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SECTION 7

TECHNICAL TOPICS

LICENSE CONDITION 2.C(11), 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)

(b)

(c)

(d)

(e)

(f)

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

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

Consideration of lateral/torsional buckling under axial
loading of angle members.,

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

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

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."

7-1






®

®

7.0

7.1

7.1.1

7.1.2

1258d

Description of Program, Development, and Followup Information

Program Scope

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.

Large Bore

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 5.4% 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.

A1l Diablo Canyon Unit 1 pipe supports designated as Design Class I
and code class J, D, A, B, C, G, @, or Z as 1isted 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 obtained 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 Il

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:

== 2

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)
Usjng sp found in equation 1, the error of estimation, E, is found
using:
E = lzlsp (2)

where z is a multiple of the number of standard
deviation units






Therefore, the probability P interval in the population is estimated
as: .

)(p-E)<P((p+E) (3)

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 sampie
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 only to qualify existing steel members. A specific
restrict{on will prohibit its use in the design of new supports.

1258d 7-4
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7.3.1

Technical Issues

Warping 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. (1)(2)

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.

(m

(2)

1258d

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.”

The AISC Manual further states: "Torsional analysis is not required for

{ogggne design of most structural steel members." 8th Edition, pg.

7-5







®

7.3.2

1258d

o Small bore supports typically use angle or square tube section
material that are not subject to warping.

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 apﬁ1ications
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

7-6
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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 1imits 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 1imit increases. It should be
noted that the theory developed in Attachment 7(b)-4 recommends a L/t
1imit of 300.

0.66Fy
0.6Fy [|———-

| T |

270 L/t

There are additional reasons why the L/t limit of 270 is conservative

as explained below:

7-7 ‘






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 1imit 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 1imit of 270 is applied to all angle bending load cases
in this project. This allows an additional implied conservatism.

o A1l 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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Lateral /Torsional Buckling Under Axial Loading of Angle 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. Winter (reference 1) for
further information.

The Chajes and Winter 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 Winter paper provides a method for

evaluating the torsional compression buckling stress of equal leg
angles:

Fy = G(t/a)?
where: ”FQ = 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.

7-9






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.a1.(1)

paper.

A review of the test results included in a paper by Kennedy and
Murty(z) indicates that structural angles can fail in local plate
buckiing 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>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)

(2)

1258d

Torsional-Flexural Buck11ng of the Thin-Walled Members, A. Chajes and G.
Winter, ASCE Structural Division dournal, Aug. 1965

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

/ BCCENTREITY

@W‘f\ "1> ﬁ_
e

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.

Fundamental Frequency By The Rayleigh Method

The review will identify cases where the displacement method of
determining the pipe support frequency may not have approximated the

7-11
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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 most 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.

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.

Results

Small Bore Support 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.

7-12
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Large Bore Support 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 f]ahged sections
with torsional loads. The following referenced attachments
illustrate the warping stress ratios:

(a)

(b)

(c)

(d)

(e)

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

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 Tow total
stress values., This curve is being supplied at the NRC
Staff's specific request and should be reveiwed with the
above considered.

Warping Shear to the Shear Allowable Stress Ratio
(Attachment 7-4). 1In 100% of the cases, the increased shear
stress caused by warping is less than 50% of the shear
allowable.

Total Shear to the Allowable Shear Stress Ratio

.(Attachment 7-5).

Total Interaction Value (Attachment 7-6). In 90% of the
supports reviewed, the interaction value was less than 60%.

7-13
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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.

Allowable lengths of unbraced angle sections in bending were
addressed generically in Section 7.3.2

Consideration of torsional buckiing 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.

Eccentricity was considered for both: (1) load eccentricity and
(2) member connectivity eccentricity. All cases were shown to
comply with the Project criteria.

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 naturq] frequencies -
had been properly determined or that sufficient conservatism
existed in the calculated frequency such that no further
reanalysis was required. “

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

7-14
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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 criteria. 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.

7-15







ATTACHMENT 7-1

DATE: 5/15/84

FILE NO.:

146.08

Sheet 1 of 1

DIABLO CANYON PLANT
Lare Bore Pipe Support Review Checklist

Néc LICENSING CONDITION #7 CONCERNS

Pipe Support No. Rev.
Reeﬁeuegpsy: Date:
Checked By: Date:
Approved By: Date:
Considerations
Acceptable? REMARKS
REVIEW ITEMS YES NO

a)
b)

e)

f)

)

h)

1)

Member centerline eccentricities:

Loads and points of application?
eccentricities of load with

respect to shear center and
centroid of cross section?

Unbraced lengths for angles L/t£2707

St. Venant torsional shear stress?
(See Attachment #8 of I-55)

Warping normal and shear stresses
due to torsion?
(See Attachment #6 & 7 of I-55)

Normal stress combined with warping
normal stress (absolute summation)?

Lateral, St. Venant, and warping
shear stresses combined
(absolute summation)?

Lateral/torsional buckling for
angles, is b/t £ 127

Fundamental frequency method. Are
points of contraflexure insignificant?
(See Guidelines for Reviewing Frequency

Calculations of Pipe Supports.
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ATTACHMENT 7(b)-1*

NRC Question: The NRC has raised a questfon about angle-shaped structural
ers egatfon No. 95 from SSER 21).

Response
In this response, the following symbols are used.
List of Symbols C

B= Length of angle leg

ts Thickness of angle leg
L= Length of gpan
Fy= Minimum Yield Strength

bex Width of Compression Flange

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

Angle sectfions were used at Diablo Canyon prior to the verification program.
Where modifications to existing supports were wade during the verification
program, structural tubing was often substituted for the original angle
section,

The criteria for the use of angles as laterally unsupported beams subjected to
bending forces were based upon evaluatfons initiated in 1977.
Project-specific criteria were required because the AISC Manual of Steel
Construction (Ref. 1) does not grovide guidance for angles with laterally
unsupported spans greater than 76.0 bg/Fy. The term 76.0 bf/Fy {s the
allowable span for an unbraced length of a member not meeting the requirements
of Sectfon 1.5.1.4.6a of Reference 1. However, these criteria were developed
for 1 beams and not specifically for angles. Reference 1 does not provide
criteria for laterally unbraced members greater than 76.0 bg/Fy. The lack
of specific guidance in this area has been recognized in the literature (see
Reference 2). However, AISC recognizes that special {nvestigations are
necessary for angles with laterally unsupported spans greater than 76.0 b /
Fy. This §s {ndicated on page 2-21 of Reference 1 where a statement is
gr?gided which explains the use of angle load tables. The stateent is as
ollows:

*Excerpt from PGandE Letter No. DCL-84-046, dated February 7, 1984.
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®The tables are not applicable for angles Taterally unsupported
or subjected to torsion; for such meabers a special :
investigatfon 1s mecessary.®

Because the AISC did not completely address the design of Taterally
unsupgorted angles, PGandt performed a Yfterature search fn 1977 to determine
1f other information was avaflable which would be adequste to set criteria.

.- In late 1977 1t was found that extensive testing of laterally unsupported
.angles loaded {n bending had been performed in Australfa. Literature which
,describes the testing, lndings, and recomendations has been previously
-provided to the NRC staff (Re

erences 3, 4, and 5).

In the Australian tests, varfous sfzes of angles were characterized by
different B/t ratfos. Angle sections with B/t ratfos between 6 and 16
(Reference 5) have been tested. The majority of angles at Diablo Canyon fall
within this range. The only angles at Dfablo Canyon wmot €alling into this
range have B/t values less than 6. However, at this end of the range (beams
with B/t less than 6 are less slender) the data can be wsed conservatively
since the net effect 1s to allow an fncrease in acceptable unbraced lengths.
Based on the tests and comparison to structural theory, simple formulas were
developed in Reference 5 for use {n the design of laterally unsupported angles
tn bending using several different methods of load application.

For all the various angle sections and load cases dnvestigated, Reference 4
recommends that an allowable bending stress of D.66 Fy may be used {f L/t is
Tess than 300. The Diablo Canyon Project Design Criteria M-9 1imits the
maximum bending stress to 0.6 Fy and a maximum L/t ratio of 270. These limits
used at Diablo Canyon fall within the recommendation of Reference 4 and are
therefore acceptable.

References

1. American Institute of Steel Constructfon {AISC) Manual of Steel
Construction, Seventh Edfition, A1SC, New York.

2. B. F. Thomas, J. M. Leigh, M. 6. Lay, Civil Engineering Transactions,
1973, The Institutfon of Engineers, Australia.

3. B. F. Thomas and J. M. Lefgh, The Behaviour of Laterally Unsupported
Angles BHP Melb. Res. Lab. Rep. MRL 22/4, December 1970.

4. J. M. Leigh and M. G. Lay, Laterally Unsupported Angles with Equal and
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ATTACHMENT 7(b)-2*

dihedral angles less that 6§00, calculations are performed to ensure
that the weld qualifies as a partial penetration weld with the proper
throat reduction. This reduction is in accordance with the requirenments
of AISC and AWS.

Pulliman Power Products procedures reference the PGandE specification to
which pipe supports are to be installed and the codes to which the weld

. procedures specifications (WPS) are qualified. For the WPS which are

qualified, 1t is not necessary, and inappropriate for Pullman QC to
inspect the welds to the AWS D1.1 prequalified joints. The weld
procedure specification, ESD-223, and the design drawings contain
everything needed to fnspect the welded joint. Flare groove welds are
inspected fn accordance with the requirements of ESD-223.

It 1s not necessary for Attachment 1 of ESD-223 to provide 1imitatfons

for the minimum dihedral angle for intersecting structural shapes. The

1imitations on the dihedral angle would be governed by the design

drawings used. Throat adjustments are reflected in the weld design
calculations. The calculation adjustrients have taken {nto account the

effect of skewed dihedral angle rather than perpendicular connections,

and have considered that acute angle connections will not have complete

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

It is alleged that:

The second Stokes DR stated that angle members were
two-to-three tines too long for the allowable bending

- stress standard used under the AISC code. The angles
could buckle under pressure. One hundred frames of 300
chsc?e? contained violations. (Stokes, 11/17/83, pp. 17
and 18

*Excerpt from_PGandE's answer in opposition to Joint Intervenor's Motion to
augment or, in the alternative, to reopen the record, dated March 6, 1984.
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The M-9 computer analysis for angles omitted the relevant
provisions of the American Institute of Steel
Construction (AISC) code for allowable bendfn? stress,
%ontggrzjgo Ticensing conmitments. (Stokes, 1/25/84,

r. -

In paragraphs 71 thru 78, the following symbols are used.

List of Symbols
B = Length of angle leg

t = Thickness of angle leg

L = Length of span

Fy = Minimum Yield Strength

be = Width of Compression Flange

The criteria for the use of angles as laterally unsupported beams
subjected to bending forces were based upon evaluations initiated in
1977. Project-specific criteria were required because the AISC Manual
of Steel Construction (Ref. 1) &Qes not provide guidance for angles with
Taterally unsupported spans greater than 76.0 bf/‘V?§Z The tem 76.0
be/ NFy s the allowable span for an unbraced length of a member not
neeting the requirements of Section 1.5.1.4.6a of Reference 1. However,
these criteria were developed for I beams and not specifically for
angles. Reference 1 does not provide criterfa for Taterally unbraced

members greater than 76.0 be/4Fy. The lack of specific guidance in
this area has been recognized in the literature (see Reference 2).

,However,'AISC recognizes that special {nvestigations are necessary for

angles with laterally unsupported spans greater than 76.0 bf/‘VF-.
This is indicated on page 2-21 of Reference 1 where a statement is

-3 -
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75.

provided which explains the use of angle load tables. The statement is
as follows:

“The tables are not applicable for angles laterally
unsupported or subjected to torsion; for such members a
special investigatiom {s necessary.”

Because the AISC did mot completely address the design of laterally
" unsupported angles, PGandE performed a 1iterature search in 1977 to

deternine {f other informxtion was avaflable which would be adequate to
develop criterfa. In late 1977 it was found that a theoretical solution
to the design of laterally unsupported angle beams was available. The
theory had1a1so been verified with extensive testing. The theory and
the testing were completed in Australia (Reference 3; 4, and 5).

In the Australian tests, various sizes of angles were characterized by
di fferent B/t ratios. Mgle sections with B/t ratios between 6 and 16
(Reference 5) have been tested. The najority of angles at Diablo Canyon
fall within this range. The only angles at Dfablo Canyon not falling
into this range have B/t values less than 6. However, at this end of
the range (beans with B/t less than 6 are less slender) the data can be
used conservatively since the net effect {s to allow an increase in
acceptable unbraced lengths. Based on the tests and comparison to
structural theory, simple formulas were developed in Reference 5 for use
in the design of laterally unsupported angles in bending using several
different_methbds of load application.

For all the various angle sections and load cases investigated,

Reference 4 recormends that an allowable bending stress of '0.66 Fy may

-32 -~ .






be used {f L/t {s Tess than 300. The Dfablo Canyon Project Design
Criteria H-9 1linits the naxioun bending stress to 0.6 Fy and a maxinun
"L/t ratio of 270. These limits used at Dfablo Canyon fall within the
recormmendation of Reference 4 and are therefore acceptable.

76. DR 83-042-S, written by Mr. Stokes, questioned the acceptability of
‘certain unbraced angle nembers ocecause the unsupported spans of those
menbers are greater then 76.0 bc/ YFy per section 1.5.1. 4.6b of

Reference 1.
77. 1t should also be pointed -out that the 18 pipe supports identified in

the DR 83-042-S as discrepant have been reviewed. All of the angle bean
spans are found within the Project Design Criteria.

78. It is concluded that the Project Design Criteria on the design of
laterally unsupported angle beans has adequately covered the length
greater than 76.0 be/ V/F. '
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J. M. Leigh and M. G. Lay, Laterally Unsupported Angles with Equal and
Unequal Legs. BHP HMelb. Res. Lab. Rep./ MRL 22/2, July 1970.

Safe Load Tables for Laterally Unsupported Angles, Australfan Institute
of Steel Construction, September, 1971,

It is alleged that:

The third Stokes DR stated the distance between the

center of Hilti bolt holes was not verified as the same

length required and specified on the drawing. QC had

measured the distance between the centers of plates

attached to the bolts whereas location of the bolts {s

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 §s 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 projects at a 450 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 estabiished to assure
this would not occur.
A1l shell type anchor bolts on Diablo Canyon have an embedment of less
than five bolt diameters. Since the anchor bolt center lines are ten
bolt diameters apart, the shear cones can never overlap. Hence the
anchor bolits retain their full capacity. The capacity of an anchor bolt

is determined by test. The test for a shell anchor {s normally

- 34 -
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@ Safe Load for Laterally Unsupported Angles
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Editor’s Note: This article is reprinted in ils entirety,
without revisions, with the gracious permission of the
Australian Institute of Steel Construction. It is in response
to'the many inguiries AISC has received on the subject of

s unsupported angles. The AISC Specification, and
Manual offers limited direct design criteria for such mem-
bers. Relevant Australian research reports and publications,
primanly this article, have often been referenced in the past
to provide requested design guidance.

The reader should note that the load tables were prepared
in conformance with the Australion Specification. which does
not necessarily correspond to the AISC Specification (i.e.,
see shear requiremnent). In addition, some of the angle sizes
shown may not be readily avatlable in the U.S. However,

the tobles provide o quick rational estimate of angle bending
capacity. References on the theoretical and experimental
behavior and recommended design of laterally unsupported
angles are listed at the end of the article and may be obtained
Sfrom AISC headguarters. .
In oddition, a convenient rule of thumb based on the
Australion research that may be applied in angle design for
Sfexure is to ssmply use an allowable bending stress, Fy, =
0.6F,, with eppropriate serviceability deflection limits.
Auvailable evidence indicales that laterally unsupported
practical angle sections in bending experience excessive
deflections prior to any lateral buckling and, therefore, wil!
be governed by deflection limitations rather than buck-
ling.

An Explanation of the Tables

J M LEIGH.B.F THOMAS AND M. G LAY®

INTRODUCTION

The tables are based theoretically on the constant mo-
ment case and use a maximum permissible stress of
0.66F,.! where F, is the material yield stress. However,
for short spans the loads are reduced where necessary to
ensure that the maximum permissible shear stresses given
in Ref. ] are not exceeded. The safe loads are applicable
for applied loads within half a leg Jength on either side

Force paraliel to SHORT leg

of the shear centre (Fig. 1). The method by which this
load is obtained is described under **Calculation of Safe
Loads.”* The safe load shown in the tables is the unj-
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.2 Safe loads are given for

Force paratie] to LONG leg

tables valid for tables valid for
this loading sree this loeding ares
Q [ mamanannd
1
.| sheat centre shsa: centre
Q

¢

Fig. 1. Acceptoble load locations

® The authors, who also computed the tables, are officers of the Melbourne Research Laboratories of the BHP Co. Lud.
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steels with nominal yield stresses of 36 and 52 ksi.

In addition to loads, the tables give the associated
loading plane deflection of the beam. The deflection is
indicated in smaller type directly beneath the correspond-

g load value.

For cases where the moment on a beam is not constant
across the span, the tables give conservative estimates
of the load carrying capacity as the constant moment case

the most critical lateral buckling situation.? The
same constant moment basis is used for the lateral buck-
ling rules of AS CAl.}4

NOMENCLATURE

8 tlength of the thorier angle teg 88 defined in Fig. 1 (actusl heg
tongth - )

osntroud location

maximum shear stress

yeld stress

modutus of rigidity

$t. Venant tortional congtant

longth of mpan

moment

tots moment, ia. spoled moment plus moment component due 0
the dead weght of the Seam, calculated sbout the sppropriate leg

component of the total moment (M, } about the VV axis
spplied load ‘
uniformly dirtributed load
" tength of longer anghe tog a3 cefined in Fig. 1 (actual feg length -5)
shedr centre location
200led torque
major pnncipal axis
major principal exis of the twitad crods-section
minor principat axis
minor principsl axis of the twirted srots-section
sxe3 through the centroud persliel to an angle feg of the twisted
crosssection
section modulus about the same sxis a8 M,
sction moduhus about the XX axis
load eccentricity
weight of beam in Binch length
thickness of angle leg
detiection of the shesr cantre in the U direction
deflection of the shew centre in the V direction
deflection of the shasr cantre in the X direction
Oetlection of the shesr cantre in the Y dicection
nomins! stress found from g, » f:
actusl maximum section e
defiection
costficients used in aguation §
the sigebraic sum of component twists
angle between XX and UV amis

.! zl"'.zt n;n.wn

“olrex

D

x
<

Viﬂ.ﬂ<.¢"‘3.r.~

»
-

»
-

e

CALCULATION OF SAFE LOADS

The design relationships for angle beams obtained in Ref.
$ have been used to determine the value of the equivalent
uniformly distributed Joad which produces a maximum sec-
tion stress of 0.66F,. lterative methods have been used to

®

36

Jocate the value of this load from an initial approximation
of

M, = 0,2, (¢))

where o, is the nominal applied stress, Z, the section mod-
ulus and M, the total applied moment about some common
axis, aa.

For small angles of twist, the nominal applied stress. o,
and the actual maximum section SUCSS, On,., are related

by:*

o, = 0.80 0., )
Hence for

Omar = 0.66 F, (3)

o, = 0.528 F, @)

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

Unequal Angles—Force direction parallel to short leg

BX(B + 4Q)
M, = 0.528F,m

Force direction parallel to long leg

+ 48
M, = 0.528F,Q62t(——;—§——_‘_g)) 6)

)

Equa! Angles

' Bt
M, = 0.528F, 36 )

For small angles of twist these expressions give the actual
value of the safe load directly. However, large angles of
twist modify the value of the maximum stress in the section
with consequent changes in its load carrying capacity.

Studies in Ref. 6 have shown that the effects of loads
located within half a leg length of the shear centre (Fig. 1)
are negligible for the load ranges considered. For loads
outside these limits the designer should use the procedures
on Refs. S and 7.

The maximum stress in the section can be found from:

18 M,

Tmar ™ (-B-T);((M + A\ &7) (8)
where values of A; and \, for each unequal angle section,
regardless of ¢, are given in Table 1. \
For all equal angles, A\, = 1.0 A=A

The value of ¢; is the algebraic sum of the twist due to
nonprincipal axis loading,® the initial twist and all applied
torques. The first two are usually negligible for the sirua-
tions covered by the tables.® The initial twist value assumed
from studies in Ref. 5 is -

Sinat = 0.436 x 107¢ L radian 9
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(m— Dimenaions

Table ¢
Foroe parsttet 0 Force paralio! 1o
4; posttive O positive

i A, 2, A .53
x4l 1.4 -D276 0.7131 X ¥7
Sxd% e -0.261 0872 0.482
Sad 142 -0.200 0.783 0.005
=3 187 «0.28) 0.082 0.450
4=3 L -] - =0.290 0.72 0.382
N3 1.18 -0.308 0878 0.38)
.3 ¥, .38 029 0.768 0.404
Iz % .19 , =0.303 0.558 0.368
32 130 0273 0.22¢ 042
x2 1.23 -0.298 0.5 0.37%

For olequat sngies X, = 1.0 3 o -4

The twist due to the applied torque T is given by TL/GKy
where G is the shear modulus and K the torsion constant.
In assessing the value of T the tables include the effect of
eccentricity of the beam self-weight and of applied load P
relative to the shear centre.

A force paralle] to one of the angle legs may be oriented
to produce either tension or compression at the leg tip. The
influence on the Joad carrying capacity of the orientation
of Joading varies with the loading condition. For angles
subjected to Joads in the short leg direction, Ref. 5§ shows

Force parallel o lomg leg

PB
F,= ‘3;-0;'7':0451? an

Where it is the shear stress limitation that govemns, the

" tabulated Joads sre based on this and are indicated as those

mﬂxkﬂofﬁchvybmkmhnemﬁtubles
The theoretical given above and used in for-
mulating the tables have been confirmed by an extensive

test serics on Jaenally unsupported angles. !0

DEFLECTION EQUATIONS

The exact approach to this problem would involve the so-
lution of a set of coupled partial differential equations for
a variety of bowmdsry conditions. The problem does not
wammant the time involved in utilizing such a solution. A
simplified analysis based on an extension of first order the-
ory is used to fmd the maximum loading plane deflection

The total angle of twist (¢y) is computed and the sectior,
sotated through this angle while the applied moment M,
retains its origimal direction (Fig. 2). The applied moment
is then resolved into components about the closest rotated
axes and the principal axes deflections due to each com-
ponent determined using the appropriate equations from Fig.
2 and Ref. 5. Thus, loading plane defiections are calculated
from:

that the effect of reversing the load oricntation is negligible.
For loads in the Jong leg direction the tabulated values are Force parallel w short leg
cbosen for the worst case and the maxiroum variation be- "
tween load orientations is 6%. x =il +VE_Xcos (0+¢ + artan —"‘5’-) 12

AS CAl' states that the maximum shear stress F, in a fmas e e T Ypnas 42
member shall not exceed 0.45 F, and bence the shca: stress
" Limits® are Force paralld so long leg
Force pam!lr. 10 short leg Ymax % VUi + V2o

;—-25.;?.@':045; (10) . 6+ o7+ n'"‘”r (13)
v ‘8 4KT . y 3m T ana Umas
iginal Position Twisted Position Components
ore s P with Equivalent Losding Laed
-s-?-n'l("" "/ 3"
%

N
N\

oMy (me gommd, cote)

Fig. 2. Method of determination of load components for diflection cquahon:
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where u,,,, and v, are y the summation of com-
poneat deflections along the U and V axes. The tables use
equations involving ¢, however, reasonably accurate an-
swers to cases where deflections are restricted can be ob-
tained by cakculating u,,,, and v, from simple beam theory.
If this simplification is used, then the applied momeant, M,,
mbemolvedduecﬂymwcompooenuabmnv’ll'md
Vv (Fig. 2).

AS CAl, Appendix A, Sec. A2.2, recommends a de-
flection limit of:

N L

) A= 180 (19)
for structural applications where angle sections could be
used. This limit is shown in the safe load tables as a beavy
line, dividing the tables into regions above and below this
limit. Deflection values to the left of this line are Jess than
those recommended by AS CAl. Where possible, beam
selection should be confined to this arca of the tables.

The deflections for other loads may be estimated by pro-

portions from the tables. However, as these include dead-

weight effects, a small adjustment must be made. For a
load P’* which is less than the tabulated safe load P, the
relevant deflection A’ can be calculated from the tabulated
deflection A’ as
~ e P +ml '
A i x A (15)
where mL is the beam weight.

Note that AS CAl actually oaly requires live load de-
fiections to be considered. However, the tables include dead
load deflections as many angles otherwise included would
suffer large visible deformations under their own weight
and cause concern during fixing.

Example
The following simple example illuswates the use of the
tables.

0.5 kip Qa5 kip »

24 inkip

bondmg ummt da'tn

| } _#
|

Data:
Steel F, = 36 ksi
Permissible Bending Stress 0.66F,
Allowable maximum deflection % = 0.93" il
Loading Case: For loads parallel to the
long leg.
Maximum Bending Moment due to Applied Load:
M = 24 in.-kips
Equivalent Uniformly Distributed Load:
m L]
P = T
= 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
deflection limit is the 6 X 3% X % angle.

However, use of Equation 15 will permit the use of many
lighter sections. The lightest section that can be used is the
5 x 3 X %e. The table values for this 8.1 1b/ft section are
P' = 1.47 kip and & = 1.13 inch.

Equation 15 gives

1.15 + 0.0081 x 14
1.47 + 0.0081 x 14

1.13 = 0.90"

which satisfies the limit of 0.93"°.
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* Preview contents of the lecture.
* Bending concepts - review basic concepts.

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

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

[

Slide No. 2-4

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

* Plastic modulus Z = maximum moment from moment
diagram at some specified overload (usually 70%
overload for gravity loads) divided by yield

- point,

* When are these formulas valid?

8lide No. 2-5

* To understand and properly utilize the design

- . methods and specification provisions for struc-
behaV'or tural steel design, the variables that affect
an d I Sign Of bear behavior will be explored.
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"PRINCIPAL vam_aauss -

THAT AFFECT
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BEAM LOAD CAPACITY ;';,

AND BEHAVIOR >
1. MATERIAL TR """“
2. UNBRACED COMPRESSION a.euum
3. WIOTH-THICKNESS RATIOS * v

OF PLATE ELEMENTS L .
8.CROSS SECTION

8. LOADING *
l\.UP'ORTCONOfﬂO“S

"k
y

3'
-

* All beam behavior cannot be represented by a
single load-deflection curve because of the
number of variables involved.

* Five curves represent potential bebavior 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 AISC Spec. are related to the behavior
depicted in the 5 curves.

* Plastic Design is based on behavior curves (1)
and (2) so provisions are established to prevent

types (3) (&) (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-
feners, etc.

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

* Principal variables that affect beam load capacity
and behavior.






-

* Bafe, economical structures can be designed on
-the basis of any one of these typical curves.

* Curves 1 and 2 will generally provide the lightest
beams but sometimes the fabricstion and detail
cost is increased because of the added bracing,
stiffeners, etc.

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

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

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

Slide No. 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.

ASD -~ called compact sectionms.
PD - when plastic design approaches are desired,
this type of behavior must be assured.

1 is the most common structural situation. Load
increases due to a moment gradient and strain
hardening ~ moment varies along the length.
Strain bhardening strength is neglected in design
2 for a uniform moment region and is also an
i{dealization of 1.
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PLASTIC DESIGN

MAXMUM SYEDGTN
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Fy=0.66F, -1

*

*

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

Load factor = 1.7 for gravity load: regardless
of type of cross section.

Not concerned with some slight local yielding at
working load because yielding will always occur
due to residusl stress, stress concentration,

erection, etc. Also, once one cycle of loading

_and unloading occurs, further response is elastic.

Haxinﬁm strength without strain hardening.

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

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

Baging the factor of safety on full yielding of
the cross section, not first yield, F.S. = 1.7.

Actual design differs from plastic design in
that only limited inelastic deformation is counted
on.

However, almost all provisions (compact sections)
in ASD are based on this higher strength.
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* Allowable bending stress is increased to 0.75
¥_ sben bending occurs about the wesk axis be-
cluse of large reserve strength beyond first
yield (50% here). .

* St{ll has more than adequate F. 8. = 2.0.

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

* Use .75F_ for sections with good reserve strength
like 801¥d sections.

* Do not use for box or tubular meabers.

S1lide No. 2-14

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

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

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

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

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

* Ovalization will not impair the development of the plastic hinge in tubes with D/t

less than 1300/F . See Sherman, D. R., "Tentative Criteria for Structural Applicatiozs
of Steel Tubing ¥nd Pipe", AISI, Washisgton, D.C. 1976

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

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

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

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

Slide No. 2-16

FACTORS THAT AFFECT idealized behavior (shown solid).

O ¢ * The two previous solutions are based on the
IDEALIZED BEHAVIOR

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

A Y
i :WCM‘WC"UNG o * One or both will always eventually cause failure
LATERAL BUCKLIN of the member, but only after the structure be-
comes useless because of excessive deflection.

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

Slide No. 2-17

Width-thickness ratios are defined in Spec.
UNSTIFFENED COMPRESSION ELEMENTS (1.9.3) Section 1.9.1.

== Thickness is average for elements like flanges
I of channels and "I" (S Shapes).
Appendix C used when values in Section 1.9.1 are
01-01

,. > - exceeded.
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* gtiffened co-prezlion elements are also defined
in Bection 1.9.2 of Specs.

* Bections shown can be compact.

8lide No. 2-19

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

* Give values for A36 steel. 21.6 for ASD/LRFD
and 17 for PD.

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

* ASD requirements are based on a compact section
that assumes an inelastic rotation capacity of 3.
When a higher rotation capacity is required, then

the b/t requirements would be tightened to those of plastic design.

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

* Combinations of F_ and b/t that £fall in the shaded area satisfy the AISC compactness
requirements.
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* For a given b/t, the yield stress which just
satisfies the equation can be calculated. It
is called F;.

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

* Values of F' are tabulated in the AISC Manual
for rolled ¥ections under the PROPERTIES FOR
DESIGNING.

Slide No. 2-21

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

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

* If axial load is zero, 4/t = 640/JF_. Half of
the web is in tension, the other balf is in
compression.

:%:f * When £_/F_ % 0.16, entire web will have a unifors
co-pte:sige stress distribution at ultimate load.

* Give values of 4/t limits for A36 steel.

= No axial load, d/t S 107
- t./ry £ 0.16, 4/t S 43

* The formula shown is for ASD, and is also appli=
cable to PD when no axial load is present. An
inelastic rotation capadbility of 3 is assured. :
For a greater rotation capacity, d/t is limited -~
to 1.12/,{1‘y in FD.
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* If no axial load is present F_ & F!, the web is
*- 591 > *‘-'19 compact. y v
F. - ~?l . ‘

~ * F* is the hypothetical yield stress above which
: Qﬁﬂgsﬂfﬁ e e section is non- compact due to web criteria.

! * When axial load is‘pre:ent and ¥_ < F"' , the
web is compact. If F_ is betveeX "'V and F" ’
check the formula for’d/t tequire-egts. y

an * Actually, all shapes now available conform to
d/t § 640/JF _ with available steels. Therefore
y is not required.

Slide No. 2~-24

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

* Lateral buckling affected by:

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

* Bracing must be spaced close enough to prevent
lateral buckling from significantly affecting
the idealized behavior.
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* Latersl buckling control is not completely under-
stood to date as evidenced by the vast difference
in appearance between the formulas for ASD and PD.

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

e * Governing L 1listed in AISC Manual in Beam Load
- Tables for Seam-type cross sections.

* Formulas are based on thorough tests.
* Uniform Moment if -0.5 > H/l‘lp > 1.0.

% ASD makes no distinction between uniform moment
and moment gradient but PD.

Slide No. 2-27

@ * ASD/PD provisions shown are almost identical.
»{

/,__,nnb,;p; @ * PD curve is for moment gradient case.
p'm P . % Only for the case of uniform moment will plastic

design require L , ASD may require a shorter

(ks)) .
*1 L'"'(EF”,—'”; ‘ bracing spacing than that for ASD.
Lo » . 2 ‘@ * Since ASD requires checking another formula
“ » l..h: which could govern I‘c’ ASD may require a closer

bracing spacing than PD.

* Safe region is below curves.

8lide No. 2-28

- -

e peeree—rw—eryvwl  ASD - limit of uscfulness is based on yielding
‘ “o. of the cross section at one point only.

% " BEHAVIOR OF 7 i
..‘NDETERM'NATE BEAMS. * PD - limit of usefulness = ultimate load.
COMPACT SECTIONS . - apply load factor to working load. (1.7)

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

* PD not permitted. ‘Ho moment redistribution
pemmitted.

* ASD permits gradual change in allowable stress
between .6F_ < F, < .66F_ when flange compactness
limits are cheesed. y

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

* Shows local buckling criteria in AISC Spec.

* Ff = 0.66 F& for b/t up to 65/4?;‘

* Straight line transition to Fb = 0.6F_ at b/t
= 95/JF . y

* Appendix C for b/t > 95 Jf;.

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

1
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* Now is a good time to discuss the angle which
is a2 very common member in building construction,
but has limited design guidance available to the
engineer. )

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

- * The design condition which presents the designer
with & major information gap occurs when the angle is used as a laterally unsupported beam.

* The angle is a difficult shape for stress analysis.

* The principal axes of the cross-section do not coincide with common loading directions
and any routine loading will therefore cause biaxial bending deflections which are not
in the same plane as the applied loads.

* To further complicate the problem, the shear center is not at the centroid and is not
on the line of most major applied loads. Thus most loads will cause the cross-section
to twist and to deflect out of its loading plane.

* Finally, commonly used end connections are usually eccentric because of the lack of S ﬁ]
symmetry of the cross-section. -

Slide No. 2-32

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

* The theoretical study had these parameters:

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

z.wThe angle lengths were assumed to be completely
laterally unsupported.

3. The following slides are applicable to equal leg angles, althongﬁ similar research
@ results on unequal leg angles are available. See hand-out material.

4. The sections are approximated by the dual rectangle idealization shown. This
linearized section ignores fillets and toe radii, but can be made to reproduce actual
. member properties very precisely by adjusting the idealized leg length, B, to produce
an exact similitude for some chosen geometrical property (such as area). The assump-
tion, therefore, is not critical and is necessary in order to obtain a solvable set
of nuations. )
1






* The following slides will show how practical angle
sections are usually governed by stress
(!’b = 0.6F ) or be deflection limitations rather
Y than buckling.

* Case I is a common design situation, so let's
briefly examine the Australisn work for this
e..e.

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

* If the maximum stress were calculated without
resolving the applied load into U and V compo-
nents, the result could be unconservative by as
much as 50%.

.8lide No. 2-34

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

* The stress at any point in the section is
%%’;[ (V+4D) ¢, +V- 64U

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

* Max. Section Stress is as shown.

* Angle of twist ¢, is made up of ;
¢ = twist due tg applied loads
‘e = initial angle of twist due to imperfections.

13
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* The top equation shows that the stress in the
section is a linear function of the amount of
twisting (¢) to which it has been subjected.

* ¢ also has a direct relation to
B

L/t’ Sﬁ and
" E t

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

8 is elastic Section modulus (Australian nomen-
c!nture).

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

* Twisting may be ignored if,

0,5 (8- x%) K " )
60 ¢t .
* Later research on unequal leg angles confirms,
in general, oiax = 1.25 o,-

* An alternative method of angle beam design for
Case I is to consider the critical buckling
moment given by this formula .... where the
critical applied moment is equal to 2 times the
critical buckling moment.

* The dimensionless parameters Ha & 23 are then

Et3 It _
used to draw the critical buckling curve.

14
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! Case BARangefor F,=066F,

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

H
Et3
aecessary to produce a stress of 3?,. for various

B ratios.
t

* The horizontal lines represent the values of

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

* Shaded area shovws design range. For instance,
with B/t of 16 and a stress of 3Fy,[L {_t_.]z = 2.7.
t{|B

Therefore, _I_‘ = (16)2 x 2.7 = 690. Similar cal-
t
culations for other B/t ratios can be made.

g“"" VT S A A I T TITTT  % Therefore, Australian research indicates that

allowable bending stress Fb may be taken as
0.66 I-‘y for these limitations on B/t. and L/ ¢t

*
0<L/t< 990 It has been pract.ige in U.S. to use l-‘b = 0.6Fy.

O<LA< 850 * At these high stresses, deflection may control.
O<L/t< 690

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

. * Again, shaded area represents design range. As
o before[L] .[t] ® can be seen as approximately 2.7.
R t)’[®

" b ok

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

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

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

* Also typical of box girders that are unbraced
laterally.

*F, =0.6F.

b '/ K
* Curve 5 is typical of beams which fail by local o: ]
Lateral Torsional Buckling (LTB) and will be
covered in a later lecture.

Slide No. 2-43

* Box sections may be compact.
Also less susceptible than W-shapes to lateral
torsional buckling.

!gwf‘
§ * Criteria for compactness shown

[ XN _J
to £ 4 b/t less than 190/Jf;
i.s(mouoa;’!);; d 8 6b and tv 2 t£/2

* Also a bricing requirement which takes into
account moment gradieat. Moments shown are in
plane of beam.

‘neaser,

* 81/82 same 88 defined in other part of Spec.
* Lb need not be less than 1200(b/ry).

16






* If box sections do not meet compactness require-
msents use F£ =0.6F.
y
* No laterasl torsional buckling consideration if 4
leas than 6b, and ty e tflz.

* Unbraced length does not affect carrying capacity.
Deflection will govern with very long spans.

Slide No. 2-45

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

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

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

Fully ctressed floor beams and girders; F& depth not less than !&/800 times the
span.

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

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

* Large open floor areas free of partitions or other sources of damping may be suscepti-
ble to transient vibration due to pedestrian traffic. While there are some design
sethods availadble to check 2 floor system for vibration susceptibility they necessarily
involve trying to evaluate the difficult problem of human perception of vibration.

The Commentary recommends as a guide the depth of a steel beam be pot less than 1/20
( Gof the span vhere a problem of perceptible transient vibration might be suspected.

17
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* Spec. Sect. 1.13 gives approximate but conser-
vative formulas for ponding. .

PONDING FORMULAS

* Point out the more exact method in the Commen-
tary.

Cp ¢ 09C; S 025
and 1y 2 255%/10°

. Rl 325L¢
2 e and Cgq =
% * o * 7 o,

* cp and c' are ponding coefficients.

Slide No. 2-47

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

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

* Modified Ponding Formulas derived by Burgett,
“"Fast Check for Ponding", Eng. Journal, lst e
Quarter, 1973. . ]

% Definition of symbols shown on typical roof
framing plan.
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* Graphs I and II have been developed to determine
Pl and P, which are available in Burgett paper.

- | EE Y B
" F I3 Y
-'..-_—-.... -o\-« 4 o m
-
vo%, >
» . » s

8lide No. 2-50

p— * Design Example

Rt w7

"= $——1- "::‘:' , * Illustrates the use of Graphs I and II.
’ g e ;. Qs -
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.
* ' .
s
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H
.

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

(@
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The dasign of laterally unsupported angles

.

J. M, Leigh

Experimental Officer

Melbourne Research Laboratories
M. G. Lay

Ptincipal Research Officer
Melboumne Research Laboratories

®

1. Introduction

The stee! angle is 8 common and almost
traditional member in buliding construc-
tion. its popularity stems from (ts relative
fightness and compaciness and the ease
with which It can be connected to other
members. In view of its long and wide-
spread use it Is surprising to find that little
s known of many major aspects o! iis per-
formance as a structural member. In these
areas design guidance (s only avaifable to
a limited extent sand consists mainly of
empirical extrapolations of solutions for
other sections! and continued misconcep-
tions about non-principal axis loading and
shaar centre eccentricities.

The behaviour of angles as compression
mambers has been studied refatively exten-
sively (0.g. = 3. 4) as a result of their wide-
sprosd use in such structures ss transmis-
slon towers. These towsrs are usually pre-
cisely snalysedd for actual faliure under
weoll defined load factors and an sccurate
knowledge of member load capacity has
beon essential. Even here, however, the
underiying research hss frequently been
highly empirical with strut foad capacities
piven for sach member size under practical
field conditions®.

The case which presents the designer
with his current major Information gap oc-
curs when the angle is used as a laterally
unsupported beam. For example, the S.A.A.
Steel Structures Code AS CA17 states In
Rule 5.4.3:

‘The Standards Association of Australia

is not prepared at this stage to make

recommandations for angles which are
not supported laterally.’ -

The British Code permits s standard
beam rules to be used for sngies, but the
fechniqus developad can not be rationally
defended*-® and does not lead to consistent
desigh solutions. Tha U.S. stes! design
specification'® doos not specifically cover
the case.

The logical question 1o ask at this siage
s why the problem of the laterally unsup-~
ported angie used es a beam has remalned
without & practical solution for so fong. The
answer [s, basically, that although the
angle is a very simple section to the lay-
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man and the producer, it is a difficult one tion ignores fillets and toe radli, but can be v € cenlrend
for the stress analyst. The principal axss made to reproduce actual member proper- v - l $  shes cenie
of the cross-section do not colincide with  ties very pracisely by adjusting the Idealised \ v
common loading dirsctions and any rou- leg length,B,to produce an exact similitude N .
tine loading will thersfore cause biaxial for some chosen geometrical property (such \ {
bending dseflections which are not In the &as arsa). The assumplion, therefore, Is not Nl e
same plane as the applisd loads. To further  critical and Is nscessary In order to obtaln Xy x
complicate the problem, the shear centre & solvable set of squations. B~
is not at the centrold and Is not on the line 3. Notation and sign convention ry i S
of most major spplied foads. Thus most The notation to be used Is: 7 AN
ds will cause the cross-section to twist 8 = Width of angle feg. vooLBy ‘v
d to deflect out of its loading plane. A,C,D = Constants of intagration. 4y
' nally, common end connections are usually E = Young's Modulus. Fig3 (). Orlentation of axss and locations of
Y sccantric because of the lack of symmetry F = Design stress. centrold end’ shear centre,
‘. of the cross-section. Fs = Critical buckling stress.
2. Current lnvestigations Fs = Maximum permissibie dending
The purpose of the currsnt investigation is stress.
' to Gevelop rationa! but simple formulas for Fr = Yield stress.
the design of {ateratly unsupported angles G = Modulus of rigidity (shsar or tor- - r'
} in bending. This should help fill the present, sion modulus) s
praviously quoted, vold In the S.A.A. Steel {c = Sescond moment of areas gbout —r—
Structures Code, CA1, and thus permit the UU axis.
more widespread use of angies In buliding t» = Second moment of ares sbout
construction, VV axis.
The foading case 10 be considered will Jo = Warping moment of arsa. ®
be & uniform moment along the entire Kr = 5t Venant torsional constant. :
isterally unsupported span. This will pro- K = Torsional componant of the nor- P L
duce the most critical tatsral buckling situs- mal stress (see 0q.5.4). ] %
tion'! and will thersfore give results which L = Length of span. ! '
will be safe for any other bending moment M = Component moment of the ] . -
distribution. The same uniform moment basis spplied moment.
is used for the other lateral buckling rules M., = Critical buckling moment. Fig1 (b). Bimplifed angle section dimensions
of CA112.38, The lengths under considera- M. = Applied moment about Y axis -~
tion ars assumed 10 be completely unsup- moment due %o the dead weight
ported and the solutions msy therefore be of the beam.

sppliad 0 both fully unsupporisd beams or 8

vestrained beams between restraint points. U
Later work will include an sxperimental VYV  Denotss the minor principal axis,

examination of various aspects of the prodb- W Denotss the polar axis.

lem. However, this article will be confined Y, X Denotes axss through the cen-

10 8 theoretical derivation of design rules. troid, parsiie! 10 an angle leg.

Solutions are only pressnied for equal Z = Saction moduius.
angles (ieg lengths equal). Similer sotutions 2. = 8Section moduius about same

be oblained for unequal angies, but the axis as M..
ssymmetry of these latier sec- Z. = Section modulus through the V
tions produces aigebraically lnvolved re- axis,
sults which tend 10 obecurs the besic un- ¢ = Centrold
derlying principies. t == Thickness of angle leg.

The range of equal angles produced by ¢ == U—U axis co-ordinate.
BHP are piven In 16, The sections are sp- v = V=V axis co-ordinate.
proximated by the dual rectangle idesliss- 4, £= Shear centre co-ordinats.
tion shown In Fig.1. This Uneariesd seo- v, = Shear centre co-ordinsie.







following constitutive equations given by
alambos:

.

w == Distance measured along the
tength of the beam,
e = Aclual section stress.
v, = Stress caiculated using conven-
tiona! beam formula:
T = &
«,, == Critical buckling stress,
¢ = Angle of twist. .
#. = Inltia} angle of twist due
imperfections.
e = Coeflicient in solution of differ-
ential equations.
¢ == Ditterentiation with respect to w.
This notation is coupled with the sign
convention shown In Fig.2.

4. Losding cases

The behaviour of the beam s dependent
on the axis sbout which the moment ks
applied, Fig.2. Four loading conditions ere
Wiustrated in Fig.3. These conditiont can
be used vectorially to represent all pos-
sible cross-section loadings. Taken in-
dividusily they are:

Case J: Moment applied sbout an axis
through the shear centre parallel 10 one
feg.
Case II: Moment spplisd about the UU
axis (strong axis).

Case lli: Moment applied sbout the VV
axis (weak axis).

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

xis,
m&m of these cases will now be in-
vidually studied.

8, Case |

The prodblem to be solved [s llfustrated In
Fip.3(a) and Fig.4. Galambos!3 has shown
that for this case the following equations
apply*:

Banding in the V Direction:

(3.81) Elev'+Me=—~M ~—{5.1)
Bending in the U Direction:
(3.82) Elwu"-+Me=M -~—{5.2)

Torsional Equilibrium:
(3.83) El g™ — (GKs 4 K) o' + MU' + MV’
=0 ~{5.3)
whaere the symbols are 23 defined In Sec-
tion 3 and the primss indicate differsntia-
tion with respect to w, the distance slong
the beam.

The equations are derived from the fol-
fowing set of asaumptions:
{2) The material i3 slastic.
(b} The membaer Is straight and prismatic,
(c) The cross-section s thin walled and

open.
(d) Defiections ars small,

All the constants are readily calculsbie
(s00 Sect4) with the exception of |, and
K 1t has been shown In 18 that warping
is insignificant for angle sections, there-
fore, 1, = 0. K can be detsrmined from the

(3.85) K =M(B~2y) —{5.4)
(3.13) p.=.":;v(w+uqm—zv. —(8.5)
S

(3.08) h={;;u(u'+wu--zu. —{5.8)
S

*The toft hond squation mumbers Correspend 9
Cwoe tn Gatambos™,

For the Kiealised section (Fig.1)

= B_
v ( u+ P
and ds = = v/2du = V2dv
Integration of equations (5.5) and (5.6)
yisids ,
fo=0 and s = /2B
whereupon: ,
. R=— V2BM
for squal anple sections.
The ang's of twist ¢ may now be deter-
mined by substituting this solution into eq.
(5.3) to give:
= (GKr=—+/2BM)¢' + Mu' +- Mv' =0 (5.8)
Ditferantialing this and substituting values
of u”, v* from (5.1), (5.2} glves:

~—{5.7)

R —(5.9)
), = GK; ~— V2MB —{(510)
Mt
=YL+ —51)
=—EGE— (5:12)

The general solution {s:—

¢ =Acosow->- Dslnaw—-l'
—(5.13)
A\ V2
A
with boundary conditions:
o =gvss =0
ong obtzins

Pau = %(1 —

where o =

1
cos al/2 ) 514

6. Case L. Critical buckling

For Case | the critical buckling condition
occurs when:

al.=vr
ss at this value
¢=—x (800 &q. 5.14).

Since
o= (M) o
xl
the critical moment is given by:
r= 7'65":.5"' ~ ==(8.1)
o (1— 5
or
M) _e B
“LEtler T5 "

....[(<%)'+-r‘::. '] —ea
i1 ]

(M-)..=\/'§Mn=th. criticatl .Pp“.d
moment and the dimensioniess parameters
B: and Ll are used 1o draw the crttical
buckling curve (Fig.5a). This curve ailows
an sstimation of the critical applied moment
for a given length and section. The hotizon-

wumnpmommovdmoi%:hw
ducs a stress of 3F, (where F, is the mat-
otial yieki stress), for yieid stresses of 82
maum%macuu

it has besn shown 13. 19 that fallure stress-
o8 will be unafiectsd by elastic buckiing (!
the buckling stress s ot least three times
the material yield sirees.

Thus, It can be established that F, may
be taken as 0-68 F, for the following cases:

Case 8/t Range for F. = 0:66 F,
Fy =52 ksl [} 0 <L/t <680
11 0L/t 570
16 0L/t €30
F,=08ksi € R E4Y 4

" . 0/t <850
1} <L/t LEN

The critical stress corrssponding to the

“critical moment In €q.6.2 can be obtained

by:

i)ee ___?_ (M.).,
Z Twv2 Bt
e =0-424r 2,

B'y* 10 ¢ B’

[(('ﬁ) +iae "'1'.?] —{63)

This stress corresponds to F, In Rule

84.3 of AS CA? and the sale bending

stress F.. for the beam cen be calculsted

using eqs.(4) and (5) of those rules as the

purpose of these equations s 1o permit

such conversions to be made 112.3%), The

resuit of converting ¢,, in ©q.(6.3) Into F..

Is shown in Fig.Sb, which may thus be used
directly for design.

7. Casa L. Stress solution

The actual maximum section stress Is ob-
tained from the stress equation, which
gives the stress at any point In the section

[ - H
@14 e=B0 ML, p o
0 ' ]

where M, =M(1 +¢),"M, =M1 —¢)
it has been shown that the etfect of

‘warping is Insignificant and sinco:

262) I, = f -;m =0 —{7.2)
then e, =0
Equation (7.1} becomes:

~Mi+eolv M(1—elu
= Io Ie ~—73)

Substituting values for I, !+ gives:

o= v+ e +v—av)-0.0

This equation shows that the stress In
the seclion is a linear function of the
smount of twisting to which [t has been
subjected. The twist resulting from spplied
foads (s given in #q.(5.14). Further twist-
ing will resuit from (nitial eccentricities
present in the unioaded angls. Thete are
no specification limits for torsiona! eccen-
tricHy; howsver Massey!? has messured the
forsional ecoentricity in steel | beams and
sugpests en average value of Initial twist

. .
¢ ==0-438 X 10~'L radians ~—(7.5)
Values messured for two angie lengths

.

'
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- Il ¢, ls considered, the stress equation
1 (7.4) becomes:

=2+ +V—av)

—{7.8)
It amplification effects near the buck-
load are nNeglected

w=s+e=301—gnm)

+ 043810~ (¥) =)
whers t in the ¢. part of the expression has
besn pu!,qqual to 1 to produce the maxi-

mum value of ¢. for values of (%-)

1t can be seen from Section 5 that
—_ L ez B
o=+ T )
where #, =y-‘ does not include the stress

due 1o twist. Thus, It s possible to produce
curves of #. against L/t with contours of
#a.1, the maximum section stress, as shown
in Fig.6. Contours of e (stress including
initial twist) are also shown. Although the
initial twist does cause 8 stress incroase
Over #a. fOF the range examined, the mag-
nitude of this Increase Is small and only
apparent In the graph for large vatues of
M and (5).
it the maximum section stress Is cal-
culated for Case ! using conventional beam
.tormulas and, If the applied moment is not
resolved Into components in the U and \
xes, the calculated siress may be up to
* less than the actual stress produced
the member. In terms of the symbols
Used sbove, ¢, may be up to 50% less
than faes.

It is clear from the graph that twisling
may be ignored If: -
L <(38-j:-o- . —"-‘-) ksi —(7.8)
The expression Is emplrically determin-
od from the form of the contours in Fig.6.
two points ‘a’ and ‘b’ on Fig. € are
obtained from the buckling solution glven
in Fig.5a, as the points where buckting
does not Influsnce the results. It is seen
that the two approaches lead to similar
results as ‘a’ and ‘b’ lie close to €q.(6.11).
The buckling approach relies on the Fo—
F. conversion of eq.(4) and (5) of CAl,
whereas the maximum stress approach ls
based on limiling the true peak siress 1o
permissible values. The two solutions will
therefore lead to similar but not identical
results and the selection of a method wiil
Gepend on the formulation of the problem.

8. Cose B

Galambos!s has shown that, for singly sym-
matric sections subject to the loading shown
in Fig.3(b), the equations for lateral tor-
sional buckling are:

(349) Elw'" +M¢" =0 -{8.1)
(3.50) El o' — (GKr + M3c)e"+ MU' =0
—{8.2)

Since f.=o0 (Sect5) snd warping Is
insignificant then
A"+ A" =0 —{8.9)

A=GKy —{8.4)
p=
=& —{8.5)

whero

»

The general solution Is: whers w= 1b/in. tength, The increased

¢ =Asinaw + Dcosaw stresses due to sdditional twisting can be

~—{8.6) calculated from a genaralised form of eq.
where .1). ‘
. ] . i

e=(3) —{8.7) o Mot oMl O —eMhly

Applying the end conditions of zero tor- ’ -:(10.2)

slonal restraining moment:

N A more exact and comprehensive solution
¢TI = ¢ LIt —X.]

to this problam can be found in Re!.20.

gives
w70 11, Case IV

sineL =0 The loading for Case IV is shown In Fig.
The lowest Critical moment occurs when: 3d. in this case the moment can be re-

oL=w solved into moments about the U and V

Le " axes (principal axes) snd the theory or

: x . Cases | and |l spplies.

(f) L=r More generaily, it the spplied moment
‘ acts In any position between the X or Y

or and U axes, the component moments M.,

M,,:._'._f_ __Bﬁ: —{8.8) M= resolved in the U, V directions, will
6v1i3 L produce stresses ¢ and #x. The design is
This result can also be obtained using satisfactory if:

the St. Venant buckiing solution, !

0 ) =+ 7«1 —(11.1)

» H
Moo > T(E"GK’) —{89) whers Fx and Fu are the maximum permis.
Substituting Me=¢...2 In #q.(8.1) sible stresses associated with the axis

pives: under consideration.
= Et .
T e L —{810) 45 conclusions

which Is the critical elastic buckling stress 1t has been shown that for laterally un-
for the member. Using the ‘elastic critical restrained angle beams the following re-
stress to design stress’ conversion of the lationships apply:
SAA Steel Structures Code CA1, Rule 54.3, ‘
eqs.(4) and (5). together with eq.(8.10), Case L 4
silows Fig.9 to be drawn. This figure shows  The stress at any point in the section is:
both the critical buckling stress curve of M
q.(8.10) and the curves of the design '='§§(W+‘U)¢l+v—‘u )
bending stress for yisld stresses of 52 and The maximum section stress is:
36 ksl derived as Indicated above. IM(3— @)

it is apparent that when L/t < 200 for "“='_\/EBT_
F, = 52 and L/t < 300 for F, =36 ksi, Fs where the angle of twist 1= ¢+ ¢..
may be taken as -6 F. This follows from It the maximum stress Is calculated with-

the F. > 3 F, criterion used earlier.
out resolving the applied load into U and V
Fig. 10 has been included to permit rapid components, the result may be up to 50%

estimation of F, when the -';-ntlo and the lessthan the sctual maximum stress. Twist-
ing may be ignored If:

w<(38—c5 - ) tat.

An alternative method of bsam design
for Case 1 Is to consider the critical buck-
ling moment given by:

My = BBy
[Et‘]cr —15 " u (( u)
: B
+0.785)" — 3
and then use Rel.7. Rule 5.4.3, to convert
this Into & design stress.
Ths values of L/t for which the sale

bending siress, Fu. may be taken as 0:66F,,
are shown in Ssction 6. -

yield stress are known. The maximum
stress in a8 section may be determined
directty from the applisd moment and the
section modulus.

9, Case i1l

The loading for Case 1l is shown In Fig.
3c. Since the moment is applisd about the
weak axis there is no possibliity of buck-
ling to a more stable configuration and the
beam will continue to bend about this axis
only. Therefore convsntional beam for-
mulas may be used. The maximum stress is

given by:

',...—'_.-’-z‘—' _=—(9.1)

' "

‘ Case 11:

10. Loads not through the shesr centre Thomoho(tvrm¢hunodlnctoﬂeclln
Losds not through the shear centre will this case and the sate bending stress can
causs twisting of the angle section. Such Oe calculated using ¥, Rule 5.4.3, 'whou the
loads will inciude the weight of the sec- critical buckiing stress Fo, Is obtained from:

tion acting through the centroid. These Fo= £t
toads will cause sn angle of twist given by: *Tov2s L
= g —(104)  This may be ignored It & <200 for F; =
Fornlghthmung.movdoooi‘l’b: &“!_.<”° for F,=38 ksl and 8
— w8 \ '
=3 ln /i design stress of 0-66 F;, may be used.
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* Case'Mt:,
. No secondary sflects will occur and con-

ventiona! beam formulas may be used.

design ls satisfactory if:

+;.(1
mnchF-mmmropﬂmmul-
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The design criterla for angle beams can
be summarised ss fotiows:

Cae Use 8Simple Principal Axis {Additional Effects i Column 2
Loading If: Not Satisfied
[] () Stress Boluuon: . o= _g_&:z;_ua__”
o, (33— 0T (Fig.8)
{il) Critical Buckiing Solution: | Use F.~ Fu. COnNversion of
Soe Table below. Rel.7.
1] % < 200 (F, = 52 ksi) Uss Fig.10.
% < 300 (F, = 36 ks!)
1]} All Sections —_—
nter- O (L]
mediste Ri7Rk
Loadings

Cikics! Buckiing Solution Case I:

Yield Stress F, B/t Range for F,.=0-88F,
82 ¢ 0L/t 8RO
1" 0<cLteB70
18 0<L/t <330
3% ¢ 0CLIN K090
1 0L/t 850
18 0<L/t <890

For other B/t values, intsrpolate.

1950

™ for EV';:&T 1
2
& J
&
20
] Foe, (Fy a2 k)
n

Fac, (Fy = 38 &aj
1300 800

00
wu

be ko

2aie bending siress F,

450
Fig 8. Critical buckiing cwrve and cvnwee for sale  Flip.10 Graph Ser dnterminstion of F,, for case 1)
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®

n:ﬂ m& m)andmeqmlgsm nctcdtolmifom
moment over entire Isterally unsuppont
vasioutly applicd obmnthemmmtmnbudm:na

moment s
The results are m.mmmhwu«m
‘They show that the ¢ of twist, ¢, y reduces the maximum
section stress produced. Smeet!mmnhu
losding plane deflections, derigners may saf
provided deflections do not exceed a typical
netmmpmmnehndn:hmthnpnma!mlem
are governed by stress and defiection criteria rather than by buckling.

LIST OF SYMBOLS¢t
B Length of angle leg as defined in Fig. )
(ocm.n! Jength — —;-)
Cc Centroid locxtion.
E Young’s modutus.
Fy  Nominal yield stress.
F Material yield stress,
F, Critical buckling stress.

y 4 Second moment of ares about theuupcrpend;culu to the
axis of Joad applicatioa.

L Length of span. v
Applied moment.
Component of the spplied moment sbout the U-U axis,
Vi Component of the spplicd moment sbeut the V-V axis.
Critical buckling moment,
Q Leagth of angle leg as defined in Fig. 1

:
(u:ml lcn;th - -E-).
Shear centre Jocsticn.
Major principal axis (U cross-section co-ordinate).
Minor principal axis (V cross-section co-ordinate),
Polar axis,
Axis through the centroid paraliel to the short angle leg.
Axis through the centroid paralle] to the loog angie leg.
Section modulus about the axis of Josd spp!cstion.
Thicknes of sngle leg. ‘
Deflection of the shexr centre injthe Xedirection.
Defiection of the shear centre in the Yedirection.

Naninﬂmﬁandﬁomc.-g.

Actual maximum section stress.
Angle of twist.

Maximum mogle of twist.
Differentistion with respect to ®.

Angle between the X and U axes (Fig. 1).

|t

2 “x T NwuxgRaw

®. *%y

Oficaz, Product Tegitoasiog Drporr: s, BHP

$This noxaien is coupled wich the sign cowvextioa ph 1 b P X
AdV Wm0 Vomnaroloss 10V
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The Behaviour of Laterally Unsupported Angles
By B. F. ThoMas, J. M. LaigH, M.S., M.1LEAwT. =d M. G. Lay, B.CE., M.Enc.Sc,, PH.D,, F.LE Aust.*

or no dexign guidance for laterslly vosupported angles and the 1968

SAA Steel Structures Code AS CAL (Ref. 3) in Rule 5.4.3 stated:
“The Standards Associstion of Australis is not prepared at this
m;no;uu secommendatioas for angies which sre not supported
This invcmndoo. therefore, was simed at developing a set of

ussble design formulse through a comprehensive testing programme,

-l ¢ y

\

o
v

\

\ v

Y
Fig. 1.~Stmplifisd Angls Section Dimensions axd Locations of Axes,

d Q

/

o,

AXESE ARE DRAWN WITH W OR W AS TNE OUTWNARD
DRAWN NORMAL FROM THE SURFACE UNDER CONSIDERATION,

Fg. 2.—Sign Convantion.







D&uhbﬂmdﬁcmnmmm
sections (Ref. 4) was vecd 10 deter-

rentraing
alrmation 8) in accordance whth the other buckling rutes of
CAl (Refe. 9end 10). Test specimenms both equal xnd tnequa)
Joaded &xe3 paraliel to coe leg.
Alkbough the was with

Casc J—Moment spplicd about en axis peralle] to the Y-Y axis,
that i3, perallel to the long leg.

LQUAL ANOLES
) casE

oo =Moo o
Nyo Mg O

afewm)

x
w' w)

UNEQUAL ANOLES

£ casr s &) CASE &
oo M cono My o M 5100
KoMsne . My o~ Cos O
Pig. . —Loading Cosss.

S$~TESTING PROGRAMME
The perameter which hes the most pronounced imfiuence on the

demonstraced by the critical buckling analysis for equal angles (Ref. 5)
which shows thet for Case 1 Joading the critical buckling momment is 8
B4+Q

fanction of B/t (scalogous 10 ——-— S woequal angies) od L/ U

tallure stresses are %0 remein wnefSected by clastic beckling Refs. 10

LATERALLY UNSUPPORTED ANGLES—Themuas, Leigh & Lay.

EH—

umaunmauxu-m-‘;’-uuomu-mmm
given by Table 1.

' TARLE 1

Elsstic Buckifag Bffects of Various Angle Sections (36 ka! Stac)

B | Range for No Elastic
YieldSeres | = | Buckling Bffects

Fy = 36 13i 6 o<-i-'-<m
11 0<—:—'~<I§‘O
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Follow-up test

o
1+§§§§

35° x 25 x 0.187°
35° % 25" x 0.187°
35" x25° x 0187

it 0

UBS
uUB?
UB3|35°x235°x0187°| 9
UB4s
UEBs
UBY

#1104

jolnts were taed where pecessary to enstire thae the Josd spp did
mmmm»mw«. The loading beam thus
horisontally apd vertically the specimen and only

The rig comprised two jodependamt, $entical amemblics which
could be positioned on the Josding floor st eny required distance to
accornmodate changes fo the test Jemgth. Bach asembly consdsted of &
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252°
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Meassuring Instrutaents 3
- mirror system. This system

was also messared at . Vertical

muﬁddmu:ngl ;;?m b’bdn:
of a theodolite graduated . Horisontal were
snessured with a steed

tpe.
A number of stain gauges were placed on the section at ft3 mid-
spen positicn (Fig. €). The gauges were read Laing an sutomatic dats

Cloll Buginsaring Tvememions, 1973

sstions were measured by the optical lever priociple uaing o
alo svoided the of

103 .

Jogging system (Ref. 11) which converted the seadings directly to stress
values. By following the testing programme outlined exclier, it was
possible to use the one sct of strain gauges for a complete series of tests,

8~—TENSILE TESTS
‘Tension tests were carried out 0o coupoos obtrined from each angle
scction tested.  The teets were on a0 Instron Universal testing
machine with & crosshead speed of 0.079 inch/min which corresponds
0 8 stain rate of 0.005 min=l. Average values of material yield stress
znd tensile stress were found and these indicste that the material con.
formed to the requirements of AS A149 (Ref. 14).

S—RESULTS

6.1 Stress Lavels:

Stress values were messured 2t mid-spen using strain gsuges located
s thown in Fig. 4. The nominal section stress has been used as & yard-
stick for comparison with the maximum section stress omss Which occurred
st mid-span st the tip of the vertical leg. The meximum (flange up)
stress was determined by linexr extrapolation from the stress distribution
across the section, The nomins! stress can be found from

Zs

where M is the applied moment and Z, is the section modulus about the
axis of load spplication.

Figs. 6 and 7 show curves describing the relationghip between o,
mda.ufor

(@) Tests results.
(b) Theory with zero angle of twist (¢ = 0), '

(¢) Theory with ¢ % 0.
(d) Theory with measured test values of ¢.

Fig. 6 includes the results of tests on the 3% X 3° x 3/16° section
writh an L/t sstdo of 1600. ‘This section was subjected to spplied moments
in a positive (EA2) and negative (EA3) scnse about an &xis paralle] to one

For the same spplied Joad the stress levels recorded were up to
15% greater for a Joading sense which produced tensile stresses in the
borizontal leg (BEA2). This difference was oaly 4% at 8 stress Jevel of
0.66F, where Fy is the nominal yield stress (36 ksi). Hence within the
daim?n:etbcdiﬂmhbehaﬁmfwmdhdiumcis
negligible.

The difference resubts from the fact that the coastitutive equations
(Refs. 5 and 6) were besed on small deflections theory wheress in fact for
large spans, mid-span Josding plane deflections were in the order of
12 inches. Since deflections of this magnitude are not expericnced in
practice, and since small deflection theory conservarively predicts angle
behaviour where deflections exceed a limit of span,’180, a more refined
snalysis is not justified.

The unequal angles tested (Fig. 7) behaved in & similar manner for
both Cases I and 11. For all sections, tests on shorter lengths (EAG,
EA7, EAS, UES, UE7, UES, UE9) indicated close agreement with the

Fig. 8 thows a typicsl stress distribution of the sections tested
for points which lie closest to stress levels of 0.66F, and F,.

Fig. 7 (tests UR2, UE4) show the two buckling failures which
occurred before the full material yield stress was reached. These failures
are discussed further in Section 6.3. For all tests the theoretical and
sgreement up to a maximum
. Beyond this Jevel, for beams with large values
of L/t the predictions of first order theoey (i.¢. assuming ¢ = Q) were
conservative, Therefore, the ist relationship. (Refs. 5
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SECTION TEST MO ULS § ¢ 00
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i 8.—Relationskip betrsesn Nominal A
Maximun Section Stress omas for Tast No. UE6.

The curves of Fig. 9 (tests UE1, UE2, UE3, UB4, EA2, EA3)
sre consistent with the stress curves of Fig. 7 (seme tests) in that they
thow grsphically the torsionsl stiffening which takes place at large vatues
;l:ppﬁedlgcdndmmdhﬂylsxzndao{m This

6.3 Tests te Fallure:

Five tests to fallure were performed oo both equal and unequal
sogles for s variety of L/t values. These tests are summarised in Table 111
which also shows the value of the spplied moment at which failure
occurred and faflure modes. In all cases failure occurred st the end
supports. ‘

-8

. TABLE I

Summary of Failure Test Results
Test Section L |Lcadiog| Momeme| Pallure
No. ' Case | (kipe-in) Mode
BAS [3° x 3° x 0.187° 400 | 205 | Torsicnal
Buckling
@N 35° % 2.5° x 0.187°| 1600 n 220 | Torsional
Buckling
wvad |35° x 25° x 0.107°| 400 1 192 | Torsicnal
Buckling
UB2 | 25° x 2° x 025" | 1200 1 157 | Fleunl
Puckling
UB7 |2.5° x 2* x 0.25° 400 n 189 | Tocsions)
Puackiing

Fig. 10 shows the relationship between the critical buckling curve
and design curve for each of the usequal angle fallure tests. The critical
buckling curve is obtained from the enalysis given in Ref, 16 and the
design curve can be found using Rule 5.4.3 of CAl (Ref. 3). Tbe bori-

(4
mmme.dmdanwummd%,—mpmdw 8 strens

of 3F, where F, is the nominal yield stress (36 ksi). It is pormally
sssumed (Refs. 10 and 12) that failure stresees will be unaffected by elastic
buckling if the buckling stress is at least three times the material yield
stress.  All sections tested behaved in sccordance with this assumption,
The clastic buckling failure (test UE4) plots to the right of the intersec-
tion of the critical buckling curve and the 3F,; line, i.e. F, < 3F,. The
actua! failure moment was somewhat greater than that predicted by the
critica) buckling analysis, due prodably to higher order effects for this
wery “ slender ** case.

Elastic buckling also occurred in test UE2 at 8 critical moment
corresponding to the theoretically predicted value for this less ** slender
The sections of tests UE9 and UE7? obmained full yield stress
failure, Good t with the 3F, sssumption is spparent
Fig. 9 (tests UE7, UE9) which show that the failure points plot
the region expected for inelastic buckling., The results for the
angle test (EAB) have not been graphed since failure occurred
el:;iuﬂyhamcntwithdmihrﬁﬂumontbcmcquﬂmgln

FEIEE

ﬁB‘

6.4 Deflections:

Bisxial bending deflections resulting from poa-principal axis
Josding were measured as shear centre displscements in the Joading
plane and normal to the losding plane. Fig. 11 includes the recorded
results, for the section 3° X 3° x 0.187° Joaded as shown in Fig. 3a),
compared with the predicted curves for both first and second order
theory (¢ = 0, ¢ ¥ 0) for a varicty of L/t ratics.

This limit is recommended by CAl for structural spplications
where angles could be used. Beyoad this level, for L/2 > 1000, second
order theory conservatively predicted the Josding plane deflections
wheress first order theory under-estimated this deflection by up to 20%;.

UES). Unecqual angles with Case I losding and L/z > 1000 deflected
less than predicted by either first or second oeder theory for load values
which csused deflections in excess of L/180 (Fig. 11-—~tests UE2, UE3).

‘The tests indicate that provided deflections are limited to L /180,
£r3t order theory will give an sccurste estimate of the Joading plane
defiection, Consequently, if it is desired to use sectons which develop
the full bending stress of omax = 0.66F,, then the use of the design

From the results of these tests it was conciuded that for the i
conditions stated above:

1. The angle of twist (§) czuoes & reduction In the maximum
section stress produced.  ‘Therefore, first order theory gives 8
conscrvative estimate of this stress, Le.

lhn-l-”_h
2. The angle of twist (§) has a significant influence on the maximum

Iudb;plnedcﬂccdmchoduddeaimdLllBOmdmfl
mwm-wmdwmmm
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critical buckling stress is st Jeasz three times the material yield
stress.
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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 11, 1984,

As noted in this final report, 1ines 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
for J. 0. Schuyler
Enclosure

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

Service List
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