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PACIFIC GA.S A ND ZLZC T R IC C O MPA NY
77 BEALE STREET ~ SAN .FRANCISCO, CALIFORNIA94106 ~ (415) 781 4211 ~ TWX 910 372.6587

V. O. SCHUVLeR
VICC PRTTIOTNT

NVCTTAR POWTR OTNTRATION

May 8, 1984

PGandE Letter No.: DCL-84-175

Mr. Darrell G. Eisenhut, Director
Division of Licensing
Office of Nuclear Reactor Regulation
U. S. Nuclear Regulatory Commission
Washington, D.C. 20555

Re: Docket No. 50-275, OL-DPR-76
Diablo Canyon Unit 1

License Condition 2.C.(II) - Errata

Dear Mr. Eisenhut:

On April 27, 1984, PGandE submitted Letter No. DCL-84-164 which summarized
PGandE's actions for responding to each of the technical issues in License
Condition 2.C.(II). Attachment 7(b)-4 to Enclosure 7 of that letter was
incomplete. Enclosed is a complete Attachment 7(b)-4 to replace the one that
was previously submitted.

Kindly acknowledge receipt of this material on the enclosed copy of this
letter and return it in the enclosed addressed envelope.

Sincerely,

Enclosure

cc: J. B. Martin
H. E. Schierling
Service List

8405140'4
PDR ADOC'P ".

48 840508''.
K 05000275,.

PDR
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PGandE Letter No.: DCL-84-175

ENCLOSURE
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ATTACHNEHT 7(b)-4

BENDING

MEMBERS

t STppL pESIGN CURRENT PRACTICE
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* >revim contents of thc lecture.

+ Sending concepts - review basic concepts.

+ Iehavior of Bending Neabera !elated to

differe-

ntt failure aode.

* Material includes:
coepact sections
non«coapact sections
laterally unsupported beaas
box sections

Slide No. 2-4

* Section aodulus S = aaxijsua aoaent from the
eoaent diagram at working or design load levels
divided by hllovablc Bending Stress.

* plastic aodulus 2 ~ aaxiaua aoeent from moment
di t owe specified overload (usus)ly 70X
overload for gravity loads) divi c y yxedcd b ield
point.

* i@en are these foraulas valid2

Slide No. 2-5

and design of
BENDiNG
INEMHERS

* To understand and properly utilixe the design
th d and specification provisions for struc"

tural steel design, the variables tha t affect
beaa behavior vill be explored.



Slide No. 2-6

* hll beam behavior caanot be represented by a
single load-deflection curve because of the
number of variables involved.

* Five curves represent potential behavior of a
beam or girder in a building.

1 2 Plastic strainiag vithout local or
lateral buckliag.

3 4 Reach first yield vithout local or
lateral buckliag.

5 Lateral or local buckling.

* The various allovable stresses permitted in the
latest hISC Spec. are related to the behavior
depicted in the 5 curves.

* Plastic Design is based on behavior curves (1)
and (2) so provisions are established to prevent
typ« (3) (4) (5)-

* Curves l and 2 vill geaerally provide the lightest
beams but sometimes the fabrication and detail
is increased because of the added bracing, stif«
feners, etc.

+ The proper design is the economical oae, not the
lightest one.

Slide No. 2-7

PRINCIPAL VARIABLES .
"

.>

THAT AFFECT - -'

BEAM LOAD CAPACITY .,»."-, '.

AND BEHAVIOR
1. SATHtNLSVNKNCTII
g. LSNINCKDCONPttESSIN ELEMENTS
S NTH.TNCKNESS INTIS v.

Of PLATE ELEMENTS
4.CISS SECTINI LOAONO
0. SVPtOhT CONOlTl0NS

* Principal variables that affect beam load capacity
and behavior.
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* Safe, ecoaoeical structures can be designed on
the basis of any oae of these typical curves.

* Curves l and 2 vi11 generally provide the lightest
beaas but soaetiaes the fabricatioa aad detail
cost is increased because of Cht added braciag
atiffeners, etc.

* The proper design is the cconoeical one, not the
lightest oae.

* Ve erill )ook at these curves in aore detail aad
aee ho@ they relate to the latest hISC Spec.
and Suppleaeats.

* Of course, shear aad deflection can also affect
the design.

Slide No. 2-9

* Curves l aad 2 treated together because the
design provisions are basically the saae.

* Local buckling and lateral buckling are controlled
uatil significant yielding takes place.

Sg

COenecan

+ ASD - called coepact sectioas.
PD - when plastic design approaches are desired,

this type of behavior oust be assured.

+ l is the aost comma structural situation. Load
increases due to a eaacnt gradient aad strain
hardeaiag - so@eat varies along the leagth.
Strain hardening strength is neglected ia design
2 for a uniform aooent region and is also an
idealiaatioa of l.



Slide ¹n. 2-10

PLASTIC OKSIGN
SA1WVilsTOKNCTH

Ng

* Sending strength based on full yield of cross
aectioa. Takes full uae of each type of section.

* Load factor ~ 1.7 for gravity loads regardless
of type of cross section.

/we
* Not concerned vith scee slight local yielding at

vorkiag load because yielding vill always occur
due to residual stress, stress coacentration,
erectioa, etc. hlso, once one cycle of loading
and unloadiag occurs, further response is elastic.

* Maxiaua strength without strain hardening.

Slide No. 2"ll
* H-Shape bent about x-x axis. Spacing of lateral

bracing and width-thickness ratios of flange and
web small enough to avoid local buckling until
the entire cross section has yielded.

)"N„~F~S * On the average, plastic strength about 12~ higher
than 1st yield for H-shape sections.

Slide No. 2-12
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* Basing the factor of safety oa full yielding of
the cross sectioa, not first yield, F.S. = 1.7.

* hctual design differs froe plastic design in
that only liaited inelastic deforaation is counted
on.

* However, aljIost all proviaioas (coapact sections)
in hSD are based on this higher strength.
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* All ble bendiag stress ia increased to 0.75
vhen bending occurs about the. weak axis e-
ova e

be-
cXuse of large reserve atrcagth beyond first
field {5+ here).

+ Still has aore thaa adequate F. I. ~ 2.0.

* Sargin of safety is provided against yieldiag
at work load.

COIaI~ ~r, * Use .75F for sections vith good reserve strength
like solid sections.

* Do not use for box or tubular aeabers.

Slide No. 2-14

* R d ctioas subjected to bending reach theiroun sec
ailurcultisLate capacity ia oae of three basic fax

sodes)

1. For very thick sections the ccepressive capa-
c yo eit f the aaterial is reached, vhich scans
that large distortion occurs vith no drop--off
in the load.

Thi r round sections fail by excessive2o aner
ovalixation of the cross section. Thisisa
type ot e of iaelastic iastability problesI in
vhich the decrease ia aaaeat capacity cacaused
by the reduction in thc section modulus due
to flattening occurs sore rapidly thaa the
increase ia soocnto

3. Very thin cylinders a1 d f il ia a diaaond shaped local buckliag pattern.

ad local buckliag is taken as 3300/F vhich is the* The divisioa between ovalixation aa oca
D/t limit given in the AISC Specificatioa for coepact c r ar

D/tclo at of the plastic hinge ia tubes vith
Cri i fo St t 1 hp licatiless than 1300/P . See Shcraan, D. I. ~ "Tentative ter a

of Steel Tubing Xnd Pipe" ~ AISI, Mashiagton; D.C. 1976
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What the allowable beading stress is for circular
sections that exceed the D/t < 3300/F limitgy

* hppendix "C" of the hISC Spec. gives this formula
for allovable axial stress when tubular members
do aot acct the D/t rcquiremnts necessary for
stiffened ele«eats subject to axial co«pressioa.

* This same for«ula is applicable to an allowable
bending stress as long as the D/t ratio does not
exceed 13,000/F

y
NOTE

See page 5-95 of hppendix C for background. Also,
Page 9 of "Tentative Criteria for Structural
hpplications of Steel Tubing and Pipe", D. R.
Sherman, hISI Publication.

Slide No. 2-16
??

I
FACTORS THAT AFFECT

IDEALIZEDBEHAVIOR

* The tvo previous solutions are based on the
idealized behavior (shorn solid).

* To achieve this behavior, lateral buckling and
local flange aad veb buckliag aust be controlled.

I LOCAL SUCKLING
I LA1LKALSUCKLING

* One or both vill always eveatually cause failure
of the «ember, but only after the structure be-
co«es useless because of excessive deflection.

* Sections that satisfy the width-thickness aad
bracing require«cats arc called compact sections.

Slide No. 2-17

HOSTS:F ENED CCNSVESRON ELFNENTL l 14.1 )

* Width-thickness ratios are defined in Spec.
Section 1.9.1.

* Thickness is average for ele«eats like flanges
of chaanels and "I" (S Shapes).

+ hppendix C used vhen values in Sectioa 1.9.1 are
exceeded.
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+ Stiffened coapreaaioa eleeeata are also defined
in Section 1.9.2 of Specs.

* Sections ahown can be ceepact.

Slide No. 2-19

* Relationahi between width-thickness ratio of
uaatiffened coapreaaion flaages and yield stress.

* Give values for h36 steel. 21.6 for hSD/LRH)
aad 17 for PD.

* The differeacea in hSD and PD rcquirtaents is\

that PD aay require large rotation capacity-
thua local buckling sore critical.

* hSD requirtmnta are baaed on a coepact section
that urea an inelastic rotation capacity of 3.ass@sea
When a higher rotatioa capacity ia required,

the b/t requireaenta vould be tightcacd to those of plastic design..

h atr th ateela, ao uae of coepact* Exp iaental data are liaited for the very hig a cng
behavior and plastic design only ior a e up

er na
teela to F < 65 kai.

* Coabiaations of F «ad bjt t aj tha f ll in the shaded area satisfy the hISC coepactaessyrcquireaents.



Slide No. 2-20

*+
* F« a given b/t, the yield stress vhich >«t

satisfies the equation can be calculated. It
is called F''.

y
* For each rolled sectioa, the b/t is knovn soF'an be dcterained. If the yield stress is

greater, you do not satisfy the equation and
cannot use 0.66 F . If the yield stress is less
than F', the croak section satisfies the require-
aents for a coapact section to control local
flange buckling.

+ Values of F're tabulated ia the hISC Manual
for rolled Sections uader the PROPERTIES FOR
DESIGNING.

Slide No. 2-21

~ ~

, ~ )

f4sMa.~ ~
* Web slenderness requir~nts for caapact sections

try to easure veb yielding before veb buckling
starts.

* Mcb buckling depends on the stress distribution
ia the veb; the presence of axial force in addi-i t th aostnt alters the stress ia thc veb,

eludesao coapact section criteria for vebs inc u es
effect of axial stress.

Slide No. 2-22

* If axial load is zero, d/t ~ 640/vv~ ~ Half of
the veb is ia tensioa, the other half is in
caepression.

* /F 2 0.16, entire veb vill have a uaifora* Shen f
coaprefsile stress diatributioa at u tultilNlte load.

+ Give values of d/t liaits for 436 steel.

%'%., I
No axial load, d/t $ 107
f /F R 0.16, d/t 5 43a

* 'Ihe jogagla ahovn is for 455, and is also appli-
pQ vhen no axial load is preseat.cable to

inelastic rotation capability of 3 is assured.
Eor a greater rotation capacity, d,t is liaited
to 4)2/ ia PD.



'; Slide. No. 2-23

f SQ

* If no axial load is present 7 S F" the veb is

coapact.

* 7 is the hypothetical yield stress above which

tX ti i non- compact 4ue to vtb criteria.
tbe section is non-

* When axial load is present -"~
rqb is coact. If p is betveeK F'' and F''

check the foraula for d/t requiresPnts.

* hctually, all shapes no@ available conform to

d/t $ 640/P vith available steels. Therefore

F" is not y required.
y

Slide No. 2-24
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* Slide shoes page 32 of "Tables of Properties

for Designing . . . anM N S and HP Shapes and hllovable

Stress Design Selection.

Slide No. 2-25
+ Lateral buckling affected by:

~ ~
1

- Steel strength.
- Uabraced length of coapression flange.

- 5ooent gradient.

* bracing aust be spaced close enough to prevent

lateral buckling free significantly affecting

the idealised behavior.

VgHy
'

~ . ~ j

V



Slide No. 2-26
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* Lateral buckling coatrol is not coapletely under-
stood to date as evidenced by the vast difference'n appearance between the foreulas for hSD and PD.

* hSD Formulas involve four different cross section-
al properties, and the checkiag of two formulas.

* Governiag L listed in hISC Manual in Beam Load
Tables for Seam-type cross sections.

* Foraulas are based on thorough tests.

* Uniform Moment if -0.5 > M/M > l.O.
P

* hSD aakes ao distinction between uniform moment
and moment gradient but PD.

Slide No. 2-27

Fr
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* hSD/PD provisions shown are almost identical.
* PD curve is for aoaent gradient case.

* Only for the case of uaifora moment will plastic
design require L , hSD aay require a shorter
bracing spacing Khan that for hSD.

* Siace hSD requires checkiag another formula
which could govern L , hSD may require a closercbracing spacing than PD.

* Safe region is below curves.

Slide No. 2-28

8EHAVIOR OF
NDETERM!NATESEAMS

COMPACT SECTlONS

AMQUATELYSRACEO
(tNSaaeaO LaNOvN ~~)

* hSD - liait of usefulness is based on yielding
of the cross section at one point oaly-

* PD - limit of usefulness a ultiaate load.- apply load factor to working load. (1.7)
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'lide No. 2 29

* Sehavior illustrated by curve (3) should be
expected if lateral buckling is controlled but
flange or veb slenderness ratios «aceed coepact-
aess liaits.

* PD aot peraitted. Io aoocnt r«distribution
pezaitted.

* ASD peraits gradual change in allovsble stress
betvcen .6F c F < .66F vhea flange coapactncss
liaits are 4cee)ed.

+ Historically the AXSC Spec. does aot pereit local
buckliag belov 1st yield in hot rolled acibcrs.

Slide No. 2-30

* Shovs local buckliag criteria ia hISC Spec.

* Fb = 0.66 F for b/t up to 65/~-y
* Straight linc traasition to Fb 0.6F at b/t

~ 95/4 .y'

hppeadix C for b/t > 95 P .
y

* Here, b is the vidth of the unstiffened eleacnt.
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vith a aaj or inforaation gap occurs

* Nov is a good tioe to discuss the angle vhich
is a very common aeaber in building construction,
but has liaited design guidance available to the
engineer.

* What design criteria that is available consists
minly of eapirical extrapolations of solutions
for other shapes and continued misconceptions
about non-principal axis loading and shear center
eccentricities.

* The design condition which presents the designer
vhen the angle is used as a laterally unsupported beam.

* The angle is a dif'ficult shape for stress analysis.

rinci al axes of the cross-section do not coincide wrath coaeo 'n loadin directions
. a h f cause biaxial bending deflections vhich are not. and any routine loading vill there ore cause ia i
, in the same plane as the applied loads.

icate the roblea, the shear center is'ot at the centroid and is not*
Thus aost loads vill cause the cross-sectionon the line of aost aajor applied loads. T us aost oa s i

to tvist and to deflect out of its loading plane.

11u uall eccentric because of the lack of' Finally, coneonly used end connections are usually
syssnetry of the cross-section.

Slide No. 2-32

* There vas a study aade in hustralia which
developed soae rational, simple formulas for
the design of laterally unsupported angles in
bending. See hand-out aaterial.

* The theoretical study had these parameters:

The loading resulted in uniform aoment along1. e oa
the entire laterally unsupported span, ivhich
vill produce the aost critical lateral buck-
ling situation.

2. The angle lengths «ere assed to be coap lately
laterally unsupported.

es are a licable to equal leg angles, although similar researchg pp
results on unequal leg angles are availa e.

roxiaated by'he dual rectangle idcalixation shovn. This
dii b t can be aade to reproduce act

aeaber properties very precisely by adju g

i od t b 1 bl
chosen eooetrical proper y

tion, therefore, is not critical and is necessary n
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11 in slides vile «how how practical angle* The fol?owing a es
d ~g stresssections are usually governe

0.6F ) or be deflection liaitatioas rather

* Case I ia a c~n design situation, ao let'
briefly exaaine the Australian work for this
cases

the aa)or principal axis U, an
cipal axis V.

* lf th» aaxiaua stress vere calcualculated without
reso v g1 in the applied load into U and V compo-
nents, the result could be unconserv y«tive b as
auch as 5'.

Slide No. 2-34

* The Australian study showed that ft for laterally
unrestrained ang e assbeans the fallowing relation-
ships apply:

* The stress at any point in thethe section is

~bt
'" i (V + iU) y + V - ~U)l

noraal to the«here V and U are cordinate points n ma
principal axes.

* Sax. Section Stress is as sheen.

* Angle of twist f is aade np of
< twist du ppe th a lied loads

due to iaperfectionc-< initial angle of twiste



Slide No. 2-35

* The top equation shows that the stress in the
section is ~ liaear function of the a«ount of

'twisting (Q) to which it has been subject,ed.

* 4 also has a direct relation to

L/ , a anda B

E

Where: 0 ™a does not iaclude stress due to twist.a z
8 is elastic section «odulus (hustralian nomen-
clature).

Slide No. 2-36

~ ~i> ~ Ã ~ - ~ ~ ~~ I

~ Q + ~

t ~ O

C 4X CL'Ot
l
I

GIW l4 0~&0+ VNile ~>e''N N'&4 I

* Thus it is possible to produce curves of a
against L/t with contours of cr , the maximum
section stress.

* Twisting «sy be ignored if,
c $ (3S- —x —) ksi1 L

a 60

* Later research on unequal leg aagles confirms,
in general, e ~ 1.25 o .

Slide No. 2-37

* hn alternative «ethod of angle beam design for
Case I is to coasider the critical buckling
«oaent given by this for«ula .... where the
critical applied «o«ent is equal to P times the
critical buckling «o«ent.

* The di«ensionless para«eters aa 5 B~ are then
E~t Lt

used to draw the critical buckling curve.

14



Slide No. 2-38

* This curve allo+a the estiaation of the critical
applied eoaent for a given length and section.

values of* The horizontal lines represent the values of a
Et

necessary to pr ceto produce a stress of 3F, for various
5 ratios ~

* It was shown that failure stresses will be
unaffected by elastic buckling if the calculated
buckling stress is at least three trees the
aaterial yield stress.

* Shaded area shovs design range. For instance,
vith B/t of 16 and a stress of 3', LI t) r > 2.7.

tJ BJ

Therefore < (16) x 2.7 < 690. Singular cal-t
culations for other 5/t ratios can be aade.

Slide Ro. 2-39
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* Therefore, Australian research indicates that
alliable bending stress F> aay be taken as
0.66 F for these 1iaitatibns on 5/t and L/t.

+ It has been practice in U.S. to use Fbuse F ~ 0.6F .

* ht these high stresses, deflection say control.

Slide No. 2 40

«

+ The critical stress corresponding toto the criti-
1 applied eoeent can be obtained (upper egua-ca app e

a safe bending
stress (F ) thru use of these ~ foraulas roe
the hustr)Sian Steel Structurea Code AS CA 1-

+ Again, shaded area represents Wa gn range. hs
before L t ~ can be seen as approxtaate y

b

15



Slide No. 2-41

* The result of converting the critical stress into
a safe bending, stress is ahovn here in graphic
form> which aay be used directly for design.

* h copy of .the hustralian research report is
enclosed vithin the handout you received. Hope-
fully it vill assist you vhen designing angle
beams in the future.

Slide No. 2-42

* Curve 4 is typical of sections vith non-compact
vebs - velded girders in general.

s
I'I

ll

Fg> O.SF)

* hlso typical of box girders that are unbraced
laterally.

* F = 0.6 F .b y
+ Curve 5 is typical of beams which fail by local ox

Lateral Torsional Buckliag (LTB) and will be
covered in a later lecture.

Slide No. 2-43

+s ~<i
~ l%
t

g g(+ ONgg

h+ ~f1

* Box sectioas asy be compact.
hlso less susceptible than V-shapes to lateral
torsioaal buckling.

* Criteria, for coepactness shovn

b/t less than 190/P
d 5 6b aad t R tf/2

* hlso a bracing requirement which takes into
account aoeeat gradieat. Moments shova are ia
plane of beaa.

* 5 /5 aaae aa defined ia other part af Spec.
1 2

need not be leaa than 1200(b/F ).

16



. Slide No. 2 44

Pc oP
~ a ah

* If box aectiona do aot acct coepactncss rcquirc-
6 F ~

* No lateral toraional buckliag consideration if d
lcaa than 6bp and t t tf/2.

* Unbraced leagth does aot affect carrying capacity.
Deflection «ill govera «ith very long apans.

Slide No. 2-45

',r
d ~a'4

,.sSosoos, .

VSRATKN

N)SONG

* The design of beaas ia a .floor or roof ayatem
«ould aot be coaplete «ithout acee attention to
Deflection, Vibration and Pondiag. SoNethacs
these are criteria for design rather than atres..

* %bile the Specification does require that Deflec-
tion, Vibration and Pondiag be considered the
only precise liaita enuaerated are the 1/360
of the apan live load deflection for beans aup-
porting plaster ceilings and the Ponding Foraulas
to be checked for flat roofs. Ve vill look at
the ponding foraulaa in detai) later.

* Deflection limits aust rest on the aound judgatnt of the designer aad the experience
of the behavior of aiaQar atructurea. The Coaacntary to the hXSC Specification gives
aa ~ guide the folio«ing:

tully stressed floor hesns snd dfrders; p depth not less than ASM tfnes the
apaa

Fully atrcaaed roof purlins {except in flat roofa) depth not leaa than F /1DDD
tiaea the apaa.

For A36 ateel theae rec~ndationa «ork out to be approxiaately 1/22 for floor beaas
aad 1/28 for the roof purlias.

* Large open floor areas free of partitions or other aourcea of daaping say be auscepti-
hle to traaaicnt vibratioa duc to pedestrian traffic. Nile there arc aoa'design
~othoda available to check a floor ayatea for vibration auaceptibility they aecessari>y
iavolve trying to evaluate the difficult problea of hen perception of vibration.
The Coaaeatary recommends aa ~ guide thc depth of a atcel beaa be Not laaa than 1/2D
of the apan «here a problea of perceptible traaaieat vibratioa ~t be auspcctcd.

17



Slide No. 2-46

PONDlNG FORMULAS

* Spec. Sect. 1.13 gives approxiaat» but conser

vative foraulas for ponding.

Cp+ O.QCs <

32LsLp~
C ~

10 Ip

0.25

snd III e 25S /10

32SLs'
nd CI--

10 Is

* Point out the aore exact aethod in the Cosmen-

tary.

* C and C are ponding coefficients.
p

Slide No. 2-47
* Discuss the Modified Ponding Foraulas.

Show how they were derived.

(hISC Engineering Journal - First Quarter, 9ter 1973

Page 26)

* Modified Ponding ForsIulas derived by Burgett,

"Fast Check for Ponding", Eng. Journal, 1st

Quarter, 1973.

Slide No. 2-48

~Qys.1. p

~t
I

* Definition of syIsbols shown on typical roof

frasIing plan.

~,~ ~ aglf4c ts't ~>~f

~ ~ ~ ~
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Slide No. 2 49

l
~ o go ~

F + '~ 1
I

~ 4

~ J'

4 ~

4 4 4

'

*

~ 4 ~ ) ~

* Grapha I and II have bean developed to deteraine
P and P2 Dich are available Sa Surgett paper.l

e ~

t
0 ~ ~ 0

Slide Mo. 2 50

Sea Osyh I
~ +0%
shes~l

gsA ~

* Design Exaaple

+ Illuatratea the uae of Graphs I and IZ.

%a'a&4

t+ioa
~ hlAOONiORECIS %

Slide No. 2-51

~ 0 ~

~ ~ M $ ~

l

* Illuatratea the uae of graph III and the check
for ateel deck.

~ llt

s ~'4
~

Ow taM~tM

10r
I
I
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The design of laterally uniup rted angles

4 ll. Leigh
Experimental Officer
Melbourne Research Laboratories
SS. G. Lay
Principal Research Otticer
Melbourne Research Laboratories

1. Introduction
The steel angle ls a common and almost
traditional member In building construc-
tion. Its popularity stems from Its relative
lightness and compactness and the ease
with which It can be connected to olhar
members. In view of Its long and wide-
spread use It ls surprising to find that ilute
fs known of many major aspects of Its per-
formance as a structural member. In these
areas design guidance Is only available to
a limited extant and consists mainly of
empirical extrapolations of solutions for
other aectionst and continued misconcep-
tions about non-prlnclpat axle loading and
shear centre eccentricities.

The behaviour of angles as compression
members has been studied relatively exten-
sively (e.g. - s 4) as a result of their wide-
spread use In such structures as transmis-
sion towers. These towers are ususfry pre-
cisely anaiyseds for actual failure under
well defined load factors and an accurate
knowledge of member load capacity hss
been essential. Even here, however, the
underlying research has'requently bean
highly empirical with strut load capacities
given for each member slxe under practical
ftetd condltlonss.

The case which presents the designer
with hfs current major information gap oc- .
curs when the angl ~ ls used as a laterally
unsupported beam. For example, the S,A.A.
Steel Structurea Code *S CAtr states ln
Rule S.4.5:

'The Standards Association of Australia
Ia not prepared at ties stage to make
recommendatlona for angles which are
no'I supported

laterally.'he

brftfsh Code permits Its standard
beam rulee to be ueed for ang'les, but the
sechnique developed ~ not ba rationally
defended' and ffoea fot Ised to consistent
design aolutkrrta. Tfre IJ.S. steel design
epeclficetlonts doee ftof apecNcaify cover
0» ~,

The logical question fo eek at this etage
Ia why the problem of the laterally unsup-
ported angle ueed ae ~ beam has remained
wtthout a practical aolutkrn for eo long, The
errswer Ia, baeicaify, that although the
angle le a very afmpN section to the Iay-



man and the producer, It la a difficult one
for tf» stress analyst. The principal axes
ot the coaction do not oolnckfe with
common loadlny directions and any rou-
tine loadlny will therefore cause biaxial
t»ndlny deftactlons which are not In the
aame plane « the applied loads. To further
coftlpllcate tt» ptoblsm, tf» shear centre
ta not at the centroid and ls not on the line
of moat tnajor applied loads. Thus moat
loads will cause the ~ctlon to twist
and io deflect out of lts Ioadlny plane.
Finally, common end connections are usually
~ccentrfc because of the lack of symmetry
of tf» croaa~tion.
t. Ctrttent ttweadyetlona
Tha purpose of tl» current Investigation Is
fo develop rational but simple formulas for
tf» design of laterally unsupported angles
In bendlny. Thts ahoukf help fillthe present.
previously quoted, void ln the SA,A. bteel
Structures Code. CAt, and thus permit the
snore wldespteif i»e of angles tn bulkflng
eonstructhn.

Tha loading c«e to be oonakfeted will
be a uniform moment Okey tha entire
faterally tx»uppotted span. This will pto-
duce the moat cttllcal lateral buckling altue-
yon» and wtfi therafot» give teaufta which
will be safe for any otter bendlny moment
Oatttbutke. Tf» aan» unlfotmmon»nt basis
ta uaed for I» other lateral buokllny nNee
tsf CA1» ss. The lengths under oot»lfera-
Ion «e ~utned fo be ootttpteteiy ttnaup-
yottad «td I» aolutfona taay tf»tefote be
~ypNed to boN fullyut»uppotfed beams or
saattalned beams between taatralnt pcNnts.

LWr wotk wtll Include an Oxpetftt»ntat
~as«lna5Ãl of various aspects of y» prob~ llowever, yea Oracle wN be oceined
~e a 0»otedcai dettvatlon of tfaatyn ndeA

Iefufletta «e onfy presented for equal
«tyiea yey lengths equal). IItnllareofuttot»
oan be obtained for unequal anytee, but I»
ootnfuale «ymmetry of y»ae tatter aao-
Sone ptodut»a alyebralcafly ttwotvad ta-
~ufta whkh fend to obscure I» baalc «t-

The tanya of equal anylea produced by
~ifp «e yfeen in ss TI» aectkea «o ~
~toxlmeted by the dual rectangle ldeaflaa-
Non shown In Fly.1. TSa Ib»attaed aeo-

Son ignores fillets and tc» radii, but can be
made to reproduce actual member ptoper-
Ses very precisely by adjusting the kfeallsed
Iey length, B, to produce an exacl slmllltude
for some chosen yeometrical property (such
«area). The assumption, tf»refore, is not
critical and ls r»cessary In order to obtain
a solvable aet of equations.
3. tfotation and efyn cotwenlhn
The notation to be used ls:

b = Wkfth of angle ley.
A,C,D = Cceslants ol Integration.

K = Young's Modulus.
F = Design stress.

Fe = Critical buckgny stress.
Fe = Maximum permissible bendlny

stress.
Fe = YIeld stress.
0 = Modulus of rlgkflty (sheet or tor-

sion Inoduius)
fe = 8econd morrwnt of are«about

VU «ds.
I = Second mon»nt of area about

W axle.
Iv Watpltlg totnetl'I of ateA

t(e = St. Tenant totslona1 constant.
K = Torslceal component of the nor-

tnat attsea (see eq.SA).
L = Length of span.
M = Component moment of the

~pplled moment.
M„e-"Ctttfcaf buckllny motnen!.
M, = Applied mon»nt about Y «de +

faoment due to the dead watyht
of fhe beam.

5 4= Sf»at oantte.
g Denofea the ma)or pttnctpat «dA
Y Denotaa Ne mktor ptfnclpaf «dA
W Denotea fhe polar «ds.

T, X Oanofee axae through y» oan.
bokf, paragel fo «t angle fey.

7 «Sec@on taod4uA
g. « Iectke modulus about eence

«da aa M«
g, t= Necuon tttodulm through I» V

«dL
o «Centroid locatkrn.
t « 'Pliokt»«of anyte tay
w «Q~Q «da ocKIIdlhate..
u «V-V«da oceotdktate

w «N»ar centre ocHxtwnate.
ue m bhear centra OOENOnafA

e ~'&0

I
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x
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w ~ Distance measured along tt»
length of the beam.

r = Actual section stress.

r, = Stress calculated using conwn-

Uonal besfll fofmUIa:
M,

rMa=—
Z,

r„m CrlUcal buckling stress.

d xc Ang,le of twist.

4 ~ lniUal angl ~ of twist dw to

isape rfections.

I m Coefficient In solution of dttfar-

~ntlal equations.
' DlfferenUation with respect to w.

This clofaUon Ia coupled with the sign

conwntion shown In fig,2.

4. Le«Nng cases

The t»haviour of the beam ls dependent

on tt» axis about which the moment Is

~pp'.ied, Fig,2. Four loading conditions are

Nlustrated In Fig.3. These condiUons can

be used wctorially to represent all pos-

sible cross~ction loadings. Taken In-

dividually they are:
Case I: Moment applied about an axis

through the shear centre parallel to one

leg.
Case tl: Moment appged about the UU

axis (strong axis).
Case Ill: Moment applied about the W

axis (weak axis).
Case IV: Moment applied about an axis

midway between the UU axle and the YY

axis.
Each ot these cases will now be In-

divldualiy studied.

For tt» kfeallsed section (Fig 1)

v=+ u+
~nd ds = ~ v'2du = ~dv

Integration of equatiorls (5.5) and (5.5)

yields
Pr= o and P> = 42B

wt»reupon:

K = —V 28M
—(57)

for equal angle sections.

The ang'~ of twist e may now be deter-

mined by substituting this solution Into eq.

(5.3) to glw:
(GKc <28M)r"+ Mu'+ MV' O (S.b)

Differentiating this and substituting values

of u", v" from (S.l), (5.2) gives:

k>t" + M= ~ ~5.9)

k> = GKr V 2MB ~510)

IM/

The general solution ls;—

i= A cos rw ~ D aln Mw——
(5.13)

with boundary conditions:

Ocr>o> = e>M».> 0
one obtains

Thus, lt can be established that F msy ~

be taken as 0.66 f, for tt» followirlg
cases'ase

B/t Range for F> = 0 66 f,

Fc= S2 ksl 0 0 < L/t (660
11 0 ( L/t( 570160 ( L/t( 330

F, = 36 kal 0 0 C L/I< gfro

11 0 ( L/t( 650

10 0 ( L/I< 600

The critical stteaa corresponding to the

crlUcal mon»nt In eq.62 can be obta>ned

by:

Z Q2 'B't
, Etr„= 0 424M~ —,

[(i>>i'+>",)'->,'l ~'»
This stress corresponds to F, In Rule

S.4.3 of AS CA1 and the safe bending

stress FM. for the beam can be calculated

using eqs.(4) and (5) of those rules as tt>e

purpose of these equations ls to permit

such conversions to be made >t-". t». The

result of conwrting r., In eq.(6.3) into F.,

Is shown In Fig.5b, which may thus be used

direct:y for design.

7. Case L erase eokrdon

Tha actual maximum section stress ls ob-

tained from the stress equation, which

gives the stress at any po!nt in the section

L Case I

The problem to be solved is illustrated In I. Case L CrfUcat bucking

and Fi,4. Galambos» has shown for Case I the critical buckling condiUon

that for this case the following equaUons occurs when:

apply':
eL=v

Bending In the V Direction:
51

(3.61) Etcv- + Me = M M5,1) t=—~ (see eq. 5.14).

Bending in the U Direction:

(3.62) El>u-+ Me = M MS.2) Since

Torsional Equilibrium: eL= —'. L

('N) Et-i- (GK, + K)e'+ „„„„~ical ~t h g
=0 MS 3)

wt»re the symbols are aa defined In Sac- r — '6.1)7 SSML

Non 3 and the primes Indicate dNerenUa- s» (>- '~)
'on

with respect to w, the distance along Et'»

team.
or

Tha equations are derived from ft» fob ~M,~ eI B

lowing aat of aaaumptlona:

(a) Tt» maladal Is elaaUc. ViXi'y»g j~»
(b) The member Is straight and prismaUc.

(c) The croevoecUon Ia thin walled and

(M )r> V2M ~ Ihe ccfdcal appUed

en~~~ ~ ~it ~ ~ th, dl -~MI

AN O» oocwtants ara ras>cgiy caicufabte

Ossa IecL4) with tt» excepUon of I and —'nd —are

I b ~ I ss eg ~ ~ling ~ (Rg.s.). Thh
«eabmation of e

lore, I = o. K can be determined from tt» foc a given length and eeclon. The horfsoo-

fogowing oonatltutlve equaUona given by ~~~ ol ILSopco.

INIamboe: ~uoa a stress of Sfc (where Fr Ia Nw snab~),~~~~~
estd 30 Ical actd —saloa ol O and 1O.

It haa been shown ss ss Ntat faUuco abaee-l
~e wfil be unaffecdad by efaagc buokgng If

0» buckling abase Ia al feast ctree Ncc»e

Tl>s IIn l>s>>~ >>ii>e> ~ »»aa>yv c>s>>s>»s>> ~

(2.74) r — ' E»,e- —(7.1)Mv Mu
lo Ic

where M< =M(t + e),'M,= M(1 —e)

tt has been shown that tt» etiect ot

warping is Inaignlficant and since:

(2.62) I = Je>>'sda=o ~.2)
thon I>,= o

EquaUon (7.1) becomes:

~M> + ~ M~1 >lu ~—
>>

Ir

Substituting values for I» I. ghres:

~ = —(>>>+ >i»>+ v »>)w-

Thta equaUon shows that the stress In

tt» eecUon Ia ~ Nnear function of the

amount ol lwleUng io which It has been

~ub)ected. Tl» twist reauIUng from applied

loads la given In eq.(5.14). Furst»r twist-

ing will result from IniUal ecoentrlclUes

present In tt» unloaded angle. There are

no apectficaoon Nssitfs lor iorslonal eccen-

tricity; lrowevec Maaaayts haa measured tt»

Sorslonal rfcsty In easel I beams and

suggests «tgeese «t «cacaos viue ol Initial twist

+~0 ea V 10-'L radians -(7.5)

Values ~ised foc Nro angle lengths

ace given kt FIg,7 Nxgether with Massey'a

general eatimaaa. Tt» Snethod Of CC»aaure-

saent ia shown kt jig@ The twist due to

lhe weight straae Ia evaded by measuring

fhe kstaI twist (o,.dM) ol fhe angle In two

poaltkÃ» nk»fy degrees aparL The mea-

sured vahea ace In agreement with Mes-

aey a equal ksn.
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len th. The Increased

The ger»ral solution Is:
y- = A sin aw + D coa aw

~5.5)

IM. ~ oM,Iv
I~

I.~

or

4= OKv
M'r-

Elr

where w — Ib/In. g

It O, la considered, the stress equation Stiaasea due to additional twisting csn be

calculated from a gerwralised form of eq.

VV + 4U)oa + V—4UI3M I I
(y 1)

jM. ~ ta.ta

~,6) ~ = (—,)'p.tt Ia

and If ampgfication oUects near the buck- Applying th ~ I conditions of zero t r-

ling load are neglected ~lonal restraining morr»nh 'A more exact and comprehensive solution

to this problem can be found ln Rel.20.

+ 0 436 'ht,'0 '
tI The loading for Case IV Ia shown In Fig,

where t In the O. part of tfw expression has 3d. In this case tfw moment can be

The lowest critical moment occurs when:

value Of $o for values 0'I (—) ~L=r axes (prlndpat axes) and the theory or

mum UO $o r (t) Cases I and II applies.

ft can bo soon from SocUon 5 that
S, I More generagy. It tl» applied moment

L n B) ocis In any poslUon between the X or Y

1'')'t( and U axes, the component moments M, ~

rE Sttp Mr reSOIVed In 'the U, V dlfeCUOOS, Will

where r,=~ does not nc ~
oduce stresses ah and aa The design is

d to twist. Thus, It ls possible to produce
~ —

5+q 3

cu es of . against L/I with contours of This result can also be obtained us g
i

In satisfactory II:

o max mum section stress, as show the St. Venanl buckling solugon, F'> —"<1 (11 1)

rase ~ ~
Fa Fa

in Fig. .'5. Contours of r, (stress Including
hou h the whe F and F> are the maximum pecmis-

Initial twist) are also shown. Althoug
Subatituling M„=a... Z. In eq (5 1) Sible atreaaeS aSSOCiated Wi e i

over a~~ or e range eth nge examined; the rnag- gives.
under consideration.

nttode ot tht ~ tttetease ts small snd ottts

a eront In the graph for'large values ot ~5.10)
appaten n

~ t tt hss haell etlltwII that tlat tatatsas IIII.

M and (-). which Is the critical ~ lssiic buckgng stress

tf tfw maximum section stress Is cal- for the member. Usingt

cUIa orted I Case I using conventional beam stress io design stress'onversion of tt»

fo I and If the applied moment ls not SAA Steel Structures Cod e CA1 Rul~ 5.4.3,

formulas
fi ho The t oi i th io I:n V 5 ether with eq.(5.10), Case

axes, the calculated stress may be up to aUows Fig.g to be drawn. This figure shows

50% less than ac Usth the ctusl stress produced both the critical buckling stress curve of 3M( )

~
s of th mbols .(5.10) and the cUrves of the design

~ may bo UP to 50< 4ss bending stress for yield stresses ot sees of 52 and The maximum section stress Is:

36 ksl derived as Indicated above. stats —at

0" It 4 c4ar from the g pra h that twistingttn tt ts appstent that when L/t w 000 tot

Fp = 52 and L/t C 300 fOr F0=35 kal, F'h re tt» angle Ofhdat*= O+ O

;may bo ignored lf: If the maximum stress la calcUIaled wllh

~ 5) the F,) 3 F, criterion used earlier. out resolving the applied load Into U and V

~

~~

L less than the actual maximum stress. Twist-

ed from ~ form o the ~tours ln g. estimation of F ~n th —ratio u4 th
' and 'b'n Fig. 6 are Ing may be ignore

~ two points '

obtained from the buckling solution given y4Id

In Fig.Sae as the points where buckgng stress In ~ section may bo determl r, ( ——, )
An alternative method of beam design

th I Uw two approaches load to aiml'ar aecUon modulus.
that the two approac

for Case I ls to consider the crit ca uc-

iesuits os 'a'nd 'b'k close to eq.(6.11). Ung moment glwn by.

The buckgng approach relies on the F.— ~ Caao Ill

F conversion of oq.(4) and (5) o C . The loading for Case lll ls shown In Fig.
~
—'j ——. —~(—

whereas the maximum stress aPproach ls 3c. Since the rnonwnt Is applied abo~ convafs

baaed on llmlUng Mw iruo Peak stress to weak axis thoro ls no posslblgty of buck-

ling to a more stable configuration and the 54 3

perm va
therefore load to similar but not ldenUcal beam will continue to bend about sthis axle

only. Therefore conventional beam for-

mulas may bo used. Ttw maximum stress

given by: are shown In Section 6.

L Coao N r =—'g.1)
Oafaraboots Itaa shown that, for singly aym- '%00 Z Caao II:

tttotric socUons oub)ect to tho loading ahosrn The angle of Nr4t O haa no direct offset In

In ~), Oe oquaUona 1or Iaaaral 1or-

oional bucfdbtg are: ugh tho shear contre I

4 ~ ) uae twisting of the anglo section. Such

(350) El-o" (GK, + Mp,)o-+Mu-=0 4, wig I~A, th. weight of th. ~
tlon ecting through the oontrold. Ttwoe Fa=~ '

Since Ifo=o (SocLS) and warping ia ~ wiU 4 f~i M„b„.

Inaignlficartt then (1L1) TNs may bo Ignored t + 2IO for Fp-

M~+ kaO-=O - ~)
wlwfo for wagI ht twhUng tfw value of T Is: 52 ~ L ~ 4 F

t
T =—In Ib/ln. design atrosa of 0 55 Fp may be used

4



Coae Nl
No eecondary effects will occur ond oon-
eentit)na) beam formulas tna)r be ueed.

Cade IVN

The design ls aat)sfacfoty tf:

I)theta Fs Ond F» are the ~rrtoopttste mid-
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Lh Y IJNSUPPORTKD ANGLES—Thauu, Leefh5'05
The Behaviour of Laterally Unsupported Anoloa

By B. F Tssoesas> 7 M Lmmt> M S > M Mhusr ILnd M G LAY>KC»E M.PAG,Sc,> PsLD ~ F Mhurl.

Sb>esses>5>.—%%is paper reports thc results of tests on laterally
unsupported eagles with equal and unepul legs subjected to a uniform
moment orer thc entire laterauy unsupported span. The mancnt is
reriously eg>phcd about the most ceaunon hsdiog aces.

'1be tesuhs afe norns>ared whh a theory ptoposed in carter work.
They show that thc angle of twist, 4, normally reduces tht maximum
aecnon stress produced. Since this twist has a aignihcant in5uence oa
loading plane degectioae, designers msy safely usc 5rst order theory
provided dc5ectioas do not exceed a typical haut of span >180.

The testing programme hss also shown that practical angle sections
are gorerncd by stress and dc5ection criteria rather than by buckling.

or no design guidance for lstcrauy tmeairportcd angles and thr 196g
SAA Steel Snuctures Code AS Chl (Rcf. 5) lo Rob 5.43 erst cd:

"The Standards Association of hustraBa is not prepared st this
stag» to make recrxnmcndatims $er angles which are not supported
IateraQy."
This inrestigatioa, therefore, was aimed at dertloping s eet of

usable design formulae through a ster>prehensire testing progrernrne.

C
E

- Fg'P
Fe
I
L
hf
hfv
If>
hf»
0

S
UU
VV
IF
X
Y
Zo
s

r

LIST OF SYMBOLSt

Length of angle leg as de5ned in Fig. 1

actual lcngth ——
Ccntroid itcatim.
Young's modulus.
Nommsl yield stress.
Material yield «ress.
Critical buckling «ress.
Second mcenent of area about thc axis perpendicuhr to thc
axis of load applicatioa.
Length of epen.
Applied ttxxnrnt.
Compoacnt of the epphed mcentnt about thc U-U axis.

Cotnpmcnt of the applied moment about the V-Vaxis.
Critical buckling moment,
Length of angle lcg as dc5ned in Fig. 1

actual Iength ——
Shcar centre kecxtim.
Major prmcipal axis (U ctoemcctim ~nate).
Minor prmcipal axis (Vcro~m ~nate).
Pcder axis.
Axis through the centroid peraM to the short angle Ieg.

Axis through the centroid peraM to the hag angle leg.
Secnm moduhta about the ax«of Jeod apl>l'cenm
Thickness ofangle Ieg.
De5cctim of thc shear centre in~ X~tioa,
Dc5ectim of the shear centre in the Y»diiectim.

hf
Nominal «rem hand from oe ~ —.

Z
hctaai nmxitnam section «re«.
hack of t««t.
Maximum eagle af t«hc.
DI5etcntiatim «hh respect to e.
bogle between the Xaad U axes (Fig. 1).

r
Fig. I.—Si>aph)Ie>f >f~k Stark>e 1&erariaer aevf Lororio>ee o/ Asa.

w ~ tsv .,;. (> r)

yv ~ »gje .. -(l2)

Meet «recontrol engineers are aware ofthe cxenykx analysis loroired
designlog angle beams. IfaQ thc ranel5cacima of thdr bcherioar are

«e bc taken htto aocomL Commm boding aht«time do not neaely~ «hh principal axes directims and each boding cmce tleerefore
ac Saxial bending de5ectims ceeebined «1th amdal t«isting of thc

aactsm. Strtsctnral design codes cammmly (RefL 1 aad 2) gire Bede

pease lie Stet, eah>osaot + «>e~ m leae 7> let3-
Set Tbeaas ie m geseeaoeoeel ~ yeeaeee mo«oeeeioa Iree>>>moor ~

geeeeeea Lease>oeeeee, Me%a~ace~bs~aa,ae~~ew« .lb'
J4~Itr Ler ie go«er y«oeteet geeeeeea Oa>e>r. RCt gooeeea Leaeeeeeetee>

>II>»»»»»»»>»»»»»~~»>l»>

~ »,

dxgg >sag ~dewy wmr sr og aI ad lsd asrrwaao
gg>ter+ iepeyAL i&or fsrg 4t4fAcg clvgfrr co 4IQ'RAT/04.

l%iF. 2.~ Ceese>oais>e.



I04

15tcrtng the hstcQJ atagaa of thc progsececnc ~ Qaacsei theocy dsacr%4ng

t
~ . thc ehsetk bcharkor ofshin «eQed eectkne (ILcf. 4) «w «ecd «s dater
', aah» thc Qng~ parasncttra «hkh gosttnsd thc bde&nr at estral
: aagks (ILcf.5). The design roke proposed w a rasnh ofthis ecssdy pcc-
: sssktad a tncee wigbsanad approach m the eapcsisnstrsal «osh.

The theory «w dceebspsd &to general design rtdca
osrcriog am aagk eectkne . 4) and this pcrssdstsd thc oaaeplgeskes
~fsafe kad taMsa 1st sngk beams (ILcf.7). Qacc the taschsg Ioograsssnc
prs»sseded ha psaaM «kh thc cheoretkal analysis. h «w poaaibk ao
webr pcoglsaafre oocoperinma bct«san the rwoka ofboth sessions ofthc
«ock

The lseOag tfg, «hkh ia described in Secdon 4.1, «w Isdgned
Ns cpjdy a ~wwncnt to a beam lKcclLBycasswssainsd bst«ecn l«o
«»aksnal nacelle Thk hsading sceaistssad chc asses crkkel
lsscklng ekssecko . g) ia wmedence «kh tbc ocher Ssshliog rnka of
Chl gLch. p aad 10). uses spacimcaa inchdcd boch ogpu and nneslnal
aagka hsaded chanc naca persM co case kg.

Akhangh the prefect «w pcbnar9y cce»caned «kh thc ahetic
hcharisa» Kaagk beams,.a nssmbcr of hQasc tace «cre abo oasrkd
wst m determine thc nhimsse bed carrying cepsdsy end fsBarc anodes of
these esctkesa.

k~hNNG CASES
Thc baSng cwcs cseaidcrcd (Fig. S) represent thc sneer acesssnoo

boding onndkkna fl»angle beams. These erc:

M Speal Assglee s

Cess I~cot spphcd shoot an asia paraM m abber the X-Z
w abc Y-Yaaia.

Er ~ 56kai ~c-cN
OC C g50

E.

OC C gg0

Thc taMe abosra that aactkoa orkh tbc practkal appar hsnls 8/s
of 16 bare kaa boshhng resistance then eoctkaa «kh e losrcr ralsss.

Tlsia crkcrion «w «ecd gsr edecting thc eectkna teased. Nash
~nasl and snccqaal angles «ese teaccd end cbe eebsca of B/s ~
~ectko are gircn in Tabk Il, «bkh ala aassstasiaca tbc teasing
pcogresnmc.

Aeioglc si»dsnsn «w need gsr eecb acska. Tide«aa made poasib)e
by testing cbc hnger kngsbs dses aod bccpiog tbc~ babas yisM,
«ntQ a "ceasrssctioo " teat «w respsised.

ANGLES-theat, Liglb ~.
llnd 12) the eehsc ofL/s gsr a ghon —aetio ~ bc «kbin tbc range

glean by Tabb 1.

TARE I
Suet@ Snchliag NSsca ot Vaeiaoa Angle Sections {gg hal Steal)

Lf Ussngnal Angles s

Case l~isencnt sppbcd abosss an asia peseM co the Y Y Nds,
ther ia, pereM m the kog kg.

Canc ~tenant appbed ebosss en aaia peraM to the XMnaia,
that is, paraM m cbc shore kg.

TAmE II
Teathsg Fregrnwwe gawanry

s
cns

V

ts
~(~ w)

~l
ar„~ N~r
ge 4~r

~sr( ee)
ts

c v

gqvAg. AvALEd
tAOC Z

~Cs ~ ~N c»en

J| ~ «0Jin r

mh2
Nh5
Nho
Eh5
Eh6
ILh7
Ilhg

UEl
UE2
UB5

S' 3 x LI57''

S' 0.187
5 x 5 xLI$73' S' 0.157'

x 5 x 0.1575' 3'
0.157''3' 0.1N

25'2
xOW'5

x2 x
L25'5'2'
L25'5

x2'xL25
LS x2'xL25
SS' 25~ x LINM' 28' Llg7
$8 x 2$ ' LI57
SS

x28'xLIg7'500

1600

1XO
g00
NO
40

1200

1%0

Ca» I
Gsse I
Case I
Case I
Case I
Case I
Case I
Cn»II
Case I
Case I

Csee I
CIA II
Csee I
Coca II
Csee 11
Csee I

+
Isolioss-ssp teat
so fsilarc efsa
UE2. hlssaya
rcfcsscd to aa
UE2 ks tees.

+

ufiw)

SLmm
Qe 8 ssa4o

+a OAoe

«(-ee)
vnsg~ ~g

Vi CAJUN S
acr ~ rpa p

~ e~cstrr
J%r, S.~ashy Caw.

Sr TmgiTff0 kROONAlQQI
Thc pea~tee «hkh hw thc wee pcononnced Me~ m che

haatsd stabOcy afaagh, aecckcaa is—.The aisct af tide pet~sr8+0
ia dscs»owtaedby des cekkal bteddieg asadyafa gsr eqaal aegbe Ptcf. 5)
eshkh sha«a thee hr Case I hnsdiag the cehkal b«cking acanwt le a

lactkmt KN/r(analogy w—Se tea«goal sssglca) mt L./r. IfN+Q
Sr

Mae swee ae to rascsaks aassflecced by check htschllag gdk 10

AL APPARhTUS
~ ~aking Ngs

The pwpoee af the hndhsg W «w ae apply a tsnifsesn loading
wean«st to an angk scat spedknen ehQc applying only tosakosl restraint
~ssd eertkai aappoct at the ands. Le.f~ 4 ~ Oat both coda~ «cso «eed «hase necwaary to~ that the bssd sppbsatkn
~ot pryrldc hcctal esctehcs w thc ~ nkot. Thc keding beam thna
aeeeccd hociaosstally aad oarti'caWy the eea speci~ and only
~ppiied saenensa ia a ocrtkai peeaM% the aegk at tbc asg5»rt.
It«wnoc inwy«ay eathaisae.

The tig oocapriead t«o hsdspendscst, idsackel ~Mica «bkh
aasdd bc paaldoocd cat the ha4ag Nese at wy c«psised dissac»c
wccenmodatc changes ia the ~ Iaagth Nash~ ~skmd o e

~tend wsmomtad by a ro5a bsadag, 5t aastio4 soppoct aod e flees»
«hkh honscd adiwcaQe hacbsssstaI ggggggg sapporsa «hkb bass

addkional foactko ofpcorNag eacahasal astsakcs to the «sda of s,
wwe bang tasted

The addkkn of ladghta the ggg++ bsesn ptodnced ~ gssoc in
thc ecrskal link«hkh «w ~ected aa the wd of the te«p4ce. Tbc
leading becca «w snpyNsrted hy a ygyge teQcr baerksg hs the ecrtkal
Sat«bkh enssscad that thea«stknliiak«osdd alsseys locate nor«sai sod»
hsesmog beans. «heaver ha peakksa, The aaescnbled Hg ia ehossn
picealelly hs Hg.5. becalmed dse«iaga ofthe Wee glrania Rat 16.yt.aW'~~
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legging system (Rcf. 11) which aestrted thc readings dieetly to stress
Iy foOo«ing thc teeing programme oudlned esHicr, it «as

possible m nee the a» aet of strain gauges far ~ oanpletc series of tea{a.

~ ~

4's 8's f

L—T51N$1LR TESTS
Tcasioa tera werc carried out a1 caapces obcsintd from cscb angle

~eaioa tested. 17» seas «ere fierfortned a1 ao lastroa Universal tetung
taachiae with a au«bead speed of DAIL kch/mio «hicb corresponds
so a strain rate of 0,005 min-i. Avaage sab»s of tnsierisl yidd sucss
~ad tensile stress were fbund ead these kdic«e that thc msitrisl
farmed to tbe requirements of AS h169 (Ref. N).

~ I

1

47'sla

j

Jf s rgsf

oo

Fjf. 4.—Srreia Galgr Laurrioer.

ov'p

Ll Its«ac Lasrde 1

Stress values «ere measured st m{Wpsjn using strain gauges located
aa sho«n in Fig. 6. Tbc noadnsl sccaoo stress b&s been used st s yard-
stick forcompariso «hb the maximum scaioo area ~ «hich occurred
at aud.span at the tip of tbe verdeal leg T7» msxunum (dsnge ap)
stress was determined by bnear extrapolstiai from the Nrcss diruibutioo
across thc secaoa..'B» naninsi stress can be found &om

N
ey

Zs

where hf ls the applied mocnent sad Z< is the seaico modulus sboin thc
axis of bsd applicant»I.

Figs. 6 and 7 abo«curves describin the relationship bet«een v,
and s~ for

(a) Tests results.

(6) Theory whb xao angle of'«it (4 ~ 0).
(c) Theory with g ss 0.
(d) Theory with measured test sab»s of $ .

Fig. 6 indudcs the results of tests on the 3' 3 x 3/16 seaion
an L/rratio of 1600. This seetiai «as subjected to syyhed moments

in a positive (Eh2) and negate (Eh3) tease about an axis parallel to cae
icg.

For tbe «one apyHcd ksd the stress levels recorded were up m
15% greater for a loading seats which yrodI»ed tensile stresses in the
bocixoatsl lcg (EA2). Tins ddferenc» «ss only 6% at a stress level of
0.66Fs «here Fs is tbe nominal yidd saess (M ksi). Hence «ithin the
design range the ddferencc in behaviour for reversed bading tease is
negligible.

'lbe ddference results &cn the fsa that d» eceaitutive equaiais
(Rcfs. 5 and 6) were based on stnsll dedecdces theory «ha»et in fan for
lade spans, tniWpen loading phne dedcctims were in tbe order of
12 inches. Since ddlccaoas of thh magnitude are not experienced in
practice, and since amsQ dedcetica theory aaservadvely predicts augie
behaviour «here dcdeetias exceed a bnut of span/160, a more redncd
analysis is aot fustidcd.

Tbe uneipisl angles tested (Fig. 7) behaved in a sim0sf manner fof
boch Cases 1 and ll. For all sections, tests on shorter lengdl {Eh6,
Eh7, Ehd. UE6, UE7, UES, UE9) indicated close egreemcnt with the
theory.

Fig. d sho«s a typical «ress distribution of tbe seaiaos tested
for points «hich be ckscst to stress levels of 0.66Fs and F,.

Fig. 7 (teat UE2, UE4) ebo« the t«o buckling failures «bich
occurred before tbc tuB material yield areas wss reached. These failures
«e discussed fbrtbcr k Sccaoa 63. For sQ tests tbe theoretical and
experimental etre«satucs were in good agreemcnt uy to a tnaxnnuni
aceace sta«of 0.66Fs. Ieyoad tlat ~ 6» ~ ~tb bug ~a
of L/r the prediaxms of fust order thcocy (i.e. scanning 4 ~ 0) «cre
axiscreac}re. 'Dscrtfsre, thc simple ao-t«lst relsaonslup (Reft. 5

~ad 6)
~«a*a1% s,

~boaM give ccescrvsdve tesuhs at ai are« leeds.

~. S~fsaseiMet jfjf.

4t ggeaeatfn Itss t
stations were meeaitcd by the opdeai lever ~c tsakg ~

da . mirror aystctn. Tbie ayscem abo avoided thc kaoducdoa of
speeitnai restraints. Tbc maxlnaan salus ef the eagle af t«ist (~
w«sfso ~d a mi~i«1 aekg a bead protreccor. 'Vertical bNdiag
phtse,dcdoedotis werc measured «mideyeo and iysertcr yokes by meats
OC ~ tbeo4a8te sad gracbsstsd «sk. Roti««tel dedectilx» wars~trad «bh a steB tape.

A number of srrak esugea «ere ykosd on thc section a ita tdd-
~pea poehioa (Fig. 4). T7» gauges ««a toad aekg aa ~etio deca

N Aagfes KT«let ~s
Angles which «e bssdcd about axae «hcr dla propel sets ~

t«ia axially to eBgn the «cab principal ada «1th the sms of lsd spy{i
codon. This tsrlst jt1 thc tca salsa wm aieeearcd at mid-span aid
tecardcd values «e aanpered «1th tba thsaietical yred»{ious in Fig >

ie ail sections test«L takts A aad I cake{de «itb nearest attsinmcnt
~fOA4Fs sod Fs iertf+rc«cL ln sech csee d» ihreaion
astioa opposed thc dead «eight bad, hence kins) t«isdng due m the
dead weight of thc bassa «m reduced as tbs beetn w«ksded. Tbe sero
t«let yoefdea, thaefaee, a»responded spf»caimstdy «ith tbe aodinca
«hea d» apybcd ksd affect equalled the deed weight ksd. Tins kwd
bea beta taken « the stardng pokt Qr pktting the thcoreacsily pre
dieted seb»s ofangk oft«bc (~ (Rsf. 6).
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Fig. 10 ebo«s the relationship bct«eco the aitical buckbng curve
ead design curve fisr each ofsht uocqusl angle fsQun tests. ~ csitNai
buckling curre is obtained from thc analysis given io Ref. 16 and «

curve cmbe fomxl usbg Ruk 5.63 of Chi ~.3). Th lx .
M»

«xitsl line, denoted SF» represents thc rebt of—to produce a stress

ef 3F, where F, is the noaunal yickl «rtm (36 ksi). It is normally
~seamed (Rcfs. 10 and 12) that fiuturc «react «Ql be uaaEected by dastic
buckling it tbc buckling stress is a kest One tbncs the mssssial yield
~trtss. Allscaioas tested behaved m aosaodancc wah this assumptica
Tbe elastic buckhng faQure (test UBi)ybts to thc right of the intcssee.
tioa of tbe czitical buckling curve and thc SFs bnc, ix. Fs < SF» Thc
actual fsQun mocnent wes «sac«hat greater than that prediaed by the
critical buckling analysis, due Probably m bighcs order effcas for this
vtsy " slender 'ase

Elastic buckliog abo occurred in test UE2 at a critical mosneot
carnslxsiding to the theontkeDy predicted value foe this less " slender "
case. Tbc sections of tests UE9 and UE7 obaincd full yield suess
before SQure. Good agstemcnt wih thc SFs aesusnptioo is appestat
from Fig. 9 (tests UR7, UE9) «hich show that tht fsQure points plot
«ithin the ngioo expected for belastic buckling. Tbc nsults fos the
equal angle test (Rhg) hare not beta grayhed since faihae occurred
iachsticslly ia egneaxnt «itb simQas failures oo the untqusl angles
tested.
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Tbe curves ot Fig. 9 (tests UEl, UE2, UES, UBi, RA2, RAS)
are cceisistsnt with thc areas curves of Fig. 7 (arne tests) in that they
show gsaphicaQy tbc mrsbaai stQfening which takes place at lasgt values
of applied bad and cocnspoodingly lage angks of twist. This effect
is kss significsnt fiir aboaer kogths, ooascqucntly theoretical aad
experimental resuhs at in cbecr egreancat (Fig. 9-seas UE6, UR7,
UB8, UR9, Rhi, EA7). Scabas subjected to Case 11 beding must

through an eogk of (90-9)'o ahgn whb thc minimum principal~~el a ~cba th XaodV~WbQ«C
sequhts only a twist through I'. This is stficcted ia thc large eagks of
twi«recorded fiicCase IIbadmgs (Fig. 9-cosa UBI,UBiiUR7).

LS Teste te Fa5are s

Fire tests to fsQun «tn pcrfotsncd on both equal aad tmcquai
engks Soc a variety ofL /s vs)oes Tbcac tests an samsnaslscd in Table 111
«hkh abo eho«s the value of the eppbcd moment a vrhich fisQun
oecurnd aad fsQuse modes. Ia OQ cmcs faQure occucstd a the cnd ot
supports.

TAKE III
sara«eery ef Fa5«re Teat Reealee

8.6 Dtfiectioas s

Biaxial bcndmg dcficcticxN rcsuhing fsosn noa-principal axis
bading «cn measured as shear ceatre displscemcnts in the bading
yhne and nossnai m the beding plane. Fig. 11 includes the recorded
nsults, fos thc scaioa 3' 3' 0.187 baded as sho«n in Fig. 3(a),
compend with the yredictcd curves for boch first and second order
theory (f ~ 0. f es 0) for a variety ofL/s ntios.

limit is reaxnmcnded by Chl for stniesural applications
where angles couhl be used. Beyond this kvel, for L/s > 1000, second
order theory conservatively predicted the boding phnc dcfieaiais
whereas first order theory andes~cd this defitaxxi by up to 20;;.

Similar resuhs wese obtained fiir the serene keding case and for
unequal angks «itb Case II kadings (Fig. 11—ccats URl, UPA, UR7,
UR8). Unequal angles with Case I loading end L/s > 1000 dcfiscted
less than pndiacd by either first or second order theosy fos bad values
«hieh caused dcfieaicns ia cxccss of L/180 (Fig. 11—tests UR2, URS).

The tests indkate tha psoriikd dcficaiass ast bmhed m L/180,
Ir«ocder theory «Ql give an acauate estimate of thc bading plane
dcficctioa. Consequently, ifit is desirtd m use eecticxN which devebp
the fiiQ bending stress of ~ ~ OA6F» thea the use of tbe design
gsrmuk (Refs. 5 and 6)

400
Q ~

8+Q Fr

«Ql pamit the attalnsncat of tbIl «resscs and avoid lateral buckling
psoblans. Above this bmh tbe use ofscooad order theory wiQ ensure that
nsuhs ase 'or all cases.

CONC'.UIIONS
A meal of 15 tests «tn ycsfoancd on laaelly unsupported angles

«hh equal aad unequal leg kngths fot ~ variety of L ls values.
beding oxuhtiai was a atdfotm mosncat ores thc conte kscsaQy un-
~apportcd yen and this bed «as applied about an axis peseQCI to an
engk kg. Uniform mocncat is thc mo«aitkei daigo sisusioa. Ad-
jaamcnts foc otba bedings «ouM probably foQO« «eodard psoccduns
(Eefs. 6 ead 8$ however this «es aot studied b thc pnsent «osk.
Tbc eobstices given «Ql ebnys bc omecrvetirt.

Fnm thc nsuhs ot Ocsc tc«s k «m ~chided that foc tbc beding
csaditbas eased abort:

1. Tbe eagk of twist (f) ~ ~ ee4ectioa b the mexunusn
eaaba «rcm yroducsll TlNIHhtg Qset Order theory gives s

caiacrv«irt etisnatc of tbks ssseesr Le
~tee ~1% «i

2. Tbe sagk of t«ist (f)baa a slgsdficeat bfiuena ~ ~ masm
pbac defieaioo beyond a defieaisci ofL/180 and second

~sdsr theoty glvce a aaiacrratirc e«im«e of sk
leveL

3, ~ 5rt ~ m Meme bdkaeed that btcssQy
eegks «Ql bc teseifaaed by dsetic buskbag
akkei buckQag «sea le a least three Oats tbc material yield

4. Fteakel engk eactbtN at ee«s eo bc governed by «sess or~~ Sadt«xas r«hcs thea br backhoe
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