.45 1.64

* Found by standard coupon tests

** Tensile yield stress calculated with formulas given in
3.1.1 of Ref. 1

TABLE 14

MATERIAL PROPERTIES OF FULL-SCALE

TEST BEAMS

rrest No.

Fl

F2 & F3

F4 &F5

*Yield Stress

52.0

59.0

51.0

*Ultimate Strength
ksi

70.5

80.0

70.0

* Found by standard tension coupon test



TABLE 15

COMPARISON OF EXPERltlENTAL FAILURE LOADS pL WITH THE PREDICTIONS (pounds)

1 2 3 4 5 6

Test No. Exp. pL for pL for pL for pL for pL for
Failure a =0 a =1.150' M =M Mbendw.inc.cor.st. C1expLoad max y max y max bend

* (b)* (c)* (d)* *(a) % % % % (e) %

#1 700 615 -12.1 635 - 9.ij
#2 420 379 - 9.8 402 - 4.3
#3 830 670 -19.2 700 -15.6
#4 610 580 ~ 4.8 608 - 0.1

#5 1440 980 -32.0 1140 -21.0 1198 -16.9 1278 -11~4: 1432 - 0.5
#6 1500 960. -36.0 1110 -26.0 1200 ..--20. 0 1300 -13.4 1440 - 4.0
f/7a -- 887 1025 -- 1200 1290

.; fl.7b 1550 1200 -22.6 1380 -11.0 1200 -22.6 1290 -16.8 1480 - 4.5
#8a -- 1205 1385 1205 1313
#8b 1450 855 41.0 985 -32.1 1205 1313 -17.0 1480 + 2.0

* See Text Page 36 For Oefinit1ons.

.-.
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Figure 75. Full scale test for channel purlins under downward loading.



Figure 76. Full scale test for channel purlins under uplift loading.



Figure 77. Loadin~ arrangement for channel purlin test under uplift loads.
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DESIGN TABLES

FOR DIAPHRAGM BRACED CHANNEL

AND Z-SECTION BEAMS

INTRODUCTION

The load carrying capacity

can be determined by the use of

the basis of Ref. 1. The load carryin

by either the initiation of yielding

deformation decided to be excessive.

f,1 P,f,"'",
0 P n~;j' fCl,J~,-' ':,.1 ~U V 1\A. "_, ,.__ I

\, .• ,,1 ~J
'~v

DEC 2 81971

E~.~Grt'~EERING DIV.
AMERICAf~ lr~n;~ &STEEL INST.

tatlonal

These tables are for beams with depth h = 8 in. and

have been prepared to cover a sizeable range of design parameters

as discussed below.

The tables given here are for the purpose of illustrating

the general principle of the design tables. Improvements such

as extending the range of parameters and reducing the number of

significant figures can be introduced by the user.

As an alternative for design use, the basic computer program

can be modified to produce special tables for particular sections

that each company may intend to use, for example, as purlins.

DIAPHRAGM BRACING

The two modes of bracing provided by diaphragms are shear

bracing and bracing by torsional restraint. The parameters in

the tables reflecting these two modes are

F = Torsional Restraint (In-k/1n/rad). Values of F varying

from 0 to 0.3 enable consideration of a variety of diaphragms.
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Q = Shear Rigidity (kip!rad). Values of Q equal to 0, QL
and infinity have been used. QL is defined as an ef

ficient value of Q and is equal to 3.0 x Mbend!h. Mbend
and h are defined in the following section.

BEAMS (Purlins)

Yield stress (SIG) values of 33 ks1 and 55 ks1 have been

used.

The following parameters define the geometric cross-

section properties.

b,h,c,t: Dimensions as shown in Fig. 1 below.

0

t
--

, ,q,,",,

U
-~

~
C"
I iI

,,,---"

t~, -..::a-...J

If

- I •
I

O'

o

f')
~~.-

1,,---·

CL..--S
t
Fig. 1 Cross-sectional Geometry.

h: A value of 8 inches was used in the generation of

these tables. For the sake of simplicity these

tables do not contain all the geometric dimensionless

parameters. The results given in the tables are

sensitive to the value of h. Other tables produced

for h = 6 in. are in good agreement with h = 8 in.
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for the case of F = o. For F not equal to zero,

results differ by up to about 15% for gravity and by

up to about 30% for uplift bonding (in both cases h =

8 inches results are conservative when used for h = 6

in.) Using the program provided here, similar tables

can be readily generated for other typical purlln

depths.

c: Again for simplicity this dimension was determined ac

cording to AISI Specifications. The value of c was

taken equal to 2.8t {j (b/t)2 - 4000./SIO- but not

less than 4.8t, and not to exceed 63.3/~.

R = (b/t)/(b/t)lim where (b/t)lirn was taken as l7l./i1~

(fully effective according to AISI Specifications).

Values of the ratio of purlln span L to depth h used were

20, 30, 40. An explanation of the representation of these

values 1s given in the following section.

FURTHER EXPLANATION OF TABLES

A typical portion of a table is shown below

"" R f

.~l.O 0.80

0.1144*6 0.1043*6

.2 0.0631*7 0.0550*7

0.0426*7 0.0358*7

0.3082*6 0.2828*6

.4 0.2162*7 0.1881*7

0.1440*7 0.1210*7

The tabulated values are M/Mbend · Mbend is the hypothetical

rnent cap~city if twist and lateral deflection were restrained
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and is equal to 2(SIG.lx)/h. M is the moment capacity of the

diaphragm braced beam.

As seen the results are given in groups of three numbers.

In each group the first, second and third lines give the values

of M/Mbend for Llh = 20, 30 and 40, respectively.

If the number appearing after the asterisk 1s 1 to 6, it

indicates the corner at which yielding initiates. It 1s also

an indication that the load carrying capacity (as given) is

determined by the initiation of yielding and at that load the

maximum notation does not exceed 30°. The corner rotation is

given in Fig. 1. If the number after the asterisk is 7, it

indicates that at the given value of M/Mbend the maximum rotation

is 30° even though yielding is not yet reached. If the number

1s 8 it indicates that the numerical procedure used has not

converged to a solution and the result given is meaningless.

COMPUTER PROGRAM

The entire computer program listing and the output that the

tables were based upon are attached. The deck of cards for this

program is being mailed under separate cover.

It should be emphasized that the tables and computer program

give capacity moments (incipient yield moments) which must be

divided by a safety factor for the purpose of calculating al-

lowable loads.

REFERENCES

Celebi, N., "Diaphragm Braced Channel and Z-Section Beams",
Report No. 344, Dept. of Structural Eng., Cornell University,
Ithaca, New York, October, 1971.
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0.330"-3
0.3977*3
0.4616*7

O.3It02·1
0.3902·3
0.4302-7

0.3571*1
O.3f)bQ*)
0.4276*7

U.j~4~.j 0.3895-3 0.4018*3
J~417b.3 -0.4353*3 O.4b94*3
O.426_'3!5 g_~~447*5 __O~~73~.5

C. 2455.1
o. 2vo~. 7
0.1213*1

C.2&82*1
o.zr;1c;*7
C.1592*7

0.2959*1
<J.314"*7
0.20bl*7

C.3247.!
C.l~S':-·l

fJ.25 .. :*1
0.6

c. 1~'),)~_7_ o~ l_423~r_ 9. ~2~_(l-!_~__C.._l J18~}-f-9. 3708*5 0.3908*5 0.4186*5 O.4679$5+0.lt66S*S 0.4959*5
o.~ O~07ql*7 0.070S*1 C.OoOS*1 0.3519*1 0.3026*5 0.3901*5 0.4280*5 0.4902*5 0.4816*5 0.5192*5

_C..C~14i*1 G.0441*7 0.0374*7 G.03C7*7 0.360(*5 0.3902*5 0.4301*5 0.4981.5 0."814*1) G.5_~H6.5

O.3J71*1 O.lAlI*l C.2~l2~1 0.2213*1 - -- ---
~ 0 10'1 ~ 2il;.);--,----Cll i 94f.7--c~-I~2-~~;1:f55.1
• •• 9~!~;)~.1 O.12bJ*1 C.IOIQ*7 O.C814*1



LIPPED CHANNEL seCTioN 5 IG-55. 00

...
•
•
o

~i
wg
~§

0.4056-4 0.435'*"
0.4~q5.4 0.5555*4
0.5550*4 O.b48b*4

0.30

0-;40-93*4
0.1,492*4
0.5051*"

O~4230.1t
O.41t28*,.
C.48l!>*,.

cr.I'

0.3801." O. 3612.40~36it7*4
0.3721*4 0.3110*" C.4212*4
0.3824*7 0.4141*1 0.5030*7

0.,.021*4
O.3~34.4

0.3787*1

0.)480*4 0.3053*6 0.2671.6
0.2641*7 0.2089*7 O.lb47*7
O~-i-746.-1-0.1332.1-0.1001.1

O.319~.4

0.]'l10*f:
C.211S·1

0.'

0.00

1.00' 0.80 0.60 0.110 1.00 0.1'0 0.'0 0.110 1.00 0.1tO 0." 0._

O.O~25*7 o.o731*i-- C.Ob31·7 0.3200*6 0.3528*2 0.3953*2 0.4665*2 0.4461*2 O.ft871*2 0.5446*2 0.6335*2
O,C4SQ*1 0.0388*1 0.0318*7 0.3412*2 0.3745*2 0.4199*2 O.~q41*2 0.4756-2 _O.52C60!~ 0-.Q.-!!.<!~.2~._~J60*_~_ ..
0.0323*7 0.0263*7 0.0207.7 0.3480*20;"-164*5-- 0 O. 42b4-.i-':o. 003

03-8 0.4847*2 0.5306*2 -0.0022*' 0.692C.2 ..

O.2SJ~.·b c-.2270*b---iJ~-I97f-.6-0.f7-1S.6 O.3501.4--·0~0'53j.i'- 0.3112*4 0.4244... 0.4115." 0.4367*" 0.4786.4 -0.0 .')625-" H
O.OIO.~ ~.lS~J·' 0.1331*7 0.1083*1 c.oal7.? O.35QQ*7 C.38S0*1 0.4345*7 O.4QQ2*Z 0,"758*4 0.5151.4 0.5740*2 0.6544*2

C.I0~6*1 0.0891*7 0.0695·7 0.0534*7 ; 0.1149.1 0.4104*7 0.4543*2 0.5319*2 0.5145*2 O.55~4.2 0.6137*2 0.1043*2

e.l~~~*7 0.1"23* 7 O.12~8!_~--~.1118*.?19. 3 708*5 0.3908*5 0.4186*5 o.4679.510.1t668*5 O.495Q-5
0.21 O.07Q7*7 0.0105*7 ('.Oooa*7 0.:>519*1 0.3b2t1*5 0.3901*5 0.4280*5 0.4902.5 0.4816*5 0.5192-5

.C..051,.,.1 G.0447*1 0.0314*7 C.03Cl*7 0.300(*-; 0.3902*5 0.4301*5 Q.4981*5 0.4874*., G.5_~H6.5

C.l2 .. 7.! 0.2959*1 C.2b82.1 0.2455.1 0.3511·1 0.3402* 0.3304·3 0.3375·3 --1-0.3760*3 0.3662*3
C.'11St:-*1 CJ.314S*1 0.21)1".7 0.2004*7 O.3C')6CJ·3 0.1902*1 0.3917-3 0.435"*3 O~'t434.TO;t;503.3
~.25~:.1 0.2061*1 (.1592*7 0.1213*1 O.421b.1 O.~302·7 0.4616*1 ~.5036·3 0.4967*3 0.5161*3

0.3662-) ~.3qJ6.3

0.4710*3 O.538Q.3
0.5564.3 0.6262*5

0.4534*3 0.4889*3 0.5553*3
0.5401.3 0.5719.5 0.6213*5
O.551~*~__0~.~981*5 O.6e4Z*5 ...

•
D

........

O.597C·5
O.646C*,
0.6690·5

0.5343*5
0.5684* 5
0.5828*5

0.4363*3
0.5r89*3
O.52Q3*5

C.452 ..*3
0.5112*5
o. 5288*5

O.3Q4S*3 0.3895.3 0.4018*3
"5-. 4i1t,-"3 - 0.4353*3 O. 4b 94.3
.f>-!_,!26_ 3.5 __ 90. 4441*5 ._c_~'!7 3~. 5

0.6

u.3J71*l O.lAll-1 C.2~~2~1 0.2213*1
l' 0 I 0 'I t~ 2'2:' ,1* 07 -0- C-:-1 941 • i ~ -- c~ i ~ 2~.·7---6; i 3 !i5 • 1

• .• ~ .. !~ ~~~!..~~~!l- C'. 1a1~~.f~~. 7



liPPED tHAN~~l S£CTION SIC-55.00

1.00 0.80 0.&0 0.110 1.00 0.10 0.&0 0.110 1.00 O.ftO 0.'0 0.110

0.00 cr.'S 0.30 ~i

sl
O.q254.~ 0.9419*4 0.9613.4 0.9792*4
0.9823.4 0.9876*4 0.9921*4 0.9964*4
O-:--994-9.-4~9965.4---O;9979.-4-0~99Sa-4

O.564Q*3 0.5538.3 0.5537*3 0.5717.3
_~_. b9Qb~1_0_.~_~~~_~J__O~_?~~lt~_3_~. 7739*,.
0.1938*4 O.80S7.4 0.8358.4 0.8837-4

0.6864*3 0.1011*1 0.7386*3 0.7896*4
·0.8300*4 0.R5~2*4 0.9835*4 0.9252*4
'0.9135*4 0.9307*4 0.9528*4 0.9743.4

C.324Q.l 0.2995*1 0.2738-1 O. 2~17.1i Q. 3496·3 0.3352*1 O. '253.3
0.61 c. J Z1 ! * 1 (\. 2A4t 5. 1 v. 21t 86 • 1 O. 2 33 1• 7 O. J 8 32· l O. :3 112 • 3 O. 3 tt 63 • 3

C.1571-7 O.11~1.7 r.1715.1 O.13Q6.1 0.4320*7 O.43bQ*7 O.~7~8.7

tit

.-
•
•

.......

H..
•
D

...

...C.5t.CS*3
O.7b77*3
O.~185·5

0.8869*5
O.9b~b*2

0.9177*2

C.'32CZ*S
O. ~ 539* 5
0.0022*9

0.4~28*3

0.68bl*3
O.83B2·3

0.7494-3
O.OCOQ·8
o.a3Q9*2

0.4427*3
C.615Z*3
0.7693*3

0.4241*3
0.5104*3
0.7183·3

C.3644*3 0.3558*3 0.3556*3 0.3793.3
o.43io~-o~43~5.3 O.47CY.3 0.5444*3
0.5289*] 0.5512.3 O,615C*3 0,1137*3

0.9601*4 0.9110.4 0.9823*4 0.9913*4
0.9924.4 O.99~9.4 0.9969*4 0.9983*4
0.9-978.1.--0.9984*4~9989~O~9993.4

O.lj9-3.3--0.-7632.4----0~·8G10.~--C-;-8561*4

~8840.4 0.9054*4 0.9340." 0.9632*4
0.9525*4 0.961t9.4 0.9784*4 O.9d94*4

0.5839*3 0.5804*3 O~5936~~-639~3
0.7403.3 O.75b8~ 0.1896*4 0.6446*4
O.844f.4-~ 863-3*1;-- 0: &963*1;-0. 9367*4

0.44'>9*3
C'.h332*3
0.7a30*3

~~~~-1
O. 1t29 6*3
O,bOb3-7

0.1973*3
C.536b*3
O.b7Qa.3

0.3179*3
0.5110·7
O,~314·7

0.3729*3
t)~-47 as* 1
').5572*1

0.lr95*1 O.7Q66*7 r.787"*1 0.7811* 7
0,11 0.1103*7 0.6914*7 0.6902-7 0.6866*7

O.65b9-1 0.6433*1 0.6165*7 0.6331*1
--__4 -

0.61 37*3 C.6053*1 C.604g*3 0.61 Olt. 3
Gs. I o.~ y. 7CZ~·1 0.6626*7 0.6305*7 0.6085*1

O.61CZ*7 0.56~4.7 0.5373*1 ~. 51b7*7
-0" C.5443*3 0.S244*3 0.5071*3 O. 4~14-3

• 0.6235*3 C.5995*3 C.6lt61*7 0.5') 35*1
O.6~0"'.7 0.5192·1 a.SlbS-7 C'. 1,693* 7

C.ll)h].7 C.1426*7 C.1269*7 O. 1110.1
0.21 c. c~ 1 -)* =-, -- O.O71~*7 ~.(;bil·i (·.o5fq.7

,.. I'\CC=.'" £\ (\L ....... "7 O.C3bC*7 O.C3CQ·7

(1.2~47·1 C.2711*1 0._2 4 5J*1 r, 22C 6.1

~ 10 't b.2Zb 7*1 C,19d3*7 U,lbc;S-1 O. -144q- '7
" ~.1~(J~*7 J.}2bb e 7 C.~O't2·1 _C. 08 S8~ 7



liPPED CHANNEL SECTION

0.00 cr.lS

1.00 0.80 o.~ 0.110 I t.GO • 0.10 0."

C.S6C5*3 C.5602*3 0.5682*3
C.64~1.3 ~.bS21.] O.6bSS.3
O.13(i3~c;747C*3C."--'-f-3&·3

0.9465*3 O.Q51C*3 O.9103*} 0.9830.]

0.1236*3 0.139".3 0.-7715*3 o-~-if17).]
0.8727*3 o.~aq1.3 O.Q156.3 0.94"'7.3

.....
4

•
o

......

....

......

l!Ja
.~~0.110

0.,.
0.10 0.40

O.lq8~.3 0.8668*3 o.q4~1.3

O.9b84.]-~-0;-9-065*2- 0.9330*2
1.3949.3 0.9195*2 ~.9Bq2.2

1.00

0.4166*3 C.~3Sb*3 0.4775*3 0.5605.3
0.5940*3 0.6433.3 O.11~o.3 -0.8234*3
o. 1~57.~_ ~. 81b5~~ .Q....~~~_~!I __ ~.q6C9._l

0.7434*3
0.0007·8
0.8042*2

o~7555*3 -0.7771*3-0.8149".-)0";-8643*3
0.9069*3 O.QZ40*3 0.9465*3 0.9b89*3
0.9612*3 0.9154*3 0.9845*3 0.9922*1

0.5952*] 0.S976-3 0.6151.3 O.65~8.3
o. 13~6.3 O.1~lCt.3 O.188S-] 0.94]4*3
0.8561-.3--<f.-S-1bO.3--0; 907 0."3--0.9422* 3

0.97-58*3 0.9811*3 0.9883"3 0.9939*3
0.9953*3 0.9966*3 0.9978.3 0.9987*3
-0.9981*3 o. 9985*-3-o.99i9.3~C-;999-i-1-

o.1lo

0.4420·3
O.661~·3

Q.~32S.3

0.8100*3
0.8334*2
0.8101*2

SIG-5'.OO

o. 7019*3
0.0012*8
0.9710*3

0.6313*3
0.0009*8
0.9911*3

J.3~b2.3 C.3111*3 0.3906*3o. "8~5.i--O.533q*7 0.5613*3
~~ ~O~l_~? ,,_. 692q'!J 9~_!.?_Ei8!_~

0.5755*3
O.J007*a
0.(1)44.2

O.S8ze.) 0.5798*3 0.5895.3 O.b163*3
J.7~Ol.3 O.70~5.) 0.7361.3 0.78&0.3o. 8157.-30~ 83-0Q.-j --O.86il.3-0~q03S.3

O.Q620*' 0.9695*3 0.9787-3- O.9a76*)
0.9QOQ*3 0.9932.~ 0.9955*3 0.9975.3
o-;-qcfi;s*T-o;-ci9fj.j--o. 99-81*3-0. 9988*3

0.901,.* 3

C'.7221*3
0.341"'*3

0.9458-3
C.91lt3·]
0.9833*3

0.8949*3

C.lel7·3
0.8227*3

C.Q361*3
C.q70~*3

0.9911*3

0.8642*3

0.6866*3
O.807b*3

o. q279*3
O.Q667*3
0.9790*3

".CJ22~*3

0.21 0.9"45*3
O.911!*3

-.l O.~922~
0. 0.8J25.3

C.9801*3

-\ 1C.5b7~·3

.. o. 1)~~~5;*1

... O.744~·3

•



llPPl:O l-SftTION SIG-l3.00

O.3133.~ 0.3691.4 0.)663*4 0.3662.4
O.3~89.1t 0.)468*4 0.)485*4 0.35b2*4
O:nj9.~33qb.4~3t;56.~---O. 3571-,.

0.3186*4 0.3993*4 0.4257.4 0.4611.4
0.3186.4 O.~qq4.4 0.4251.4 0.4611*4
o. 37i2~-4--'O~~398j"4 --0.4253*4---0.4616.4

o.ftQ 0.&1

0.3165*4 0.3136*4 O.)724.~ O.3741.~

0.)628*4 0.3630*4 0.3663*4 0.3736*..
'0.-3603*40;- 36 27." -O:3-61'1.~--~-3--759*4

lit

~

•
o

....
"

~i

"'ie·so.r.o

0e3I

0.110 o.~1.00

0.3871*4 O.3q23.4-()~4010.4--0~-415C.4

0.3829*4 O.3~~4*4 O.4026.~ 0.4118*..
0.3842*4 O.3q31.~ 0.4043.4 C.4193*4

·0.4380*4 0.4558.4 O.~771.4 O.S044~

0.4383*4 0.4561.4 0.4777.4 0.5055.4
"0.4383*4 O.4566.'4--0-~-4787~O-~5"C66*4-

0.'0

O.3q51.~

0.3931*,.
O.393".~

0.3748*4

0.1788*"
0.3732·4

cr.tS

O.359A*4

0.3718*4
C.35Q4*4

1.00

0.348t>*4

0.36QC·4
0.35C3*4

0.00

1.00 0.1'0 0.&0 O.1tO

~ (,.l'~l*b O.117Z*tt O.1{'8~·b O.C981*6
0. C90~11.1 G.0607*7 C.OS4Z*7 0.0416*7

~.O"34*1 0.• 0318.7 0.0327*1 0.0218*1

-- - - .-
C;323-5*-4~2*4-~ 29il*f;0.0 I 0.'1 ':'. ~ )2Q*C.

~.21q2·6 0.2015*6 C. 1£»43*6 0.1658*6
C.1S7~*7 0.1387*7 O.121b·7 0.1049*7

0.'1 0.]092*4 0.3631-" C.3~69*4 0.3498·"
C.12i ..- .. o. le84*4 0.2942*" 0.211'*4
C.2~9C·4 G.2446*6 C.2203*6 0.1949*6

0.5079*3
C.5072*3
0.5078*3 ..
0.4196*3 ..
O.42Jl.3 ...
C.~105*3

.a
O.. ~737.'3 •- - - . - ~ - - ~ -- -
0.3166.31
O.377b*3 D

._-
O,3711t*l o.3b~e*3 O'3~24.3tO.'1qC.3 Ot31~3·3 0t}129*3 O.31~J·~_~~~381.J~~~3?~~~~~171.] -r-

'.~3~1.3 C.~2~~.3 0.3110*3 . J.3~07.3 0.1593.3 0.3567*3 U.jbj~·' I O.JbQ9-3 O.3b~l·] 0.3711·]
G.1946*1 0.2811*) O.26~9.3 0.3501*3 O.1S02*) O.3S38*3 C.3622*) O.36~2*3 0.3674.3 C.3710.3

(\.316l·)0.'Io. )... -. 3. )
~.j:1~·'

(,.2'1~·1 0.1920*1 ~.1316*1 0.1685*1

1
0.4040·3 0.4200*3 0.4412·3 o. it 70R-3 O.41t9S*3 O.46Ct8*3 0.lt833*3

0.21 (' • I 1 ,\ ~ 91 O.lObl*l C'.OQd4*1 0.0913*1 0.390&*3 0.4091*3 0.4]'\(\*3 O.4()1)7·3 0.4438*3 0.46('·4*3 0.4807*3
';.~71C;·1 C.Ob5')*7 C.~58e.1 o. 05Z4* 7 O.~@4Z*3 O.~O40·3 O.42Q5*3 0.4643·3 O~4415.3 C.4~_~1·3 0.48(\4*.3

f). It ~ ~. ~ o. 3623- 3 t.3511*3 ~_c. 352? ~ I O.3Ph~*3 O.38R6*3 O.3Q'36*3 ('.4041·3 0.3978*3 Q.4(\17*3 0.4083*3
I "r.2~1~.~ O.2&1~·1 ~ .'2 ~ 53*1 O.~"t62·1 0.3611*3 ~.313"·3 0.3938*3 0.3198·3 0.391)6*3 0.3973*3 0."067·3

C'.o. o. •C. 21 Q :.*1_ Q..~ 33!J__~!J&1s!.!__Q~JrQ2.1 0.3601.,* 3 o. 3bk9~3 ___Q. ~i12·3 0.3989*3 C.389u*3 0.3966*3...C.4Qb6*3



LIPPED I-SEtTI\JN SIG-33.00

1.00' 0.110 0.'0 0.'0 , 1.00 0.110 0.10 0" i 1.00 0.110 0.&0 0.110 I
. o. "96..*3 O. foI021*3 O.9OftS-] 0.9183*3

~~ O.~425.~ O.Q1SQ*S C.8992*5 -C.OC~l·9
-a.cell*! -0.0014.8 -O.CC47.~ -0.0072·8

•o lII-o-;6-2~4-.3 0.6303*3 0.6394*3 -0. b54~"3
• 0.7491.3 O.15b2*3 O.7b57*3 ~.7913·~

C.83qC*~ C.8448*3 0.8522*3 C.86 4 l*3

O.CJO

'L

o.Q -:-ci;-C(\Ol*e -0.OC01*'l
~.SlQ2.3 0.5816*3
o~-b ~ q~. 3- o. b 13 3* 3

C.4982*3
0.5')62*)
0.6792*3

0.5050*3
C.SQbl)·3
c. b~2-C. 3

cr.l'
O.9021.~ 0.9063.4 0.9114*4 o.9190.~

0.949b*4 O.9524.~ 0.9556*4 O.Q60Z*4
0;Q101*';-0;972"0-.-4-- 0.9741*4---0.9710*4

0;-6390*3- 0; 6500.3--0-;b6-44.3--0~6862.3
0.7742*3 0.7845*] 0.7963.3 0.8124*3
0. 8555*4 0.9605*4 o. B6f.6*4 0.8160-"

-0.0001*8 -0.0001*8 0.5064.3 0.5185.3
~.596].3 O.bO~C.3 0.6180*3 0.6196*3
-');b-(f7-b".3-0~1086.-3"O~72-ZS-.-l --0. 7420*3

o.~

O.Y004*4 0.9051*4 O.Ql07*4 0.9188*.
0.9497.4 0.9527... 0.9560*4 0.9607*4
0.9706*.. " -o. 9724*-it--- O;q745.4-0"~ 9773*4

-0.&466*3 -- "O;6580.jO.-6722.·30~b927.j
0.7785*3 0.7879*3 0.7987*3 0.6114*..
0.8530*4 O.B587*4 0.8656*4 0.8758*4

O.OOOl.8-=O~OOOl-8 -O.OCC2*8 0.5259.3
0.6048*3 O.614S*3 0.6278*3 O.6~RC.l
O~7049.3---0.7154*3--0;1279.3 0.1454*3

~o
~

w"e§
..
......
...
-4

•
o

0.61 C.41S1*) 0.4095*1 0.4044*3 O.39Q7*lt'l.4Z'3.) 0.4213.] 0.4222*] 0.4301*) --H~'!~~·) 0.4.110*] 0.4358*] 0.4500*3
0.'-:'2 .. -3 C.1S9;.3 (,;.37b8-J CJ. 3~lb.:' . 0.44q3-l ~.4539.] O.4b77*3 O.4QQ3*3 0.4791·3 O.4Cfll*3 O.!)119·l 0.5488·3
O.1~lb.3 0.1597*3 C.33~C.j O.315~.3 O.50~J.3 0.5216*3 0.5508.3 O.b008*3 C.Sb16*3 o.se31*3 O.~l~)·l 0.b5Q3*3

0.4212.3 0.4144~3 C.4078'~ O.~C07·3

0."'- -0. 3-t,-i :.3 ·--C~34"-C.-3 -- o-~32Ti*1 ~ 2944* i
~!-l~~_~~!__.Q-!1S3~ O.~~_t.~_~!~_8~~1's.

0.2
O.25~1*1 C.2350*1
C. 141i *7 -- v. 1334*7
O.09;Q.l t.081Q*7

0.2201*1 ~.2025.1

O.120Q*1 -O.lC8C*7
0.0733*7 C.0634*1
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O~44 READ 219~-f(Zili;J)--;J~-1-;3-'-~ f=~l,N2)-- - 1'A9100«l3-
'lt45 ~EAO 219,(C1Sl!,J),J=l,3),I:: .... l,NZ) TA610084

c TAnl0095
CC I'4PUT, wHICH CH~~,r.ES FRO~ CASE TO CASE. TABIO'OAb

C~46---------P-EAD--q~, -NPRr, N~M8, NNIt, ~OF, 10"4,' IH"1-;NMCS, M-..i--- --- -.-- ..----- TAdlQOS7

C TA~l008a
--------=-C ·NPRR-:---~lJ_MJ\E~f:)f:----C~OSS-SECTIONS --------·-T4810039-

C N~)": f\1j"h1C: W, OF ~OU\fr'l.\tlV CONJllIO~S (NOT INCLUDED IN TA81C09C

...ISlG • 1.2....11....... ""'lI

oJ '_ ~

'C(~CT = (_~CO~~lO.JO

,.
-..
c

c

--- --C----~--~- ~ ._~n_·;.-~.-----------

~: .. 1

.~:; ~

J:",;
::4~

C THE P~~SENT FJ~~.. TABIOO~l

t N.,t(: ~U-·,,~~Q 0": C.\S2S C(1~CcQNING Ie A~D HA TABICOQ2
------"t----·---·N1F :------ ~u;~~t: t) OF RLT.\ T frV~Al Rc SlR-AI N TS ( ON51 DE Rfij------- -TAB 10093

______C:=- 10'.04 : ~'J"'rh:'" .);: SH~~P "IGJOITlES CrNSJD~q,ED. 1~RIOOq4

C --i~"~"' :-- -----~\IJ'~r;E~-OJ:-Spt--·-l L~"'·GT'"iS CflNS-jDERED. - --------~--TAolf)OqS-
C ~r"(s: l\IjMc.a-:::: ']F CAS~S ~ITH l')IF~~PE~T ·~'42 TA~J9_Q~9JL

C \1 "'t 2 : T:J TL L .',: U~ 'H: ~ ~ 1F SE..~ 1EST ER~5 _ ( I f'•. T"i E P~ ESE NT TA61 0 0 ~ 7
c.. FO~-1t "'~£~r T"';;~t -IS 4 JO LUlJ P wITH ~"'CS D~FI~lNG a4M2, TARICOt.la
C---- I ,cl-us-fO-ti-c~-~"'2 -f'i THE -i ~puf--is--'SJPeRFllis)·~- ---- - -- --.- ---- TAR 10099 -

c TA810100
---~_·_--=t'--------S-Ir; : VIEl') ST~ESS -------------------'491011.:'1--

C A( C;> (. T: fa CC•J~ \ Cv 'J~ l t ",;: h ~ r' ~ TEq P:J LATIC r~ P")CEO U~ E USE {) -T~ ~ 1 (I 1 ') 2
C I'~ 0 E r~ 0{ ~ : N I ~ ~ Trl E ~ AI l J,l E L(1 AD t ~ ~ J VIDE D THAT -i t. 51 ~ 1 .J 3-

_. ~_', . .T_!jt ~~Jv~~ ;3-_0_~_.1 T_~~~ T! ONS A~E_ lESS _THA~_. 1.0__ . TA~ Ie 1~4
C TAolC11S
~ _JASICIJ6
C TAdl~107

C; p ~ I ~\ T I ...~ ~ rF S'J '" r. f) FT ~C 1~ P J T 0 4 ~ ~ ¥, FTf RS J A~1{)lO~_
Pi< P~T 03, ~P~R, ~~P.r3, ~:'iIC, ~QF, to~, IHM. ~,.cs, ~~2 TABIOI09

TARIOI10
TAalOlll
T~f;lCl12

16510113
, --:..T~AS10 ~_l-L.

TAB1~115

TAolOllo

F:".i't a
• Iw ,~ ~~~:L- 2C ~AI~ ).1iE • 71348 09/24/22 PAGE 0003

TAol~117

O:~l S:C : 33,~+~; TAR1Ql~

j:S2 IF fISlf,.tJ.2J Sl~:: ~S.Cu+(~ TAblal19
C ~ T4~lnl,n



C TA810117
0051 SIC & 3J.O+CO TAftlO1lJL-
0052 IF CISIG.t.O. 2) SIG = ')5.00.QO TAOIOl19

C .. _ . '. ._.. . TABI0120-------C.:::.------ --- -------- --- -- - ---,--------,- ---, -'-'-- TARI01Z1

0053 Df) 12 IS~C = 2,4,2 TAB1CIZ2
C •••• ..~-~-~;;.-;-~-- --'----------------------,--- TAKlOlZ3

C TAB10124
C TA~~fo125

C TA810126
CC I~PUT, THE Ct.·:llSS-SECTION OI..,E~SIONs;-fyp(;--~OTHe INOICE:S OF 1HE 1A810121--
C "EDGE" CO;>,,~~S, wHERE : " TABIC128
C I ScC-~-1~,5Q.--CHlV~~EL TA'\10129-
C 1S=C=l_£JL~~_C':'_A.-:.~.!'!E.L__ TAdl0130

0062 RCA = 18
)063 eOA = ~JA*2.D-01
0064 B :: A*BQA------------·-------· ----

c
c

-:C-';4

~c~')

"):':; '".
:':;;7

C' c::.:
::C71

C IS~C=3 Fa~ Z-SECTIUN TA810131
C ISEC=4 ~CR L. Z-SECTION TABIOll2

0054 GO TO (400')-~4cob;4505,4oobj-._lsE-t------- --------------·---TAHI0133

oe55 4005 lSA = 2 TA~10134

oC5 ~ l S ~ = 5 --- - -' - TAB 10 1 35
OO~l GO TO 4~Ol TABI0136
OC58 4QOb lSA = 1 TA~10137

0059 LSB = 6 TA~10138
CC,bO 4007 CONTINuE ----- TAalCI39--

C TAulC140
C --TABIC14i-

CC61 8G 13 19 = 1,3 TA~10142

C •••••• ••• TA0101~

C TA81014~
---TABI0145

TAa10146
TABI0141
TAal0148
TAt-... 1 0149

CC 14 IFACT :: 1,4 TA~lOl,O
C ~;---.. ~~~-.-~-- ••• ' ---._,- --- --_._- -------------- TAtil0151-

C TABI0152
OC~6 --'--------FACTOR = If-to T ------ TABl01S)
OCl,1 Ff.CTOP :: (':" •• ':;; -r:~C.T·)l~.)•• 2)+OO TAi310154
~Cb~ T :: C (~~;S~ TCSIG)/111.0+CJ.*FhCTUR Th5101lfs-
CC~q C :: 2.~)+~:~T*(S/T)*·2 - 4~JC.D+GC/SIG)*.(1./6.J TAel01Sb

-"-O~-7') C~I\-;--4~~"+C'('~i------,- - -- -_. - ---------- -_. TA'31~157

,C 71 IF « c. ~ 'T • ,. U I " t C:: C'" ! •~ TAB 101 58--at -7 2 C~A x~--i 6~-"3 ~ +::c-Fbs )~-TC S i C,')-j*T-----------·---- TA 310 15q
'j C7'3 I F ( C•.:, T • :. '-' :. x , C:: Cv AX TA8 10 1 6 0
o~ 74 0. -:., :. -= j I A TA Bi aI-b1-
0075 cr~=C/~ TA8101b2
OC7~ arT~~-/T-- ------------------TAAI0163

:C77 ~rT=:/T T~810164

- 'Yf 7 ~ ~ ~ =i i + - )/-i. rl. S 1 0 1 tJ 5
~~=1~+?~:+2.·:) TA3101~~

,:,;;cL::~'='.T T~:;151;7

~ 31 TJ= (~t*·~r~)/3. TA~lJ169

J ~-2 x I ; ,..*f "!.-. I: ~ I : ::: ... :4 a !. • ~ 2 I 2 , • C• !lr , /6. ')-. C• ( .l-C , •• 2 12. -) TAB 10 1 69
"" ~3 G: ;::. :""1:1.l...~::,41l~, .. 113),IS~C T.1010170

4111 y!;a·~·f~-( 2.:a l ~:: +~.-i+2.· ~.-, 2-. *~"~--';A:J fTc -3:.-AAt - --'-- ---- -----'-TA B10111
Xy=C.C TA~1017Z

,..:.:~~~~(~.7;-~l."l:...~ •• ~"·•• f.-~. ::C •• 3t/C 17.-'1) TA3io113
C. " =~ • :,.. :... ( ~ ", / : • •-:. I ..... :. ~ .... + ~ ~ + C- ~ 4 J • ( _.' ~ • P1". ) ... 2 + 2. • ( • ( (_;;l • H A- Z • • ( ~ • H r A '1 1(' 1 7<t

__'~_c~!



*.a.c,/A)*t-Po+HA-tt-\+l1At.t:./A)))/b. TA810175
Q?t38 XBAR=- Jl*(8+Z.*CI/AA TAB1.-OJJ~

~C89 XO=XBAR-HA TA810171
OC9Q WClt=-O.S*A*CB-HA)-(HA+Bt!C lAQlOlIe_
GC91 W(2)=-O.S*A*(B-HA) lA810179
CC9Z We))= O.5*A.HA lA810180
0093 WI4J=-wW--- -YA810i 81--
1)094 W(51=-~(,) TABI01~

OOqS WC6t=-~tlt T4810183
-!l~_t;'6 SUII )=A+XBAR+O.5*T*C ISEC-l , J_A~lOj.'~__

QOQl SU(2)=SUCll TA~10185

~C98 SU(3)=XRAR-T/2. TAB10186
--tj-jQQ SU(4 )=iBAR--l 12. TABIOlS-7-

olCO SUI 5» =SU{ 1) TA8l0l '38
Ole·l SUCb ):SlJ( 1) TA810169
01~2 GO TO 4115 TA810190
OlrJ3 -------- "113Yi~2••T.J\·.2.c~i3.-+C-)-------------_·--- ------.------- TA810191

J10. XY=-T*~*(B.A/2...C*(A-C) TAB10192
-01-05 CW~--T*e*ti*i-2~*~.A.*3-+3*-A*~.A. +2. *C*A.A. (j;"A+i~*s)-il-2;*'*C*C* (A+1AB 10193

*5' +~.*C•• 3*(A"2••B) +4.*C.*4) IC·12••AAl TABI0I94

c

c

c.
____ . ~-=--..:.-_) 00 LOOP FCJP T~E • '.~ ~ c ~ S: 5 :~,,,c:: ~ \ r~ -, i C A~\) HA

~~;;:~~ J~ J LeVEL ZC ~~~ I ~'. J-' ... , : 113-48 09/24/22 PAGE occ~

--- --~------
:l;~

c
~13b

~_~ 3_7 _

3 ':1(': 1, ·,'.re

~tJB : 0.0
HA : HA A •

TAijl":Z33
Tt.?1':·2,4
TA'31023;
TA610236



TABIOZ89
TA~lC2QO

TA810253
TA81~2S4

TA81025~

TA610256
TA81C251--
TAR10258

TABI0241
TA810248

------------------:..T48102'.-9-

TABI0250
1A810251
TA810252FO~ Q

I Q • 1 t I ~a.t

DO lOOP

00 lOOP FOR F
00 5 lQF a 1, NQF

DO 6
L • 3

F = .1S*CIQF-l)

t
c

c---)

t L: ----fN-G-ENERAl fNDI CA TfS THE CORNER 'CHERE YIELDING-
t IS E~PECTEO.C - -- ----------------

C

c
c
c--->

c---->
c

00 1 NIc;--r-;-NNit fAnio2-1j-
t JABl.Q1_li..-

0172 Tl~lP.T1Cl/Tq

Jl.7J AK1:a_AK~.T5P/T20

()149
'J150

0148
0147

0164 JY.NIY(~8~)

-Ci65 AKP.i-;jvr.~~(rV-;~8iT-

)lb~ AKO t CAbS tAK~)

-~i-~7 bc""C-;-x-l.-sIGi Ht·li~piA~J)---_·_---

C PE~ry: ~~F~J. T4~ ~v~OTETIC'l qFND!~G CAPACITY, T~ISt

, A~O LATtPtl DEflfCTION ~~STRAI~iQ.

__-.-9 1 ~_~ • _~E N~ ~ - 2, E~D* C- 1. ) • • IC _
C ~t'~~: Rf\J ..,1 T'i SlG'~, PLUS I~OJCATtNG GRAYI TY.

~l,.q PBt~ - ~tfl~:7.AKr)1 HLZv17"0 T2,,-~ t2", fQ - C -- _.- - --

0171 TSP.T~/T9

0136 HAoe • 0.0 TABI0235
0137 HA & HAl TABI0236
f) 138 GO TO (491 ,492) t Nit TA-B 10237--
Oll~ 4~1 1~·1 TAAI0?lA
014tO--~--- GO TO'-497-- .---- ------.- --- TA610239

01~1 492 1(=2 1A810240
0142 GO TO I 493, 4Q3. 1,94, 49,.), ISEC TA810241
014] 493 HADS • .5 . TAB10242
0144 HA aHAA + 8/2.0 00 TA-Bi02~

0145 494 CONTINUE TA81024~

0146 491 tCNTINUE TA8io~
TAR10Z46

DO lOOP ~OR THe SOAN LENGTH- Hl T4810259
--.Q.!_51 00 1 lH:a 1_'_~~1l4_________ _TAI3102~ _

OlS2 Hl • IH.I0 TA810~61

0153 Hl • IHl+IC.O O~~.A TA810262
--''-154 Hl2 ~-~L-.Hl------------ -- ----------ftd~lC263

~l~S PKAaE.C(1·VI-XY.~¥)/lxr.Hl2) TA810264
~15. PKO:[.CW/HlZ TABI0265

C HERE PART 1 - TA61026&
CTHfSE- C()~i-SfA~iS cc~~pj'iD 16 -THAT CF I~ APPENliJ. -C-O-F--THEJiE-PO~-j--~TABI02~7
c FOQ v~2 a 2, FUQ HINGE~ ~OU~D~kV Cr~OITIO~S. TABI0268

Ol--S~7----""'-'----::'T1-. ~.~12.m--------- ---- ----- - -- -- -- -- TARI02bcf-
01S1 T2--.~.Pll lABl0210
tj159 T,s-I O.12S+PI2124t. a TA810i~
C160 T9 a .5 T4810212

--t:~fbl TIOl-2./ P I . ----TA810213---
016l S~2.PI2 T4810214
01~1 F2P;-f~~-----------_·_----------------- -1A310275-

trJITIO~ TC PART 1 •• TA81021~

TABio217--
TAB1~278

TARI0279
rABI0280
TAR 10·231
TABIOZ8Z
TA610283--
TA9102Qt,
TA81CZ~'

TA810Z66
1AB10281 -
TAB10Z88

·Ol~-S



1)114,0 . PX=f*SN2*xl/ttl2 TAB10291
__•. 1- , ". .' v - ,~_:.. f ~ L", ( - 1 + V1 A.. ..,~~ 'f ) II- 1 +11 L ~ t T1\ t_, \ t1.' J ~

0116 • PU=E.S~2*(W/Hl2-T2P.G.TJ/SN2+F*HL2/SN2. TAB10213
':\171 PYt)::PY'*HF*Hl+Pq TABI0294

--') 178 O-t-:: B~NDftAKI/HE TAB lOZ9S
C OL : TH_LS~_C4~_l£Q_ LI ~ltIJ!G__-S_~~_~! ~tu~ r.~_~ ,__ TAR lOZq~_
r. f\ y THr r. f)N ~ f- P VAT t VF F OtJA TIn.. ,.. 17 • . TAR 1 07 q 7
t TA~lOl~8
C OEFI:~E SHEAR RIGIDlY TAB-IOi99-

0179 PBEN :: Bf~R.AKOI Hl2 . TAB10300
OIIlO T2P=T2/T9 TA"alo301
~l~l TSP~T~/Tq TA810~02
Cl~2 T101P:I10I/T9 TAB103~3

Ol~3 A~1=~KP·T5~/T2P TA~10304

:'1'34 PX::t-*~N2.xt/"'ll r"ABlojQ5
•.. 1~'" JlY=, "'~'ll·t~l·"'I-J(y·.yt/CXI·tiLl. TAl\lCh)b
Ol~b POaE·S~2.t~/Hl2-T2p·G.TJ/SN2.F.Hl2/SN2 TA810307
~1~1 PYO=PY.Hf.~f+P~ TARI0308
'lA~ Ot • BENO*AKl/HE TA810109
.Jl~9 GO If" C5':1,5Q2,501t,IjO~),19 r~.~J~~-l9_

.~l~O 5010-0.0 TAbl0311
jlql GO TO 5~7 TABI0312

--0112 502~~Ql---------_· ------ -----'TAo10313

, Jly) GO TO ~07 TABI031~

---~1;1t 503 gaQl*2. TA810315
Olq~ GU TO ~Cl ' TA810316

~v~i~~' INITr4lIl~rlr~ :C I_~ __

,,-,t'''*''' ._.

~l~~ 50~ O-IOCO. TAOI0317
; _~J9.J SO 7 CGr. T t~~'4~__ . _J ~ e103}8

C TA81~119

t - f:'" ') OF ADO I T It)~ TAB 103'20·-----C:::;..--.-- ---'- -.------- .. - -.-_. ---- .. ---- TARI0321

Oles T~:-T5*T~ TA8103Z2
~ vl~~ TPaO*HE·T2~t2 ••TS.TqJ-PKA.Tl·Hc.T9 TABi03?~
~ :2:~ TCafP~A*Tl-~.T2).'P~~.Tl-G·TJ.TZ.F.~l2.T9)-PKA.Tl.O.HE*HE.'2 TA~lC324, ---~iOl -osc~dfsoPT'T-R*TJ\:.-~-.TA*TCt-------- ------ - -.---- ----------'A810325

v2C.Z ~J.l1l:~.C;.(-T~.rS(tl!~ TA910326
~2:) ~T2.C.~.(-T~-DSC./TA TA810327
: , ~ 4. I F (Q T1• GT ,I) • o. r; 0 , r) 514 TAU::JZ~_
:~~; P(~'11.MT2/Hl2 T4n10329
~,~~ PC~(l.sOtl/Hl2 TAR10130
';?~7 - ------ ---r,~ TC "~l{ - ---- - ---- -- - TJ\81C311

_~l~ 51.!!_~0tl.~JJ/Hll TA'\10312
~2~q PtRc2a~RT"Hll TAB10311

C ~CP (I J : THE C~ I TrCA l lOt. 0 ~;; R ~ .. 2 • 2. PC ~ f 1 J I $ FOR TA8 1Q "3 ~ ~__
C Gq~VI'V ~~o pc~rZl IS ~OR UPLIFT C~SES. T4el033~

41)1'J C~".TI\:lJE· TABlt33b
--~-c ii~-------i~-i"Tt~-l.flAllc~-:-------------------·--------------TARI03l7

-..?:l ~o a 1 TA8103"~

J ; : 2 : y = ~. tyc~ ~-~ • TA~ 10 '3 3q
j~ 1 ~ 4S! 1 I SS-C Ttf,1C':!40
: ? l .. 't 5 1, AJ( .:. P :: S J ·-'1 f T01\ a103-41 -
:21~ r,: TC '514 TARI0342
~ ;: )~---' -,-- ---. ..-~1j - ISS - ISS.iTA~ 1C34 J

C .. TA8103~~
-- --~--: 'I --- C~E:f( : --- -- -- -- -- - -------- -- ------ - - - ,--- - TA91IJ3'-S

J=17 .. 514 rf (I S5• Gr t 3 ) IiC T·1 51" T4~ 1Q3_~ ~_

C TA&lO)~7

TAE1G3~8

- F5~ rii·;--rv G-lEV£C-- io---------- --~4 ~---.-- JATE • 71348 ~-Otf/2~i22 - ----PAGEoc~

i13-----~--- ~-s~ --1 -------..- -----------.- ---- - -'-- - - - ------- T~~ lJ 34<;

21q 14-; TA51~J~

220 IT-O TA010351
221 OFNI-O.O TA~103S2



;ORTRAN IV G LEVEL 20 MAt"i---- OATE--. 11348 09/24/22 PAUl: UUU(

PARTOFENIl

MM·(~+11/2
"·'",~2

TA8103b3
TARIOlb4---------------TAB1036s:-

C TAB10366
2110 P-ALA" -- TA810367-

C 1A810368

t
c

c
C IS

2111 CONTINUE TA810369
C IS OETERMINE THE COEFFltIE~T M~TRIX FOR THE OEFOR~ATION AMPlITUOETA810370
C TABl037i-
etc SU~R~UllNE tFFS TA810372

)233 PKG=C*T J.Q.HE.~E . TABi.0373-
023~ C~ 15 I:lt~~ TA810374

0-23,2

0231

0229
0230

DECIOE ON THE BEGINNING VALUE FOR P AND THE tNeR. TA810357
0225 OLAM • .~6.PBeN TABI0158
0226 ALA~=PCR(lC' *0.5 -TAS10359--
0227 IF(OABS(AlAMJ.lT.OARSCOlAMlt DLA~=AlAM' TA810360
0228 AlAM=OlAM TiBlo3~

TAR10362

0218 MJ • 1 TA810349
0219 1'=0 JA61~

0220 IT=O TA610351
0221 DFNl~O.O TA810352
0222 00 45io l=lSA,lS8 T~81~3~)
0223 4520 OFIClt=O.O T~810354

022~ DNN1=O.O TAB10155--
TABI0356

0235 GO Tu , 3Cl. 3~2. 302. 302,;Q2t~02t302"hBR lAB1~315

0236 301 AI-2*I-l TA810376
~217 PM,.Pl'2*AI*AI T681031i-

0218 T4.-P~2/2. TA610318
C2]9 T5·.:;ri5=p-~/24;---------- 1A810379-
0240 TIOl&l./IPl*A,t TABI0380
C241 t((ltl)a-Q*HE*T4+P.HL2*T~ TABI0381
~242 GO TO 30Q 14BI0392

-:~24) 302 ti-C;-l~llCici-.-------- - ------- ----- --- TA810393

024~ 309 OSP'1·I-l)=-P.Hl2.Tl~1·~Y/XI TA810384
-02.. 5 DSPlT.T)----;.-P*Hl2*HA.ii01 TAR1038-S

~L46 00 15 J=l,~~ TABI03~6

~~41 GQ Tal 311, 311, 311,312,313,312,313 •• NBR TA81~381

02 4 8 311 IF II.EO.Jt GO TO lS 1AAI03ae
-j249 AJaZ.J':i. . -TABI0389--

J250 'M~a (Al*AI-~J.AJ••*2 TA810390
~Z51 T5z~.*AJ.Af ••-3/AM~ ------T48103Ql--

JZSZ T~=C.CJ+~C TA8103~Z

'253 G0 TC ~lq TABIC:3~~
'2~4 312 TS:16(J,I' TA61039~

-~-255 GG -,. c' -3 18 - --- - TAD 10395
OZ~b 313 T5:IS(J,I J TA91C3q~

-~02 i; 1 ~ 1 8 '-4 ;Z3(f • J , TA3 i .: '3q7-
i),~R 31Q cefl ,J)=-O·I4F.T4+P.... lZ.T5 TABIC398
') ~ ~ q 1 5 ( C'. T I ". uF TA9 1 0 3 ~ 9
~2bO 0C Ib I=l,M~ TABIC40C
OZ~-l------- nr, l~ J=l. M~ --- ._- --~ --------- -- -- - ---TAqlvItOl-

"ib2 IF 'I-J' l~",12C,1'30 TABIC402
'--j2o~ 32<J GJ--tc -Cl2f; 32Z-,-fiz,-3iz-,32Z;}2Z~3fiJ-,-~~-~--_·----- --- ------------ TA810403

"Z~4 ~21 '111:2.1-1 TA~lg,!_~~_
CZ~~ P~2:PI2.AJ.·2 TAal04JS
Ci~~ Tl.oM2.~~212. TAHl~4ab



~2bl T2=-PMZ/2. IAol0407
02~8 T9 s ,5 TA~04~

0269 GO TO 338 TA810409
0210 322 Tl=lltll TA61941Q _
Q 27 1 T9 =l q ( I ) TAB 10411
0272 T2=l3(I~la JABI04J2__
0273 GO TO ·338 TA810413
0274 330 T1=0.OD"00 __~ ~_____ __ TABI0414
~27S 19=0.00+00 TABI0415
021b GO TO 1331, ~32,332) ,NBR TABIO~J~__
0211 331 T2=O~OO+CO TA810411
e278 CO TO 338 TABI0418

0279 332 T2=-Z3li",--j)------------- TA-aio419--
:2&0 338 C~~T(2.I-l,2~J-l)=P~A.T1-0*T2 TAB10420

Ct (MAT(2*1 ,2*J )=PK~.TI-PKG*Tl+(-P.HE+F).HL2.Tq TABI0421
02~1 tMAT(2*1 ,2*J )=P~O.TI-PKG*T2+(-P.HS.F)*Hl2*Tq TARI0422- 5i02 (.MAT-lZ*-i=l ;-i-.it=cC.-l-f,-.:;-.---- ------ -.--- ---- -. -_. --------------- TABI0423 .

~283 t~ATlZ·I,2·J-l)=CClJ,11 TA~104Z4-:>284 16 .- ·cONffNIJE -- ----.-.- ------ - --- .- ._- ---.--.-- --- -- TABI0425

C TABI0426

!: =.~ • .... ). : /
:". 7 _ ..',

jS~ ·~sl,..~.)7C(:·t-.l•
23 Cri .... TI·.IE

~~J J.l.= u1
J~ :: (2 » : I.J ~
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sY;,-" 7~(, _ ~,AOI 1'_6__ __ JF_U--,"t _1f30SIG~ 788 AlMl 7eo
Al~4 7C8 Al~3 100 Al~2 7D8 OFN2 7EO DUN 7E8
O'~"2 7FO G~'~ lFq .. . SG~l . 800 SG~V 808 SGMU 810
s;~~ alB SG'~-----ezo---------Nl .--- ----828------·~l 132C- 1- -------830-----
J 83,. ~. p; ? 8 ) ~ \4N M. ~ 93 C ~ ~ I C 840 NQF 8"It-1 J~ 3-.. " Irl~-------- R4C---------~"'cs------·- 8se - -_. ~"'2 8~1t--- --- -. --- 151<;------858

I s:c 0;( L SA,_ ~ ~5_Q ~__LS.3 . 96~. 16 66_8____ IFACT 8bC
~3~ d7 C ~IC ~7" Ie 878 IQF a7e JQ 880
l 8d~ 1M d8R IV 9~C ~p 890 ISS 89~--"J--- a11j 14------~--O------RAO----- ---1l4 --- ~A4--------- M,.. -- -8;8-----
~.1 ~!L_ ~.1 ·_~~Q IL_ d_R~ L~__ 8ft" ~s 8=.8C=-- _
IVV oCC II ~(4

l.~ ~.1Y .... !l?
S "''1~'l l,J~:' TI Q~. SY~~~fl ----lrJCAT-I J'l----SY'4gtlL---t:rJcAT ION ------ ·5Y~80l LOCAT tuN S YM80i.-- -LoeA TiG~----
.j::~ ~c~ ~:; ~J~ ','C'J RE~ fl-4IY QS8 CC 978
)~'4 <fCO -ST~ qF=~ S1: 1..20 ;k~ A50--------·SG --------Aeo-----
,,; A~~ ~ItC sv ~70 -1IJ 8AO W.. BOO
~< C;J ~l C3~ IF C60 ~PA C90 NL CA8
l c:~ :; ::3 ~L~ CEg llD DlB HAV 028
',.1Y il-;~--------- 1 ~~3~ l? 2~:'O ZlCi 2~oS l3 2600
!o) ~Cl~ ~ 4:~} ~~ 2\:A8 F2 2~CO FE 2C08
S', ~,:~

~~:~~. ST~~;~~~T ~~~

:~:~;.:.. Iv ~ L:~=L z: ""1 .'.
~~:E = 71349 C~/24/2, PAGE oel'.)

".; ~ tI . ~ ~::...~ :'. 5Y'''~=l l=:.:..TI":', 5Y~;<"~L L:..:,:.TIJ\ SY~3::L L0C.\TIO~
1J; 2Jl~ llC 2J14 . 111 2D1F

------:-,-:---7~"'-;.; 1':.2-----2J5C----- lq3 zaEe
.)' • 7 1 So'" 2E:: 2 1 .; a 2 E2 .3



SYMBOL
111

SY~BCL LOCATION SYMBOL LOCATION SYMBOL LOCATION SYMBOL LOCAtION
Ci8 2008 qq 2DCf___ _ 109 2Dl~ 110 201A

112 2023 lQO 2029 191 2032 192 l05C
1 94 20l F 1 q 5 2 l.>U ~ 1 9 b.20E7 . 1 97 2E 02
2eo 2E45 201 2E5& ---20S ------ZEDs-----z-li----iEF3----
281 2fOl 291 2F08 ?~'!__ 2FE4 295 2FF~7 .

-OPTIONS IN EFFECT. NOIO,E~COICtSGUReE,NOlIST,~OOEe~,LOAO,MAP

.OPTI~~S IN EfFECT. NA~E = ~AIN ,ll~EeNT = 60 _
*STATlSTICS. SOURCE STATE~E~TS a 498,~ROGRAM SIZE = 23658
.STATISTICS. ~O DIAG~OSTICS GE~ERATcO .

193
_t~.~
219
296

LOCATION
2D1F
208e
2E2J2EFA--- -----
3020



ce01 SUBROUTINE SLTNtNV) TA810705
0002 IMPLICIT REAL. 8 (~-H!Q=l) TABIOI0b
0003 CG~MaN /C~TI CMATt6,&),DSP(6) TAB1C701
t)~C4 IOG=1 ... TABI0108

--co~'S lOOIf (lUG.t:O.~V) GU -TO 200 ------ --- -. ------------ TA610709

1:~b 110 K=IOG+l TA8i0ll0
o~fl-- 00 -i-6~K,NV --- -----TAB10711-
,~~~ HOlO=t~AT(I,lD~)/CMATCI0G!lDG' TA810112
O~~q DO 130 J=K,NV TA810113
:( Ie 130 C~AT CI ,J )·C~AT( 1 ,J)-C"4~TC IDG,JI*HOlO TABIOJ14

_._~~11 OSP ( I )=Osp( I )-')S~ ( I IlG' *HOLD TAB lOl-rs-
~:12 1~0 tO~TINue TABI0716

. -:-:13 tOG=IOG+l TABIOi~

J~14 GO TQ 10n TABI0118
C 14810119
t 9AtK SUBSTITUTION TABI07Z0

·------:c~~ ------. fA8107-2·~

~015 200 HOLOaC~~T(~V,NVa TA810722
-:lC-16 ospi.~yr;-OsPt-"IV)/HOlO --- ------- TABI0723--

?Cl1 I-NY TA81~

aCl~ K·~V-l TA610125
~~1~ ~20 ~Q~Q~~~~TIK,Kl TA~~Or?~__

--O-CZ') SU'4a('.O TARI0121
~21 ')0 21Q..J~_~_L~V T_ABIO_?~L_

~C'2 230 SU".SU~.CMAT(K,LI.DSPCl) TA810729
0':11 __ O~p_t~O~---.UU..-SUt4./HOll) ~ TAAI0130
OC24 lal-l TA810711

_ -2~l_~ k·'~-l T~BI0132_
~~,. Iftl.~e.ll GO TO 220 TA810733

__..Q'=Z7 RETUI'N _ TA810114
~~2e E~O TA610135

--:-:-0 rU:;- t\:-'~-~E~ :\.- ---2-;)-------- ._- Sl T~ )ATE • lf34-! OQ/24/22 ------ --- - - PAGe--0o02

S1"S,1", LOCATION SYflC80", lOCATIO~



CtP1MI,U Ul"LK ItoM' l_~~'··.f III _ l!>O •
SY~80l (OCAlION SYMBOL lOCATIuN SYMKOL LOCATION· SYMBOL LOCATION
~~T 0 OSP 120

SYMBOL LOCATION

SY"tlOL
HOLD
1

- .- ----- ------.-- -- 'J(.AlA", ""J\I~

LOCATION SY~8Ul LOCATION SY~ROl LOCATION
co SU~ C8 lOG DO
DC J EO l • Eit

SYMBOL LOCATION
NY D4

SYMBOL
K

LOCATION
08

*OPT IfJNS I N EFfECT. Not0' tEBtDic-;SouRc'E~ NOLI-S T ,NODfCK ,lOAO;MAP-----·
*CPTtJ~S IN EFFECT* NAME = SLT~ ,Ll~ECNT a 60
-STATISTICS. SOURCF STATr~ENTS • 28,P~OGR.M size • 9~8

.~TArtSlltS. ~o OIA(iNIJST It~ Gt'~~lJ(ATEU

-STATISTICS- NO DIAGNOSTICS TfilS STEP 0
- -



MODULE MAP

f 1iPit--b328--

Fi\XPI. -6478-

Ista... 6'iCO FOlDes' 661(, INTSWTCH lltE£

SEQOlSD 197C

A!)C,1,.., 7968 FCVAOUTP 1C12 fCVlOUTP lCA2 FCYIOUTP 7DF2
FCVIOUTP 81AO FCVEOUTP 86AZ FtVCOUTP 888e INT6SwCH B8A]

A~IT"'. 8008 AO..JSWTCH 9014

DcXP 9220·
-- - -- ---- ---

OlOGIO ~4Aa OlOG 94C.O

E~R~C~ AA10 IHCERRE AA28

. f I~tC~. 3J)A8 UJL<;SREP__~~_~S_

lOCA rlONNAMELOCATIONNAME

82D8

LOCATIONNAME

ERRTRA8200

LOCAl In..N'ME

1~CT~CH

FOlPOI 6188

OSQRl 6029

E'iT~Y

___1~_~AT8L. 856Q 638
. ,-.T &898 150

tr)~TROl S~CTtON

N~"E ORIGIN LENGTH

1141. l~l 00 5C6A
SlTN 5(,70 384
l~tlS~RT. b028 158

IHC.FOXOO· 6188 lAO

IHCFIXPl* 6328 14F

l ...tFR(OI· 6418 141

IHt£Cp......• 65CO Flt9

IHC.CO'4HZ* 7510 651

IHCFCVT .... lBb8 1190

IHC.EFNTH. 8008 512

IHCiEXP • Q220 288

IHClLOG • 9lt&8 200

IHCEFIOS· 96A8 130B

lriCERP" • AA10 S8C

-triC.\JOPT • _FDa 30C
IHtiTQC~* 8200 28E

E~TRY AODoess 00
TOTAL LE~GTH 8eE8

····'0 ODES NOT EllST BUT HAS BEE~ AOOEO Ta 04TA SET

~~":!.T __ -!T J~~F c: 1 • L~Sl'3 CJ_S~j9 (lid6J_.-1J._~48~9.3J1_~3'!_~-9J~ OEST_~~~S~~t ~_~KOl_,T
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Lt~PEO CH4N~El SECTION 10- 1 S~G.3).O~C~ _--------------=--------------- DOWNWARD lOAD 1NG AlB-

.
0. 6~Sl.~t\--c;j38-2.4-
O.1Q45.2 0.8481*2
G.8422.Z O.8q.~.2O.7~65·2

o. Se61*4
0.7423*"

0.5486* ..
0.6913*,.
O.7~78*2

0.591))*4
0.137~·2

0.1810*2

--o.-;.s 30*tt- o-~4f'\6-.i;---o~5148-."
O.~403*4 0.5940*4 O.~505*"

0.6087.2 0.6503*2 0.70~2*2

O.~412·2 0.5860*2 O.~475.2 0.1338.2 0.6998.2 O.1~54.2 O.8~C3.2 0.8646.2
- --- . O.~818*2 0.6418·2 C.l11~.2 0.8051.2 0.7705*2 O.91Q2.2 0.9130.2 0.9262*2

0'-6145...-z-0. 6i;q·4.Y-6.-j43-8.2-0~84i'6"*20.80Q6".2 -0. 85ql.2-O~9ic;1'-~O.9532.2'-

O.114~·6 O.lOltl.b 0.0948·6 o. 084d.~
O.O~)1·1 O.OS~0·7 0.0411*7 o. nt.nA."
\).\>4'-6-' O~O)Sa"7 O.02QR*7 0.02"4·1_. _.__.- .-._--

0.2352·6O. )')--l.t, o.2aZIJ·6 C.2593·6
C.2161 1a l C.leel.7 0.1631*7 O.13C;5·1
('.llt4~.1 0.1210·' (\.1001*1 O.C821*1

0.1-123*4 O.36a'·4 0.3457*,. 0.3216-4
ft_ , ...~,... Q.. '\00'\." O.26"Z*~ 0.2104·6
~. ~ll~·T U.~)~l·' 0.1926*1 0. i.~'l.i

~~~~~~~~~~~~~~~~~~~~~~~~~bl~!~Q~JNG~~~~~ ~~~~_

O.l~.~·l 0.1162-1 0.1~)~.1 O.14!7.1 O.~415*5 O.5~89.5

0.11 s...1 O.104Serc-;094]~0-;oii7*1 O.~74b.-5--0.- ~1"2.S
O.071~.' O.Ob~4*1 C.CS6S*7 r.O~81.1 O.S~q8.S O.64~3.S

O.6~82.5 0.6669*5
O.~o18*5 --0. 7429*5
O.7C~2·S O.7~~8.5

0.6533*5 O.695C*5 0.1270*5 0.784]*'
o. 119<;*5 ---0. 75CJC;.5-0~8tf&7.S-0~a66b.S-
O.7b43.~ 0.9074*5 O.9564*~ 0.9080*5

O.i')~.l O.2QZO-l 0.2120*1 O.2~lq.l J.4315*~ 0.4491·3 0 ...842*] G.SS01.] 0.5069*3 0.5385.3 O.~ge2.3 0.6691*3
'C. 1401-1 C.2541-1 0.2486.1 0.2172-1 0.5461-3 O.-S8Q5*1--O.-blZ';.) -0.6aSQ-S O.b62C*)-O. 10"2.3-C~1)70.50~119••S-
e.lC47*1 0.1164-1 O.lS09*1 C.121S*7 0.6014*5 O.~~~O.5 O.bb12-~_Q.?2Sb~~ 0.7123-5 0.1417*5 0.1806.5 0.8326.5

0.2609*1 O.246C-l 0.1497e ] 0.1"24*3
.~~,~-. V.&~~~-l r.~b~6*l O.24Cl.1 O.~117*) 0.4411*3

O.'ll'.l O.21~O.1 O.131b.1 O.lS'S-? O.~11~.) 0.5352.)

0.]439-) ~.36~"-) 0.1111*) O.]78~*3

O.4~81.) 0.5101*3 0.S02o*) 0.S273*3
O!~_186*!.-O~_~~5~!] ~~~_1_29.~~.6499*3

0.1944- )
o. ~1 ~4.]
0.1.021* )

0.4)95*]
o. b52 5*3
O.11c;S·5



lIPPED CHANNEL seCTION tow 2 SIC-33.00
DOW~W4~O lOAOfNG--- AlB- -------- ----------

O,14~~.~ O,l~65.~ 0,1483*4 0.7537*4 0.9494-4 0.9624.4 0.9753*4 C.9874.~ 0.9762*4 0,9835*4 0.9901.4 0.9954*4
0.111-).1 1J.1585.1 O. 1~85*1 O. 74~h.l o._~~q~~.~934~~__9. 99~q~4 0. 9~18~" O,9961.4__ O.9q71~~_Q~_9~~ ~~-L-O~_99~~.~

O.1~83·7 9.~94a*7 0.6849*1 O.67Q9.7 0.9912*4 0.9919.4 0.9985*4 0.9990*4 O.99d5.~ O.99Sa.4 O,QQQO*4 O.999~*4

--O-;-S6QQ:-) 0.15031.3 0.5595.3 0.5619.] 0,6845-.)0, f(i9~.3--0~-7499.i---O-'-8ii6.1t-----C;7S6~j--O.7&c.l4.3'-0-;8283*4• O~!a2e-.-4-
),6S8 1.) 0,64&2*) O.6~24.3 C,7108*1 Q,8~73.4 Q.~813.4 0.9111*4 0.9467*4 Q.91~5*4 O.93~4.4 0.9557*4 0.9771*4
O,6~C4.1 0,6509.1 C.blal.} 0.5963*1 O,9395.~ O.~546*4 0.9700*4 0.9848*4 0.9114*4 0.9802*4 0.9881*4 0.9944*4

C.5~61*1 C,~901.3

O.506~.1 O.S465*1
Q.~)41.3 Q.6824*7

0.4776*3
0.5100*3
0.6241·7

0.4683*]
0.5200-3
0.5166*7

0.5394*]
0.6113*1
O.809S."

0.5368·3 0.5452.3 0.5186*3 0,5691.3 0.5764*3 0.5994*3 0.6557*3
O.694R*3 O.1jlS.3 O.1969.~ O.1~82.1 0.1115.) O.81b7*4 0.8734*4
o;eilo.4-o~-86i9-.It-o~·9108.4 O.-8711J.40-~-8q51.4 o.924C~~957j.4--

UPLIFT LOADING A/8-

G.l~~~.l O,171~.1 O.l~qC*l 0.14~b.} 0,1095.) 0.7610*3
-- ~; Ii ~ i*l--o-;iCsl ;7--o~-oil;s.r-O.-083-Q.-7------0. acl68.S 0.9187*5

O.01~~.7 C.0656*7 C.OI)68.1 0.0489.7 Q.~7_4_8.S_0.97q2.2

O.g131.5 0.8703.5 0,8369*5
0.9507.5 0.9788*5 -- - 0.9604.5
O. 9901!.L~..Cl~~8~ u~ O.Q930*2

0.8665*5 O.89~3.5 0.9357.5
O.9742.5--0~9859.5--0~995C.5----
O,9Q66.Z 0.Q993*3 0.9979*3

C. \,'1'-'.~.l,~ 1.1
__O.lO~~.7

ll.? "~h).l

0, 2")~*1
0.1791.7

r.2h"':'·1
C.2213-l
0.1511-7

~.Z~O~.l O.~17Z.) O.~3~3.3 0.4676-j O.~]45.3 O.~8~·] O.5~~~.) O.~121.J u.~~~u.)

0.1994-1--------0.1)621*3 'O.6CC.7.3 O.bh7q.3 O.7b30*3 0.6926·) O,l4t17.3 a.BOlte-) 0.:t81C.S
0.1362.1 O. 11~" 3 o~ l~~.~J _Q._!2 90!3_0, ~~~)~.~ O.•~~94!~._8~~5.3 o. 921.i!..!-.9~~_~~~.!~__

CaIC"-' O,2Q01*1 C,273q.l 0.250 3*1 0.3463-] 0.3402.3 O.341~.3 O.3~q7.3 OL~~~~!!--Q~)?I~~~~~4~~~?~?_3__
C,11dl*1 O.289S*1 C,2~43.1 0.2~14.1 O.~134.) 0.4226.) O.44Q7.3 0,5132.] O.4t82S*] 0.5078.3 O.555~.3 0.641)*3
O. )ln~*l 0.2919.1 C.251J7*1 C.2191-1 0.5096·] _~~~31"'.3 _o! 58~~!~__Q.~SO~.~1 ~O.62~8.!_ 9.66~~~~_O~ 72~~~~15q.3__



LIPPED CHAN~eL SECTIU~ 10- 3 &IC2 33.00
OOW~n~ARO lOADING-- ---1.'-8-.----------

o.~a7b.) 0.8938-3 0.9012*3 O.Ql18·3 O.Q628*3 0.9114*3 0.~802.3 O.q~92*3 0.9195*3 0.9853*3 O.99CS*3 0.9Q57.3
O.9~8~·1 0.9511*3 0.9547.3 O.9~97.3 O.993~·3 O.qqS~*l 0.9971.3 O.9~9~.3 0.9972*3 0.9981.3 O.9Q!7-3 ~.9q~1.3

C.969~*) .0.9712*3 0.9731*3 0.9158· 3 O.9979.j-<f;9-984.3-o.-99-ea--.)C.-Q9cjl.3 ·0. 9Q-SS-.-3-0.9990*3-0~9(i9i*3-0.-99 93.j-

0.637:*) 0.6411.3 0.6~15*3 C.~bOq*3 0.7C4b*] O.7249-'r-lO~7S-56.3 0.8059*3 C.1507~~177j*3--o;&l36.3~C~i657.3--
0.141'.3 O.74~1.3 0.7526*3 C.7b~1.] 0.9667*3 O.88~1*3 0.9\40*3 O.9~55.3 0.9122*3 0.9310*3 0.9;13*3 0.9729*3
6.'il~.) 0.8113.3 0.8381*3 ~.8513.l O.949~*3 0.9610*3 0.913~.3 C.QaS9.] 0.9730*3 0.9~09.3 0.9883*3 O.99~8.3

O.~)~l*) 0.5335.] 0.5318*3 0.5357*) 0.5592.3 0.5b19·~o;5723~-C.6003.~-----6.5186.~0~5871.30.60~5.3 0.6494*3
"'~Z~.) O.~~62.1 O.5q~O.3 0.6000*) 0.67~2.3 O.6~12·~~1211.1 O.77~9*3 O.72~8~~~~75Ql.~~.18Sb.3 O.d~oo.J
0••114.) C••l10*3 O••b9S.) C.b184.3 0.8019.] 0.824b.3 0.8572.3 0.9028.] 0.858R.) 0.8829-3 0.9123*)--0.9474-3---

______________________ '1S!ll~J _lOADING ~/8_. -------------- .-

O.l'J~.l 0.1701.1 0.1582*1 0.1440*1 0.74 63.3
-0;11 '\i*1-0.10SZ.1-0~094~-.1-0;6it)9*1----·0.9154*]

C.Ol'Qe7 0.0657*7 C.056Q*7 0.0489*1 0.928~*2

0.7997·3
0.9725*3
O.93tJl·Z

0;8615.)
0.9940*2
0.9607*2

0.9309·3
0.96'15*2
0.9871*2

0.1785*3
0.991t1*2
0.9765*2

0••159.3 0.9532.3 0.986]*3
o. 9801*2--0~91e~*2---0.9316*i --
0.9867*2 0.9969*2 O.q98~*]

O.J~2S.1 0.2848*1 0.2679*1 0.2~qO*1 0.4052*3 0.4211*3 0.4529*3 0.5191*1 0.4728·3 O.504C*3 0.55~7*3 C.645Q*)
. O.Z~lA*l Q.2391·1 C.21:!"*l CI.19"ft.l O.~6d8.-r-O~·61~C*)---0.6tJll·3 O.la32*] 0.7C67*) O.758".-3-0.d227*3 O.90CZ*3

0.2:"1*7 0.1801. 7 0.158~.7 0.1374.7 o. 7S1~~1--~_~Ol.?~~_o. 8~~8~~ __ O.9)~S·~ c~~~gs~~__0.9~82*3-.Q.!-!.S_~~!.!-0.9~9~~l

0.1114.1 0.)010-1 O.28~0.1 C.27C~1 O.1"1~.3 O.336Q.) 0.1377.] 0.3511.) 0.)605*3 O.3~15.3 0.3720.3 O.4C46.)
0.'11°-1 O.Z8\d.[ C.2b21*1 O.24~9.1 0.)999.] O.408S.j O.434S*] C.4977*j O~4~61.~~491~.3 ~.5j9~;b2od.-)--
o. )CJ9-1 0.2686.1 0.2383.1 0.2281* 7 0.5079*) o. S~Rl!~__~~~r7_~!_9_.~~~~_1 O._~~b_~~ O.61li~!-.Q.fl~~. 3 o. 832~*3



____________.;l~I~P_P_=E_=O_=z_-.=.s.=.et=._;;..T_=_1O.=.N.;..;;;..-._.;:;..IQ~~ 1 SJ!i~ '3 ]_._00 _
DOWNWARD LOADING AlB-

:.lL~1*6

t).O~11·7

0.041"'.1

0.117Z*0
~.0607.7

0.• 037S.7

O.1('SS*6
C.OS42*7
0.032-1*7

O.CQS3*6 0.3186*4 0.3993.4 0.4257*4 0.4611." O.~380.~ O.45Se*4 0.4171*4 0.5044*4
0.0476*1 ~.)786.4 O.~9~4.4 0.4257.4 0.4&11.4 0.4383*4 O.4~bl.4 O.4711.~ O.~OS5*4

C. 0278* 7 0.-317-2.-4-0.39-8 fil; --0.' 4253-.4---0.4616*4 0.,.-383*4-0.4566.-4- O·.-4787.~O-~ 5-C~-6.4

----_ .. - --- -----_. _.. _-----_., -------- -- ._---- -------------
O.)3ZQ.4 C.3235*4 0.3132.4 0.2Qll*b O.369C.4 0.371S*,. 0.1788*4 0.3931*4 0.3871.4 0.3923*4 0.4010.4 0.415'*4
;.21.2.6 0.2015.6 0.1843*6 0.1658.6 0.3503*4' 0.3594*4 0.3732*4 0.3934*4 O.3829*~ O.3~l4.4 0.4026.4 0.4178*4
0.1574.7 0.1387.7 0.1216.1 0.1049*1 0.3486.4 0.3598*4 0.3748*4 0.3951.4 0.3842.4 0.3931*4 0.4043*4 C.4193*4

0.1692.4 0.3631*4 C.3~69.4 0.3~98.~ 0.3733*4 0.3691*4 O.3663*~

0.3216*4 O.3C84*4 O.2942*~ 0.271~*4 0.3489*4 O.34~8.4 O~~~85.4

C.2~~C.4 0.2446*6 0.2203.6 O.19~q*6 0.3379*4 0.33Q6*4 0.3456*4

0.3662.4 O.3765.~

O.35~2.4 0.3628.4
O~·3511.1t O~ 3603*4,

0.3136*4 0.3724*4 0.3747.~

O.3~30*~ O.3663*1t 0.3736*4
0.3627.4 O.3-677.~i759.~

___________. up... t~..I _LOADING A/.8-,._ ----------
_~~21)1~.1 O.19~Q!L..~~1816*1 0._\6~~._1 O.4040.3 _ 0.4200*3 0.4"12*3 0.410"*3 0.4498*3 O.4648._3. __0!t~833*3_Q.S01~*3__
C.113i.l O.10~1.1 O.09d4*1 O.OQ13*1 0.3906*3 0.4091*3 O.43~~.3 O.46~1.] 0.4438*3 O.4b04*3 0.4801.3 0.5072*3
C.071~.1 0.0650*7 0.0588*7 0.0524*1 O.3!42*3 Q.4040*3 0.42Q5*3 0.4643*3 0.4415*3 0.4~91.3 O.48C4*3 0.sa7S-]

_J).)f)~~..!~~23.3 t.3~77.3 O.~,-~2!-~ O._3A~'~)__O.'38R6.3 O.3Q36*3 0.4041*] 0.3918*3 0.4017*3 0.4083*3 __0.4196*3_
·e.291~.] 0.2818*1 O.2b53*1 0.2462*1 0.3671.3 0.3136.3 0.3838*3 0.3Q9S.3 O.39~6*3 0.3973*3 O.~Ob7.3 O.42~1*3

0.21«14*1 0.2<' 33*1 (,.1615.1 0.1705·1 O. 360_l!.L-Q.!3689*L-Q.. 3'3l~!_3__9. ~989!~ 0. 38~~.3_~._~966.3 c~ ~06~~Q!!'t2_0~_•.3_

0,)162*3 0,3714*3 0.3b~e*3 O.3~24.3 O.31QC*1 0.3753*3 O.312Q*1 0.3127.3 0.3812.3 0.3784*3 C.1771*] 0.3787*]
O.1~~).3 O.~3~7.3 0.)268*3 0.3110*3 0.3b07*3 0.3583*3 0.3587*3 O.3~3~.3 O.36QQ*3 0.3693*3 0.3711.3 0.3766.3
0.3e18*3 0.2946*) 0.2811*3 0.2659*3 0.3501-3 0~~~Q2~__Q.~~~~l-_~.3~22~_3 0.366~!~--O~~6~~~!1l0~.377b~



llPPEO I-SECTION I~· 2 SIC.)).OO
oov"wAiO-l(fao1i4c- -,'-i;-~~-

0.......1 0er.,021*3 C.9Clte*3 o. ~183*3
ft_.~'~.C ,,_cal.aae. C.8992 a S -C.C04L·~

·O.~ZT" -g.gO~.8 -O.CC41e 8 -O.UOlZ-&

•0.621••1 0..30)*3 0.1»)9'--) O.bS4~)ft_"&..,.ll ft_-.Cl..'.' 0.7"51*1 t'. 781).3
a••~~3 u••~~.·~ O.8S22*) ~.&o4i·j

-O.~Ol.' -o.OC01.~ C.498Z*3 0.5050*3
ft_c.'Wa'.' "_".1"'." 0.5~62·1 C.5968*)
Q.6699·~ O••7~"]*3 0.6792*3 C.6'1ZU~~

O.91ClO·4
O.q~02·4

0.9710-"

O."0~-4

O.'~4fl.4

0."0.·.

O.fjO~l·~

0 ••\2'·"
O.~lZ.-"

c. q 101.. (;. (f ii!-.-;--
C.q~.~·~ O.'~~1.4

O.q7~S.4· ~•• '7)••

_______________________-...;;U;.--..;;PlIFT lO.Q!!t~_./8. __ .__

0.587).)
O.117a.)
0.8384*]

0.4500*)
o. 5~8~.3
0.6593·3

0.11.7*3 0.1471*) o.a~2C.'
0••2"8*j--O~9';Oi.)- -0.9535*1--
0.9662*3 0.~112.) 0.~756el

0.781S·1
0.9080*1
0.959"*)

0.8)72*)
C.9363*)
0.9723*)

0.4677*3 0.4QQl.] 0.4191.3 O.~~ll*] O.~119.1

0~5'9~.~__9.600~.) 0.5616.~__~~~813*] O~~143.1

0.7'25·]
0.9021*1
O.Q582*3

0.~213*1

O.4~3q·]

0.5216.]

1).~213*3

O.lt4Q3·3
0.5053*3

_ 0.6970*) 0.1161-)
o. 83f-Sa l -O~ S683-3
O.8Q76*] O.Q31A*]

O.Z5~1·1 O.23S0*1 0.2201*1 ('.2025*\
0.147\*., \).13)..*1 O.120Q*1 0.1080*7
O.09;et*1 C.08lQ*1 0.073)a7 0.0634*1

0.4212-) 0.4144"'3 0.4(\78*' 0.4007*1
O.1.1~*] 0.]440*3 0.3211*1 0.2944*1,,_,...c:_, n_ ,,,,,,.a7 0.2256*7 0.1988*7

O.ltISl*' 0.4095*1 0.4044·3 O.39Q7*)
O.4~2~·] 0.389;*3 C.37t»S*) O. 363b. 3
0.331 ...·1 0.3591*3 C.llae-) 0.3156*3



llPPEe z-seCTION 11- 3 SIG-3).·O~O=-- . _
DO~NWAROlOA01NG A/8-

0.8134*3 O,9b39*3
O.Q485*] 0.9706.3
O,98cC.l 0.9932.3

O,-77Ga*3
0,92&2*3
0,9779*3

t.I~25.) C.897b*3 C.90l~.3 0,9134-3 O,963b*3 0,9718.3 0.9803*3 O.Qa91*3 0.9194*3 O.QS51-3 0.99(5.3 0.9954.3
0, -5')1*3 c. QS2g*.3 C.9550"3 o. q~C5*3 t),q~~_3.-!_~!.q..95_3·3_0._q~30~L_O, 99~}.~3 O,9q.b~*.-~_O. q978!_~__~.39J~s!.~O.__~~9~.~L_
O.ql~q.l 0,9722*3 C.973S*3 0.9162*3 0.9977*3 O,QQ83*3 0.9987*3 0.9990*3 0,9986*3 0,9988*3 C.9990*3 0.9992*3

•C••5C~.)~-O-.-6-5-2-0-.-1~-C~.-6~5-b-l-.-1~-C-,-6-6-6-3~.-3~~~~~O~,7119*30.1303*3 O~~~~~~3 0.7539*3
p.?,,~., O.15~4.' O,75QR*3 0,1125*) O.868~*3 0.R883*3 0,9133*3 0.9442*3 O,90Ql*3
C.'\S~*3 Q,83'0*) 0.8~32.3 O,8S~2*3 O,~41S*) O,9SQ3*1 0.9718*) o.98~6.3 0,9695*3

O.5~62·3

O,611S·1
o.~.~~·]

0.5425*3 o.s~o~.) G.S41S*3 O,Sb3~~ O,Sb69.j--O~;7b6.~.6019.3 0,5793*] O,i8S3.3 0.606S*3 O,6~71*3
0,.012-3 C, "031*) ~, 601.,..3 0.6114.1 0, 692_q.3~L~u..~o,7735*3 O_~T~_~P_!.L-_Q._?'t~"!!!.-.J)•.l_e_?6_!1--0~8~~~_!L
0.6821*] 0.6792*3 G.b8~8*3 0.7995*3 0.8217*3 0.8534*1 0.8985.3 O.8~90*1 0.8136*3 0.9039.3 C,9~C5*3

_______________________~"'J.f.1_J.q~QI~C ~'_Q~_. _

(.26-,-1 t.ZS10.1 0.2314*1 o.l13~.t 0,8570.3 0,8947*) O,q3~2*3 0••100.3 0,.407*) 0,9609.3 0,979].) 0.9941*3- e.l')~.' 0,13:13*1 C,12Ct6*1 - 0.1109*1--' 0.9616*) O,9!70*3 o.-lQea.2 0,9972*2 0.9992*2 0,9925*2 0.991~.2 0,9953*2
C.~.q4·1 O.O~62*1 O,074Q*7 9.0645*1 0.9632*2 0,9704*2 0,9827*2 0.9952*2 0,9902*2 0.9947*2 O,99QC*2 0.9993*]

~4.~.·] C.45_~l!1-~.44'l4.. ~ o~.~~}_.) O~_~~1_0_!L_O._~~CO.J_O"~1 ~3-3. __0, 6~2q~~ O.627_8~1 O.6b02~_]_0.7.C~q~~_O,1"75.'._

O.~O~).) 0.)179-1 ~.]S14·1 0.3183*1 ~,7036·3 O,7~b6*) O,AC4S*3 C,S18e-) 0,8155*3 0.8550-3 O,8q;~.3 O.Q~7~.1

_ .. _O._)()Z~•...L..O,2~t)e·1 O~2'4_Q!1 0,204~*1 O~~~4g~_~__ ~~8~2C.!~_Q,_9..238*3 __O,9~b4*1 (\.929.2.) _0.952~~_~__Q.~~O!_~__O.9931.• )

f.~".) O.46CO., C,4S21·) O,4~4S.1 0,4816*1
O.~~l\*J C.4)31-) C.41~4'3 O,lQ7b*3 Q.~]80.3

~.4lQ~.1 O.39~5') 0.]~.3 O.3~14'7 ~,6)47.3

0,4812*1 O.4~29*1 0.5117.) 0,5053.3 0,5115*3 0.5279*1 0,5677*)
O,~512.3 0,5922') 0,6494.3 O,6008e) O,b294.3 O.b78C.3 O,159~l

O,~~!l_~_~__O4! ?2l~·~ _ 0, 80Sll·' C,1)~4~.3_0.7165*~_Q~@.~~8~!J~~!..L



liPPED CHANNEL SECTION la- 1 SIG-SS.OO
DOWNWARD LOADING A/8 a

O.OC!25*1
O.C4SQ*1
a.e32!·1

0.0731*7
0.038a*1
0.0263*7

C.C&31*7
0.C318*7
0.0207.7

O.O~40.7 O.32~O*b 0.3528.2
0.e2sa.7 0.3412*2 0.3145*2
O.015~.7 o.348o.~6~4i64.5

0.3953.2 0.4665*2 0.4~61*2

0.4199.2 0.4941*2 0.4756*2
O~4264.Z~O.003j.8-------0.4847*2

0.4877*2 O.5~46.2 0.6335-2
O.52C6*2 O.56CS.2 0.6760-2
O.5306*2--0~ooi2*d--o.o92C.2-

. -- - . - --- --- ------~------ --------- ----------------- ------ -- -------.-
O.2S)Q.~ C.2270*b ~.lq76*6 0.111S*6 0.3507*4 0.'533*4 0.1112-4 0.4244*4 0.4115*4 0.4367*4
~.1~8j-1 0.1331*7 0.1083*7 c.adll*l O.35QQ*1 C.3e~C.1 O.41~5.1 0.4992*2 0.4758*4 0.5151.4
0.1096*1 0.0891*1 O.Ob9S*1 0.OS34*7 0.1149*1 0.4104*1 O.45~3.2 0.5319.2 0.5145*2 O.55~4*2

o. ~ 7 86*., --.o. ~625."
0.5740*2 O.6S~4*:

0.6131*2 0.1043*2

O.119~.4 O.3~80*4 0.305)*6 0.2677.6 0.4021*4 O.3801.~ 0.3612*4
O.1~10*~ 0.2641*1 0.2089*1 0.1641*7 O.3R34.4 0.3721*4 0.3770*4
O.Zi15.7--0.1746~O.1332~;10oi.l 0~3787.7--0~3824.1-·0.4~41.'

_________________________U~P'__'=.ll.T LOAOL~~ ~_'_~~_

0.3647*4 O.~230.~

C.~212.4 O.4~Z8.4

O.5036*7------0.481S*4

O.40Q3*4 0.4056*4
0.4492*4 O.~795-4

O.50~1.4 --O.S5S0*4

0.435'*-;;
0.5555*.,
0.6496-,.-

C.l~~~.l 0.1"21*1 0.1268.7 C.ll18-1 0.3108*5
-O;01ql.,-O.070sil~~-o()08i""lO;05-f8*1 -O.3b2tJ.S
t.e~1~·7 G.0441.1 0.0374*1 O.03C1.1 0.3bOC*5

0.3908*5
O~390l.5

0.3902*5

0.4186$5
0.4290-5
0.4301·"

0.4619*5
0.4902*5
0-.4981·5

0.4668*5
0.4816·5
0.4874."

O.495~5 0.534]*5
0.5192.5- O~5684.5

0.5286*5 0.5828*5

O.591C*5
O.646C*S--
O.66~O·S

0.45J4*3 0.4889*3 0.5553*3
0.5401.3---6. S719*S--O.-6213*S--
O!~~19*5 0.5981*5 O.6~42*S

0.3571*1 0.3402*1 0.3304*3 0.3375*3 0.3760*3 0.3662*3 0.3662*3 ~.]916.3

0.3Q6Q.3 0.1902*3 0.3971.3 O.435~.3 0.4434.3 0.4503.3 0.4710*3 0.5389*)
r,. __ __ • O. 4276.7 O.lt30?..!.L.-Q~~~~Q.~03~.!~ ~.49!»7.~_0~~1~!!!-g_.~~~~*3 0.6262*5



LIPPEO C~l~~El SECTION 10. 2 SIG=55.00
OO"NW-ARO LOAOI-NG- -- A/e a

O.ICqS-l 0.7960-7 r.1914*7 0.7311·7 O.~254*4 O.941q~~ O.qb13*~ 0.9192*4 0.9601*4 0.9710.4 0.9823.4 0.9913.4
0,1103*7 0.6914* 7 O.69CZ*7 O. o3~b* 1 o. 982_)~Q~9_87b*4~_~~921~'t._~.9.9~_,!~4. Q.9.~_2~!!'t_O.q949-!~_-.O!-~~~q~O..!-.998!!_~
0.6Sb9*1 0.b433*7 0.6165*1 0.03)1*7 0.9949*4 O.99bS*4 0.9919*4 0.9988.4 0.9978*4 O.9964*~ 0.9989*,. 0.99Q3*4-.- ._---- .- - .. _._---- ---_.------_._._----- --------_._~.._------
a.bl17.) C.~OS).l 0.b049.3 O.ble,.-] 0.6864*3 0.7011*1 0.1380*3 0.7896*4 0.1391*3 0.1632*4 O.8G10.4 C.8561.,.
C.?C2~*? 0.6620*7 0.630S*7 O.boas.? 0.8300*4 O.~502*" Q.~83S.4 0.9252*4 0.8840*4 0.9054*,. 0.9340*4 0.9632*"
O,61C2.' 0.5684.7 0.S31).7 C.S1b7*1 0.9135.4 0.9301*4 0.9528*,. 0.9743.4 0.9525.4 0.9649*,. 0.9784*4 O.9d94*,.

C,'4~).) 0.5244*1 0.SOll*3 0.4974.) O.564Q.) 0.5538*) 0.5531*3 0.5711*3 0.5839.3 0.5804*3 0.5936*3 0.6392*3
q, '23~·l C.599S*) C.0461*1 o. S9l~·7 ~. bqC~.3~~~'!.3_._!_0. 72_~~!-3__Q._U~~!4 O.?.:4Q.~*3 0._7~t?8*~_..9-!7_89~~Q~~~~~!L-
O.6\04el 0.5192*1 O.~165*1 O.~6ql.7 O.7931.~ O.80~1.~ 0.8~S8.4 0.88)1.~ O.84~1.~ O.8b3).~ 0.b963.~ 0.9367*4

~~~~~~~~~~~.~~~~~~~~~~~_U~I~T_LOAD(NG A/8 a
- -- ---- -----_._-------

-hltJA).' O.1~2~~lZ6••7 O.ll.1Q." Q.5111~)_ O.~82q*1

C.Oll~.l O,011S*1 0.0611*1 0.0519-7 0.0001*8 0.0009*8
O,~~'S-1 O.OIt6~*l O.O)lC..1_ ~O.C~3C_q~_1..~ __ _.Jl.Ull!.Z._ 0.9391*2

0.~~6Z.3 0.1598.3 0.6933*3
0.0012*8 o. 836~*1 - --- 0.8194*3
0.Q810*S 0.9184.3 0.9814*5

0.7494-3 O.~2C2.5 0.8869*5
0.OC09.e--o. 9S3Cj. 5- - O-.96lb*Z-
0.8309*2 0.0022*9 0.9177*2

O.2Q tt7-, C.Zlll~~!~....l_~..b·l OJtl9!..~_Q.3179*3 __ O. '3973-3 __0.4469*1 0.4241*3 _O.44t27~)_.0.4928*3__ Q. 5tOS~3__
-0.2l61-1 C.19il*1 0.1695*1 O.l~~q.l O.~189·7 0.5170-1 C.51bb.3 O.h132*3 0.5704*3 C.61SZ-3 O.69bl*1 0.7817-3

__e~l~~~~l O,12b6*1 C.1Q~~~n8S8·1 O_.S51_2-?__O~~314!'t_!>.~~q8*3 _ 0.78)0*1. __ 0.7183*) _O.7693~~__ J~.81~2._~_ 0.9185*S_

0,1149-1 0,2995*1 0,21)8*' O.2~11*1 0.)496*3 0.)352-' 0.'253-3 ~.)lt8*) C,~644-3 0.)SS8~0.35S6.1 0.3793*3
0.)21Z*' 0.2845.' u.2486 e l 0.2131-7 0.1812*] 0.1172-3 O.}~b3.) 0.4296-3 0.4310*) 0.~395e3 0.~lC9.) O.5~~4*3

~.2'17.1 0,21"'- 7 00.125· 7 O.J.}qo- 7 O.~3~!!_Q._4_)~q!1__9. ~188.1 _ O.o063*t___ . 0.5289* 3 _ O. 55 7~! )__Q~ ~1_5C!l-O.lU?!L



lIPPED CHA~~el SECTIO~ 10- 3 SIG=55.00
OO~t~WARO LOAD i NG ._.- -"-'8 a

0.5820*3 0.5198*3 O.S8~5.3 O.bi63.) 0.5952*3 O.~976*3 0.6151.3 O.65~8*3

0.7'01·3 O.70~5*3 0.1367.1 0.7860.) 0.7346*3 O.7Sl4.] 0.1985.) O.i4)4-3
0.8157.3 0.8309*-jO~-86"if*3-c~9035-.3 O.8567*3-0.-976~O;9070.3-0.-9i.2-2"i3

(\.q22~·3 Q.9219·3 0.9361*3 0.9458*]
ft_G ...... CA'a n_QI..I.."*~ C.<}10.,·3 C.9143*)
0.9175-3 O.97~O·3 O.9S11*] u.'iS33·j

0.692Z-3 0.6866*3 0.1017*3 ('.7227*3
O.8J2S*3 0.8076·3 0.8221*3 Q.941At*3

-c.,.tJS01·l O. 86tt2* 3 0.8949*3 0.907"-)

O.5f»1~·3 C.S605*) C.S602*) 0.5682*)
1J.6S5J*) C. b481* 3 0.6521*) o. bb~8.3
0.1'-41)*3 0.1393*3 O.147C*3 O.763b·)

0.7236*3
0.8127*3
0.9465·3

o. 739b.30;i71~o.817).3-----6~155-~~7711*3 0.814S'-3-0;i643.3
O.~aq7.3 0.9156.3 0.9447*3 0.9069*3 0.9240.3 0.9465*3 O.9b9~.)

O.951C*3 0.9703.3 0.9830.3 0.9672*3 O.9~S4.3 0.9845.3 0.9922*]

________________________ UPL I FT L.9_~QIN~__ .__A/!'~_.. _

0.lS.6.1
-O~Oa2Z.'

O.O~61·1

0.1428.1 C.1210.1 0.1121*7 0.5155.3 .O.b313*)
0.071b.1 '-.-o61z.'70.osiCi.-l----0.a001.S -- 0.00-OQ*8
0.0461*1 C.03!1.1 C.0309*7 O.9~44.2 0.9971'3

0.7079*3
0.0012*9
0.9710*3

0.8100*3
O.833At·2
C.8101*2

0.1434*3
0.0007*8
0.8042*2

0.7984*) 0.8668.3 O.9~bl.3

O. 96d 4.3--0:-9065.-2-0.9330.2
1.3949'3 0.9195-2 O.9392~2

t'.Z'~~·l C.26bb·1 C.2417*1 0.218{,,*1 0.3662*] C.ll11.3-- 0.3906'] - O.442C*) 0.4166*3 0.4)11)6*3 C.4175*3 0.5605*3
.,.i21~.' (,.199"*1 C.1101*7 0.1463*7 0.48~S.1---0.~319*1 0.5613') 0.6615*3-----6.5940*)· --0.b433*3-0.71-;0'-3-o. 8Z3~.-]--
0.1505-1 0.1261*7 0.104,.*7 C.0862·1 O.~OO1*7 0.6929*7 0.7288*) 0.832S*3 o. t~57*3 0.8165*) 0.883b*3 0.9609*3

C:.JZ41·1 0,1009*1 0,2161*1 o. 2~43•• 0.1428*3 0'.1303*] 0.3202*1 0, 32S0.1 0.3558*] 0.]478*3 0.347('·3 0."3b73*3
0.11 f.'-1 0.2794•• O.24SC*1 0.2154'1 0.3168*3 0.170e.) 0.1801 e ) 0.4250') 0.4248-3 0.4-)37*3 O.t.f)6o*3 0.5.. S2*3
0.2....·' l'.2157.7 0.115\*1 0.1428·1 0.4330*7 0.,.)~~_9~~~.!@'_~.~~64t*} O.bO'!~~!_Q..57'tO-3 0.6379.) (;.1436*3



LIPPED l-SECTIO~ 10- 1 SIC-55.00
DOWNWAq.O lOADING-m--.--------------

C.Q~qb.6 0.0827.7 C.0728.1 O.063~*1 0.2412.6 0.2585*6
J~!l"41~Q..O~_~_L_~~~_'!»_~!1_0~~2_q~!J O. 2426.6 __ 0.2609.6
C.~114.1 0.0261.1 0.0219-7 0.0176.1 0.2419.6 0.2602.'

O.2tS22·6
0.2846*6
0.2840*6

0.3203*6
0.3218*6
0.3221*6

0.3152*6
0.3174.6
0.3169.6

0.3382·6
0.340"*6
0.339'1*4

0.3670*6 O.~lC4.4

O.369Z*~ C.4~91.~

0.368Z*4--0.4C91*4

o. 3-11~.l;-o-:32 54.-4------0;-3-i39.,. O~ 33b·9*4~SO.~:3642.4-
0.2918·4 0.3178*4 0.3150.4 O.3~5~.4 0.34(4*4 0.365~*4

O.2Q09*4 0.3187*" 0.3130*4 0.324Q* .. 0.3414*4 O.3bbC*4

0.3091-4
0.2185*4
0.2741·"

0.3567*4 0.3475.4--0.3369.~-o.3311.4 0.3603.4 O.3S28*.. 0.3453.4 0.3451*4
- ~.1120·4 O.3032*~ 0.2911*,. O.303~." 0.3285*4 0.3246.4 0.3243.4 O.334~.~

O~28-66-.:40;2829*4-0. ia4.s.,,--o. 2992.~ 0.3159*-;;- O.-316~i. -O-~ 3ii a.-';--o. 33(1)*;'--

O.Z1441'~ C.2551*6 0.2305*6 C.2064*6
r.._~""."'.A. '-_1 c.£.~*'7 C.131S*1 C.l116*1
O.IIZ"-" O.O~67·7 C.0801*7 C.0651. J

O.lSlS*" C.3411*" 0.3255*4 0.3100*,.
~.Zi71*4 0.2651*6 C.2134*6 0.2036*"
0.221S*. Ce2CQS·1 Q-.1639.1 0.1333-7

____________. ..-;u~PU£L.l._QMlJ_~G__!.lI\~

__°.147\.\ 0.1185*1 0.. 1265*1 0.1t~1 9.2813*1._. O,29S2~1 __ 0.3131*1 0.345"*1
C.0'll-1 0.0116*1 C.06)6*1 0.0558*1 0.2608.1 0.2173.1 0.2985*1 C.3329*1
O.~49~·1 O.O~16.1 C.0318.1 0.0324*7 0.2520*1 O.26Q3*1 0.2918.1 0.3285*1

0.3479*3 O.364~!~_~!~~83*~__O.4225.'__
0.3321*1 0.3517*3 0.377)*3 0.4147.3
0.3252*1 0.3457.3 0.3129.3 0.4124*3

~.Kl-) 0.321 s*) ~lQj.!.l.-C~_~_~Jl.l O~ ~~-'~!~_9.3463*3_ 0.3472*3 0.3560*3 O. 3b06*3 0.3621.3 __0. 3671t!3__ c;. 3aos.)
- O.2)'~·1 0.2191*1 O.lQ81*1 C.llS3.l O.3CbZ*3 O.30Ql*3 0.3182*3 0.3310*3 O.33b2*3 0.3430.3 0.3543*) 0.3719*3

_°0671- 1 0.1491- 7 O.IZ9f)*7 0.1111*7 o. Zt!!!..!.L-O.£~1*3--2. 3.9~~!1__0. ~30_2,,~ 9. 32~~!_~__9. 33~l!L_.Q~49I!.L_.Q.._1n2*3__

O.J't6~*1 _C._lS17*! 0,1468.1 C.1J1S.3 O.1687~3 __ 0._3615._3~O.l5_)2._3 __0.3494.)_ C.3710.3 0.3647*3 0.3583*3 0.3575*3
a.'Z2l-) 0.1080*) O.ZqOO*) 0.2127*3 0.1164*) O.328Q*3 0.3225-3 O.124Q*3 O.34~5.3 0.3421.3 O.339~*3 O.34SQ*3
O.27.~·1 O.257~3 0.2296.1 0.2128*7 0.3127*] 0.3u79*3 __0~~Q~~!~__ ~.31~~~3 O.33~6!l __Q.33l~.3__g~1~~~!1__0.34l2~



--_._------------ --_ ..._--------

LIPPED l-SECTt~N lOa 2 SIGt5S.~O

DOWNWARD lOAOING-~8;-

O.9319~) ~.936b*3 C.9449.3 0.9192*5 O.Q336*4 O.9365.~ O.~418.~ 0.9480-4 O.9311.~

O.~\5q*~ 1.'236*4 -0.0012*8 O.QZ91*4 O.~~58.4 O.~671.4 0.9710*4 0.9747.4 0.9b56 8 4
1.~4S1.~ 0.9505*4 0.8227*7 o.SOSe.7 O;qi9S.~-O.9809*4--0.9830.4- O.98S4.4-------0.9198.~

•

0.9]45-' 0.94(1*4 O.947S.~

O.Q671e4 O.Q71Z-4 0.9751-4
O.9812.40~99;4.4-C-.~957.4--

0-;-1312-.1-0;7S76*3---- o. i049*)- --O.117~.3-o.-f3Sa.-)-~o-:7t>4C-l--O.6~6?! O.694~.1 0.7115.3 Q.7326.3 0.6981*3 O.70Qa*3
O.~lS).) 0,8254.1 O.83Q3*3 0.8556*) O.~32b·3 O.8~21·3 0.8570.) 0.8729.3 0.8361*3 O.8~50.3 C.8S99.3 C.~7Q7.4

O••~21.] 0.8972*3 ~.9066.3 0.9114*3 0.8998*3 0.9043*4 O.9l09.~ 0.9188*4 0.8972*4 O.9015.~ O.9vQ2*4 O.9192*~

O.511~.3 0.5386.3 Q.5441*3 C.556S*3 0.5405*3 0.5433*3 O.5S27.3---0;5706*1--------O.~432.3--0~5~71~.S5f6~-S79j.~
O.6~'1·) 0.65115*3 C.b626*3 O.67Q7-1 O.669.Q*1 1).~68~!3__Q.6883.3 9.715:r~~ p.6673.1 __ 0.6719*3 O.6Qel-l O.llttl*3

·O.lCt-J;'! C.75C,2*3 G.7661*3 O.7a37*3 0.1656*3 0.7763*3 O.1~49·3 0.8164.3 0.1717.3 0.7824.3 O.1999*1---O.S1CJ4*3

~~~~~~~~~~~~~~~~~~~~~~~~UP~!~!~Q~~G ~/8=

~.l~~t.l 0.1751*1 O.1~11.1 O.141l*1 0.5513*3
- C;iC)l.r-".091).-70~0186.70;6673.-'- -O.tl007*e

O.C71~·7 O.OSQ7*7 0.0492*7 0.0402.1 O.86~2*2

O.597(j*1
0.0009*8
0.9019·2

0.6611*)
0.0012*8
O.94Q2*2

0.7461)*]
0.0019*8
0.9811*4

0.6812*3
O.775S*1
0.9458*2

0.1311*3 0.1819-) O.8S~~.3
0.8159-3-- O~OCf2.8--0.9424.3-
0.9698*2 O.qS8~.~ O.q~2S.3

0,1921*3 0.319,.*] 0.3640*3 0.3441*1 O.41~8·1 O.4t3~O*3 0.4526*3 0.4881*3 0.4691.3 . - O.It~13·l O.S('81*) 0.5587*3
O.llla*7 0.2790*7 0.2430*1 0.2113*7 O.4t7Q6*3 d. S020. 3- -- 0.5456*3 --0. biqq.] ----0. 5669* 3 O. 599Z. 3-- O.~5C3"3 O.72C9.3--
C.Z~14·1 c..l18l-} 0.1495*7 0.1252*1 0.5671*) O.6C31*3 0.6585*3 O~U~~·3 O~~26.1 O.7~~6·3 c. 77C~.l O.~}J~!l-

O.414fJ·l O.404tlt*1 O.3CJtQ*1 0.3811*3 0.4219*3 0.414"*3 0.4091*3 0.4124*] 0.4283*3 0.424011] 0.4236*) O.436C*3o. )~21.3 0.3109- 3 O.3ttS9*) 0.3221·] 0.4302*3 0.4250*3 0.1,309*3 0.'t602*3 0.4596·3 O.4e.1t,·3 o. 4S3e.*] C.52ab.)
C.)l~Q*" c. 321 ~.1 0.2613*7 0.2223*7 O.4b41·3 0.4701*3 __Q.!!9~1·'_ O. 5 ~3~~3______O. S251..~_~-!...5lt~_~*3 0.583C*1 ~_~.t.."'Q*'1



----------------------------------- -------

liPPED I-SECTION 10- 3 SIG-S5.00
DOWNWARD lOA-OfNG AlB-

O.~273*3 O.931S.) 0.9390*3
~.q~~b.l 0.9684*3 0.9116*)
O.Q191.) O.Q801*3 0.9818.3

O.Q410*3
O,974Q*1
0,9837·3

0.9634*3 0,9703*3 0.9190*3
0.9910-3 O.Q931.3 0.9954.3
-0;9964t~-O.-9912*3-0~ 9980*3

C.9375*3 0.9161*3
0.9973*3 0.9949.3
0.9987*3---- 0.9978*3

0.9317*3 O.9dcl*) 0.9931*3
0.9963.3 0.9975.3 O.99dS*3
O.9983.3--0~q987.)--O.9991*3

0.~19t.3 0.7011.3 0.7126.3 0.7290*3 0.7354.3
C.!lS~*) &,8186*3 C.SlOl-) 0,8456*) 0.8765*3
O.8~~1*) C.eQ10*) O.899~.3 0.9099*3 O.94b~.3

0.1490*3
0.'1919*3
O.9SbO.j

0.1708.3--0-;&188.-]"--- -0. 7630.3-0~ 78ij.~C.8164.3 O~8632.3-

0.9157*3 C.943b*3 0.9061*3 0.9223*3 0.9440*3 C.96.~

0.9689*3 0.9817.3 O,964C*3 0.9724*3 a,ge~Q.3 C,q9~4.3

e.~112.] 0.512d*3 V.S72l*) 0.57b5*3 0.5877*]
O.~~9~.1 O.b63a*) O,6bS~.3 C,b14S*3 O,7ebO.3
O.7519~) C.1S41.3 0.7589*3 0.1710*3 0.8167*]

0.588]*3 0,5910.3 0.6199*3 O.~975.3 0.6023*3 0.6165*3 0.654]*3
0.7148*3 0.7400*3 0.7852.3 0.133~.] O,75C2*3 O.734~.3 0.3314*3
O.8314*~~b02.3--0~i998·3 O~8492~O~6b87.3--o~99q2.3---0~9j5i.3--

_________________________UPLIFT lO.OI~G AlB-

.. "~t.~~~l.!L ~_~ 1_8r~!.L_C .l~~ 7.!1._C~1" 7~~7__ . 0.6811*3 O. 1313.3 o.·SO 11*3 0.8894*3 0.8391*3 0.8820*3 0,9295*3
O.IOlS.l 0.0940*1 C.~~04-1 0.0695*7 1.2293.2 0.0009.8 0.~012.8 C.9872.] 1.C61C.Z 0.9b9S.3 0.9472*2
~.Ol)2·1 O.~bll*7 Q.Q5~C*7 O,~407.7 0.9752*2 O,99Q3-3 0.9990*3 r.8376*Z O,831e*2 3,7641.~_ 0.9514-2

0,9755·3
C.9b9Z*2
O.9~57·2

~~~·1
0.1106*7
~_19~.1

C.4160*3 0,3966*3 O~.J~5.1 O-'-~~~1~3_0.5C67.3 0,~311.3__ 0.5q01~~ 0.5530*3__ .O.5758.~ O.6225.3 O,706E.3
0.2919*7 O.2~20.1 C.2115*1 0.5S11*3 0.blb7*) 0.681S*] 0.7317*3 0,7061.3 0.1531*] 0.8195.3--0.8980*]---
0,1 &56*7 0.1541*1 0.1280*1 O. 1025*3 o~ 74~_8...!_~.!-~13J!l__ O!t_8?~~_*~ 0_•.8~96.~__!t~~~Ol.1 O. 92t!8. 3 C~...c!l_r!'*]_

O.4S!~.) O.4~'R.) 0.4325.) 0.4'67*) O,!710.) ~,464).3 Q,4606*] 0.4713.] 0.4829*] 0.4814*3 O,487b.] 0.5167*]
O.~)4)*) 0.4018*] 0.3113*3 O,3~~3.3 0.4925-3 0.4Ql1*3 O,S003*) C,5603*] O.S]qb*) 0,5545*] o.~q4C.3 O,~766'3

O')'J~·' 0.3327'1 Q.273'*1 O,22'ib*1 0.5~Ol*1 O.,§.62~!J_ O.6C98·1_0."701~~) O,6Ct~5!!_1)~67.b~!~_Q~.!l-~_~9_._a31~.!3_



~ ~~!.T * ••• E'~•••• GS17 CJ593Q (l~~~) 71.348 09.37.01 JOB OEST = upsa~ PE~Cl,T

-= , ... l·~T .**-*-E-~-o;-*** -CS-11-C-JI;9j~-- i 1~~6-J- -il~-3~c-9. ~i.ol-Jo~ DE:S T--z: UPSON - PE'(OZ, T
~ c:Z,T *.**F.~~•••• nS17 CJ593Q (l~eo) 71.348 (9.31.01 JO~ PEST = UPSON ~E~O~l~I~T _
'~~jl,T ••••E~O*.*. 0511 CJ~~39 (18~~) 11.348 09.37.01 JuB DEST • UPSON PEKOl,T
':I(::l,T •••• ENO•••• 0511 CJ5939 _JJ886) 11.348 09.3~1~03__t>-fSI~_UP-SIt~ f:!EKOl_tr _
D:<:Z.T , ****ENO**.* OS11 CJ5939 (1886) 71.348 09.37.01 JOB DEST = UPSON PEKOl,T
~~<Jl,T .*.*END~**. OS17 CJ5939 t1S8b} 71.348 C9.37.01 JOB DEST = UPSON PE~OltT

:l::~:l,T - --- **.*Et-4D*-*** oSl"i CJ5939 (ld8b) 71.349 09.:;S7.01 -JOB DEsr-= UPSON PEKOl,T
~E~~l~I_ **••END~*•• OS17 CJ5939 (138&) 71.34a C9.37.01 JOB DEST = UPSON PE~CltT

PE<)l,T ****ENp· ••• 0517 CJ~~3q (198b) 71.348 09.17.01 JO~ DEST = UPSON PEKel w'
':~';ltT *.**~~().*** CS17 CJ5939 (ld8b) 71.l48 0<1.]1.01 JOB OEST = UPSON PEt<Gl.T
:l:t(:Z,T ••**ENO.-."-OS17 {J59-39--C-1R8b)-il. 348-- cq. 37.C1 JO~ DEST = UPSON-·----- PEKUl, T
~=<:l.T ••••E~O**** OSll CJ5939 (1q8&) 11.34a 09.37.01 JOB DEST = UPSON PEKOZ.T
'~")l.T-----·_-------•••• E:~O•••• 0517 CJ5~3q---(18861--11.348 09.37.01 J08 Dl:ST = 'UPSON PFKCI,T--
~~C'l.T· .**.E~D*••• aSll CJ5939 (188&1 71.348 09.37.01 Jn~ DEST = UPSO~ PE~Ol~,~T~ _
~~~_l.T •• ·*ENO••** OS17 CJ5939 (18R~) 11.349 CQ.37.01 J08 DEST = UPSON PEK01,T
~~~;I.T ***¥ENO**·* OS17 CJ5939 (18~b) 11.348 09.11.01 JOB nEST = UPSON PEKOl,T
.):1(1Z.T *.*.E~o.*••oSi.-7--C-:j5q3q-(ld861 71.3~8--09.31.oi---JOB Dt:ST -~- UPS·ON---- PEKOltY---
~~~:l,T .**.E~O•••• OS17 CJ5939 . (13861 71.343 OQ.31.01 JOR DEST = UPSON PEKOI.T
~EI(.Ji;T **.iENO•••• OS-i-1-CJ5939---r138b) 71.348 C9.37.01---jofl OEST = UPSON PEKOI,T



-.I"" fJr ... ,u rt"'_Jt"" ""~"'IIt: :>.", 't."l'"'Il~AL·~U""~

',CJ5612 Ju~ P~~llll,'PEKOl,T ·,PRTY·l,CLASSs~~REGION·lCOK OEST-UPS
I.C~EATE OAT~ STMTOaOl
/.

C"_~O?_~J_~TlN~ ~f__ ~o_S--.9~!!i EO I T!9N __- 001
0:'001 1 1 2
00002 .125.0 .125 .0 ~~~h6~61-.08333))l--

.00COl 29500. 11&00. 3.1~15926~359 9.8b9604~OI0q

O)C!4 -~Q. )J_41S~26~3589790 Q.~ Q~_q_424777q60769_~eO 01 _ ..Q.15l_0 '796~Z_f}19490Q__Q.Z'"-- _
O~ryC5 O.1000COOGOCCO,OCO 01 -O.lOOOOOOOOOOJOOOO 01 O.lOOOOOOOOOOOOCOO 01
~~JC6 -Q.ICOOCCOcoccoooco 01 O.1~00000000000aoo 01 -C.I000000000COOOO~ 01
o~c(i---- ~.OCC'COC00000I}C(,COCC- --- C.JOOOGOOOOOOJnooo 00 ----0.00000000000000(0- 00-----
~·:-;:,~9 'J.636bl~1123615810 CO 0.2122065901691940 00 O.1Z732~q~~413~~:;....:O::...-::OO~ _
::~~q o.socoocooco~ooo~o 00 O.5000ocoooaoo~ooo00 o.soooor-ooooooocoo 00
O~C10 O.4810454S5110C120 02 0.3Q450&81B681710D 04 0.3044034094812580 05
~:~ll -O.493~8C22C054468Doi -0.0000000000000000 00 -o.oooocoooooccoooo-o6---------

_JJC12 -o.vC0009~CQ(CO~CCO 00 -C.4441321980490210 02 -Q.GOOOOOOOOOOOOOOO 00 _
1:~13 -0.0000000000(00000 00 -0.oooOC0000100~OOO00 -O.12331COS5013b110 03
~~C14 -0.5362335161120510 00 O.8437500COOCOOOQO 00 0.434027177771118D OQ
C~C15 O.q315000~OCOOOCO~-Ol -0. 332hl016504C8510 01 0.29196815000000(0 01
~:~1~ 0.113&111111111110-01 O.la546~750JCOOOCO 01 -0.1040~8]791780140 02
oo)ff--~o~5362 33-5161120570 00 (). 8437500000000000-00 --- - O.434C271117171180-0=-=0=------
~Ct J8 ~~JI~COQP_q~COO'OCD=_QL._.:-O.3132 61 Clb50408~10 01 .o. 292 9681~{)OOOOOOO 01 _
O~C19 0.1736111111111110-01 0.105468150001J0000 01 -0. i040S-831917.io141j" 02
0';C20 _0 0 Z 3 3 3 0 6

JOB CJ5672 11.341 LlASS 8 PRIORITY 07 _ TIMES AND CHARGES COCS RATES IN EFFECT AS OF 26 JUlr 19111

.---------------------*--------------------------------------.------------------------------.---------------------*---------------.-, -------- --------------------i---- ---- - -- - - -- -- ---- ----- . ,- --- - - - -- -- - I I 1--
1 L JQ~~STEP TIMES I C.-.ARGES AS RVN , ~HARGeS- BEST CLASS I I
, STEP TIME I I I I I '0 ---- CO '< E --I ---
I - NA~c ST~~o I CPU-SEC I/O SEC SEC IN CO~E I ,-CPU '-110 '-CORE I I-CPU '-lID loPS USED I
I I I I _ I I

. I 1 COSF=UNC 51501.23_'-__, .11 ~_33 .44 a 1001( I _ _..OQ ,Ql .C'1 I .00 .01 A I 11 18K t
*---------------------*--------------------------------------*------------------------------*---------------------*---------~~~~.----I u~aT_ TOTALS! .11 .l3 .44 _ 11 I
I DOLlA~ TOTAL S: ,. or S.OI 1.01 -r--
I I
*---------------------*--------------------------------------.------------------------------.---------------------.---------------.

O~~lCATEO aEVICE CHARGE: '.00 NO. Of DEVICES:__~C _• - J08 TI~"E--STAMP:- -- ~-5ci~-26-------- ----.----- ---- I

.~~~~~~~-~~~~~~:~-.--~-~~~~~~~~~~~--~~~~~~~~~~~~--*~~~~~~~~----------~----------.---------------------.---------------.

QEST CLASS FO~ JOB .---*
W~UlD SE I A I

*---*
__ A)21 ug~.M.---' ... ~BGES~: _

~ETUP - S .00

CHARGE I~ BEST CLASS *------------*
1I0ULf) 81: I 5.02 I

*-----------*
JOB EXECUTION CHARGE .------------*

AS RUN I S.02 I
.-----------.

(A~O~~ ODES NOT INCLUDE CHA~GES FOR CARDS ~fAD,CAROS PU~C~EO, OR LINES PKINTfu'

....................!.. *_*~ -.!__~ ~ _~__~__s_J=_J _~_s _!!-~__-.!-._* *••••••••••••••••••*••••
• •
• JC:".' ,,;J~C; , ·\;(Ct-iJI.J~_~!\C.~~~__~l!.L_~XPIR.f (IN "EO~ESJAYt DECEMBER 22. •
• ,; .... \ A .. C \l·~E ~~C'" 63 .. ILL ~CT fXPI~E UNTIL AFTE~ Mu~OAY, J4~UAfCY 24••

J _f'. J- ~ J: s" t '~-, "C~~ Tt4L~ 4')~'f( CF cn~E wILL ~E CA~Cl:LlED. •
• , <; .. z~ :.~-)7 Ff;Q "C.}Rf I~FJP"4f..TIO"'. •

•• • • • ~ •••••••••••••••••••••.••••••• a •••••••••••
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