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8WF31 steel beam-columns which was performed in order to determine their
 strength and deformation behavior.  The beam-column ends are essentially

- fixed about thgi;:weak axis and pinned about.fhéir‘strong axis, Warping

were rolled from ASTM-A36 steel, The“principal.téét variables are the

A
ABSTRACT B . ’~ T

N

This thesis describes an experimental study of five rolled

[
!

N

of\thé_end;Sec?iQn is" fully restrained by end plates, End moments are
. jr, » s

&

| o y 4 L
applied in the plane of.the web in;order to cause bending about the strong.

- L Y ' | L
axis and the end moments can be varied independently of the axial load,

A .
. ~

Two bf the beam-columns were rolled from ASTM-A441 steel and three

axial load, the slenderness ratio, the grade of steel, the absence ‘or - )
presence of lateral bracing, and the abgence or presence of restraining

beams. The purposes/of the investigation are:

a) 'to:test'the-effEQt‘Of]a lateral-torsional buckling
on the behavior of beam-columns under relatively high .

,axial'loads'

Y

b) . to check a theory developed for A7 steel on members of
A4L1 steel S “ g - = ol
}The testing program,the test‘setﬁp,Aandfprocedﬁrés used during

testing arefdescribed. The effeCtS Of axia1.15éd and lateral Bfacing are

| Ve, . - |
discussed, The results are then compared with "in-plane" bending theory

b

and inelastic 1aferalgtorsional buckling theory. Finally the‘experiméhtal

results are compared with a commonly used empirical interaction equation.

%

R N
- : .. : T .
R chevdaFag Al AR s Al




CERTIFICATE OF APPROVAL

4.
LA

p!

This thesis is accepted and approved in partial fulfillment

of the requirements for the degéﬁg_ef Master of Science in

- %

' Civil Engineering., ' . | L

- . " v : V
. - 'd

p . | o | i ~~ Professox Thebdore V. Galambos
r E IR - v PrOfesso§x§n Charge |

S VA - j»b, ‘ ' |
. ) - A . ’ Professorrgéiliam J ney, Head
- tlo

{




!
)
i
i
I
y
1
4
M
o
}
\:
H
4
i

T e

O T ey DR Y MW PR MO - ttacme

- O

%% 5 St A T

RO 7 7 4 = - s o e s o :

ACKNOWLEDIMENTS -

: o -
¥ . n

-

The author 'is indebted to Dr, Theodore V., Galambos,; Professor
e R )
in charge of the,theSis,.forJhis'crrticisms andxgurdance;durlng its _—

, o : Ty : .
o . : W . R )
‘preparatdon~ He aiso w1shes to express spec1a1 thanks to st .
~ “ame # . u ‘. : . -

Mr, Maxwell G Lay for h1s very helpful adv1ce | "];" . .

B ) ‘ 3. I ..

= et 5

. ’ : S . o -
"Welded Contlnuous Frames and Their Components" belng conducted under 2
S o “ e

the direeticnrof_Dr;3George-C- DriseoII,.Jr;. Dr. Lynn SsyBeedle is
' ha ¥ | : .

diIECEOerfﬁFritz:EngineeringfLaboratoryﬂwhere;the work was performed
.and.ﬁfofessorWilliam_J; EneyliS'nead of the;Lanrathyzand-Civil‘

P ﬁngineering~Department; :The‘projectuis;sponsored jOintly‘gy the.w

| weldinggResearchrCounciiiand tﬁe'Department of the Navy. Funds are
Ifurnished7by‘thé Amerieanulnstitutefof'Steef“aonstructiOn,gmefican X
Iron and Steel Instltuter Instﬁtufe “of Research at Lehlgh Unlver31ty, |

e

Offlce of Naval Research Bureau of Shlps and théﬁBureau of Yards - L

sandepcks.a The Column ReSearch~Council acts in an’advisor.ﬁcapacity,

The assistancefofﬁMrgpPeter%Agams,iMr; Balmukund Parikh,

?Mr,TRoberthaleS;and‘theflabgratQEY‘technicianslin.mﬂkingcthg tegt‘Setups_
. ) s . - p'

and helplng to run the- tests is gratefully" acknowledged The the51s ‘was

9

L

typed by Miss Gloria“ Teles and the draW1ngs were prepared by

Mr. Ronald'Welss Thelr help is greatly apprec1ated "

i ]

e




F."f ‘

. INTERACTION EQUATION o ‘. “ E

1,2 Comparison with Other Column Experiments iﬁf

REFERENCES . “ . = .57

e . e 3 —— <
. / WTiY;‘ v \
: B} - #

" TABLE OF CONTENTS T

syNePSIS . .1

CINTRODUCTION . 2

1,1 Purpose ofrtheaExperiments | S Ly

DESCRIPTION OF fHE'EXPERIMENTs
2,1 Test Progfamh ' L . : - | 15w'. ‘Mjf‘
- 4(a) Material ?' ¢;;;,_\Mww6?f,hk
(b) Load'Appiiéationi" | S 7

N e e i ¢ o8-

2,2 Experlmental Apparatus gnd Procedares ‘ 7

- DISCUSSION OF THE TEST RESULTS i e 11

3.1 Test Results o | i . | 11

3.2 Influence of Axial Force K |  :: . ; . 14

3.3 Influence of Lateral-Torsional Buckling | 15 °

EN

% COMPARISON OF THE TEST RESULTS WITH INELASTIC THEORY 116

4,1° Comparlson W1th Inelastic Lateral Tor51ona1 | 16 <
Buckllng Theory o e

4,2 Comparlson w1th Bendlng Theory - | ' - j 90

COMPARISON OF THE TEST RESULTS WITH THE CRC - - . . 22

 SUMMARY AND CONCLUSIONS o e 2k
MM ! | B | co

| N o ) : .
NOMENCLATURE = o . 26 -

.

TABLES AND'FIGURESATJ I@, f;;M“@\W__,wi“wﬁ;, i "”“T‘jtzg




R

~r‘7

£

Testing 'Pfogram 5

Measured Cros s Section Pr‘opert ies
B Material and: Leng:th. Propertie S e

Experimental Results

m .

Comparison of Experiments with Théory

¥ [

. 'f";. :

W o

Page

31
32




16

17

18

-

ALJI,ST 0F FIGU RES
-

S N - . » ;
Front View of a Typical-' TeSt Setup . ; | 34
Rear_View of:;sé 'Ifypic':al;_Test_ Setup 35 o
Connection Aanc.i End 'E[‘i'xture L " 34
Test Sﬁbassemi)iage' (RC-3 and RC-lO) . ‘3;7"
Restrained Column Engi Detail | 38
Joint Momeﬁt’s - - 39 |

Braced Joint . . " S 40

Excessive, Bending and Lateral-Torsional . 41

Buckling Behavior | -

.

Test HE-39 Experimental Results . 42-

‘Test HI-40 Experimental Results . 43

‘Test RC-8 Experimental Results L

 Upper Bound and Lower Bound Moment 51 =

~ Test RC-9 Experimental Results 45

Test RC-10 Exp’erimentalﬁ Rfe‘su’fl*tfs .. 46

Moment-Twist Curves I L7

HT-39 and 1HT‘.-‘-4O Compfarii;so:h Curves 49 .

~ RC-3 and RC-10 Comparison Curves _' 50

Diagrams

Uppe,r. and Lower Bound Flow 'Sheé"“,t‘;. 52

. ‘ < .
. s - . g
. . o i -
: ’ " AT
— L . K . .
RS N . - - "
5 . 1 e . i
Tocar . N
. - " .i
- -
.
v K

vi.

U SO UU S—,




- 8 a A At <% 2 s et om0

PO
SN . RN
¥ . A T Y
R

22 .

i ’),. -

Comparison

- Comparison

Comparison

Comparison

“Comparison

]

of HT-40 with Theory -

of RC-8 Wlth Theory -

of RC-9 with Theory
of RC-10 with Theory

of Test§ with the CRC-

Interaction Equat ion **

5. <
~ o o
= S
o S it
4 ..
'
D S
. - K
o

~%

.
-
BN e
.
&
'8 ~ s
: ’ g
; b e

<
Al I
N

53 T
54
55
.56
K R S

s

RN
R4

ey,

. t>.2 A 0

&




Y2

s R S

L ' T

SYNOPSIS - .

This thesis describes an experimentalistudy of five rolled

. 8WF31 steel beam-columns which was performed in order to determine\their

N

S . . o . T B
- strength and;deformatlon behavlor. The-beamrcolumn ends are essentlally-

SN

: flxed about thelr weak ax1s "and prnned about their strong ax1s Warping

Py

of the end sectlon 1s fully restfalped by end plates, End moment s are

axls and the end moments can be var® i independently of the axial load.

i

Two: :6f ‘the beam—columns were rolled from.ASTM-A441 steel and three

were rolled from.ASTM-A36 steel, The principal test variahlesiare the

¥ h

axia%w}Oad,Ithe_slenderness ratio,'thejgrade_of steel, the absence er

RES] " .
V.

presence of lateral bracing, and the ‘absence or presence of restraining

§.

beams, 'Therpnrposes of the investigation are:

'a) to test the effect of a lateral-torsional buckling )

on the behav1or of beam-columns under relatlvely high
A ' .
ax1a1 loads , o - PR

s i

B

ib)dﬂtb'éhédkyaétheoryIdevelQPEd”f°r<A§fsteeIion_membersqu_J
E A44] steel | x

Lact]

wTﬁe-tggtiﬁg pxﬁgram, the test setup, and procedures used during
testlng are described, ‘The effects of-axialgload-and lateral-bracing are

s

discussed. The results-are then compared w1th 1n-plane" bendlng theory

and-inelestiﬁ[Iatera1%toréiona1Jhueklingtheoty;k_FinalLy thefexgerimental

» ;

N

results are compared with a eommonly,qsedEmpiricaldinteréction:equation,*'

: ’ b el Al - R . Q
\ : . . .

\ ) . ' : . . i

7 R : -

. ‘4‘,'2,
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1.1 PURPOSE/OF THE EXPERIMENTS e
‘end*notfesothe_attainmentfof;the loaﬂzcorresponding_to.the*makimum

strength.ofhoneuof'its_individnalemembers.' Theoretical methods of'analysis

;behav1or of the unrestralned beam-column,

two different approaches to the so lii’t=i-i"0ﬁ: of this type of problem, but in

'fWhén;under load, . It is for'these_tWO;rGQSOHS that tHe five, beam-column

experiments which are described in this repoft_wére,cgndugtégb

1, INTRODUCTION

L v . ‘ ' - . ~ - : ” B -~

In plastic'theory, a structure is said"to~haVeAfailedehen_it is-

* ‘loaded with the maximum load which the structure as a whole can suppoxt

~ «
e
! . o

”

&,, “ ¥ bard

rhaye been developeﬂ,Wherein the beam-column is oonsidered£ashanvintegral

o QROROS
part of a structural subassemblage rather thanBan 1solated member,

=

The develf'opment. of column design bais;ed on the ultimate strength of such a

1

subassemblage presupposes a knowledge of the end moment end rotation

(ZI) References 4 and 5 present

- - - et e s o o oo

Fa.

either oase'it.is assumednthat'the'beamACOIumn:wiilpfail byzexeessive

bending about onme of its principal axes. Thus, if the end moments of a

e

‘beam-column act in the plane of the web, adequate bracing must be provided

to prevent the occurrence of lateral-torsf%nel.Buckling, It is further

assumed in these two references that the material from which the beam-column

is made is ASTM-A7 steel. However, adjustment may be made in order to
take-into/account-the;differénCe.in_yiﬁld~3trength:whiChééXiSfS in

differentﬂgrades;oflsteﬁl;
: Y -

In an -actual structure, a beam-column which is braced adequately to

B -

¥

preventlatera?;torsional buekling may notialwayszbe‘feasible_andf

furthermore -the increasing use of high strength steels demands a more

!

‘refined knowledge of the'responseswof'nwnberéﬂcomposed of these steels

oty

—"

{ . . . . . . H -4
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In this investigation four pinned-end,beam—cblumns;andQOne‘ P

restrainedqbeam-column WeretteSted Sldesway of the top of the member;

*W1th respect to 1ts bottom and b1ax1a1 bendlng,‘were not 1ntentiona11y

T

| 1ntroduced  The beam-columns were deflned by the follow1ng parameters:

&

ax1a1 1oad slenderness ratlo absence or presence ‘of. lateral brac1ng,

| . n B
grade of steel and the absence or presence of restrﬁlnlng beams -The
. \q

test spec1mens were subJected to equal end moments cau51ng 31ng1e

curvaéﬁre deformations about their strong ax1s

1.2 COMPARISON WITH OTHER COLUMN EXPERIMENTS

L R

Van‘Knren'and Galambos(6) present a brief description_ofrmajnr:

beam-column experiments reported in the 11terature and descrlbe 42 «

--addltlonal bean-column experlments on w1deh?lange beam-columns subJected

-y -

to ax1a1 force and bendlng moments. about the strong axis conducted at
Lehigh University; The effects of axial force, length,,member”size,
Iatéral bté@ing{-and'lothngfcbnditionswere;studied. ~Eight»oﬁ'these
tests were:loaded'similarly‘to.those discussed here, that isﬂanial.}oadf'

"piusnEqnalgendgmcments-causing:singlemCurvature bendirg about: the stngng*
o “:.e : . \ ;.;.A' < .

-axls, .- < P - o

'ThE:beamecolumnuexperiment5~deycribed here differ from those which.
. ﬂ e . - , ’ -
Jhave been-previodsly:nepertedzin the followingvpaints:

(a) The determlnat;on of the effect of lateral tor310na1
U .

L -buckllng on the strength of beamrcolumns under:
.gcons1derab1y’h1gher ax1a1 1oads was a prlmary ObJectlve
| | ‘ ‘ : K o , -
(b) Two of the spec1mens were made of hlgh)strength steel

(ASTM-A441)

,/

e

L N -

(c) One 6% the specimens was a restrained, unbraced beam-column,
.t e A . ) . ) 2% , . e \ o

N
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S T g e ‘ ;

“to hlgh strength steel

—X } .

The objectlves of the experlments were to check on an avallable

Lt

lateral tor31ona1 buckllng theory, to check "1n-p1ane" behav1or and
buckllng behav1or of high strength steel beam—columns as part of an
1nvest1gat10n dlrected toward the . exten81on of plastlc de51gn thEOrles

and,-finally, tO'COmpare~the bEHaViQr"éf“an

L

unbraced restralned beamscolumn w1th an 1dent1cal spec1men ‘the latter

(1)

3

.

béing braged.ﬁpwprevent fhegdqcutrence’cf 1atera1 tor31onal buckllng

F.
S . —

15 o

., 3

.

f&r_i
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2, DESCRIPTION OF THE EXPERIMENTS

fThe testing program in general has been‘brieflyldeSCribe& in

‘the introduction. In this seCtion:Ehe’testjvariableS'%111 be . . w
3discussed, and*théfeXperimental pfbcedurésaand_the;appafatus used v

“fm fwii; Bé‘descriBEd.

2.1 TEST PROGRAM -~
Table lv°Ut1i“ES‘theﬂtesting«ﬁrogramy-»Eaéh of the five tests is

listed with its principal variables. Test.ﬁC—B-wasinat*inC1udedlin

L e N N R
this particular series of tests but it is included in this table for

igomparfson.purposes.wigh-test-Rﬁle. The principal variables - /%

s slenderness

investigatéd are the axial load ratiOiP/Py, the sttong~axi‘/

ratio<L/fx@ and the effect of.lateral%braéing; Two of the tests were
Qn-beam-chumﬁs:ef.high_strength.Ste£1, .Aifpféﬁéht,.nbyécmpéfison.Cén

rwm &

>' be made between these two tests and tests performed on beam-columns ~
'made;of'lpwer's;rength steelzbecause-anprevious test coulﬂebe'ﬁbund

M'Whe?éiﬂfthe gradé«0£ﬂ3teel'WéSfthe:inyﬂvariablef'sw . B

. Y
s

‘ThejvaluééWOffPny and7L%r§,gLven;in Table 1 are nominal values. - . -
Tablé 4 gives the exact experimental values. The measured cross

5

sectional properties (that is, area A, strong axis. SéctionmedUIqusky

and the major and minor radif of °

strong axis plastic modulus Z.s

gyfatiqn,_r% and*g;)‘areqpreéénted in Tabié«za.»Thefééatic yield
stres§(}§, the yiéld,LQadPyj(Azgs,theyiéld'mgmentMy (SSE)’ the . -
plaStié momenfﬁMp (ZQ;), thé.fength:and,théftrue Sleﬂd??“?SératiQ‘u
iarégéivenih.Tagle.B; mFinally,_ IabietGLSummarizés,thé expepimenfal

E .l‘.
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e
e e

A .

'gfesultS'by liStingnthemeiperimentalfQXial,load5Pj‘the?maximumyend'

A

j_,m.‘oim.c-znt'E'M.’_,'"and the nonédimensionalized"maxfmuﬁ‘end-mbmeﬁt Mb/Mb.

o} o I g 8 ' ;
. r. " . . . .t . . , T

i

by

| Thesegfour”tablesdpreseht-the essential results of the test
o ‘ SR VNN, S : H

program,

¢

. ‘(a)”'Material'm .’;-}i . -"ﬂ.

/ -

'ﬁ ;_:jL_‘ The beam-columns for. tests HT-39 and HT 40 were rolled;,;‘

| L | N
fron1ASTM~A441 steel The specimens~fbruthe remaining-

& . : »

o ) Qlthree tests (de31gnated as RG- 8 Rﬁ 9, and RC 10)'were

- “

rolled from‘ASTM<A36 steel The beam-columns were;

o) =

/V | ” tested 1n an "as dellvered"/condltlon thus £%51dual
stresseslwere p1.r-e-_-s,en-t__.-,h The'magnltude and dlstrabutIOn;

(.-

” . U ,
. " : 3of the rolllng residual stresses were determlned for the

'beankcolumn section (8WF31)a9f A44l steel from.a length

L%

from the same heat, :The dlstrlhut1ons were close to the |

u

'standard pattern and the values obtalned were no greatef

'0\ .
fl-.-,z,,

. l

- | b | I

5. 2

* N 5 . . = .o 8.

- A36 beaméﬁblumnS“werE*similarlyﬁdeterﬁined,ahd‘the

than that- for A7 steel, The max1mum measured compre331ve-

gnre31dual stress was, 0, 27(7”' The re51dual stresses for the

max1mum compre351ve resldual stress was found to'be 0. 527;

The average of the four flange tlps was O 2%7“(8) -t

R - e e .
34 3
. Y PR } . pys -
g, ’ .. - . . - 2
: . B [ ¥ . B
. -
d

\ J : . T i,
\ .
- v o ‘ .

" testing’ standard tension Cdupons,cutvfrom an unyieldéd¢

X ..
- : b «
, :.‘..«‘ i : . = : j
2- (B 0 i . . b ' .

s N /7 .. . : -

- . 'E

- S
1 -~ ) .
. S T
4 .
~ @ (‘: ;
- R < 3

.« of Straln ;rate (they aﬁe "static" \valueS) L

‘;’\ S '
RN =
- s\

S | The yleld stress was determrped for each spec1men'by

;porgibn ofzthef“tensicn";fiange of'ihe'teSted beamfzulumn.

SN

These values (as’ listed in Table 3) da- not 1nclude the effe“t"_
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f

’
|
|

(b) /Load Ap_gllcatlon - (
For a11 five tests a predetermlned ax1a1 1oad was applied

» - first to the beam-column Thas axial load was then decreased

i L e

while end bendlng moments were applaed by hydraullc jack

through a lever arm.so that the sum of the ax1a1 load produced

. hoa le
~ ( )

' by the testing machlne and the Jack force was alé;ys constant
The beankcolumn was said to have reached ultlmate strength
;When~it resisted the maximum end bending moment that it was

capabie of resisting,
+In the first two tests (HT tests), one of the specimens

was braced, ,Bracingswaszprovided at the mid-height and at
points,S ft, on either'sidE-ofzthe;n@drheight,‘ The unbraced

length was within the span required in order tod prevent

y _ (9)

lateral-torsional buckllng In the second test no

intermediate  lateral bracing was used and as a result, it
faiied by. lateral-torsional buckling. "In the remaining three .

tests (RC tests).none'of the beam-columns were braced and

A | ‘» 2 , ‘
again failure occurred by lateral-torsional buckling. .Test

~,

RC-3 was braced at the ‘mid-height and 4 ft, 6 in. on einther“_ N

(9)

side.of.the,mid-height, "The bracing proved adequate and

4’. ‘ o : . . ‘ . .
failure occurred bv excessive bending in the plane of the

n

applied moments. v

 The LIDQE VLEW of a generai test set-up is Shown-in Figure 1, The

two emd flxtures whlfh prov1ded a plnned condltlon about the strong axta.

andlan esgsentially fixze d'condltlon about the wgak axis are ghown eﬂd the

D
e

. : : B - . . h] .
’J‘. . . - ; . - ‘ ‘ i ‘ ‘ ’ e 0 ..q,..,"“
B ) Y . . Yy v

\




D)

A

‘rotation bars which were used to measure thé end rotations can be seen.

Ie

’,-Figure 2 is.arrear‘view df‘aggeheral test ‘set-up, The:hydraulic jack-

A wh1ch 1ntroduced the applled moments and ‘the dynamometer WthP measured |
C oo ~ | o T w
the jack force can he seen and theﬂdlal gage arrangements used to. measure

‘}dmideheightatransverse and lateraledeflections”are_shOWn.'}The'apparatus
described in Referenee-7_was used, Since it-hasAalready'been;descrihed

in detail only the modifications as they apply to thi% series of tests

will be discussed.

Tests HI-39; HI-40, RC-8, and RC-9 were tested as pinned end
beam—cdlﬁmns,ithatjigiufhe,reSt;ainingﬂbeamsdescribed:in Referenee-7
were omitted, Test HT-39 was a braced spec1men( )andethewremaining

three,beamecdlumns wereitested-without‘the)bracingé Figure 3 shows™

. . « R | |
~.an end connection and end fixture detail for an isolaﬁed beam-column

test, The end fixtures shown diagrammatically, ensure that the axial

load will alwaysﬁpaSS‘tthUghttwe-fixedrpdints{.one at each end of the:

specimén, The points are the centgrs of the cylindrical surfaces

Ty

”(Poihtnﬂ‘in“Figure 3) and the testﬁbeam=cd1umns are.designed;in;ggder

that the centers f the cylindrical surfaces are also the centers of:the

P

jointadetails,

i

.. Thé beam-column-in test RC-10 was a restrained column identical’ to

| » 3 R | v ) ] e . | ‘ -

4, |
o

SWF 18.5’sébti¢ﬁs and theywere‘Blft,ziong; The de51gn of the subassemblage.”'”

teet member and its va11d1ty in checklng frame theory are also dlscussed

. N - | . | : . | :' s * / ’ R | 'v o | LI ‘,.; /
- - .laneference;7. | 2 el : : - o

R TN

i
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\."buekllng.y;”

. Unloading of the' joint was precipitated by unloading of the column,

Testé:HiA39 and RC-3.(braeed epecimens)'failed'by~exceSSive o

- /f-.’

‘bending in the plane of the applled moments and tests HT 40 RC-38,

RC-9 and RC- 10 (unbraced specimens) fa11ed nylateéal tor51ona1

S A

. A photograph of the endfconnéotion:andgfixturefor.arestrained
column .test is given in Figure 5. fThe'entiré1momentfprodyéedﬁbyfthe
jack working over a lever arm is no‘ longer resisted by only the

column, Conditions of equilibrium and compatability require that the

/.

_restraining beam also resist‘the applied moment. Figure 6 shows that

the.applied .t_n.jo;_men.t,'M.J is resisted by the column end moment, MC(J) and

the'beam,mbment,'MB; Therefore, as shown 1n Figure 7 for any~&mount

“of‘joint;rotation, the_COIumﬁpendimoment, A an? the restraining Pbeam

&

AN

'end moment,, B must be added together £o obta1n the” JOlnt moment (A+B)

The length and size of thehtﬁSé}&iﬂiﬁgfbeamﬁ déteﬁminés theamountr
-Ofiﬁeétfaint Prodﬁééd,.aﬁd'thugtheeffeCt on thﬁ;ﬁomentwrotation,
behav1or of the sobassemblage (7) IestefRQ—S and‘ﬁc'lﬂ'h&d.?élatiYely”
.short restraining beans (87féet)? Inyéadhvéaﬁeiétplastic,hinée.formEd

in the beams before the maximum"eapaoity=of thebjodntfwas reaohed;
; , | -tC7}

The function of the brac1ng 1n tests HI- 39 .and RC- 3 was to ensuién’

againSt:Lateral-torsional buckling, Since lateral-toraional bucklingr*

' .-v.‘. )

was anticipated for the unbraoed.beam-oolumns; mid-height lateral .

4

' defiectiOn‘readingsfwere”taken by viewing a 5ca1em(graduated in lOOths)

at three p01nts (the two flange tlps and the centerllne of the'web) through

a transIt Two d1a1 gages were mounted to the testlng machlne frame and

ey
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K

rotations weiz measured by the level bar method,

)

'by‘mEans.of a thin wire connection to the beam-column flange tips, . _ ~

‘mid-height lateral beam-column movements were again obtained, .

All other deformations and forces were measured using the
apparatus andrtechniques'describedifn Reference 7. Strains were
measuredﬂwith’SR-4 gages, transverse deflectiQHSqwere measured with .

dial'gages connected -to thejbeamecolumnfwith-thinfwire,~and-end

< a4 IR

S
‘
! .

TRy

In brief the test procedure for each test was as follows:

v

a) The prellmlnary'work consisted of the measurement

- of the beanhcolumn d1mens1ons, the predictions of
the mode of failure, the calculatlon of the 1oad
expected at ultimate strength, and the'preparation,

of the predlcted-momenterotatlonfcurvef‘
o

b) During the actual testing OfgthE:beamecolumn, after
each increment-of moment+waslapp1ied3 time was allowed
for the?systemito'come-to:rest_before:readings were
taken, ThlS was especially true after first y1e1d
Straln rate effects were thus ellmlnated artd the
readlags represented a statlc condition, In the
1ne1ast1c range. 1ncrements of rotatlon rather than

increments of load were used.
Pﬂc) ﬁLoadinngas nsUallyﬁcontinued until the azxial 1oadf'
Which,thefbeam-column-supported'couldlno longer-be

maintained. In all tests Some unloading of the

applled moment was observed

X e




PR AN Doty N
R A PN D vini e Ataariners o s S T T R e i

. N . . e v N . . . N . . ‘”w!'
. ’ N : . . . M

T

3, DISCUSSION OF THE TEST RESULTS

A;beam-colqmn is defihgd hefélfo have "reached ultimate;loadrwhen L
;Ehe maximym moment is reaéhéd and'tﬁe béamécolumn sta.rtst"oun]:.o‘ad,.~
'that is the-instant‘phe‘maXimum pointjpn the.moment-fotétion'cﬁr#e
S "ié reachea. ‘IhFigufe_Spqints'Fand~D5wiil.be‘défiﬁedas the
.critegion-for~thepltfmate strgﬁgfhfdr»éxceséivgbehding béhaviér,

.LandjIateralatorﬁianalibuckfiﬁgfbéﬁaviﬂr‘respectiV¢1Y; | L

ABCDE. At point C the beam-column bégins to twist and move laterally
and at point D the ultimate moment is reached.

. - ' . .
Curve ABCFG represents1“in-piane”ﬂbéhavior;ofﬂéfbeamgéblﬂmn;

At point F, as defined above, ultimate strength is reached, This

”“”;ﬁ,?_%& type of behavior can be.expected-for beamﬁGQIﬁmnSszntfabout the.

5§£rong‘axiSionly if adequate lateral bracing is provided,

\

3.1 TEST RESULTS A o .

The principal test results are the maximum bending moment which a
. /o - L »
beam-column can support in addition to its constant axial force, the:

end moment-versus-end slope curve, aﬂd:ObSérvatiQné'Qf;tbe‘type and

cause of failure,

mhe.load:parameterémmay'be found in Téblé-A,ﬁ Test.Hi-SQJ the

7@’ﬁraced,colump;ﬁailédébysexcéésive'bending.in the plane ofrtheﬂgpplied'

moments and the fqur_remaining tests, which were testea*without_bracing,

-4

wfer

failed by lateral-torsional buckling.

s
—
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jof the'experiments.q,A comparisen'will now be made-between the

| 1n-p1ane“ theory . :The experlmental ‘moment-rotation

Vﬁcolumn deflectlon curve data

- attainment of the "in-plane" maximum moment, This was what actually |

xyors o - e . .
: ~ U . il i
m . ’ ‘
W, & . .

" )
! . B ¢ S -t s : B “ H ¢
& -
.‘ o . . . ’
e . : . 7
. N - ..
— — b . e N g , L - I " -
. . v

- , .
, M
e

The moment-rotation tﬁrves<represent the mo'st"‘:1’.m.port\§nt‘r‘esult-s'i

experlmental moment rotatlon curves and the curves determined by

(5) (10) (11) S on

-pufves'fot eaeh teSt“dre-given=inﬂFigures‘9fthr0ugh 13,

g

The theeretiéai.EéSt:CurVes were determined from the available’

&)

FOr“éﬁecific values of-end slope

“the corresponding'endﬁmaments'were determined and the end moment-versus-end

.SIOPe;curve;wes'plotted. .Fofwthe{highjstreﬁgth steel.tests'(A441) thetﬂ

N J

femaining‘thfee:tests (A36)the_théoretica1 curves~ﬁEreafor 33kai steel.

Figure 9 shows the predicted and experimental curves for test HT-39,
The theoretical curve assumes a yield stress of 55 ksi,and-P=;-0x4By-
Since the beam—col umn was adequately braced it was expeqted that the

maxiﬁgm"endﬂmomenttwoulﬂ~approximately“reach;theepredietedfM;/M? = 0,236;

Itfwas.able'to‘attain_a»veluembfeM_st = 0,228, 3.39% below the predlctlon

/ SR

*The dlfference in the elastic slopes of the two curves is explalned by

theefaet'thai‘the,test;axial IOéd:ratiozwas'P/ny='01425~rather‘than-§he:,

T~

anticipated P/P_.= 0,400.

v

The theoretical Curve”in'Figure'lO‘igﬁa"predietienwof the “ineplane”
behavior of beam-column HT-40. . Since the specimen was unbraced, it
~ oL f . e - |

“WaS'expeCted'thet,Iateral=tdf3idhel:bueklinéfWQUIdtépeur before the

occurréd. The:load.ﬂroppedUfovefy sharply because the spegimen;tWiStéd***

‘intO;an unstable configuration. The result was that the beam-column had

“




Aa‘very,smali rotatibﬁ_capacity. _Tﬁe épeéiﬁen maﬁagédhtoreggh a value
ofMo/Mp'= o.-—2'08_, only 7.56% below.fhéﬂ_"]';n-l’)llanyg"' u‘1timate moment,
,Tens;On cdupons cﬁt‘frdm.the alrééﬁy tééte@jspecinwns of tests
”RC;B and RCf9‘éhowéﬁ.that'the staticfyiel&;stféSs ﬁaa a vélue of‘ 
v 33.6kéi, As a resuit, the test curves for'thest twoteSts are shown.
5, in comparison ﬁith cufves drawn‘aésuming~a yield stress Valué of 33 ksi
(Figures 11 and 12), .Test_RC-8 had a maximum end moment“of Mo/M.p ; Q-18§;
about 287% below "in-plane" ﬁltimhté.mbment and Fest RG~9-reachedk‘.
?Mb/¥52= 9,552; within 4% of its ”iﬁjplane”‘Valﬁg; ‘Important to note.7

q

is Ehe‘relativelyliargér'rotationAcapacity-obt&inéd'for the A36

compared with the sudden drop off which was observed for the A441

beam-column in test HI-40 (Fijure 10).

Subassemhlageﬁbéhévior was: explained briefly in chapter 2 and a
;mmrefeomprehensive treatment ié.préSentEd;iﬁ Reference 7., Figure 13

presents the theoretical and-éxPerimentaI curves for test RC-10,. The
r — | |

beam formed a plaSticgﬁihge-and.Cbntinued:to rotate at a constant moment,

The coiumn buckled however and as a result,. the structure supported an

o .

VAT P

end moment ~:.o4f‘fM:O /Mp = 0,774, 5% below the "'?'-:i,n-:.:p:_,_l‘a'rie'" pt’r';e'-di_c tion of

0P |

a a . Tyo dial gages mounted on the testing machine and connected ‘to the

two flange tips by means of thin wire measured the "‘_1¢at5e1::-a;1= movement :at o
j | mid-height of the column for the four unbraced beam-columns. The

/

[ S

“difference'of theutwocdialagagg rquingsﬂgﬁvbwthe 1atéra1‘mOVngﬁt;dff

the compression flange tip with respect to the tension flange tip.

» . LR : .- .
. . R Vo
. I - w .
—f : : S i :
: .
. . o .
v » - - 2 o B
.
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AsSuﬁing that‘ﬁo qhaﬁge:in the Sﬁépé ofvthé"croés“;éction téok
- v : o S | |
place,fthe relative lateral‘mbvement Was then dfvided'by'the’depth
bf-the section'to;obtain the twisf.” Figure 14.presents the
5moment-v¢rsus-tWiét curveé.fg;.the foﬁr ﬁnbracéﬁ tests;l.The-sléﬁeé _

R

"of ‘the moment-twist curves for the three unbraced A36 specimens were
' o : : . ' 8l _
f

the same before each of the beamFCOlumns in turn began to support a
fairly constant centerline nmmwn;." The Eentefliné.nwmgnt is the sum -

of the applied moment and the axial load times the centerline deflection,
" v . 4 o7 - ' ) . - _“- | | ' h
The twists for the A36 specimens were much greater than that of the

L -

-

AL41 specimen, At the end of the tests the A44l beam-column twisted

N
N p

about 0,046 radians and the three A36 beam-columns had each twisted more |

than 0,10 radians. The lateral deflection readings'were hotfcarrieﬂ
far enough to record the drop-off in load‘”;i any of the tests.

-,

3;2_ INFLUENCE OF TﬁE AXLML FORCE
| ‘Figure 15 presenté a comparison of tgerﬁgC;B énd RC-9. Iﬁé~
tWo-b?am-dplumns wefe identicalf qBoth;Were.ayF31ibeam;&olﬁmﬁs.réliedi
ffmm.ABE steel and the nominal-slendérnéss.ﬁatio'ih‘ééch céSe’Was 50,
The ;afiable‘pérémeter was thg.a%ial and ratio,B/Py. TesthC-S had |
an actuaifP/3yequa1 to-Q;GdS while'teStQRC~9-supportéd;%P/Py equal:fg
'Olélz,  The'eﬁd moment thcH test‘RC49 Was.able'to support was 2.92 |

ﬁimesjthatlof*test'RC-S Wh§1e its:axial 10ad;ratio was about half of
that of RC-8. Due to the high-axial load, yielding was observed fn
ﬁest:chsibefére?the;applicationﬂof.endwmpments and twisting was

o

observed four increments later, In test RC-9, however, twisting was
observed at the same moment application when first yield was observed.

R

i
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3.3 INFLUENGE OF LATERAL-TORSIONAL BUCKLING

- It was pointed out in Reference 6 that the~effects'og;;
S N - B DR T
~ lateral-torsional buckling are most pronounced for a beam-column

i ‘ S : ' . . . ) .. . C
loaded with axial load and equal end moments causing.single curvature

deformation. In Figure 16the,mbmeﬁteversusafotation“Curvas for two
e - C o TeE A b ‘ T
identical columns (HT-39 and HT-40) are shown. 'Both 8WF31 columns

fwere rpile& from A441 steel, Both ﬁad;a~nomina1 Slenderness ratio

- equal to 80, and the axial load ratio'was‘approxxmately;tha.same~fog;:-
. . ‘ : -- . # i
each beam-column. Test HT<39 was provided with sufficient lateral

bracing, whereas test HT-40 was not braced, It is seen from Figure 16
- that theﬁﬁnbfaceﬁ;cdlumn”WaS;weéker despite ‘the fa&tnihat'itfhaﬂ“a |

’ e _ b y -
/ | somewhat smaller axial force. It is interesting to note the sudden
drop in load carrying capacity of test HI-40 as compared with that

(f - ) Es

*

df‘teStSjRC;Sﬁand’RG-Qf(Eigure,li}, e :ﬁn; '}-fﬂ

A

g

Tests RC-3 and RC-10 were also idéntical, with'the variable

4 x

: ) o \
parameter being the lateral <bracing. ThéY*wétéieachf;olled.ffom;A36' .
steel, had approximately the-sameﬁax1ql load ratio and the same slénderness

5 U R T R .
ratio (Table 3). In each case joint restraint was provided by 8 ft,

restraining beams. .Test RC-3 was braced and test RC-10 was mot, s

- Figure 17 shoys that in both tests the restraining beams (5WF18,5)
carried appréximatélyfthe séﬁé.momgnt;' ihe specimén'in.tgsttRCAIO
”féileﬂjby’IatéralrtorsioﬁalLbuékiing therefore the beam-column was

able tQ_suppbrt'less logd thap“the beqm;coIUmn.iﬁmtéSt RC-B;W However,

the difierence.in‘the behavior offthe'whole-sﬁbassemblagefwasghét"

significant.as i{s evident from Figure 17, The beam-columns buckled .

locally in the compression flange as the.last increment of load was

applied in both tests (Figute 17).
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L, COMPARISON OF THE TEST

'RESULTS WITH THEORY IR

In this.chapter the test_results will be compared with an

1ne1ast1c 1atera1 tor51ona1 buckling theory( 2) and with the.inelastica

ﬁdlumn[theory ﬁhere'failure is,assumed by bending.

4,1 COMPARISON WITH INELASTIC LATERAL-TORSIONAL BUCKLING THEORY

The lateral-torsional buckling theory presented in Reference 12 | u

L ’ : . ) v ‘[l

T;inciudes the influence Qf.cooling residual stresses. A typical
" \ .

: symmetrlcal pattern . of residual stréss is assumed w1th maximum assumed

'ucompre531ve re31dua1 stresscyf‘ equal to 0, 30*'(13)

Coupled differential equations whith involve lateral deflection
and torsional deformation are presented in Reference 12. For the

loading condition of"axialhloadzand.edualsend moments causing single

L. . . A J

: curvature the elgenvaiue solutlon of the coupled dlfferentlal equatlons isy
. jLZ-\' L L2 -
After substltutlon of the expre331ons déveloped for the various
. {’\ : K i - !: -
coeff1c1ents( 2). ‘and aftgr the. performance of some algebralc manlpulatlons
;and'rearrangement, the follpwing_equation evolVes .
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In this equation Z;, A, d, ‘KT, 1:y and t are properties of the

. cross se’ction and E, G, ‘and Ty' are mate'riail prope‘_rties. .Bl’ 'BZ’
-5 \( - |

(r /d ), and Q are functions of the ylelded cross section and are

;therefore functlons of the applled ax1a1 load P and the applled

) end-moment, Mo‘ :
In the development of Equation (2), it is assumed that lateral-

torsional buckling occurs before the beam-column deforms very much,
This assumption was neces's'a-r;y becaugé in order to use Equation (1)

the stiffnesses along -thé» length of the beam-column were taken as

e

uniform and e'q.ual to the  stiffnesses Wthh exist at the ends, 1In
‘the case of a slender column loaded with a substantial axial force
however, (e.g. test RC-8), large deformation and considerable yielding

result at the mid- he-igih't..- :O"ff the 'b.‘ei'am- column, The result is a re-duct“ion

2 in stlffness Wthh i not accounted for by the stlffness coeff1c1ents

- P Y - [T UN RN 4 P AN
R [P PR R - B peean B e eeiman e

'Bl, ;Bz, (r /d ), and in Equatlon (2) This reductlon of stlffness

is con31derable and can not be neglected 1f a satlsfactory solutlon is

faraicd

to be obtained., o N

T S R e Ly

If valti.e s of 'M_'O/ 5 are assumed and 3-*t],he-» various constants and | —

’
!
[

coefficients evaluated, (12) Equation (2) can be solved for-the

corresponding wvalues of L/ .r;y.j,f The T‘Mo /Mp-ver sus-L/ ry curve can then
_— . be plotted, The end fixtures used for all tests in this series prevented

‘rotation of ‘t"he beam-column end ab’o‘ut the weak faxirs'.- The effec':tive |

length in the weak dlrectlon may the’refore be taken as six tenths of the :

R o f -
s <3

| beam-column 1ength (Leff = O 6L) ( ) As a result the correspondlng
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 be checked,

B . B N . . o
a . . . . P .
] . . . - .
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VélueofIMO/Mb may bé'fdundnfrdm&ﬁﬁeiaboveudrawnxeurVe biJusing,a

. " .
f.\

> . . . 'f‘a , N -
slenderness ratio equal to six tenths of the weak axis slenderness

retio (L/_ry off,;='0,6'L/ﬁHI. "This value of M’./M.p can then be»

Y

'multlplled By the plastlc moment, Mb and the. value of'M. obtalned 1s

an upper bOunddsolution<since the_varietiOnsof;stiffness-alQng'theeg

1engthoof the'beam-eolumnjwés:not"considéred and the midghgigh£"

stiffneséfWaslassumedytofeQual the end stiffness, A 1ower bound .

"y ¢

“solution may now be obtained9by:using.the_appropriate‘column

defléétion;Curve(S) or nomograph( 0) - to Eind,theteorre3ponding‘endt."

~ moment, if it is assumedmthat the end moment obtained from the upper

bound solution is now the centerline moment, Figure 18 diagrammatically

N

shows the significance of the upper and Iower'bound;solution, A flow

chart outlining the method'for determining the twogbounHS-i$>presented

(12)

in Figure 19. U51ng 1atera1 tor31onal buckllng theory

(5) (10)

along With

B S R

or nomographs

the column deflectlon curves it 1s therefore

'Pessible-tq obtain upper and lower bounds,

In practical situations the case of"the'alende;ubeamecdlumﬁuifh'
high axial load;isﬂnot:tpo:frequently:encountered¥and_fOrfmore :
e P I R |
efficient beam-columns; the lower bound solution tends to approach

the upper“bound eolutiont.fcare shouldibe~exercisedfalways_ﬁOWEVEr‘

» t

because direct-application of the methods'discussed in Reference 12

do tend. to yield‘ﬁnébnSérV&tiﬁevresuitsgjéihe lower bound Shourd always~

&

;b




EE 'Figur_evs."A2,:-0"f‘--t}'hi=61“-.1}8:h 23 present ggfgéhically the location of.each =~ - «

P4

test with respect to its inelastic lateral-torsional'buckling upper
bound3*inelastic‘1atera1-t9rsioﬁalfbuCRling lower béund, elastic.

” faq§ral-torsiona1'buckling curve and the "in-plane"'utlimate étrengthf‘ e
curve, It isvimportant‘tQ‘notefthat.in.each case the "in-plane"

| R | ' oo - " :
ultimate strength curve crossed the inelastic lateral-torsional

-

>

! buckling upper bound thereby becoming the upper bound~for the
xbemmécoiumn_if'itSJL/ri~wa§'greéter than that at the common point,
This was the case for test HT<40 (Figure 20), | .

'The”elastiéfIateral-ﬂdréionalfbutkling>Curve was computed from

K the following equation as found in Reference 14:

M I,I /P P\/ P P | _‘
| ( R e ey
. P P AN P P - T
p y 'y y

<

PT;'E I Tzr';(; KTry..z
) (e [ )

. 2
4 Ny Ty (B F Ay) LT L

w., -
Table S_Presents.a comparison of the experimEntal'reSﬁltSPWith théory;

The test moment is.given and the upper bound and lower bound solutions -

&

for the PafticuléfﬂL/rx_of.the Spééimenlére included, Tést HT-39 o

A
[

failed by excessive bending so the lateral bquliﬂg thedr& doés not - :

i : -

"53P91§; Thejmaximum end‘moment.obtainédmin,tesf_HT-40fﬁﬁ8t337 kip?in. M

. \J
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 The‘ﬁé§er.b§qndsoiution\yielded'SIS kip in, and the lower bound

3 ﬂ_iVi :”-‘ @ ./ Was 240 kip in, As can be seenufrbm,theresultsLhe‘uppefﬁound

5 | | - éoiﬁtidn'predicted18l kip in, more than were aétually oﬁtained,”

This is 53.7i Unconservative.\ Tést.RC-Sﬁ(a ﬁbdefate1§ s1ender éolumn’a_u
4 o o o ;~ﬁith a high akial load) failed af'approximately theglbwerquund, |

208 kip in,, whereas test;RCAQI(fa.moderately,slender column with low

é | o - axial load) failed at'about,itS-uppef:bound, 591ikip in, The uppérh'

3 o ’ - bound in test RC-10 proved to bef13,5%;unconServative" -

4.2 COMPARISON WITH BENDING THEORY

Figures 20 through 23 show that when;the.SléndérﬁeSSfratiOfork

gets large enough the '"in-plane' ultimate strength curve becomes an ,;*

(4)

upper bound, This curve is,comPUtédbeausing,the bénding theory
~whi¢hiassumes:that.iailure is due to exééssiveﬁbénding intheﬁapplied

moments, Since bending was about the;strong]ax@s_this*would be in the

ey !

1pléne of the web in this case, The influence offcooling“rESidugl

S m - stresses is included in the theory as it was in the lateral-torsional

bUcklgng theofy (that is,'a symmetrical pattern iS«aSsumedﬂwithT;C

equal to 0?30;). InteraétiOnfCurVESwhﬁéh rel%te»aXia1<load, end
bending moments, ahd slenderness ratio havéfbeen.déveloped. These
: <dufve8 apply sggcificaliytngwF31bgééﬁcolumnS‘rOIléd from ASTM-A7
steel,wifth=30;0005ksi,andif;#,33»ksi,A11f<themateria1 from
which the beam-column is fébfiéétedrhas“a y;eldpointnother\th%n

S | -33 ksi, the.slenderness ratio is modified., The adjustment is made

uSiﬁg the following equétion




e

In this:equation<7;% is the yield point stress in kips per square ipch

‘of the test beam-column material, [ | |

In the~AISC Specification(ls), formulas;Which‘are'mathematieal

s

approx1mat10ns to the 1nteract10n curves descrlbed above are given,

They are appllcable to A7 and A36 rolled WF membersbut here agaln
modlflcatlon may be made for hlgher strength steels by u81ng Equatlon (4).

The ff:ormulje for this case of Iofading is:

“"»::L'Q?~,‘:;.;.'@f- ) | L o |
Yo Mp[lo K(_g_}) J(_II;}) )

where K and J are functions of_the S1endernéssfratia‘and?are given
' ' | (15)
in tabularlzed form in the spec1f1cat10ns The results are glven

;inVTable-S, For the braced column'in?testfHI-39; Equation (5) proved .
| ~ | | » __ o
‘to be 7,1% unconservative, For .the other four tests the theory does

not apply, as is seen by the unconservative comparison between test and

B o DL S S PR S N

f
. ,,/_-.'.'.4‘1

theory. ) .

Cey!

A LA Y M M L e e o
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~ ‘unbraced. columns is worthwhile,

-22

b
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.5, COMPARTIS ON OF THE TEST  -RESULTS

WITH THE CRC INTERACTION EQUATION

- c L ) R ) . .
The CRC Interaction equation is one that has been recommended for

)
)

use anda’éompari§o“;bf.thiS;equatibﬁ with the test results of the -

\

The basic equation in terms of ultimate strength as given by the

CRC(16) is:

I
—

+ M
ﬁ.A Mpl <1 B

Wl v

? ) B I | - 6) -
Py

where P is. the collapse load for the column centrally loaded for

buckling in thé 'unconstrained plane and was determined from the smaller

‘oi'theffolléwingﬂtwpfzauations

(7a)

u _ Uy (L )

or

P 0, 6L | | o
3 = 1 QTTY. (/ "\ I (7b)

T . . . o

af

lngQUatign (7a) reflects the possibility of strong axi’s bﬂﬂklingVand 

(7b) reflects the.possibility:Qf weaktaxis=bu¢k11ng;’-péi’isjthe strong

axis Euler loaﬂfandfmﬁl iSda“réduced-inelastiC'momeﬂt'Which is:détermined

- by using thie moment reduction curve in Reference 17, Ty/e moment to be

Qreduéeﬁfis;deterﬁinéd by the foiquinéfeqﬁafion:

ST EIyGKT

——

/ 1+ TEL o (8)
(0.61)° oK '
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"_Thb1e~5'presehts'thé fesﬁﬁ;s'of the CRC'eqﬁatioﬁ cbmpared'with
‘the experimental values for each of the unbraced tests, In tests RC-9
and RC-10, the agreement‘Was vefy.gdod; ‘IhftéSt(HT540théyequation

prpvedfto.be=22;3%'COnsqrvative,‘but-in test’RC-S_it resulted in a

<"

327 differénce on the unConsérvatiVewside.~ When éhg-resﬁlts‘afe
viewed inthe light'ofﬁFiguré;24qwﬁich presentS‘the‘rESuité‘graphically,
the differences betweenwthe'éXﬁerimentalfresuItsdgnd the C#C &éluéS“.
are not too bad, o
FbrifgstHT-Bthhezréduced«inelastic'm;ment,‘Mul in’Equafiéni(B}
/is replaced by the pl-:é‘stic moment Mp, because the lateral brac:Lng
it prevented 161teral torsional buckling. The result for this test is . .

!

also given in Table 5 and Figure 24, | - |




6.

SUMMARY AND CONCLUSIONS

-

" The expérimehtSfdiScussed in this-thesis were performed to study

Ehe'strength and deformation7ﬁehavicr of uﬂbraced;yide-flangé

o .

-beamécolumns,rolledffrom.ASTM'A36‘and;A44I Stee1s; The.coﬁclqsiqns.s

reached_are_as,foliows;

(1)

{2)

3y

@

(5)

and equal end moments causing single .curvature

~The "in-piane’ ultlmate strength curve

~

thracedrbeamQColﬁmﬁsfloeded=Qithzanuaxial'ldad,ahd:

déflection fail by lateral-torsional buckling,

The reduction in rotation capacity because of
lateral-torsionEI;buckling appears to be greater
for A441 beam-columns than for A36 beam-columns

(Figures 10 and 12).

It was shown that strength and rotatlon capdcity of
unbraced columns 1ncreases as axial force decreases

(Figure 15). : "MA” - ,

¢

1The unloadlng of an unbraced subassemblage (con81st1ng

of a-columnﬂw1th restraining beams),thatels_proportloned
so that a‘plastic hinge forms in the beam before failure

of the column will finally result from lateral tor31onal

xbuckllng of the column.@

.A~comparison with the "exact" 1atera1 -torsional buckllng«

theory (Reference 12) shows that d1rect appllcatlon
Prgvldﬁs an upper~bound and:that for a relet1ve1y~"

slender column with high axial load the result obtained

may be unconservative (Table 5),

(4) (11) (15)
. (12)

crosses the lateral torsional buckllng upper bound

and becomes an upper'ﬁbund at slenderness ratlos

‘that~areu1n.thehpractlcalarange, |

-
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(7) A comparison with the Column Research Counc1l 1nteract10n )
equatlon (Equatlon 6) has shown.that in all cases . o )
"except the case of a relatlvely slender column'W1th -
:hlgh ax1a1 load (RC-8), the results obtalned are’
' ﬁiadequate for design purposes |
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A,
Paerd

I I Il i1 0 I I 1} I n- I 0 I | B | | 1 1

~ Cross sectional area: R

7. NOMENCLATURE.

A bending stiffness coefficient

A warping stiffness coefficient . |

Bending stiffness about x-axis, (weak axis stiffness)

Sﬁ,:Venaht’s torsional stiffhéssf
Warping stiffness
'YOung's;modulUSudflélasEiaity
Shear modulus

Mémentibf inértia:aboutifhé X axis
Moment of inertia about thﬁi& axis
Warpipg‘moﬁentéf‘inertia
St,'VEHant?Sttbrsion constant
Slén&ernesé rati6

Strong axis;Sleﬂdérneés 1':‘:25{;1__:{19,,,_»_ﬁ_‘__w
Weak axis slenderness ratio
Moment

Applie@Eﬁd beﬁding’QOeﬁt

. .Full plastic moment of a cross section

Reduced inelastic moment which can be carried in
fheaébSénéeij axial force |
Moﬁant~atyield48tressqw N Jzﬁh;
AX£a1 fqrceiapplied+to'the‘cofﬁmn;J
iEﬁler load in the ﬁléhe\ofbending'
'Cdllapse iéadfor'the coiuﬁnncentfallyﬁioaded  m

for buckling in the unrestrainediplane-
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Amial;force céusing uniﬁorm yiﬁlﬁing.gf~
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Il

S T the cross sectien .

s = Section modulus

“ :

“‘Z: ; - BlastiC‘deulus%

. o d = Depth of section |

-f | e - | =" Moment lever arm

I

Radius of gyration about the x axis

a3
!

Radius of ngation about the y axis
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I : | A ~ buckling equation

; " = Thickness of flange . ° o o

Distance between céntroid and shea¥ center “

Yield stress - B
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J"""““"‘0-“-7'-‘."’9‘-("}7‘«'2‘-'"l’r'.'-»lf’l.-::. VST bl O e T - ’
'

!
: .
e T ST R e e B A S e e e s L

TEST P/P._ | L/x MATERTAL | REMARKS

HT-39 | 0.4 80 INYAl BRACED BEAM-COLUMN

HT-40 0,4 80 ALLL | UNBRACED BEAM-COLUMN ’

RC-8 0.6 | 50 A36 UNBRACED BEAM-COLUMN

- ¢ RC-9 0.3 50 A36 UNBRACED BEAM- COLUMN
| ‘ | o
RC-10 | 0.4 | 60 A36 UNBRACED RESTRAINED COLUMN

{ BRACED RESTRAINED COLUMN |

EREeR D A E




SECTION

8WF31

:

9.43

9.58

9.93

9.93

9.90

‘

27.3 30.9

28.0 31.2

l

28,7 32.0

A,l

28,7 32,0

32.5

28,8

_
ingh

1.95

1.96

1.94

1.94

2.00




Y

HT-40 52.3

RC-9 |  33.6

" RC-10 | 34,1

RC-3 35.3

RC-8 33,6

oy

1545

1626

277.6

277.6

81.1

i

30.5

340

nye

964

964

980

| 1030

M

~ 1075

1075

1108

1160

173.5

e —————(————

173.5

208.1

208 1

aa——

l

50.5

l

50.5

|

60.5

59.5
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337

200

583

414

T




gy

- o TEST NO, | HT-39| HT-40| RC-8 | RC-9 | RC-10

TEST MOMENT 1 353 | 337 | 200 583 | 414

) ‘——-—————_ s % s ——— ———— . — ’ _'_'__.
LATERAL-TORSIONAL BUCKLING 518 299 591 | 470 |
THEORY, UPPER BOUND

1 ' LATERAL-TORSIONAL BUCKLING R e
| , "
| . | THEORY, LOWER BOUND 240 208 228 587

CRC METHOD - | 329 | 262 | 264 | 571 |411

INTERACTION (BRACED 378 | 437 | 314 681 | 548 |
IN-PLANE BEHAVIOR) , | .

All numbers are beam-column end moments

T | ' with the units of kip-in,
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b ’ RESTRAINED COLUMN END DETAIL
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Experiment B -3

First Yield, |

"Twi_sting Observed 8 . 3|

Braced |
Oy=50 ksi .
P =0.425 Py |
L,=81.1
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Q (radians) N | S

FIG. 9 TEST HT-39  EXPERIMENTAL RE SULTS
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' FIG. 10 TEST HT-40 EXPERIMENTAL RESULTS
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Find (M,),, for given L,P, materlal
and Cross secﬂon

r. 2

O),

- ) Assume MO. ) de?ermine_ Bl 'g 827 (-_Cr

) ,and solve’ for L from Eq. 2

2) Assume new values of My,until @
M wversus L curve can be constructed

0o°Cr

(M), = Upper Bound

3) Fok the given L,Ob?oin (M) from this curve

by
'l
%

R ) Set (Mb)cr/u_, - Mot center of member

2) From CDC find M, correspondmg to
thus momeni‘

M, = Lower Bound

FIG. 19 UPPER AND LOWER BOUND FLOW SHEET
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