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SECTION 7

TECHNICAL TOPICS

LICENSE CONDITION 2.C(l 1 ), Item 7

"PGandE shall conduct a program to demonstrate that the
following technical topics have been adequately addressed in
the design of small and large bore piping supports:

(a) Inclusion of warping normal and shear stresses due to
torsion in those open sections where warping effects are
significant.

(b) Resolution of differences between the AISC Code and
Bechtel criteria with regard to allowable lengths of
unbraced angle sections in bending.

(c) Consideration of lateral/torsional buckling under axial
loading of angle members.

(d) Inclusion of axial and torsional loads due to load
eccentricity where appropriate.

(e) Correct calculation of pipe support fundamental
frequency by Rayleigh's method.

(f) Consideration of flare bevel weld effective throat
thickness as used on structural steel tubing with an
outside radius of less than 2T.

PGandE shall submit a report to the NRC Staff documenting the
results of, the program."
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Descri tion of Pro ram, Develo ment, and Followu Information

7.1 Pro ram Sco e

7.1.1 Small Bore

A discussion of the small bore program to address the issues of Item

1, as well as Item 7 of the License Condition, is presented in
Section 1 of this report.

1.1.2 ~L

To provide the necessary confidence that, with the above technical
issues considered, the piping meets all design criteria, a subset of
the calculations will be sampled and checked. The calculations used

in the sample were selected using a random selection approach. A

total of 200 calculations was selected from a total population of
3668 calculations (approximately 5.4X of the total). In establishing
the total population support designs containing variable springs and

constant supports were excluded since these devices do not carry
seismic loads.

All Diablo Canyon Unit 1 pipe supports designated as Design Class I
and code class J, D, A, B, C, G, 9, or Z as listed in the GPSS

(General Pipe Support Status) were sorted and listed by sequence

number and were assigned index numbers from 1 through 3668 which were

later matched with random numbers. The random numbers were generated

using the International Math Statistic Library ( IMSL) on Bechtel's
Univac Computer system. The random numbers were generated and

assigned index numbers from 1 through 200. Pipe support selection
was obtai.ned by matching the random numbers (as listed from 1 to 200)

with the pipe support numbers (as. listed from 1 to 3668).
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Further review of the original 200 supports identified by random

selection determined that 40 of these supports were:

1. Nonframe type supports
2. Deleted supports
3. Downgraded to seismic Class II

In order to provide an appropriate sample of 200 supports, additional
supports were selected by random methods, as previously described,
until an appropriate review population of 200 frame-type supports was

obtained.

From the sample, the probability of a support not meeting the
criteria, p, is determined. This probability will then be uses to
estimate the probability P in the total population. The standard
error of proportion will be estimated using the following
relationship:

s>= ~(l ) . N-n
n

where:

N is the population size: 3668

n is the sample size: 200

p is the probability of a support not meeting
the criteria found in the sample (based on a
binomial distribution)

Using sp found in equation 1, the error of estimation, E, is found
using:

E= zsp (2)

where z is a multiple of the number of standard
deviation units
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Therefore, the probability P interval in the population is estimated
as:

('p - E)<P<(p+ E)

If the randomly selected sample of 200 are all found to meet the
project criteria, it can be shown statistically that there is greater
than a 99% confidence level that the remainder of the total
population will meet the criteria.

If any of the 200 are found not acceptable for each issue, the sample

will be increased to achieve an appropriate confidence level, or a

screening criteria will be applied to review the remainder of the
total population. The screening criteria will be developed based on

the results of the review of the 200 calculations. Such screening
criteria may involve a field walkdown to identify particular concerns.

A checklist has been designed to guide the analyst/reviewers in
performing the large bore reviews for the technical issues in Item 7

of the Licensing Condition. The checklist is included as

Attachment 7-1.

7.2 Future Work

In order to address any future analysis performed on pipe supports,
the design criteria contained in M-9 for pipe supports were revised
to require consideration of Item 7, parts (a), (c), (d), and (e) of
the Licensing Condition. Part (b), concerning unbraced angles, will
be used ~onl to qualify existing steel members. A specific
restriction will prohibit its use in the design of new supports.
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~.s Technical Issues

7.3.1 Mar in Normal and Shear Stresses

Normal and shear stresses due to warping of open sections in torsion
is a consideration treated in many technical references and industry
publications. In most structural applications where wide flange
sections are used, warping effects are small and therefore not
considered in the design calculations. Other shapes, including "I"
sections, could have a larger contribution from warping and,

therefore, should be considered.

There are three considerations in the pipe support design at Diablo
Canyon that tend to minimize the significance of the warping

phenomena:

o The predominant use of wide flange sections rather than "I"
sections or other cross-sectional shapes having a lesser capacity
to restrain torsional loads.

o The pipe supports are designed to use standard size members and a

stiffness criteria that, in most cases, assure that the member

stresses will not be the critical factor in the strength of the
support.

(1) The AISC Commentary to Section 1.5.1.4.5 states for warping:
"The combination of formulas (1.5-6a) or (1.5-6b) and (1.5-7) provides a
reasonable design criterion in convenient form." "Formula (1.5-7) is a
convenient approximation which assumes the presence of both lateral
bending resistance and St. Venant torsional resistance."

(2) The AISC Manual further states: "Torsional analysis is not required for
routine design of most structural steel members." 8th Edition, pg.
1-109.
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o Small bore supports typically use angle or square tube section

material that are not subject to warping.

7.3.2 Differences Between AISC Code And Project Criteria

The so called "differences" between AISC and the Project criteria
using the Australian data, references 1, 2, and 3, with regard to
allowable stresses of angle sections in bending do not really exist.
The Project design criteria on this topic are in compliance with the

AISC code. The use of the Australian paper is for the applications
where specific guidance is lacking in the Code. In fact, AISC not

only recognizes the limitations of the Code but also suggests special

investigation by the engineer. This position has been addressed in
two previous responses to the NRC on the same subject (for
convenience excerpts from these submittals are included as Attachment

No. 7(b)-1 and 7(b)-2).

Our understanding of the Staff's concern involves the AISC's position
on the Australian data and the appropriateness of its application.
To address this, two pieces of additional information are provided as

Attachments 7(b)-3 and 7(b)-4. PGandE believes that the AISC's

positive and supportive position has been reflected in these two

attachments.

Attachment 7(b)-3 is a reprint of the Australian "Safe'Load for
Laterally Unsupported Angles" published in the official Engineering
Journal/AISC, First quarter, 1984. The AISC's position is summarized

in the editor's note to the reprint. The editor stated: "The AISC

Specification and Manual offers limited direct design criteria for
such members." The reprint of the paper "is in response to the many

inquiries AISC has received on the subject." The editor also
mentioned the Australian papers "have often been referenced in the
past to provide requested design guidance." Thus, it is PGandE's

belief that AISC has allowed the use of the Australian paper for
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design of angles in bending. Attachment 7(b)-4 is a copy of a

handout from an AISC presentation showing further endorsement of the
Australian work,

The editor cautions the user about the difference of allowable shear
stress between the Australian specification and the AISC

specifications, and suggests the allowable bending stress to be 0.6

Fy, instead of 0.66 Fy, where Fy is the yield strength. Project
design criteria meet these requirements.

The staff has expressed a concern about using the L/t limits given in
the Australian paper if the allowable bending stress is reduced from
0.66 Fy to 0.60 Fy. The sketch below shows that as the allowable
bending stress is reduced the L/t limit increases. It should be

noted that the theory developed in Attachment 7(b)-4 recommends a L/t
limit of 300.

0. 66Fy

0.6Fy

270

There are additional reasons why the L/t limit of 270 is conservative
as exp'lained below:
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o The L/t limit of 270 (or 300) is derived from the bending about

the major principal axis. This is the loading case in which the

angle is most vulnerable to buckling and is generally not the

direction of loading in pipe support applications. In pipe
support design, the main loading is generally applied in the
direction parallel to one of the angle legs. For such cases, the
L/t limit may be as high as 990 and 690 for a B/t ratio equal to
6 and 16, respectively where B is the length of leg. However,

the L/t limit of 270 is applied to all angle bending load cases

in this project. This allows an additional implied conservatism.

o All of the L/t limits derived in the Australian papers and used

in the Australian testing are for uniform bending moment along

the entire beam. Again, this is the most critical lateral
buckling condition and generally does not exist in pipe support
application.

Based on the foregoing, it is concluded that the AISC supports and

recommends use of the Australian paper. Project design criteria meet

or exceed the requirements set forth in the Australian paper and the
AISC. Therefore, PGandE believes the Project criteria on bending for
angle sections are satisfactory and acceptable.

References

1. B. F. Thomas and J. M. Leigh, "The Behaviour of Latarally Unsupported

Angles," BHP Melb. Res. Lab. Rep. MRL 22/4, December 1970.

2. J. M. Leigh and M. G. Lay, "Laterally Unsupported Angles with Equal and

Unequal Legs,". BHP Melb. Res. Lab. Rep./MRL 22/2, July 1970.

3. "Safe Load Tables for Laterally Unsupported Angles," Australian Institute
of Steel Construction, September, 1971.
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7.3.3 Lateral/Torsional Bucklin Under Axial Loadin of An le Members~ ~

Lateral buckling for axially loaded angles is considered using the
requirements of the AISC Code. In the commentary to the AISC Code,

torsional/compressional buckling is discussed. AISC acknowledges

that for singly-symmetric shapes (e.g. angles) with large
width-to-thickness ratios, column buckling could occur by twisting at
loads smaller than those associated with general column buckling
(i.e., that addressed in Section 1.5.1.3 of the AISC Code). AISC

references a paper by A. Chajes and G. Minter (reference 1) for
further information.

The Chajes and Minter paper states that axial buckling can occur by

twisting in thin wall open sections due to their low torsional
stiffness. Structural angles generally do not fall into this
category. The Chajes and Minter paper provides a method for
evaluating the torsional compression buckling stress of equal leg
angles:

F( = G(t/a)

F( = critical torsional buckling stress
G = shear modulus

t = leg thickness
a = leg length

Using this equation for angle sizes covering the range used at Diablo
Canyon, the critical stress is always above the yield stress. Thus,

torsional. buckling is not a governing mode of column buckling and

does not need to be considered in pipe support design.
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For reasons discussed above, lateral/torsional buckling under axial
conditions is not a concern in the DCP design of pipe supports using
angle members.

As a result of the discussions during the NRC Staff and PGandE

meeting on May 9, 1984, a better understanding of the Staff's concern

for lateral/torsional buckling was obtained. This issue concerns

failure of structural angles in local plate buckling rather than the
lateral and torsional buckling discussed in the Winter et.al.( )

paper.

A review of the test results included in a paper by Kennedy and

Murty( ) indicates that structural angles can fail in local plate
buckling when the b/t ratio is in excess of 15. The theoretical
results in this paper indicate that the buckling load is less than 5%

below the yield stress for standard structural angles with a b/t-
12. In order to explicitly address the NRC Staff's concern regarding
local buckling of angles, the design drawings will be 'reviewed during
the present effort and occurrences where b/t 0 12 will be documented.

For angle sizes used on the Diablo Canyon Project, the b/t ratio is
usually 9 or less. It should be noted that this screening criterion
is more stringent than the AISC criterion of 76/~fy.

(1) Torsional-Flexural Buckling of the Thin-Walled Members, A. Chajes and G.
Winter, ASCE, Structural Division Journal, Aug. 1965

(2) Buckling of Steel Angle and Tee Struts, J. B. Kennedy and M. D. S.
Murty, ASCE, Structural Division Journal, Nov. 1972
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7.3.4 Inclusion of Axial and Torsional Loads Due to Eccentricity~ ~

In order to facilitate the modeling of a pipe support structure in a

computer program, in many cases the centroidal axis of two

overlapping members are assumed to be intersecting. The )oint at the

overlapping members (angles for example) is accomplished by welding
the intersecting legs together:

CEN~i

g SCCBNTR PITY

This welding locally stiffens the angles and, as a result, they act
more in unison, thereby reducing the effect of not explicitly
including the eccentricity.

The generation of axial loads due to lack of consideration of
eccentricity is, in general, inconsequential. This will be

considered, however, along with the torsionally induced loads.

7.3.5 Fundamental Fre uency B The Raylei h Method

The review will identify cases where the displacement method of
determining the pipe support frequency may not have approximated the
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dominant frequency relative to the piping with sufficient accuracy.
In general, the approach used provides sufficient accuracy with only
a few exceptions. The'ost notable exception is a simply supported
beam with an overhang. This, and other cases where the adequacy of
the displacement method may be questioned (such as cases where the
deflected shape due to gravity has significant reverse curvature),
will be identified in the review. Where necessary, reanalysis will
be performed.

7.3.6 Flare Bevel Weld Effective Throat Thickness

The Project criterion for design of pipe support flare-bevel welds to
tube steel used 2.0 t as the tube steel corner radius when

determining the effective throat thickness of the weld. The adequacy
of the DCP criterion was addressed in PGandE letters DCL-84-083,

DCL-84-141, and DCL-84-153.

As described in these letters, site inspections confirmed that the
tube steel corner radii are, in fact, 2.0 t (or slightly larger).
The technical issue, the size of the weld effective throat, was

resolved by performing weld tests which showed the effective throats
to be larger than those required by AWS, i.e., 5/16R.

In summary, the DCP flare-bevel weld designs have been shown to be

appropriate and conservative.

7.4 Results

7.4.1 Small Bore Su ort Review Results

A discussion of the results of the small bore support reviews for the
Item 7 technical issues is presented in Section 1.3 of this report.
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7.4.2 Lar e Bore Su ort Review Results~ ~

A thorough review of each of the 200 supports for consideration of
the technical issues identified in Item 7 of the License Condition
was performed and documented. Results are presented as follows:

1. Warping - A thorough evaluation of warping was performed for each

support where it is a consideration, i.e., open flanged sections
with torsional loads. The following referenced attachments
illustrate the warping stress ratios:

(a) Warping Normal to Allowable Bending Stress Ratio
(Attachment 7-2). Note that in 100K of the cases the
warping normal stresses are less than 40% of the bending

allowable.
(b) Warping Normal Interaction Value to the Overall Interaction

Value Ratio (Attachment 7-3). Note that this graph may be

somewhat misleading in that a very low interaction value
(i.e., low overall stress) can result in a shift to the
right of the curve. In reality, a warping ratio of .4 and a

total interaction value of .4 would result in a "1.0" point
on the curve, but is inconsequential due to the low total
stress values. This curve is being supplied at the NRC

Staff's specific request and should be reveiwed with the
above considered.

(c) Warping Shear to the Shear Allowable Stress Ratio
(Attachment 7-4). In 100% of the cases, the increased shear
stress caused by warping is less than 50K of the shear
allowable.

(d) Total Shear to the Allowable Shear Stress Ratio
.(Attachment 7-5).

(e) Total Interaction Value (Attachment 7-6). In 90'f the
supports reviewed, the interaction value was less than 60%.
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The review for warping indicates that both normal and shear

stresses are relatively small in a predominate number of the
cases, and in all cases the Project criteria are satisfied.

2. Allowable lengths of unbraced angle sections in bending were

addressed generically in Section 7.3.2

3. Consideration of torsional buckling has been addressed

generically in Section 7.3.3. Reviews for the effects of lateral
buckling on angles were performed where necessary. It should be

noted that large bore supports do not in general utilize angle
shapes as structural members. However, to the extent they were

used, each case was evaluated and shown to be acceptable.

4. Eccentricity was considered for both: (1) load eccentricity and

(2) member connectivity eccentricity. All cases were shown to
comply with the Project criteria.

5. A review was completed of the methods employed to evaluate
natural frequencies of each individual support. This review
evaluated mass distribution and multiple pipe arrangement on each

support. The review demonstrated that the natural frequencies
had been properly determined or that sufficient conservatism
existed in the calculated frequency such that no further
reanalysis was required.

6. Consideration of flare bevel weld effective throat thickness as

used on structural steel tubing was addressed generically in
Section 7.3.6 of this report.

The overall review of the sample of large bore supports shows that
all supports remain qualified to the Project criteria with one minor
exception. In this unique case, a 3-in. cantilevered member of a

small bore support is attached to the large bore support frame.
Loads from the small bore support were typically included in the
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large bore analysis. The support is a three-way restraint and, as

such, three loads were provided. The large bore calculation
considered two of the loads but did not include the third. When this
third load was considered, the large bore support was shown to be

qualified for the design basis Hosgri event but not for the smaller
seismic event, the DDE conditions. In this case, lower damping,
lower stress allowables, and a shift in different response spectra
are the primary reasons for the large bore support not meeting the
DDE cr iteria. Fourteen other large bore supports included in the 200

have small bore attachments. In all other cases, all loads from the
small bore attachment were properly considered in the calculations.

Based on the foregoing, we believe that the review of the 200 random

sample of large bore supports pursuant to Item 7 of the License
Condition has demonstrated that the large bore supports have

sufficient margin in their design to accommodate the additional
technical considerations of this condition.
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ATTACHMENT 7-1

DATE: 5/'l5/84
FILE NO.: 146.08
Sheet 1 of 1

Pipe Support No.
Reviewed By:
Checked By:
Approved By:

DIABLO CANYON PLANT
Lare Bore Pipe Support Review Check1fst

NRC LICENSING CONDITION f7 CONCERNS

Rev.
Date:
Date:
Date:

ons era ons
cce tab1e?

REVIEM ITEMS YES NO

a) Member center1ine eccentricities:

b) Loads and points of app1ication?
eccentricftfes of 1oad with
respect to shear center and
centroid of cross section?

) Unbraced 1engths for ang1es L/ti270?

) St. Venant torsfona1 shear stress?
(See Attachment f8 of I-55}

e} Marpfng norma1 and shear stresses
due to torsion?
(See Attachment f6 5 7 of I-55)

f) Norma1 stress combined wfth warping
norma1 stress (abso'lute sumtatfon)?

g) Latera1, St. Venant, and warping
shear stresses combined
(abso1ute sumatfon)?

h) Latet a1/torsfona1 buck1ing for
ang1es; fs b/tC 12'?

1) Fundamental frequency method. Are
points of contraf1exure fnsfgniffcant?
(See Gufde1fnes for Reviewfng Frequency
Calcu1atfons of Pipe Supports.
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ATTACHMENT 7(b)-1*

NRC uestfon: The NC has rafsed a question about angle-Shaped structural
ers egatfon Ko. 95 froa SSER 21).

~Res onse

in ihfs tesponse, the following symbo1s are used.

List of Syjnbols

Length of angle leg

Thickness of angle leg

Length of span

Nfnfmum Yield Strength

bfs width of Compression Flange

In small bore pipe support design, angle-sectfoned beams are frequently used
for structural Nembers because of the small loads typically encountered in
sma13 bore piping.

Angle sections were used at Dfab1o Canyon prior to the verification program.
Mhere modfffcatfons to existing supports were sade durfng the verification
program, structural tubing eras often substituted for the original angle
section.

The criteria for the use of angles as laterally unsupported beams subjected to
bendfng forces were based upon evaluations fnftfated fn 1977.
Projeci-specific criteria were required because the AISC Nanua1 of Steel
Construction (Ref. 1) does not provide guidance for angles with latera1ly
unsupported spans greater than i'6.0 bf/Fy. The term 76.0 bf/Fy is the
allowable span for an unbraced length of a member not oeetfng the requirements
of Section 1.5.3.4.6a of Reference 1. Mowever, these criteria were developed
for I beams and not specff fcally for angles. Reference 1 does not provide
cr fterfa for laterally unbraced aeebers greater than 76.0 bf/Fy. The lack
of specific guidance fn this area has been recognized fn the literature (see

Reference 2). Mowever, AISC recognizes that special investigations are
necessary for angles with latera1)y unsupported spans greater than 76.0 bf /
Fy. This fs indicated on page 2-21 of Reference 1 where a statement is
Provided which explains the use of af gle load tables. The statement is as

follows:

*Excerpt from PGandE Letter No. DCL-84-046, dated February 7, 1984.
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~The tables are not applfcable for ongles laterally unsupported
or sub)ected to torsfon; for such «eabers a special
gnvestfgatfon fs

accessary.'ecause

the A1SC d5d not co«pletety address the desfgn of laterally
unsupported angles, tGandE perfor«ed a lfterature search Cn l977 to determine
Cf other fnfor«atfon eas avaflable ehfch auld he adequate to set criteria.
ln late l977 ft was found that extensfve testfng of lateral'nsupported
angles loaded fn bendfng had been perfor«ed fn Ausbalfa. Literature which

,4escrfbes the testfng, ffndfngs, and recaanendatfons has been ptevfously
—, yrovfded to the NRC staff (Ref'erences 3, 4, and 5).

1n the Australian tests, varfous sfces of angles sere characterfzed by
dffferent B/t ratfos. Angle sectfons fifth I/t ratfos Sebeen 6 and 16
(Reference 5) have been tested. The aaJorfty of angles at Dfab1o Canyon fall
efthfn this range. The only angles at Diablo CNOon Not fa11fng fnto this
danae have B/t values less than 6. However, at thfs end of the range (beams
eftfi B/t less than 6 are less slender) the data can Oe Ised conservatively
since the net effect fs to a1low an fncrease fn acceptable unbraced lengths.
Based on the tests and caaparfson to structural theory, sfmp1e formulas were
developed fn Reference 5 for use fn the desfgn of latera11y unsupported angles
fn bending usfng severa1 different aethods of load applfcation.

For a11 the various angle sections and load cases Cnvestfgated, Reference 4
recamends that an allowab1e bending stress of D.66 Fy «ay be used ff L/t fs
less than 300. The Diablo Canyon Pro)ect Des5yn trfterfa H-9 limits the
«axfmum bending stress to 0.6 Fy and a «axf«um L/t tatfo of 270. These limits
used at Diab1o Canyon fal1 within the recaa»ndatfon of. Reference 4 and are
therefore acceptable.

References

American 1nstftute of Stee1 Constructfon (A1SC) Nanual of Steel
Construction, Seventh Edition, A!SC, New York.

2. B. F. Thomas, J. H. Leigh, N. G. Lay, Cfvfl Kngfneer fng Transactions,
1973, The lnstftutfon of Engineers, Australfa.

3. B. F. Thomas and J. N. Leigh, The Behavfour of Latera11y Unsupported
Ang1es BHP He1b. Res. Lab. Rep. NRL 22/4, Oecember 1970.

4. J. N. Leigh and H. G. Lay, Latera11y Unsupported Angles arith Equal and

Unequa1 Legs. BHP Helb. Res. Lab. Rep./ NRL 22/2, July 1970.

5. Safe Load Tables for Laterally Unsupported Angles, Austra1ian institute of
Steel Construction, September, l97).
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ATTACHMENT 7{b)-2*

dihedral angles less that 60o, calculations are performed to ensure

that the weld qualfffes es a partfal penetratfon weld wfth the proper

thr oat reduction. This reduction is 5n accordance with the requfrenents

of AISC and AMS.

69. Pullman Power Products procedures reference the PGandE specfffcatfon to

whfch pfpe supports are to be installed and the codes to which the weld

, procedures specfffcatfons (MPS) are qualfffed. For the MPS whfch are

qualfffed, ft fs not necessary, and fnapproprfate for Pullnan gC to

fnspect the uelds to the AMS Dl.l prequalfffed )ofnts. The weld

procedure specification, ESD-223, and the design drawings contafn

everything needed to fnspect the welded )ofnt. F1are groove welds are

fnspected fn accordance with the requfrenents of ESD-223.

70. It fs not necessary for Attachnent I of ESD-223 to provfde lfnftatfons~~

for the mfnfmum dfhedral angle for fntersectfng structural shapes. The

lfmftatfons on the dfhedral angle would be governed by the desfgn

drawfngs used. Throat agustaents are reflected fn the weld design

calculations. The calculatfon ad5ustnents have taken fnto account the

effect of skewed dfhedral angle rather than perpendfcular connections,
I

and hav'e consfdered that acute angle connections wfll not have complete

fusion to the weld root, due to possible slag fnclusfons.

XV. It fs alleged that:

The second Stokes DR stated that angle nenbers were
two-to-three tfnes too long for the allowable bendfng
stress standard used under the AISC code. The angles
could buckle under pressure. One hundred francs of 300
checked contafned vfolatfons. (Stokes, ll/17/83, pp. 17
and 18)

*Excerpt from PGandE's answer in opposition to Joint 1ntervenor's Motion to
augment or, in the alternative, to reopen the record, dated March 6, 1984.
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The M-9 cortputer analysfs for angles mftted the relevant
provfsfons of the Anerfcan Instftute of Steel
Construction (AISC) code for allowable bendfng stress,
contrary to lfcensfng cmaftnents. (Stokes, 1/25/84,
Tr. 15-21)

Tl. ?n paragraphs 71 thru 78,. the followfng synbols are used.

Lfst of S ols

B ~ Length of angle leg

t ~ Thickness of angle leg

Length of span

Fy Mfnfnun Yfeld Strength

bf ~ Ndth of Conpressf on Flange

The criteria for the use of angles as laterally unsupported beans

sub)ected to bendfng forces were based upon evaluatfons fnftfated fn

1977. Pro5ect-specfffc criteria were required because the AISC Manual

of Steel Construction (Ref. 1) does not provide guidance for angles with

laterally unsupported spans greater than 76.0 bf/ ~Fy. The tern 76.0

bf/ VFy 5 s the al 1 owab le span for an unbr aced 1 ength of a member not

ceetfng the requfrements of Sectfon 1.5.1.4.6a of Reference l. However,

these crfterfa were developed for I beans and not specifically for

angles. Reference 1 does not provide crfter5a for laterally unbraced

~ers greater than 76.0 bf/~y. The lack of speci ffc guidance in

thfs atea has been recognized fn the literature (see Reference 2).

However, AISC recognfzes that specfal fnvestfgatfons are necessary for

angles with laterally unsupported spans greater than 76.0 bf/ ~Fy.

This fs indicated on page 2-21 of Reference 1 where a statenent fs
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provided whfch explafns the use of angle load tables. The statenent is

as follows:

The tables are not applicable for angles laterally
unsupported or subjected to torsion; for such nenbers a
special fnvestfgatfm fs necessary."

73. Because the AISC dfd «ot coepletely address the design of laterally
'nsupported angles, PGandE perfomed a literature search fn 1977 to

deternfne ff other fnforaation was available whfch would be adequate to

develop crfterfa. la late 1977 ft was found that a theoretical solution

to the desfgn of laterally unsupported angle beans was available. The

theory had also been verf ffed wfth extensfve testing. The theory and

the testing were coepleted fn Australia (Reference 3, 4, and 5).

g 74. In the Australian tests, var fous sfzes of angles were characterized by

different B/t ratios. Angle sections with B/t ratfos between 6 and 16

(Reference 5) have been tested. The ngorfty of angles at Dfab1o Canyon

fall within this range. 'The only angles at Diablo Canyon not falling

into this range have 8/t values less than 6. However. at this end of

the range (beans wfih 8/t less than 6 are less slender) the data can be

used conservatfvely sf~ the net effect fs to allow an increase in

acceptable unbraced lengths. Based on the tests and conparfson to

structural theory, sizable fomulas were developed fn Reference 5 for use

fn the design of laterally unsupported angles fn bending using several

different nethods of load application.

75. For a11 the various angle sectfons and load cases investigated,

Reference 4 recommends that an allowable bending stress of 0.66 Fy nay
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be used ff L/t fs less than 300. The Dfablo Canyon Prospect Desfgn

Crfterfa H-9 lfnfts the oaxfaum bendfng stress to 0.6 Fy and a naxfnun

L/t ratfo oF 270. These lfnfts used at Dfablo Canyon fall Hthfn the

recorrendatfon of Reference 4 and are therefore acceptable.

76. QR 83-042-S, vrftten by Nr. Stokes, questfoned the acceptabf1fty of

'certafn unbraced angle nenbers oecause the unsupported spans of those

members are greater then 76.0 bf/ hyper sectfon 1.5.1. 4e6b of

Reference 1.

77. It should also be pofnted 'out that the 18 pfpe supports fdentfffed fn

the DR 83~2-S as dfscrepant have been revf~d. All of the angle bean

spans are found wfthfn the Project Desfgn Crfterfa.

78. It fs concluded that the Prospect Desfga Crfterfa on the desfgn of

laterally unsupported angle beans has adequately covered the length

greater than 76.0 b<g~F>.

Refer ences

1. Anerfcan Instftute of Steel Constructfoa CAISC) Manual of Steel

Constructfon, Seventh Edftfon, AISC, Nev York.

2. B. F. Thonas, J. H. Lefgh, H. G. Lay, Cfvf1 Engfneerfng Transactfons,

1973, The Instftutfon of Engfneers, Australfa.

3. B.F. Thonas and J. M. Lefgh, The Behaviour of Laterally Unsupported

Angles BHP Melb. Res. Lab. Rep. HRL 22/4, December 1970.





4. J. H. Leigh and M. G. Lay, Laterally Unsupported Angles with Equal and~ ~ ~

~

~ ~

~

~

~ ~ ~Unequal Legs. BHP Helb. Res. Lab. Rep./ HRL 22/2, July 1970.

5. Safe Load Tables for Laterally Unsupported Angles, Australian Institute

of Steel Construction, September, 1971.

XVI. It fs alleged that:

The third Stokes DR stated the distance between the
center of Hflti bolt holes was not verified as the st
length required and specified on the drawing. gC had
measured the distance between the centers of plates
attached to the bolts whereas location of the bolts is
supposed to be control for the location of the plates.

-As a result, whole packages could be in the wrong
location. (Stokes, 11/17/83, pp. 18 and 19)

The capacity of a concrete anchor bolt is a function of the bolt length

(embedment), bolt material, and concrete strength. Anchor bolt capacity

relates to a shear cone of concrete originating at the end of the anchor

bolt embedment. This cone pro5ects at a 45o angle to the surface. If
two anchor bolts are placed close enough together that their shear cones

overlap, some of the strength of the anchor bolts may be lost. The 10d

{bolt diameter) criterion between anchor bolts was established to assur e

this would not occur.

80. All shell type anchor-bolts on Diablo Canyon have an embedment of less

than five bolt diameters. Sfnce the anchor bolt center lines are ten

bolt diameters apart, the shear cones can never overlap. Hence the

anchor bolts retain their full capacity. The capacity of an anchor bolt

is determined by test. The test for a shell anchor fs normally
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ATTACHMENT 7(b)-3

ae oa or aera nsu 0 e n es
Editor's Note: This articlr is reprinted in its entirety,
without revisions, with thr gracious permission oj the
Australusn Institutr ofStre 1 Construction. Ifis in rcsponsr
to'thc mony inquiries hlSC has rcccl'ucd on the su bj ref of
Itttcrellyunsupported angles. 7hr AISC Sprri 6cafiori and
hfanualogrrs limitrddirect design crt'teriafor such mrm-
bcrs. Rckuan f Australian research reports and publications,
primaril) this article, haur ojtrn bern rcfrrcnccd in thr past
to pro:idr rrqucstcd design guidance.

7hr rcadrr should notr that fhr load toblrs werc pr cparcd
in nmformancr with thr husfra.'ion Sprrification which dors
nof nrcrssa61) corrcspond to the hlSC Specification {i.r.,
scr shear rcqulrrmcnf). In addition, somr offhr anglr sizes
shown moy nof br rradI'l> ate!lab(r in thr U.S. Howcucr,

thc tabks protadc a quick rational cstimatc ofangk bending
capacity. Rcjcrcnccs on thc thcorctical and cxpcrimcntal
bchavI'or and recommended design oflatrrallyunsupported
angks arelistcdat the cndofthcartickandmoy br obtai'nrd

porn hISC hcsidquartcrs.
In addition, a conucnirnl tule of thumb based on thr

Australian research that may br applied in angk design for
flcxurcis to simply usr an allowablr bending stress, FI, ~
0.6F, with appropriafr serviceability dcflcction limits.
AtxsiLblr cuidrncc indicafrs that lafrrally unsupported
practical angk sccfions in brnding cxprrirncr cxcrssiuc
dcflrctions prior to any latrrol buckling and, thrrcforr, un'1!

br gourrncd by ckflcction II'mitations rathrr than buck-
ling.

An Exp|aration of the Tables

S M LKIGH. B. F THOMAS AND M. G

LAY'iTRODUCTIO!Iv

' The tables are based theoretically on the constant mo-
ment case and use a maximum permissible stress of
0.66F>,I where F„ is the material yield stress. However,
for short spans the loads are reduced where necessary to
ensure that the maximum petTnissible shear stresses given
in Ref. I are nol exceeded. The safe loads are applicable
for applied loads within balf a leg length on either side

Foroe parallel to SHORT l49

tablaa valid for
ffia loading araa

4

of the shear centre {Fig. I). The method by which thi<

load is obtained is described under "Cdculation of Safe
Loads." The safe load shown in the tables is the uni-
formly distributed load which causes a maximum bend.

ing moment equal to the critical constant moment. This
conversion has been made to correspond with the AISC
(Australian) Safe Load Tables. Safe loads as. given for

force paraB41 to LOlVG to9

tahtaa valid for
Oda toadine area

B

rteai oantn

Fig. 7. Acccptnblr food locations

~ 7hca tho s, ufo also computed thr tables, arr ogiccrs ojthr Mclboumr Rcscarch Laboratories ojthr BHP Co. Ltd.

FNST OVARTEtt I 1934 35





atecb with nominal yidd stresses of 36 and 52 ksi.
h) addition to loads, the tables give the associated

loading plane dcflectioo of the beam. 'Be deflection is

r

~ ~

~

~

~

~

~

~ ~

~

indicated in smaller type directly beneath the correspond-

g load value.
Rr cases whete the moment on a beam is not constant

acmas the span, the tables give conservative estimates

of the load carrying capacity as'the constant moment case

produces tie most critical hteral buckling situation.s The

same coastant moment basis is used for the lateral buck-

Hng naca of AS Chl.'4

locate thc value of this load from an initial approxi~non
of

'Mo m creZe (l)
where cr, is the nominal applied stress, Z, the section mA
ulus and M, the total applied moment about some co~„
axis, aa.

For small angles of twist, de nomina} applied sti ss

and thc actual maximum section stress, cr, aie f }a~
by.s

NOMEs)jCLATLitE Hence for

cr m 0.80 cr (2)

C

F

F

G

Xy
t.
M

M,

M

r
0
5

vv

X,Y

y
oe

S

>s4

length of the d)crier angle teg aa defined in Fig. t tactual leg

«ntro«f tocadon

maximum shear stress

y»fd stress

modutus of rig'sdity

St. Venant torsiond corutant

length of «an
moment

total mon»nt, ia appl»d nx)n»nt pius moment component due to
tf» *ed arssfht of tf» beam, calculated about the appropriate lag

tomporwnt of Ihe total nu)n»nt iMal about the VV axis

applied toad

seuformly distrbutad toed

length of longer angle teg as derined in Fig. 1 factual leg length - tf
d»ar centre loess)on

~ppl»d terque

major pn)»ipat axis

major pnncipal axis of d» hr)ttad cross~ion
minor principal axis

minor principat axlS Of Ihe tssrltad cross~ion
axes through the s»)trad perVtef to en angle teg of the twisted

«ction modulus about the s»ne axis as Ma

«ction moduhn about tl» XXaxrs

toed eccentrioty
weight of beam in as(inch length

thicttness of enate leg

deflection

of the shear cwttre in tf» U threction

deflection of tf» shear conoe in tt» Vdirection

deftectusn of d» shear centre in tf» X direction

def tectxsn of 0» shear ce)reo inJa Y direction
nominal stre» found hons oe > g
~ctual maxifMan~ »re»
deflection

coefficients used in ettuedon a
tf» atgabrac arm of con)ponent twists

~nate between XXand Wmi~

CALCULATIO!ssOF SAFE LOADS
'Be design rc}ationships for angle beams obtained in Ref.
S have bccn used to determine thc. value of the equivalent
uniformly distributed load which produces a maximum scc-

tion stress of 0.66Fr Igerativc methods have been used to

cr m 0.66 F„ (3)

cr m 0.528 Fy (4)

Thus, the initial approximations, using the relationships
for Z, from Ref. 5, are:

Unequal Angles—Force direction parallel to short leg

Bit(B ~ 4Q)
" 6(B + 2Q)

Force direction parallel to long leg

M m 0528F
+

"6(2B+Q)

(5)

(6)

Equal Angles

I B't
M, ~ 0.528Fy— (7)

For small angles of twist these expressions give the actual

value of the safe load direct}y. However, large angles of
twist modify the value of the maximum stress in the section

with consequent changes in its load canying capacity.
Studies in Ref. 6 have shown that the effects of loads

located within half a leg length of the shear cenae (Fjg. l)
are negligible for the load ranges considered. For loads

outside these limits the designer should use the procedures

on Refs. 5 and 7.
The maximum stress in the section can be found from:

l8 Mr ~) i + )'r ar) (s)(B+Q)t
where values of ht and h. for each unequa} angle sc;ction,

regardless of r, are given in Table l.
For all equal angles, h, m l.O h> w th

The value of t}sr is the algebraic sum of the twist due to

nonprincipal axis loading,s the initial twist and a}l applied

torques. The first two aie usually negligible for t}e situa-

tions covered by thc; tables.s'Be initial twig value assumed

hem'studies in Ref. 5 is

4ra ~ 0.436 ic lO- L radian (9)
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fera tlrettet to
rona log

1r 1

Sa4
0e S)L
jeS)S
OaS
~ aS
lie a
S)s e 2%
Se2)i
Sa2
2)ie 2

t.40
1.72
1.42
t$7

I.ta
1M
t.tl
t$0
123

~$

ae2
%2)2
-0.298

0.721

0.2
0.702
047$
O.lat)

0.72t)
o,aat

0.422
0.4a2
0.406
0.4so0~,
0.4040~
0422
0.2rtt

Fo ett ettust ertt)trt 1, ~ 1A) 1r~H

The t«mt duc to the applied torque T is given by?ZJGKr
where G is the shear modulus and Kr the torsion constant.
In assessing tl» value of T the tables include the cffcct of
eccentricit of tbe beam self-weight and of applied load P
rehtive to the shear centre.

h force parallel to one of the angle legs may be oriented
to produce either tension or compression at the leg tip. 'B»
influencc on the load carr)mg capacity of the orientation
of loading varies with the loading condition. For angles
subjected to loads in tl» short leg direction, Ref. 5 shows
that the effect of reversing the load orientation is negligible.
For loads in the long leg direction the tabulated values are
chosen for the «orst case and the maximum variation be-

tween load orientations is 6%.
AS CAl'tates that the maximum shear stress F~ in a

member shall not exceed 0.45 F> and hence the sheL stress
limitsa e are:

Force paralkl ro short kg

F„~ —+ —4 0.45F
3P Pgr
4Br 4K

rl0)

Force paralkl e keg kg

F —+ —c 0.45 F
3P PBi

e'
Where it is Qc shear stress hmitation that governs, the

tabulated loads ar based on this and are indicated as those
to the kft of the |cavy braten hne in the tables.

Tbc theoretical Ixtedictiotts given above and used in for-
mulating the caMes have been coafirmcd by an extensive
test series on hanDy unst)ppwtcd

angks.'GHXCDON

EQUhTIONS

The exact appst)a)eh so dus problem ~ould involve the so-
htion of a set at oltplcd partial differential equations for
a variet of bemhrry conditions. The problem does not
«mmt the tirt» hvolvcd in utiliYing such a solution. h
simplified andysis based on an extension of first order the.
ory is used to 5)ad the maximum )ottding p)anc deflection

The total ange ot twist (Q) is computed and the scctior.
rotated through Ois angk while the applied moment M,
retains its origiaai direction (Fig. 2). The applied momen)
is then resolved into components about the closest rotated
axes and the pttiucipal axes deflecnons due tn each corn.
ponent determined usmg the apptopriate equations born Ftg„
2 and Rtf'. 5. 1las, loading plane dcfle-tions are calculated
from:

Force paraM e shan kg

s viP +v'cos (8+tz+ii~ j <lr)

Force paraM ro long kg

)puu V ~+V mar

~ ain 8+ 4T+ artan —(13)
ttmm

Orirt)not r ee)t)on
cw ri

Teriatett toelt)on
wit)r Ether)retent Loetr)na

y~r~trtr

/.
m~ ~ o Orr.O

.~x

I

X

Loca Cett~entl

ski
4'~ Wo
~t4 ~-n ~,rae)

v

~.tt, t~ i-~4,~i)

Fig. 2. hfcrhod ofcktcrrnination ofload cotnpon mr) for carrion equations
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~
P'+ mL x6P'+ mL

(15)

~here mL is the beam weight.
r Note that AS CAI actually only requires live load de-

fiections to be consideted. However, the tables include dead
load defiections as many angles otherwise included would
suffer large visible deformations under their own weight
and cause concern during fixing.

Example
'Ibe following simple exampk illusaatcs the use of the
tables.

0.5 kip 05 liip

~ J

bending moment dieIrem

I

where u and v are respectively the summation ofcom-
ponent defiections along the U aod V axes. 'Ibe tabks use
ciquations involving Q, bowever, reasonably acctttate an-

~

~ ~ ~

~

~
~ ~

gwers to cases where deIIections are restricted can be ob-
tained by cakulating q and v~ 5om shnpk beam theory.
Ifthis simplifiication is used, then the applied momettt, M„
can be resolved directly into coaiponents about U'U'nd
VV (Fig. 2).

AS CAI, Appendix h, Soc. A2.2, recoatmends a de-
Soction limitof:

d~—L
l80 (14)

u
for structural applications «bere angle sections could be
used. This limit is shown in the safe load tabks as a heavy
line, dividing the tables into tegions above and below this
limit. Defiection values to the kft of this line are kss than
those recomnxnded by AS CAI. Wbae possible, beam
selection should be confined to this area of the tables.

The defiections for other loads may be estimated by pro-
portions from the tables. However, as these include dead-
~eight effects, a small adjustment must be made. For a
load P" which is less than the tabulated safe load P', the
relevant deflection d" can be calculated from the tabulated
defiection d's

Data:
Steel
Permissible Bending Stress

F„~ 36ksi
0.66F,

L
Allowable maximum defiection —~ 0.93

180
Loading Case: For loads parallel to the

Iong leg.

Maximum Bending Moment due to Applied Load:

M ~ 24 in.-hps

Equivalent Uniformly Distributed Load:

8M
P a—

L

~ 1.15 kips.

The appropriate safe load tables are found on page 39 et
seq for this loading and yield stress.

For a 14-ft span the smallest section capable of sustaining
its maximum load whilst remaining within the permitted
defiection limit is the 6 x 3i/i x '/ie angle.

Ho~ever, use of Equation IS wiIIpermit the use of many
lighter sections. The lightest section that can be used is the
5 x 3 x s/ie. The table values for this 8.lib'ft section are
P' 1.47 kip and 8 ~ 1.13 inch.

aquaria IS gives

I.IS + 0.0081 x 14
1.13 = 0.90"

1.47 + 0.0081 x 14

which satisfies the limit of 0.93".
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* Previev contents of the lecture.

* Sending concepts - reviev basic concepts.

* Iehavior of Bending Ne«bers related to differ-
ent failure «ode.

* Seterial includes:
co«pact sections
non-co«pact sections
laterally unsupported beasLs
box sections

Slide No. 2-4

* Section «odulus S = «aximum «oment from the
~oment diagram at vorking or design load levels
divided by hllovable Sending Stress.

* Plastic «odulus Z = «axi«um «oment from moment
diagram at ao«e specified overload (usually

70'verloadfor gravity loads) divided by yield
point.

* When are these for«ulas valid?

Slide Io. 2-S

and design of
BENDlNG
MEMBERS

* To understand and properly utilixe the design
«ethods and specification provisions for struc-
tural steel design, the variables that affect
beam behavior «ill be explored.
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* All beam behavior cannot be represented by a
~ingle 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.

5 Lateral or local buckling.

* The various allowable 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
types (3) (4) (5).

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

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

Slide No. 2-7

I'RINCIPALVARIABLES .

THAT AFFECT
BEAM LOAD CAPAClTY,
AND BEHAVIOR *

'.eaTEam.comme&''"
" '~ '.

LLNSRACED COMPIESSO N ELENKNTS
g. W'%TH-THICKNESS ItAT$

'f~TE ELEMENTS
4. ChOSS IECTN
I.LOADS
LSVWOAT CON) lTNS

* Principal variables that affect beam load capacity
and behavior.





.. Slide No 2 8

* Safe, econoaical structures can be designed on
,the basis of any one of these typical curves.

+ Curves l and 2 villgenerally provide the lightest
beaa but aceetiaes the fabrication and detail
coat is increased because of the added bracing,
atiffeners, etc.

* The proper d~sign is the econoaical one, not the
lightest one.

* W will look at these curves in aore detail and
aee how they relate to the latest hISC Spec.
and Supplements.

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

Slide Ho. 2"9

* 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.

Sg

* hSD - called coepact sections.
S - when plastic design approaches are desired,

this type of behavior aust be assured.

* 1 is the aost coaaon structural situation. Load
increases due to a aoaent gradient and strain
hardening - aeent varies along the length.
Strain hardening strength ia neglected in design
2 for a uniform moment region and is also an
idealization of 1.
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PLASTIC DESIGN
VARNIUllSThKNOTII

Sg

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

* Load factor ~ 1.7 for gravity 1oads regardless
of type of cross section.

XH l3

* Not concerned vith soae slight local yielding at,
vorking load because yielding vill alvays occur
due to residual stress, stress conceatration,
erection, etc. hlso, once one cycle of loading
aad unloading occurs, further response is elastic.

* Maximum strength vithout strain hardening.

Slide No. 2-11

J N„~F>S ~ QIFg
Q t~

V
~hs

* H-Shape bent about x-x axis. Spacing of lateral
bracing and width-thickness ratios of flange and
veb small enough to avoid local buckling until
the entire cross section has yielded.

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

Slide No. 2-12

ALLOWAKESTRESS DESIl
lNy , «t.OQ

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

* hctual design differs from plastic design in
that only limited iaelastic deforaation is counted
on.

* However, almost all provisions (compact sections)
ia hSD are based oa this higher atreagth.
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SIJONIRE IllR6$
* Alliable bending stress is increased to 0.75

shen beading occurs about the «eak azis be-
cXusc of large reserve strength beyond first
yicM (514 here).

* StQ1 has sore than adequate P. S. < 2.0.

Y +s

goeaIaaII

* Margin of safety is provided against yieldiag
at «ork load.

* Use .75F for sections vith good reserve strength
like solfd sections.

* Do aot use for box or tubular aaabcrs.

Slide No. 2-14

* Rcend sections subjected to bending reach their
ultioate capacity in one of three basic failure
Kodes ~

1. For very thick sections the coespressive capa-
city of the aatcrial is reached, vhich aeaas
that large distortioa occurs vith no drop-off
in the load.

2. Thinner round sectioas fail by excessive
ovalixation of the cross section. This is a
type of inelastic instability problem in
«hich the decrease ia aoeeat capacity caused
by the reduction in the, section «odulus due
to flatteaiag occurs sore rapidly than the
increase ia aoaent.

3. Very thin cy)inders fail in a diced shaped local buckling pattern.

+ The divisioa betvcea ovalixatioa aad local buckliag is taken as 3300/F vhich is the
D/t limit given ia the kISC Spccificatioa for coapact circular acctioaK.

* Ovalisatioa vill aot iapair the develayeeat of the plastic hinge in tubes vith D/t
less than 1300/F . See Sheraan, D. R., "Tentative Criteria for Structural hpplications
of Steel Tubing fed Pipe", hISI, Mashisgton; D.C. 1976
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* What the allowable bending stress is for circular
sections that exceed the D/t 3- 3300/F limit~y'

Appendix "C" of the hISC Spec. Iives this formula
for allovable axial stress @hen tubular members
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/F

y
NOTE

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

Slide No. 2-16

t
FACTORS THAT AFFECT

IDEALIZEDBEHAVIOR

I

I LOCAL 8UCILLING
I LATL RAL 8UCKL ING

* The two previous solutions are based on the
idealized behavior (shown solid).

* To achieve this behavior, lateral buckling and
local flange and web buckling must be controlled.

* One or both vill alvays evehtually cause failure
of the member, but only after the structure be-
comes useless because of excessive deflection.

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

Slide No. 2-17

LaIsTFfDAD coMAfsQ0N ELEQEMls I 1.0.1 )

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

~«~
I

* Thickness is average for elements like flanges
of channels and "I" (S Shapes).

* Appendix C used vhen values in Section 1.9.1 are
exceeded.
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~~~ caeeaaaee I~64 54M)

* Stiffened coepression e?eaents are also defined
in Section 1.9.2 of Specs.

r~ I. r'a~ * Sections shayn can be coapact.

Slide Mo. 2-19

~ '

* Relationship between width-thickness ratio of
unstiffened coapression flanges and yield stress.

* Give values for h36 steel. 21.6 for hSD/LRFD
and 17 for PD.

* The differences in hSD and PD requireaents is
that PD aay require large rotation capacity-
thus local buckling aare critical.

* hSD require@eats are baaed on a cosmpact section
that assuses an inelastic rotation capacity of 3.
%hen a higher rotation capacity is required, then

the b/t requireaents auld be tightened to those of plastic design.

* Experiaental data are liaited for the very high strength steels, ao nse of coapact
behavior and plastic design only for steels up to F ~ 65 ksi.

y
* Caabinations of F and b/t that fall in the shaded area satisfy the hISC coospactness

requireaents.
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* For a given b/t, the yield stress vhich just
satisfies the equation can be calculated. It
is called F'.

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

greater, you do aot satisfy the equation and
cannot use 0.66 F . If the yield stress is less
than F', the croak section satisfies the require-

mentss

d'or a compact section to coatrol local
flange buckling.

* Values of F're tabulated in the hISC Manual
for rolled 4ctions under the PROPERTIES FOR
DESIGNING.

Slide No. 2-21

* Web slenderness requirements for compact sections
try to ensure veb yielding before veb buckling
starts.

s....

* Veb buckliag depends on the stress distribution
in the veb; the presence of axial force in addi-
tion to the moment alters the stress in the veb,
so compact sectioa criteria for vebs includes
effect of axial stress.

Slide No. 2-22

* If axial load is zero, d/t < 640/P . Half of
the veb is ia teasioa, the other haYf is in
coapressioa.

* %hen f /F t 0.16, entire veb vill have a uniform
coepressile stress distributioa at ultimate load.

* Give values of d/t liaits for h36 steel.

Mo axial load, d/t 5 107f /F 2 0.16, d/t S 03a y
* The foraula ahovn ia for ASD, aad is also appli-.

cable to PD vhen no axial load ia present. hn
inelastic rotation capabi)ity of 3 is assured.
For a greater rotation capacity, d/t is limited
to 412/P in PD.
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* Xf no axial load is present F $ F", the «eb isy ycoops ct »

* F is the hypothetical yield stress above «hich
tKe section is non- coapact due to «eb criteria.

* Shen axial load is present and F 4 F" , the
«eb is coapact. If F is bet«eeK F"'nd

F"'heckthe foraula 'for d/t requireaeuts ~
y

* hctually, all shapes now available conform to
d/t 5 640/P «ith available steels. Therefore
F" is not required.y

Slide No. 2"24

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

Qg
~<

~0fS yy + ~I»

0 g gtOl ~gt'I

yt

V'l)
~I~ yl

Slide No. 2-25

* Lateral buckling affected by:

- Sterol strength.
- Unbraced length of coapression flange.
- kfoaent gradient.

~ ~
1

* Bracing aust be spaced close enough to prevent
lateral buckling froa significantly affecting
the idealised behavior.
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LasLca7d.Ob)F, or Lc
~OOO 4—
Fed/A

L sr,PP 25)

Lb<fp~p) L

* Lateral buckling control is not completely under-
stood to date as evidenced by the vast difference
in appearance betveen the formulas for hSD and pD.

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

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

* Formulas are based on thorough tests.

* Uniform Moment if -0.5 > M/M > 1.0.
P

* hSD makes no distinction between uniform moment
and moment gradient but PD.

Slide No. 2-27

F
(ka)

~to*~~>i

„(ms,
t

* hSD/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, hSD may require a shorter
bracing spacing Khan that for hSD.

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

* Safe region is below curves.

Slide No. 2-28

~ J

BEHAVOR OF
NOETERMINATEBEAMS

COMPACT SECTIONS

AOEOUATELY8RACED
(N45RACED LENOTN<Le)

* hSD - limit of usefulness is baaed on yielding
of the cross section at one point only.

* PD - limit of usefulness i ultimate load.
- apply load factor to vorking 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 ccepact-
aess liaits.

* PD not peraitted. No aoecnt redistribution
peraitted.

'( ~ * hSD peraits gradual change in allowable stress
between .6F ( F < .66F when flange coepactness
liaits are 4ceeled.

* Historically the hISC Spec. does not perait local
buckling below 1st yield in hot rolled aembera.

Slide No. 2-30

'W A

* Shows local buckling criteria in hISC Spec.

* F = 0.66 F for b/t np to 65/P .b y y
* Straight line transition to F < 0.6F at b/t

~ 95/4F .
b

y
* hppendix C for b/t > 95 4V .

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

11
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~ CKllTEROF p~
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'
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'
'

1

1 "c
f

vith a «ajor infor«ation gap occurs

* Nov xs a good ti«e to discuss -the angle which
is a very coaeon member in building construction,
but has li«ited design guidance available to the
engineer.

* What design criteria that is available consists
«ainly of empirical extrapolations of solutions
for other shapes and continued «isconceptions
about non-principal axis loading and shear center
eccentricities.

* The design condition vhich presents the designer
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 vith coaeon loading directions
and any routine loading vill therefore cause biaxial bending deflections vhich are not
in the same plane as the applied loads.

* To further complicate the problem, the shear center is not at the centroid and is not
~~on the line of «ost «ajor applied loads. Thus most loads vill cause the cross-section

to tvist and to deflect out of its loading plane.

* Finally, commonly used end connections are usually eccentric because of the lack of
symetry of the cross-section.

Slide No. 2-32

* There vas a study «ade in hustralia vhich
developed soac rational, si«pie formulas for
the design of laterally unsupported angles in
bending. Sce hand-out «aterial.

* The theoretical study had these parameters:

I. The loading resulted in uniform «oment along
the entire laterally unsupported span, which
vill produce the «ost critical lateral buck-
ling situation.

2. The angle lengths vere assu«ed to be completely
laterally unsupported.

3. The folloving slides are applicable to equal leg angles, although si«ilar research
results on unequal leg angles are availablc. See hand-out «atcrial.

4. Thc sections are approxi«ated by the dual rectangle idealixation shown. This
1inearixcd section ignores fillets and toe radii, but can be «adc to reproduce actual
«caber properties vary precisely by adjusting the idealised leg length, B, to produce
an exact similitude for so«e chosen geo«etrical property (such aa area). The assump-
tion, therefore, is not critical and is necessary in order to obtain a solvable set
of '„'oatiMs ~

12





Slide No. 2-33

* The folloving slides vill ahov hov practical angle
sections are usually governed by stress

~ 0.6F ) or be deflection li«itations rather
than buckling.

* Case I ia a comon design situation, so let'
briefly exa«ine the Australian vork for this
case ~

* leading is as ahovn vith 5 being the applied
ao«ent, vhich ia resolved fato co«ponents about
the «ajor principal axis U, and the «inor prin-
cipal axis V.

* If the «azi«um stress vere calculated vithout
resolving the applied load into U and V coapo-
nents, the result could be unconservative by as
«uch as 50~.

Slide No. 2-34

* The huatralian study shoved that for laterally
unrestrained angle beaas the folloving relation-
ships apply:

* The stress at any point in the section is
f (V + 4U) y + V - 4Ulb~t

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

* Sax. Section Stress is aa shown.

* bable of tvist $ is «ade up of
< tvist due th applied loadsr initial angle of tvist due to i«perfections.e

13
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* The top equation abc's that the stress in the
section is a linear function of the amount of
twisting ($) to vhich it has been subjected.

* $ also has a direct relation to

L/t a B

«E

Where: a = a does not include stress due to twist.N
a

Z
8 is elastic section modulus (hustralian nomen-
clature).

Slide No. 2-36

e« ~ )I - . ««
I ~

~0 ~

* Thus it is possible to produce curves of a
aagainst L/t with contours of a , the maximum

maxsection stress.

~~ «t

Ige
««

~

~

~ I «« ~ 'W«« ~ r~«,««
'4 O«v

C eX'X'OC MX

I
G«W lu A~m N Kted ««««

ws« ~ s««'os e«caw

* Tvisting may be ignored if,
o 5 (38- —x —) ksi1 L

6D

* Later research on unequal leg angles confirms,
in general, a = 1.25 a .Qaz a

Slide No. 2-37

«

* hn alternative method of angle beam design for
Case I is to consider the critical buckling
moment given by this formula .... @here the
critical applied moment is equal to P times the
critical buckling moment.

* The dimensionless parameters a 8 B are thenM 2

E~t Lt
used to draM the critical buckling curve.
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* This curve allovs the est~tion of the critical
applied aoaent for a given length and section.

* The horixontal lines represent the values of a
BV

necessary to produce a stress of 3F ~ for various
B ratios.t

* It vas ahovn that failure stresses vill be
unaffected by elastic buckling if the calculated
buckling stress is at least three tiaes the
aaterial yield stress.

* Shaded area shovs design range. For instance,
vith B/t of 16 and a stress of 3Fy, L t r = 2.7.t B

Therefore, I= (16)~ x 2.7 3= 690. Siailar cal-L

t
culations for other B/t ratios can be aade.

e Io. 2-39

~~~~~ ~ ~irm~~~~~i aWn~m

Case Sl Range for +BOAS Fr

F~36w 6 0+ Lh+ 990
0» Lft+ 850
0+Ut~ 690

* Therefore, Australian research indicates that
allovable bending stress F aay be taken as
0.66 F for these liaitations on B/t and L/t.

* It has been practice in U.S. to uae F ~ 0.6F .b y
* At these high stresses, deflection aay control.

Slide No. 2 40

* The critical stress corresponding to the criti-
cal applied aoeent can be obtained (upper equa-
tion), and then converted into a safe bending
stress (F ) thru use of these tvo foraulas froe
the Austrkkian Steel Structurea Cade AS CA 1.

* Again, shaded area represents design range. As
before L t ~ can be seen as approxijaately 2.7.

B

15
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* The result of converting the critical stress into
a safe beadiag stress is shovn here in graphic
fora, vhich say 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 vhea designing angle
beams in the future.

Slide No. 2-42

* Curve 4 is typical of sections vith non-compact
webs - welded girders in general.

Fa< O.OFg

* hlso typical of box girders that are uabraced
laterally.

*F =0.6F.
b ''

Curve 5 is typical of beams vhich fail by local ox
Lateral Torsional Buckliag (LTB) and will be
covered in a later lecture.

Slide No. 2-43

~ ~ ~

4.'a

usta

cg ~t +)<t

* Box sections aay be compact.
hlso less susceptible than I-shapes to lateral
torsional buckling.

* Criteria for coIIpactaess shovn

b/t less than 190/P
d 5 6b and t I tf/2

* hlso a braciag requirtaent vhich takes into
account aoeeat gradient. Mooents shown are in
plane of beaa.

* 5 /1i saae as defined ia other part of Spec.
1 2

* L need aot be less thaa 1200(b/F ).



0
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~ aw

c r>

* If box sections do aot acct coepactness require-
~eats use F ~ 0.6 F ~

* No lateral torsional buckliag consideration if d
less thaa 6b, and t t tf/2-

* Uabraced leagth does not affect carryiag capacity.
Deflection eri)l govern with very long spans.

4% Q~ aspp

Slide No. 2-45

eoLsesN
.VSRATKN

PQHDlNG

* The design of beaas in a floor or roof system
auld not be coaplete without soae attention to
Deflection, Vibration aad Ponding. Soaetiacs
these are criteria for design rather than stres..

* |thile thc Specification does require that Seflec-
tioa, Vibration and Poadiag be considered the
only precise liaits enumerated arc the 1/360
of the span live load deflection for beans sup-
porting plaster ceilings and the Ponding Foraulas
to be checked for flat roofs. Me vill look at
the pondiag fozaulas ia detail later.

* Deflection liaits aust rest on the sound judgaent of the designer and the experience
of the behavior of siailar structures. The Coaaentary to the hISC Specification gives
as a guide the folloving:

Polly stressed floor heros sed sirders; P depth not less thos PQ8DD tiers the
Spans

Fully stressed roof purlins (except in flat roofs) depth not less than F /1000
ytiaes the span.

For h36 steel these recommendations work out to be approximately 1/22 for floor bcaas
and 1/28 for the roof purlins.

* Large open floor areas free of partitions or other sources of daisping aay be suscepti-
ble to transient vibratioa due to pedestrian traffic. While there are soae design
aethods available to check a floor systea for vibration susceptibility they necessarily
involve trying to evaluate the difficultproblee of huaaa perception of vibration.
The Cossneatary recommends as a guide the depth of a steel beaa be aot Jess than 1/20
of the span vhere a problea of perceptible transient vibration ai@t be suspected.

17
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PONDlNG FORMULAS

Cp+ aQCs S O>S

and IcI e 25S /10s

. 321.s4)' 32SLs'y

< led CI—
10 Ip 10 Is

* Spec. Sect. 1.13 gives approximate but conser-
vative formulas for ponding.

* Point out the more exact method in the Cossnen-

tary.

* C and C are ponding coefficients.
p s

Slide No. 2-47

MODIRED PORTING RNQULAS
~

t'.H".-'( P).4
~ ~ =-'(~I

-~(—.')- ~

* Discuss the Modified Ponding Formulas.
Show how they were derived.

(h?SC Engineering Journal - First Quarter, 1973,

Page 26)

* Modified Ponding Formulas derived by Burgett,
'Vast Check for Ponding", Eng. Journal, 1st
Quarter, 1973.

Slide No. 2-48

* Definition of symbols shown on typical roof
framing plan.

18
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a 1 ~

s-
h~

e

~ 4'

~ ~ q ~

4 ~ 4 I ~

+ '

g a
~I

~ I ~

* Graphs I and II have been developed to deteggine
P1 and P2 vhich are available in Burgett paper.

0 ~ ~ a

Slide No. 2 50

~asa Osas I
c

iibee OaA N

* Design Exaaple

* Illustratea the use of Graphs I and II.

~
~

K ~

, ++4 k%

g, 4 g s Qh 4 ON + 4t C Q 0

Slide No. 2 51

~ S+ I

I~ .

~0

~ ~ W I '

* Illustrates the uae of graph III and the check
for steel deck.

\0 ~

I

It~ NI
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The destgn of tateralty unsupported ang1es
4

J. N. Leigh
Experimental Officer
Melbourne Research Laboratories
If. Q. Lay
Principal Research Officer
Melbourne Research Laboratories

1. Introduction
The steel angle Is 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 other
members, In view ol lts long and wide-
spread use It Is aurprlslng to find thai little
is known of many major aspects of Its per-
formance as a structural member. In these
areas design guidance ls only available to
a limited extent and consists mainly of
empirical extrapolations ot solutions for
other aectlonst and continued misconcep-
tions about non-principal axle loading and
shear centre eccentricities.

The behaviour of angles as compression
members has been studied relatively exten-
sively (e.g. —s ~) as a result of their wide-
spread use In such structures as transmis-
sion towers. These towers are usually pre-
cisely analyseds for actual failure under
well degned load factors and an accufale
knowledge of member load capacity has
been essential. Even here, however, the
underlying research haa'requently been
highly empirical with strut load capacities
giwn for each member size under practical
Sold condltlonss.

The case which presents the designer
with hts current major Information gsp oc-
curs when the angle Is used as a laterally
unsupported beam. For example, the S.A.A.
Steel Structures Code AS CA1 states In
Rute 5.4.5:

'The Standards Association of Australia
is not prepared at this stage to make
recommendatlons for angles which are
not supported

laterally.'he

British Code pennlts Ita standard
beam rules to be used for angles, but the
iechnlque dewloped ~ not be rationally
defended's and does not lead to consistent
design aolutlone. Tha U.S. steel design
apeciticationte dcoa rot apecNcally cowr
the case.

The logical queegon fo aek at this stage
Is why the problem of the fateralty ureup.
ported angle used as a beam has remained
without ~ practical solution for ao long. The
atlwar la, baslcaiiy, that although the
~ngie la a very simple section to the lay-





lhafl ahd the prodtlcef, It ls a difficult ohe
for the stress analyst. The principal axes
of tt» ~ctfon do not coincide with
common loadinp dfrecOons and any mu-
Qne loading will therefore cause biaxial
bendfng deflectlons which an not in ON
aame plane as the applied loads. To further
complicate the problem, ON shear centre
is not at tt» centroid and ls not on the line
of neat major applied loads. Thus most

ds will cause the cros~cOon to twfst
d to deflect out of Its Ioadinp plane.

nally, common end connections are usually
~ccafttflc because of the lack of symmetty
of the c~cuon.
L Current InvesOgaOor»
Tha purpose of the current Investigation Is
to develop rational but simple formulas for
the design of fateraffy unsupported angles
tn bending. This should help fillthe present,
prevfowfy quoted, void In the S~ Steel
Structures Code, CA1, and thw permit the
more widespread use of angles In building
construction.

Tf» loading case to be considered will
ba a uniform rnorneht along the entire
Iatenffy uhsllpported spah. This Will pro
duce the most critical lateral buckling altua-
ifon» «td will therefore give teaults which
will be safe for eny other bending moment
dlsbfbutlon. The same unlformmomeht basis
Ia used for tf» other lateral buctdfhg rules
of CA1LLLs TI» lengths under oohafden
Son an mourned to I» corttpfetefy unsup-
ported ahd the aofutfot» may thenfore ba
~pptled io boyt fully unsupporte beams or
featralned beams between netralnt poktts.

tahr work wIN include «t experknentaf
examination of varfow aspects of 0» prob-
Iettt. However, this article will ba ceo%had
as a 0»ontfcal derivation of design rhea.

SoluOoi» are only presented for equal
~nglaa geg lengths equal). Similar eofutfohe

be obtained for unequal anyfea, but the
~eythmetry of g»ae latter aac

gone produces algebraically Itvohted n-
eulta Which tend io obecun tf» basic «t-
derfyfng prfhctltlee.

TI» range of equal angles pmduoed by
NHF are yhen In ss. Tha eectfoha «e ~
protdmated by O» dwl nctangle keeaffaa-
tfon shown In Fig.1. This gneatfeed aeo.

tfon Ignores fillets and toe radii, but can be
made to reproduce actual member proper-
ties very precisely by adjusung the idealised
leg length,B,LO produce an exact similitude
for some chosen geomstricaf

property(such

~s eras). The assumpgon, therefore, Is not
critical and ls necessary in order to obtain
a solvable eet of equations.
3. NotaOon and afgn cottventfon
The notation to be used h:

B = Width of anpie iep.
A,C,D = Constants of Inhtpration.

E = Younp's Modulus.
F = Design stress.

Fs = Critical buckling stress.
Fs = Maximum parmlsslbl ~ bendlnp

stress.
Fs = Yield stress.
B = Modulus of ripldlly (shear or tor-

sion modulus)
io = Second moment of areas about

UU axis.
fs = Second moment of area about

VV axis.
hs = Warplhg moment of area.
Ko = St. Venant torsional cohstanL
K = Torsional component of tt» nor-

mal stress (see eq.6A).
I. = Length of span.

M = Component moment of the
applied moment.

M„= Critical buckling momenL
M, = Applied moment about Y axle +

moment due io the dead weight
of the beam.

8 = Shear oentre.
LI Denotee tf» h»}or principal atda.
V Denotea tha minor principal axis.

Denotes ti» polar atda.

Y, X Denotes axaa through tha cen-
troid, parallel io an angle leg.t t= Section modulus.

g. t= Section rnoduiw about aame
atda aa Ms.

K = Section modufua through the V
atda.

o ~ Centroid location.
1 m Thickness of angle Iey.
Lr ac V—V axle coordinate.
v ~ V—V atda ooerdfhate.

u, cc Shear oentre coordinate.
v, ~ SI»ar c»ntre coordinate.

c csnl<oed

S snss~ ccn:.o

X
~ltd

s

el V
s

its.t fs). Ottsntstton ot sass ond locations ot
osntfold snd'noot Osntts.

its't tsf atotoltssd onets sscuon «tosnsions
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w = Distance measured atony tfe
length af the beam.

~

~

~

r = Actual section stress.
r, = Stress calculated using conwn-

Uonal beam formula:
M.
Zr„= Critical buckling stress.

a = Angle Of tvr!SI.

4 = Initial anpla of twist due to
Imperfections.

a t= CoeNicient In eoluUon of dINer-
~ntlal equations.'= DINerantiation with respect to w.

This tlatatlon la coupled with tte sign
conwnUan shown In Fig.2.

I. Loading caco
The behaviour ol the beam la dependent
on the axle about which the momenl Is
~pp'.ied, Fig.2. Four loadinp conditions are
Nlustrated in Fip,3. These conditions can
be used vectorialiy to represent all pos-
sible cross<ection loadings. Taken In-
dividually they are:

Cesel: Moment applied about an axle
throuph the shear centre parallel to one
lep.

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

Case Ill: Moment applied about the VV
axis (weak axis).

Cess IV: Moment applied about an axis
midway between the UU axis and the YY

vis.
Each af these cases will now be In-

vidualiy studied.

5. Case I
The problem ta be solved ls illustrated In
Flp.3{a) and Fig.4. Galambos» has shown
that for this case the following equsUoils
appiyvt
Bendinp In the V Direction:
(3.bt) E4v-+ Me =—M ~5.1)
Bending in the U Direction:
(3.52) Etvu" + Me = M ~5.2)
Torsional Equilibrium:
(3M) El a'" —(GKt+ K)a'+ Mu'+ Mv'

~5.3)
where the symbols are ea defined In Sec-
tion 3 and tie primes Indicate dlNerenUa-
tlon with respect to w, the distance along
Oe beam.

The equations are derived fram Oe fol-
lowing aet of asaumptiana:
(a) The material Is elasUc.
(b) The netnber ls straipht and prismatic.
(c) The c~Uon Is thin walled and

open.
(d) Deftectktna are smelt.

AN iha constants are raadgy calculable
(sea SecL4) with the excep5on of I and
K. If hae been shown ln ts that warping
Ie lnatgnldcant for angle aecUans, there-
fore, I = o. K can be determined from tfe

(3.55) K=M{Po—Pv)

fallowing constltuUve equaUons glwn by
alamboa:

~5.4)
(3.1$) Pv=- fv(v'+~—2v, ~d.d)

lo ~
(S45) pv =+ fu(u'+Qkfa —2u, ~5.5)

3,
~Tla ion tiovie otvoiiloo orioaovo oeirooeooe so

For the Idealised section (Fig.1)

v «u+
and ds= «V'2du=~dv

Intspration of equations (5.5) and (5.5)
yields
Po = o end Pv = 428

whereupon:

K =—V28M WS 7)
for equal angle eectlonL

The ange ot twist a tnay tew be deter-
mined by aubslitutinp this solution Into eq.
(5.3) to give:
—(GK>—428M}e'+ Mu'+ Mv'=o (S.b)

Diflerantialing this and substltutinp values
of u-, v- from (S.'I), (5.2) gives:
Ill"+ Ive= ~ ~d.g)

Ii= GKV—V?MB —(510)
Il'('f +t) ~5lll

h = ——~- —-] —(5.12)
M't1 1 ~

E(lv lvJ

The general solution Is:—

a = A cos ow + D sin «w——
—(5.13)

where

with boundary condigons:
airvo> eitaLi = 0

one obta)ns

aaaa = -t 1 ~3t —(5.14)5 3 cos aL/2

e. ~ t. COO~ bwkiey
For Case I the critical buckllnp condition
accurs when:

aL=r
as at this value

a =—~ (aee eq. 5.14).
Since

tfe critical monent ls glwn by:
7 55ML

(5 1)
S~V (l- ",~)'r

where

(M.)vv= V2M"= tfe crIUcat eppHed
moment and the dlmensianlaaa parameters
M, Lt
Etv b''nd —ate used fo draw the crIUcat

buckllnp curve (Rg.da). TNa curw egows
an eaUmaUon of Oe crIUcal applied moment
for e gtwn length and section. Tfe horlson-

tel N~ represent the vaiwe of
E

duce a stress of 3F, (where Fo Ia Oe maf-
~tfel ylekf attaae), for yiHd etreaaes of 52

~nd 35 ksl and —re5oe of S and 15.
1

lt hae been shown»»that feNuta etteee-
m wgl be unaffected by eiaa5c budding If
Oe buckgng ctrees le al least three Ueea
fha material yield ctrees.

Thus, lt can be estabpshed that F, may
be taken as 0 55 F> for the followinp cases:

Case 8/t Range for F,=O 66 F,

Ft=52ksl 5
11

15

F,=35kst e
11
15

0 < L/t < 660
0 < L/I< 570
0 < L/t < 330

0 < L/t < gp0
, 0 < L/t < 550

0 < L/t <590

The critical stress correspondlnp to the
critical moment In eq.52 can be obtained
by:

IM,).. g {M,)..
Z v'2 ''t

r„= 0 424o',, Et

[({-:;>'.—,."..)'-'-.,'j
This stress corresponds to F. In Rule

5.4.3 ol AS CAt and the sale bending
stress Fv, for the beam can be calculated
using eqs.(4) and (5) of those rules as the
purpose of these equations ls to permit
such canveralons to be made iis»L The
result of canvartlnp r„ ln eq.(6.3) Into Fa.
ls shown in Fip.5b, which may thus be used
direct:y for design.

7. Case I. Sbess eotu5on
The actual maximum section stress ls ob-
tained from the stress equation, which
gives the stress at any point In the section

M,v M,u
(2,74} r + Eat e" ~.1)

lo lv
wfere M, =M(t + a),'M, = M(1 —a)
tt has been shown that the effect of

watplnp Is lnslpnlficant and since:
(2.52} I =fHtda=o ~.2)
Oen ot,=o
EquaUon (7.1) becomes:

~ll t+ ~ ~ll I—Olu ~olo lv

Substituting values for I I. gives:

~=r—(iv+4Jlv+v lv} O4l--
Thls equation shows that the stress In

Oe aecUon Is a Nnear funcUon ot the
amount of twtsUng to which It has been
aub}ected. Tfe twist resulting from applied
loads la gfwn In eq.(S.14}. Futtfer twist-
ing wgl teault from Initial eccentricities
present ln tfe unlaaded ang'le. Tiers are
no apecidcaUon Nmlta fot torsional eccen-
tricity; however Massey» haa measured Oe
fotatanet acoetttrtcby In steel I beams and
suggests M average valw of Initial twist

4 = 0 4' 10-'L radians —(7.5)

Values ataawed far two anglo lengths
ata gtwn In Fig.7 |ogeOer with Massey'a
general ea5mafe. The eethod of measure-
ttent Ia shown In Ftg.b. The twist dw to
tfe weight ettaea Ia avoided by neasu6ng
tfe iatei twist (y,.av) I the angle In two
poal5ona ninety degrees aperL The mea-
sured values are In agreement with Mas-

sey ~ equeUatL





~
'

Oirr

r
I
I
I
I

N-

u'OO I wt ao yl~ 'L

00 1

~ts~

r Oasasnam sscnan
wawa a

IOM

1

10stag
~0 Ssr)

sli
li

1i

~ 10

1 s" Oir 0tan~
ILI)

all

i.».
~ra

~ 1S

~ ~ M ~ tNN

Roo. Oreotr ler Ootorra~ ol octust ass.
~ection wew ior cess I

ROA Leectno ior «w I

Aaas ars rtterm oon w ar w es oe sttrootrt

~rerrn normal tram Ors srrrtscs trnrrsr
oonstosratrsn Oa a O.ac) a 10 L

Oaaasay)

c~
V V

gy try~ $2hsr. ~ 1st
1

s Oosc~ II-s
~ Opscrman g

sro
Y X

I

Y e X
Ira
Ltr 'rygy a g teL X a 10)

a y

ie) Cess I W Casa It

V
X e ~Y

c5
~ U

0.1

Vy fj Oy leL +

tet ~i 0)

0 to) 000 %0 4XI

Loaotn L linen)

flo,y. Irrtttsl iolst o lest reoutts ssr onots

~oct)one ooaoeored shr issaooy's retsttanonte

~ls T, X

~ ~ 0
I,gtjr

Rob Is). crtttcol osssOao oaae isr owo I

ia) Csw Nt

RO1. Leoetnf ler cows I io IV
Is) Case I
01 Cow II
Ic) Coos III
IO) Cow IV

fy O. + ~
"'

1

~ Sf

fy
trsoorla&ae wQAQ were

nto

V

~ a%

~ 0 o ~ 0 IO

ROS IO). Orsftr Ot OotoraM)an ot fa Oss ww I

~eo~ I OO oem o s Oa

ylrere
~ra a Or0ts et trrrsr mrs ra

Wea aeront
Ooe ee

~eaw Oo a
0

ROg Isotrroo ier gaaeraerarsn ot to)trot ~ ol

~otss



N



If 4, ls considered, the stress equation

(7.4) becomes:

A~US((V+lU)l +V—1U)
~.5)

lf amplificatio effects near the buck-

load are neglected
Sl 1

~s dsd vrd-'-,)~r>
where t In the ~ part of the expression has

been put equal to 1 to produce the maxh
/ L'5

mum value af + for values of (- g

It can be seen from Section 5 that

where r, =—'oes not Include the stress
Z,

due to twist. Thus, lt is possible to produce

curves of r. against L/t with contours of

ra... the maximum section stress, as shown

in Fig.5. Contours of ad (stress Including

Initial twist) are also shown. Although the

Initial twist does cause a stress Increase

over r for the range examined, the mag-

nitude of this Increase Is small and only

apparent In the graph for'large values of

M and (—).t
If the maximum section stress ls cal-

culated for Case I using conventional beam

formulas and, If the applied moment ls not

resolved Into components In the U and V

xes, the calculated stress may be up to

% less than the actual stress produced

the member. In terms of the symbols

used above, r. may be up to 50% less

than ra.d
It Is clear from the graph that twlsllng

may be Ignored If:

ra L'8 —. ksl ~.8)
The expression h empirically determin-

ed from the form ol the contours In Fig.6.

~ two points 'a'nd 'b'n Fig. 6 are

obtained from the buckling solution given

In Fig.5a. as the points where buckling
does not Influence the results. It 4 aeon

that the two approaches lead to similar
fesutts aa 'a'nd 'b'le close to eq.(6.11).

The buckling approach relies on the F.—
FU conversion of eq,(4) and (5) of CA1,

whereas the maximum stress approach Is

based on limiting 0» true peak stress to
permissible values. The two solutions will

therefore lead to similar but not Identical

results arid the selectloh of a Ifle'thod will

depend on the formulation of the problem.

L Case I
Oaiambas» haa shown that, ¹r singly eym-

mefr¹ aectkfns aub)ect to the loading ahosm

In Rg~), the equatiofa ¹r lateral tor-
sional buckling are:

(3.4g) Eldu" + My" = o ~.1)
(3.50) El y"—(GKv+ MPr'H"+ Mu"=o

M

~2)
SInce /f.=o (SeeLS) end warping 4

InslgnlSuet then "=o ~4)
who IQ h= OKv ~.4)

M'o ~S)

The general aollltlofl Isl
t"f=Aalnaw+ D coaaw~ 6)

~ = (—„) Wd.l)

Applying the end conditions af zero tor-

sional restraining moment:
QMSM ~ 0) f SM ~ 'Ld —O

glws
D=o

and
alnaL=o

The lawest critical moment occurs when:

aL=<,
I.e

or

M r =——~
— ~8.8)aE Bdtd

6V'1 3
This result can also be obtained using

the SL Venant buckling solution,

M ~ y' El)GKV ~8.8)

Substituting Mdd = a. 1 . Zd ln eq.(8.1)

gives:
—(S.(d)

2y~2 6 L

which Is the critical elastic buckling stress

for the member. Using the 'elastic critical

stress to design stress'onversion of the

SM Steel Structures Code CA1, Rule 5.4.3,

~qs.(4) and (5), together with eq.(8.10),

allows Fig.g to be drawn. This figure shows

both the critical buckling stress curve af

~q.(8.10) and the curves of the design

bending stress for yield stresses of 52 and

36 ksl derived as Indicated above.

It ls apparent that when L/t c 200 for

Fs = 52 and L/t c 300 for F, = 36 ksl, F,

may be taken as 66 F,. This follows from

the F. ) 3 F, criterion used earlier.

Fig. 10 has been Included to permit rapid

~stimalion of FU when the —ratio and theL
1

yield stress are known. The maximum

stress In a section may be determined

directly from the applied moment and the

section modulus.

5. Csee Ill
The loading for Case III ls shown In Fig.

3c. Since the moment 4 applied about the

weak axis there ls no posslblllty of buck-

ling to a more stable configuration and the

beam will cohtlhl)e ta befld about this axis

only. Therefore conwntianal beam for-

mulas may be used. The maximum stress ls

given by:
Mv

rwa ——
ZT

10. Loads ffot throffgh the shear oefftre

Loads not through the shear centre will

cause twlstlhg of the aflgle aectloh. Such

loads will Include the weight of the sec-

tion acting through the centroid. These

loads will cause an angl ~ of twist given by:

r=-—TL'OKv ~10.1)

For weight twisting, the value of T 4:

T =—In Ib/In.wB
4

where w= Ib/In. 4ngth. The Increased

~tresses due to additional twisting can be

calculated from ~ generallsed form of eq.

(7.1).
(M. ~ SM.)v )M.—VM,)u

—(10.2)

A more exact and comprehensive solution

to this problem can be found In Rel.20.

11. Csee IV
The loading ¹r Case IV Is shown In Rg.
3d. In this case the moment can be re-

solved klto fnofnents abaut the U and V

axes (principal axes) and the theory or

Cases I and II appi4s.
More generally, If the applied moment

acta In any position between the X or Y

and U axes, the component moments M„
MM, resolved In the U, V directions, will

praduce stresses a. Snd ra. The design Is

satisfactory ll:

—M> —"<1 (11.1)
F), Fdd

where FM and FM are the maximum permis.

sible stresses associated with the axis

under consideration.

12. Conclusions
II has been shown that for laterally un.

restrained angle beams the following re-

lationships apply:

Case I:
The stress at any point in the section Is:

= —((V V.SU)l, +V—lU )
3M/

The maximum section stress ls:

dddd q2BSI

where the angle of twist e = e+ e-
lf the maximum stress Is calculated wilh-

out resolving the applied load Into U and V

components, the result may be up to 50%

less than the actual maximum stress. Twist-

Ing may be Ignored If:

38 ——. —ksl.,

An alternative method of beam design

for Case I Is to consider the critical buck-

ling moment given by:

+0 785

and then use Ref.7, Rule 5.4.3, to convert

this Ihto a design stress.
The values ol L/t for which the safe

bending stress, F~ may be taken as 0 66F),

are shown In Section 6.

Case II:
The angle of twist e haa no direct effect In

this case and the aa4 bending stress can

be calculated using >, Rule 5.4.3, where the

critical buckghg stress F» Ia obtained fram:

t
F ~6 L

TNa may be Ignored It —< 200 for F, =
1

62 and - <300 for F>=35 ksl, and ~
1

design stress of 0 66 F, may be used.
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The Behaviour of LateraQy Unsupported Angles
Br B. F. ~5, J. M. Lxttnt, hLS., M.IXAtrst.sasd M. G. Lar, 8 GKs hLRMo Sc s PILD s F

IZ.Aust.'weaegr.

This tsapcr reports the results of tests ce laterally
unsupported angles «iih ctiusl and unequal legs subjected to a unifotaa
moment user the satire htcrally unsupponcd span. The momear is
vadously append about the most caxnmon badiag axes.

Tbe resuhs are «ith a theory Jrropoacd ia carHcf «ork.
They shear that the e of terist, f, normally reduces the maximuaa
~ectioa stress produced. Since this twist hss a signl5csat inBucnec aa
bading plane degecaoos, designers msy safely usc Sat order theory
ploridrd degrctioas do not exceed a typical limitof span/]80.

The testing programme hss also sho«a that pracilal angle sections
are gorcrned by stress and dcgectioa critcris rather than by buckhng.

or no design guidance for laterally tuaaupported angles and the Ipgg
SAA Steel Structures Code AS CA1 (Rcf. 3) ia Rule SA3 stated:

"The Standards Association of Austra8s is aot prepared at dua
stage to make recornmcndstioas for angles «heh are oot supported
hterslly."
This investigation, therefore, «as aimed at devcbping a set of

usable design formulae through a caxnpfcl»asirc testing pfogrsrnnlc.

C
E
Fe
F
Fe
f

S
UU
VV
W
X
Y
Ze
r

5'IST

OF SYMBOLSf
Lcagth of angle icg as de6acd ia Fig. 1

actual lcngtb ——
Ccauoid bcatioo.
Young's modulus.
Nominal yidd stress.
Material yield stress.
Critical buckling stress.
Second moaaent of area about the axis perpendicular to the
axis of load applieatiaa.
Length of span.
hpplied moment.
Coaapoacat of the appHed moment about the U-Uazb.
Component of the applied moment abeut thc V-Vaxis.
Critical buckling moment.
Length of angle lcg as dc5ned in Fig. 1

actual lcngth ——
Shcar centre bcatba.
Major principal axis (U cros~tioa coocdinate).
Minor priacipal axis (Vcrass-soctiaa ceerdinste).
Polar axis.
Axis through the centroid paraiM to the sbon angle lcg.
Axis duough the centroid psraM to d» bag angle bg.
Sectioa moduhs about the axis of load app",cstba.
Thickness of angle bg.
Deilcctlae of the shear ecaae laethe X<ircctba.
Dcilcctiaa of tbc shear centre ia the Y&rectlte.

kf
Hominal strem found Born ae ~ —.

Z'ctualmaximum sectba stress.

hngb of t«ist.
h4axitmun sagb of t«isr.
IMcrcntiatlam «ith rcspact m ar.

Angk bct«eca the Kaad U axes (Fig. 1).

r
Fag. I.—Siaaaph)feaf Asgir Sacriaaa Dirsaararirerr rrsrrf Locuriosar cfAsa.

ar e Eru'....... fr'~)

sr<e Itr..... (12)

L~OQUCDON
Moss strucnaral engineers are a«are ofthc axnpicx analysis inasgrcd

ia dcegning ange beams, ifaQ thc ramiscatioas of their bclaasioac are
to be taken into account. Commie toadmg situatiaea do noc aaaaaQy~ «hh prineipai axes directions and such bading cases dacsribre

mc biaxial beading dc5ectices combined «ith axial t«iscbg of thc
mace. Structurad design codes cearut»aly (Rcf's. 1 nod 2) gfse Stde

~yaaer Ne star, a heaaaaec + aae wueee m !area 0, stra.
Slr Ttseeeee Is m Xaaaeraaeaaal Oscar, treseca ÃeCIaderiea tlrcesra" aa,%St

gaeeerds Leaeaaeedee, Ma%~
54r~ Ie ~ %meara OOear, ISI5'eeaaxh Lease«»lsa, tenaeaaam.

sgeheaea.
Isr Lar hs gasser yuauaet Iaeeeara Oaeer. $8t aberarars Laacaaaalee,

tTQs aseaedea Is eiepha esaaa uaa gaga eeareaatara OI;as «a ~ 5.

~a
Axgg Log IIRAw> w~H sv Ot sg lg yrrf criysraRo
ORAWAY hCHsr4L PAW TJR ANACg IRVOgR COVgrDCRariON.

Prig. 2.-4~ Caeaoa«~
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Dirbg thc hddeI etsga af shc yrcgrassxne a general theory 4eecrMng

~

~

.'thc ebstk bcbesikxsr ofthh «aNcd eecdane (kcf. 4) «m need to deter'hc thc hsspartant yeremctcss «hkh Sosexned thc bcborionr of eqael
. angke gtcL 5). Ihc deign rake ycopaasd m a reanh at this «ndy ya

a rnc»c enlightened approach to thc experimental «oct,
~., theory «m enbscqasntly dcecbpcd bm general deefgn rake

aN «sgk ac»dane gtef. 6) aod dds pcsmhted tbc csxnpQstkxk
load tabia foraagk beams Puef. 7). Shc» tbe te«hg yragrammc

ycoccedad bs yaraM «hh the thoacedasl analysis, h «as yoeeiMc to
matc yragseadse aompariskes bctwecnthc seanhs ofboch eccdans af thc
«od4

'Xhc b«eag xig, «hkh is dceaibcd in Scctke 6.1, «ae dcdgacd
to syyly o tksdhcm sntencnt m a beam l«aaNy arne«r shed bctwecn two
«»aianal xeatraha Ibis bedhg aoa«hmed thc mo«cddcal
bnctNng ahnatba . 8) in accordance «hh thc other bnkehg rnks of
Chl (Rch. 8 and 10). Test eladmcns hchsdcd bah cqaal aod tmegasl
angks keded aboot axes pereNcl co sxsc kg.

hhbotsgh thc pro[cat «as pdmesily csxx»rsml «hh thc ebctic
bclkarianr af angle beams, a nnmbcr of ItQarc teats «erc abo casrkd
okkt m dctcssnhc thc nhhnetc bad casryhg capechy aad fsBarc modes of
these eecdons.

!.-40hDING CASES
The badhg cases ssasidcred (Fig. 3) represent thc ma«ccxnmoa

bedhg oxsdidaas Sr angle beams. Ibcec are:

LI Rgnal hngiee s

Csee I~cat applied about aa axis peraM to chhcr the X-X
ar thc Y-Yaxis.

ANOINTS—i%eeet, Lsd + Lsky.

Add Stress

Fr ~ 36tsi

16

OC-C NO
L

OC C 850
L

L0< —( 600

The cable shows th«ac»dans «ith thc pracdcal nppcr bmik B/s
ot 16 herc kes bnctliag resistance than et»dans «hh a beer esluc.

Ilkis cshcska «m need for eckcthg tbc eccdaas tc«cd. Rosh
aqasl and tmcqasl angks were tcetcd aod thc eehcs of B/s Se each
~ccxiaa are glrcn ia TaMe II, «hkb aho «unmariscs thc tcskhf
pragremmcI

h chile specimen «as need hc each scsks. 'Ibis «es made possibfe
by tc«hg tbc bagcr kngkhs erst end tccyhg thc «resets bdow yield,
smdi a "dc«ructko" tc««as rckykire1

~nd 12) tbc eabc af L/lgsr a glstn redo snsnt bc «hhh the range
e

girea by Table I.
TAILRI

Rbodc Roc%ling Effects KVodosse hngb No»dane QO hei Steel)

X2 Unaqnal hagbe k

Case I~tenens epphcd cbook an axis yeseM to the Y-Yaxis,
th« is, peraM m the bag kg.

Ceca II—Mangnt epyhed abont an axis persM ta thc X-Xaxis.
that is. yesaM to thc sheet kg.

ThSLE II
Teadng Pragrasasne Sommary

aP 'k
Sense

V

(iso)
Sk

~l
ns„~ nr can e
+> 4an r

ss( ee)FV

v
P

gtfVn/ ANOLEd
4(I cnnf 7

~ o -sr son e

Ny + ~OS/il e

RA2
RAS
Rha
RA5
Rh6
Rh7
RhS

3' 3' 0.18T3' S' 0.1873' 3'
0.187''

S'
0.187''

S x 0.187''

S'
0.187''

S' 0.187

25'x2 xOM
L5 x2'x025
3$' 2S' M8T
SS' 25' 01ST
W xk5 xhlbTM' L5' L18T

URl 25'x2'xOM'R225'2'OW
UR5 25' 2 x L25'6

1600
1600
1200
1200
NO
NO
40

1200
1200
1200

Case I
Cess I
Cere I
Case I
Case I
Csee I
Csee I
O 11
Case I
Cess I

Case I
Csee II
Osee I
Csee Ii
Case II
Oeec I

+
PaNaw-ap tat
m fsiiase after
UR2. htwsys
referred to es
UR2 h asxt.

+

v v

~o N Cane

+o Nnsoe

ar(-e)
VHlgtl4L @HOLES

Os'alf I
nk'r ~ 4 Pn P

+ imcarP
Pg.S.~agisg Casse.

L TESTING PRQQIAjQ6R
The yarasnctcr «hkh hee thc meet prs»Nxsoced hebncaoc aa the~ ~taMisyatengkeeadaneb o The cAck of ddsyosasnetsr

+Q

demon«s«ad by thc cshkal bksctBng analysis gsr «Inal angke OLcf. 5)
«hkh eho«a th«Nsr Osec I badhg the cdskal boating snsxn«st la ~

Ssncdoaafb/s Qaabgaoam —Skr tso«psal nagke) end L/r. Ifg+Q

SkNase «se«a «e m rcmah «saAceed by cbetk bnctlhg gcL 10

4.1 Leodhsg Rig s

Ilsc ynsyaec at the badhg dg «m to apply a tmifossn badhg
snomcnt to aa angk tc«specimen «bQc ayylyhg aaly carsiaael sestraht
sod ecnkel eopyart et thc ands, in.f~ f' Oa bosh ends. Slhkrkel~ «cse need «here necessary m en«kse dit tbc bad epybc«iaa did
nat psoridc btcrsl reetrabt eo th» te« . Ibc boding beam thos
rot«cd harixkxsksQy aad eertkally edkh thc tc«eccimcn and aaly
appbcd nxxsscats ia a ecstkal ybae paraM m thc engk at thc aapyart.
lt«anat in any «ey axsnected m the Sear.

Ihc dg cacnpdecd two hsk5cpcndoot, idsokkal aescmbbcs «hkh
coald be paehikxsai aa thc bedhg Soar at «sy roykiked distance to
xesnmad«c changes h thc a«kngkh. gash ~bly Nxsd«cd at e
~kaad nsssnonnted by a soNcr beedag, Sn «kstkai eayyast, aad a fkemc
«hkh honscd adjnsteMc horiaankal reecrabt aopyarts «bkh had
«Midaael haaka afproridhg sacsboel reetsabs to thc sade af g
«s«ss bdag taeteL

Ihc addidan at «eights eo thc badhg berm psodaccd a gskce h
thc ecrtkel Rnt «hkh «ae Nxmecxed m the ead at tbc test pkcc. The
bedhg beam «as enpyostsd by a needk soNcr bsarhg ia tbc ecrtkal
Rat whkh caenrcd th«the eestkal hat «ouM etweye bc«c normal m the
badhg bsasn. «h«cree hs poetdkxs. Ihc asecmbkd dg ie shown
yktcckNy h Hg.5. Dcteikd dsawhgs ofshc dg «e gieca io icf.lb.

yas SesJeew V«»saws. Aerwkks
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~ ~

4'c J'a)

or@

O!l'gghg
ay«cm (Ref, 11) «hkh ccevertcd thc readings dkectly to areas
By fbQowhg thc tc«ing programme outlined cadfcr, it «es

possible to uec the me eet of «rain gauges for a Complete aeries oftcs».

L—TENSILE IRSIS
Tcasioa te«a were carrkd out oa coupot» obtahcd from each angle

eccdaa tested. There«s werc performed on en Instraa Universal tesang~'e clomhm ~ of One ~/mh «hich ~
m e strah rate of O.ON mh-l. Average veh«e ot material yield stress
xnd tensile stress were faand end these hdicete that the material ae-
kcrncd to the letlldrcmcats ot AS Aldus (RcL 16).
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Stress values were measured at mixen udng stram gauges basted

~s shown in Fig.6. The nomhsl seedaa stress has beca used el a yard-
«ickforcomparison withthe maximum secdon saess ~ which occurred
at mid-span at the tip of the vcrtkel kg. The maamum {gauge tip)
stress «as dctcrmhed by linear extrapolation from the «ress distribution
across the sectioa. The aacninal stress can be found from

M
Cr

Ze

where N is the applied moment and Z, is the eecdaa modulus about the
ax» of bad appbcatxxl.

Figs. 6 and 7 abow curves dcscdbing the relationship between r+
and r~ for

(o) Tests results.

(b) Theory with acm angle ofcwist (f ~ 0).

(c) Theory «ith $ ee 0.
(d) Theory with measured test values of $ .

Fig. 6 hchdes the results of tests on the 3 x 5 x 5/16'ection
an L/rredo of 1600. 'Ibis scaioa «as subjected to applied moments

h a poslc1ve (BA2) and ncgatlvc (EA3) acute about sn axis psreQcl to oac
leg.

For the same appQed load the stress levels recorded «ere up m
15% greater for a beding eence «hkh pmduced tensQe stresses in the
hodzontal leg (EA2). This difference was oaly i% at ~ stress level of
0.66Fr where Fr is the namhal yield stress (M kd). Hence within the
design range the deference h behaviour for reversed beding sense is
aegQgible.

The difference resuhs fmm the feat that the ccxlstitutive equations
(Refs. 5 and 6) «ere based on emaQ deflccdaoa theory whereas in fact for
brge spans au~ beding plane degccdans were h the order of

Since degcakas at this a»gnitude are not experienced in
pracdee, and since smaQ dcgectka theory ox»crvadvdy predicts angle
behaviour where dcgccdaas exceed a hmit of span/180, a more re5ned
analysis Is not fusdSCCL

Tbc unequal angles tested (Fig. 7) behaved h a simQar manner for
boch Cases I end Il. For aQ seetiaas, tests on shorter lengths {EA6,
BA7> EA8, UE6, UE7r UB8, UE9) indicated cbee agreement with the
theory.

Fig. 8 shows a typkal stress d»tribudoa of the sections tested
krpohts «hkh lie cbsest to «tees levels of0.66Fr and F,.

Fig. 7 (tc«s UB2 UE4) show the two buckling fsQules which
acaurcd before the fuQ material yieM stress was reached. These failures
are discussed farther h Seaiaa 63. For aQ tests the theoretical and
experimental stress values werc in goad agreement up to a msxilnunl
eectiaa stress of 0.66F,. Bcyaad this level, for beams with large values
of L/r the predicdaas at 5rst order theory (i.e. asauning f ~ 0) were
gmscrvadve. Tl»refate, the ahnpk ta-twi«reIsdoaship {Rcfs
sad 6)

~ore ~ W5<
~bould give ive resuhs at aQ «race lcvda.

Pjg. 5.~sssesMct Rjg.

~tri laceras l
xxdaas werc measured by thc apckel lcvct pdaciplc ashg a
mbvac eyeccm. 'IMs system ebo avoMcd the htmducdoa ot

~podmcn rcstrebts. Thc maximum value at thc angle at ted«(~
«as also measured at mi~uahg e bevel protrectac. Vcrtkal bedmg
pbac dcgccda» were measured at mb~ and quarter pohte by me«»
ot e thcodoQtc aad grahlatcd eoakc. Raci«xaal dc5ecd«» «cre
~ocesuled «hh e steel tape.

A tmmbcr of «rah gauges «cre pbccd oa thc eccdaa a Ite add-
~pea posh@a (Fig. 4). Thc gaugce «ere read ushg aa xummadc data
COO Se~~ I%1

LfAaglee KTerlec ~t
Angles which ere loaded about exes ocher than prhcipsI axes «QI

twist NdaQy m aQgn the «cek priadpel sade «ith the axis of bed epp"
cadoa. TIds twist h the tc«ecdee «m measure at mid-span and
recorded values ere aacaparcd «ith thc thcceetkal predktiaas in Fig. >

te aQ eecdat» tc«cd. Pohts A aad B cohcidc with nearest attahment
ofOA6F~ ead Fr kvel etreesce. In each csee the direction of Ioed apph-
cadaa opposed thc deed weight toed, bcace hidal twistmg duc to the
deed weight at the beam wse rcduccd ee chc beam was beded. The scm
twist~ there&re, corresponded appmxhnstely with the cceditka
«hcn the eppbcd bed @fact cquaQcd tbe deed «eight bed. This bed
hae bcca tekca ce thc atardag poht hc pbtdng the tbeoredcaQy pre-
dktod ~uhtcs ofaagk of twkt(~ (Rcf. 6).
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The cmvcs of Fig. 9 (tests UBI, UE2, UE3, UB4, Eh2> Eh3)
are ccasistcm with thc stress cmvcs of FJg. 7 (mme tests) Jn that they
show grsphicaQy the oosioaaal stlifening whkh takes place at large values
of apphed bad and cozrespoadingly large angies of twist. This efect
Js kss ignificsnt for shorter lengths, ccascqucatly theoretical and
cxperimcntal results aze in doser agzecmctu (Fig.~ UE6, UE7,
UBS, UE9, Eh6, Eh7). Sccdoas subiccted to Case II bading umst
twist duough an angle of (90-4)' ahgn with the minhnum principai
axis where ~ is the angle between the Xand Uaxes, whQsz Case I loading
requires oaly a twist through I". This Js refiected in thc large angles of
twist rooorded foc Case IIbodings (Fig.~ UE14 UB44UEJ).

Fig. 10 shows the relationship bctweea thc criticai buckhng curve
~ad design curve fiueach of thc unequal angle faQure tests. Thc critiesl

curve Js obtained Jzom the analysN given in Rer. 16 and the
deign curve can be found using Rule 5A3 of Chl (Rcf. 3). Tbc hori-

hf»
aatal line, denoted 3Fr represents thc value of—to produce a stress

of 3Fr where Fr Js the notninal ykM arcm (36 ksi). It is normally
~ssumed (Refs. 10 and 12) that fitQure stzeacs wQI be unaifeeted by elastic
bucklmg if the bucklmg stress is at kast three times thc material yield
stress. hQ scctxas tested behaved in accordance with this assumptioa.
The clssde buckling faQuze (test UB4) plots to the right of the Jntersec.
tka of the criticaJ buckQog curve and the 3FC line> Le. F4 ( 3Fr. Thc
actual fsQure moment was somewhat greater than that prediaed by the
criticaJ buckling analysis, du«pzobably to ldgher order «Sects for this
very " slender " case.

Ehstic buckling abo occurred Jn test UE2 at ~ criticai moment
corrcspcading to the theorencaQy predicted value for this less " slender "
case. The sections of tests UE9 and UE7 obtained full yield suess
before Jaiturc. Good agreement whh the 3Fr assumption is apparent
from Fig. 9 (tests UE7, UE9) which show that the Murc points plot
within the region expected for indastic buckhng. Thc results for the
equal angle test (Ehg) have aot been graphed since faQure occurred
JneasiceaQy in agreement with imQsr fsQures on the unequal angles
tested.

~.4 Dc5ectioas 1

Ibsxial bending defiectizas cesultmg &xn nm-principal axis
bading were measured as shear oentre dispisccmcnts in the bading
plane and nozznsJ to the bading plane. Fig. 11 Jndudes the recorded
results, for thc sectiaa 3' 3' 0.187'aded as shown in Fig. 3(o),
cntnpazed with the predkted curves for both fizst and second order
theory (4 ~ 0, $ va 0) for a variety ofL/1 raios.

This limit Js zeaxnmcnded by Chl for stzlxturai applications
where angles could be used. Beyoad this kvcJ, for L/1 > 1000, second
order theory ccesezvadveiy predicted the bading plane defiectioos
whereas fizst order theory under~ed this deficctioa by up to 204,'.

Similar zesuhs were obtained Sr the reverse Joading case and for
unequal angles with Case II badings (Fig. 11—tests UEI, UB4, UE7,
UE8). Unequal angles «ith Cate I bading and L/1 ) 1000 dcficcted
less than predkted by either first or secoad order theory for bad values
whkh caused deficctias in excess of L/180 (Fig. 11~ UE2, UE3).

The tests indicate that provided defiectkas aze hmited m L/180,
51st order theory will give an accurate estimate of thc bading plane
defiectioa. Ceasequently, ifit is detized to use sections which develop
the full bending stress of ops ~ OA&F~ thea the usc of the deign
fixmula (Refs. 5 and 6)

L 600

8+Q Fo

wiQ permit the attainment of Adl suesses and avoid lateral buckling
probleuN. Above this limitthe use ofsecoad order theory wJQ ensure that
results aie tive for aQ cases.

LS Taota to POJJaze t
PJve tests m fsQure were pcrfocmcd ca both equal

angles for a variet of5/1 valoca. These tests are summariscd inTable III
which also shows thc value ot thc applied axxncnt at whkh faQuze

ocnuzed and fsQuze modes. In CQ ches faihue occurred a the cnd of
anppcuts f

TASLE QI
Samtaary of Palbsro Toot Roaalta

FaQmc~)L
s

Tcm
No.

3 x 3' 0.187 Torskaal
btzddiag

Tocsbaal
budding

Tocsbaal
buddiag

PJcxmal
back JJag

33' 2S' 0.187'94
4 M 3S x

%5'x0.187'E2

L5' 2' 0~
UB7 2$ ' 2'

0&'5.7
Toc11baal

GONCI.USIONS
h meal of 15 testa were performed ca latcrsQy ansupportcd angles

with equal ood unequal kg kngzhs Sr a varicty of L/1 values. 'Ihe
Joading ccaditxa was a uniform mococnt over the conte lstczaQy un
~uppocted span and this bod was apphed abom an axis paraQCI m an
~agle kg. Uzdfccm momezu ls the most cridcal deign situation. hd-
fusancnts foc other badings wouM probably foQow standard procedures
(Rcf's. 4 and 8), borrcver this was aot scudicd in the present work.
Tbc ooutintu given wQI always bc Jve.

Pztxn the zesuhs of these tees Jt wm ccactudcd that fixthe boding
coadltbas stated above

1. The aagk of twist (4) cxaoca a zcductioa Ja the maxinmrn
~cctiaa stress produce* Thctv8scc4 5rst order theory gives a

ctaservadve estimate af this strosa, Le.
~IX+

2, The aagk oftwist (f)haa a significazt bfiucaee ta the maximum
bading plane deficcdoa bcyood a dc5ectxa ofL/180and second

order theory gives ~ sezvadve estimate ofdcficcdoa above this
level.

3, The 5vc tees to More JtxQcatcd that azceaJJy unsupported
~aglcs wJQ be tzaaifcczcd by dasde buckling prorided that the

czitkai bach&~ Nrem Ja at Jesse dzcc thncs the matcrial ykld

4. Pcactksl oagle sectbas aze ~ to 4c ~or,;,W by stress or
II % ~ Jimitntizas rather .:.1 bp g~~)jg5.
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Fjt. 10.—Test to Eoihrc Rcssdss ~esf scish Critical BsakSg Csroes ossf Lrexjpc Cssroct.

Rcfctencca

1. Brrmtx Szaxnaant Ixtnnsnox-Tie Uu of Ssrscnsr4sl Suel is
Bi7sfiicfs. BS 449—1959.

L hacmtroax Ixtnnna or Sraaz. Coxttavcnox (AISC)-Specjlfcotics
for the ', Eobricosion oaf &ecsics of Ssscnsrol Steel for
Bsa7sfotfs. New Yotls, AISCs 1969.

3. Szaxnaant htsootanox ce hottaaua-V» qf Shel is trsscnsrct.
AS CA1—1968.

4 Gatascant, T. V.—Ssrsscnsrof hQahn ossf Prsasct. New Yotfs,
Ptcntice-HaII, 1968.

5. Zatotr, J. M. and Lar, M. G.—Tbe Desfgn of Latetally Ungsp-
potted Angka BHP Tock, Bsffcsis, VoL 13, No. 3, Nor., 1969.

6. Latosr, J. M. and Lar, M. G.—Laterally Unnspponed hngke srftb
Ifsfoal and UnoZaal Legs. BHP hfclb. Raasrcl Lob. Rcport hfRL
22/fs July, 1970.

7. Latcm, J. hL and Lar, M. G.—Safe Load Tabka foe Late
Untupponesf hngks. BHP hfcfb. Research Lob. Report )ILL
22/3, Nor., 1970.

L Ccsctsscx Research Cotsxotr.—Den'gs Criuno for htcsaf Ccscprettisu
hfcssbert. Neer Y~%1ky> 1966.

9. Lar, hL 0~AS CA1—h Reriew and Explanation. AISC Steel
Cesutrsscti~ Spccfal Isene, 1968.

10. Lar, M. O.-AS CA1 ~ Gnfde. BHP hfok. Research Lab.
Rcport hfRL17/4D, 1971.

lb. Trmsscat. B. P. and lbnttrrr, D. C.-Data hs n at tbe Meb-
boume Reseaseb Labototoefca. BHP htefb. I Lob. Rcport
htRL h4/3,Oct ~ 1971.

'2.Wr, M. O.—Tbe Ifasfs foe tbe Pkatk Deafgn Roke ot AS CAI.
Proc. Seccssf Arstrafescss Cerrf.hfe&~a g Strssctsaw csssf hfctsialr,
Asfefafsfe, 1969.

13. Paamu, C. R. aod Gaaaacaoa, T. V.~snffIsttn Toesfon ot
Steel Ikasne ln Inefaetfc Rance. Pret. ASCB, Jew. Sssssnsrof Bitsy
Vol 95s 14o ST14 Dae.~ 1969, pp. 2$1S49.

IL Szaxnaana htaootanoec ce hottnaua-)ICN Steef /sr Goasrof
srnsscnsraf Psrpeeat. AS h149—1965.

15. Ifaaeur Hax. ter Co. Lm-B~S Hec Reffed Cee6est Sbeaf
ecsiistt oaf Pfatces 1969.

16. Tlaacat, lb. F. and Latac. J. hL-Sebavfocsr ot Latatafly Un-
'ppanad hngka. BHP h45. Research Lob. Rspert htRL 22/4,~ 1970.
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PA.CIFIC GA.S A.ND ELECTRIC COMPS.NT
gg(P IF, ~ 77 BEALE STREET, SAN FRANCISCO, CALIFORNIA 94106 TELEPHONE (415) 781-4211

June 8, 1984

PGandE Letter No.: DCL-84-219

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.(11) - Final Report

Dear Mr. Eisenhut:

In accordance with License Condition 2.C.(11) of Facility Operating License
DPR-76, PGandE submitted a final report for reviews performed on piping and
pipe supports on June 1, 1984, in PGandE Letter DCL-84-203. Information on
Items 2, 3, and 6 was included in that submittal. On June 7, 1984, PGandE
submitted final information for Items 4 and 5 in PGandE Letter DCL-84-214.

The enclosure to this letter provides final information on Item 7 of the
License Condition. Final information for Item 1 is scheduled to be submitted
on June ll, 1984.

As noted in this final report, lines at the side of each page indicate
revisions to previously submitted information, and additional results of
PGandE's review are included in the attachments to the enclosure. A revised
table of contents is also included to reflect this additional information.

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

Sincerely,

W. A. Raymond

Encl osure

for J. 0. Schuyler

~

~

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