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PACIFIC GAS AND ELECTRIC COMPANTY
IPGw]E;  —~ 77 BEALE STREET + SAN FRANCISCO, CALIFORNIA 94106 « (415) 781-4211 + TWX 910.372-6587

J. O. SCHUYLER
VICE PRESIDERT
NYCLEAR POWER OENERATION '

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
lTetter and return it in the enclosed addressed envelope.

/ﬂ/y@é

Enclosure

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

T 8405140448 840508 7]
1 DR ADOCK 05000275 Loy
P : PDR |
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) ATTACHMENT 7(b)-4

BENDIN
MEMBERS

-STEEL DESIGN CURRENT PRACTICE
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* Preview contents of the lecture.
* Bending concepts ~ reviev basic concepts.

* Behavior of Bending Members - related to differ-
ent failure mode.

* Materfial includes:
= compact sections
= non-compact sections
= laterally unsupported beams
- box sections

* Section modulus S = maximum moment from the
moment diagram at working or design load levels
divided by Allowadble Bending Stress.

* Plastic modulus Z = maximum moment frow moment
diagran at some specified overload (usually 70%
overload for gravity loads) divided by yield
point.

* When are these formulas valid?

8lide No. 2-5

. * To understand and properly utilize the design ,

- ) methods and specification provisions for struc- j
beha\ﬂOr tural steel design, the variadbles that affect |
an d I Sign : f beam behavior will be explored.
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Slide No. 2-7

PRINCIPAL VARIABLES :
THAT AFFECT . ‘-" -'
BEAM LOAD CAPACITY 3 &

AND BEHAVIOR -

1. MATERIAL STRENGTH “""
2. UNBRACED COMPRESSION ELEMENTS
3. WIDTH.THICKNESS RATIOS

OF PLATE ELEMENTS Co
4.CROSSSECTION . . . °

» . - . - e ase
‘ )
.

* All beanm behavior cannot 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 straining without local or
lateral buckling.

3 4 Reach first yield without local or-

lateral buckling.

Lateral or local buckling.

- 5

* The various allowable stresses permitted in the
latest AISC 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

types (3) (&) (S).

* Curves 1 and 2 will generally provide the lightest
beans but sometimes the fabrication and detail
is increased because of the added bracing, stif-
feners, etc.

* The proper design is the economical one, not the
lightest one.

* Principal variables that affect beam load capacity
and behavior.
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Slide Fo. 2-9

o

* Safe, economical structures can be designed on

the basis of any one of these typical curves.

* Curves 1 and 2 will generally provide the lightest

beans but sometimes the fabrication and detail
cost is increased because of the added bracing,
stiffeners, etc.

The proper design is the economical one, not the
lighteat one.

We will look at these curves in more detail and
see how they relate to the latest AISC Spec.
and Supplements.

Of course, shear and deflection can also affect
the design.

Curves 1 and 2 treated together because the
design provisions are basically the same.

Local buckling and lateral buckling are controlled
until significant yielding takes place.

ASD ~ called compact sections.
PD - when plastic design approaches are desired,
this type of dehavior must dbe assured.

1 is the most common structural situation. Load
increases due to a moment gradient and strain
hardening ~ moment varies slong the length.
Strain hardening strength is neglected in design
2 for a uniform moment region and is also an
idealization of 1.
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Slide No. 2-10

* Bending strength based on full yield of cross J
section. Takes full use of each type of section.

PLASTIC DESIGN
MAXMUM STRENGTH

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

* Not concerned with some slight local yielding at
working load because yielding will always occur
due to residual stress, stress concentration,
erection, etc. Also, once one cycle of loading
and unloading occurs, further response is elastic.

* Maximum strength without strain hardening.

Slide No. 2-11

* 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.

* On the average, plastic strength about 12% higher
than 1st yield for H-shape sections.

G

P

Slide No. 2-12

* Basing the factor of safety on full yielding of
the cross section, not first yield, F.S5. = 1.7.

ALLOWABLE STRESS DESION

M :
“v‘ S * Actusl design differs from plastic design in
100 that only limited inelastic deformation is counted
F.5.-112/0.68°17 on.
ass 0N LOAD SRR RN
Fb'O.BGF, I * However, almost all provisions (compact sections)

in ASD are based on this higher strength.

¢ Osflaction - .,
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* Allowable bending stress is incressed to 0.75
¥_ when bending occurs about the weak axis be-
cluse of large reserve strength beyond first
yield (50% here).

* 8till has more than adequate F. 8. = 2.0.

* Margin of safety is provided against yielding
at work load.

* Use .75F_ for sections with good reserve strength
like so1¥d sections.

* Do not use for box or tubular members.

Slide No. 2-14

* Round sections subjected to bending reach their
ultimate capacity in one of three basic failure
modes;

1. For very thick sections the compressive capa-
city of the material is reached, which seans
that large distortion occurs with no drop-off
in the load.

2. Thinner round sections fail by excessive
ovalization of the cross section. This is a
type of inelastic instability problem in
which the decrease in moment capacity caused
by the reduction in the section modulus due
to flattening occurs more rapidly than the
increase in momsent.

3. Very thin cylinders fail in a diamond shaped locsl buckling pattern.

* The division between ovalization and local buckling is taken as 3300/F_ which is the
D/t limit given in the AISC Specification for compact circular sections.

* Ovalizstion will not impair the development of the plastic hinge in tubes with D/t
less than 1300/F_. Bee Sherman, D. R., "Tentative Criteria for Structural Applications
of Steel Tubing nd Pipe”, AISI, Washington, D.C. 1976
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Slide No..2-15

* What the allowable bending stress is for circular
sections that exceed the D/t = 3300/1-‘y limit?

* Appendix "C" of the AISC Spec. gives this formula
for allowable axial stress when tubular meambers
do not meet the D/t requirements necessary for
stiffened elements subject to axial compression.

* This same formula is applicable to an allowable
bending stress as long as the D/t ratio does not
exceed 13,000/Fy.

NOTE:
See page 5-95 of Appendix C for background. Also,
Page 9 of "Tentative Criteria for Structural
Applications of Steel Tubing and Pipe", D. R.
Sherman, AISI Publication.

2

Slide No. 2-16

) * The two previous solutions are based on the

.FACTORS THAT AFFECT idealized behavior (shown solid). , .
¥ IDEALIZED BEHAVIOR -
* To achieve this behavior, lateral buckling and
N local flange and web buckling must be controlled.
‘LOCAL BUCKLING * One or both will slways eventually cause failure
fLATERAL BUCKL G of the member, but only after the structure be-

comes useless because of excessive deflection.

Cem— - s e * Sections that satisfy the width-thickness and
bracing requirements are called compact sections.

»

Slide No. 2-17

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

UNSTFFENED COMPRESSION ELEMENTS (1.9.1)

=ty e | - * Thickness is average for elements like flanges
h i l ) of channels and "I" (S Shapes).
! * Appendix C used when values in Section 1.9.1 are
S po b o~ exceeded.
|

T
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* Stiffened compression elements are also defined
in Bection 1.9.2 of 8pecs.

* Bections shown can be compact.

Slide No. 2-19

o ) * Relationship between width-thickness ratio of
m'CONTRoL'FLkﬂét unstiffened compression flanges and yield stress.
LOCAL BUCKLING

% ¥ * Give values for A36 steel. 21.6 for ASD/LRFD

and 17 for PD.

* The differences in ASD and PD requirements is
that PD may require large rotation capacity -
thus local buckling more critical.

* ASD requirements are based on a compact section
that assumes an inelastic rotation capacity of 3.
- When a higher rotation capacity is required, then
the b/t requirements would be tightened to those of plastic design..

* Experimental data are limited for the very high strength steels, so use of compact
behavior and plastic design only for steels up to F = 65 ksi.

* Combinations of F_ and b/t that £fall in the sh.ded area satisfy the AISC compactness
requirements.
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Slide No. 2-21

* For a given b/t, the yield stress which just
satisfies the equation can be cslculated. It
is called F;.

* For each rolled section, the b/t is known so
F' can be determined. If the yield stress is
g¥eatet, you do not satisfy the equation and
cannot use 0.66 F_ . If the yield stress is less
than F', the cros$ section satisfies the require-
ments Yor a compact section to control local
flange buckling.

* Values of F' are tabulated in the AISC Magual

for rolled Xections under the PROPERTIES FOR
DESIGNING.

Web slenderness requirements for compact sections
try to ensure web yielding before wedb buckling
starts.

Web buckling depends on the stress distribution
in the web; the presence of axial force in addi-
tion to the moment alters the stress in the web,
so compact section criteria for webs includes
effect of axial stress. ’

If axial load is zero, 4/t = 660/45-. Half of
the wedb is in tension, the other half is in
compression.

When £ /F 2 0.16, entire web will have a uniform
co-pregtixe stress distribution at ultimate load.

Give values of 4/t limits for A36 steel.

- Mo axial load, 4/t S 107
- f.lri e 0.16, 4/t £ 43

The formula shown is for ASD, and is also appli-
cable to PD when no axial load is preseat. An
inelastic rotation capability of 3 is assured.
For a greater rotation capacity, d/t is limited
to 612/4?, in FD.

—

)

-

-~
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* If po axisl load is present F £ F", the web is
compact. y y

% F* is the hypotbeticsl yield stress above which
e section is non~ compact due to wedb criteria.

% When axial load is present apd F_ < E' , the
web is compact. 1If F_is betweeh 'Y and "',
check the formuls forvd/t requirements. v

* Actually, all shapes nov available conform to
4/t § 640/JF_ with available steels. Therefore
f; 4s mot ° zequired.

* Slide shows page 32 of "Tables of Properties
for Designing W.HM.S. and HP Shapes and Allowable
Stress Design Selection.

* Lateral buckling affected by:

- Steel strength.
- Unbraced jength of compression flange.
- Moment gradient.

# Bracing must be spaced close enough to prevent
lsteral puckling fros li;nificantly affecting
the idealized behavior.
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" BEHAVIOROF "~ ',
INDETERMINATE BEAMS
", COMPACT SECTIONS

ADEQUATELY BRACED
(UNSRACED LENGTH <Le) ,

1.
Y A
A
7

* Lateral buckling control is not completely under-

stood to date as evidenced by the vast difference

‘in appearance between the forsulas for ASD and PD.

ASD Formulas involve four different cross section-
al properties, and the checking of two formulas.

Governing L listed in AISC Manual in Beam Load
Tables for ﬁcan-type cross sections.

Formulas are based on thorough tests.
Uniform Moment if =-0.5 > ﬂ/Hp > 1.0.

ASD makes no distinction between uniform moment
and moment gradient dbut PD. :

ASD/PD provisions shown are almost identical.
PD curve is for moment gradient case.

Only for the case of uniform moment will plastic
design require L , ASD may require a shorter
bracing spacing £han that for ASD.

Since ASD requires checking another formula
which could govern L _, ASD may require a closer
bracing spacing than PD.

Safe region is below curves.

ASD -~ limit of usefulness is based on yielding
of the cross section at one point only.

PD - limit of usefulness = ultimate load.
- apply load factor to working load. (1.7)

10
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* Behavior illustrated by curve (3) should be
expected if lateral buckling is controlled but
£flange or web slenderness ratios exceed compact-
Dess limits.

* FD mot permitted. ¥o moment redistridbution
permitted.

* ASD permits gradual change in sllowable stress
between .6F < F, < .66F_ when flange compactness
limits are Txceeded. 4

* Historicslly the AISC Spec. does not permit local
buckling below 1st yield in hot rolled mexbers.

* Shows local buckling criteria in AISC Spec.
* =
Fy, = 0.66 F_ for b/t up to 65/,@ .

* Straight line transition to F, = 0.6F v at b/t
= 95/er.

* Appendix C for b/t > 95 Jr:.

* Here, b is the width of the unstiffened element.

11
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* Now is a good time to discuss the angle which
is a very common member in building construction,
but has limited design guidance available to the
engineer.

* What design criteria that is available consists
mainly of empirical 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
wvith a major information gap occurs when the angle is used as a laterally unsupported beam.

* The angle is a difficult shape for stress analysis.

* The principal axes of the cross-section do not coincide with common loading directions
. and any routine loading will therefore cause biaxial bending deflections which are not
. in the same plane as the applied loads.
S
* To further complicate the problem, the shear center is not at the centroid and is not
on the line of most major applied loads. Thus most loads will cause the cross-section
to twist and to deflect out of its loading plane.
‘f Finally, commonly used end connections are usually eccentric because of the lack of
" symmetry of the cross-section. . -

Slide No. 2-32

* There was a study msade in Australia which
developed some rationsl, simple formulas for
the design of laterally unsupported angles in
bending. See hand-out material.

* The theoretical study had these parameters:

1. The loading resulted in uniform moment along
the entire laterslly unsupported span, which
will produce the most critical lateral buck-
ling situation.

2. The angle lengths were assumed to be completely
lsterally unsupported.

3. The following slides are applicable to equal leg angles, although similar research
results on unequal leg angles are available. See hand-out -'t‘ti'lib

4. The sections are approximated by the dual rectangle idealization shown. This
linearized section ignoreés fillets and toe radii, but can be made to reproduce actual
meaber properties very precisely by adjusting the idealized leg length, B, to produce
an exact similitude for some chosen geometrical property (such as area). The assump-
tion, therefore, is not critical and is necessary in order to obtain a solvable set
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* The following slides will show how practical a:(gle
sections are ususlly governed by stress
(lfb = 0.6F ) or be deflection limitations rather
Y than buckling.

* Case I {8 a common design situation, so let's
briefly examine the Australfian work for this
case.

* Loading is as shown with ¥_ being the applied
moment, which is resolved faco components about
the major principal axis U, and the minor prin-
cipal axis V.

* If the maximum stress were calculated without
resolving the applied load into U and V compo-
nents, the result could be unconservative by as
much as 509%. ‘

N

f

* The Australian study showed thst for laterally
unrestrained angle beams the following relation-
ships apply:

* The stress at any point in the section is
B L e e +V-an

vhere V and U are cordinate points normal to the
principal axes.

* Max. Section Stress is as shown.
% Angle of twist ‘3 is made up of

¢ = twist due tO applied loads
’e = initial angle of twist due to imperfections.

13
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* The top equation shows that the stress in the

section is a linear function of the amount of

‘twisting (¢) to which it has been subjected.

¢ also has a direct relation to

L/t' Sﬁ and E
E t

Where: o,= Eﬁ does not include stress due to twist.

2 is elastic section modulus (Australian nomen-
clature).

Thus it is possible to produce curves of o,
against L/t with contours of oiax’ the maximum
section stress.

Twisting may be ignored if,

0.5(38--1—x-l‘—)ksi
60 t

Later research on unequal leg angles confirms,
in general, Opax = 1.25 a,- :

An alternative method of angle beam design for
Case I is to consider the critical buckling
moment given by this formula .... where the
critical applied moment is equal to JZ times the
critical buckling moment.

”a & gf are then
Et3 Lt _
used to draw the critical buckling curve.

The dimensionless parameters

14
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{ Cese BARangefor F=088F,

O<LNt< 980
O<iN< 850
O<i/t< 600

F».v Y YOS AR G STRNT S (9 W §Y ST Py e =
[N -

*

*

*

*

This curve allows the estimation of the critical
applied moment for a given length and section.

The horizontal lines represeat the values of ”a
T2

pecessary to produce a stress of SF_, for various

B xatios. 4

t

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

Shaded area shows design range. For instance,
with B/t of 16 and a stress of 3Fy,{L '[5]2 = 2.7.
t]|B

Therefore, E‘ (16)% x 2.7 = 690. Similar cal-
t
culations for other B/t ratios can be made.

Therefore, Australian research indicates that
allowable bending stress F, may be taken as
0.66 Fy for these limitatidns on B/t and I'/t'

It has been practice in U.S. t.o use !‘b = O.GFy.

At these high stresses, deflection may control.

The critical stress corresponding to the criti-
cal aspplied moment can be obtained (upper equs-
tion), and then converted into a safe bending
stress (F, ) thru use of these two formulas from
the Austrgfian Steel Structures Code AS CA 1.

Again, shaded area represents design range. As

before[L] t.] % can be seen as spproximately 2.7.
t]'[» _

15
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* The result of converting the critical stress into
a safe bending stress is shown here in graphic
form, which may be used directly for design.

* A copy of the Australian research report is
enclosed within the handout you received. Hope-
fully it will assist you when designing angle
beams in the future.

* Curve 4 is typical of sections with non-compact

.| Losd] —N - webs - welded girders in general.
, S e — .
i ::_1§=:;53F~ T ’ * Also typical of box girders that are unbraced
¢ i laterally.
’ é ) - 6
i F,. = 0.6 F_.
g b y ‘ .
, * Curve 5 is typical of beams which fail by local o

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

Slide No. 2-43

* Box sections may be compact.
Also less susceptible than W-shapes to lateral
torsional buckling.
*
h * Criteria for compactness shown

b/t less than 190/JF_
dS6bandt, 2 :f/zy

o1
W ]
a.;(-uuna)}'
: * Also a bracing requirement which takes into

account moment gradient. Moments shown are in
plane of beam.

* ul/uz same as defined in other part of Spec.
* Lb need not be less than 1200(b/F5).

16
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( Slide No. 244

* If box sections do not meet compactness require-

‘ BOX SECTIONS sents use rb = 0.6 F’.
*——"—i ‘ ; <®< ; * No lateral torsionsl buckling comsideration if d

-1 r % W less than 6b, and t_ 2 t /2.

i v £
o ae ' * Unbraced length does not affect carrying capacity,
ol Deflection will govern with very long spans.
2
T wstnpeesy,

Slide No. 2-45

* The design of beams in a floor or roof systenm
would not be complete without some sttention to
Deflection, Vibrstion and Ponding. Sometimes
these are criteria for design rather than stres..

* While the Specification does require that Deflec-
tion, Vibration and Ponding be considered the
only precise limits enumerated are the 1/360
of the span live load deflection for beans sup-
porting plaster ceilings and the Ponding Formulas
to be checked for flat roofs. We will look at
the ponding formulas in detail later.

* Deflection limits sust rest on the sound judgment of the designer and the experience
of the behavior of similar structures. The Commentary to the AISC Specification gives
as 8 guide the following:

Fully stressed floor beams and girders; l-‘y depth not less than !"IBOO times the
span. !

Fully stressed roof purlins (except in flat roofs) depth not less than F_/1000
times the span. y

For A36 steel these recommendations work out to dbe spproximately 1/22 for floor beams
and 1/28 for the roof purlins.

* Large open floor areas free of partitions or other sources of damping may be suscepti-
ble to transient vibration due to pedestrian traffic. While there are sose design
sethods available to check a floor system for vibration susceptibility they necessarily
davolve trying to evaluate the difficult prodblem of human perception of vibration.

The Commentary recommends as s guide the depth of s steel beam be mot less than 1/20
of the span where a problem of perceptible transient vibration might be suspected.

17
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glide No. 2-46
* Spec. Sect. 1.13 gives approximate but conser-
vative formulas for ponding.

PONDING FORMULAS

* Point out the more exact pethod in the Commen-

Cp + 09C; 025 tary.
and 1g & 255%/10°
- d * Cp and C_ are ponding coefficients.
2L 2SLg
B ad Gy = 32
W' ip 10'1g
L

Slide No. 2-47
% Discuss the Modified Ponding Formulas.
Show how they were derived.

(AISC Engineering Journal - First Quarter, 1973,
Page 26)

* Modified Ponding Formulas derived by Burgett,
vFast Check for Ponding", Eng. Journal, 1lst
Quarter, 1973.

* Definition of symbols shown on typicalrroof

framing plan.

% I
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* Graphs I and II bave been developed to determine
Pl and Ph which are available in Burgett paper.

* Design Example

* Illustrates the use of Graphs I and II.

’

..

* Illustrates the use of graph III and the check
for steel deck.
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The design of laterally unsupgrtod angles

4. M, Leigh

Experimental Officer

Melbourne Research Laboratories
M. G. Lay

Principat Research Officer
Meibourne Research Laboratories

1. fntroduction

The steel angie i{s a common and almost
traditiona! member In buliding construc-
tion. its popularity stems from Its refative
fightness and compactness and the ease
with which it can be connected to other
members. In view of its long and wide-
spread use it Is surprising to find that littie
ts known of many msjor aspects of its per-
formance 3 a structural member. In these
aress design puldance s only availadle to
a (imited extent and consists mainly of
empirical extrapolations o! solutions for
other sactions! and continuved misconcep-
tions about non-principat axis loading and
shear centre eccentriclties.

The bshaviour of angles a3 compression
members has been studied relatively exten-
sively (e.g. 3- 3. 4) g3 a result of thelr wide-
spread use in such structures s transmis-
slon towers. Thess towers are usually pre-
cisely analysed’ for actuat failure under
well defined load factors and an accurale
knowledge of member fosd capacity has
besn essantial. Even here, however, the
underiying research has frequently been
highly empirical with strut losd capacities
given for sach membaer size under practics!
fieid conditionss.

The cass which presents the designer
with his current major information gap oc-
curs when the angle is used as a laterally
unsupported beam. For example, the S.A.A,
Stee! Structures Code AS CA1° states in
Rule 5.4.3:

‘The Standards Associstion of Australla

is not prepared st this stage to make

recommaendations for angles which are
not supported (ateraily.’ -

The British Code permits lts standard
beam rules to be used for angles, But the
technique Geveloped can not be rationaily
defended":® and does not iead to conslstent
design solutions. The U.S. steel desipn
specification’® doss not specifically cover
the case.

The logical question 1o ask at this stage
la why the probiem of the laterally unsup-
ported angle used as a beam has remained
without & practical solution for 80 long. The
smawer s, besically, thet slithough the
angle is a very simple section to the lay-
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man and the producer, it is a difficult one
for the stress analyst. The principal axes
of the cross-ssction do not coincide with
common loading directions and any rou-
tine ioading will thersfore cause biaxlal
dending deflections which are not in the
same plane as the applisd joads. To further
complicate the prodism, the shaar cenire
is not at the centrold and i3 not on the tine
of most major appiied foads. Thus most
fosds will cause the cross-saction to twist
snd 10 deflect out of its loading plane.
Finally, common snd connections are usually
eccentric becausa of the lack of symmetry
of the cross-section. ’
2, Current nwvestigations

The purpose of the current Investigsation s
to develop rationat but simple formulas for
the design of laterally unsupporied sngies

s used for the other Lstera!l buckiing rules
ot CA112-13, The lengthe under considers-
Son ars assumed 10 be compisiely unsup-

and the solutions may therefore be
unsuppOed beams or

i
t
%
;

* .
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tion ignores fillets and toe radi), but can be
made to reproduce actual member propet-
ties vary pracisely by adjusting the idealised

fog length,B, to produce an exsct simiiitude

for some chosen geometrical property (such
as ares). The sssumption, theretors, is not
critical and {s necezsary (n order to oblain
& solvable set of equations.
3. Notation and sign comvention
The notation to be used is:
B8 = Width of angle lep.
A,C,D = Constants of integration,
E = Young's Modulus.
F = Desipn stress.
Fo = Critical buckling stress.
Fs = Maximum permissidble bending
stress.
Fy = Yield stress.
G = Modulus of rigidity (shear or tor-
sion modulus)
Ic = Sscond moment of aress about
UU auds.
& = Sscond moment of arss adout
VV axis.
t» = Warping moment of sres.
Kr = 8t Vensnt torsional constant.
K = Torsional component of the hor-
ma! stress (see 9Q.5.4).
L = Langth of span.
M = Component moment of the
applied moment.
M,, == Critical buckling moment.
M, = Applied moment about Y axle -

e e A & A ey SL8Y B &@  w .

Lo v
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Figt (a). Orientation of smes and locations of
oentrold end shedt centre,
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Fig.t ). Simpithed angis section Gumensions



w = Distance measured along the
tength of the beam.
¢ = Actual section stress.
e, = Stress calculsted using conven-
tional beam formula:
o=t
¢,, = Critical buckiing stress.
¢ = Ang'e of twist.
¢. = Initial angle of twist duve to
Imperfections.
a = Cosflicient in solution of ditfer-
ential equations.
+ ax Differantiation with respect to W,
This notation is coupled with the sign
convention shown In Fig.2.

4, Loading cases
The behaviour of ths beam s dependent
on the axis sbout which the moment is
spp'ied, Fig.2. Four loading conditions sre
Hiustrated in Fig.d. These conditions can
be used vectorially to represent all pos-
sible cross-section toadings. Taken in-
dividuslly they 8re:

Case I: Moment applied about an axls
through the shear centre parallel to one

8.

Case 11: Moment applied about the UU
axis (strong axis).

Case 1lI: Moment applied sbout the VW
axis (weak axis).

Cass IV: Moment spplied about an axis
midway between the UU axis and the YY

is.

Esch of these cases will now bs in-
dividualiy studisd.
g Cose !
The probtem to be solved I3 Miustrated In
Fig.3(a) and Fig.4. Galambos!® has shown
that for this case the following equations
pply*:
Bending In the V Direction:
(081) Elv' +Me=— M
Bending in the U Dirsction:
(3.82) Elu"+ Me=W™
Torsional Equllibrium:
@83) El¢"—(GKr+K)¢' + M+ My
=0 —{5.3)
where the symbols are 88 defined In Sec-
tion 3 and the primes Indicate differentia-
ionﬁmmpocltow.mduuncoum
the beam.

The equations are dertved from the fol-
towing set of sssumptions:
(s) The material is elastic.
() The member is straight and prismatic.
(c) The cross-section js thin walled and

—{(5.1)
—{5.2)

fors, 1, = 0. K can be detarmined from the
following constitutive equations given by
Galsmbos:

(3.95) K=MW(sc—5) —{8.4)
a.19) h-:%jv(\ﬁ-{-u')ﬂl—tﬁ ~—(8.5)
kS

(3.96) h=f;suw+m—u —~(8.9)
b

mmwmmm»
Oatambos®™.

aas W

For the IGealised section (Fig.1)
= -
v= = (u + PN
and ds = = V2du = Vadv
integration of equations (5.5) and (5.6)
yields
po=o0 and p = V2B
whereupon: ‘
K=— V2BM
for equs! angle ulctlons.
The ang's of twisl ¢ may now be dstet-
mined by substituting this solution into eq.
(5.3) to give: s
— (GKy—V2BM)¢" + Mu' + MV =0 (5.8)
Differentiating this and substituting values
of u*, v* from (5.1), (5.2) gives:

—{5.7)

Mo+ A = =N —{59)
A = GKy — VZMB —{510)

IRV T2
O T
a=— (1 X —(5.12)

E\l. L
The general solution Is—

‘=ACO‘0W-’-Dl‘ﬂuW—£

—(5.13)
where a = (-:'—l)y2

with boundary conditions:
@ (W01 = s = (o)
ons obtains
: 1

e () R

6. Case 1. Critical buckling

For Case | the critical buckling condition
occurs when:

al=v
as st this value
oe=—x (s08 0Q. 5.14).

=)+
the critical moment is given by:
7-85ML

Since

.= - —{8.1)
Bt (1—%—.‘5 f
or
], =%
slEdjer T 5 118

(Ma)er == VEM,, = the  crttical spplied
wmm_mwpmm

M, L
“uﬂ..mmd\odmnamw

Humnpmommvdmd:—‘:”ﬂ‘"
duce a strees of 3F, (mr,uum
uwmm).mmwo«u
m'd”hlnd-‘.-rdadedﬂ.
nmmmu»wmm
wuﬁcmﬂ

Thus. It can be estadlished that Fo may - )
be taken as 0:68 F, for the following cases:

Case B/t Range for F.=0-66 F,
F,=52ksl 8 0 < L/t < 680
1" 0 <L/t L 570
16 0L/t
F, =36 ksl [ ] 0L/t 990
" oL/t LB
1 0L/t <890

The critical stress corresponding 10 the
critical momaent In 0q.6.2 can be obtaned

oo L)
= 2 V2 "Bt
00 == 0-424%" 53 .

B',* 10 \} B’

[((E) + 1-3-') "’i.'t] —{63)

This stress corresponds to F. in Rule

54.3 of AS CAl1 and the safe bending

stress F.. for the beam can be caiculated

using #qs.(4) and (5) of those rules 33 the

purpose of these equations is to permit

such conversions to be made 12,130, The

result of converting #.¢in #q.(6.3) into Fu,

ts shown in Fig.5b, which msy thus be used
directly for design.

7. Case L. Stress solution
<The actual maximum saction stress is od-
tained from the stress equation, which
glves the stress at any point In the section
ss: -
ery e=2e _BLogne -
lo s
whare M, =M(1 + ¢),'M, = M(1 —_)
hhubocnshownmtmmoctoi
warping I8 Insignificant and since:
Qe = j‘ v;m =0
theh ®=0
Equation (7.1) becomes:
o= Mitol Mi—eM _gg

—{7.2)

lo
Substituting values for la, 1v gives:

.=g-((v+ e+ v—au)~7.4)

This equstion shows that the stress in
mncuonbuthmcﬂonolm
ng 0 which it has been

The twist resulling trom applied
wacs le given in 0q.(5.14). Further twist-
resutt eccentricities
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. i ¢, ls considered, the stress eguation
(7.4) becomes:

o=+ ave + v—au)
—{(7.6)

snd If amplification offacts near the buck-
ting load are neglected

w=et o.=§(1——c“—:-‘_7§) .

s o6 x 10 (3) =00
whers t in the ¢. parl of the expression has
peen pit equal to 1 to producse the maxi-

mum valus af ¢. for values of %)
it can be seen from Ssction 5 that

m(E 2 D).

where 0.=-’£—' does not Include the stress

due to twist. Thus, It is possidble to produce
curves of ¢, against L/t with contours of
uer, the maximum section stress, as shown
in Fig.6. Contours of ¢, (stress including
initial twist) are also shown. Although the
initis} twist does cause & stress increase
ovet 7. for the range examined, the mag-
nitude of this Increase Is small and only
spparent In the graph for large values of
M and (3.

. the maximum section stress Is cal-
‘culated for Case 1 using conventional beam
formutss and, if the applied moment Is not
resolved Into components in the U and V
sxes, the caiculated stress may be up 10
£0% fess than the actual stress produced
in the member. In terms of the symbols

‘ mdabove.c.mwbeuptoso% tess
than faes.

it is clear from the graph that twisting
vmay be ignored if:

o <(33-—-°!a- . -—:—'—) ks! —{7.8)
The expression is emplirically determin-
od from the form of the contours in Fig.6.
two points ‘s’ and ‘b’ on Fig. 6 are
obtained from the buckiing solution given
in Fig.5a, as the points where buckling
does not infivence the results. it Is seen
that the two spproaches lead to simllar
results as ‘s’ and ‘D’ lie close to 04.(6.11).
The buckiing approach relies on the Fo—
F. conversion of eq.(4) and (5) ot CAl,
whersas the maximum stress approach is
based on limiting the true pesk stress 10
permissible values. The two solutions will
thersfore lead to similar but not kisntical
resutts and the salection of a method will
depend on the formulation of the problem.

8. Cose W

sional buckiing are:
(3.49) El'" +Me” =0 —-—{(8.1)
(3.50) Eie' — (OKr + MBcYe"+ My =0
-—{8.2)
8ince f.=o0 (Sect5) and warping e
insignificant then

AT M =0 —{83)
A =0Ksr —{8.4)
A= w

Elv ~—{(8.5)

The genetal solution is:
¢"=Aslnaw+ D cos aW
-{8.6)
where

1
e=(32) —n
Applying the end conditions of zero tot-

slonal restraining moment.
e = ¢ =0

gives
D=o
and
ginelL =0
The lowest critical momant occurs when:
L=~
ie.
M\ g —
(&) -t=-
or
m,=—E5 BU o
T ev13 '

This result can also be obtained using
the Si. Venant buckling solution,

M. > -E-(EI.GK:): —89)

Substituting Me = 9er. Z. in eq.(8.1)
gives:
wEL
O = —— ~—{8.10
2\/2:6 L )

which s the critica! elastic buckling stress
tfor the member. Using the ‘elastic critical
stress 1o design siress’ conversion of the
GAA Stee! Structures Code CA1, Rule 54.3,
eqs.(4) and (5), together with #q.(8.10),
sliows Fig.9 to be drawn. This figure shows
poth the critical buckling stress curve of
¢q.(8.10) and the curves of the design
dending stress for yleld stresses of 52 and
36 ks! derived 83 Indicated above.

H# is apparent that when L/t < 200 for
F, = 82 and L/ X 300 for F, = 36 ks}, Fe
may be taken as .86 F,. This follows from
“the F. > 3 F, criterion used earlier.

Fig. 10 has been included to permit rapid

estimation of F. when the !'{-ntlo and the

yleld stress are xnown. The maximum
stress In & section may be determined
directly from the applied moment and the
section modutus.

9. Case Wl «

The loading for Case 11 ts shown in Fig.
ac. Since the moment is applied about the
weak axis there I3 no possibliity of buck-
ling to & more stable configuration and the
beam wilt continue to bend about this axis
only. Therefore convsniional besm for-
mulas may be used. The maximum stress is
given by:

oo = % ] -—(9.1)

19. Loads mt Wrouph the shess contre

Loads not through the shear centre will

cause twisting of the angle section. Such

osds will include the weight of the 9eC-

tion acling through the . These

foads will cause an angle of twist given by:
*

T —{10.1)
2
For welght twisting, the valve o T I8t
1=22 in /in.

where w= lb/in. tength. The Increased
stresses due to additional twisting can be
calculated from 8 generalised form of eq. ’
(r.1).
M, - oMV (M. — oM Ju
'. "
—(10.2)
‘A more exact and comprehensive solution
to this problsm can be found in Rel.20.

=

11. Cose IV

The loading for Case IV s shown In Fig.
w.mmhwmmmunmw
solved Into moments sbout ths U and V
axss (principal axes) snd the theory or
Cases ! and 1l applies.

More generally, I the applied moment
acts In any position between the X or ¥
and U axes, the componant moments M.,
My, resolved In the U, V directions, will
ptoduce stresses o and ex. The design is
satistactory it:

[ 4N oy
— ke == -—
= (1)

where F. and Fu are the maximum permis.

sible stresses associated with the axis
under consideration.

12. Conciusions

it has been shown that for laterally un-
restrained angle beams the following fre-
istionships apply:

Cose It -
The stress at any point in the section is:

.=%’%(w+w)¢.+v—4u )

The maximum section stress Is:
M3 — @)

V28"
where the angle of twist ¢, = ¢ 4 ¢..

H the maximum stress Is calculated with-
out resolving the spplied load Into Uand V
componants, the resull msy be up to 50%
jess than the sctua! maximum stress. Twist-
ing may be ignored If:

o <(30—55 - L) bl

An altsrnative maethod of beam design
for Case | is to consider the critical buck-
ling momaent given by:

™y =2 EI((E)
[Et‘ er 15 ° Lt ((u)
: 8-
40-785) -2
and then use Rel.7. Rule 543, 10 convert
this into a dasign siress.
The valves of L/t for which the safe

bending stress, Fo. may be taken as 0-86F.,
are shown In Saction 6. -

oo =

Cooe 11:

The angle of twist ¢ has no dirsct eftect in
this cass and the ssie pending stress can
be calculatwed using T, Rute §.4.3, whars the
critical buckiing stress Fe 18 obtained from:

o= o= 1
*Tavas b
This may be gnored 1t 5 < 200 tor Fr =

82 ml;uoo tor F, =36 ksl and 8
Gesign stress of 0-66 F, may be used.
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ventional beam formuiss may be used.

Cose IV:

The design ls satlsfactory H:
.!."...'.;:

whete Fs and Fu are the appropriste maxi-

mumn pormiseibie stresses.
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el Gwel In Buliding 85 400,

. 9080,
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o

o secondary stects will occur and con- mwgnmmmmm

be summarissd as foliows:

c.. Use Simple Principal Axis [Additions! Effects ¥ Column 2
) Losding H: Not Satisfied
1 | 0) Srees Solution: Vo= 21y 4y
nes—3. L
y 0 "t Figs)
() Critical Buckiing Sotution: | Use F, - F.. corwersion of
’ . See Table below. Ni?.
H %‘”" (F, = 82 kal) Use Fig.10.
L o<xor =2
m All Sections —
“f‘ x [ ]
modiate . tr <1
Loadings )

Crilical Buckiing Solution Cese I:

Yield Btress F, 8/t Range for F..=0-68F,
82 [ o<cLr 8D
1" ‘ 0Lt B0
18 0L X0
96 .3 0L/t C090
1" 0<L/t <850
16 0L/t <890

For other B/t values, interpolate.




umug UNSUPPORTED ANGLES—Thomas, Laigh & z' 03 !

The Behaviour of Laterally Unsupported Angles )
By B. F. THouas, J. M. Lnigx, M.S., M.L.LE.AusT. and M. G. Lay, B.CE, M.Ex:.S5¢., Pu.D,, FLEAuT,*

nmthemﬂuofumoommny or no dexign guidance for laterslly umsmpported angles and the 1
tova-g‘c wthequdmdnncquﬂgxmbmcdwlumfwm SAA Steel Structures Code AS CAY (Ref. 3) in Rule 5.4.3 stated: e

The moment is -

The Standards Associstion of Australis §s Dot prepared st 1his
vn-n'&tywp > tbemon':;n:nm i carlicr mkzmu m”.xgmmdmmfau‘lu'hcbmmtwppmgd
‘I'hrynbovthntheed eso{m&s‘,wgm:hwum m‘gv hercfore, was ! a1 ing 8 set of
eCHON SITCIY Pl'Od\IC nce twint nnuﬁum nee on empnun duelop
Joading plane deflections, designers may safely use first order theory Ussble design formulae through A aunpnhcnnve testing programme.
provided deflections do pot exceed a typical limit of span /180, y

The testing programme has also shown that practical angle scctions ¢t
mmedbymmdddmmxmn&gm by buckling. v‘ u
\
LIST OF 8YMBOLS? \
B Leogth of angle leg as defined in Fig. 1 \ v
s
(.cml leagth ~ -2-). )

c Centroid Jocation. : (4 ’
E  Young's modulus. L X x

.*Fy  Nominal yicld stress. )

"F Material yield sress. : e i

' F,  Critical buckling stress. v / ¢
1 Second moment of area about the axis perpendicular to the

sxis of load application. \ )
L Lengzh of span. : [ ]
M Applied moment.
My Compogent of the applied moment sbout the U.U axis.
. My Component of the spplied moment sbeut the V-V axis. v
* Me Crtical buckling moment, Fig. 1.=Simplifisd Angls Section Dimensions and Locarions of Axes.

Q  Length of angle leg as defined in Fig. 1

(stnce - £),

LY Shear centre Jocation.

UU  Major principel &xis (U cross-section co-ocdinate).

VYV  Minor principal axis (V cross-section co-ordinate),

W Polar axis,

X  Axis through the ceatroid peralie] to the short angle leg.

Y  Axis through the centroid penalle] to the long angic k3. \-

Zs  Section modulus sbout the xxis of joad xpp!‘cstion. ¢

¢ Thicknes of sngie ieg.

x Deflection of the sheas centre jajthe X-direction,

> Deflection of the shear centre in the Y-direction.

focnd from M ALY ¢ I )

. wrem Tz Mya-l2v' . (12)
omez  Actual maximurs section stress.

¢ Aagle of twist.

é Mazicoum angse of rwist. -

’ Differentistion with respect to .

[ ] Angle between the X sod U axes (Fig. 1).

t~INTRODUCTION

Mww‘mmdhmﬁunﬂmhv&nﬂ
designing angle besrns, i all the samifications of their behaviour are

tke faro account.  Common Joading situations do not usually
«ide with principal axes directions snd such loading cascs therefore
e biszial bending defiections combined with axial twisting of the
sscocn.  Structural degign codes commonty (Refs. 3 and 2) give lictle

"Pupex Re. 3197, subminmnd by vhs anthars on Juw 7, 3971
wmu-wmmmmw ML -

1
4

Ressaech
Laigh is 8 Rassarsh Otesr, JHP Rasensvh Labosossnion, Motbourae AXES ARZ DRAWN WITH W OR W 43 TN OUTWARD
,‘ﬁ_‘f’ : S M'.I:-‘ Oicar, BHP Russarsh Liborsterita,  ORAWN NORMAL FROM TME SURFACE UNDER CONSIDERATION.
$This novscion is cpupied with the sign sepvension gieen It Mg 2- F¢. 2.—Sign Convencion.

e comde Posnssontinas 10T
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parslle! to the Y-Y gxis,

£—LOADING CASES
The loading cases considered (Fig. 3) represent the most common
loading canditions for angle beams. These are:

21 Bqual Anglee:

or the Y- ¥ oxis,

Case I—Mament spplied sbout an axis parslle] to ehther the X-X
22 Usequal Asgles:

Case I—~Moment spplicd sbout an sxis

that is, parslle] to the long leg.
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10 Jogging system (Ref. 11) which converted the resdings directly to streas
- k2 vahues, By following the testing outlined eaclicr, it weg

:3:.; ‘ Mﬁewm&emmdwm&xlmlmmdtm.
0 24°
. .h. S S~TENSLE TESTS

N Teasion tests were catried out on cupons obained from each angle
sectioo tested. The 1313 were performed oo o Instron Univeral testing
i machine with & cromhesd speed of 0.079 inch/min which corresponds
D) %0 8 strain ste of 0,005 min-'. Aversge values of material yield sress
and tensilfe strem were found and these indicete that the materia) cop.

formed to the requirernents of AS Al¢P (Ref. 14).

1.09°
164"
282

J'n.!'n"
o ~RESULTS
6.1 Stress Levels:

Stress values were measured st mid-spen uaing strain gauges located

g 282° a8 thown in Fig. 4. The nominal section streas has been vaed as a yard-
743" #tick for comparisoo with the maximum 12ction strem emas Which occurred

780" st mid-spen st the tip of the vertical leg.  The maximum (flange tip)
r—LL‘ stress was determined by linear extrapolation from the stress distribution
1'—#_

.
=

Yo
t.ﬁ

acToss the section. The nominal stress can be found from
M

Zs
. ’é' where AM is the applied moment and 2, is the section moduhus sbout the
Ha2% axis of loed spplication.
'LLQ}' Figs. 6 and 7 show curves describing the relnticaship between o,
';m and omax for
%o (a) Tests resules.
3 45° (5) Theory with 1ero angle of twist (¢ = 0).
X1l (c) Theory with ¢ o 0.
| 236 . (d) Theory with measured test vahues of ¢,

v 2 35’." Fig. 6 includes the results of tests oo the 3° x 3° x 3/16° section
i

oxgl | ¥

10°
706°
148°

with an L /1 1350 of 1600. This section was subjected to applied moments
hnpodﬁnmz)ndnmﬁve@)mnbommmspanudtome

h%&mmﬁdhﬂ&:_mlrvﬂsmdedwmppm
3 3{-[ 15% mafo:lbsdm;_m.sevhnhprodxmdtcnnlcmmzhc
borizontal leg (EA2). This difference was only 4% 8t s stress level of
. 0.66F, where Fy is the pominal yield stress (36 ksi). Hence within the
Mgém:ﬁcdﬂmbhmvh:fwmdhmmh

X negligible,
:ﬁ! The difference resuls from the fact thet the constitative equations
(Refs. 5 xnd 6) were based oo small deflections theory wheress in fact for
Pig. 4.—Strain Gougs Locasions, hr:e spens, tmd-lpta lo:dm; plane deﬂm were in the order of

248°
2382°
2 56°

i

e

:
i
i
g
i
1
B
:
TE
g
¢
£
g
31

Ambaefmi?:mumplndm&emubﬂd- Sas been taken as the searting point ;
spen positon (Pig. 6). The ganges wore rond tsing an swtometic deta  dicted values of angle of twist (dmas) (Ref. 6).
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237

CA 1 X~ N
I

A 1
x »0
Oy Ams/id

st
8

Strers o ond
UE6.

of Fig. 9 (tests UE), UE2, UE3, UB4, EA2, EA3)
with the stress curves of Fig. 7 (seme tests) in that they

show graphically the torsional stiffening which takes place at large values
of applied Josd end cocrespondingly lurge sngies of twist. This effect

theoretical and

sIpports.
TABLE IO
Summary of Fallure Test Resuln
Tont Section L 11 cedicg| Moment| Taliure
No. 4 Case | (kipe-in) Mode
BAS [3° x % x 0187 400 I 205 | Torsicns)
‘ Buckling
UB4 [35° % 25" X 0.197°| 1600 It 20 | Torsonal
Buckling
vad 135° x 2.9° x 0.187°| @00 1 192 | Tericaal
4
&
UB2|25° x2° x 02% 1200 1 15.7 | Mexural
. Buckliog
UBT J25°x2°np2s” | a0l I 189 | Tocsiom!

-
-
. e e N

buckling curve is obtained from the snalytis given i Ref. 16 and the
design curve can be found using Rule 5.4.3 of CAl (Ref. 3). The bori.

(4
mnllbe.dmotcd:&,wa:hcmd%mpmdncc. snrey

case, UE9 and UE7 obained full yield suess
before failure. Good sgreement with the 3F, sssumptioo is spparent
from Fig. 9 (tests UE?, UEY) which show thet the failure points plot
the regicn expected for foelastic buckling. The results for the
angle test (EAS) have not been graphed since failure occurred
in agreement with similar failures oo the unequal angles

Re
g.
2
g

Biaxia) bending deficctions resulting from  poo-principal  axis
Josding were measured a3 ghesr centre displacements in the Josding
plane and normal to the losding plane. Fig. 11 includes the recorded
results, for the section 3° x 3° x 0.187° josded &3 shown in Fig. Xo),
compared with the predicted curves for both first and eecond order
theory (¢ = 0, ¢ o 0) for & variety of L/t ratios.

This limit is pecommended by CAl for stuctural applications
where angles could be used. Beyond this level, for L/r > 1000, second
order theory copservatively predicted the Josding plane defiections
whereas first order theory under-cstimated this deflection by up to 209;.

The tests indicate that provided defiections are limited to L/180,
first ocder theory will give 2n accurate estimate of the Josding plane
deflection.  Coosequently, if ft §s desired to use sections which develop
the full bending stress of emaz = 0.66F,, then the use of the detign
formuls (Refs. 5 end 6)

L o
B+ F

&

permit the sitainment of full stresses and avoid lsteral buckling
problems. Above this limit the use of second order theory will ensure that
resulta are conservative for all cases.

conditions stated sbove:

1. The angle of twist (6) comess & reduction lo the maximum
section stress produced.  Tharefere, fiest order theory gives o
conservative estimate of this stress, L8,

mx =128 e
2. The angie of twist (4) has s significant influence oa the maximum

loading plane deBection beyond 8 desSection of L/180 and sccond
m&m.wmammu

’lm‘"
aagics will

i
E

.
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