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PREFACE

The widely used and recommended college/industry textbook
YAnalysis and Design of Flight Vehicle Structures” by Dr,., E.F,.
Bruhn has had only one revision since lts. inceptlon. in 1965..
That was the 1973 edition in which Chapter A23 wag ;evised and
expanded, Chapter’ C13 was. completely rewritten by”énother .
author. and. a few.minor.changes were made in .Chapter 11. Aside
from these the book remains in 1its original form. "

and usefulness of ‘the textbook in numerous specific ar as or
analysis, These’ Anclude. columns, beam-columns, -bending .
strength, margins. of safety. tenslon field analyses, fastener/
joint datay arches. bulkheads and numerous others, The" -
' HIntfbduction.
tents oan ‘

. text will. befappreoieted Those readers who wish
of any future.revislons or who have . suggestlons:ca
author at’ ? 0 -Box ?635?6. Dallas. X ?5376»35 '

and analysis fOr e;
industries.;. o

William \F ' MoCombs

: FOREWOBD

W

I am pleased t “have the

pportunity to
Supplement to my lat widely used,
textbook -*Analysis .and.Design -of ‘Flight Vehiclée.- Struotures“ .
I hope its practical applications will be -a benefit to all who
have the textbook, 'The additional data contained in this
Supplement can be apPli d tOQboth”thswsqw and ‘the work of
structural design and. analysis,. The. .Supplem nt’should also be
of interest- to, and eventually benefit, those, who may be .
considering purohasing the textbook.

Patricia Bruhn Beachler

BT



INTRODUCTION

The purpose of thls Supplement is to increase the scope and
usefulness of the widely used and recommended college/industry
textbook "Analysis and Design of Flight Vehicle Structures" by
E.F.Bruhn. As such it 1s by no means a revision of that book.
Rather, 1t 1s an expansion and clarification of numerous topics
and data in the book, along with the introduction of additional
topics and data.

For best coordination with the textbook the following has
been done. Where an existing article such as, for example,
Art. Cl.13 has been expanded or otherwise changed or corrected,
the Supplement lncludes it as Art. Cl.13a, the letter indicating
& change or addltion. When a new topic ls added to a chapter it
is given an article number which i1s subsequent to the last article
number in that chapter and includes no letter. For example, the
last artlcle in Chapter C3 is Art. C3.14. Two additicnal topies,
"Yield Stress Bending Modulus" and "Residual Stresses Following
Plastic Bending" have been added, so they have been given article
numbers €3.15 and C3.16 respectively with no letters.. .

The same thing has been done with figure numbers and table
numbers. Where a figure has been changed or added to, it retains
the same figure number with an added letter. For example,

Flgure 2.27 has added information go it has the designation
Fig.2.27a in the Supplement. When a new figure 1s added it is
given a number which 1s subsequent to the last figure number in
the chapter, so no letters are used with its number in the
Supplement. This procedure also applies to tablss. '

Although the Supplement provides an Index, for most usefulhess
the textbook must be marked in such a manner as to gulde the reader
directly to revlised, corrected and new toplies, figures, tableg and
references in the Supplement. A highly recommended scheme for doing
this 1g provided later. :

Structural design and analyses are based -on theory, empirical
methods and data, various assumptions and individual Judgement. The
aggembled structure 1s a result of various specific manufacturing
methods and procedures. Because of these things and also the possi-
bllity of lnadvertent calculation errors, it is always necessary to
prove the adequacy and safety of the completed structure by means of
a gufficient test program before it is put into use. Such tests must
demonstrate the structure's adequacy as to ultimate and yield :
strength, fatigue life, fracture and stiffness. The test results
must be properly evaluated since the test article's materials
usually have properties in excess of the minimum requlired valuss.

Procuring agencies such as the military, the airlines and other

. government and private organizatlons usually specify the deslgn and
test -requirements and other criteria~whichfmust‘be“used*ﬁr“met.‘

111



Coordination of the Suvplement and the Textbook¥

‘In. order to easily gulde the reader from the teéxtbook to

the Supplement. the following marking of the textbook is
recommended.u .

1.

On the textbook's Table of Ccntents place an asterisk, in

~red ink, after."Conterits" and add the following footnote

at the bottom of the page:

% A Ted asterisk preceding any article or figure number
“In the textbook means that additlonal material 1is
avallable in the ‘same” article or figure in the
Supplement.

_~For each textbook:article: listed An” the Supplement s Table

of Contents,  place a large asterisk, in red 1nk, Just to

- the left.of each corresponding article number in the

3.

textbook (e s.'-*All 2).

The 12 articles in the Supplement's Tablé ‘of - Contents not
having a letter in the article number are new articles,

(e.g.y C3.18 Beam-Column Analyses’),  Their numbers and

titles should be written in &%t the ‘end of their ohapters;. ,
with a. red asterisk just to the 1eft of their article numbers.

The following figures In- the textbook should have an

- asterisk, in: red: 4nky ‘placed just ‘to the left of their

figure numbers, to indicate that a revision or additional
data is in the Supplementi -

. A5,1.  C2.17 C2,26-. C5.14 - C8,15 (8,28 | C11,47
~ A1848.. c2,18 --€2,27 ©8,8a 8,20 8,29 Cii. 48
- €1,8.  C2,19 . C3,27  €B.11 (8,25 010 15, D1,15

C2:2  £2,20:..C3.,28.- CB,13 08‘.-26 G113 ¢
¢2.,16 C2.25 C5.,11 C8,14 8,27 c11.4h

~The-~additional- references shown on p. 30- (for Chapter c2).
‘and..on.:p,A21; (for Chapters C3, C4,  C7- and” C11) should be
eritten in at the end of the list of references for

 these chapters.,,

_“Put 8. black asterisk after "RINGS" on the title of p, A9 1

and . at the bottom of the right hand column add the footnote
* See Appendlx B of the Supplement for alternative analyses

“of bulkheads. frames, - arches and bents.,"-

-sTo inorease ‘the scope and usefulness of other such textbooks;

put appropriate asterisks in their texts with footnotes

‘saying which article to see in the Supplement

iv



‘A SUPPLEMENT TO “ANALYSIS AND DESIGN OF FLIGHT VEHICLE STRUCTURES" 1

A5.23a Intreductlon

Add the followlng at the end of Art.
5.2%. For a discussion of all types of
beam-columns, including non-uniform mem-
bers, with numerous example problems dee
"Engineering Column Analysls" described
in Art.Al8.27a.

A5.24a Effeots of Combined Axlal and Lataral Loads

Add the following at the end of Art.
C5.24. Formulas and examplse problems for
beams in tension are avallable in the
book described in Art. AlB.27a.

A5.25a Equations for a Compreasive Axlally Loaded
Strut with Uniformly Distributed Load

Add the felleowing at the end of Art.
A5.,25. The deflection, y, at any beam
station can be calculated as follows.¥

¥q + Fy
~(u - MQ)/P

(MQ - M)/P

The negative sign ls introduced since a
poeitive beam bending moment producea a
negative (downward) deflection. is

the moment due to the lateral loads only
and ¥ is the final moment.

¥

Mg + Mp =
therefore

y

To calculate the slope at any sta-
tim calculate the deflection at a polnt
very slightly to the left of the statlon.
and then very slightly to the right, the
game amount, AL. The slope 1s then :

slope = (yR = ¥)/24L
A5.26a Formulas for Qthsr Single Span Loadinss*‘

Table AS5.la presentse numercus addl-
tional cases of alngle span’ "loadings J¥¥

The case of a beam-column wlth a
varying EI or a varying axlal loading re-
gulres a numsrical analysia, Just as does
a columri of this nature. The numerlcal
analysls procedure is presented in C3. 18.
45.27a Combinationa of Load Systems, Margina of

Safety and Accuracy of Calculations

- For a beam-column the true margin of
gafety must be calculated as discussed in
Art. C4.2%a., The allowable astreases or
bending momenits are calculated as dis-
cussed in Art, ¢3.18.

A5.28a Examplo Problems

In Example Problem 2 member BD ls
consldered to be pinned to ABC at jolnt B
This 18 why it does not plek up any of the
36,000 in 1lb bending moment at Jolnt B.

A5.298 Strasses Above Proportional Limit 3ireas
If a column curve is not avallable

= See footnote on $,37, L.H. column

‘at, any station wlthin a apan.

for the beam material, the axlal stress,
P/A, is calculated, fo/Fp,7 1s calculated
Fi €2.16 1s entered with this value and
Et E is obtained. Then Ey = E{(Et/E}). E'
in Art. A5.29 is actually Ei.

A5.31a Beam-Columns in Jontinuous Structures

Multispan beam-golumng require a mo-
ment dlistributlon analysla to determine
the end moments acting on esach span. Once
these are known the appllicable single
span formulas in Table 45.1 and A5.la can
be used to determine the bending moments
This 18
discussed in Art. ¢3.18.

A5.32' App_mz:.ma_to Formula for Besam-Jolumns

For preliminary sizing when there
are no end momenta the following formula
can be used to determine the final bend-
ing moment at any statlon

M= Mg/(1 - P/Pep)

where Mg i1s the moment due to the trans-
verae loads only and Pgpr 18 the critlical
load as & column (Chapter 2). Thls 1s
most accurate for a uniform lateral load
and least accurate for a concentrated
load. Pepr 18 calculated assuming the
member has a stable cross-sectlon even
if this 18 not the case., For a beam in
tension the negative slgn in the formula
18 replaced with a positive sign (ten-
glon makes the bending moment smaller).

AS5.7a_Torsion of Solid Non-Ciroular Shapes

All of the previoua formulas are
basad on the shear atresses being in the
elastliec range. With ductile materlals
fallure (rupture) doea not occur until
the sghear deformation has gone well in-
to the plastic range (sgimilar to the
plastic bending case). The torsional
moment at which rupture occuras can be
predicted as discussed in Art. C4,20Ca.

For the speclal case of tubes ha-
ving a clrcular cross-sectlon the failing
torque ean be calculated as dlscussed in
Art, C4.20 and 1ts assoclated Figurea
C4,17 to C4.30 and in the example prob-
lems of Art. C4.21.

AT.la Introduction, o

For practical purposes the deflec-
tion and slopes of beams are calculated
as dlscussed in Art. A7.l1l2a, atandard
formulas belng used for uniform beams,
and for varying gectlion beams using
tables such as Table $3.3.and the "End
Fixity" discussion.

AT.12a Deflections and-Angular Changes of
Beaus by Method of "Elastio Weights"

For beams of uniform sectlon dsf-
lectlons and slopes are moet easily cale

s® Por other distributed loadings replace them with several stqtically

gqu]_vglant concantratad loads and use supsrpesition for theae.

Por

sny casea of one end flyed one simply supported not shown, use the
both ends fixed case and then multlply the moment &t the fixed and
vy (1 +# COF}: ¥ 18 Zarc at the sther end. The sxception %o this is

case 1% whera {1 - COP) must be used,
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MOMENT DISTRIBUTION WITH AXIAL LOAD

3

culated by using beam deflection and
slope formulas widely avallable in the
structural literature. Thess formulas
are based on bending stresses only and
are accurate unleas the web l1ls very thin
or otherwlse quite flexibla due to holes
eto., in which cases there may be signi-
ficant additional deflection due to sghean
For beam-columns the deflsctions and the
slopes at any station can be calculated
as dlscusaed in Art. A5.25a.

For beams with a varying EI a num-
erical analysis ls neceasary to deter-
mine the deflections and slopea. This can
be done a3 diacusaed and 1llustrated in
Art. €3.18 where Table G3.3 shows the de-
flections due to the transveras loads on-
ly and Tables C3.4 and C3.5 .show the ad-
ditional deflections due to the axial
loads, the final bending moments bsinzg in
Table C3.6 The deflections are obtained
using the data in the tables and the geo-
‘metric serles, p.35, as was done in Table
€3, for moments, Tables for end fixity
are dlacussed in Art. 03.18. With any
elagtic end restraint a moment distribu-
tion analysis is required to detarmine
the end moments on the bsam etc. &8 dia-
cussed in Ref., 3 (Art. Al8.27a).

All.2s Definlticns and Derivations of Tsrms

Add the following at the end of the
article. In the moment distribution pro-
cedure, where adjacent spans “"meet" (zt a
support) there i1s assumed to be a "jolnt"
.even though the member may be continuocus
across the Jolnt. 'The gketeh in Fig.
All.92 showa the direction of (+) and (=)
. momenta &as they act upon the spans and
also upon the Jjoint. As seen there {+)
momentis act clockwise on the span and
counterclockwlse on the jolnt. This iga
different from oconventional beam sign
conventioci where a {4) moment produces
compresalon in the "“upper" surface.

=M +M

"JToint"

Fig. Al1l.92 Sign ConventionX

All.5aa Example Problems . .
The stiffness factor, K, as usaed in
Art. All.5a and subsequently, is a "rel-
ative" factor rather than a trus one. It
has the value EI/L for the far end fixed
and .75 EI/L for the far end pinned. As
such 1t applies only when there is no ex-
ternal elagtle restraint, k. {in=lbs par
radlian)at the ends or at any Jjoint, and
when there ig no axial load in the spans.
In auch cases "corrsction factoras" hnust
be applied to 1it, as shown in Art.All.1l4
for sxample. In general, to avold inad-

*Some books use an opposite sign comvention.

R

vertent ealculation errors it 1s best to
use the true value of the stiffness fag-
tor, 8F, which 1s in in-lbs per radian
and 1s # .

SF = 45CEI/L

where 3¢ 18 the stiffness coefficlent and
can be obtained from Fig. ALl.47 (as "“g")
or calculated per Art. All.l3a. Doing
this eliminates the need for introduclng
the g¢orrectlon factorsa otherwise nseded.
The carry over factor, COF, can be ob-
tained from Fig. All.46 or calculated per
Art. All,.13%a,

In doing moment distribution calcu-
lations, unless the "far end" of a span
1g pinned (or free)} 1t 1s assumed to be
fixed for determining the valuea of the
stiffness and carry over factors.

All.13a Fixed End Moments, Stiffneass and
Carry Over Fastors for Besm-
Colunns of Constant Cross-Jesction

Sometlmes 1t 1s necessary to uge the
values of the 3C and the COF {see Art.
All.5aa) for larger values of L/j than
are given in Flg. All,.46, All.47 and
Al1.56 (for 28-«). Those values can be
calculated ag follows for compression
members® ‘ .

3/448
SC (far end fixed) 3B AH6° -aF)
COF =e /23"
where & = 6(§c05ec-§-- l)/(L/J)a

B2 3(1 - Leotd/(1/1))3

For members in tension the same formulas
can be used, but the trigonometrie
functions are replaced with the hyperbo-
lic functions, cosech and coth. Exten-
slve tables of the 3C and COF values (to
6 slgnificant figures) from L/] = 0 to
2 for compression members and from 0O to
50 for tenalon members are in the book
described in Art. AlB.27a.%*

SG (far end pinned)

i

4Al1l.15& 3econdary Bending Moments in
Trusses with Rigld Jolnta

Art. All.15 givea a procedures for
determining the secondary bending moments
in Buch truasses but no illustrative exam-
ple 1s provided, The followlng i1llus-
trates the procedure except that in step
one one finda the relative rotation of
each member using the method of virtual
work, step 2 1s omitted and iIn step 3
"its relative rotation" ias used in place
of “{hess transverse dlsplacementa", That
is, due to the applied loads the trusa
jolnts move, and therefore the members

% In Fig,All.56 2/7 -& ¢an be calculated as follows:
& L f1_+ cosL/d
£R-d = w3 L_z =3 (sinL/j )

Al tn s linalfe Fromn P 323 and }:ﬁ?



I ‘ SECONDARY BENDING MOMENTS IN TRUSSES

rotate relatlve to each other. These ro-
tations generate fixed end moments at
their.ends (juat as a beam with unequal-
ly deflecting supports will
undergo 'an angular rotation and develope
fixed end moments). 'The followlng lllus-
trates; the progedure using the truss .
-ahown in Fig.All 92. "

l[‘ 20" DL‘_JOOO# '
Bl: @ 5774 - e
5774
5774 5774/ Olir.z2"
' 60° ~y
A ‘ ﬁ-; -EKFY ; N -8660 g&gw‘
e o '*F” T 508

5000#§ﬁ Ll
Flg. All.92 Applied and Internal Loada

1. For the’ applied loads ths resultins
internal loads. in . the members are de-
termined as shown in the figure.

2@;Member BG 15 arbitrarily selectad as
the "pase ‘member' from which. the ro-
tations of all other members are ‘eal-
culated. ‘

3, For each other membér'{oﬁesét'aJtime)‘

a olockwise 1 in-lb momsent in the form .

of couple .loads {1/L).at 1ts ends s
applied and-reacted witn a.countér-.
clackwise couple at the ends of .the -
base member BC. The resulting loads :
in the.trusa members are.then.deter-
mined. Ses Fis. A11.93 and note that .
only a few (3 or 4) members are load-
in this procedure. ’

A;MThen for each loaded member the .quan-
tity Sul/AE-is .calculated and.the re-
Bulkts summed. 40 .obtain the relative

the cloc‘wise coupl 'waé,applied.z

‘ Steps (3) and (#) arse, rap ated for
each of the rsmaining members to get _

their relative rotations, ©. Table

All.4 presents the bagic data and

Taple All.S summarizea the ‘galou-"

Table nn 4 Bs.sic Da.t.a.

Member|. 5. [.L A LB SL/AE LI d= L/
= | 3be lip indlXige: - in® 3
AB STTAI200 1 503 .407 1 i . 0205 |- 0264 676 (2.9
Ac. | -2887|20 |.563 .10 . —.0;03 .0264| 9.562.09
BC | -5774]|20 +563] 10 | -.0205].0264| 6.76(2.96
8D 5774120 563 10 L0205 [L0264 | 6.76|2.98
cD ST7T4|20 L5631 10. |.0,0205].0264 6.76]2.95
GE | =8660]110 .30 10 |-.0208[.0108) 3.53]2.83

. Flg. Al 93 Ralative Rutatlnn Lodds - P

| For each of the above members the
fixed end moments are calculated aa

' FEM--GEI@/L(Q,A ol.)

where 2;3-& is obtained from Fis.
A11.56 and dccounts for ths effect of

. the .axlad load; Sy-in:the member. ‘A

. poaitive L lockwiae) relative:rotation,
By produceswnega ive s{roounterclockwliae)

a,FEM g {per Example: 2 sketoh on piAll.2)
'henee:rthe-minus sign-ir-the. .formula.
If e member has.one end pinned a fixed
‘end momerit oceurs only ‘at the other
end and 15 calculated aa

FFM- -6E19(1 - coF‘- ‘/Ltaﬁ o()

whare GOF 1a from the pinned end to .
the-fixed end. Table .A11,5 summarizes
tha-c&lculationﬂ‘for’thé-vgluea”offe.

6. The fixed end momants &t all truss
jolnte are now knownh &nd the moment
distributlon precedure can be carried
out as i1llustrated in Fig. All.43 to
obtain. the final moments at the ends
of ea.ch member. Then see AL, 145,314,.

lations.
o Table All. 5 Galculation of Relative Rctationa. o

Mem~ ”ﬂLKAE Gouple ‘at AB coupla Bt AC Gouple at BD Gouple At CD Ooupla at_CE
bar T uSL/AE T “lasL/AE| u - lusL/AE} w usL/AE| u uSL/AE

AB] L0205 '20289 -593"" .0577‘ -11831 0 o7l o. . 0O o

JAC 1-.0103] .O577 -594 .0289 | - 289 O O 0 |0 0 ' ‘0

‘BQ. |~.0205 |-.0269 593 .0289 | - 593 .0289| -592..1-.0289 | . 592|-.0289 | 593

'BD | 0205 o o} o} .0289 592 L0577 1183 L0577 1183
Joepij.ogosl O ”AQ‘ o [ 0O '-.0577 —1183 -.0289 | - 592 (~.1155 -2367
f”ﬁEﬁ‘ .0208 S0 0 0 0 o o} 0

| DE..y .0 .0 0 | O 0 N o | .1000

' BART -594 .eaa= -2055 9nn--1183l Bpg =.1183 Bap = -591

Note Multiply aach G oy lOf. DE doesn t rotate since it is held by the supports."

 Sma g B . for the ciitical (bucklj_ng) loading calculaiuon and p 332. 13 for gusset plate data.
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All.15b The Effects of Increased Internal
Loads on Bacondary Bending Momentsd

Although the secondary bending mom-
ents 1n the truss of Art. All.i5a were
relatively small, they can become gulte
large as the internal axial loads in the
truss members increase. Ag the applied
loading on the iruss approachea the erit-
ical loading these moments wlll approach
infinity. Thig 1a why the theoretlcal
eritical loading for a truss can never ba
attained; bending failurse wlll precede it
The following example, using the simplest
rigid Joint truss 1llustrateas thls.

Lag = 17.3", EI o= 5x105 A=2.09

Lyg = 30.0%, El,p= 5x1054 “2.207

Fig. ALL.9% Rigid Joint Truss with Pinned Ends

A ig a rigid Joint and ends B and C are
pinned. Assuming A to be & pinned Joint
only teo determine the axial loads ln AC
and BC, they are as shown in the flgure.
With the axlal leads known thls pimple
truss can be analyzed for stabllity
(buekling) as a two-span column wiih
pinned endg, as *is 1llustrated and dia~
cusssd in Art. 02.3b, Example 2. By suc-
cesalve trial calculations, when P
101700 1lbs, Ppp=88072 and Ppg=50850.

(L/3)aB =30//5 x 10788072 =3.9816

SC0AB= -1.5428

SFAR = 4(=1.5428)(5 x 10°)/30
==1028500

(L/1)ac=17.3/V5 x 10%50850 =1,7446

S0pq = 89059 -

SFpq = 4(.89059)(5 x 107/17.3

=1029600 -

Hence, at Joint A XSF = 1029600-1028500x 0
go 101700 is the buckling (critical) load
for the trussX If A were assumed to be &
plnned Joint then an appllied load of only
63315 would ocause AB to buckle as a pin-

ended column, since for pinned ends P

for AB is 54831 and .866x 63315 = 5489%.

To illustrate the effecta of applled
loadings near the critical leading on
geoondary bending moments, assume that
P =100000 and find the resulilng moments.

# Woeh SEF at any Joint £ O thers 1s no resistencs e rotation
a0 mn infinttssmal momant will csuas retation and fallure,

Let AC be the base member, apply a 1 in-
1b couple on AB and react it with an op-
poalte couple on AC as in Fig, All.95.

Fig. All.95 Viriual Work Loada
c B

The relative rotatlion of member AB 1ls
then calculated aa follows.

Membern L/AE s u Sul/AE
x10 x10°¢
AC | .B828[50000[ 1/30| 1380
AB I,435[8660011/17.3!-718
8= 5 = -5803

The only FEM 18 at A since end B 1s
pinned (and AC has no relative rotatien).

FEMpp= =6(.5%x10%)(-5803x10"° ) (1~ 2.323)/
' 3I0(1.44)

= =533 in 1lvs

Doing the moment distribution for the
Tinal moments at A -

4 @A
sc .888#'-1.394 o
- SF 1027100 |-932570
SF 94430
DF 10,B77]-9.877
Rl sposel oo
Finsl Mom gﬂ%% l

1‘_".15. All,96 Moment Dlatributlion

The extremely large flnal momenta are, of -
¢ourse, unacceptable sincé bending fall-
ure would occur (if P were 101700 the mo-
ments would be infinite),., Therefore,
when the applied leading on a trusa is
near the critical loadlng bending fallure
will ecour (and prevent the critical
loading from being reached), due to the
deflection of the truss joints under load

%

Repeating the above calculatiens fer
successively smaller values of the app=-
l1ied loading, P, results in the final mo-
ments shown in Table All.5. Netse that as
the applied leading decreases from near
the critiocal loading the flnal moments
decrease very rapldly at firat. When ths
loading decreages to the value which 1s

the oritical value assuming pin Jjolnts

# The paxiium bending in A® is 77,540 in-lbs, occuring 18.3"
from A {using Case £ in Table A5.1)
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Table All.6 Variation .ef Final Mcmenta
with Applied Lcadlns '

Applied % of Final
Loading | Critical| Moments
Loading At A
101700.f 100.0 o
100000 98.4 ~57985
93000 97.3 ~-24983
© QBO0C 96,4 -205822] .
95000 93,4 -~ 8878
. 63315 62,3 0
L0000 393 . _60

{63315) the final ‘momentd are relatively

) -be . n for very light
structures. If & truss member ig subject
te a lateral loading, that causes an add-
itional type ef secondary moment tg eceur
and additicnal beam-column ‘affectas.

Althcush this  111ustiative example
. uses only the simplesgt type of rigid :
jeint truss, the results would be mimilar
fer a conventlonal type of truas. The
analysis would, of courss, be mpore te=.
dious..

. Al3.11a Ourved Beaas

. For compact croess-asgctions the beam
i8 net subject te flsnge instabllity ef-
fects {Chapter 7). Therefore, with duc-
tile materials,: the ‘ultimate bending
strength can be calgulated as dlscussed
in Chapter 3, ignoring the curvature.

When the ‘crosa-sectlon- has relative-|.

~_web wnich'are & maximum at the flange—to-
“'web Inteérséction. .

?13.A§3.2éa Curved Beam Section Bending

“whers, .,

“jThis la why an . cksumed pin-Jcint -

‘A13;22a.

More about trusses is in tha heok.i'
mentioned in Art.Al8.27a (and Fig.All.43)} by

ously using Gj.:

Eor symmetrical cross-sections the .cir-
cumferential bendins stresa at’ any point
on the secticn can be calculated as.

 §i-¥E+_(%$ﬂu.

A= Area of‘ crosa-aacticn :
R =Radius bof curvatura at the
centroidal ax, .

" tenglon in the cuter fibers
and vice-versa
-y = distance from centrdiddl axis,
. belng 4+ oulward from this axis
ang ~ if inward

z._-l ea  _ L[ wydy
R+y =~ "&) Rty

where w.-croas-sectional
-width at distance y

Table AlS. 4 -pregents formilas for Z for
saveral gross-sectlons. . Whers a flange
i - ;

8 shcwnkin Fig.
This can be calculated as

i 8- p : - .
than the & tual b. 1t results’ in high-
er: bendins Btréages, fp.

ol
-

|

Fig.A13.22b .

- _[|
—i b l— t

L Ry o Madiws s
Curvatuts 18
id #fF

L
»

Curved .Beam
Bending
“Coefficlents

-
)

[ |

-
=LA [

el

Tlsmge Rffackivity Factor, G"‘

.
-

Trassverss Bending Stress luk_nr.q

——

- & 1.': 1.8 2.0 .4 2.8 1.1

The transverae bending ;%resa in
the flange, fbt» can be calculated &8

fot = Cafp

'where 02 ig obtained frcm Fig.Al3.22b .

and £ 1s the Bt B, calculated previe
Asain, this discussion
applies onlyL ymmetrical crosaw

seotlons ag 1n Fis. Al3.228.

" When' weight 15 1mportant and rela-
tively thin flanges reault ln high
ptreasses, the slresses can be reduced .
by using thin,closely spaced.,mach}ned in
place "bulkheads' bet.ween the- flanges, or
baneath a. T-member 8. flanga. Thia redums
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the flange deflection and therefore re-
reduces the beam bending stresses and the
flange's transverse bending stress. Un-
fortunately, there ls apparently no de~
gign criteria for this, so one muat rely
on judgement and tests as to, both, lim-
it and ultimate load adequacy.-

Unsymmetrical cross-sections should
be avolded in fittings and hooks with
large curvature gince there are no formu-
las or data for predicting bending streas
in such flanged members (teata required)

Finally, much curvature with flansad
members can cause significant compressive
{"erushing") stresses on the web and the
thinner the web the worse the effesct.
These are generated as discussed for Flg.
D3.28 and stiffeners are needed as lllus-
there to prevent crushing or buckling.
The machined bulkheads alse do.this 1in

in the case discussed for machined items.|

4168.5a Buoknng Loads ot Columns -

Equation 16{b) applies only when the

axial stress is int the elastic range and

when the crosa-section of the celumn re-

mains stable:(1.e., no local buckling occ-
curs before Per 15 attained). Wnen thess
conditions do not exlist the eritlical load
will be less than predicted by Eq. 16(b),
ag discussed in Art. AlS.8a. ‘

118 8a Imperfeot Columnas. ra.naent
‘ Modulus Theory

Add the following at the end of Art,.
Al8.8. Since Et (in Eg. 16b, 30 and 34)
dacrsases as the compressive stress in-
creases above the proportional limit (Eg
helng the slope of the stress-sirain
curve), a successlve trials soclutlion for
Por is indicated. That is, Et must be
the value corresponding to Spr. The auc-
cegslve trials can be avolded 1f & column

curve 1s available as in Fig. Al8.11, en-
tering with L/r and reading &gp on the
ordinate. If & column curve 1g not ave
ailable the procedure lllustrated in Art.
C2.10 can be used.

Equations 16b, 30 and 34 also do not
apply, nor does the column curve, 1f any
part of the oross-secilon 1s thin enough
to have & local buckling stress which 18
smaller than Ggr as predicted by the a-
bove equatlions. In thia case a special
column curve which accounts for this lo-
cal instabllity must be aonstiructed and
used as shown in Art. CT.26 and ca, 16.

Table Al3.4 Some Formulas for Z

i
i B Bl
< | _i: . z--:+ﬁ%[[a.+ %ﬂhe.)]
I T | !l lng,(: ') (b h)]
Y
i R
JR | S _ zZ=otes{tiog Reeds -1
L] c‘: x " log, (R =¢,) =b loga (R - e,)]
T e 1“ ‘
[
Le [
z--n-- by log, (R+¢,) #{t=b)
b | ]- L | og, (R+&) +(t
5y Vs x lal,l!h-e,) ﬂb-l'llo',m-e,l
1h ot -b log,(R-e)] »
N %, . .
—o— T Jf o
Y Y
%
:. I“ :|| ; 5 x . z--—l+--[blng.( ure ( )
f él-l:'—'—-* 1n R+
ST (R H

Al8.8b Torsional Buckling

The previous discussions are for the
conventicnal form of general instability
involving only a bent (buckled) shaps,
also referred to as bending buckling.
There is another form of general instabl-
1lity which can result in smaller valuea
of Por . Thip form of buckling lnvolves
& twisting of the column (even though
there 18 no applied twisting moment ) and
is called “torsional buckling". Depend-
upon the cross-asctional shape, the hucke-
led shape may be elther a pure twisting
or a combination of twisting and bending
about ome or both axea., It occcurs for
open cross-sectlions having thin elements
and 1s usually more crltlcal than bend-
ing buckling in the short to medlum range
column range.¥ Torsional buckling is dis-
cuased .further in Art..C%.31 and in de=-
tall in the book described in Art.Al8.27a

¥ Saae Fig- £y.H3
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Al8.27a compr-hannive Trsatmant or
Column 3trength .

The broad coverage (180 pages) of
column design referred to in Art. 18.27
as being in an originally planned “Volumse
2" wap not ilncluded when it was declded
to publish only the current single volume
rather than two volumes because of apace
requirements. However, this material is
available 'in the book "Edglineerirg Column
Analysis! by W.F. McComba,. Datatec , P.O.|

iecs includse oolumna. beam~columna, truss
membera, bents, archeas, torslonal buck-
ling, local buckling, crippllng,buckling
of shells and members on slagtlic or oth-
erwise sagging supports. Both, uniform
and varying sectlon members are included.

Al8. 28& uecha.n!.cal and Phyalcal Propar=-
ties or gome Alrcraft Materials

The lagt parasrapheof Art -A18.28.

finally included aas Parts B, C'and D of .
the textBook. Therefore, 1t is Chapters
Bl.and..B2 .of -the textbook 1o which the
reference is made®

A19.23 Crushing Loads on Ribs Due to
¥Wing Bending. -

Chapter Al9 provides methode for de-
termining ‘the stress in the- flanges,
shear webs, stringers and skin panels of
tiie wing structure. Chapter A.21 discus-
ses the shear loads and stresses. in wing
riba. Nelther of these ¢hapteras dlscus-

1EI 13 that of theykg‘atﬂthe

Stringer
L.dqd Li ne

Lower
_ .'i&rlngn-_
n; .u.g u ung lub crunhlng uud, q

acted by the rib 1oad Q._in the amount

g Psin(9/2) = Pg
or, Q= FL/R
R
Q

it Ll and Lg are diffi;ant rib spacinss

' Q= P(L}_ + ngn/am

Where Q is the orushins 16ad on the rib
web at.the stringer, M ls the bending mo-
ment on the wing at the rib station ‘and
ib. statlion.
: 38d, a clip
rib jor"its equivllent) which ean

for ‘tha” rib; to prevent crushing of the
rib web.

cl. 135 Faators of Sa.fety n.nd l(srg:l.ns

ses the grushing loads on, the rib:webs’ at .

a rib-pgiringer Jolnt which are cauged by
the bending of the wing or of any box
beam having stringsrs, supported by ribs.’

Since the ribs provide’ siiiplé support for‘wx

the stringsras in compregeion, if a rib
“*simple support for the

L0,
y‘the broken 1ine) Due to the

g radius of curvature, R, the angle
will"be ©=L/R, a very amall angle.

" gince R is very large in a practical. win#

structure. . The load, P, 1n any‘st“ nger
1ocated at a rib, will have components” G
load parallel to the rib whitch are rg-

o 3ome such dats are alszo on y.A&-A&

Factors of Safety

. Ultimate loads. .also called deaigh
loads, are obtalned by multiplyins the
1limit loads (the actual or expecgted .
loads) by a,factor of safety,. For pilo-
ted aenmp' e vehicles the factor of safe-
ty 1s" usually. 1.5, For m; sailes, which
ire not, plloted he; factor of safety ie
ls uaually 1.25, except for .any load con-
dition where the. eafety of . people is in-
volved where 1t is 1.5 (3.5., for the e}~
ection loads from a carrier airplane).
Naval airplanes are _deslgned for a very

ot ninitifE speed’” about”26 féét por sa-
cond, so no safety factor is applied to
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these loade. However, the landing gear
must continue to functlon after such a
landing and the major attach fitiings
(landing gear to wing or fuselage, wing
to fuselage and major fuselage section
splices) must show a margin of safety of
.25 for this landing condition. In gen-
eral, factors of safety are speclfled by
the procuring agency.

Marging of Safety

The margin of safety for a structur-
al member subject. to a slngle load or
stress 18 calculated as

Allowable Load (or Stress) _ 4 g
Ultimate Load {or stress) ‘

M. Sl=

and must be zero or more. However, in.
aome cages it muat have a gpeciflied posi-
tive valus as mentloned for Naval air-
planes and .15 -for fittlngs. This margin
is also required 1f additional fitting or
casting factors have been speclifled. For
shear Joints a minlmum margin of safety
of 15 1aﬁgequired and for tenslon jolnts
it 1s .507 Also for these. joints there -
must be no ylelding at limit load.. For
ghear Jjolnt. attachments Lf the bearing
yleld strength i's less than 2/3 of the
ultimate bearing strength, the bearing
allowable gtrength ls taken as 1.5 times
the bearing yisld strength and the joint
18 sald to be “"yield critieal",
eted shear and tension joint allowable

data see Chapter Dl. Alsc see Appendix 4, |

The previocus simple formuls for the
M,3. gives the decimal fractlion by whlch
the load may be increased and stlll have
a M.3. of zero. TFor example, if M.5.=.20
the applied loads may be increased by a
factor of 1.20. .However, the simple for-
mula applies only when all of the follow-
condltlione exist

1. The member is subject only to a single
type of loadlng, not to several iypes
such as shear plus compresslon etc.

2, The internal loads vary linearly with
applied loads.
3, All applled loade are variabdble, i.e.,

none are flxed in magnituds such as a
constant pressurizatlon.

These conditlons are dlsgussed as follows

1. For example & bolt may be subject to
shear, bending and tenslon simultans=
eously. In such cases so=-called.
"interaction equaticng", derived from

* Alze ssa p.Al, Marging of Safaty

For riv-|

tests rather than theory, are used to
show' structural adequacy. A typical ln-
teraction equation (s of the form

b
K] + Rp + B3+

Whers Ri1=f1/F1, Ro=fo/F,, Rz=f+/Fz and
Ryp= fo/Fos % beingatheauI%ima%e szre%s
{or load} and F being the allowable
stress (or load). R 1s called the
"gtress ratio". When the left side of
the equation is 1.0 the M.S5. ls zero.
When it is less than 1.0 the M.S. is pos-
‘it ive but undefined and when 1t 1ls more
than 1.0 the ¥.3. 18 negative but unds-
fined. ' .

.Examgle:

£ =10000 and F1= 30000, so Ry= .333
£5 = 40000 and Fs=60000, 80 Ry = 667

Interaction Equation: Ry+ Ié =1.0
2
o333 + 667

——
-t

.778'(41.0)

‘Hence the M,8. ls positive but undefined.
Tnere are two cases for wihlch the M.S.
can be calculated directily using the in-
teraction stress ratioa, R, as fol}ows.

a) When all exponents {(a, b, ¢, n) have
values of 1.0 and/or 2.0, In this case

2

Ue5:= TRy + VERLIEF AR

b) When all exponents have the same value,
n, in which case ’

-1.0

1l )
4 acss R‘El)'/ﬂ

For zll other cases the M.3. is found by
uging plots of the appliecable interactlion
equation {discussed later) or by succes-
sive trial calculations. The latter 1s
done by finding, by successive trials,
by what common factor, A, all of the
loads muat be multiplied to satisfy the
interaction equation. The M.3. 1ls .then
A - 1.0. OI’, When

a - b € oL |
(AR1) =+ (ARg)-f (AR}) + (AR4) = 1.0
MlS- = A - 1-0
Examples

For the previous axamble

ot Ax.333 4 (A x-*-.667=)a'=- 1.0 -
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After aeveral trials the equation 18’ aat-
1gfied when A= 1,171, ao o .

M.S. > A = 1.0 = 1,171~ 1, 0-—.171'

Since &1l exponents are 1.0 and/or 2.0
the M.S. can -also- be, oaloulatad )
by formul 'aa o :

M.S, = __& e -1, o:=;i.1
.333+V 3357+, 5 X -6675 ==,

“b

When using thia formula with othar more
lengthy 1nteraotion equatlona the paran-
theses around the term Ry must be noted.
and used. XR) ils the sum of all stregs
ratios having the exponent 1.0 and ZRa lis
the sum of those having the exponent 2.0.

When plots of 1ntaraotion aquations
are avallable the M.S. ‘can be determined
by & graphical construction. This is 11-
lustrated in Art.. G4.24s in. thé téxtbook
using Fig. C4.36. However, graphical so-
lutions are- not needed when the prior
formulas apply, and in many other cases
the sleegasive tridls prbocedure may be

- gagler with calculators or when the 1nte-‘

raction curves ara not available.

Liating of Interactlon Equations

‘Saoondary‘streasea (for .

gonocogﬁe Gxiinder-(Vafious) Table C8.1

Gurved Sheet - . 09,5
Compression or Tenglon and Shear o
Stiffened Cylinder . ¢9.11
"Shear and. Compression

'Torsion and Bending ' O £9.13

. Shear and Bendins o 09.13
:ﬁhellg An Diasonal Tenaiog -

' Stringer Primary and ' G11.33%a
. Secondary Siresses

Ring (Frame).Primary and 0ll.33a
Secondary Stresses (for : '
‘Stringer System) _
;Longeron Primary and Saoondary 011.36a
.Streasaa' T o
‘Rins (Frame) Primary and .’ ' 611,363

One -example is
'nding mon-

Numerous- interactiion -equations ap-‘ﬁg C Pl

pear in-wvarious:parts’ of thé book per
the followins liatins.

Bending s Shesr and’ Gompresaion 0313
Bendingi-and Shear ' S g3.12° |
Bending and Bending . G3.8
Beam=-Column Bending & Axial Load . Ch,22 |
’Tubinﬁ

-Bending and Gompreasion C4e22
Bending and Tanaion --04 23&,‘
Bendins and Torsion R 04.24 7
compression, Banding and.: Torsion' Chi24a |
Bandins and Shear . k.25
‘Compression, Banding » Shear Ck.26
and Torsion o
Tension and Torsion ch, 27
¥lat sheet :
Bending and Gompression C5.9
Bending and Shear 05,10

Shear and Tquion or Gompression c5,.11

Compresgion, Beﬁdlng and Shear g5.12

: ' Lously calculated would be
" &n apparent“ M.8,, not & true M.S.
Whether the apparent M.3. 1s positive
' e, the true M, S. will always

£ ue M S.‘must be caloulated
ad followa. ‘ . '

. By. sucdeessive. trials find the com-
mon factor, A, by which “the applied
loads (which produce the Tnternal’ 1o0sds

"3“to give aﬁcalculated M.8. of zéro. The

“true ¥.S. 1s ther A = 1.0 For A beam-
column' the applied loada are ‘the dxisl
load and the transverse lpads. Multi-
plying these by any factor, F, wilil
ganerate a bending moment in the beam-
column which increassa faster than the
COMMOn faotor, F. A'is the vdlue of F
for which the” oalculatad ¥.8. 18 zero,
and then the true M.S. is A - 1.0,

This procedure applles for any inter-

" action equation that may be applicable,
Note that thls requires a greater ef-
fort than that . in (1) previously. This
is beoauae increasing the applied loads
requirgs ardother analysls to determine
the internal loads, since they do not
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0l.13b Dealling with Telerances

for a structural member nominal (msan)
dimenslonse are uged to determine
stress in the member and lts allowable
load.
ally.
manufacturing tolerance which accompan-

les each dimenslon such as, for example,
+.03" and these are consldered as follow

mon practlce to sonslder only the two
worgt tolerances affecting any dimension
and to compute the reduced margin of
safety based on the reduced dlmensions.
This wlll give a negatlve M.S5. when the
nominal M.8.
margltis #re acceptable 1f they do not
excead -.15 for single load path members

DEALING WITH TOLERANCES.

COMBINED STHESS EQUATIONS

‘eeptable as an lincrease.

vary linearly with the applied loads.

Thlis 1s important because mar-
gina of safety are reported for struc-
tural members and are used Lo see 1if
the members can withstand an increase
in the appllied loads. If the applied
loads increased by a factor of, say,
1.20 and the report showed a M.S. of,
88¥, 1420 1t would be judged to be ac-
But 1f this
hdappened to be an apparent M.8. the
true ¥,.8. would be smaller and the in-
¢rease in applied loads would not be
acceptable., Hence, the trile values of
the M.S. should be in the report. If
not they should be "flagmed" as being
apparent ones so that a proper eval-
uation can be made when needed.

The internal loada in a member
are due to the applied loads. Some-
times the applied loads conslst
of "fixed" loads which do not vary,
such as, for example, constant preas-
surlzation loads. Whnen such are pres-
ent the internal loads or stresses in
the member due to them should not be
multiplied by the common factor, A, in
{1) previously or by the factor, F, in
(2) since they are constant. If such
were done the calculated M.S. would be
conservative {too small) if ihese
loads were "additive" and vice-versasa
if they were "subtractive®™, This also
applies when the M.S. is calculated by
tne formulas in (la) and (1lb), and
when. the M.5. ls determined graphical-~
ly, which makes these calculations not
applicable for for such cases. (the
gucceaslve trials progedure i1s then
nesded)}.

When calculating marging of safety.
the

Ideally, the M.S3. is zero, gener-
However, all drawlngs apeclfy the

In aercapace structures 1t 1s com~

ls zero. ©Such negatlvs

or -.25 for redundant members.

more negatlve values sueh as -.19 and
=.39 resgpectively.

properties, the tolerances will be ag
large as allowed, the loading condition
will be achleved and the internal loadsa
in the members wlll be as large as pro-
dlcted. If the M.3, had tc be zero or
more based on such minimum, rather than
nominal,dimenaiona conasiderable weight
would be added to the structure.

fihen dimensloning siructural members care
‘should be uaed to prevent the bulld-up of
‘large tolerances affecting the final dim-

ension. Unacceptable tolerance effects
ars most likely ito occur when dimension-
ing small machined or cast protuberances
or holesg, where small internal corner

radil are prement and for thin machined

.or chem-milled parts.

However, the above should in no way

De construed as sanctionlng negative mar-

gins baged on nominal dimenslonsa or sen-~
dorging the salvage of parts having less
strength than required per the drawins,
G'J,-.S_ﬁ. Combined Streas Equations ‘

For practical calculation purpdses

‘the followling summary and example problem

are helpful. Fig.Cl.8a@ shows the posit-
ive direction of known or given applied
stressea. TFig., (b} shows the resulting

sbresses,? andodp , on any plane © (posi-

tive directlions shown), whilch can be
galeulated as follows.

% 5%(0’,41-0’9 )+ #(d}, - Ty Joos20 + 'z;,jéinee
To =40y -dy )sin 26 =75 cos2e

1. The prineiple strasses,

o, , are cal-
culated aas follows. n?

Thepe are
arvitrary limlts, some companies allowing

Such negative margins
cauged by tolerances are acceptable sinos
the probabllity 1s quite low that, simul-
taneously, the material will have minimum

dn = '&(sz,'f' dy Jt _vga"(cfx"dg )2+TXU’2

2. The plane for the largest principle
stress, op, 1s measured from the
plane of the largsr ofdy ord, and is
calculated as follows.,

ep = %a.rctan(?’f)’(y/(dp -6'3 )]

The plahe of the smaller principle
stress 1s 90° away from this. plane.

The maximumshear Etréss.'T&ax, is
calculated as followa.

Toax = V30 -y )" + Tyf

3




12 COMBINED STRESSES.

FREE—ENDED COLUMNS .

4. The plane on which Tinox is located is
L= %arctan((a% -ay )/ 27&1)

10’
Ty

11;‘-9; oo

© - Positive- directlons of
7—_ applied stresses, ghown .

- ‘I‘ansion Aa(H, comp. 13 (-)

CEH L

i R
d_., ‘and 'T" are krhiown"
vsluaa, poaitlve ag: shown .

& ind Ty ‘dre poattive’
8@ shown

Al

Shear and- R'iﬁi-mai Sﬁreagea”-_'_ .

‘Example ‘Problen

Y - N—4500
DR R

For ‘the stressed. shown in the aketoh
above (note that o is oompressive, hence
nasative) what a.red and 7 on a plane

at 8 = 60 @ What are oy, qp,ffﬁax and 7 ?;F”?
2(10000 - 2000)+ l(loooo+ 2000)::03120 T

LR 4500511:1120,

'z’ : $(10600 + 2000)5‘11’1120 4500coa 1207
= 7446

oy = $(10000 - 2000) % 'V&(1oooo+aooo)?+4500
= 11500 and -3500 ' T
, = daFctan(2 x #500/(10000 + 2000))
= 18, 43

‘-Vl(loooo > 2000) + 45002 = 7500

T cta.n(lOODO-!—EOOO/ 2(4500) = -26 57"

Qr is alwaya 45° away from.QP.

If -any of ‘the above calculated values had
been negative they would be actlng or lo=-
cated in a direction opposite to that
shown 'in Fig.¢.1B8a.

Usually‘one is interastéd only in deterw

I'the short to intermedizte ranges.’
Te
trated in

ﬂcz 25. Fx'ee-!hded columna

-eithar to or f

minlng the valus of the largestof and of
the - 15.1‘5651'4 Tmaxo

02 1z Methods-of: Golu.nn l‘a‘.l.lur-.
. Golumn Equauuna ’

The last paragraph is extended to
include the following. Predicting fail-
ure’ due, to local inst‘bility requires
that ‘the 'oolimn ‘curve’ be reconstructed in
“This
8 digcugmed and illus-

v GTs 25 throush 07 27

onstruetio

o
) Fis.GE Y ‘Bhows only a special ‘case
of the frég-ended column, Ad,
fully fixed and the load ramai
1l to the axis of tHe membsr in' Its
stralght (unbugkled) form. In general,
however, the load, P, 'may be directed
"a given point.‘ﬂp“,

as

shown in Fig.c

(a) Loa.d.ldirected. toward ™o
m= a/{a.-v—L)

91::-...,_2 oy
"'""'.' "o“

& (b) Load directad trom "o .
# o mes (Lo+ Lo )L a
' Fis. 02.23. Frea-*ﬁxdad Oolumn. Fixed E:nd

Aa‘snown in Ref.4 (Art Al18, 27a), the
buskling load is defined by the trans-
cendental equation :
o *
(L/J)ctnL/J 1~ (1/m)
;m_(Fig c2. 2&). Pap
.triala.“ That 13,
calculates

; Pcr the’ squation will be satis-
wever, thig effort can be .great-
1y* raduced by, using Flg.c2.2b, entering
the fisure with - and obtaining (L/J)ep.
Por ls then calculated as

Por = (1/)) Gr(m/rﬁ

Notée that when a orb oo, m = 1.0 and
Por = (ﬂ/aF(EI/LE), Wien a = O,m = O
and Per = ar2(EL/L?); when L = 0, o= o
and Per = O. That.ls, as & decreases
Per. lricreases, but. aaLb,dpqnaases Por’
decreases. !

I Tl AN 1 s

#& Por fras-ended bean-coluting see Art.A1B,27s back
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. Elastically Restrained End

Ingtead of being fully fixed, the
end may be elastlically resirained as
sho¥n by the “torsion spring", k, in Fig.
C2.2¢, which has a value in in-lbas/radia
This results in a smaller buckling load
than when fully fixed (k=o<),

{a) Load directed toward “o"
' ‘m = a/(a + L)

L ‘ o |

- L — Ly
k ! o 4_“’—"‘ —— |
{b) Load directed from "o" ‘

= (L +Lg)/Lg
Free-Ended Oolumn Having an
Elastically Restralned End

i “"-.-.:-'.'._O“

Fig. C2.2¢

For thias case, as shown in Ref.4, the
buckling load is glven by the equatioﬂ*

1 ~m(1l - (L/j)etnl/])
Por 18 found by sudcessive trial calcu-

+ Durlved oy uwaing ths zoment distributisn nrocedurs, .

Wnen m = 1 the egquation becames‘simplyk.. pjtanf_,/j-= 0

latlions as follows., For a glven k and m
one assumes a value of P, cdleulates j
and uses these values in the equation.
¥hen P = Pgr the equatlion 1s satlafied.

For the special case whers a or Ly ls
infinity, so that m = 1.0, Pop can be de-
termined directly by entering Fig. C2, 44
with kL/EI, obtaining the value of C and
caleculating Pyp a8

Pop = O EI/LF

Note that when k=< (fully fixed) G=.25

as glven in Fig.C2.2.

It must be remembered that in all

ecolumn calculatlons E is Et, which de=-

creages as the compressive stress ex-
ceeds the proportional limit. Also, when
the column has an ungtable (thin) cross-
gection E 14 an "effective™ modulus® To
determine it one flnds the buckling
gtress from the modifled column ocurve
{Art.T7.26) and then calculates it &as

Egrr = FeplL/pf /ar2

For free-~ended columns Flg.C2.17 13 ap-
plicable only when m = 1.0

If ths column has lateral loads or
an initially bent shape 1t becomes a
beam-column. Free-ended beam-columna
are discussed in Ref.&.‘also Table A5,1a,Case 17.

 Example Problem 1

For a column as in Flg.C2.2a(a) assume
that & = 30", L = 30", E.= 10.5 x 10%.
{7075-T6 Extrusion, p.Bl.ll), I = .191,
A = ,50 8q in and a gtable crosa-asection
What ig FPep?

m = 30/(30 + 30) = .50. Per Fig.(2.2b
for m = .5, (L/))or=2.03. Therefore,

Per= 2.03(10.5x10° }(.191)/30% = 9183
For = 9183/.,50 = 18366 —

Since Fpu< Prop. Limlt, Et=E as assumsd.

Example Problem 2

Repeat Example 1 asgsuming the fixed end
is replaced with an elastic restraint of
K = 50000, as in Fig.C2.2¢. This must be
solved by successive trials.

Trial 1: Assute Popn= BrEEL/AI® = 4399
Then J =VE17F=1{J.'0".I‘§‘K 105 1917/5399
=21.35 and L/J = 1.405 ,

: - . 4%99(.50)(30) =
Taen: 50000~ 125 11" =1 405 0 tn 1, 505)

56849 (# 0)

el tp——

-& Ses Ary, C€2,16
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EFFECT OF SHEAR ON' COLUMN BUCKLING.

" MULTISPAN COLUMNS

After several more trials 1t is, foundk‘
that, wher P is 2622 the. equation 18 salbe-
isfied, so this is the’ critical load, as
followe.

IR —'V:Lo 5 x 10 (.191)/2622 = 27. 656

L/} = 30/27.656 = 1,0848
2522( 5 3(30)
50000 = 7= B -1 0848ctn1 0848)

= =4, 7 vhich 1s essentially zero.

So thie particular elaatio ‘restraint has
reduced the critical load from 9148 for
& fully fixed end ﬁo nnly 2622 1bs.

€2.3a" The' rrect ur Ehaa.r on Buakllnz strasa

A Equations (1) and (2) 6f Art.C2.1
conslder: only the bendinguatiffness ‘of -
columng. * Wiher & besk bends ‘because of -
applied trandgverse: loads and the reésult-
ing ‘bending ‘moménts, tlé usual deflea~
tion formulas consider only the bending
moment. Thére .8, however; an addition-
al deflection due to shear. For example,
a gimply supported Bean-of  uniform EI

having a load, @, at’ mid<gpan will- have 8

maximum daflection given by
| Qf /48E1 + nQL/#AG e

Tneflrst térm 13 due to bendins and the
gsecond term ia dus to shear, where n la &
form factor which depend# upon. the: shape
of the croes-sectlon. This ls usually
negligible, ‘but ad N increagésd due to! &
thin.ior perforated ‘oF otherwlEe ‘more .
flexible web 1t can bacoma sisniflcant.-

’ For a column there 15 no applied

transverse load, but a shear load ia gon-|

erated by the - axlal load as . the.column

takes on -& bent (buckled). shape, A8 Bhown

in Fig. c2,2d.

P

T e e v T wm

Ehesr:-.-f }
Fig. 02.2d. Genuration of ahea.r in & Column -

Atcany ¢ station ‘the bending moment. is

H-Py and the shear 1n th- member. is
= du/dx Pdy/dx '

where . dy/dx 18 the slope of the bent

ghapes Hence, Tor the uniform simply
supported coluun the ghear varies from a

maximum at ‘the ends to zero at the-

,aloadhused in. each moment, disbribution.,;

middle where dy/dx, the alope, is zero.
Consequently there ls a sghear in the mem~
ber which, in effect, makes the column
mors flexlble and thereby reduces the
buckling load or stress.

A3 discussed in Ref.5, for uniform
columns tne buckling load, considering
shear, 1ls

For

VI InPor/AG -1.0
onJ/AG

where Per 18 the buckling load ignoring
sheay, n 18 the form factor for the
crosg-section, A 1ls the cross-ssctional
area and @ is the shear modulus of elas-
tlclty (¢ = E/2(1+ p)) where p is Polg~
son's ratlo. The: values of n for several

.cross-seéctions are shown in Table 2.2,

Table 02,2 Gross-Seetion Form Factors
Croeg-—; Section

Reotengle - . - —T500
So0lid Gircle 1.100
Thin Round Tube 2.000

I-Beam - or Rectangular Tube Area/Web Areal

n can be caleulated for other crosa-
sectlons as

(A/T.) ﬁq b

where A 1s cross-sectlonal aresa, Q 18 the
static moment : yond «dAsabout ;the
neutral axia and he width "2t the
neutral.axis. olumng having’ dat-
ticed struts.: truased :¢olumns or "batten"
T havins perforated webd see
It is when the web becomes’ thin

ﬂor therwise-has.less ahear stiffness

that the column buckling load is signifi-
cantly reduced.

C2.3h Multispan Columna

. .Unfortunately "and mosh other
textbooks do not’ discdiss ‘dolumns having
morethan one span, Such columng are eas-
1ly checked for stabllity by applying a
1 in-1b-couple at any “joint" (support)
not having full fixity and earrying out
‘the moment-distributlon procedure as dis-

| cussed and 1llustrated in Art. AL1.13 -

All,1& and its sxample problems. If the
Buccessive carry-over memsntg at all
joints become ‘smaller (oonverge) the col-
umn ia stable, The larger the axial load
the "slower" the convergence.: If they
diverge at any Jjolnt the golum is un-
stable. The critical load 1s that for
which they do nelther, found only by sue-
cegslve trial analyaes, varylng the axial

W

& Por nryl.ng EI columns the tablu in Art.C2.6b
oan be smended te account for shear, sss Ref,4,
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. There are some helpful techniques
for doing this in Ref. 4, including some
"gquick checks" for detecting instabllity-
gometimes wlthout the above procedure.
Ref. & also contains numerous example
problems for multispan columns including
those on elastic or otherwise deflecting
supports, those having free-ended members
and those having varying loads and EI
values within the aspans.

The alternaﬁi&e to doinsltha moment

distribution analiysis is to conservative-|

1y assume that each span 1s simply. sup-
ported and check each span individually.
This ia accurate only when all spans are
identical, the two ends are simply sup-
ported and the axlal load 1s constant.

"Quick Check" Instability Criteria

- 1) The folldwing can be done when each

gpan is uniform and the axial loazad
does not vary along the span (J 1is
constant ). If any span has a value of
L/} greater than shown in Table C2.3
the column is known to be unstable.

If less than these values it may or
may not be unstable, but .a moment dls-
tribution analysle ls requipred.

‘Table C2,3 Instabllity Critarid ¥

Type ol End Supori \L/J Jmpax
L. One end elastically T/ 2
restirained, cne snd fres
B, Both ends simply . 14
aupported
C. One end simply supported, | 4.49+
. one elastlcally restralned
C. Botn ends elastically am
: restrained . ’

Elastile restralnt ls provided by an
adjacent span in a multlspan column
or by a torsion spring as in Fig.C2.2¢

2) If at any Joint the sum of the stiff-
nesa factors, 38F, is negative the
column is unstable (ses the footnote
for Art. All.15D).

ThéATwo-Span Column

The following applies not only to a
two-span column but to any number of
spans meeting at a common Jolnt {suppori}
If the outer ends of the members are el
ther simply supported or fully fixederfree
{no elastic supports) the column is known
Lo be stable if at the common jJoint ZSF
is positive ™ If it ig nemative the col-
umn ls kriown to be unstable. No moment
distribution 1is,thereforse, required =so
the @nalysis is quitée simple. The cflti-
+ and 1f oriterim (1) above iz met '

- .#% The listed L/] valueas are fur P = Por = OreRI/I*

¥ AwFor any 3-span column, ABCD, having fixed and/or pinned snds

{p.15) tha atabjlity can be checked as Fallows.

1f DFge COFy- DEg g COFsg < 1.0 the column is atable and vice varsa.

Jf apan BC is uniform then COfAc = COF.g

cal load is that for which ZSF = 0,
found by successive trial values of the
axial load.®

Example Problem 1

. Is the three-gpan ¢olumn shown in
the sketch below stable or unstable?

1 ol ke ] ey
vy a— =
140000
s
/i=2.92
8¢ .278 [.677 ST
aF -.38A%10% [1,550m10% 1.55020]. 76810
R 1,186 -m§ 4.318210¢
oF =33 1,33 wan
COF o [.88% .ug >
FEM | O ola oo o
Bal 4330 R,
Bal 330 [1.330 ~i.i70
Bal . ° 2
1Y . -
cou T—a.808
Bal .
Dad AT ‘_’_,..--541 87
Bal . 157 =633 - )

The analysls is carried out as shown, ap-
plying a 1 in=-1b couple io the joint at
B. Note that the 5C, SF and COF are -om-
itted at the ends, A and D, since they
are glmply supported and no initial mom-
ents (FEM's) are present there? ~As the
moment distributlion preceass shows, the
successlve carry over moments (COM's) at
all jointse are decrsasing. Therefore the
column is known to be stable ™™ -

Actually, one should always calculate the
compreasive atress, P/A, for each span
and use the corresponding value of Ey. (or
Eerf) in caloulating the value of J.. Al-
so, Ref. 4 contains extensive tables give
the values of 3C and COF to alx signifi-
cant figures (better than Fig.All.46-47).

Example Problem 2

Is the two-span column shown in the
sketchn below stable or unstable?

| Ag" i 50" .
[
4 T
JRMQ?’ El = L z 10 II=3x 10" 420000

., . . 5k
A WiTase pEgT  Wi=3T9 <

B¢ .mal-.sw

ar W312 x 10%[-1.794 x 10°

xar =1.482 z 10¢

Proceeding as dliscussed before for the
two-span column, it i1s seen that SSF at
the common Joint, B, 1s negative. There-
fore, the column is known to be unstable.

By successive trials: it 1s found that
when the axial load is 93040 lbsa&SF = 0,

{80 that 1s the buckling load.

If the axial load were 168750 to 219600

s For a fres-ended column when m = 1 (Pig,C2,2a)
the 2.F. 1= -Pjitanl/}
** If anend has_elastic bending reseraint (4.5., & torsien sprine)

usa 1te X valua af itx 5P and includs thia snd sa snothar jolimt
iz the, mopent distributlon procedurs.(k belng the .;rmgrcinnm:-!

~ e aan
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ZsF would: be’ positive, 1ndlcat1n5 stabll~
Aty ;i buty this would hot ‘be applicable be-
cause L/} for aspan B¢ would excesd the
maximum (4.49+4) allowed in Table 02.3.
Thia i1s why the Table (2.3 criterila
should always be checked first, before
proceeding with any other analysee.

In summary, the mement distribution

procedure can be. used to check .any multi-

gpan solumn for gtabllity. - ‘But,’ before
doing thte 1netability cdn"be detected
o eriteria of Table C2.3
and if at any!jolnt £8F 18 negativa.
Then, for any two-span column if SSF ‘ia
poeitive at the. common joint the column
ietknown to be eteble lf criteria. (1) is

met.
Unltorm TWO-SE&H column Formulsa

For the specldl case of a uniform
member on three simpls supporta an ap-
proximate formula for. the buckling load
is

Fer = «EI(E - b/a)/az .-

where & 1e the longer apan and b 13 the
shorter, span.. When a = b (=L/2) the: for-
mula is exact. . When b becomes zero {(i.e.
ag- & becomes L) the-error: is only 2 44%
and 1s..conservativs .(one; end becomes
_,eesentially fixed ‘a8 ‘& becones L)

The formula .can be ve ied numerically
. by ‘ealeulations: for & sLwo~-span column ag
. previously: illustrated,'or theoretioally
. a8 An the -bcok "Theory of-Limit Design®
”by J A,.Van Den Broak (J. w11ey and Sons)

Lv i

c2. 5: Stappod Gnltmu

" These are a epeolal case for whlch

. formulas, (buckling equ&tlone) are avall- |
“able as discussed in Ref. 7.. - Formulas
are presented for the casee of simply
supported membera ‘having onhe, two and
three stsps in EI. Forrmore than thres
steps.the, formul&e become too lengthy for
practical ‘iseage,. ‘8 simple tabular
galculation form 15 presented witn.an ex-
ample problem ehown. ‘

Sinoe trﬁ

eal load. This consists of assuming a
value for P (and Et) ,ealculating any
assoclated paramatere and using thess . va-
lues in the equations. When the agsumed
P ig Per tHe equation will bs satisfied.

-ieumed value fopr P.*"

. equatione are tranecanden-
””tal 1n form, a succeseive triale _Proge-~:-|
- dure ig neoessary to determine the criti-.=~

Fgr (- ‘Por/A) should be calculated for
“gdeh ‘step to bé eure that the valuee ‘uged
for Ey (Fig.02.16) or Egrg LArt,C2, 16)
correepond to Fors whioh they must

“8lnastit ig: poseible for more ‘than
‘ona value of P67 sdtiafy ¢ the equitions
“(quité differént vdluea), it 1s best to
use & length-weighted dverage "EI , - oalcu—
late a correspondirig vdlue-for Pgy as
PEI/I? and use this as the 1nitlally as-
“For ‘the speoial cases
‘of “prié~gtép dnd eymmatrical two~step col-
umne graphlical: plote dre avdllable in

| Figv02.21 and C2.22 for & direot deter-

mination of Pgp.

One-.=3tep : ('}o].unm;’e '

Lo
., Bala

o ElIl

. e IS

e Fls ca lﬁa One-step column

;VEaxyEm

"_; ;-—L~:€T—+Jm: mué' ;ML——4i—f—4_£__
v 5y syl '_'E—I"TZEE;g. T
}.?15 2,208 Two-Step Eymatriual Column
ta.n(Ll \/P/E]_Il) x tan(Lo \/P/ngg/e)
-V-EEIQ/E)_I]_ |
Three-step Golumn- . o
Pt “—“l
i 4

E4I4

Exly

'“15 ©2.20b “three=Step Golumn

¢ These equations are easily prograasiad  for rapid
solution by computar or suitabla aslsulators,

¥X 4n a/tkr-liméwe /)e,//v ﬁ;f bue .'111

"ul‘:j[—fa?—""

e%“a&’°”f‘ Zhat farrsb; N;éﬁwﬂ

-—{Ga(,L
)

S
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NUMERICAL COLUMN ARALY¥SIS 1%

Tan " tandp + tﬂng}_ - gza tand] tan@gtan@;

1 2 153
tan®itands g‘i‘gtang]tangj . (xtanpotands
5 A2 B3 «

1 -

~ -tan
where @p=\/B/Eqln and ¢y = G alg

The equatlons are sasgily programmed
for rapild evaluation using a suitable
ealeulator (or computer)., The derlvatlon
of the- aquations la avallable in Ref. 7.

Columns Héviné More than Thraee Stepa

For these cases (and also for 2 or 3
steps) the following tabular numerical
procedure can be used, as 1llustrated in-
Table 02.4. It, too, is a succeasive
trials procedure (auccessive tables).
One.assumes a valus for P (and E) 23 sug-
gested later and carries out the tabular
caleulations as shown., When the agsumed P
is Pgp the value in Col. 6 for the lagt
gegmant, N, will be equal to the value in
Col. 8 for the segment N-1 multiplied by
=l. Any number of segmentsg can be used.
The example below showd the last of seve-
ral successive trials with different va-
lues for P, the last being 79200 lbs,

As discussed previcusly; to start
with a reasonable value for P & length-
weighted average EI should be used and
P calculated as wEI/L°, When Col. 6y
1s less than =-Col. 8y.7 & larger value
for P should be assumed for the next
trial and vica-verga for Oy > =8y.3.

rdo 1 15 — 20 —1
S
= 2 x 107 A x 107 z
=1 x Q lxlO" Ve

Flg.02.200 Data for Table Q2.4 Example FProblem

10

Table C2.4 Stepped Column Analysis

O 1 & ]oa e & | @ [ D
Segment| EI R L tan 3] Lag +

a Data TV /F[ata MW% - @ paax Y

= - -
1 1 x1G,[ 11.23T7| 10 1e2344 13.871| 10985 13.B71
; 2 x}F? 15.81 1 13806 | 21.938 -0sees | 174,502
. X - - - L) - L]

3 L ed0TH 11,2370 10 1.234& ﬂ_%’i fchii pcsd]

Since @) 4™ - W 3e Far = Pyaquneg = 19,200 1bp

Since Bk = €5, Pop= P = 79200 lbs.

As diseussed for the formulas in Art.
G2.6a, the proper valuss of E must be
used for each segment X

C2.6b Numerigal Colusn Analyses

- Except for those cases dlscussed in
Art.C2.1 through C2.3, Fig.C2.21 through

'# To check for =tablllty under a given load, P, nze that
load, If 6y < =Bj.1 the column is stable, and vice-
_ versa, A similar check can be made with the formulas, -

[ lations.

€2.27 or cother similar type data, & nuan-
erical analysls 1s required to determine
the critical load or stress. Art.c2,6a
F preaented a numerical solution
for the apecial case of sitepped columns
on aimple supports.. The following pre-

sents a procedure for any variation in

shape and for simple and fixed supports.

These prosedures are in tabular form, ra-
ther than as computer programa, since
this glves a better understanding of what
is being done. The proceduresa are, of
course easlly programmable for solution
by computer. As before, the critieal
load is determined bysuccessive -triala,
_which means successive tables of caleu-
Example problems 1llustrate the
procedures.®

The basle procedure uges the method
of dlscrete slastic weighta (also called
"Mohr's Method" and the "Conjugate Beam
Method") to replace the M/EI diagram and
‘calculate deflections and is due to New-
mark, Ref. §. The formulas for the al-
astic welghts are discussed in Ref. 4.

Simply Supported Columng

Referring to Fig.(2.20d and Table
2.5, the procedurs is as followa.

l. Divide the column lnto several equal
length segmentas, 3§, at least flve or
elx segments, but ten or more will
give & more accurate value of Pgn.

Asaume (sketch) an initial buckled
(deflected) shape. Any initial shape
#11l do (even two stralght lines),

but the more realistle i1t is the soon-
er the effort will be completed.

2.

At the station in (2) above which has
the largest deflsction, y, let ite def
lgction be taken as 1", and let the
deflections at the other stations be
proportional to this (per the sketgh).

Let P be one lb. Then at any sgtation,
n, the bending moment wlll be Mp = Py,=
¥n: 80 the values in (3} above are en-
tered in Col. 2. Positive deflections
are upward and positive bending mom-

egnte produce compression in the upper
surface, hence the minus slgn used in
the headlingas for Col. 2 and

4,

At each statlon enter the value of EI
in fol. 3. If there ig a "gtep" in EI
an adjustment 1ls made to EI at the
gtation nearest Lo the step, discussged
later, and its EI i1a "flagged" with an

aaterigk to lndicate thias adjustment.

& These (and othar) tablas are sasily programmed for
rapld solution by computer or sultable calculators,

Tapered portions can be subdivided into several stepped portions
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~ghown Pcr = 45000:1bs ipari Table G2} Ts

. ~tablei .Or, 1f wore than 47600 it would
be knewn to. be unigtabléy: without further
“effort.- Using ten segmeritd 'instead of

- Plve reeults in ‘a2 'more aecurate value of

~of Eeff at ‘any: stréssa leve

" dons to keep ths tabular. ogerations
»eimple. -

. The Mequivalent concentrated elaetic
"loads™ ("elastlé wWeights") are then
‘galiculated per the Tormulas below the
table for each statlidn and are entered
~In Coli: 5. These formulas ‘are die~
cusaed in Ref. 4,

Tw. The tabular -operations are then dar-
ried out as shown, and a range of Pap
values is-obtained in-Col. 10. .If the
axial; oad 1s below:thls range thelco—
lumn ._able, and: AT above it -the .-
golumn, . ls:-unstablesy An average ‘'value
- for Pcr is calculated as shown; 44, 150
lbs. - Note that several checks are .

. made to detect any.errors made after.
the Col. 5.data are caleoulated.  Co-:’

. lum 9 .(and. 8) defines-a new shaps -
-which will be different Triom that &a<
suned in Col. 2.

8. Uaing the deflections in Col 9‘pr in [ ®
e let the largest of thése-'b -one3j

COl - ‘8,:
inch. nd get the others by givias

- theélr: deflectione by ‘the largeet da-: E

flection. » BEnber: these ifi a ‘second:’

- tabls 'a: Col. 2:and complete the: table.’

9. Repeat (8) asineeded untilithe range
of Per values 1is quite small, and Pgp
.can then:be takernaa’ the average of :
the values in Gol. 10, - i !

10.1f at any: statlon:Fgp. (2Pap/A)7is aig-
nificanily above the proportiohsl lim-

L

] P
e , ¥ ! -
= ’ n n,1-~ . 1:%—,
Fig.C2.208 Ad_‘iuatmant for ‘a Step Geometry

1. Let the station neareat to the etep be
“n" and that on the other eide of the
. step be "m".. . :

2. calculate = ‘
R= EIav - EnIn
EnIn +—(1 Ea/s)R

5.'Use (EnIn)e in. Golumn 3 for: station
‘n..Note thagulf:theyetep ‘is .midway
between n.and my (Eply)gree= Egln- so
no. adjustment le-necessaryi - If+d = 0
_then (EnIn}eff = EIav. R

3. Galculate

4, Calculate
| (EnIn)eff

: For he column,in Fig-cz 20d etation ’
3 ie nearest to the:.: etep, whlch 18 be-i
tween .stations. 3 .and. g a = :3:8% and -
:Therefore. EI am station 3 ig
adjueted as follows where n..} and m= 4
in thse aboveﬁ LB

i 1t strese (or-above anyilogal bucklins"““

! Y

..8tress)-the. valus of  Ey (or Egff )’ used
in the term EI must correspond to Far
{or.to the:local. buckling streee).
-whiehrean require more’ aucsesgive .
trial tabular calculatione(Art 02 lﬁL

Tablee 02 5 through c2.7 1llustrate
the procedure. Three or four tables ars
uguaily: sufficlent. For: the" example - -

it (actually betweén 44200 and’
45900 lbe) If the dpplied load were
less:thany 39300 the columii/ 'would-be
known to be stable after only the first

Popi= »44200: lbe. -THe valu

“ire bbtained
‘ag-discussed ir- Art c2. 16._ ' o

Adjustment for a Step 1n EI

Referring to Fis.ce 20e, thie is

3, R-"f.?5(10’) - 1 5(10 )- - 75(10 )
4. E3I3eff .l_ﬂ
= 1. 5(19 )-;,-(1-2::3 8/9 4)(-.75)(10")
= L 6 % 10’

5 Thersfore-1.36" x: 107" 1a entered’ in
- Table. C2.5 for EI at ”tetion 3. .

P

I Column Fixed' et the et End ’

The" following procedure ia used for
a column fully fixed at it left end. If
‘the right end is fixed, rotate the column
80 that: it! Becomes the left’end, ~ The pro-
cedure is the same as before excapt that
a longer table is needed to adcount for
the fixed'end moments ‘at ‘the left end.
Ihe table is shown asg Table €3.8. -

The data in the table .are for the

mamber shown in Fig.ce Hod axcept that
the 1eft end 15 fully fixed. Therefore,
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Assumaq uef.l.ected Shapa ' - "
EI =.4 xl07 _ A 3204

| 'l-—“—ﬂ_ 1| T

12 15 >
Fig. d2.20d B.‘mely Supported Vsrylns-ﬂeotion Column
to f1 t 43 fa B
1 1
. - — ’
. rRL ) | RR_

Elaatic Welghts. and Reactions 1
o N= No. of Segments =§
5 = Length of Segmens = 9, 5.4

Table C2.5 Determination of Por- (First Trial) R PR R
D @ ® @ |4 ©® ® . |.. @ ® |- ®
' Mg | Eq. Cone.*| M { Unit - | Unit T
- ‘ ) - q. Cone.*. om. of . . n rue
Sta. | M=-Py EI El" | El. Loads | Loads " Slope - | Del. Def. Pcr.
n Data Daa | -@/® | Dukgs. | OxD | B-Z@n | Z®n | ®x 5712 | -@/@
‘ P=1# | x1077 x 107 Tx 107 x 107 x 107 x107 | x107
0 0 T40 D) Tos |0 | 0 g
- i : 15.17
1| - .40 .92 435 3,91 .01 [ 15.17 101.7 39, 300
o 10,26 )
z - .80 1.43 550 5.76 13.52 25.43 187 132800
' : ' 3.50
3 ~1.00 T.36%%| 736 555 28.77 - 78.83 713 36,500
‘ - 6.09
4 — a0 .50 1,600 16,73 56.92 72.84 168 17,600
‘ A 22.8% )
5 0 ~50 0 1.43 33.15 02 N
*see formulas below 5 ' £3.45 136.27 _ 4 |178, 600
, . = . . _ P = . 44,150
*¥*AdJjusted for step . : o CRavy »
Z '135.27 ' ‘ - ‘
Ry ,.@: §T = 228 - Rp = Z(3) - Ry = 43.45 - 27.25 = 16.20 cuEcKs:
@N-—l + @N = Ry
EQUIV. CONC. EL. LOADS OF COL.(5) ®n =0
a) At Ends, Sta, O & N, ‘
®o - 35"()0'+3"x()1--5x(32 : :
o @y =35x@y+3.0x@yy - -5 x Doz True slope =Unit slope x S§/12
b) At Other Stations, n, ‘ Slope at.left end = Ry x S/I&
@n=@u1+10x@,+ D1 Slops at right end = Rg X $//2

Beam Sign Convention

Loads act upward
Reactlons act downward
Deflectlons are upward
.Slope 1l up to the right
M puts top in compreassion
Axlal load is compression

P T T
Nt B B Wt Wt Nt

+*
+*
-
-+
-
+

The - development of the calculation tables 1a showr in Ref. &
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K = No. of Segments =5
Table C2.6 Determination of Pgp . (Second Trial) 5 = Length of Segment = 5. 4"
©) ® ® ® | & | ®© | O ®
' Mg Eq. Conc.* | Mom. of . Unit Unit True
Sta. | M=-Py  EI "Bl | El Loads Loads Slope. . | Det. Def. | Per
a Data Data ‘ @"@ RL :@n | 2@h | ®xsvz | -@/®
P14 x 10-7 St | x 167 0 P x 107 x 107
0 0 .40 . L3 o — - 0 3
: T 16. 14,
1 = 478 ;07 519 | 580. | 5.80 — 18, 41 121 39, 500
: 10, 34
2 = 818 | 1.43 613 7.29 14.58 26.15 197 44, 600
T 5 - § 3.05
3 -1,000 -] 1.35%% 736 ~9.55 28.65 , 29.80 319 43. 700
e — ‘ - 6.5 R ‘
4| - 7900 50 | 1.580 16.54 | ©6.16 - | 23.30. ME 1 35,200
. A - -23.04 | | -
s B T N} ~5 ~ 4,31 21,85 | . - - 126 0
#* Use applica.ble formula. .3 = 44,80 . ;137.04 ‘ 4178, 000
bl 'Adjust.ed for- atep e T ' L———
: - PCHAV 44,009
A'Rn“ E@ '137.04

- 1004, 2741 Lo nLa z® Ry = 4,60 - 27.41 = e - CHEGKS: o
. — Same a8 before

Tab1s, ca 7 Raaults of Third Table of calculation'
Station 2 s 5

T .553 =TSO0 =1:000" .751 =g - 4
. . Prr-‘ 144200 M‘roq - 45200 hsgoo - \
zhen sketchirig the assumed- init.ia.l buck-__ be naro, to be raaliatic. 'I‘lie unlt va=-
ed shap.g 1ts slope-at’ theé left end should| lues (due to the left end fixity) in

- Aaaumed Derlacted Shape
=EI = .4 x107 -\*'

___.______ S - 9 i

Fi.g.ca 200 Left End VFixad Varying-Sectlion Column

et kb _# b
A

R, =0 N R
Elastlc Welghts and Reactlons .
Table ¢2.8 Determination of Pgr (First Trisl) -« » . &
SIRCRICIRC RO RECHIRY @ | e | @ 0|6 & | '8
' . N v iior] EGe conc’ Eq. Conc.| Mom. of { Mom. of | "M, ‘Total Unit | Unit True .
Sta-jhi=-Fy| Muy| EL- | -MW/ED | -MUEN Y 0i0s | " Loaas | () @) | Loads | Loads { Slope | Det. |  Der. Fer
n .D.zi% Unit | Data. :\@/.@ -@/@ @Ln Eqs. {(8)in Eqgs, @E‘I-CD:I Eﬂ-@] x ML+ @ =L a2 5@ | @ sva2 -@/@
— 2 10-7F x I07 | x 10" x 107 x 107 x 107 x107 | x107 T x 70" | 107 | x 107 % 107
7 ] 1.0 .40 ] -2.30 .43 i35 L 2 37 T 85,75 . -5.63 | - 5.20 9 1]
. I IR A pose 5,20
1 [~ .20! .8 .82 -218 | - .B% 2.60 -]l 62 10 40 -46.48 [ -5.68 { - 3.28 5.20 38.3 52, 100
P SN I T i 8.48
- .60 .6 [1.43 420 | 42 T 55 15, R S T I 2.44 13,68 107 59. 300
e - T
3 §-1.600 .413.36" 735 | .38 |. 9.57..] - 3.12:.) 19.14 ] - 7,44 | -1.88 7.69 18,72 145 68, 600
[ R ¥ 1 — I - 1,65 :
4 |-.91 2| "5 7 1,600 | - 40 | ¥8.74 - 4,35 18.74 | - 4.29 | 2.7 | 16.57 __J1EGT] 133 61, 600
' -18.22
5 1] Q .50 0 0 5.02. - 1.04 [} . |--.32 451 - .15 ]
% I = 41.52 65,90 -130,04 -I8.B0  22. 13 ) . 4| 243,000
- - 65,
ML=TE9 " Sl PeRavyr S.0004

RL:-_-Q RR:Z® ‘- CHIC]CS.E®+E®-Z® @N..l'@ﬂ"z@ @N'u

41,52 - 18.80 = 22.73; -18.22 - 4.51=-22.73; =15 0

Vote that Mom,of @ {and ) is caloulated d.ii‘t:erently for this oase {about the right end).,
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Table 2.9 Determination of Pop .{Second Trial)
@ @ ®| 6 ® @ ® @ @ O 6 6 @
- - :
=y | EQ. C Eq. Conc.| Mom. of | Mom. of M Total Unit | Unit True
Sea. | M= (Myy| El | -M/ED [-My/ET ql..oa::c ql.aads &I | Losds | Loads Slope | Def. Def. ' Fer
| x 10-7] x W07 x 107 ©ox 107 x 107 x 107 x 107 x 107 x 107 x 107 |x 107 x 107
1] [1] 1.0 . 40 1] =2.50 . 60 -11.15 3.00 . .53 15 -6.20 - 5.60 [¥] 0
560
T -3 8 | 52 | 38 | - @ | 3.30 | -IL6Z | 13.18 | -46.78 | 6,36 - 3.37 5. 60 itz | 63,100
; PR
2 - 70 .6 1.-43 .49 - 42 5.91 . - 5_36 17.73 -16.08 -2.98 2.93 14,37 105. 7 §6, 200
- | 5. 84
EI S W BT T OV IO P 0 Y3 T 15 0 O -0 N YO O I N T 1. | 67208
; P
4 |- .92 .2 .50 1.84 - .'!9 19,13 - 4.29 19. 13 - 4 28 -2,239 16. 74 18.49 136.1 67, 600
: SN
5 0 516 | - L.04 5 ] ~ 5 | 458 o3 5
* See 'I'a.ble C 5 I o= 4372 72,28 -130.04 -20.68 - 23.04 4] 265,100
2] "y e ) - P = 66,025+
L= @ﬁ -150.01 Make same checks asg befors CRay, = £8.025°

-

Columns 3, 6, 8, and 10 de not change in
successlve tables. For any astatlon, n,
the entry in column 3 1a 1 - n/N where N
is the number of segments used. Hence,
thegs decrease uniformly from 1.0 for
station O to zero for station N. Columns
1 through 10 are completed, then Mf, 1s
calculated as shown and the rest of the:
table 18 completed. For the member in
Fig. C2.20f using five segments. Pgp 18
found to be 66025 after two tables are
completed. A third table would reducs.
the spread in the Col. 16 values for Pgp.

Column Fixed at Each End

The procedures is the same &a for the
previous left end fixed case except that
additional columns are neseded to account
for the fixed right end. The inltial as-
pumed buckled shape should be aketched in
with zero slops at éach end to be realis-
tic. Table C2.10 shows the procedure.

The values entered in ¢wl,3,4,7.8,10G
41,13 & 14 do not change in successive 1
tables. For any station, n, the entry in
Column # i3 n/N, where N ia the number

of segments used. Hence, these entries
increase uniformly ‘from zero at station O
to 1.0 at station N. Columns 1 through
14 are completed; then My, and Mg are cal~
culated and the rest of the table is com-
pleted. Using flve segments the buckling
load, Pgp, 18 found to be 172250 lbs
after two tables are completed. More
tables would give more accuracy. The
suggested checks ghould be made to detect
any errors made after Column 11.

These tableg, with a2 minor change,
are also used to determine the bending
moments ln beam-columns with a varylng EI
as discussed in Art. ¢3.18. The value of
Pop for the member as a column can &lso be
calculated as shown in Table ‘C3.6%.

# See Cootnots on p.1d,

Other Uses of the Tablesg

For a complete diacusslon of the

tabular method development, the “équiv-

concentrated elastic loads" and additlon-
al examples see Raf. 4 (described in Art.
A18.27a) which also digcusgses.the follow-
ing applications.

1. Axial loads between the ends
A column consisting of two pleces

gconnected by a torsion spring (which
could also be a aplice).

2,

Multispan columns having one or more
- gpanse of a varying EI -

Free~ended columns having a varying EI

The numerical determinatlon of carry-
over factors and stlffness factors

Multispan columns on elastlc supportis
which may be present as elther dia-
crete isolated supports or another
beam or column.

02.50 Colusns Having an Initisl Bent Shape

Wnen a column has an initlally bent
shape as in Fig. G2.40 the axlal load
will generate a bending moment along the
column in the amount M =Py, where y 1is
the deflection of the bent shape at any
station. The column may be uniform or 1%
may have a varying EI.

P —
Fig,C2.40 Column With Initlal Bant Shaps

Therefore, the column is actually a
beam-column, as discussed 1n Art.C3.18,

" Beam-Columns Having an Initlally Bent™

Shape® except that there are no trana-
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Aasumed Daflectied Sha.

pe_“:v._ -

- 12
Flga GE 205 Bnth. Encla Flxed- Varying Sect!.on cu

FE o

.

Elaat..‘:.c Walghta

revtd e iy enarathatien & 7

3MR

RR-—O o

and Rea.ct.icna

H-No dSeg:n:em.s =5
. S-LengthdSepneu-! Lol

(Firat Trial)”

-

RORIORRO) ® | O QIO 0|00 |6 | 0|l e |
' ] . * - -
: 2: (2:: .,n : ‘ @x @x g SLEED _ @ »sy12-0/@
IR b Hzaom] x10m ] x 107 A0zl ' BT i
SRR LN 50 .73 -n 13 =320 - 36T O =
B S P B 5 0 U RS AT R SR RIS AT BT HE -::u T3 ) : 1 Tzn:ﬁ's‘ 139,50
I P P M W N YT f._;f T TEAT = AR BFR IS -- N LR BN
F I W W I A Y SV NERI NI P i B = [[168, 990 |
|- .51 2] B [-.50]7.000 [~ .40 |-1.800310.74 |- 4,79 . .0 _ _xez 503
0 I N I P R 0 1-Z.000| T 105 : -1 %z 0 : ‘, ,‘ =
o ‘ COD e s st 2 ‘93,28 _ -0 T T ‘,_:-:;sm.oco
o @ ; R '\-'cu:zr:xs o= z@ . u,, @Y - MR zI @ Pf:R.;L';' 161. s004
°=- z@ . z@ «200 .

®in @i&'" :

Bql:

:éj

ACELNTET 3 Jx10"]| 107
; : £ B B ) O :
0 S 1 Y-S A - R (O PSS B ‘-u W) PN A N P ES VW) T.27 | siot | ie.0m
S [ = N T TG I
T LR P E PR LS T B 8 R B B
TR S T POV YO BT [ BT B T 95, N S PP T B 59 :
=% [T RO (W6 |- ¥ 301644 42,97 |17 1% 1354
-z TN T ns SIS 19,90 ) - 5. Ri [ 51 [ BT O e ™
' ;,' - :s 17 -31, 22 F2102.; ] -58. oL 158, aa ,-u 1 .. 172, 250~

hents, Q. 4 the. column would be .an-
alyzed as discussed there using.an equiv-
alent transverse loading such as that in
Fig.C} 33 ortbsreabouts.

Actually. no column is perfectly
straight although this 1s assumed in us-
ing the numerous buckling load formulas
and. data, for Pgp. Because of thisa. ALY .
analysts and designers maintain a small
poaitlve margin of safety when .the mar-.

- PoRpy, = 172,250

- "man”alternative approach
is to assume an initial-bent shape having
a "bow". of L/B00 inches or thesreabouts,
or of what the drawing specifiesa such asg
"gtraight within X inches" .whers X 18 ug-
ually on the order of L/800 or so. X 1is
actually a tolerance -for deviation from
stralghiness of . +X inches, 8o the meéan

.would Be’ tx/e ard this would be used to”

ghow ‘& zero or positive margin of safety.

e
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Then a check is made using X to be sure
that thers .ls not a negative margin

of safety greater than -.15 or -.25 {per
Art.C1,13b), Sometimes X, rather than
X/2, 18 used to show a positive margin,
which is a conservative procedure. In
any case a beam-column analysls is made.

©2.7a Deslgn Column Curves for Colunhu with Non-
Uniform Crosza-3ectlons

For columns with oiher stepa the
procedures in Art.C2.6a are used, For
columns whose taper does not meet; the
requirements of Fig. C2.23 or 02.24 ei-
ther a conservative assumptlon {(adjust-
ment) for the taper must be used or a
numerical analysis as in Art. C2.6b is
reguired..

C2,Ba Column Fixlty Cesfficlents C for Use with
Columns with Elagtle 31lde Restralnts and
Known End Bending Bestraints .

Fig.02.25a and C2,26a provide the
envelopes (for gq=ee). fér Fig.02.25 and
G2.26.

4.0 ¢

3.8
3.8
3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0-
1.8
1.8

1.4 |[LLA4LL
1.2 [/

te ol
Fig.C2.25a

1.
0.6 0.7 0.8 0.9 1.0

o 0.1 0.2 0.3 0.4 0.5

Fig,C2,26s =1

.also a functlion of E.

¢2,10a Solution Without Using Column Curves

The inslide scales for Fig. C2.17
are not shown in the textbook. Fig.C2.1l7a
shows the inside acales for the ordinate
and for the absclasa..

It must be understood that, like a
column curve, Fig.C2.17 (and ¢2.17a) can-
not be used when determining the critical
load requires using a parameter which ia
This occurs, for
example, with Fig.C2.25, €2.26, C2.27
{and C2.27a) where the parameter C 1is a
function of E. This also wccurs for
other such data. In these cases a suc-
cegsive trials procedurs must be used
{(as in Art.c2.12, Case 2 Inelastic Fail-
ure, Portion 2). That 1s, the value of E
used in determining P per the figures
must also be the value of E correasponding
to Fer= Pcp/A when the stress is in the
plagtic range (E is Et} or when local in-
stabllity is present ?E i3 Eerr). Et and
Eoffr are dlscusged in aArt.c2.16.

€2.13a Column Strength With Known End Bastralning
Roments .

Fig.C2.27a is much more useful than
Fig.C2.27 since it provldes curves: for
nunerous values of k and kj, where the
aymbol "k" 1g "u" in Fig.02.27 and in Art
C2.12. The curves can be-obtained by us-

Lhe moment distributlion procedure..

Referring to the example shown for
Flg.C2.34, for each of the restraining
members, AC; AE and AF the value of k is
calculated as k= 4SC(EI)/L where SC ig
obtained as C ln Fig.All.47, conserva-
tlvely using the "“far end pinned"“ curves.
for tensicn or compression in the member.
The total regiraint at end A of the mem-
ber AB will then .be

kpy = kag + KAE + Kpg

The same thing would be done at end B for
members BF, BG and BD to obtain kg.

Then having the values of kX Pgp for mem-
ber AB 15 obtained by using Filg.c2.27a.
Note in Fig,A1l.47 when L/3 exceedsr
for compression members C becomes neg-
tive for the pinned:end case,

This procedure 1s more accurate than
that in Art,C2.13, but 1t is still an
approximate one, For more exactness the
procedure discussed in Art.Al11.15b should
be used., Many trusses are deslzned assu-

ming pinned jolnts which is generally

conservative as discussed in A1l1,150.
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NON-DIMENSIONAL DATA FOR COLUMNS
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Fig, Cz l?a Non-Dimensional Column Curves

B 18 alse\[Fg, o/Fop where Fop = MW E/(L/PP, E being Ioungs Modulus (not Ei)
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Example Problem

Proceding as discussed, recalculate
For for member AB of Fig,C2,34 assuming
that the loads in the restraining members
at ends A and B are due to an applied up-|
ward load of 3,000 1lbs at joint D, react-
ed at A and' B, The following table shows
the calculatlions for k at ends A ahd B,

Fabie GZ,12 Gensratlon of 3tiffness Factors, k

Men-|Load | EX ! § L | /| ¢ k = 33CEL/L
ber x10% :

AG 190008 1.121 111,16 130,0]2.69| .30}448,000 )

+B05 113,77 |42.4(3.08|1.13{858,000} £=21,934,000
AT 1300001 .697(15.24(30.0/1.97| .73(678,000) =k;
HD [3000¢11.121|19,33130.0{1.55| .62|927,000} .
BE [4243T| .805|13.77142.4|3.08]|1.13|855,000; I=2,463,000)
B¢ | 3000¢) .697{15.24130.0]1.97| .73(678,000) :=ky

Using Fig,.C2,272, X3 = ky (the larger k)
and k = k. )

k4 I/EI = 246300(30)/1,121,000 = 6,59 so
k/kq1 = ,80 and C 1s obtained from Fig,
C2.27a as 2.2,

For this member D/t = 1,25/,058 = 21,6
and per Fig,.C4.9 its erushing (crippling)
strength is quite high, 67500 psi, There-
fore, the column curve of Fig.C2,3 for RT
can be used without modification, For
member AB ’

L = L/YC = 3¢/V2,2 = 20,2
L/p = 20,2/.422 = 47,9

Then, per the column curve, for member AB
Fer = 53,000, This 1s slightly less than
obtalned per the Art.C2,13 procedure,

If plnned ends were assumed for all
Joints then C = 1,0, L/p = 30/.422 = 71,1
and Fer = 43,000 (too smell), but words
about bending fallure in Ar:t.A11,15b also
appllies here, If the truss has members
subject to local instability see Art.
€2,16, Also if the members® b/t were
large, say 9 or more, and of open sectlon,
torslonal buckling might be critical
(Art,C7.31),

€2,16 The Use of Ey and Eqpp
The Tangent Modulus, Ei

As the axial stress in a column be-
comes 1increasingly greater than the pro-
portional 1limit stress, the tangent modu-~
lus whlch 1s the slope of the stress= '
straln curve becomes successively smaller,
This reductlon in Ei ts shown in FMg,.Bl.5
(the curves on the right being Et) and
also in the following+“sketch,

has shown and experimentzl data has veri-
fied (Fig.AlB,11 and 418.,12) that the use
of Et 1s justifled for determining the
buckling stress of columns, It 1s also
used for beam-columns having significant
axiel stresses, Hence, the use of Et in
Art,C2,1 and subsequent articles is un-
dersteod, . .

However it must he understood that
E+ 1s appllicable only for columns of
stable cross-sections (reascnably thick
flanges ete, ). That 1s, there must be
ne flange having a local buckling stress
smaller than the column's buckling stress

If there ls then Ey does not applj and
an "effective" modulus, E.ep, mugt be
used ,instead. It 1s smaller than Eg.at

any &jp relus.
The Effective Hodulus,_Eeff

.When any flange has a local buck=-
1ing stress smaller than Fpp for the col-
umn,assuming a stable cross-section an
"effective" value for E, E,pp, must be
used, Eerr ls obtained as follows.

A column curve is constructed es
discussed in Art,C7,25 and illustrated in
Art.C7.26, Method 1 there is the’most
frequently used, followed by Method 2,
Having this adj)usted column curve“which
accounts for the reducing effect of lo=~
cal instabllity, Fér can be obtalped for
any value of L/P, N

However, when the buckling stress is
determined for other than the above
simple case 1t 13 necessary te use Eeff
which can be gotten as follows., For any
value of For the value of L/p 1s abtained
from the column curve and Egrr 1s calcu-

lated as o2 2
Eerr = Forl{L/p)" /m
Fe .
L . Proportlonal Limlt_Stresg ._. )
0
U Et E=E

It is for cases where Fap 1s determined
using a "constant" which 1s a function of
E that Egff must be determined and used,
Examples of such cases are Fig,C2,25,
c2.26, C2,27, C2,41ete,™ In“these cases

As dlscussed in Art,Al18.8, Shanley

a successlive irlals procedure 1s needed
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COLUMNS WITH INTERMEDIATE LOAD

(Just as would be .1f Et were applicable),
That 1s, one.assumes g value .for-Eerfr, de-
termines Fer and then determines the value

of Eeftr corresponding to this Fer per the .|

above formula, If it is not the same (es-
sentlally) as the assumed Eqrf another va-

lue”for Eefr.ls assumed and the procedure |
is répeated, This is repeated ag necessa-|

ry until the assumed value is essentially..

2 2 2 2
k4 kl L+k4 Ll _ f-g
2 k tank, L 2
le - 1 | kS
9 Pl 2 P2 2
, = — kim — &
where %y EI, i e, 3

2 2
<o RyL-ko L,

, kalr-mk
PP,
E[2

2

o L

372

Thé eritiéal load dombinatien,

il g “dnd "Pls'must be ‘in the sane
the value corresponding to For, - Tnis pro-| coLred Py and Fp i ‘

cedure is similar to that required when
using Ey 45 digcusded in Art.C2,10a, Eerr
1s not -used with béam-columns, (only Et is
since ‘the t am~-éolumn’allowable, stress.
congiders dny 16éal buckling effect when

Method” 2 therein 18 used., However, with

Method 1 Egrrwould.be used when local in=-

; ..5ee Art,C3,18,

stability 1is pres

17 aaifh
€2,17 'Addttional

e font Bata .

This article provides addi tional
buckling load data for various .types of .
"columns, I% is generally self-explana=

tory.,
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Fig,C2.41 Column On Elastic Foundation
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Fig.C2,42 Column On Elastic. Foundation .
, ""With a Distributed A¥xial Load
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Fig. €2,43 Column With Intermediate Load |

" Note that the intermediate load, Po, |
in Flg.C2.43 must be Yocated at the step,
if one exists,*® The bucdkling equation is -

A pp—

# Sse "Pormulas for Stress snd Straln”, Eoark and
Young, 5th BEditien, far rapid solution for
nuzerous cases and end senditions,

ES

‘ratlo as the applied lcads Phand P and
are .found as:followsy-For the given
‘loads  caleculate a = P{/Ppi Asgume P is

e given

P2 and per the formulas find'by succesive

| trials the value of P which s

g
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the equation and then calculate a'= P1/F,
If & # a assume a different value of Pp,
calling 1t Py, and repeat, Repeat as
necessary until a' = a, P| and Pp are
then the critical load combinationX®* The
margln of safety 1s then -

M.5. = P1/P1 - 1.0 (or Pa/Pp ~ 1,0)

If Fgr is in the plastic range for either

 Per = CAREL/I?

L.O

portion then the value of Ef must be used,
and the value of E; corresponding to Fqop
must be the same , essentially, as the
value used in calculating it, {successive
trials). If local instability is present
Ears would be uszed instead of E¢, The
procedure is, of course, much simpler

for the speclal case where there 1s no
step (EIy = Elp)y s+ whzs Fp o

.fdé:ﬂﬁfcwfgég

[ ZZ

Fd

/g/:

- T VE FoETr Dc:i_l

73

i

| K ) K .
P P ?
-———ah—[Eﬁn . 1 ———
/i ) (4 "

_ L
| { I 1

50
KL
EI

k3

100 . 150
1s the larger of the two springs

Flg, €2,27a Constant Section Column Having Elastically Bestrained Ends

Note that interpolation for C "between
the 1lines" is non-linear. For an exact
value here, or for kjL/EI > 200, P,y can
be found by successive trilals, as follows

1.Use the flgure to get an approximate
value of C and calculate F,p,

2. Get the corresponding.values of j, L/}
COF and SF (= 4SCEI/L}.

3, Enter the values In the following
buckling equatlon (see . Ref, 4
derivation of the equation)}.®

for

SF* (COFF A(ky + SF)(k + SF)) = 1,0
L,If the left side of the equation

—————F .
* Derived by using %the manent diztritutlon procedurs

" 1s € 1,0 assume a slightly larger va-
lue for P.y and repeat steps (2)-(4);
it > 1,0 assume a smaller value,

5.RBepeat steps (2)-{4) until the equation
ls satisfied and P.y i3 as assumed,

The value used for E ~ must cor-
respond to E¢ for Feor when Fgon
is in the plastic range, or to Eerye,

To check a . column's adequacy under
& glven load enter its values of SF and
COF 1in the equation. If the left side is
<1.0 it is stable; if>1,0 it is un=-
stable, See Al[.13a for SC and COF values,
"The: k/k1 curves-in“the above" flgure were
generated using the buckling eguatlon.

# If xy =o2{fully fixed) the buckling egquation :I.TQ »0
SF + k = 0, so for stadility L/j< 2 and - SF+

s4 OT directly with an error of < 1% for the specisl cagse where Ei= Ey=E ang

Li=Lz with n=I2/I; and m= (P + P2}/P1 (Ref 5, pio®)
2R /T2 ) (m + 1)

B] + Ph= m/e - 112 Bim = 1) 1, mfm -
n e 2EEY - AR T Van[p e 2

)+ Eed
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-COLUMNS - WITH DISTRIBUTED AXIAL LOADS _

. o a e o . _ - . x
Table C2.13 Unlford Columh with Distributed Load and End¢ Load
FIG. 1, , .
TABLE
CRITICAL[BUCKLIN(? LOADS
{
" - I
.. L ]
y ¥ B e
RN FCASEN| caskl ‘] easEd CasE 4
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Bl re .L R AT reql |TU=Y T A | v FET)
lc . c o2 casis CASE 4 -1 S | 1.64) L9
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. ~1.0 .40 2 e L Ladd
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A 3 7 e
s P X 2176
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... . The above data -are used as follows. For a glven P, the erit-
lcal value of g is found. Or, for a gilven value of g the eritical
valus of P is found.‘ Positive values for the loads act as shown;
v "negative values adt’ in the opposite direection. If P>Pg
then qQepr will be negative. If 2> der (for P 0) ‘then Pcr will be

“,negative.

_ For 2 given q Pcr is found as followe...

1. Compute Pa- ueing £he equation in Table 1 (20tn row)

‘2. Compute “gL/P¢ observing the: proper 'sign for q

2. Obtain P/Pg from either Table
-.”{4. Compute Pcr = Pe(P/Pa)

1 (interpolatins) ot Fig. 1

For a given P Qer (the maximum allowatle value of q) is found as

+above, but using P/Pg in step (2
. Ger = Pe/L x (qL/Pe) Anfistep (4).

P

Examgle - {For all cases L=50, EI=100) |

?0000 Case 3. What is qer? Pe=2,04
EI/IZ) =80773, B/Pe=.619. Per Flg.z

’"qL/Pe=1 05 80 gor=1.05(80773)/50=1636

vﬂfExamule 2.
~==P—-30000, “Céze 1, Hhat is gy

- Pe=T"BI/Lf =39478, P/Ps=<.76. Per Table

\qL/Pe—3 17. So qcr—a 1?(39#78)/50 03

" qﬂl’or‘,msr; £ases af a varylng q see Roark (p.zé‘,ircetnoe‘a!:

). ql/Pg in, step (3) and ccmputinc

Example 3
Q= 585. Case I, What 1s P

Pe_39478, qQL/Pe=1.6K, Per ng 1
P/Pe=.34, So Pcr—.34(39478)- 13#23

Exam le 4 . '
- %33600. ‘Case 3. What is qpp?
-80??3. P/Pe=1.65, Per Table 1

qL/Pe—-z 02, qcr=-2. 02(80773)/50—3263

s
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:ﬁ%;z:k,i,i,fmi T i

A L2 <3 .k 5 -6 .8 9 m D {(Values of n/m)

1.0
I / /,L / D =1.0 iz the top line
.9 e '
8 g : A /
- / k = Support spring
constant, #lin.
T Homele e = L4 F
: k--.— For the example of an L= 2\11;::::.: betveen
¢ / i | 8 apan column, D= .625
; M T Pp = WEL/L
1
' .
5 g i B.=kl/Pg
: .
;ﬂr ! De n/m .
E 4 ! .
. : m = Toial number of.
1 \ apans of length L
/ :
.3 T n = A positive integer
: baving values from
2‘ 1 1 through -]
: }
1
1
‘1 !
1
: ! If k and/or L.
) : varies see Ref.4
0 1 2 L .
B 3
To Determine F..:
L
l. Campute value of B, : -._._*... Tl e i o j
2+ Compute all poasible values of D. '
3+ Interpoleting between the above a3 4 :
pPlotted values of D with the actual & + This data is used to
velues of [ in (2) and the value of h:; ¢ determine the minl-
B, find the smallest value of P:r/PE' - , mum support s;;ring
L. Corpute P__ m (P../F o - ' constant required,
or 0:'/ E)min(PE) . f kmlﬂ’ to obtaln sim-
NOTE: Iz doing stap {3) above it is emsiest 1 "} ple support through-
to first simply find vhich one of the plotted ! out.
values of D give the smallest F,./PE. Then ) 'y 1% P }(Pa /L,
consider only the 2 actual va.luea of D thet 0 # nin = 4 m"nL/ o}t o/L)

are closes: to this for interpolating. o 5 10 15 20 25

No. of elastic supperts, m-i,

A quick conservative estimate can be obtalned
by only using B and the lower "envelope” of
the vlotted D values.

Fig.C2,45 Uniform Column on Equally Spaced Ela.sti.c SupPOI'T-S

Eaving Simply Bupported Ends _
Example - _ _ m<8, so D=1/8, 2/8, 3/8, *-+ + » « 7/8,
For an eight span column having L = 20", | Per the above figure, P,./Py, = ,705
EI = 10, k = 1510 1bs/in what is the : ‘ . P :
buckling load? Proceeding as outlined; Therefore, Pop = 24674{,705) = 17395
Pe =1* (10)f /20f=" 20674 - . To obtain simple support throughout Kpin

B = 1510(20)2u674 = 1,22 - = 3.82(24674)/20 = 4713 (then Pop = P,




30 END FRICTION EFFECTS.

STATIC AND MOVING COLUMNS

¢2.18 End Friction.Erfects’ "

For pin-ended éolumns the presence
of end filxity due to frictlion will affect
the axial load carrying ability in two
different ways. One 1ls to lncrease It
and the other iz to decrease it, Such '’
columns typlecally have an end fltting ﬂ_
which includes either = plain (or spher=-

- ical) bearing or a roller (or ball) bear-
ing with a connecting belt or pin.  With
plain or spherical bearings the end fric-
tion can be quite significant, whereas
with ball or roller bearings it 15 essen-
tially negliglble, -+ -

The effect depends upon the manner
in which the column functions, If it is
a stationary column with no end rotation
relative to its supporting structure
{such as a column in a testing machine)
the effect 1ls to increase the buckling
load. If it i3 part of a mechanism or s
structure where.such-a relative rotation
at the ends occcurs the effectiis to gen=
erate a bending meément ‘which reduces the
axial load” oarrylng ablllty.

Stationary Columns

For thege the effect is to-oppose '
any rotatlon at the ends {which occurs
when a column buckles?, Therefore. the:
buckling load 1noreases, but thHis earnet™
be used in design or analysis since it
is not relladble,

Moring Columns (End Rotatlon)

Thege cases must consider the end
friction’ since ‘11" causes end moments
its strength. Fig,C2.46
111ustrates‘the two possibllities here,-

Cofiidating Pin‘end Bearings Bod—\ -
. LA T T T T ST m T e | -
,’,/ ) LColumn {Red) - g;
5 -Crank T o
A -
o My /—Besm-Column (Hod)
e (a) -
T .
N
..\\‘.r-—Cre.nk
\‘\@ . Column—,
I e

’ [—'Beam-('.‘olumn (Rod)

(g
Calumn ag Part of a Mechanism

B " .
Fig. 02,46

‘Qanalysis made’ peT Art, ¢3.58.

[.5). 1

-The two cranks and the rod. BC,are o
mecdhanism which moves &8 shown by the
broken lines, For each case, (a) and (b)
the "input® torque, T, on crank AB causes
the mechanism te move to the right and is
“reaoted by the Y“output® torque at D, This
‘ts ‘rod. BC in compresslion, - The broken

3 show the.relatlve rotation between
"th rod and e cranks. “Thé axial load,
P, and the end moments, M, due to fric-
tion are shown for each case, Note that
‘case (b) is more severe than is case (a),
The magnitude of the moments are calcu~

lated as = P(ub/2)

the radius of tho
where

ub/2 1is
circle™

3

"friction

ooefficieht of friction between
the pln and ‘the bearing
Diameter of the connecting pin

u

D=
For most cafés U =~ ,20 bit can be much
higher if high-frictlon materlals are
used, ; The axlal load , P, actually acts
tangent to the radius o ‘ithe friction
circle’ as shown 'in Fig,C2.47 for the
above two cases, .

P ——Load Line Rod—,
e ————t P
Fr:.etion c:rolo (e}

5 Rod -

P oo lflesdilime i RN o p

: ) i (v}

... Plg. G2,47 Load Lipne Tangent to Fristion Clrcle
Hence, the rod BC is a beam-column, due

to the frietion end moments,and there-—
foere will fail before its buokling load,
Per can be attained, "The bending moment
Jglong: the rodcdn be gdtten per Case I
{or II) in" eble 'A5.1,"and the stress

If the
ffiction 'éffects are ignored there will
be a bad "surprise” when an earlier than
predicted  faillure occurs, particularly

..} when P approaches Per..

‘References: (Add td thoge on p.02,18)

4) Ergineering. Column Analysls. (see
Art. AlB Z?a)

X6,8, P and Gere,J.M., MceGraw Hlll Co.
6) Numerical Procedure for Computing Def-
lections, Moments and Buckling Toads,

Newmark N.W.,Trans, ASCE, Vol,108,1943

“Critioal Loads of Columngnof _ ,
Varying Cross Secti®i} Thémpson, W,T.,
Journ, of App,Mechanics, June, 1950

7]
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€3.4a The Cozzone Simplified Procedure

The following presents a correction
and an addition to Fig.C3.8, ‘

1. The value of K for the tube in the
flgure should be 1,27 to 1.7.

2, The first two sentences of the final

paragrapn are revised as follows,'

If the calculated value of K 1s great-
er than the ranges shown or greater
than, say, 2.0 for comblnations an er-
.ror has been made, - For the concave
diamond shown in Fiﬁ.CB.’?a.if the ahape
1s given as y = #ax™ (for the left
slde) then K = (Sn + 3)(4n + 2). For
example, if n = 1. (a diamond) then X =
2.0; 1f n = 1,2 (a slight concavity)
then X = 2,031 if n = 2 (a larze con-
cavity) then K = 2,1 if n = o (the
maximum,but ilmpractical,concavity)
then K = 2,25, the maximum value, ' 4
four-polnted star would have similer
values, The Fig,C3.7a data should be
added below the diamond in Fig,C3.7.

€3.7a Example Problems in Finding Bending Strength

The following should be added after
the end of Solution 1 of Example Problem
No. 3.

32,750 in-1bs not the predicted bending
strength of the member, It is the first
approximation, . This 1s because the com-
presslon and tenslon loads (due to the
compresslon and tension stress distri-
butions) are not equal, They must be eq-
ual since no applied axial loads . are
present {(see Art,C3.3, second paragraph,
second sentence), In thils case the

- stress distributions produce a compres-
sion load of 32,780 1bs on the portion
above the N,A,, but a tension load of
only 23,350 1bs on the portion below the
N.A. Therefore more calculations are
needed assuming the N,A, is farther up
Trom the sectlion's centroid which was as-
sumed to be the N,A., After additional
trials, 1t is found that when the N.aA. is
assumed to be 42" down from the top, the
compression and tension loads are éssen-
tially equal, and the allowable bending
moment is 31,080 in-lbs, :

Thls applies to all allowable bend-
ing moment determinations when the cross-
sectlon ls not symmetrical (or when the
tenslon and compression stress-strain
curves are.nol assumed to be identical),
‘Thls discussion also applies to the sol-

ution of Examplg Problems 3 and &,

2,00
to
' 2.25.

Plg,C3,7a —
Ctmca.vp Diamond

* Also see Art.C3.3

In doing the plastic bendling analyses the

‘allowable compressive unilt strain-is ¢ =

Fee/E, and this is at the mean line of
the compression flange, :

However, a more reallstlc and larger
prediction of the bending strength for
members llke the above cases is presented
in Art,C10,15b, It is based upon experi-
mental data and does not base fallure on-
ly on the flange mllowable stress,

C3.10s Uhoymmatrical Section With No
" Axis of Symmetry

If the procedure in Art C3,10 does
not glve & positive margin of safety, the
more exact procedure outlined in Art,
€3.11la should be tried,

C3.1lla Alternate Mare Exast Method for
‘Gouplex Bending

The steps used 1n carrying out the
more exact procedure suggested in Art,
€3.11 are as follows (for an unsymmetri-
cal sectlon with no axls of symmetry) as
shown in Filg.C3,27a. Referring to Fig,

C3.27a, XX 1s the axis about which the
applied bending moment is given,

y ¥

F1g,C3.27a Unsymmetrical Saction_
Assume a neutral axis pesition, &,

Find the allowable plastic bending mo-
ment about axis x'x', This will re-
qulre several iterations, moving x'x’
parallel to ltself until the tension
and compression loads on the cross-
section are essentially equal, as in
Art.C3.7a. This glves the allowable
bending moment about x'x', Ma31 x'x'.

Find the moment of the stresses in
(2) about axis y'y'. This gilves the
corresponding allowable moment about
¥y, Mg.l]_y'y‘ .

Regolve the moments Ma11x'x and
Mally'y' into moments about axes xx
and yy to get Mgiixx and Mal1yy.

3

Mallxx Ma_llxw cosd :' Mavllyl yl" sind .

Mallyy = Malix''sind + Ma11y'ytcosd,



~ 'whichicanbe' ol = '0) to establigH an
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‘The left hand rule, ‘shown in” Flg.C2,
2?b. is used for any’ set of axes. v

5. Plot the polnt Mallxx- Mallyy as shown
1n Fig.CZ 2?b

é.ﬂRepeat ‘steps (1) o (5) for several
other ‘assumed values®of  (one ®f

alYowable curve of Mal1lxx VS. Mall

as 1n'PFig,02,276; " Tt ts only neoess—
ary to obtain: that.portion of:the . ~
curve (the solid 1lilne)” wherein the ap-
plied moments are acting. as shown by -
“the point- mx and my 1n the figure,: .

?.'Uslng this plot, fér any applied mo- .
ments, mygand Dyvy the margin of safe=-{

ty can be determined as

" M.5. = oblog = 1.0

or, .
~. M8, = ob'/oa® - 1,0
el ULH, Rile
e Mgy N
P -k
' -~ -~
foe b
/- ~
/- !
! L - ) \
’ my ----- H |.
T . a b +-
)| ) r E&x 3 \ Moo
\ "
AN . .
~
> -"'-. ‘ - - ‘
~Myy

M.S. =ob/oa -~ 1 = ob/od - 1
Flg. C£3:27b 'M.3. for Unaymmetrical Sactiona.

3.12a Plexural Shear §tresa in the
Plu.at.l.c Ra.nga ]

_ In Art 03 2 it wasw stated that in .
the plastic rangesthe: equation for- the
shear-stress is~ CVQ/ItQ Th the' elastic
reglon C =:140,~but wit Tastis bend=-
ing it is lerger:than-1;0%1n the neutral
axis.region andiless than 150 near the '
outer Tflbers. Thewprodeduré in Art,C3,
12 for caleulating C is an approximate
one; .This-1s becalise fleéxural sheéar is
AM/AX, and when M changés in the plastic
region fu- and - T 'also changé, which- the !
Art,C3,12 procedure does not cdonsider,
Following is the more exaot procedure.

For a: given bending moment at &
given beam statlon oné determinés the
corresponding values of fn and f5 by suc-
cessive. trials-as previously shown (fy 1is
calculated as Mo/I? Or, for a symmetri-
cal section one calculates fy, = Mc/I and

‘THe” correspondi’

then assumes a strain, € ' obtains fp and

fo and calculates fp =ty + (K - 1)1,.
Thls is repeated until the value of Iy

| équals ‘that calculated as, Mc/I.. The pro-

per values of fyy for» b and € are then _
known, for the applied bending moment, M.

Then, at the boiﬁt”fﬁwﬁodmé“on the

fm curve one draws 8 straight Alne -which
s tangent to’ th curve. and which. inter-

sects the ordinate , calling the value of
fm at the ordinate fm. - This 1ls repeated
usins e and. the fo curve, calling the va-

1ue of fo at the ordinate fo. This pro-
‘cedure is illustrated in Fig C3.28¢.

o Fis. 03 28: Dat.ermln!.ng f'm: a.nd fo

valie of fﬁ 1s then
calculated using fp and £ in the pre-
vidus formila, Ohe then calculates.

|Ati= ta=ths Afo= £o= 13 ;é-._nct}Arb'—_' s fp=Th:

Fig.C3.28d 1llustrates all of the above

} stresses (along wigh. Fig.CB 28e)..-- :

Fls. 3. EEd !laat-ic and. Llnear St.resaaa

Sy

] Afb. l*
7 .

Fig. C3.28s Net' Pla.stlo smd. I..‘Lnea.r sr.reaaaa

One then calculates the axial load on the
section (on one side of the N.A.) due to
‘the Afp and”Afo stress distributions,
oalling this load Pa and repeats this us-
ing the Afy, and.Afb stress: dlstribution,
calllng this load" Pb.' C is then calcila=""

ted as
¢ ="Pa/Py




RESINDUAL STRESSES AFTER PLASTIC BENDING

33

Example FProblem

Using the data from Example Problem
2 on p.C3,10 and 1ts asseclated curves in
Flg.C3.19, calculate the shear stress at
the N.A. given in Fig.C3.28 and also at
the intersectlon of the webd and flange.

Per the example fp = 35,800, fg
19700 and € = ,0222, Constructing the
gtralght lines tangent te the fp and T4
curves at € = ,0222, these intersect the
ordinate at fy = 23,000 and £ = 13,000,

fp = 39150 (p. €3.10) and

T4 = 23000 + (1,17 - 1){(13000) = 25,210
. Using the above stresses as preve
fously discussed.

Afm = 35,800 ~ 23,000 = 12,800
Hfo = 19,700 « 13,000 = 6,700

These are used as in Fig.C3.28d4 to cal-
culate the axlal loads. At the N.A.,

Py = 1.375(,125)(12,800 + 11,930)/2 +
.875 (,125)(11,930 + 6,700)/2
= 3.143“
Pp = 1,375(,125)(13,940 + 12,198}/2 +

.875(.125)(12,198 + 0)/2
2,913

Therefore, € = 3,143/2,913 = 1,08

This is slightly smaller than the 1,09
value obtained using the approximate
procedure (p.C3.1i1), However, for other
sections and other materials C is fre-
quently much larger than when the.approx-
lmate procedure is used,

At the webd to flange intersection,
Py = 1.375(,125}(12,800 + 11,930) = 2,125
Pp = 1.375(.125)(13,940 + 12,198) = 2,246

Therefore, C = 2,125/2,246 = ,946
C3.15 Yleld Stress Bending Modulua

At 1imit load there must be no det-
rimental yielding (Art,Cl.il4} which gen~
erally means limiting the applled stress
to the yleld stress, Fgy or sy deter=
mined as shown in Fig,Bl1,1, %ﬁis allows
the use of a yleld bending modulus, Fbyv
which will be slightly larger than the
yield stress, For the materials listed
in Table C3.2 Fypy can be calculated as

where fp and fo are the values listed in
the table under "Yield". These are the
values at the unit strain, &€, correspon-
ding to the yleld stress on a fp and fg
vs € plot,

For a materlal not included in Table
C3.2 (or not in any other similar avail=-
able tables) the basic Iy and fo vs €
curves are needed, Fpy can then be det-
ermined by locating the values of Fyy or
on the fp curve and dropping ver%l '
Ily from this point to obtain the ecor-
responding value of fg on the g curve,
Fuy 1s then calculated as previously
shown using these fp and £y values (fp

here 1s the yleld stress, Fyy or Fey).

c} 15 Regldual Sirssses Pollowing
Plastic Bending

When a beam 1s loaded s¢ that the
bending stresses are 'ln the plastic range
and the applied loads are then removed.
there will remain a residual stress and a
residual strain in the beam, This will
be largest at the extreme fibers. Those
flbers which were loaded in compression
%11l have a tensile residual streds, and
vice-verga for theose which were loaded in
tension. The residual stresses can be of
importance when doing fatlgue or fracture
gnalyses and can be determined as:follows

It is necessary to have a "K-curve"
where K is the shape factor (2Qc/I) for
the cross=-sectlon belng analyzed, For
such a curve see Fig,C2,19 where the .
curve for K = 1,17 1s shown., It is also
necessary.to have the fm (stress~straln)
and fy curves, The K-curve is generated
as follows for any selected value of K.
1, Select a unit strain value, €,
2, Obtain the f and {5 values at the se-
lected €,

For the selected K value calculate the
bending medulus at thls strain as ss

3.

Fp = fp + To(K - 1)

Repeat steps (1) = (3) for each of
several values of €.,

Plot the polnts Fyp: £, draw a curve
through them and label it K = (selec-
ted value}. Thls is shown in Fig.c 29
{the fp curve is for K = 1,0

S5e

Fof this K-curve the résidual stress &nd-
straln in the outer flbers can then be
determined as follows.
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: Fp - =
o F15-03.29 Dateminaticn or Ruaidual ‘Streas

Symmetrical Cross-Sections

Referring to Fig,C3. 29. calculate
the  bending stress fy, = Mc/I; enter the .
figure with fy and go, across to. the. K-
scurve establishing the point A, Draw the
stralght line AB parallel to the linear;
-porflon.of. the stress-strain.curve and
.establish the point B, Then go down from
point. A to establishafml .onthe stress-
strain curve. Thewresidual stress 4s-

‘res’ [~ f‘o

The residual strain.ere =18 that ‘at

,‘point B, These -are . ghe: outer fiber:vd= *
" lues, .the. Iargest values. ~The same pro-
..cedure Would .establish-the smaller values
;gat any. inner £ibexi i wpor G oiew Do |

Unsymmetrical Cross Sections

Assume an outer fiber strain.eﬁ. for-
the portlon with.the mest depth from

the ‘céntreid, y., €2 is then known for
the other portlon as shown in the Fig,

Proceed as discussed for Example Frob-
lem 3 Ain Art, L3.7 and .also in Art,C3,
74 to determine M '= my # mp (finding

 the torrect neutral axis)., This re- |
quires successive trials,

Repeat steps (1) and (2). for each of:
several other assumed.values. of‘él S0.
that & curve of ‘M vs €4 can be drawn.

Enter this curve with the applied\mom-
ent and obtain the corresponding value
of €1, €5 will then also be known
(step 17,

fEnter the appropriate plastic- bending
“curve with € go vertically. to inter-
sect the app icable K-curve to estabe

ey -IEE ‘Cage¥11

1 V-ete, )i fusitg sup

lish point A, Then, in the. same manner

'ag for the symmetrical section. draw the

lire 4B and detérimine the residual outer
fiber stress:and ‘straln for portion 1 of
the cross~-sectior, Then repeat step (5)
using €2 for portion 2 of the cross-
section,

53 18 Bem-cclum m]’,ruoa

- This article presents the procedure
for 'dolng the streéss analyses for uniform
and also varying section memhers

Uniform Sinmle-Span Members

For~uniforn single-span members num-
erous formulas for the bending moments
along the span are presented in Tables
45,1 and A5,1a, -For any case not avail~-
able there (oriby: superposition of those
cases), the bénding moments cdn always be
caleulated by using the tabular procedure

,presented 1ater for bedm~columis "of ron-

uniform:'spéns* Allowable ‘Stresses &nd
margins of safety are discussed Jlater,

Multispan- Members of Uniform SDans

For multlspan members where the
spans are ‘uniform'but 'EI may vary from
span to span, the moment distribution
procedure with axial load 1is used, as

"illustrated in Art,A11.14, to obtain the

bending ‘moments-at’ the ends ‘of each ¢on-
tinuous span. The bending moments with-
in~any‘span“are'theh‘obfa d by using
these bending ‘moments ‘s applied loads”
able'A5 o together with
i (e &., Case III,
rposition ‘of the Té-
sults (for the gamé axial Tead):,

Varylng=Sectlon Singlée<Span Mémbers

When EIl.¥arieés along the span the forms
ulas for uniform members in Table A5,1
and AS5.1a.cannot-be used, In such cases
a numerical procedure ls requlred to de-
termine the moments within the span,
This 1s done by using the same tables of
calculatlion as for varying-section col=-
umns 1in Art,c2,6bITables €2,5, C2.8, and

-C2410)y excepttthat the bending ‘moments,
"My along the' span due to the* applied

loads are used 1n Col, (2) of the first
table: of calculations,” AY' this point the
reader should Teview Art,2,6b as to Bow
the tables and data are used there,

For the beam=column the difference
is that instead™oY*Using an assumed shape
for the first table one enters in Cel.(2)
the bending moment at each station due to
the applied lateral loads and any end mo-
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ments, These bending moments are deter-
mined assuming simply supported ends even
though end fixity may .actually be present
The procedure is as .follows and applles
for each type .of table,

1. Calculate the bending moment at each
station assuming simply supported ends
and enter these moments in Col, (2} ‘of
the first table. calling them Mg since
they are for the applied lateral loads

2, Complete the table {as discussed in
. Art.C2,6D),but eliminate the last col-
umn for Paan..

3. Multiply the true deflection at each
station by the axial lead, P, and en-
ter this moment in Col, (2} of the
next table, Table I, reversing the
2ign (because of the sigh conventlon)

4, Carry out another table of célcul-
‘ations, Table II, as-in (2) and (3).

5. Hepeat again, Table III, atc,

Aftér several tables are completed the
final bending moment at each station, n,
can be computed ag¥

= M‘Q + MI + MII + ""MN/(l-MN*l/MN)

This 1s a geometric serles where the sub-|

gcrlipts refer to the-calculated table, @
being thé first and N being. the last,

The value of M 1s taken from Col. (2) of
each table, and My4¢ 1s obtained by mul-
tiplying the true deflection in-the last
calculated table, N, by the axial load.
Usually three or four tables are adequate
Unless the axlal load 1s quite large the
‘deflectlons decrease fairly rapidly in
the successlve tables (if P is greater
than Py, the deflections will increase
and are meaningless), If the axial
stress, P/A, on any segment is greater
than the proportional 1limit stress the
tangent modulus, Et (not Egpy) must be
used, The geometric serles converges
only if P < P,r as a column,

The procedure 1s illustrated for a
simply supported member in the following
example, For members with end fixity the
procedure 1s the same except that the
table will be 1onger

Exanple Problem

The member in PFig,C3,32 is & beam=-
column subject- to the applled loads, as--
shown,

s« Sar footnotr om p.l14,

{2). and Col,

+ Can also be used for flnal deflections and slopes,

20 - 17 h 10 —»
30000#' 590#' oooy =" 1300004

Same besm ms in Fig.C2.20d ";Tz'
500# 10004

Fig.C3.32 Deam-Column

The bending moments at the six beam sta-
tions, 0 - %, are, from statics

Mog= 0  Mp= 9,400 My = 9,500
M = 4,700 M3 = 10,000 M5 = 0
Thése values are entered in Col, {2} of

Table C3.3 and the table is completed as
shown, Note that this table 1s of the

‘same form as Table C2,5 (Art.C2.6b) ex—

cept that the above moméents are in Col,
(10) is eliminated. The de-
flections in Col.(9) are then multli-
plied By the axial load, 30,000 lbs, and
these moments are entered in Col,(2) of
Table C3.4, reversing the sign, and that
table is completed as shown,

Table €3,3 gln-bolm Kumerical Analysis, First Table

Q@
Stal Mg | BL | _J_ |Eq. Gonc.|Mom of | Umit Unit |- Trus
n| Dats nnt_; - in Eqa.i@x 1 B % x st/14
el e | ge T N o e
0 o !.x ¢ |-t.21 .0 ) 0 0
4 : < J=17,17
1.p b700] .92i- .511) - 5,77 |- 5.77 11.60 =17.27 | -,126
2| guoo(1.43(- .657| - 7.82 |-15.6 3.53 -28.57 | -.210
3 |10000{1.36|~ .735] - 9.89 |-29.67 ;n -32,15| -,237
14| ovoo! .50]-1.880] -19,58 {78,168 25‘55 -25.84 | -,190
sl o ! 50l o V-520 l-269¢]1""" " 0 0
See Table C2,5 for oalculation notes and procedures. {Art, C2.6b)

Table C3.4 Beam-Column Numarical Analyais, Second Table .

©O ® 3 ®_ @ O & ©

Stal 1, I | A lﬁq. Conc, [ Mom of | .Ualt Unit I True
a2l Yomdsl 81 -
n |- py, |Datal|~- in Eqs.|@x 1 |Br~ "
8 |x167| g1’ 1 nd g | no " 1 of :1:./12
o ] Lol 9 ~ 1,81 0 [\ [}
. -11,95
1| 3780 .92{~- 411 =~ 4,55 |- 4, 55 A -11,95] ~.088
- - .40 .
2| 6300[1,43]-,.841] - 5.2% [-10.68 7 ¢ ~19,35| -.1%2
: - 2,0
3} 7110/1,36|- .523( ~- 6.81 {-20.43 4 ~21.,81] =158
4} s700[ ,Soi-1,180| -11,92 |-47.68 6':5 ~16.66] =123
16,
5 9 50 0 =-7,16 i-1%.80 7 0 i

Sea Tabls C2,5 for calculation notes and procedurss (Art,C2,6H)

Two more tables were completed and the

.regults .for:all four- -tables are summar-

ized in Table C3,5, showlng only the va-
lues of M and true deflection for each
statlon,
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- Table C3,5 Results of Tabular Calculations

Staj Table Q' Table I | Table II Table III
: T.T‘HQ Defl Mr {Derl,|Mry {Derl,|Mrrr|Deri,
—0 KD ] 0 | O ] 0 ¢

1 uroo a;126‘37Bo - GBB| 2640| -, 059| 1770] -, 040
2.] 9400]=,210|6300(-,142|4260| -, 095} 2850| -, 063
3 |'10000|-,237]7110]=,158|4740| -, 105{ 3150| -, 070
4 | 9koo(-,190]5700]|-,123| 3690} -, 081| 2430 =, 053
5 0 .0l o0 ] @ -0 0 0 0

The final bending moments at each
station are emslculated using the geomet-
ric zeries,:as ..ghown in-Tablé C3,6.

Col,{10) shows the calculation of Pcr-
discussed later.- .

Pinal  Moments ‘and - Pap

Table: 03,4 Determinatien-efl:
cotel s HII H:Ix Miy” "rinéf' {For = PiMriy/Nry)
g 50

1 _’,3750 Ebo 1770 1200| 1661? ‘ . auano_iﬁ
2 6300|4260| 285011890} 28417 5300

3 7110|6740[31501 2100 31309 - 45000
1% . 5700 3690|2830} 1590 '258?5 ‘*5‘?00 ‘

54 .0 - 0l.o. . j0 -

* See Faxx

4% See text. - ‘_Averase Pc.r = 1’50?5 o

End Fixity o

If one or both ends are fixed the
same* procedure ‘1s-ugsed with the longer
calcu%ation tables like Table C2.8 and

‘The crltical axial 16ad for a beam-\,

columit s the same loHd' as “if 1%t wiTe a'
column. (no bending moments):
allowa

glnce eagrller

~ applied lateral loads or moments, The
. eritleal-load for the above member is
L5000 1bs and the aximl load 1s 30000, If
it were larger the bending moments .would
inctease’ and “ds''it “Epproached the criti-
cal load the moments would approach: 1nfhr

i‘Calculatlng Pcr from'Beam-Column Data

The data in the beam-column calcu-r
,1atlon tables can'also  be used to easily
and qulckly caleulate P, as follows.i At

'any station ;
Pcr = P(MN/MN+1)

where N is from the last calculation ﬁmlq
and Myst 1s as discussed before, For the
above example P,n is calculated in the )
last: column-of- Pavle a3 6v ‘and’ 1§, for ex-
ample,at station 2

The ‘maximum]-
. éxial load for.a.beam-column is|

fatlure’ will oceur by ‘bending due ‘to the i R

<7 | Table €3.7,

= 30 000(2850/1890) = hs 300 lbs

# Which can alaoc be nsed to.calsulate the S, COP and PEX's as
1llustrated in the book of Ars, A18.27a

BEAMJCOLUHNiANALYSIS.
f~1Notﬂ.that-themsmallurange‘inMPcr

values
18 similar to -that in Table C2.7., The
formula for Ppy -is:discussed in:Ref.3
{Art, A1B,27a): and epplies only when all
segments of the member have the same
value of E (1 e.. 1n the elastic range}.
for P/A) _ _

.

LThe.reaalfa'af the Eabular aalcu-
lations can' be used for changés ln ap-

{ plied loads' as lohg as twé conditions

are met,

1, E is the sameée for all segments (P/A
' 1s 1n the elastic range)._ L

2 All lateral loads change by the same
~factory .

This can save ‘mich effort by not havlng
to repeat the ‘tabular calculatishs, The
procedure 15 as follows.._

let tha final moments from the tabular
calculations be =

1.

MQ' MI' MII’ 1&--. HN .
4n (all)

2, Let the fadtor fdér the change
- lateral loa ‘ e
Fige 1n ‘the
‘the span
= _‘._L._K"“r&;w

the lateral Toads. are’ 1ncreased oy a fac-
tor of 1.2, For this case L = 1,2 and
K = 39000/30000 = 1,3,

Applying these, factors in the spec-
Ified manner to the bendlng moments in

Table C3.6, thé hew final Bénding moments

become the much larger values shown in .
Note that although the ap=-
plied loads have been. increased by an
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ble to Increaged

pplied Loads

5ta 5 - H'rjdnal Por

[+] V] -

1 5640 | 5897 | 5354 [ 4666 | w113 | 25670 Same

2. | 11280 | 9828 | 8639 | 7514 | 6478 | 43739 | asin

3 | 12000 } 11092 | 9613 | 8305 | 7197 | 4B207 |Table C3.6
4 | 11280 | '8892 | 7483 | 6bo6 | shk9 | 39510

5 0 o | o ] 0 0 -

average factor of only 1,25, the bending
moments for those four statlons affected
by the axial loads have Iincreased by a
much larger average factor of 1.61.

Beam-Columns Having an Initlal Bent Shape

Sometinmes for varlous reasons a
beam-column may not be "stralght" even
before any loads are applied., For uni=
form members, for which various formul=-
as apply as In Table A5.1 and A5,1a, the
member should simply be considered to be
stralght and a lateral loading applied
which produces the same bending moment
along the span (assuming simple support=-
ed ends) as does the axial load times the
bent shape deflections at the statlions,

This is in eddition to any actual lateral|

loadlng. PrOper signs must be observed
in doing this. " That 1s, downward (-) de-
flections result in a positive bending
moment, Fig,C3.33 i1llustrates the pro-
cedure, A single bend 1s shown in (a),
reversed bending in (b) and a smooth con~
tinuous bend in (c). The "equivalent"
loads for a stralght beam are shown be-
neath each of these, That in (c) 1s a
good approximation, Thus, the loads coen-
slst of thé equivalent loads and the ap=-
plied leads, and. the formulas of Tables
A5.1 and AS,la apply¥

For the case of a varying section
member it is best to complete the first
table (for the lateral applied loads).
Then the bent shape deflections at each
station are added (+ or -) to the true
deflections calculated and theilr totals
are multiplied by P to obitaln the bend-
ing moments for Col,(2) of the second
table, This is done only once, for the
second table. Additional tables are com-
pleted in the routine manner,

Approximate Formula for Bending Moments

_When there are no end moments the
followlng formula can be used to estimate
the bending moments along the span for a
uniform, simply supported beam-column,

At any statlon

Meinal = .-;MQL,(;I = P/Por)
Per 13 the crltical load if the member

were a column, If Fop (=Pyp/A) 1is in the

+ Since there 1s no actual transverse loading ¥y = O,
80 ¥final= —Mrinal/F at any station,

—

Bent Shape and Axial Load

¥=Pa
Bending #oment Diagram

fo = Pepd)

Equivalent Load
(a)

Bent Shape and Axlal Load

Pez

\\“\Jflf’/”

Bending Moment Diagram
Pey Plejter) Peo P{nqyte
- + i L3
- Ry I~ o2 1

Rp=Pey/Lq - Bquivalent Loads Hg=Pep/Ly

_37::?=r:72727:_._%__ :T:T:r:?=j;¥;:%_

Bentt Shape and Axial _Lpad.

R r=——

Bending Moment Disgram

- —w = BPe/T¥ (‘al.p.i:rox!.mate)
1.?1?‘[1’11'11'1?4{ Tf?ff?‘!fff

¥ 'I
By, =4Pe/L Equivalent Loading = 4Pe/L

(e}
Fi1g.C3.33 Bent Shapes and .Equlvalent Loads

plastic range E+ 1ls applicable {but not
Eeff)s hence a column curve can be used,
but not one having. any crippling adjust-
ment, is the moment due to the later-
al lomds only. The formula is most sccu-
rate for a uni;prmly distributed load and
least accurate®for & concentrated load,

The formula can also be used when tie
axial load 1s tension, adjusted as shown,

Meinal = HQ/(l + P/Pcr)
A tensile amxial load reduces the moments,

Other PBeam-Column Considerations

There are numerous other consider-
atlons which affect the bending moments
generated in a beam-~column, ‘These are
discussed in detail with example problems
in Ref.3 (Art.A18,272) and include the

following toples,

* But conservative
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BEAM-COLUMN MARGINS OF SAFETY: .

TORSIONAL MODULUS_OF RUPTURE

1.
2.
3

Axlal loads within a span.
Elastic (rotatienal) end fixity -

‘Members with internal (flexible)
splices

Multispan heéam-columns with ends
spliced togethern, affecting flxed end:
moments, cdrry over and stiffness
fagtors .

Multispan beam-columns having varying

EI spans require numerical evalu~

atlon of fixed end moments, carry overl

and stiffness factors

Multispan beam~columris on elastic sup-

" ports anemgnjsegging supperts

Al

Free-ended beam-columns
Beans 1in tension having a varying EI;
the: tabuler procedure can be used but
requires modifications

lowWable Loads or StresSes and Margirs

of Safety

du

Following are two different proce-

res. for calculating the margin of safe<
ty for a beéam=¢olumn,

"For a. given case

the larger of the two should be used,

1.

The following 1nteraction equation
(from sts of cir ﬁlar tubes) is

- Por * /M = 1.0

where P 1s the axial load, Pgp 1s the.
buckling.load »as -a column, M is the
final beam~column bending moment and

~-Muls.-1s.the .allowable bending moment

,“per Art, C4 17,4 -C3.4 or C10.156, The ..
jhapper nt M 3 f

2;

. is

(A76.C1.138) 25 then
U st

An alternate procedure 1s o ;f-s

.M, 8.,.=. F‘c/(P/A + Mc/I )~ 1.0

here Pand. M are es above. F is the

outer fiber allowable compressive

stress; “determined as follows, and A
S the cross-sectiionsl area

Ir the beam sectlon shape factor,

K, 18 1,1 or 1less then Fa ‘15 the

, prOportlonal limit stress*or that
in (d) ir smaller .

i

) I K 1s 1.5 or more then Fc “is Fcy

2)

) n surve iz l:.nsant tc tha 1 -o-mu-“ 1n-Pig,.C2,17

{l heaped upon the gross=section, .

‘ tria'gle, as_ shown in Fig ch, 31.

It K 1s between 1.1 and 1.5 then Fcf
_The prop, 1iMlt stress cas be found as Whare r,/ro 7 ror tha )

.4s determined by interpolating lln-

early between (a) .8nd .)b) above

d)..
stress (Art.C5.4,° C5.5. and CH.4)

less than in (a} ='(c) then F; is
the outer ‘fiber streds correspond-

ing to the local Jbuckling stress at

Uthe flan

e s meanline a,oq’fef
28 E :

e Chobad

oY
- allowed at’ some pArtieular *lead’

level, such as at proof load for -

actuators, Fg. is.the proportional

applicable for this case,

are . apparent ones, Theutrue M ;

culated per Art Cb ZBa;end C1,13a,.

Art. O, 20 dlscus:

”forronly the case f"

cross-sections the ultimate tor"ional

strength 18 proportidnal to, ‘the vélume of .

dry sand (or table salt)”that can be
If the
crossbsection’ has holes ‘a4 special tech-
nique is require 3 as discussed 1ate:.

ons, & rectangley a”c rcle'*

V=1D'/3k
9‘15. cJ} 31 Plastla Torslon Data .

V—'bzije-b)/a ) V =Ar/3

Where" ll.ab

The equation for calculating the ultimate

torsleonal strength, Tylt, when no local
buckling can -occury as with- very-rthin- -
| tubes ete, is

Tylt = 2VFrg

Ir the section has a 1déal buckling

For dases where gl permanent set 1s

1imit stress® Method 1 above is not

1s cal-

A = Triangle Area

e

L5
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where Fpg 1s a reference stress which can
be taken as Fgy for the material or cal-
culated per Table C4,9. V is the sand
heap volume in cu. in.

For other cross-sections without
holes a cardboard template of the Actual
cross=-section 1ls made and sand is slowly
poured onto the template until any addi-
tional sand runs off, The sand ls then
welghed and the volume 1is calculated as
V = weight/weight per cu in of the sand,
Having V, Tyjit can then be calculated per
the formula,

If the cross-sectlon has holes the
following is done to determine V, Snug
fitting thin right cylinders made from
thin paper are inserted in :the holes,
long enough to project above the volume
" of sand that can be piled on, The sand
is then poured on as above, and the pap-
er cylinders slowly pulled downward unw-.
t1l their edges become contour lilnes at
at the max,elevation,(a bit of practice |
is helpful here}, That is, none of the
s8ide area of the paper cylinders will be
exposed, The welght of the heaped sand
is then determined, To this weight of
of sand must be added the welght of sand
required to fill the cylinders from the
template up to thelr tips. The sand vol-
ume can then be calculated as discussed
previously and Tyit 1s then calculated,
It 1s generally unconservative %to deter-.
mine V simply by deducting from the.
strength of the cross=-section without ° .
1ts holes the strength of solld sections
having the cross-section of the holes,

but this 1ls sometimes done for rough pre-

liminary estimates,

Instead of using Fgy for Frg in cal-
culating Tyits Fpg can be determined as
‘follows, For the slloys in Fig,Ck,17 .
through C%,30 the torsional modulus of
rupture, Fgt for solid clrcular cross-
sections can be obtained at D/t = 2.
Then, alnceT £= 2VFpg, Fgt = TyltR/J,

J =nr*/2 and V ﬂTD§/24 one can solve
for Frs as a function of Fst. By alge-
bralc manipulation

Frg = .75Fg¢

Table C4.9 shows the values of Fgt, Frss
and Fgy for several alloys from the Fig-
ures shown. Fgy ls from MIL-HDBK-5,

Table C4.9 Comparlson of Fp, and Fgy
Flgura] Alloy - Foy |Fra = -T5Fst| Fau
Gh,17 {1 95 ksi Steel Tl.4 53.5 55.0
C4.20 |180 kel Steei |[142.5} 106.9 109.0
C4.30 |7075-T8 Forging| 58.7 44,0 45.0
Cc4.28 |80581-T6 Tubbng | 34.8 26.1 27.0
C4,27 |20246-T4 Tudbing | 49.3 37.0 37.0

The values of Fgt were obtalned from Art,
cl4,200 They could mlso be gotten by do-

ing torsion fallure tests of rods having
a circular cross-section,

04.23a Illugtrative Frebleas Involving
Combined Bending and Compresalon

In Art,C4,22 Equation C4,14 does
not give the true margln, but rather an
apparent one (see Art.1,13a)., Therefore,
in Art,ClY.23 the calculated M.S. of ,09
1¢ not the true margin which will be clo-
ser to zero (but not negative), To find
the true M.S. one must find, by succes- .
sive trials, the common factor by whichall
-applied loads must be multiplled 5o that
tne calculated M.S. is zero, Calling

| this factor F, the true margin is F - 1.0

This applies to any beam-column, or to
any other case where the internal loads:
or stresses do not vary linearly wlth the
applied loads,

cs.fa. Buckling of ¥lat Ractangular Plates
Under Shear Loads )

Add the following'to Art.C5.7.

The use of the secant modulus .for
-ghear buckling stresses in the plastic
range - has no theorstical basis; 1t sim-
ply happens to match experimental results.

It is helpfiul to redefine the shear

puckling coefficient as Kg = ks¢r/12(1 o
Then Eq.(5) becomes

Tcr = KSE(t/b)a or Tcr = E/(b/t Ks)a

The abscissa in Fig.C5.13 will then be
elther of the above divided by FO 7,
2.8 T

Vs

- CLAMFED

= SIMPLE SU
iH

SHEAR BUCKLING CONSTANT ¥4

'PANEL ASPECT RATIO aib

oy (zssj”*i‘ 2es S s ool s m

Fig.C5.1la Shear Buckling Ccef,, VKs

.

——
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The value ofWﬁr is given in Fig C5 11a.
Fig., All.. gives Fgop (=Tpr) for several .

~ cdmnion materials and includés the effect
‘6f plasticity., Note that "out-off" lines
are used, These are at shéar stresses of
approximately .5Fg » {(or =, SFcy). This is
a falrly common conservative practice,

. For gther materials Fi§
entering With KSE(t /0 V5, 70«»«/1% E/

usec .
&/t Ks)/F7 » obtainir Fscr/FO 7 and cal-|.
culating Fgepr = Fg. 7(Fscr/Fo 7 e Sinoe

n snd Fg, ?,are eeded to do. this they are|

obtained from Tablé Bl 1. or for other”
'materials n cafd. Be séalculated per Art,
. Bl.1 6r read from. Fig Bl,13 (cbtaining
"Fo.7 and Fo 85 from the. material s stress
strain curve per Fig, Bi, 12

65.8a Buokling of Flat Rsctansular Plates

Undar Bending Loads ‘

‘Useful data £or two cases of platés
subject to bending stresses are shown'in
Fig,5.1%a and Fig,5.14b, That in (a) 1
for all edges simply supported with KB
being the value kT€E./12(1-7%), ~The :
buekling stress is calculated as Fper =
KpEc (t/BF o where Ec 1s the compressive
value of Young's’ JModulus, If Fpey 1s in
the plastic range one’ calculates )

FBor/ Fo.7 "

enters Fig.G5.8 with thils and obtains
Fcr/Fo_Z The- corrected value of . Frer, is
‘then calculated as FQ, ?(Fcr/Fo 77,

a/b values less than .30. KB can be
calculated as

{142 /1° ) (14l /02 ) (1+9az /1 ) (02 /a2 )

For

with the upper edge 1in compression,
.C5.13 can be|

wnpon the relative magni

BENDING . BUCKLING OF FLAT RECTANGULAR PLATES

Fig. 5. 1hv is for a plate in bending

1 and compression (not. tension). Wwith the

.cowpression (upper) edge’ free and the
‘other three edges sinmply supported. This
can slso be useful, for example, in estl-
mating the buckling stress for the up-
standing free edge of & Tubeam in bending
The
buckling stress is- calculated as

Foop = E{ﬂeEc/m(l-f:l(t/'b

nIf For is 1n the” plastio range it is cor-
“rected as discussed for the previous case

Note that the figure shows cases ranglng
from pure bending to pure compression
(b/h = 2 to b/h = 0), For tension and
bending b/h > 2 and is not covered by the
dsta in the figure. h is the distance
from the free edge to the line of zero.
stress ' ‘ :

It should be noted”that for this
ease the’ compressive bu 1ing stress de=-
pends upon_h, or the 10, n of the line
of zero stress. Therefor it depends

sive " Stress)
upon M and P.) So for a given cage one
must determine £y and; fc and then find
‘thie value of 'h and b/h in order to enter
the figure arid obtain k., ~This is unlike

or

[rothez” plate buckling stress which atre for

fb or, £

only”avsingle stress fs.
' 1 1€

Kp- 0576(1+a=/bi)z+ 049 3B(149a% /BE |2
O e I‘L T |__ s st w—— ul _' ’
=
=
= =
: =
Py cane '} ———
= E ——
2% ., -
2ef— SRR e
Y e L PRy Ae T
?3 ok S as/b 5 .'7. B

Fig.CS ‘1a  Flat Plate Compression
Buckling Coefficlent, Kp

e 3
NOING 1M THE PLANE Dl'" et

. FRE

I.n"mu.m lqnlunn
v/ Toar+ Lg/Fegr = 1.0}

b/h cf ﬁ.)/vc !
_nmp‘ s, Tens, is~ ﬂ
- - a7k - r3 e 3
Fig.CS 14b FI&t Plate Compression-Bending
Buckling Coefficient 'k
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LING h1

What is the buckling margin of safety for

the plate shown below?
P 7075~T6 Plate Material
M( t=4125 1 Fo 6k, 500

F—%—" ¥=10001n 1bs, P=1000. 1bs

E—"—J.O.5I10‘. n=9,2,
A= 3(-125) = 03?5! I= 0125(3)/12 = ,281

fo = 1000/,375 = 2667

Py = 5338 + 2667 = 8005 (comp. )

fr = 5338 - 2667 = 2671 (tens,)

b/h = ( 8005 4 2671)/ 8005 = 1.334

a/b = 1,3331+ Per Fig,C5.18b k = 1,4

For = 1401 (10,5510 ) (,125/3) /12(.89)

L

23,584
Buckling M,S, = 23,584/8005 = 1 = 1,95%

. (not. .in plastic range)

Example Problem 2

What 1s the buckling margin of safety for
the upstanding leg of the T-Beam below?

oS Beam length = 6"

Material 1s 7075-Té Ext,
—d n - 16,6, Fo.n. = 72,000
35 E, = 10,5 x 10

Il M,_a_IT P = 21001bs, M = 1000

A=.301n, I=,0763 in, cy = 1.15 in,
cr, * 35 (to bottom of upper leg)

T~ 1000(1,15)/, 0763 _13

072 (comp. )

[}

fpp= 1000{,35)/.0763 587 (tens., )

feo = 2100/.30 = 7000 (compl

fu = 22072 (comp, ); fr, = 2413 (comp. )
b/h = ( 22072 =« 2013)/ 22072 = ,89 (Fis.
a/b= 6/1,5 = & 7 s C‘f:i“l?b)
Per Fig.C5.14b k = ,62

For = ,62(11)° (10,5x10°)(,1/1,5/12(.89)

i

26,738 (not 1in plastic range)

Buckling M.S. = 26738/22072 -1 = 21 %

Had Fer been in the plastic range for
this case, Fig,C5,7 would be used,

©7.10a Illustratlve Problema in Calc
Crippling Stresses

ulating

The previous Methods 1 and 2 show
only a uniform thickness for the cross-
section and do not discuss how to ac-
count for different element thickness-
es, One approximete way to do this where
angle units are involved gs as follows,
First, assume the two elements to have
the thicknesg of the thinner leg and com-
pute Foe. Then assume them to have the
larger thickness and compute Foo., Then
calculate the averamge of these and con-

——
* Fer ultimate bendine (only} strenzth see p. 48, "U-Sections"”

slder this to be Fec. Howe&er. & recom-
mended Metheod 3 1s provided in Ar%.C7%.30.

CT.30 METHOD 3. For Crippling Stress
Caloulations

The following Method 3 for predict-
ing crippling stresses ls recommended,
gince 1t 1s more represgentative of what
1s used in the aerospace industry, It
conslsts of caleculating Fop for each el-
ement of the cross-sectlinn and obtaining
the welghted average of these as the
erippling stress for the cross-section,
The erippling lead, Ppe, 1s then calenla-
ted as this average Foe times the actual
area of the cross-section, This 1s done
In a tabular manner as discussed later,

Crippling Stress of Elements™

For any ductile alloy at any temp-
erature the crippling stress for each el-
ement of the cross-section 1s calculated
ag follows,

a) For one edge free elements

Fcé = .566Fcy.60 E#a /(b/t ).eo

o} For no edze free elements

Foc = 1.425 Foy®® E*° /(b/t)®

The manner 1n which b is obtained is
ghown in Fig,C7.37. PFor clad material
the bare thickness and the secondary
modulus are used, -Also see “"cut-off*
streas discussion,

-"* "_tx ﬂ”-‘_ Ty -ty
[T] Use bare When to>t 1
1| thiclmeas and 1 test/2 - !
secondary . S ,
moduluas for When th< t
1| slad material }! t.x=t2/§ ]
l I to get Fgq l
L HAY

¥

-

s gy o PU— —
No Edge Freas 1 One Bdgs Free
Fig. €7.37 Crippling Element Geomeiry

Table C7.2 showa the calculation pro=-
cedure, The example in the table is for
the zee sectlon shown in Fig.C7. 38, For
this case, 7075«T6é Ale., the "applicable
properties. and other data are shown in

Table CT7.2 Crippling Stresa and Load Calculations
Element| b .| t [b/t |Free | Fgqg bt |btFga
Edped

1 50 046]13.0 L - |34026 |, 0276 939

2 1.25|.046127.2| O {4745T|.O5T6[ 2729

3 .70].046(15.2] © [620007,0322] 1§96

4 L281.046] 6,1F 1 162000).0129| 8CQ

: L=.1303 6464

Fog = 64547.1303 = 49600 pal

Pog = 49609(.123}= _£102 1lbag

-4 The crippling strangth of btuilt-up {attached) members
iz more than that of the savarats menbera, see Hef, 14
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the figure.

.:J¢;2v j:;-:

«28

7075~16 . Alclad .,

: Bgecay =.9.7-x 10" 1,25
bare: 7. = S

- Bend, Radius = .09 A R
Ared’ 5‘.123 sqin | 1L T

" Foy'u. 62000

Fig.,CT 38 Crippling Example Geometry

There are. other considerations whieh
may be present, These ¢éncern the abil-
ity of an element; to;be-able:to provide

‘simp “support for its adjacent element,
'There are . three .cases here, as follow.

Bulb Supporting Element _ ‘

This case is discussed in Art C7. 9.
in Fig.C7.10 and in Mg,C7.12, and 4n Ex-
ample 10 on p.C7.9, If the bulb is not
large enough to de. . this; @ reduced crip-

pling stress can be estimated as illustra- .:
3)

ted for.a.short flane {1lip), using Dpyip
instead of b Abul? instead of b% } F
7 bt

¢
for Fge and fD/Dmin instead of ( i K

Effectﬂe fr’

As an outstanding flange is made pro—
gressively ghorter, it will eventually, be
unable to provide simple support for 1ts
adjacent element, This ' flange length, be,
can be" determined as follows, referring to
Fig.C7.39,  The minimum flange length for
providing simple support is, that which sa-
tisfieg the following equation. e

- bf/tw = SbW/tf

. L5 and tw are’ “known and. bf can
be found by. successive trials.. Fig.C7.11
applies only when tf = tw.

e It

Fig. 07-35 .Mlnimum‘Flange Geomeiry

B“%.f[”‘

% For joggled flanges zes F'ig.é.“.’S(’};-

Example Problem

o

In Flg.C7.39:let by = 1.25, tw
46, tf =-,046, .Whatils the smallest

value of bf which will: provide simple -

Hence,

-gupport for element’ 27 -

After several trials when by 7-.24?

1 the above equation- 18’ satisfied, ds

1#0 88 = 5 3?.-135 87
2&? is the least valué for bf

that will provide simple Support for by.

‘Beduction in Fee_for Shott Flanges

When a flange is too short to pro-

vide -simple support 'for its adjedent dl-

ement, a reduced value for Fg.

for the

two elements ( 1 and 2 " Fig.C? 39) ban

be
1)

2)

k)

determined as follows.

o E S <
Assume that B2 has the minimim ¥alue
required and calcu an average Fcc
‘ s follows.

o1 + BataFeca)/

Fcc1 —‘Fccz &
- (b1t1 +;b2t2)

Calculate an Fcc for element 2 assum-

ing it has one edge{free. ‘ .

Using“the actial’ value of bf. inter=
polate "cubically". between the Fug.
values in.(1) and.(2) above to get
thé' final v lue for”Fcci and Fccg.
that is, ...

Fccl—Fccz—(bf/bfmin}?(Fcc(1)~Fcc(2))
‘ + Fcc(z)
Use Fec in {(3) for elements 1 and 2

in the table for crippling calcu-
lations (1.,e., In Table C7.2),

Examp;e Problem .. ... o

What lis the crippling stress angd -

‘| the crippling load .for the member in .

Fig,.C7.38 LT the’ length of element 4 1s

{only 15"?

As 1llustrated previously. the mine-

imum length of element, 4 which, will: pro-

B vide, simple support, ﬂdr element 3 is
found to be‘b3

.208", -Proceeding as

outlined. and, using Fcc data from Table

C7.25 ‘ <.

1) Fooy = Fooy = (800 +1996)/ | ‘
- (. 0129 +..0322) = 62000

2) F°°3 (for one.. edge free) = 30026

R
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3)VF003 = Fegy = (.15/.205f(62000 -
. : 30026) + 30026 = L2552
) Using 42552 for elements 3 and 4 in

Table C7.2 and .15 for by, the re-
duced values for F,, and Pge are

Pcc = 5019

Qutstanding Flanges not Perpendlcular
to Ad jacent Elements¥

.FCC = l1-2.896

On océéslon a-supportlng'flange must be
inclined from the. perpendiculer dl-
rection, as shown in Fig.C7.40.

Fig. C7.40 Flanges at Small Ané;les*

In such cases the "effective" wvalues,
berr and terp, must be used when checking
to see if 1t has adequate supporting
length for its adjacent element, as dis-
cussed previously, These are calculated
as follows,

beff = bsind terr = t/sine
terf is then used for tr in the cuble
equation to determine the minlmum flange
length., If berr ls less than this then
berr 1s used in step (3) in place of by,
The actual flange length, bs, and thick-
ness, ty, are used to calculate Fpg for
the two elements in step (1). It is rec-
commended that € be kept within the range
of 20" to 160°, If @ 1s either quite
small or large, the least I will be quite
small for an angle section and this will,
of course, result in a small buckling
load for the member as a column, -

Example Problem

Repeat the Table C7,2 example prob-
lem assumling, that element 4 is et an
angle of 25°rather than at 90°,

" Rerr = .28 sin25°= ,118
terf = LO46/51n25°= ,109

using ,109 for £ty in the cublc equation,

after several trials, when br is ,156 the

equation is {(essentially) satisfied.
Therefore, berr 1s not large encugh to
provide simple support for element 3.
Using .118 for bs in the previous step
{3) and the value of ,156 for bpip gives

¥ Per NACA WRL 2B (1944) such angles can be considered to be 9
. for calculating E. , so the following procedure is
ponservative and not necessary for calculating Feo !

3
F = F = (,118/,156) (62000-~300264
°¢3 T Teoh T L3002 2 386k )

This results in F.e = 43277 and Pups =

‘5323 for the cross-sectlon,

Ierge Curved Elements

The previous crippling ecalculation
methods do not include data for cross-
sections with large curved elements as
in Flg.C7.5%1,

Fig.C?7.41 Large Curved Element

Pig,C7.42 provides such data for ane

edge free and no edge free curved elem-
ents., The procedure would be the same
as In Table C7.2, but with the fellowing
restriction, No elements 1n the cross-
section are allowed to have a cripplihg

‘stress greater than that of the curved

element, That 1s, the curved element's
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< stress | or load for a undiform: column is as

© gtabllity called .

- In, addition;

hiy CRIPPLING

TORSTIONAL BUCKLING

crippling stress is also a "cut-off",
maximum, crippling stress for all other
elements, The reason for this 1s that

tests show that when the large curved el-
ement buckles failure of the section will
follow almest immediately.

or

Crippling "Cut-Off" (Maximum) Stresses

In using the fcrmulas fcr crippling
stresses. when+b/t 1s very small the va—
lue for Feoc becomes unrealistizally large
exceeding Ftu (=Fcu) for the material,
Therefore, it 1s necessary to use a real-
istic maximum or “ecut-off" value for Fge.
There are three maliln ways that thils has
been done in the aercspace industry over
the years,
1. Fcha_x Fcy

2. Fecpax = Fco (per Art.CA.4 and Tables
’ Ch,3 and C4,2)

3. FGGmax = Fey

Using Fey {1ltem 1).1s the most conserva-:
tive, . bu hasg. prohably been-used+-by-most
aerospace companies-and is used in the

.examples. of this Supplement

These cut-off velues are- also used
for Fc - for columns- not-subject- to
;orippl?ng or-local: buckling {stable:
cross-sections),-and-also: “for columns
subject to torsional buckling. discussed=
below. )

CTe« 31 Tcrsionll Buekling’

Conventicnal (bending) buckling is al*

ptype of . general instability which assumes|
" that the buckled shape is due to bending
only, as in Fig.C2,2, The buckling

defined In equations (3), (5) and {6) of
ATt CZ 2 for stable crcss-section shapes.

There is anothe

-type of general in-
sional“ buekling for
which the buckled. pe invelves .twisting
although there is /applied (twisting mo=-
“ment. Torsionsl ‘buckling .is ‘likely to be
. critical for members having open Lype
. eross-sections -with: relatively thin walls
. it is usually most; 1ike1y to
be - eriticsl when the column is ¥elatively
" short,. that is, short and intermediate;
1ength column rafige, It is riot a problem
for closed cross-sections such as tubes,
because of- their high resistance to
twisting deflections, . It iz not likely
to be critical when the b/t (thinness)
of no member of the cross=-section ls more

;buqklinguloaduis»always:critibal.~

of such cross-sections are zees, thanneis
-angles, tees, :I-sections ete, The
buckled shape 1s elther a pure twisting
or a comblnation of twisting and bending
about one or two sxes. as follows.

1, Fcr a cross-secticn having twc axes of
symmefry or polnt symmetry it is a
pure twisting enly.

For one axis of symmetry it is A COm=
bination of twisting and of bending
about “the ‘axis of symmetry,

For no. axis -of symmetry it is =2 com=-
blnation of twisting and of bending
about each principal axis,

2.
3,

For case (1) one computes the torsional
buekling load and the conventional buck-
ling load about the minor principal axis,
The smaller of these is the critical load
For case (2) it 13 the smaller of the
torsional buckling lcad and the conven-
tional buckling load about the axis of
non-symme try.. . .For dase: {(3) the torsional
{ 1 Asg:the
column-léngth :Ancreases: 1t willfapproaCh
the conventional buckling load as calcu-
lated ‘about the minor principal: axis,
Fiz.C7,43 and C7.44 show for the cases of
an equal leg angle and a channel sectlon
how -torsional buckling can become criti-
cal, Note that as t decreases (and b/t
increases) the loss in:strength ‘due ‘to
-torsional “buckling can become very large,
For "thiltckT sectlons ‘1t will not be crit=-

ical {b/t about 8 or:less).

" free ]
such as
for wing
involves
‘may ‘be
less® tha the conve_tional buckling 1cad.

*ar
A

‘gtrits, : For réstrained struts
stringets ‘attadhed to skin (as
structurss) torsicnal buckling

Practical metheds for calculating
the torsilonal buckling stress-of free
struts and restrained struts are present-
‘in BRef, P*(see Art A18, 2727,

Ref, 15,16 and 17 also discuss tore
sional buckling. = Bef, 15 shows & coupari-
son with test results for the channel
shown . in Fig.C7.44, case (@): BRef, 16
also shows some test results, Ref,17 has
data for stringers attached to skins}*

Note: ' S o
Chapter C8 articles are located

than about 8.0 (see Fig.CZ'%3). Examples

after Chapter Cll articles,

# Referencez are on' p.A2l.""
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TORSIONAL BUCKLING OF ANGLE STRUTS
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TORSIONAL BUCKLING QF CHANNEL STRUTS .
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GENERAL INSTABILITY.

THICK~WEE BEAMS Lo

€5.1%a Calculatlion of General Instability

.Art,C9.13 presents an equation
(09.,7) for the required EI of light cir-
cular frames so that they will provilde
simple support for the stringers without
collapsing (as 111ustrated in Fig.C%.7b),
called "Shanley's Criteria”which is ap-
parently greatly basel upon work by N.d.
Hoff., PFor elliptical frames it is sug-
gested that for preliminary slzlng pur-
poses or checks the following be done,
For a bending moment about the X-axis,
Me, let D in equatlon £9.7 be 2b., For
bending about the y-axis, My, let D be
2v* /a, referring to Fig.C9.9, :

o
b4

Flg.C%.9 Elllptical Frame

The frames must also have enough stiff=-
ness so that there will be no instabil-
ity due to the shear in the skin panels.
per Fig,Cll, 39-

Shanley's criteria applies only for
a bending moment acting on a  shell of
stringer construction, When there 1is
tension fleld action due to shear loads
this wlll generate additional compression
loads in the stringers, (Art,C1l1l.31-.32).
To account .-for the effect of this ad-
ditional stringer loading it is recom-
mended that the right side of equation
C9.7 be multiplied by the factor -
{Pg* PpT)/Pc where Pe 1s the most highly
stressed stringer load due to M.and Ppp
is the largest of the dlagonal tension
loads In this stringer and in the string-
ers on each side of 1t (3 stringers),.
The disgonal tension load in a stringer
is calculated as

Ppp = .5(kfghteotelly + .5(kfghtcotei)y

as discussed in Art,C11,.32, item 3, a
and b are the panels on each side of the
stringer being considered,

C10.15b Analysis of Thiok-Web Beams

This textbook and others do not dis-
cuss the strength predlection for thick-
web, shear resistant beams, These are
gulite commonly used in areas other than
in the primasry structure, such as for
supporting numerous types of equipment,

There are two types of beams, thin-

web and thick-wehb-

Thin-Web Beams

1 1lightest.

Thin web beams are shown in Flg.
c10,1, C10,2 and C10,3, For these the
web thickness 1is. much smaller than that
of the flanges. . Thin-web beams may have
either a non-buckling ("shear resistant")
web, as ih .Chapter Cl0 or a buckling web
("semi~tension fleld") as in Chapter Cl1i,
Fig.C11,3 and Cli.4, 1In general the
deeper the beam relative to 1ts length
the more likely 1t is that the tension
field type will be the lightest, Al-
though a trade study 1s really needed to
determine which is lightest, Wagner pro-
posed that the followlng rough criteria
for this be used, When the "index"

K =YV/h is mere thaneieven the shear re-

sistant type is probably lightest, and

when the index is less: than geven the

semi-tension field type ls preobably the
In the index V 1s the shear ln
1lbs and h is the beam depth between the
flange centroids in inches,

The shear resistant type is usually
the simplest from & manufacturing con-
slderation, particularly if the web needs
cut=outs or holes to allow wire bundles,
rods etec., to pass through it (Fig,C10.19,
10,22 and D3,27). For thin-web bBeams
the crippling strength .of the compression
flange 1s used in calculating the:margin
of safety, Art,C10.,3, C10,5 and C10,15 on
p.C10,13 (but too conservative for .thick-
web. types as discussed later). However, if
the beam's deflection (stiffness) is of
importance, the initial buckling stress
ofthe flange's outstanding legs. should be
usel at 1imit load, This 1s because when
such buckling occurs the beam's I will be
become much smaller as to additional
loads, so much stiffness will be lost.
See Art, 06,1-C6,4 for initial buckling,

Thick-~Webh Deams

Thick-web beams have webs whlch are
of about the same thlckness as that of
the flanges, Examples of thick-web beam
cross=-sectlons are shown in Filg,C10.15a,

Fig. €10.15a Some Thlck-Web .Beam Cross-Sectlons

In géneral, thick wéb bemms are of one
plece and are shaped by forming sheet
metal, by extruding or by machining,
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48 N o . THICK-WEB BEAMS :

When subjected to bending the allow-

able compressive stress for strength cal-
culations is frequently taken as the
crippling stress of the flange, but this
usunally gives a quite conservatlve esti-
mate, s bending.tests of such .members
show, . When-deflection or stiffness is ;
lmportant,  the. flange's 1lnitiazl buckling
-gtregs: (and+1imit lodd) should beruged :as
discussed for-the thifi<web- beam; ' For the
"cases: oficee,zee and’ U sections. the ulti-
‘mate:bending strength:can- bérmotesccur-

~ately: determined by, using the following

empirical formulas.- These ‘are baded “upon
bending: strength tests' made by the:Cur=
tiss~Wright- Co. and ‘reported ln their

' Report:R-162, - In/ these- therthickness
-was uniform, the ‘two flanges:had the same
width and:the - zee:settlion was: prevented
from’ deflecting leterally.- s

Cee and Laterally Bestrained Zee Beams

PR

These are shown in Fis ClD ljobelow.

;J—‘ j; — ;i_}¥%f% ‘ ;_{ fﬁ"

Fis.clo l5b channel and Zee Beam ta

Forfaluminum alloy having Fcy = 39 000
10 7. x 10°.

Je o

/(b/t)
r’ian = FbuI/cf ST

Fbu 450000(*’/;;)

SOy

cr other alloys Fbu is multiplied by a
factor of (Fg /Ec)--""’/ 0604 where the prime
marks refer.. to the ether alloy's proper-
tlesin: Unsupported compresslon: flanges
must-; also: ‘beschecked forslateral-

be integral with them when doing this.

‘U~Section Beams (Also for g Sections)

For the same alloy as above

" Py = 780000/ (8/%)""

where ¥ 1s the smaller of c and 4, The
formula is for compression in the out=
standing flange, If it is in tension then
Fou = Ftu. For other alloys the same
correction factor as for cees and zeeg 1is
used, The formulas can Be used also for
extruded and machined shapes 1f they have
e uniform thicknessand the flanges of.
cees and Zegs are of the same widths. .

* When a compressive load 1s also present these are

beam-columns with M.S, per p,38, but-do not use

Hethed 2d for U or T-Sections. s Flg C5, 14b o
ahtarn .

1n Compression

:skin are of-thé same mgterial,

Cee and Zee Members Attached to a Skin
in Tension

For these .cases .the following for-
nulas can be used to calculate: the allow-

-able bending moments for any-materials
Aanhd-at .any -temperaturs vfh £ .8" and 'the

beam.spaclrig"is 5" o more.. «The skin:-
thidknessy t, doesiinot appear-since “the

ekin is assumed+to take g1l -of the teén-

silon load;: The.bending monerit therefore
iscalculated~about the base of the: ‘Beam,
The skin 1s7in tensionvand the free

flange of the "beam 1s in- compression.

For h/t < ?91 :
[6841: h{b/t) (FeyBe ) :|
E. 00303(n/t) + 1, zél
For h/t 2791
Ma11 [6‘84t‘h(1a'/t) (FcyEc)J
F. 0005 (1 /% ot o:[
where b/t = (b + 0. ?h)/Zt. Attachment to

g skin provides 1atera1 restraint for
the beam.sl

Mall

Cee end Zee Members Attached to a Skin

[ A L IR S

{Lﬁ“

L Por these ‘cages the following for-
mula canibe used for any: temperature and
material-if 8% b/t %720 and ‘the beam and
If they
gre differéent materials the “skin thick-
nesg; t, must be Borverted intdéd an erf-
ective . thickness; tsz, using the veam's
matexrlals; The’ equation is valid for o
.5o< t/tg%-2.0." ‘

Mall = Elts(FcyEc) /b/t)“""ﬂ x
buckling, essuming -2 web height of: h/6 to |-

- lst6(E, [Ragi T+ 463 (bIe TR
(t/tg )] '
Unequal Flange Widthsr

When one.flange is. shorter than the
other, use the’ shorter width for b

“{and d) in thelprevious formula.

Other Flanged Beams Symmetrical About
the X-X Axis )

With extruded or machined members
the' flanges might be thicker than the
webs, arnd with .ani Iwbeam»there is a
flange portion on each’ slde of the web,
Although not covered by tests, the fol-
lowiny procedure .is stggested for an
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CIRCULAR HOLES IN FLAT

TENSION FIELD BEAMS hg

approximate value for the allowable mom=-
ent, Mgll,

Determine the ecrippling load for eech
compression element outboard of the
web and sum these to get Pg,.

1I

Calculate the allowable bending moment
carrled by the flanges as

Mflange = Peefh - 1'dE‘la.nge)

Calculate the bending buckling
strength of the web as

2 2
Foer = KbEtweb/(h - tflange)

4, Calculate the allowable moment due to
the web-as
Myeo = 1.45FberInen/ (h/2)
= 1.45 fpyptwebh® /6
g, Finally, caleculate the beam's allow-

able bending moment as

Mall = Mrlange *+ Mweb

Fig. C5,1%a can be used for obtaining Ky
in (3) above. For most thick-web beams

a/b >1.0, 80 K = 21,7 (wed stlffeneri

could result in smaller values of a/b}?

Other Flanged Beams Unsymmetrical About

the X-X Axis -

1, If the compresslon flange area is
equal to or smaller than the tension
flange area proceed as above (for sym~
metrical sections)

2, If the ‘compression flange area is
larger than the tenslon flange area pro-
ceed as in Art,C3.,7; Example Problem &4
{(but also see Art,.C3.4a)., Then assume
1t to have the same area as the tension
flange and proceed as for the symmetri-
cal sectlion above (for different thick-
nesses}, Use the larger of the .allow-
able -moments calculated. If the beam is
also unsymmetrical about the Y-Y axls,
supports will be needed to prevent lat=-
eral movement, just as for a zee,.

Interactlon Effects of Shear and Bending

If shear 1s present it will promote
earlier fallure because of web buckling
and the ensuing tension field action,

M.S5. = 1/\/(f‘s‘/Fs’c‘r‘)’a''-v;’(M/’I«Isﬂli2 - 1.0

The previocus formulas do not apply when
the web has significant holes,

For I-bean typo membars (flenges on sach slde of web) of ~

oonstant thickness & more reallstic procedure 1s as followsd

1) Using the wab and 2 flanges {a Ces-section) calculate Ha11.

2) Per the other rlan.ga calculate the erippling loed, Pop,
and then Mrisnge = Peclh-t].

3} The total nomant is then Ma11 = NM(1) *+ M(3) .

since the tests did not include such,
Holes wlll reduce the strength but no
test data are avallable, In such cases
unless the holes are:qulte small and near
the beam centerline, 1t is probably best
to base the strength upon the crippling
gtress of the flange, as for thin-web
beams .

Cll.29a Circular Holes in Flat Tenalon
Fisld Beans

According to "Stress Analysis Han-
ual®, AD~759199, AFFDL-TR-6G-42, a single
unreinforced, unflanged centrally locat-
ed circular hole in a web will reduce the
strength of the tension fleld bean's com-
ponents as follows,

1, The reduced allowable wed strength is

Fg = Fg(tD(d-D) + AyeDCy}/Cstd?
where Fg ls the allowable with no heole,
Cyand C5 are per Fig,Cl0,17 and ,18, D
is the hole dlameter, d 1s the upright
spacing and Aus 1s per Art,C11.19,
equation (58), The parameter limit-

ations based upon test data are
025 t £ ,132 7.0% ds 18,0
L4 = tye 079 2,375 D= 5,875

7.0 h =19.4

where h 1s the webd height befween
flange centroids 'and ty is the thick-
ness of the upright,

Some aerospace company data indi-
cate that a "small" hole without a
doubler results in & reduced web .
strength of

Fs = Fg(l - 1,33D/d)

with the limitations that D =,75, D/ds
.15, hole center 1ls located 2,5D away
from any fastener line, hole is not in
a panel next to an upright introducing
a slgniflcant load into the beam and
the material 1=z either 2000 or 7000
series aluminum or Ti-6A1-UV sheet,

The reduced allowable uprizht (adjac-
ent to the hole) forced crippling.
stress ls

Py = Fu/(1 + D/d)

The tension loads in the web-to-
upright fasteners due to prying actlon
of .the buckled web {(Art,Ci1.24,
equation 66) should be- multiplied by a
factor of 1 + D/d,

The strength of the web (and other compo-
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rjnents can he maintained by 1nstalling a
ring doubler which meets the requirements
of P1g.C10,19 and the following 1limi=-
tations. S
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Pig, ClD 19 Circular Hole Doubler Data

The rivet pattern is to be uniform and to

| provide a running load strength per inch

of 2Fgt X 10 between tangent lines on

each side of the hole, 1In the flgure

tr = reinforcing ring ‘thickness |

o= web thickness | _

fg = Allowable web stress in Ksi

Ao = Cross=-sectional area of 'thHe rein-
o forcing ring = 2Wty sq in.

Ag = Cross sectional areg of the web

removed by hole = Dt sq in

Using the figure, for a given {required}

‘Fg and hole diameter, D, one can deter-

mine by successive trials the required
size of the reinforcing ring and the re-
guired fasteners. .Or, for a given hole,

| fastener pattern and reinforcing ring one

ean determine-directly .the value of Fg,
Instead of belng a separate plece, the

-reinforéing ring could be "integral with

the webd {chem=milled or machined),
Cll.24a Rivet Dealpgn

. With'a shear resistant (non-buckling)

_Web . the 'skin (of ‘web) does “nét pry on the
“privets and ‘put them in ‘tension.
“ténsion in-the rivét¥then 1s~that dus to

The conly

the "clamp-up“ force, @, as shown in Fig.
D1743ci . Whenthe webror ski uckles.
the resulting "folds" try t YE0:-BaCTOSS
the restralning upright or frame, and
this puts the rivets - in~tensidn, The
more. severetthe:tensieni field (i,e,, the
larger. the:fadtor k), the" 1arger is the
tension in the rivets. - =~

Equatlons (65) and’ (66)*spec1fy the
rivet jolnt tension strength required to
prevent the folds in the buckled “web or
gkin from Tifting . of £ of the tipright or
frame, This criterlsa: Was suggested by P.
Kuhnin NACA TN 2661, Thé ‘criteria does

-noti'invelve the web' ‘stress or Ky 'so 1t

must*be sadequate for a very highly de=-

| veloped:ternsion field, ‘a ‘large’ vélue of k

Henide, 1t will be ‘quite conservative for
a- lesser tension field effect, a smaller
k, and: for-a.k of«zerc the réquired ri-
vet tension strength (for this effect)
would be zero, In view of this, some
analysts assume that the above criteria
for rivet strength dpplles down to a k of
+530 or se, and then decresses lirearly
with k for lesser values of 'k, becoming
zero for k = 0 {(no web buckling) No
further such datd -was published= by the
NACA, although some companlies have run

“tests: (unpublished) for smaller k values,

* of art, .11, auj;



‘after A20
“ever, the effective skin area (per Art,
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611.31. G!n-rll nlaeusaion

On p.C11.30, item 5, at the end of
the last sentence add the following: put-
ting the rivets in tensloen

On p.C11.30, ltem .2, add: (e) the string=

_eT bending moment (ltem 3) will 1ncrease.ﬂ

on p.Cil.31. R.H.Col.. after the end of
the 1Bth line down. add: For the case of
stringers a moré direct alternative me-
thod is in Bef. 9, discussed 1ater.

On p.Cll 31 revise the "Floating rings
sentence, to ba as follows: “Floating"
rings support only. the. stringers and are
therefore not. attached to the skin, so-

they do not determlne the spacing. d,

on p.Cll 31, text line 26 down. put an #
and add the footnote: % How=-

A20,3) should be reduced per Eq, (83) as
given later in Art,C11,32a,

on’ p Cll 32, .R,H. Col.. 4th 11ne up. Te-
place "before® with "assuming no"; put
an # after "center® and add the. footnote:
* or better, at'a polnt. 70% of the way up
from the lowest stressed edge (stringer)
to. the _highest stressed edge. (stringer),
sesg Example Problem 1. Then at the end
of the last line add “panel's", .

c11,32a Strlnger Syatams in Diagonal Tenslon -~
Remalnder of Part 2, Curved Web Systems

Beglinning with the first line on p.
€11.33, the remainder of Part 2 has been
cqmpletely rewritten as follows.

compression stress increases more slowly,
Thus one can write

fc/is = B
or
‘ fo = Bfg

Substituting these formulas for Feor and

fe back inte the interaction formula,
(71), one obtaing

BfS/AfSCI' + (fs/Fgcr)z = 1,0

Solving this quadratic for fg
— . o
fs = Fser -l+V(-ﬂ> + ;]- - {74)
; A A
2 _

where fg is the actual shear stress at
which the panel buckles due to the pre=-
sence of" compression stresses, Calllrig
this stress Paoy and calling the expres-
sion in the brackets Ro

Fsor = FserBe

where o - F
Bo = =B/A +_ éB/A). th Lo s ()

Re 1s mlways less than 1,0 when compres-
slen gtresses are present, Rs 13 calcu-
lated for each panel,

Next, conslder a panel subjlect to
s shear stress and a tenslon stress, f¢.
For this case it has been experimentally
shown,  Ref.6, that the interaction form-
ula for buckling is

f_S./FScr - ft/ZFccr = 1,0 ===~ (77)

The shear stress, fg, at which the panel
wlll buckle when tension is present is
obtainsd from Eq,(77) as

fgcr/Facr= 1.0 + ft/ZFCCr
or
fser = (1.0 + f&/2Fccr)Pacr - = - (78)

Calling the expression in parenthesis in
Eq. (7n§ Bp and.calling fsor Fser

Fgcr = FgorBT i (79)

where A .
BT = (1 f'ft/chcr)Fscr - = == (80)

Since Ry 13 greater than 1,0 the actual
shear buckling stress will always be
greater than Fgop When tension:is.present
and when the tenslion stress is large en-
ough there will be no buckling.

Just as the compresslon stress re-
duces the panel's shear buckling stress,
the shear stress alse reduces the com-
pressive buckllng stress, Therefore, a
factor, Rh, is applied to the panel's ef-
fective area (items (1) and (2}, p.A20.3)
to obtain a reduced effective ares (like
having a smaller. thickness), -That 1is,
the reduced compressive buckllng stress

is
fccr = RcFCcr - - m o= (81)
where \
Re = Ro{B/A}. = -~ « = (82)
8O,

Kegkin = AegkinBe - - - (83)

and Aeglin is used.in all sectlon proper-
ty calculations and wherever effective
skin areas are used (Aeaktg)is per

‘ATt .A20,3, items (1} an

2, Diagonal Tensilon Factor, k

The next step for each.panel is. the
determination of the dlagonal tenaion
facter, k, This 1s a functlon of fg/EsGr
where y as discussed above,

Fsgr = FscrBe  or Fsor = FserBT
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deperiding apon whetherqcompression or’
tension stresses are present

For a curved panel the formula for

k ad determined from many tests. Ref, 3.
1% the empirical relationship”

tanh \i 5 + 30035110510T~ﬂ{]-— - (au)
with the a xiliary rules that '

k

‘a) if d/h"> 2 use only 2

b) if h > d (longeron system) replace’
d/h with h/d and if h/d>2 use only 2

k' can also be Tound: direetly from Fig.é-

G 4

3. Stringer Loads. Stresses and. Strains

As in the case ¢f the plane web sys-
temy the total stringer load will con-
sist of the primary axial loads, Pp, due
to thei applied bending moments and/or’ ax-~
ial loads; plus 'thé didzonal tension in-
duced loads, p,T,

PsTR = Pp - PD T, - - - = (85)},

If Pp 1s tensile 4t would be a pOSitiYe
number in the above equation, Pp can be
determined as- in Chapter A20.2, "

N ealc

width of panel a be ha and that of b b

Hy i(for equally ‘spaced stringers h, =
let the shear flow in panel a be qa and’
that in b be qp, Then

=‘kanha°°t“a
Ref 3 shows that a’ panel's effective area

{at each stringer-bordering it) for the
dlagonal temsion load, Pp.T,, 1is

Aep, 7, =

.wTherefcre. the stringer stress 1s- o7

kbthbcotib

PDLT." (86)

«5ht(1=k)Bs/2

'fstr = fp "=fn T

-

where fs ig negative when P 13 compreg-

glve an

‘fstr -'fP

hb )] L

‘ Eq.(BB).

pogitive when P is tensile, So,

(kfshtcotd);
2Agtr +,,5(ht(1-k?sc)a

(kfghtcotd)y
SOThE{I-k)Re )y

fgtr = Ip -

- o (87)

JIf each’ panel has’ ‘ldentical parameters or

4Af their avarage ‘values sre ‘agsumed to be
present in eaep panel Eq. (8?)Ebeeemes.@

n i Rfgodkek

Astr/ht - .5(1-k) i '(88)

The two panels can have identical .para= .
metérs ofily when part ‘of 'a’ cifcular’ ‘shell
subject only to torsion‘and compression.

"not to shear or bending whieh caise vAry-

ing stresses, k and"Bevalues, However.
for closely spaced gtrivigérs ‘iging dver-
sge values and Eq,(88) 1s reasonable,

‘The stringer strain, needed to determine
“R later, isw - =

ERFI,

€ gtr = fetr/ Estr -f::-'af-:L'i=(é§)

All terms in Eq.(B?) ang (88) are known
except d . which 13‘d‘_“ ssed later. a

This preduces’tension ‘on the'inner sur=-
face of the stringer at 1ts middle and
compression:on “the ‘inne¥ ‘surface af ‘the’

rings. This bending 1s ‘due fo the diag-
onal tenslon and 1is lncreased when pri-
mary compression leads ‘are also _present
(but not in defined amount. 1, e., a beam-

‘¢golumn effect),

. Per ‘Ref, 3 fD o 1s an average stress
There ‘15 “also a peak ‘or maximum stress,
TD. T Mak? calculated as

fD.T.Max * fD. T-(fn T uax/fD.7, ) =(91)
where fD,T.Mpx/fD.T, 1s ‘obtained from
Fig.Cl1,21, fD.T. is the last term in
fn Qi 1s . used for a local
strength check (see Example Problem),

4, Stresses and Strains in Rings

There .are., two types of,ringe. . Con=-
ventional rings Antersect the stringers
ahd. are notched to, let. them' pass through,
and are attached to the:gkin, i Se-called
"floating" rings are locafted inside of
‘the stringers and are not attached to the

£
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skin, The resultlng stresses in’ these
two types of rings are therefore differ-
ent,
Conventlonal Ring=s x
Just as the tenslon field produces g
compregsive stress, fp ¢, in the string-
ers it also produces a compressive stress
frg, in the rings. For clrcular shells
thgs is,per Ref.3, for conventional rings

_ kfs tana
T Apg/dte .5jlék)

frs == - (925

Just as for stringers, Eq,(88), this as-
sumes that the panelg on each side of the
ring have the same parameters {(k, fg, d,
ty & ). If not, Eq,(92) would be of a
form similar to the last term in Eq,(87).
However, as for stringers, average walues
can ve used in Eq,(92) when ‘the values
are slightly different, The axial strain
in the rings willl be- . N

€rg =

The strain i=s us_ed to determine of.

Rings can also have a maximum or
peak stress, like stringers (Eq,91), us-
ing frg in place of fp, T, in"that eqia-
tion, However, per Fig,.Cl11.21,
frg/TrgMayx w31l be 1,0 for typleal
stringer construction where d4/h> 1.0, so
there is then no peaking of the stress,
» ting* Rines

For ®"floating" rings concentrated
radial loads pushing inward on the rings
are generated at the stringer locations,
Flg,C11,30e, This ‘produces a hoop comp~
regsion in the circular ring and also a
bending moment, -since the radial loads
are concentrated, not distributed, The
axial compresslion in a floating ring is

. kfg tano
frg = Spoa/at

Note that there 15 no "effective" area
term for thls case, The axial strain in
the ring, due to frg, is

- em ww w e e o

(94)

(95)

The maximum bending moment generated in
the ring 1is

€rg = frg/Erg

Mrg = kfsth®d tand /12R - = = = = ((96)

It cccurs at the ring-stringer Junction,
producing compression in the outer flange
of the ring, There 1z a secondary bend-

ing.moment, half as large, midway between

the stringers, There is no “peak" stress
for floating rings. As for conventional
rings, Eq. (94) and (96) assume that the
panels on each side of the ring have the
..Same parameters,

Ring Stiffness (BEI) Requirements

Since the rings-support the string-
ers agalnst general lnstabllity, see
Fiz.C9.7b, théy must havean adequate EI,
This value 1ig affected by the dlagonal
tension loads in the stringers and is
discussed in detall in Art.9.13a.

5, Straiis in the Skin Panels

The ‘straln in the skin panels is
given in Reéf,3 as

=Is (2K _
€sk = 3 [sin Py

+ sin2d(1-k)(1t;]2-(9?)

where p = Poisson's ratio (.33) and all
terms are known excepto, PFig,C11,36 is
of help, glving the value of the bracket:
ed term

6, Deté.rl_nination of &

For the stringer system (d > h)

.Bef.j’ shows that& 1z related to the.

stringer straln, the ring strain and the
web or skin straln by the formula

€qke = €
tarfd =zl Gy + hA/2LRR T

where €gx 1s a tension (+) strain and
and €gtr are compression (-),

.

(98)

€rg

& is determined by successive ap=
proximation as follows, The straln eq-
uations are (for conventional rings)

1 [~ kfgtan« :

eI'E = EG [:Arg dt + |5 l-k)] (93)
i kfg coto!

€str = §, [‘-"P - Astr/hts-'- «5{1-K)Re | (89)

=%& I:s?gzu“' (1-k)(1+p)sinza<1 (¢7)

€3k

fp iz negative when ln compresslon, To
determine o4 for any panel use the values
of X, fgy Bey t and 4 for that particular
panel in the above strain equations, Al-
so, for €gtr use the stringer bordering
the panel which has the larger compres-
sive value of fp. ‘

Agsume A value for &, say 30° to 35°
to start, and compute the values of the
three strains, Then enter these into
Eq,.{(98) and compute &, Compare with
agsumed, ERepeat as necessary until the
calculated-yalue of .13 essentially the
game as that assumed, and ={ is then knowrn
Note that €ry and €gtr are negative,
teing in compression, For "floating*
rings Eq.(94§ is used in place of Eq.{93)
Once & is known all of the stresses
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and effects involving it are known. y

2. Loads cn the Attachments

‘The only remaining iodas to b’ ‘cdl-
eulated are’ those on the attachments, .
These“are of two types| those in the
plane of” the skins and thoge normsl to
the skins which are'"prying ‘forces’ CEY-
ing to “pop off" the rivet heads or to
pull the skin iipward: around the rivéts.
These normal loads are most likely to be
critical ‘wheén countersink ‘rivets are pre-
sent snd are of small diameter.

- The Tlvet loads-due to- the applied .
loads are called "primery" loads and
those due to tension fleld actlon are

secondary loeds‘ l

al The secondary rivet shear losds must
be considered whenever a shear-buckled
skin 1s spliced or ends slong ‘an apen-
ing or "ecut~out* , such as along a
stringer or a ring,. At a splice or-
cpening alcng‘e stringer the 1
qinch is -7 . ) e

fgt [1 + k( 1{| - -(99)

Along a ring (a. vertical direction)
the loading ts"

iws/in = rgb [14

Lbs/in =

GOSd\

1 . 7.
-ls(sinm ,lE|_-‘-,(10‘0)
fg ls the total panel shear load and.
includes any redis _ion efrects
due "£674 cut-cu n,.ig.Dj 21,
the panel 1s non ‘bhckling then k =

If
6

b) The normal or prying -loads are not
‘determinable by any for#iila from
theory, but based on test data Ref.3
recommends “the fchwing as the loading

on the ‘rivets,

IWhen the skin is continuous across a’
ring or stringer
‘Lbs/in = .zztrtu .‘- - - (101)

fWhen ‘the 'gkin- stOps slcng a ring or
”stringer (due to a8 cut—out)

Lbs/in = .15tF1;u - .- i (102)
where t is the skin thickness and Fiy
=is the skin ultinmate’ tensile strength

These criteria are no doubt conserva-
tive and are discussed further in
~Art,C11.24a, Some data for the
T stremgthFor Fivet-sheat’ comhinations_
+in ‘the! normal direction are in Fig '
Ci1,37a%:C11437b and Art,D1,26, Flush

heads sre most likely to be; critical.m-

w,g) ‘A "Quick Method" for prelimins.ry

‘er alone;

Ci1.33a Allowsblo Stresnsas (nnd
) ‘ Intcrnotion)

i, Stringers

Three methods of stringer analysis

‘;!are presented

size
" "ing and quick.checks,

b) The N,A.C.A," Method which 18 guite
tedious and therefore not. recommended

c) The Melcone-Ensrud Method which is the
* recommended one

" The Quick Methed

L Twc snalyses aTe. msde. one. for local
strength and .one for. buckling. The docal
strength analysis uses the interaction
equation

fp/Fcc + (fp,T, Max/FST)

where fp = My/I, Fcc is the “natural”
erippling stress, Art.C7.2,.C7.4 or, bet-
: Ar

ter .C7.30, is per: Eq; (91)
and Fsr is. per Fig.c1? %B"M

=1, 0 - -(103)

The buckling analysis»uses the inter-
scticn equaticn R : R

--‘-(104)

st 1n{er buc,ling stress {Art,

c7 26 ‘ in comput-
sty & However,

. jtc“sicnsl'buckling iz some-

- - times, critical Art. C7.31.

= buckling stress due to diagon-
al tension load using an ef—
fectlve skin area of
.5ht(1-k)Hg Anealéulating
Pgtr and L = L/VZ when string-
er is.continuous-at both ends
cor I'= LA/I,5 when 1t is con-
tintous et only one end, ‘

Hoxever, in elther case an effective skin
area is not used in calculating_P if this
results.in & . larger £ than for the: string-
‘This is because buckled skin A
has an undefined reduction effect on the
stringer's buckling strength. (Fig,C7.36),

The N, A C.A, Method

. This 1s discuassed only briefly since
Method ¢, hext, i3 recommended. Ref,3.
suggests ‘the following enalysis. i

a) Local Strength Check :L@ i

Cpden

Conigider the structure to.be subjeot
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only €o its axlal (or bending) ‘applied
loads, not to any ‘shear, and calculate fyp
and P, for ‘the stringers, - Then consider
the: s%ructure to" be’ subject only to its
shear and torgion loads ‘(ndaxial or ben-
ding loads) so that for all ‘stringeérs
fp = 0. ‘For any stringer the average
shear in the two panels bordering it “is
fg. Then using the last term (fp,7,) in
Eq (88) find by successive- trials what
value of fg regults in B

fp.T. Max = Fgr

This 1s a very considerable effort, since |

for ‘eéach assumed ‘value of fg one must de=
termine numerous parameters k, €'z, & ete.
Then let this value of - fs be called Fgq.
THe ‘margin of safety 15 then found from
the 1nteraction equation '

fP/Fcc‘+ (fS/Fso); j— =-(105)

by using Fig,C4,.34% with By and Bt there
being replaced with fp/Fec and fg/Fg, re-
spactively. In Eq, (185) fg 1s the actual
(average) shear stress. in the two panels
bordering the stringer,

= 1‘0

b) Buckling Check

The same apprdach as used in (a) ap=~
plies, except that the allowable stress
terms are Feor instead of Fpp and Fy_ in-
stead of FSO and are determined a3
follows.

For is determlned in the same manner
as for Eq.(104), As in (a), by succes<
sive trials find what value of fg results
in

fp,7, = FD,T,er

is as derined for Eq.(104)

thls is a very consider- :
able effort as merntioned in (a). Then,
let this value of fg be called Fg, and the
margln of safety ls determined from the
Interaction equation

-5
fo/Fer 4 (fg/Faoi

where Fp m
in (a), Agafn

= 1.0 - - =(106)
and can be found as suggested for
Eq. (105).

The Melcone-Ensrud Method

This method 1ls recommended since it
ls much more direct than method {b) and
also considers the torslonal stiffness of
the stringer, As shown in Ref,9, the
stringer margin of safety 1s calculated
as

M.S

© T [(fp/For VP ((rc + f'é)/F )'25]'“

-1,0

where

fp = comnfé%éive stiéss?ln‘stringer due
to the primary shell loads (My/I +
P/A), bending and axial, as present,

Fer = stringer erltical load as a column
calculated as discussed for

Eq. (104},

Fe = buckling strength of the stringer
itgelf, consldering crippling, and
using a flxity of 2 when the string-
er is continuous across Tings at
each end and 1,5 when continuous at
only one end,

fo = See Table Cli,1

ry = See Table Cll.i

Table €11,1 involves five parameters., whlch
are defined as rollows

=1+ (4/R) [(Istr/Jstr)(t/h)]

where Jgtp = torsional stiffness factor

Astxtas;trh for open sections

44% tgyp/D for closed sections

where A = encloged area

P

perimeter

25 : ! "

K = 1/(1 + fcg/fs) E

where fogp = applied’ primary compresslve
stress baged on stringer area
plus total skin area (fully
effective), When Teg = 0,
A= 1,0 (no applied compres--

sive 1oads) That 1s, fgog =
My/Igross + P/Agross-
= (m/48'*7) (E/R)
where 3 = d°/Rt
F. = 5,258(t/n)

Fscr = Fé + F;

Table Cl1,1 Determination of f& and fQ

fo = 0 when fg< AFg.r. (no buckling)
L T(fs - AFS )ht
fc = - oty o when fs aAFscr
fo = 0 when fg< AFy

{Continued)
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_Table Cll 1 (Con'd)

it = (L (f5 = AFgy

Loz ("Fsdt)c 053“)"”

. o o1 3 ’
when AFg = fg < Fgepn

v

fo = é%i%f(_ﬂglb) _ when fs 2 Fscr

,when the value of rsver és in the panels
abo e and below the stringer use’ the av-
|lerage, or_ more conservatively use .the

larzer,

If hort varies use the ‘average| ..

The following is appllcable to all
three methoda, If & stringer has a neg-
ative margin of safety it does not mean
rfailure 1f the other” etringers can carry
) enough of the shell's applied bending
' momernt to prevent this. (see Art, A19.11)
However, each stringer must carry 1ts
own diagonal tension load. Pp,T..

) Also. since disgensl tension loads
dé not vary linearly with the applied
loads, the margins of safety as calcu-
lated are actually apparent ones rather
than true ones (see Art.Cl.13a, item 2},
but thig™is not always considered, This
alsgo applies to other parts loaded by
the” térisicn field ‘action,

It i8; 6 Colirge, best to determine
Fer from compression' tests of a segment
of the ghell having four 61 five’ string-
ers, but this 1is expensive to do al— :
theugh 1tselim1nates uneertalnties '

2 Rings

Hlng' have allowsble .8tresses simi~
1ar to thos ‘for stringers, For con-
ventional rings the margin of safety is
obtained using the equation::

M.8., =

-1,0 =-(108) | .

1
Tp/Fee + Tramax/Fre

where fp 1s the largest cesﬁressivesheée
in a flange due to any primary
loading on the ring (bending -
and compression) if any, and Fgo
-1s the crippling stress for
that flange. :
fr is frg (no peaking here for
gﬁe stringer system) , Eg,(92},
Fpg 1s the allowable forced erip-
pling stress for the ring, per
Fig,.C11,38,

Since conventional rings are: notched to
" let the stringers pass through, it is
important to use an adequate clip at
the noteh to prevent local buckling of

1. tJMargin of. Safe ¥ for,the Skin

Mls.l.‘ |

‘the ring's notched web,

Flosting rlngs are. not subject to

1 aﬁr forced’ crippling. only, to any axial

stresses. or bending stresses cauged by
primary- loads. if any.snd to. the axial .
stress_o: Eq.(94) snd to, Mr ‘of, Eq (96).

- 1 0
~ - - =(109)

= fc ¥ iy * Trg 7, eré;

13, General Instebillty
T K general ‘{netabiiity check for the

. shell can be made using the empirical

criteria presented 4n Fig,C11,39, , This

is. obteined from test\data and. recommen=-
dations of Ref.7. and Bef.3.. . The allow-
ables are based upon pure torsion tests.,

The margin qf“safety_is cslculateq_es

M, S

= ESInst:
tq.

<1.07 - - (110)

The allowable skin stress tan sim-
ply be read from Fig.Cli.42 .as Fgz,  The
margin of safety is calculated as :

fs 18 th
rivet holés), The net shear- stress (be-
tween Tivet holes) can be carried up to
Fgns, the ultimate shear. stress for. the
skln‘msterial : :

5. Msrgln or Sefety for Attaehnents

For any sttaehment (rivet) the mar-
gin of safety ls calculated as _

) Jolnt Allonable Load\r.t 1 0
. Attachment Spacing (Load/in)
: AR e e —(112)

where the Loed/in is a5 follows
a) At a splice or edge along a. stringer
"~ (horizontal) Eg,(99) applies,

b) At a spllce or edge along a ring .
{vertical} Eq,{100) applies

c) For a chenge'ln‘stress. or shear
flow, across a ring or stringer -
(no edge or splice) Afg 1s used in-
stead of fg in Eq.(99) or (100).

Eq.(112) applles for, both, in-plane
and normal loads, The joint- allowable.
load 1s the sllowable 1oad per rivet,

The follewing Example Problem i1-
.;ustrstes the analysis. procedure,
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cil. 3;’;3 Example Problems

Determine the following margins of
safety for the structure shéwn in Fig,
C11.,43a, All loads are ultimate,

a) Skin rupture for panels a, b and ¢

b) General instabllity in shear based on

the shear in panel b

Interrlvet buckling of skin along
stringer 2 in bay AB

c)

d) Stringer 2 between panels a and b

The fastenérs along stringer 1, as-
suming the skin is spliced there

e)

£} The ring between panels a and ¢ and

stringers 1 and 2

"The fasteners along thering at A in
panel b agsuming the skin is spliced

g)

h) The fasteners in panel b along ring B

Internal Loads

The first step is to determine the
internal loads in the gtructure due %o
the applied (external) loads, This can
be done as discussed in Chapter 4,20, or
1t may be done by finite element analysis
For tenslon field analysls purposes, it
i1s necessary to do this for two strustur-
al conditions, first assuming the skin

does not buckle and then with the skin in
the buckled condition, -For the latter
condition thls 1z a successlve trlals
procedire, since buckled panels have ef-
fective wldths which depend upon the pan-
els stress;.and the stresses depend upon
the amount of effective skin ares,

It 13 assumed here that the Internal
loads have been determined for the shell
and 1ts applied loads,  which are a shear,
a torsion and a bending moment, The fol-
lowing table summarizes those internal

1oads and- the geometry needed for the re-

quired analyses, 'All loads “are ultimate,
 Table C11,2 Internal Lgacls and Geometry )
I I i - 1

=
Condition Qa - qh A ¥ Fa b Te
of 3kin 1b/1n 1b/inl 1v/in| in | 4n in in
ro Bucklingl 111} 121 | 111 | O |1%.%0f11,34[14,40
Buckled || 116] 125 | 116 {2.71|17.11] 14,05]17.11
Table. 11,2 (Continued)-
= ] k3 ) »
Cenditien | ¥atrl| Yetr3] Mmc Mapity 1
of Skin in in | -inelba| in-1bs]in*
No Bucklingi4.61|12,65|171,000]216,000] 382
Buckled {17.32}15,36}171,000}216,000|276|:
Notes : d B

1, For panels y 1s measured frcm the .
shellts nnutral axis to a point 70% of
the dlstance from the lower edge to the
upper edge -(rather than to the midpoint),

2, For stringers y 1s to the stringer +
effective skin centrolid,

}-— o=15" —~[—-—— d:/ﬁ‘"——l

— a—

et e

— —— A e e

v=3d00 ly
M= 145,500 ia-1bs,

Tes0p00 in~lhs

— e ey, | — ——a w— e —— ]

75‘ X, 7220 ﬂuy
Aee-" Wi
-z/-Eé' 2,828 in

TERTENAO m.f;‘j
Apr= OF

Zorn = 0057 in?t This 1s

8 c
All material i3 2azv,¢-73 Sheer
£ =40, 7x/a Ay 3 Ji000
5 0.5 )0% A ®
= é?aaa

Rveds gre /g Oasvarsal pead HS Za¢re AD-¥
al .75 soacing,

the same structure as wasg used by the

N.A.C,A, 1n developling ‘their tension field

criterlia, except that tgep was .080 there,

Fig.C11,43a Shell with Stpiﬁger Construction for Example Problenm
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3. Map.and Mgc are; bending: moments at 'the
middle of: bay AB and?BC respec%ively. -

b4, The same I is used for bay AB and BC
although IAB would be slightly smaller
gince. the .larger bending moment: would Te-
sult in. less aeffectlive skin area,

1’5‘
iskin Panel Analyses-

fst (the formulas use fst)

) The analysis is illustrated for pan-
el a-only, .. The results- of-similar-analy-
see_for paneigwbgandwc &IE“pTeSGHted;‘ﬁ:

/b= 15/7,8% = 1,91y 2 =45 (1-,3F) 7
15(.025) = 1553 Me= 32((Fig.09 u>=
‘ kc.? 56 (F18-09 1) L

=322 (10, 7x10%) (. 025)/12(1-.33J
(7 85)% = 3,205 (Fig,.C9, 4)

Fccr = 5671710, 7X16% ), 025)% /12(1~, 332)
£7:85)% = 5,609 (Fig GO )

A= Fccr/Fscr 5609/3205 175 AEq. ?2)

For the non-hiuckled gkin (to. determine
Reo Fscr and Rc}

fo =.My/1 = 216, ooo(1u 4)/383 = 8, 1211,2
q/t = 1117, 025,_ 4 440

= fe/fs 8121/uuuo

B/A = 1.83/1.,75 = 1, 05

Fsc

183 ‘.?‘!?‘?3’_ .

Re =(-1.05 + Vl Yy P .60 (Eq 76| .

‘methods discussed and using an average of

Re = (Eq.82)
Fsor = 3» 205(:60) = 1,923

Hc(B/A) 63
(Eq.75)

For the skin in the buckled, condition
a/t = 116/ 025 = 4,640

fs/Fser = u,640/1,923 = 2,41

300td/Rh = 300(.025)(15}/15(7.85)= .955
k¥ = ,51 (Fig,C11,19)

Fg = 23,000

fg =

(Fig.C11.42)

M\S.rupture = 23000/4640 -1,0 = High

€gx = 5;:.51/sin2d + 65251n2%]/E
= b42(1,02/84n24 + . 65281n20)
- -(Eq 97)
A= '25 1& (see Determination ofo(“) .

Proceeding similerly for panals b and c TEG three’txpesref analyses follow,

_1arger)

M85 > 32 ooo/s.ooo -1, o”_;”igh;f

”P(str only) = 409

Hep = 69, kb = .46, Fsp = 23,500,
fgg = 5 000, Roy. =',52, Ap = 24,8 8%
M.S.p = His o - . :
R = 67 kc = 45 Fs = 23, 000
f‘:c = 6&0 Rcc = :56,,co(c = 2‘4- 0?_'

M,S.c = High

'Interrivet buckling aleng stringer 2

‘in bax AB
FypiE m9%10,7x10 /{.75758%; 025)
= 39,473 (Eq.¢7.22) ,
fo = f + Mar = 216,000x15.7/
© cgkin ?61 ?eee "Stringer”)= 22,048

M. s. = 39473/22048 - 1,0 =

Genéral Instability

The following is besed upon panel 2
(1t is'moTe crltical fo¥ panels at the”
neutrdl axls where’panel shear stréss is
Per Fig.Cli 39 and its notes

Ptrxf xio &L.x.zrs__n,g_
(ah ™ ﬁf? (15x,7857 x 15

FSInSt/Ec >'3,000

=79

= 44,8

a7
i

FgInst > 3,000 x 10.7 £ 10 > 32,000

Stringer 2 (vetween panels a and b)

This will ‘be checked using the three
the values for ‘data in panels a and b
fstr = fp - 1D,T,

. - _ My _ Efgcot«
= BT0 T Agtr/ht + .5(1—k)Rc

-216000(15 36) _ ussguazo1 x
276 ~.09477,85 x ,025 +

. cot{24,8%)
o501 = 4B5) (. 645

= - 12, 021 - 7 736 = ~19,757

(Eq 88)

fD.TuMax = -7 986(fn T, Hax/rD 7, ) (Eq,91)
= =7, 935(1 23) = =9,761

21, 800( 883) = 19,249 (Fig.Cli)
.38

Fgp = NxC =

" Fge. = 28,600
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Qulck Analysis

Local Strength
12,021/28,600 + (9761/19.21+9)1'5= 776

(Eq.103)
M.8. = .23 (Fig,C4, 34)
Buckling Strength

Per Eq,(104) and its discussion._

For = 28600 - 28600° (15/,409 f/usx10, 7x10° |
= 25,995  (Bq.C7.31)
Pprer = 28,600 - 28,600 (1542 x .3‘+.8)2/ |
4*x10,7x10 = 26,801 " (Bq.C7.31)
1
M-S, = 12021725995 + 7736726801 ~1+0

= ,32 {Eq.104)

N.A,C.A. Method

Local Strength

For an applied torque loading only .
it is found after several successive
trials that when fg is 10,600 psi the
resulting value of fD-T-HAX is equal te
" with Fgp = fg = 10,600 -

12021/28600 + _(4820/106_00)"’; +727(Eq,105)
M.8., = _,30 (Fig.C4,3h4)

Buckling Strength

: As above, 1t is found that when fg

is 13,400 psi the resulting values of

R Tiod iR R Ey 2 Shh00™ ™ P

12021/25995 + (4820/12400)'"-_— .678 (Eq.,
10

6)
M.8. = ,39 (Fig,Cl.34)
Melcone-~-Engrud Method
fc = 12'021| Fc = 25!995!
Fe = 27,300, Tg = , 820

Igtr = +0157,Jgtp = 094(,040}/3 =. 000050
1+ (15/15) [(.0157/. 00005)(.025/?.855

vy =
= 2,0

fog = M¥/Igroas = 21600(12,55)/383
. = 7,078

A=1/(1 + 7 078/4820')a;=

s = 15°/15(.025) = 600

.798

Fy = 9/4(600) (10.7x10°x.025)/15 = 2,777
Fg = 5.25x10,7x10° (,025/7,85) = 559
Faep = 2777 + 559 = 3,336

AFsep = «798(3336) = 2,662

fo = 2,0(4820 - 2662)(7,85)(.025/.09%

= 9,011
: 347

flo = ,798(559)(15)(.025)(.053x7.85/15)/
= 539 . -09“'

- =0 1.0

1
5.= (12021)"'2’; (9011 + 532)"2
25995 27300
= l3?
Summary of M.S. Besults for Stringer 2

Item Quick |N,A.C.A. MeIEon]
M. 8. Analygis Ensrud
Local Strength| .23 .30
. : « 37
BuCklins [ 32 . 39
Ring B (Between Stringers 1 and 2)
_fp ___ kfstan (o
frg- . Fcc .Ars/dt o+ .\5(1-k) (Eq'gz)

This adds the fp ratio not shown in the
Eq.(92) previously but which applies
when any primary loads are present on
the ring. Uslng average values of the
two panels (a and c) on each side of
the ring, (fP and Fpe would be for the
eritical flange)

L8 (4640)tan24,7°

frg= = 134/15x,025 + . 5(1=.0g) = ~7r04
frgMax = 1.0, frgmax = 7,844 (Fls-gill

Frg = NxC = 14000x,883 = 12,362 (Fig.Cli1
.38)
M.3, = 12362/7844 -1,0 = ,58
Attachments
Assuming a splice In the skin along
stringer 1, the load/in is larger for
panel a
4640x.02511+¢51(1/00325.#-1)
(Eq.99)

122(.75) = 92 1bs

Load/in =
= 122

Toad/attachment

Pa11/attachment = 356 1bs . {joint data)
M.S. = 356/92 = 1,0 = Bigh

There is also the normal loading/in of



60

. LONGERON SYSTEMS IN DIAGONAL TENSION

Load/in =..22(.025)(6400d),=:352 1bs/in
' ' ' (Ba.102}
Load/attm't = 352(.75) = 264 1lbs.
Pall/attm't = 197 1bs (Art.D1,26, Table)
A

M.8. = 197/26k -1.0 = -,25
For the required M.3..of .15 :the-rivet
spacing would have fo be reduced :to
about 48 ln.

" 'Pér'a ‘splice along Ring B in thé

region of panel b

Load/1n = 5000x, 025[1+., 46 (1/sinak, & -1)]
: = 205 1lbs/in’ (Eq.100)

Load/rivet = 205(,75) = 154 1bs

L M.S..= 356/154 «1,0 = 1.31

The terision M.S, here is the same as for
the longitudinal splice above (-,25) and
would 8lsc require the above LB spacing

‘Determination ofo(in ‘the Panels

= 4640
“= 216 000

Panel at k,=,‘51.
B:(_; = ‘060I

€. =- 1 .51(11’614'0) tano(
ST . 1"0.7::10‘5 »134/15%,025 + .5(1=, 51

= .000367 tanol (Bq.93)

.51(&640) cotc-( ‘]

094 /7, 85x.025 +.5.A(1-.51)( 60

(Eq 89
© o= -,001267 - .000353 tand

€arc o ﬁg“gﬂd,ﬁg%l # (1-,51)}(1 # .33)
. . 3 sinai] (Eq.97)
= 000451/511120& + ,000288 sin2
tan® : __§3k," cqtr
Y Erg - (7. 85/15) /2’4'
= __ €8k - €gty
€k =€rg — 011412 ‘PQ:E??

After several trials 1t is found that.,
when'®l ="25,4° 18' used in the strain
equations the resulting value of
& from Eq.(98) is also 25, 4. hence
A= 5 for panel a

Panel b ke 46, g =
RC l69' M=
and

er,; ='-. 000342 tan

- safe"
. member will not leave a atructure cap=

5,000
216,000

ulﬁ

| stringérsare more critical,

-gomewhat gimpler fTom’ i

€str = ~.001123 ~ ,000323 cotel:

€gx = .000438/sin2d + ,0003425in2¢t
Proceeding as for panel a,cib 24,57
Panel c3 k = 45, = 4,640

Re ‘= .69. = 171,000

Proceeding as for panel_a,,dc = .24, 0%

These values of X were used in the
previous calculdticns of stresses due

to diagonal tension sction.

Fl al Note

To 1llustrate the analyses, only
the reglon in the upper portion of the
shell has been consldered, where the
The shear
is higher in the panels near the neut-
ral axis, so the panels, rings and
splice attachments will''be more critical

there.

LONGEBON SYSTEM

C11,.35a Lengeron System in Diagonal ‘Tension

The longeron structural system is
§ota1.ana1ysls

standpointy’s Thig Ls"
fewer members carrying the

irgz ‘shear: loads, £=
ure may, or may not,: be the optimum ar-
rangement from a weight and manufactur- -

Ang, dost consideration” for a particular

glrplane; that requires an optimization
study,* The methods of analysis presen-
‘ted here would, however, have a place ln

' calculations for such a Btudy.

~Some typical types of longeron

"sfructural systems cross-sections for a

fuselage are ghown’ in Fig.Cll hha. and
Cll.47a,

Longemn

{Typ),

Sk’
(@) w T fa
Pig.C11.44a Longeron System Structures

Fig.(a) shows the minimum arrange-
ment as to the number of lorgerons,
since at least three axial members are
needed for equllibrium when bernding mom-
ents in more than one plane are present,
However. this does not provide a *"fail-
design, slnce.fallure of any one

able of withsteanding  some .arbitrary re-
quired percentage (nsually 60-67%) of
the aesign ultimate 1oads. .The system
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shown_in Fig.44b is capable of doing this
and 1s the minimum .type acceptable from
the fall-safe standpoint.. (four longerons)
Four to elght. longerons are normally used
dependingupon other design and manufact-
uring factors. . %

.The longeron. syztem, however, re- .
quires more tlosely spaced rings than
does the stringer system. The spacing is
set after trade-off studies are made and
is usually four to eight in,depending up-
on the slze of the fuzelage,  The rings

support the skin, dividing it into small=-|

er panels, Theyalso support the longer-
ons in the same manneyr that “uprights"
support the flanges in a plane web beam, -
but not in a radial directlon, .There are
no “floating” rings 1n the longeron sys-
tem. . . T R -

. After tuckling the skin has tension
folds which , . rather than being "flat*as
in the stringer system, lie on a. hyperbo-
loid of revolution, That-1s, they Flat-
ten diagonally between the clesely spaced
rings (see Ref.3 and 7), 1In this system
"d<h, see Fig.C11,73%,

Cl11,36a Analyals of Longeron System
in Dllsonnl‘Tunpinn

The enginsering procedure for caléu-
lating the stresses and allowables for
the longeron system is similar to- that
for the stringer aystem, The reader will
note the differences,

1, First, at any bay being checked-one -
determines the primery internal loads
distribution in the longerons and shear
panels, due to the primary applied loads,
using engineering bending theory or a fi-
nite element analysis, Effective skin
per Eq,(B83) is used with the longerens in
compression, .

2, Next, one determines the shear buck-
ling stresses in the skin panels., Since
compression stresses are often present,.
pure shear buckling does not occur, Thus,
as discussed for stringers,. some rational
Interaction 18 used to obtaln a *reduced"
shear buckling stress, Thls c¢an be done,
for example, by using some “average” com-
presslon in the panel, weighted toward
the high side for conservatism. Thereby
the interactlon method of Art,C11;32 can

be used where
-E Bf 4+
e AT U

Be = 5

+ a5 in Eq,{(76)

and A 1s determined for a curved panel of
length "d" between rings andheight "h"
between longerons measured along the cir-
cumference, as in Fig,C11.,94, B is the
ratio fo/fs for the particular loading

condition belng investlgated, The comp-
resslon stress 1s calculated for no skin
buckled, Then, as in Eq.(75), the re-
duced shear buckling stress is ~

() . -
Fscr = RGFSQI-

The effectlve ‘skin aréas are reduced by
the shear stresses, per Eg.(83) ~

When tenslon stralna are present with the
shear then, as'in Eq.(?77) =~ .
Bp = 1,0 + ft/2Fqp
and . ) )
»Fﬁcr = Ry 'FScr ) 88 in Eq.{(79)

3. Next, the loading ratio, fg/Fsep, can

be caleulated using Fgo,. as determined in
2 above.

4, The diagonalrtensian factor, k, is ob-
tained from F15.011.;9.

e The total axisl stress in the longeron

can be wrltten as follows

fn="1p - FD:TF.' =
o ro - kfiht cotd), ¥ -
P = ¥ 5.§ht(1-ﬁj%c)a ¥
kfght cotu)p " (11
A " 3)
241, + (.5ht{1-k)Rc)y
where - . e ’
fp = primary stress from step, (1),
(+) if tension and (=) if comp,
A1, = Longeron Area
and - )

ky Tgy cotd, Ryy Bp, h, and t are as
previously defined, One set, subscript
(a), 1s for the panel above the longeron ,
and the other, (b), for the panel below 1it,

6. The average stress in the supporting
ring {(or frame) due to diagonal tension is

glven by the following formuld (and note

that thls 1s different from that in the
stringer aystem)

kfg tan o
Arge + .5(1-k)
it

frg = - - - - - (118)

where (as inh Eg, (58))
) 5

AI‘Ee = Arg/(l + (e/pP) )
This formula 18 similar to that for the
effective area of a single upright in a
plane web system, Art.C11,20) where

e = distance from ring c.z, to the
skin meanline -

£ = radius of gyration of the ring
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cross -gsectlon sbout an axiswparallel to’
the Skinu . E

Equation (11&) agsumes - that k. fs.-
d, &, etc, are the game for the panels
on each side of the ring, If not, then.
the average value should be .used, oth='
erulse. fyo Must be written as the sum of
two effec%s ag; was, done. .for the -longeron
in Eq,(112), Pl

"If the ring (or frame) also has in--
ternal loads due to the primary applied:
loads, then a term fp. should be included
in Eq, (114, as discussed for Eq.(108);:
This is most likely to ke slignificant for
the 1arger “framesg™

‘ The maximum stress.
ring will be B

frgmay
erMax f frg( rg ———2L)

where frsnsx/frs is from Fig.Cll 21. -:

frgHax' 1n the
- - - - (115)

7, “The diagonal tension angle. for
each panel (needed for the varions eq-
uations) can be calculated in two ways
for the longeron system, The quickest
method, for preliminary sizing particu-~ .
larly, is’ £6" determimo( directly from
Fig.C11,45,  The ‘more ‘accurate, but more
_ tedious.,iSslmilar to that shown for the
stringer‘wyste ,”as follows ]
€o = 1 kfz cote )
;fﬁ' E ArSe/dt +;¢5(1-k)

‘ ..

- (Iis.)

= *-L . kfocord
~ Eg EP AL/ht i "5(1'R)R; ‘(11?) )
68k %a[in 2d + (l-k)(]-"'}‘)SinZag _‘(118)

whare fps due to primary loads; is nega-_
tive when 1 ompression.. s

‘the’ stringer system
E‘Sk - E”H
~ €ax “frg + (d/a)"“ﬁsan 3/8

d,is determined by successive - triels as
digcussed for the stringer system, For
the initial trial a. value for & of 30" -
35° 1is reasonable. or use the value from
Fig.Cl11.453, . ‘

8, Strength checks can then be made as
follows L

LoggeronS“
The longeron acts ag elther a column

or a béam-column; supported by the major
framea ( not by the rings) which have som

rather than ror rings A

[oe

tghtly-. cur-i 'y

-(i19)

spacing, L (which is much larger than d),

where fp

If the longeron ls “stralight” between
the frames: and' has no radial loads from

¢ | anysring, 1t cah be analyzed“as a” column,

If 1t hasg.curvature: between frames or
radlal-loads from any ring'it' i8 a beam-
column, In elther case, although it may
be continuous across supporting frames,
1t 1s uwenally confervatively” assumed to
be pin ended andﬂof len“t L., ",

= I‘P(AL + Aesk) - l:kfsht cotoc) /2

’ ‘+ {kfght cotd) /:l
Per = Fcr(AL + Aesk)-- =(121)’ _---(120)
prlmary axial compression =)
stress,:Aegk 18 per Eq_(83). Fcr is per
“Bqs £C7431) - oF PigiC7i33¢ .
wpery APt iC2y 305 with“Lsdist nce between.
-major frames and,P cal”uisted with Aegk.
Then.h

] P.

M.S. = PCT/PLOHS

Beam-Column AnslysIS,h,;

If the 1ongeron is a beam-column as
.described above, local faili
checked ror the criti

T -(122)

where :fgi-ls-theu primary compreesion ( )
_stréss,andM'1g:
beam-oolumn '

o

HS.-I/(Bc-i-RDT +Bbend)-10

where Ro and Epend are per Art €3.18, HMe-
thod -1 ‘and’‘Bpj; g g L'where FL is.

from Fig.01

i T

where Fc 18" per Art, C3 18 Method 2,
The . 1arger ‘of-the above H S 13 used,
FD,T; 18 defined in Eq, (113):

¢ For.a. longéfen filly supported (in
two directionn? &8 in Fig,C11,47a, there
is no column or beam-column action:

since M'=.0,. Therefore
M.S, = 1/(f°/Fcc+ fD 7, /FL) - 1 0
d ,a‘_‘ [ "'(123)
Skin
Fiﬁiéﬂsewh)

= 3"- keel—'h

,‘.\

Fig cn l&'m mlly Supported Longeron (bl
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Rlngs
H.S. = Frg/frgmai - 1.0
Where Frg is per Fig,C11.38

If the rings have stresses, fp: Gue to
any primary loads then

Strength check for skim fupture
M.S. = Fg/fg =1,0
where Fg 13 pér Fig.cu be

Permanent Buckl;_g

Usually no permanent buckling is ag-
lowed at 11m11: losd. - . )
M.S. =,FEP.E./:S - 1.0

where Fgp p 15 per Fig,C11.46

General Instability

M. = Fgppep/fa = 1,0

Attachments
The margins of safety for the at~

tachments: are calculated in the same man-
ner as discussed for the stringer system,

£11,37s Example Problem
‘Determine the following margins of

gafety for the 'structure in Fig,Cl1l,48a
and 11:3 ultimate a.pplied loads, :

a)

b)

Skin rupture for panels a and b
Skin permanant buckling
c)} Interrivet buckling along longeron 1

d)

e)

General instability hased on panel b
Longeron 1
r)‘ Ring at A between ion,gerons 1 and 2

Fasteners along 1ongeron i assumins
skin 1z spliced there

h) Fasteners along ring A, assuming skin

is spliced there A )
1) Same as (g) assuming no spllce there.

Ag for Example Problem 1, the prlms.ry

HAIT 250 fr-lhs [

where Fgr 1s per Fig,C11,39, Note loads are determined for, beth, the con-.
that no eP¥lctive skin is used and that dition of no skin buckling and then far
1s limited to ,34 at most, A M.S. the skin buckled: The following table
£ 2‘% least .15 1s recommended, presents those internal load$s and geome-
. ‘ try needed for the above analyses,
- 36 — >
T Frame— | =pasi—  Rip—p ‘
A \ﬁ\ I e e s i e e A
AV E v 'e DL R ' y=30001bs _
Ib c I P=243 250 in-lbs
] ]

)

LI RITIISD Longeron

IERIER LITRING
AL =.2288in" Are=.078%
I, 2.0765 5" Zes=-0372

y = 3,000

J 123000002 ks

| | ] |
s e s e s e el

Riyels are 78" tniversal bead MIZo¥70 AD¥ .
al’ 75" Spacing

I—-J;ﬁ Skin and Rings Lenagrons
08R £02%-T3 Shaet JO75=TTT Extre gmn
Ezr10.5x 0% £ = /0.5 A0
& v Eo= jO7# 10% E v JO.5 2 s0%
) Fg? 75,000
L Foy= 39,000 Fy270,802

Pig.C11,48a Shell with Longeron Construction for Example Problem
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Tabla 8113 Internal. I.baz'is"and G;'i;metfy -

Condition | 9a 3] @b 71 8 T T T "y ¥ 7p I 7c T
‘of Skin’ T |1b/indiv/in [1b/1n] in 47 An in
No Buckling| 212 | 263 | 263 | o . {14.39] 9,09]-9.09
Buckled 212 264 26& 3 30 17 70 12.39 12,39
i U abe 11,300 Contimuedd . e ey
Condltlon yLonElTyLangz. - Ma, 5% Mg 4] Ia, 9|
of Skin in in tn-1bms| in-1lbs| in*
o Buck]lng “12.93] o “[321 000|310,%00| o2
Buckled 15.63]. 3.30324,000/310,500] 261

Notes: (Same as for 'I‘able 011 2)
Skin Panel Analyses '

The analysis is 111ustfatéd 6n1y for

panel a, but results of-g gimilar analy= |-

gsls ror panel b are presanted later on,

Panel a
o2 (1= 420 /Bt = b,5 (1=.33% )/15( 025)=
a/b 15, 71/h 5= 3 a ks =:17.51 51

FsCr = 17,57 10,7 {.025/4,5)2/
. 12(1-.33 ) = 5,334psl (Fig,C9.5)
e = 19, 5:(Fig.C9 1)3
Fccr = 19,57'x.10;4 ?xlO {025/, 5) v
12(1 .33 ) ‘ ;

For the non-buckled skin condition (to
obtain Bes. k and Bc)

fo = Maya/la = 317.250(1# 3thoz = 11.356
fg = qa/t = 212/ azs =8, 480

A= i 1,112 |

B = ?rs =°21356/auao = 1. 339

B/A = 1,20 -

Re = (=1,20.+" \ﬁ.zo + 4 /2

Re = .57(1 20}) =

s = Bfaon = 3000

For the buckled skin condition,
fg = qa/t = 212/.025 = 8,480
£g/Fgep = 8 480/3, 040 = 2,79

300th/Hd = 300{, 025)(2 0)/1s =
= ,59 (Fis.cn 19

Skin Hupture
“fgrE 84805 Fg = 21,100 (Fig,C11.42)
M.S. = 21,100/8,480 - 1,0 -

| framax = 1.30(8801) = 11,441

L PP

Permanent Buckling (At Limit Load)

feramit = fsi1e/1:5 = 8,480/1.5 = 5,653

10 /EaFoy = 4x533x10% /10,7x10° x°
¥Faorxl0 /Eofey 39,000 = 5,11

Fsp,p,/Feer = 1.3° (Fig,C11.46)

=1, 3(5.334) = 6, 934 o
%S, = 6, 934/5 653 - 1,0 = 4351

Interrivet Buckling, Along LOHSEron'i,é7b

Pyp =12 210.7x10%7 (3757 , 58%. 024 )7 =*35; 473
(Eq.C7.22)

= 317,250(16,29)/261 +

5 Isee ”Inngeron ) = 30,246

Fap, B,

fo = Toge + FE
_ 10,4

M.8., = 39, 4?3/30.2h6 - 1.0 = 221
General Instability iy Based upon. Panel b

Proceeﬁing per Fig.C11.39 notes and data|
58w Wzadad

;‘Taﬁﬁiﬁ;" . 3 x 15.717% 1150 " .
T e
FSInstllo /Ec >3

Hence, Fgrpq¢. >3x10.’?::10 /10 >32 000 psi
= 10 560

M5 32, ooo/10560 -1.0 ={,”§h?5“'
Ring . (Betweéd ‘Pahels band ¢} =

L0784} Tng = ,03724
L875(, 01255 888’

Arge = +0784/(1+(;888/.689Y)=,0295 (Eq. %)

.555(10560) tan36,05° = 8,801
20295/1,5x.025 + .5(1-.555) (. "1 14)

A rs Prg = +689

frs =

frgm/frg =1, 30 (F18|C11 21 fQI' kav =

~+555)

M.S. = 11,743/11,441 = 1,0 = 1 03

Longeron 1

The longeron 1s'suppqzted by the ma-
Jor frames, 36 in apart, This is the on-
1y supnort in+the radial diréction. Per

" Eq.{113)and data for panels a and b,

ry, = Fp - fp, T,
_ =317250(15. 63) [: 8480) (1
wen 261 — 22 228?ﬁli7€1%§lﬁij




LONGEBON SYSTEMS

IN DIAGONAL TENSION

.65

{.025) cot36,1°
{1'-56)(073_]

== 18999 d 10445
(rp)” (ry.7,)

= -29;444 ‘pBl

.. If Longeron 1 were supported in two
directions .(which it isn't). like the one
(b) in Fig,-11,47a, then Eg. (123) would
apply with fp = 371,250(15, 63)/261 =
22,232 (at the left end), Then

1 1.0 =

: 1o5kg 1.0 =aah

13690 * Seeit R

Buckling Check

Thls uses Eq,(120) and (121), For a
longeron the effective skin - width is
(Eq.1, p.A19.22)

2w = 1,9t V/E/1,
= 1.9x,025{10,5x10 /2944y =
= Aegx = .89(.025) = ,0223 in?.
and using Fig,C7,26, |
Prong = 1.04(,51) = .59 and L/P = 61.0
the Longeron Fec = 62,690 (Art,C?.30

So, For 62690 - 62690 (61) /4x10.5 x,
= 27412 _ 1.0%

M,8, =

«89 in

For

Since this 1s<Fcc/2.use
Fer = Tx10,5x105/61% = 27850
Por = 27850(,2288+,0243) =6,993 1bs (Eq.12]
PLong =~18999 (.2288+,0243) - [.s9(su80
(15.71)(.025)(1.387)/2 +

.56(10560) (15.71) (. 025)(1.371)/2] |

=-7736 1bs (comp2)

S0
= ~,10

So, the longeron would need to be
made larger (more thickness).

Beam=Column Check

The Example Problem does. not have
any beam-column loadings, If it did, the
M.8. would be much less than the -,10 for
buckling (beam=column margins are always
-leas than for the column}, - To find the
M.3. for thisz particular case {where
.P >Peor) one must find the common factor,
A, by which all of the shell applied

loads must be multlplied to give a M,S,

of zero (and A will be <1,0), The M.S.
will then belA~1,0 (Art.C3.18), v
Howerer, to 1llustrate the general
proceditre asgume that only the applied
bending moments on the shell are reduced
304 to be 184,275 and 259, 875, and that
the data in Table C1i.3 stlll applles
{some of 1t will change sllghtly Then,
proceeding as before - )

rg, = -25025(15.63)/261 ~ 10kb 55

= -14673 = 10445 = 25118
2w = 1.9(,025) V1o, 5:10‘/25118 = .97 in
Aegy .= .97(.025}) = .0243 8q in

Plogg = ~14673(.2288+,0243) + 2965= 6679 -
and Buckling M.S, = 7089/6679-1,0. = .06

‘For the beam-column check agssume that the

longeron hag a slightly curved installed
shape, as in Fig,C3.,33c with e = ,10 in,
Then, per the “approximate formula®

M= 6679 (,10)/(1-6679/7049) = 12724 *#

Per Fig,C10.15b formula
Ma1t “ESOOO(&.?le.Si”/(.75/.08)'?

(70000/10,5x108 7, 0604 = 10717

| Then, per Method 1 of Art,C3.18,

M85, = - 1.0 =53
"6%"’ 10717
Using Method 2, Art,C3,18
K=1.19 (Fig.C3.8)
Fo = 50000 +&-;—g'—§%] (70000 - 50000*)
= 54500 .
£ = P/A + Mo/I ;_gg;ﬁ + 1u?33é;75)
= 166320 pst (comp)

So

e 5HS0Q - -
M.S. = -}556—333 1.0 = -.47

Per Art,.C3.18, the "better" M,S, of
Methed 1,-,53; would be used, Thus the
longeron must be made larger (more
thickness ), Note the large negative

margln cauged by beam-column action,

whereas the. buckling margin was a -
SMall Rpsmive one,

‘4 Thim te tl:- Prop. unu: -muc nas Jpage 3§ footmate,
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sﬁnnmi- REMARKS-

Shear Panel b Caloulated Data' .., . .

- . The, following data for panel b were
'calculated ad was- 111ustra.ted. for panel a

£574710;560; Fq or, =, 5,994} Farri= 5,33y
A%'= 1,112 £o.2 3725005, 0979502 = 7174y
B.= .68] Bo.m 74y Bb = ,U45) . Pg.p = 394?
X =,56; Hsﬁut=1 01,“ .
M.8.p,B, = =02 g S. 1r =, 2'
Attachments :

The allowable load/rivet is the same
ag for the spfinger system caleculations,

a) For an agsumed splice along Longeron 1

between panels a and b, the. largest-shear|

flow 1is 263 lbs/in »

Load/in = 264 (1+.56(1/cos36 -1 ))= 299 |
* Lodd/rivet = 299{,75) & 224

L = 356/224 <1,0 = ,56
Due to tension field prying action o

'Load/in = ,15{(, 025)(64000) = 240
Toad/rivet = 240( 75) = 180
M.8, = 197/180 «1,0 = -, 09

B) Along Ring, assuming panela band ¢
are spllced there

Load/in = zsugu 56(1/51n36 1 -1)) = 367
Load/rivet = 367(,75) = 275"

.S, = 197/275 = 1,0 = =,28

c)AlorgBing . for no splice thére is no
ghear transfer, only e prying load

Load/in = ,22(,025)(64000) = 352
. Load/rivet = 352( 75) = 264

- M, 8, = 264/352 - 1,0.= -,25
Henca. for (b) and (c¢)'a amaller ri'ret
gpacing ia needed, about .60 in, -

Diagonal <.Tension- A.nﬁl-e ’

Panel a:

. =,50(8480) tan

tan

€rg = 10. 7::10"

- oo1oo1

§
- 0 5:10‘

PR L

€y,

B cota(
15 ?110025 *15(1-059)( 56

- 00131 - 000683 cot ot

| 'Proceedlng as for 'panel a, o&'c

317250(15,63) s 9(aus0)|
- 261 - '%7557—2

|5 8480 12(,59).
SK = sin2Kk

10 7 x10 + (1--59)(1+ 33)51112%

= ,000935/ain2o + 00043191:120(

| € = Ef
sk - érg +

" €9 K= 51‘ SR
= (-.sk - Erg - ,011250" ta.nzof.

:tanaﬂ-:

-After several. successive. trialg 1t is
“found that ‘when & = 35.

is used in the
three straln equations, the resulting Yya-
lue of & per the lasgt equatlon 13 35,85
hence X = 35,8°

Panel bs

Proceseding as for panel a, the fols
lowing data are obtalned:

k= 56| f5=10560; Bc= ?3 nhich result in

Er = -,001134 tano( ‘
€1, = -,001809 =" ,0007%8 cotek = «
€sk = .001105/51n2d + .000578 sin2¢

Proceeding as for panel a, Ay, = 36.1°,

Panel c;

“k=.55; £4=105601 nc=.744. ¥=310,500.

= 3610 .

c11.38a‘3ummary

The effect of diagonal tension is
to generats additional compressive.

.gtresses in the atringers; longerons and

Tings or frames, which if not accounted
for will cause early fallure® Tté effect
-of compresglon stresses along with the
shear stresdsed increddés these effects,
while tension stresses will reduce them,

The exact magnitude of the varlous
diagonal tenslon effects ‘throughout a
network of skin panels defies simple ev=
aluatlon, particularly when both shear
and axial stresges vary from panel to pa-
nel, Howaver, sgsome rational approach is
necessary to complete the design, or spe-
cimens for test programs, and the ap-
proaches given in this chapter represent
one such procedure, Where margins are
small. alement tests are 1n order.-

The stringer system is usually found,
for example, in fuselage and wing struct=-
uree-where-there-are: relatively- few large
"cutouts” to. disrupt-the stringer contini-
1y, 'I‘his iz more likely: for ‘transport,

bomber and other cargo carrying aircrarft,
The- 1ongeron‘ system 1g more efficient aEnd

# Asd also ‘inoreased ekin parel and fastensr loads
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sultable where .a large number of "quick
access" panels and doors or other “cut-
outs"” are needed to service various sys-
tems rapldly, These would "chop up" a
stringer system very severely, making it
inefficlent and slgo more expenslve from
both a welght and manufacturing stand-
point,: Therefore, longeron gystemg are
usually found in fighter and attack type
alrcraft, and in others having such fea-
tures, i« There are, of course, other fac-
tors influencing the choice of structural
arrangement,

Scme .further notes concerning this
general subject are :inecluded in Chapter
D3, These include “"beef-up” of panels
and axlal members bordering cut-outs and
non~-structural doors. which is also re-
1ated to "end bay" effects dlscussed in

.C11,29, :

Although ténsion fleld analysis has
been discussed only for primary structure
it can also significantly effect secon-
dary structure such as' flaps, allerons
and other control surfaces, For example,
such surfaces usually have a relatively
light tralling edge. 3Significant buck-
ling of thelr skin can generate addi-
tional compressive ‘loads in the trailing
edge promoting buckling or local failure,
A normal loading which bends the edge
" member inwards and generates additional
loads 1in the supperting ribs is also
present. Hence attention is needed here,

£11,35 mnlou for Part 2

1. Recalculate the margins of safety for
the stringer example problem assuming
that the tdérslon on the shell iz in- -
creased from 150,000 to 300,000 in-1lbsg
For the stringer analyses use only the
“Quick” and Melcone-Ensrud methods,

Recalculate the marging of safety for
the longeron example problem assuming
that the torsion on the shell is in-
creased from 300,000 to 450,000 in-lbsg
Use only Fig.Cli,.45 for determiningo(

2,

cu.b—an mblau for Fart 1

The problems for Part 1 remain the
same as in the textbvook. (p,Cli.48),

The  readex is encouraged to consult
the references (p,Cl11.,49), particularly
(3)s (4) and (9) for a broader under=
standing of the subject.

C8,1a Introduction -

NASA CB-912, “Shell Analysis Manual
presents a large amount of data and dis-

which increases o GE
‘tained as in Art,C ik above,.

cussions for the buckling of monocoque

shells, Some of the more helpful data
are presented 1n the followling articles
and figures, The reader 1s encouraged to
congult CR-912 for a broader understand-
ing of the subject. !

o8, 2a Buckling of Monocogque Cylindersy
Under Axial Compression

Seor/n. 18 calctlated per Fig.CB.B8aa,
Then Fcr is found by entering Fig.CB.9
with (Fer/n)/F0,7, obtalning Fc/Fo 7 and
then calculating Feer = Fo, 3 (Fe/Fo,7
The shell is then capable o withstanding
an axial load of -

C8,5%a Buckling of Cilreular Cylinders -
Under Axisl Load mnd Internal
Prasaure

When there iz an internal (burst)
pressure,. p, along with an axlal compres-
sive load, the internal’ pressure increas-
eg Cs by an amount ACc per Fig.CB,ila
Feor 13 then
Fecr beconmes

Per = 2"?F0crﬁ *17529

€8.7a Available Deslgn Curves for
Bending Based on !rperiuenul
Results

dep/ny 18 calculated per Fig.ca 13aa,
is then found by entering Fig, (8.9
wheR (dor/m)/F0,7, obtaining Fo/Fg. 7, and
then calculating Foer = Fo. 7(Fc/F0

The shell can then wfthstand a bendan

moment of _
- Mer =B Foert

€8.8a Buckling Strangth of Circulay Cylinders
in Bending with Intaml Pressure

When there is an Ainternal (burst)
pressure, p, along with bending stresses
the internal pressure increases Cp by an
amount ACp per Fig,C8,ilka, which increas=
es Jopr/m. Fbey 18 then obtained as in
Art,CB,.7a abovc. The shell is. therefore
capable of withstanding a bending moment

of
Mer a'ﬂ'H Fpert + WPR3/2 :
C8.9a Extarnal Erdrouutic Pressurae-

When there is & hydrostatic (col-
lapse ) preasure, py Jder/N is calculated
per Fig,C8,15a (the lateral plus axial
pressure curve), is then found by.
entering Fig.C8,9 witﬁ (der/m)/Fo,7, 0D~
taining Fe/FQ,7 and then calculating
Feer * FoO, 7(Fc/F0 7). The axlal stress
is one-half of the circumferential stresa
Feep 18 in the circumferential direction

s0 Por = Ff.:c:r‘l'v/BL
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IR B AR RAA

b=

l

Lateral Pressure

.Lll'

i ;:P = pﬁR‘,
L= LI

iy

thnWthere is s radial (lsteral)
colls pressure, p, .only, gsp/N iz cal-
culated psr ‘Fig,CB.15a using the, upper -
curve, is then .obtained : in the same
manner as in Art,C8,9a above, Feop 13 in
the circumferential direction. .80

“ p . = Fccrt/R

‘cslculated
nd by enter=
,3,: ‘obtalning
ng FScr =

The allowable forsion

by st
1t _19s with chr/
FS/F? 7-and then calculatih
Z FScr(EU 7}
hen' = © 2
Ter = FgoplffR' t
G8,13s Puekling of Circular Cylindera Under -
R Purs 'J.‘ors:l.ou \tith Inteml Prassure

ERER b

_ When there ‘ig’ an internal (burst)
pressure. P along with the torsion cs
is increased by an améunt ACy per
Fig.CB 20b, This increases: q@r/qsnd

i ‘i8 obtained in the, same manner as

r

“e8.12a ‘Buckling Under Transverse Shear

" For the cage of transverse shear, V,
one proceeds as follows. Determine Fsgr

“foritorsion; as in-Art,CB8.1la o6r C8,13a
.and multiply. it by.i; 25 to determine Fgop

t. 08 11s abovs. as 18 pop.

for shear;: :Slrce. f? = VQ/It one can
solve -thls for Vy'for Fggy in-place of
fs, For a cylinder this givcs
Vop = Fscr'TRt
c8. 154 Buukling of Giroular crllndars Undur f.
) Conbi a’ I.oad. Systeus

The'follcwing interaction curve ap-

plies for the general case, and can be

used to determine the margin of dafety"
by succsssivs trials (Art Ci 13a)

+Rp+nst+(ns+nb)

The subscripts ¢, py. 8%, 8, and b refer
to compression, collapse pressure, tor-
gion, transverse shear and bending re-
spectively, Including Bp to only the
first power 18 probably conservative,
but collapse pressure 1s ‘seldon presént
with the others.

=1,0

Sl

Fcr certain cases. where some of the
1cadings are absent; the margin of safety
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Top/t = CoEt/R

2= 1 4 /Rt S

Valid for -}
Z > 25 for Simply Supported Edges

RN P

Z' >80 fer Clamped edges
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_‘___. H I :g f‘: o 54 M “
L — L 5 t 3% _
: Ll +
B L ] R R R I
R A R sl e

Fig.C8.8aa Buckling Stress Under Axial Load
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o.ol 0.16 1.0 0
(p/EN(R/)

Fig,C8.11a Increase in Cc Due to Burst Pressure, p
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0.40

i r!;; R e kb Eee i
:

:'rcr n= csEt/RZW h

iz = W - /R

: Valid for

27 =100 for Simply Supported Edges
: "'-E Z »100 for Clamped Edges
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Fig.CB 20b Increase in Cg.Due to Burst Pressure, L
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TR 4
)

c1feay

0;,1'/7? = CpEt/R ' =
1= 2= PV -4 /me ]
L val1q for

Z > 20 for Simply Supported Edges
Z > 80 for Clamped Edges

C.25

0.95
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e e e
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stk
QPR et R BT o R L

0 Hod W00

e
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e
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T
ave4
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R/t W0, 4000
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! No Externa.l::,
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L SR = 0)

1
1

-
[
b
) q L1 onpent] |
ACy : . i
L]t : :
2 )“ =uu . I ..‘14

-Extérnal Axial TLoad Balances |
Longitudinal Pressure- Load

0.10 (P = pnR?) ‘ hre

- . [

0.0t

1 9 &8 1 4 6B 1 4§ & 6 1 & 50

0.0t .10 10, ) 7
- , ] (p/E)(R/t }2 10 10
Fig,C8,.14a 1Increase in Cyp Due to Burst Pressure, p
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can be calculated directly by fcrmula.‘

a) When Rs'—o .
e 2 5

M.S5.. = Rc"‘Rp"‘Rb"' m‘m‘ﬁst -1.0
b) When Rp = .
¢) When Rst‘= 0 = Be = Rp.

LEERS 1/(12,11 + 8" - 1.0

c8.19a Addlttonal nenlgn Buckllng CHrves fur I
ror 'I'hin-wllled. Cc:nicnl— Shelils .'1_ -

a’ /n 15 calculated per Fig.CB 25&.
is then cbtalned a8 for a cylinder
irt C8, 34 ls at. the small end’
cf the ccnical sheil and

Pcr = Fcch'n‘Hlt 003“
H p

Valid for :;; . e

Z >25 for Simply Supported Ei_es
Z >80 for Clamped Bdgeg iy -~ v
A L 75° P

To obtain E

When aninternal (burst) préssure, ',
is present alcng with the axial compres-
give stress, it increases Cs by an amount
ACy per Fig,CB.25b, which increasessler/.| - -

Foer 38 then obtained as above,

The .
‘critical axial 1oad 1s then o

Por = FccrzfrTR]_t cosi * pﬂ* Rf

For conical ghells subject to bend-
ing Ogpr/M 1s calculated pei: Fig.CS 26a,. - -
and Fher L& them cbtained as’ in Art,C8,.3a

is " at the small end of the shell,
Tﬁe bending stress is £y = Mc/I, so

""‘o( 460"‘

:].ic8. 260,

£ g?ﬁa'

Mer = FpopT Rjteos™ -

BUCKLING OF CONICAL SHELLS-

Fig.CB 25b Increase in Cc with
Burst Pressure- P

P o S

ol -
RepR

ke = Ry/cos«
' Gep/ = CuEt/Ee

" }’ ‘z'm BRVI - WF /Rt

o a;TO obtain Cb .enter. Fig.CB 133 with Re/t

Fig.CB 26a Buckling Stress Under
Bending Moment

" When aA internal (burst) pressure, p
“1g present along with the bending moment,
At iidreases:Cy by an amount ACp per Fig,
This incréases Tor/, and Fpop
is then obtained, ‘as before, by entexring
Fig.C8,9 with {0er/m )/ Fo: 1 and obtaining
Fc/Fo 7.F Fber 18 then calculated as:
Fo, 7{Fc Fo, 7i and :

o FOP ccnical shells suhject to tor=-

i TErIn is ¢alciilated per Fig,C8,27=2
‘and Fgayp. 18 then obtalned by entéring
Fig. 19 _with (Texr/M)/Fo,7 and getting
Fs r 13 then calculated ag

e

""" When al iﬁférﬁal'fburst) pressure, p

1 is also present with torsion stresses the
. pressure increases Foe

However there
is no data for calculaglng the increase.

S Fdr ccnlcal 8hé11s subjfect to hydro-
static (collapse) pressure er/* 1s cal-

culated per Fig,C8.28a;: - Fcor 18 then ob-
tained by entering Fig,C8.9 with

A &g /M}/Foi7, obtaining Fo/Fg,7 and then
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";“um
Uer/p = (Cu + ACp)Et/Re

To obtain ACp enter
[\ Fig.c8,1ba with Re/t

NP

Fig,CB8,26b Increase in Cp Due to
Burst Pressure, P -

Ter/M = CaEtRS/B{ Re?™
Be = [1 + (1 4 Ro/my A
| - (1 + Rp/B1 V2 | Bycosa
2
Z = L2Vl - 42 /3et
Valld for .
Z >100 for Simply Supported Edgesg
Z >100 for Clamped Edges
oK < 60°
To obtain Cg enter Fig,C8,20a with Rp/t
Flg.CB,27a Buckling Due to Torsion

Feer 85 Fo 7(Fe/Fo,7)s Pep 18 then
Per = Fport cos™ /R,

For conical shells subject to a
transverse shear, V, the buckling stress
13 obtalned by determining the buekling .
stress due to torsion and then multiply-
ing thls by 1.25. Then, since fg = VQ/It
and with fg being at the neutral axis,

Ver = Fgo W Rt/4

where Fgep = 1,25 times Fgop for torsion.

z R
) Jer _y T E
T P12 a-pY
2
P ! Lrz ALK
L) R, cosk
L2 RieRy
Re X £ Z-cos ok
Ucr t cosof
I ERENZARE > ——F T COSR
H . Br Rz
R, : z
ooy Lt 172
. 2
X< 75° zaR.' {I=-RE<}
1t T T ywe
: } ll ; l}! T
. (== |
. us
Ky
. y T
]
4 u.:, —
. H
e B ¢ "w‘ _z;-z soere G2 i “ew
Flg.C8,2B8a Conical Shell,Collapse Pressure

€8,20 Buckling of Spharical Caps

For a spherlcal cap subject to a uni-

form collapse pressure; Fig,C8,29, the
buckling stress can be calculated as

Fccr‘? = ,175Et/R

Feer 18 found by entering Fig,C8.9 with

{F
cai
cril

/M)/Fo,7, obtaining Fe.p/Fp,7 and then
S5 Lting Fecy a8 Fg,7(Foop/F0.7). The
tical pressure, pers is then

Per = Fccrzt/ﬁ -

Fig,CB8,29 Spherical Cap,Collapse Pressure

NASA CR~912 is recommended to ths

reader for additional data and discussions
not only for shell buckling, but for much
other helprful data about shell structures,
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BUSHINGS, TRANSVERSELY -LOADED LUGS AND CLAMP-UP

Di.2a Enonomy in Fitting Design

Alsé see Art.D3.9, 1tcms 8 and 12.

D1.3a Pitting Design Loada, Hlnl!lmn
‘Margins of Safety

Also see Art. Cl.13a about design
loads and margins of‘safety. g

DL k. Spaclal or Higher P ‘tors of Saruty

. Alsp see Art, c1i v13aaboit desigh
1éads™ and margins of safety.

m, 5& Alrcrart Boltu

Unfortunately, Art,D, 15 and subsegq-
uent articles do not discuss single shear

5 ; » . THése are. widely used 1in
Csuch as for attach-
caps, skin splices ete,
8aa and’ D3,5a, for help-
.,tuthese cas s, -and

bilshifg 18" installed, f no bushing is
present, the Aug, rhfitting should. be,.de-

ERE Lo (Ve ot show: the” required margin if a

bushing 1s 1nsta11ed 1ater Oy R

'Dl 12& Lug snrensth Analyais Uhdar ’
i 2 L.ld-'l;ls oL

For thé"

(Fig.D1i; 11-

¢dse -of concentric lugs
where e = W/2).see Art, 5
the allowable load at 90
e load) based on: test data
.a;below. S

‘see Art, Dl.‘

D1.13s Ing Strength Analysis Under
oblique Loada

For the case! cf concentric lugs
(Fig.D1,1l=a where & = W/2). Fig,D1,15 can
ve used to gquickly determine the allow-
Able load, Fg for any angle from ¢° to 90
Only the calculated allowable axial Ioad,
FPo, is needed (Art.D1, 11) Pg is then
celeulated as

Fg = Po(PQ/Po)
‘The’ curvé’ is based on a great number of
tests and with different materisls.
shown,, the
1,0 for 8=

) ‘0° td‘,?s for. 8 = 90°
lug’ width rveréases. as in. Fig, Dl.1i-b,
the, curve ‘glves g conservative allowable

“load, If it narrows, as with an eye-bolt

* See P.ALQ = A21 for bolted Joint allowabls data,

‘Fig.D1,42,

type lug, the curve glves an unccnserva~
tlve allowable load, :
1.0 —T—
[ P """'-..\-‘_“
%0 50

Fig.Di.15a Concentric Lug Oblique Load Strength, Py

D1,27a The Inportanoe’o}gGocd Clamp=-up

It is. important that the stress an-
alyst and structural- designer have a good
understanding of the importance of clamp-
up action as to shear joint strength,
particularly for single shear jolnts
which are so common in aerospace struct-
ures, Previols articles about riveted
joints, D1,18 to D1,22, and bolted joints
D1.16, have not discussed this important
subject As discussed later, lack of
good clamp-up is why blind or countersunk
or shaved head rivets and and blind,
countersunk, thin head bolts or bolts with
soft collars always resulft.din: joints hav-
ing less strength/stiffnéss than do pro-
truding head rivets .or.bolts with thick
heads and nuts. It 18 also why the al-
lowable joint -Loads.with, these nust al-
ways ‘be" détermined’ by tests’ rather than
by calculations,” The. followlng ‘dlscus-
sion discusses the reéasons for this.

A fastener transferring a shear 1oad
in a typical” slngle shear - joint: is "shown.
in Fig.D1.41, "If the fastener does not
have a head (1,e,, a pin), or otherwlse
dogs not clamp the .two sheets.together,

“thé Joint ‘equilibrium and bearing

stresses will be llke that -sketched in
The extremely himh bearing
stresses in the sheets at the faylng sur-
faces will result in early yielding, a

permanent set and a greatly reduced Jeint

strength and yleld load, Thus the car-
dinal rule is to never use any headless
type pin or a belt or rivet not provid-
ing goocd clamp-up, . ‘

ClamgﬂUp
When a bucked protruding,hcadwnivet

“or a conventional bolt with a tightened

nut is used, the Joint equilibrium and

the resulting bearing stress distrlv
~ » For much such date see p, A10 -!A2i o
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= - -

' Flg.Di.41 A Single Shear 3sint

-

\:

]I, b
(5) (b} {e} = (a)+ (v)
Fig.Dl 42 Bearing Stregses Hithout Clamp-Up

&

bution are quite different, as shown in-
Fig,D1,43., The presence of the tight
head provides. clamp=up and thereby allows
. the loads @ to be generated and balance
the moment due to. the bearing stresses.

-mqek—-
Qf' :

e
JATE

}e

' Q
\e;i' S
T
Fig.D1.43 Bearing Stresses With Clamp-Up

Thus there exists
1, A prying losa on bhe?fssteﬁer heads
2, A tension in the fastener

3. A near uniform bearing stress on the
- fastener (and sheets)

With good clamp-up the bearing stresses
are near unliform, but even a "finger-
tight" clamping of a bolt's nut ig far
better than none (a "loose" nut).. Those
fasteners.previously discussed. which do
not develcpe as mich clamp-up. have less
joint strength and stiffness, and thelr
Joint allowables must be obtalned from
tests rather than from calculations,
Blind“fasteners are the worst in this re-
spect, A steel collar is much better
than"sn aluninum one but 1s heavier,

Shims - (Fillers) Between Sheets in Single
Shear Joints

When a shim iempresent@betﬁEen the
fastened sheets, its effect is to in-
crease the loads Q (Fig,D1.43), . This re-
sults’ in more bending and tension in the

fastener which can .cause less strength
and. stiffness, _Hhen the shim is falrly

thin, say less than 10- 12% of the fasten-
er diameter, 1ts effect is usually ig-

nored, Otherwise, see Art,D3,5a, Art,
D3,5 and Flg,D3,18 as to how to pro-
céed- .

91 23; Riveted Bmot. 3plice quomtiou *

added. at the end of ”Proper Rivet Size
to Use",

Structural joints should be,maQs
critical in sheet bearing, not in shear,
A . bearing critical- Jolnt has ductility,
whereas a shear critical Joint is of a
camparatively. "brittle” nature, This 1is
because once the fastener begins - to shear
fallure follows quite-quiekly, but when
bearing .critical. there 1s considerable
deformation . within ‘the Joint before fall-
wre occursy¥ This can be seen from the
comparison of load-deflection curves for
s joint as shown.in Fig,Di.44, The joint
deflection here is that within the joint,
between the upper..and lower sheets in the
direction 6f the shear load, A shear
eritical joint:might be. deslrable when a

{ plece of structure 1s.to be ejected or

*blown off", such as the ejection’of =
nose cone by an explosive charge,. -

‘_sheér'éfitical ngntuaﬁrlttle}

o '
]

2 : Bearlng Critieal Jolnt
‘N ! (Duetlle) ’
S 3

©

&

7]

ﬁ -

—o‘ (Spot welded Joints are the most brittle)
e ‘ ’ .

Q

W]

- Deflectlon
Fiz.D1.44 Brittle and Ductlle Joints -

D1,27 Design and Strength of Threads

, The purpose here iz to provide help-
ful informatlion for the design of threads
to transmit a given-load, Applications

are for bolts 1in tapped holes, bolt-nut
combinations and hydraullc cylinder end
caps, The general gquestion ls how many
threads are required, The answer depends
upon. the shear strength, Fgy, of the ma-
terial in which the :threads willl strip
‘and the cylindrical area which will be
sheared, The following assumptions are
made for bolt-nut comblinationz and
tapped hole comblnations,

s Ses p.Al0 = A21 for rivatad joint allowahle data,
Bee P.AIC fer faztenad zheet adge diztances.

** Ezsentially mandatory for any multifsxtener pattern instaliation
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STRENGTH OF THREADS

Ifthe bYolt material has a higher:
:'?strength tharthe" nut material’ 'the’
“ri"threads will be stripped from the nut.

1...

'If the nut material has the higher
- strength’ the threads will be’ strlpped
from the bolt.

If the “hilt and bolt materials are of -
equal shear strength the bolt threads
-w111 usus"y‘be stripped first.Aw__ .

W

he strength of the combinatlon 1s*'calcu-
lated for the three ebove assumptions as
fcllows. ‘

C e

1. Load at which threads strip from nut

.nutwthread minor diameter~“
“lerigth “of "thisad engagement
“g¥iear 'stréngth of ‘bolt material

(%
i

3. Seme as (2} above _

The formulas apply for typical bolt-nut
combinations or bolts in tapped holes:

' BT '1']more than 2/3 of the bolt: di-
For smaller values of L, K will

ameter, :
increase slightly, as shown in Fig.D1 45,
because of a more uniform thread loading,

but such short thresd engagement is uzu-
'ally not good practlice, since it may not
develope the strength of the bolt, -

“Yow" pere

mating parts.

D is maljor. dismatar o belh th
chee\nns ath .

D la minor dlamater or mut threads whnn
= ehec!:l.ng walt ,

Threed Shear Efficignay Pactor. K

- 'l':rplce.i Nuts and Boltsy

T p e ]

.. B 1,0
Thread Engagement/Thread mmter. ‘L/D

. . Mg,Di,45 Thresd Shear Efficisncy Fastor, K

Hydraullc Cylinder End Caps

There are many types of hydraulic
¢ylinders used in aerospace vehicles,
general, the larger thelr diameters and
the thinner their walls the more critical

In

‘the end cap thread deslgn becomes."

For the end cap to cylinder threads
there: 13.a tendancy (due to the’ angle of
the threads) for: the part with the inter-
nal threads to expand (due to hoop ten-
glon) and for the part with the external

“threads to contract {due to hoop compres—

sion)., This lessens the thréad contact
area, With quite flexible (thin) parts
only the tip portlon of the threads nay
be engaged, and failu e‘wili occur at 8
age of- u -
even ‘less than 20% in some ca
dition' té this the eylinder expands under
the .internal pregsure, and this wilil les-
sen-the thread engagement even mdre  if
the ‘threads on the cylinder arevinternel
Dnes .

;eters.

. In general 1t “is ‘suggested that for
cylinder end cap. combinatlons a K factor
‘of.:.3. be used, and" h'
carefully considered-to minimize the re-
lative expansion.and contraction of the
Threads on. piston rods,
‘end caps, rod 'ends and ‘barrels are usu-
ally machine cut, Machined threads. have
a lower fatigue life than' do rolled
threads, so thls should be kept in mind
when’ designing parts which might be fa-
tigue crltical 1n the threaded reglon,.

D3.5a Filhrx {and Ehina)

As discussed in Art 03,5, a filler
(or shim)_betseen the two sheets of, a,

Another approach 13 to, determine -the

‘reduced joint strength ‘and iise this , ir

1t"1g 'adeqiiate,  The Jfollowing 1s a sug-
gested method for doirg this for single
shear bolted Jolnts, It can be particu-
larly.helpful when shims dave found to-be
necessary in manufacturing and sslvage
procedures. . D e

For a_ ccnventional single -shear
“joint having a protruding head bolt with
“a stiff collar or nut, the allowable load



SHIMMED SINGLE SHEAR JOINTS (FILLERS) 7?7

‘and bending is not critical; so the joint

3. Calculate %tgy = Vo/Fbru1D and

ig caleculated as the lesser of a sheéar
fallure of the bolt or a bearing fallure
of the sheet (for all other types. of
bolts and nuts, or collars, the Jjoint
strength nmust be -determined by tests
rather than by calculations. as discussed‘
in Art.D1,27a3). - ‘

Plaéing-a'shim between the sheets
causes an lncreased tension and bending
moment in the bolt, so there may:then he-
a.third . type of fallure, btending and ten~
sion in the bolt, The thicker thHe “shim,.
the lower the joint allowable:shear load.
Vg+ beéoties, Thé interactlon of shear

allowablé shea¥ locad, Vg, 18 calculated
as follows, referring- to Fig D3,19a.

Also 8ee Fig,Di %3 for more about fasten-
er equilibrium s

Sheetl t, I %‘_-at,, 2‘- A
A ¥ F
Shnn—J

Jmtaft,_—.a

Fig,D3.19a Shimmed Singles Shear Bolted Joint,
TLoads on Bolt (nnd Shoets)

The sheet bearing stressea generate a
bending moment in the bolt which is, from

statlics _ ‘
Mo =V,(tg,/2 + tgp/2 + tr)/2

where tg 1ls the required thickness of the
sheet to develope the applied shear load,
Vo, and ty 13 the thickness of the filler
{shim),

tg1 = Vo/FpruD tss = Vo/ForusD

hence VZ( 1 1 \/
= + +tp)/2

¥o o ZFbruID 2Fbm2D f

Letting A = 2D/(1/Fpruy * 1/Fprup)

Then 2
Ve /A + Votg = 2K = O

or, 4
Ve 4 VotrA - 2Mgh = O

1. Solving for Vo (the allowable shear
load) and 1etting Mg be M'gp where
M'B - ';‘BBHB

Vo = (=Atgy 4 V(Atf')a‘ +8Mpa)/ &

2, If Vo> Vg use Vo = Vg where Vg is the|.

bolt single shear allowable load

% M5 = bolt mharic a3lowable bending moment (Table A4S}
and .88 accounts for the tenslon in the bolt,

A ure. could be cqnsidered nith substanti-
”uating tests or‘singr ;

shear joints is sketched in Pig.D, bé

. calculate tgz = yo/rbruzn
b, 1r t31.>-t1 use tgi = t1 and recal-
culate V, = Fbmlnti

If tgg # t2 use tgp = tz and recal~

culate Vg = FprugDta

5., Use the mmallest of the calculated Vg,
loads in (1), (2} and (4) above as the
allowable shear load, V,, '

For all other fasteners. a Joint allowable
load, Vo, 1s zotten by assuming it varies
inversely with the prying load (moment)} on
the fastener he&dd. Hence, Vg 1s the allow-
able. lead.-for ne filler {Table 33-L44 and
MIT HDEK 5) multiplied by ts/(ts+t /2),
where t is the average of the two sheet
*hicknesses

The above procedures are believed To
be reasonable, but they have not Yeen
checked by aiﬂgle shear joint. taata,=
ror ) bstantiation.

For- riveted Jjoints a similar proced-

A susgested testispecimen for*g

P'J i -"*?‘"‘J‘ -
i ——— .

Pig.D.46 Shimmed Single Shear Test Spsclimen

P3.Ta Special Casges of Bian Doslgn

See Art.AiB.lia for additional
curved beam digcusslions and data.

lpj‘jg Tanslon Clipa

Additional allowable data for sever-
al types of such clips is in Fig,Al - A2,

D1,21a Strength of Riveata Flush Type
See p. Al0 = A21 for allowable data

D1,.22a Blind Blvets

Seé p. Al0 - A21 for allowable data
Di.7a Bolt Shear. Tenslon & Bending Stréngthe

See Table AbS
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APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA
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 ALLOWABLE ANGLE LOAD,

~

TENSION LOADS FOR CLIPS
{PORMED ANGLES)
HE A

V' ATTACHMENT POINY SPACING: .
{a} < 1IN, =P~ IS LBS, PERINCH OF

) ANGLE -
L {Bh= 11N, “F" 15 DS, PER ATTACHMENT.
TUARQINT T L

700"

(2] * FOR ANGLES OTHER THAN 2024-T3
CLAD MLILTIPLY P BY:

o - Pyt
40,000
{3) WHEN TWO ANGLES ARE PLACED BACK
TO BACK MULTIPLY P BY 257
{4} THE ULTIMATE ALLOWABLE Loan, "B 184!

DEFINED AS 1.5 TIMES THE LOAD AT 0.005
INCH PERMAMENT SET.

, P-its, (SEE NOTE)

* NOT APPLICABLE TO MAGNESIUM
ALLOYS,

&

L L

N P e

'
i

ECCENTRICITY, C {INS.}

SEE PIG.A) FOR BACK TO BACK AMGLES
ULTIMATE ALLOW. LOAD FOR 2024-T3 GLAD SHEET METAL ANGLER
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MABGINS OF SA.FETY AND DESIGH CHECKLIST

Ets

A checklist'of minimum rnarglns of satety and-llems to be cunalderad when
duinnlnq and apalyzing struc:urll joints is presented below,

Margins of Safety (M;S.) for fasteners and joints.
.S..= .15 on alf.shear joinis at utlimam. e

.5 = 0.00 on all joints at yield, h

M.5. = 0.50 on all tension jnlnts st ummnla. .

M.S. = 0,15 on Iu?

M.5. = 0.25 on critical joints (wing plvol, landing gear atiach lugs,

tc.). as. dutgmhd by the-alreralt design p hilosophy:

*Thae stress amlyll should talu care NOL10 be Timited. by the Ieins! liutad and

o umlxe good englnul‘ing judgmum atali times. . 0

Makc Int critical. in shee! bearing rather than shsar of fastener.
Spoc torque vilues on pre-losded bolts and specis! apdlications.
Avold ‘using riveis (solid and biind) in primary tangion appllcatinns.
Hole tolerances fite to-sult the Installation:
~ Corrosion and dissimilar metals pmuclion (Contant MA&P Group)
= Weat and friciion gusiities of moving p- 5.

Excessive’ bnring siresse
‘SII’GSI raisers' In highly t

» Posalble strength reductions due to adverse lolarlncus
+  Minimum Ihickness of sheel for countersunk holes.
+ EHects ol deflections. .

Compatibility of strain SR
Stifinass ‘requirement
.., ll'un mrings

‘- Local deflection
lolerances, .

« . Panel flulter on iarge, lhll‘l gluge. Hat’ uxlernll p nels.

« " Fatigue requiremems.

i« Thermal stfesses Of. straing.

Rediiclion’ in:sllowables lor 1empsr
Proot load of parts per spaclf:callo
hydraulic- actuators, st

rxc:.azr u.r.ouus:.z PENSION LOADS POR  cLips
(EXTRUDED. ANGLES ) -

iLISE WA.SNERS UNDEH BULT HEADI

!, NOTES:
[ 11} ATTACHMENT POINT SPACING:

1508 ()£ 1IN, TP 1S LBS; PER INCH OF

E by 2,000 Ly

- (3) WHEN TWO ANGLES ARE PLACED BACK
TO BACK MULTIFLY “P" BY 2.5

{4} FOR SYMMETRICALLY

T MULTIPLY "R YA, 5/

{5) THE ULTIMATE ALLOWABLE u:mn p, 15 ]

\ DEFINED AS 1.5TIMES THE LOAD AT 0.005 | |

INCH PEHMANEN‘I’ ser “ A

g.

.' NDT AFPUCABLE TO MAGNESIUM
ALLD\’S

g

ALLOWABLE ANGLE LOAD, P-iby. {SEE NOTE)

&

Eecemmcrrv C(INS) T

( I OR BACI( T BACK ANGLES OH TEE SECTPONS)
ULTIMATE ALLOW. LOAD FOR!2024-T4 EXTRUDED ANGLE

TR e aw o . &
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BRINELL HOMBERS

APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA

LPIG.A3 ALLOWASLE LOADS FOR TENSION CLIPS

ALLOWABLE TENSION LOADS

1. SINGLE ANGLES:
Piguras AL end A2 GIVE THE ULTIMATE ALLOWABLES LOADS FOR
VARIOUS GAGES OF 2024-T) ALCLAD FORMED SHEET AND 2024-T4
EXTRUDED ANGLES. ULTIMATE LOADS FOR ANGLES OF OTHER
HEAT-TREATED ALUMINUK ALLOYS, TITANIUM, STEEL, OF ANY MATERIAL
EXCEPT MAGHNESHIM ALLOYS, MAY BE OBTAINED BY DIRECT HATIOING
WITH THE MIL-HDBK-5 TRANSYERSE YIELD STRENGTH AS NOTED IN THE
FIGURES.

2 BACK TO BACK ANGLES:
THE ALLOWABLES {AND CONDITIONS} USED FOR SINGLE ANGLES ARE
ALSO USED TO DERIVE ALLOWABLES FOR DOUBLE ANGLES USING THE
MUL‘I’]FL\’ING FACTORS SHOWH BELOW:

125P+

125p°

FORMED GR EXTRUDED

A TEE SECTIONS: 3 )
WHEN EXTRUDED TEES ARE LOADED SYMMETRICALLY IN BOTH
OUTSTANDING FLANGES, THE ALLOWABLES OBTAINED FROM ric.a2
ARE TO-8E MULTIPLIED BY THREE (3} AS SHOWN BELOW,

15P" l 1.5P*

3o0P*

FIG.A4 7 EPCKWELL AND BRINELL HARDNESS DATA

APPHOXIMATE HARDNESS - TENSILE STRENGTH
HELATIOHSHIP OF CARBON AND LOW ALLOY STEELS *

OEKW i
300 100 KG LOAD |:]I]:
116 BALL
450
w g
g -HT-' il I
. i ][I AOCKWELL ©
JYRE | ! ! ELL G|
g A |-' i1 3000 KG LOAD FaEE] p(r_: LOAD Hi 1]
3 10MM TUNGSTEN | Ht
00 3 4 CARBIDE BALL®
E:- : HIH 1]
=z
w0
150 hiLiti b
: T ‘,jj!
0 - 10 & —— NORMAL RANGE
; -+ VALUES BEYOND NOHMAL RaNGE.
0. e E W e T T

L 100 120 140 1801&2&3&)2‘02502‘
TENSILE STRENGTH ~ KSI '

.y Ed FOH L‘ARBUH AND ALLOY STEELS IN ANNEALED, NORMALIZED,
AND QUENCED-AND-TEMPERED CONDITIONS

TABLE Al TORQUE HATTO FACTORS FOR TENSION
"FEEIOAD ON BOLTS

Fiy MIN | DIAMETER | DAY {AS Luumcnzn spemrlcmon
BOLT/NUT MATERIALS | (K5 | STZES (IN) | REC'DY" | (MiL-T-5%44) | 20813.233 REF
R FACTORS STRESS (Fy,:KSN
SEE NOTE (2]
1. STEEL/STEEL 125 | aNE-5M6] 165 .00 [
{ALLOY QR CRES) va.tws| 7o o131 40
2, STEEL/STEEL 160 | 14-548 | 165 - 50.67
{ALLOY OR CRES) c . |ws-tue| av0 arn 50.67
3. STEEL/STEEL 180 | w4-316 | 165 090 57.0
{ALLOY OR CRES) w-11us| v orn 57.0
4, TUSTEEL 160 -} U4-516 | 180 090 50.57
xug-118 | 190 095 50,67

. Tha “as recelved” r.ondl!lun m:y vary from ne Iubrlclm rdrv“} to v-rlnus dnums of
“ight* such as hine oll,
conditiona when eatsbiiahing preiseds for wmul lppllnlticm.

NOTES:
1. The ralia faciors and forque oqunllonu are besed on sstection of # tenslon lype nut
having h 1o de P the i with & propar margin of safety.

Tenslie slrmqlm for enmmn nut lypes are presentsd on tEL A4S, Ultimate tense
strengthe of threaded fusisners and the thrasd root areas are presented on THL 412

A ‘The refersnce stresses shown are the preland tensite for the standard
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A6

GENERAL NOTE
and thickness ranges are shown in MIL-HDBK 5.
thickness dimensions. -

{n)
(b)

{e)
(a)

{»}

"

g

B thickness_over 6 :Inches or araas yreller llm'l 40

TABLE AZ MATERIAL PROPERTIRS

E: Data shown are the mos{ commonly used

L-Longitudinat, T-Transvarsu. LT-Long Transverse,
ST-Short Transverse- grain -direction.

Vaies In the "A® column are minimum, guarantead
properties {either. "A™ of "S" values). -

Values in the “B” column are based an prubablll'ly
data “{lowest ‘éxpected In 90% of the material):
Average modulus of uinsticlly Irl tenslon (E;l and
compression’ (Eg). .

See. SDM ‘Manual (or MiL- HDBK 5) for secondary
modulus n comp lon (Ee. d ,) tar clad
malerlals i
Percent elungation is expressed In lerms al lhn
specification "S™ values.usualiy lor 2.0 inch gage
length-on_ flat. specimens and 4D lor’ ‘round -
specimens, * See note {h) or (k} when noted,
Coefficlent of :thermal expanslnn aln terms ol InfineF
{(10-8) ‘and assuiiied iliear tof range of 70~ to 212°F.
For: other temperature data see MIL-HDBK-5.

Consult: Matérlals: and Frocesses Unl1 1. regard to
‘reduced’ transverse ‘properties for’ sar:llons ol

1k

W

Otner maierlals, {empers

Unless. specifled otherwise, the sizes shown are

Machanical properties at the 200 ksl ana 260 ksl

strength level apply io 4340 material only.

Am}

Reference HIL-HDIK 5 tar correlstion of
ik and,

h

“relative 1o the

matertals and heat tresi levels shown.

T3

T4
TA2
T6
T62

TTE
173

As-iabricated ‘wrought materlal. -

. Annealed, rncryslalllznd wrouuhl malerlll
- Normaiized.
' Solutlon heat lraated and cold workeu by

flattening.

-Solutlon heat treated and nalurally aged.

Solution hest treatad by user.

Solution heat treated and arlficlally aged. i
Applicable 1o ‘sheet and plate heat treated nnd "
aged. by the user. . e
Solution” heat “freated nnd slablllze 5
Solution heat - treaied, speciai uglng
olition heat treatad,: speclai lglnn |nd mocn
sroperty - dlilerences: . :

(hy T84 Solution heat trented, cu!q_!‘wqug‘q and
E ; g T-51 Stress relleved by streiélﬁlng"(plale. rolled or
) For llurrltnum ca:llnns the data sre appllcnbh ln cold-finished yrod and ‘bar). .
spacial meld; permaneni mold - or. Invastment mold T510 Siwress refieved by -streiching (extruded rod,
processes. This data it applicabis 1o sirength class ‘ bar, shapes mnd. tubing)
number 1 which mull be negotiated wilh ihe vendor. T511 Same as 7-510 cxcapi mlnor stralghtening
Al of the casting sirengih data are representative of after stretchlng. .- -
specimens taken trom the castings. T-52 Stress relleved by comprusslon :
(k) Elongation value is a minimum lar ihis thickness T-54 Stress relleved by combined siretching and
range. For a specilic ihickness ses MIL-HDBK.S, compression.
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APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA

TABLE A2 - MATERTAL PROPEATIES {Con'd)
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APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA

Alo

FASTENER/JOINT DESIGN PROCEDURES AND DATA

PASTENER/JOINT DESICN NOTES3
GENERAL NO'I'ES

Tne tables In ihe instensr sectlon pressnl dlia mensnry o nhl-ln the slrlﬂulm of
the more an dala are
pn.om.d in MIL-HDBK-S, aor the particuier

™ design -

| whan

The banic yhlu-umm-u relstion for imstensrs I3 ultimate = 1.5 x ylald. The yleld
londing is crittcal If. 1.5 % yleld strangih Is < uitimste sirength, When this occurs an
sdjugied uilimate value must be calculated by taking 1.5 x yield loed. The joint
strength tables hevé siready bsen adjusied snd are |denililad by an asterisk,

«= MNote that when calcuisting the shsat bearing strength for protruding hesd
tasteners (l.a., those lisisd on pege 26} the yisld-ultimata raistion muat be
conaidered, An asterisk (7) |3 pisced on the besring ratic l.r.lors (14 'r-hll A9
or ALO to {ndlc-tn ylald eritical cases.

smm_.lm_amm:_nm

«  Fagtansr Shear Strength: Obtain from [sint strength tebles whan appllclbh or
from shear strength ishles A5 and A7 {for solid rivels), and plgl a2 ier
LK-Bolts snd thresded fastensrs.

. Sheet. Bearing Strength: Obtatn from |oint strengih tables vmcn lpplleublu or
rom eltcultlluns when using protruding hesd fasiensrs

+  Sheat Slr-nnlh Chack sheet lar net arsz (snslon snd shear learcut. Also verify
sdesquate. edge margins, no knllo edge condlions and uae of squivaisat hole
tof shest:
‘e Shast interrivet hucltllng or wrlnklinq snd efacts of termnperaturs on joint
strength
= Mprgins of Sartety nr- snnwn ‘on page ‘Al

Edge_Distance Varlationa

All of the |oint sirength tables sre applicsble 10 |oints Imrlnq an udq- distence {#} nf
two diameters (20)." Wh-n other sdge distances sre baing snalyred, the labie’ .
valuas are to be red ty using the baeari {Fyry and F.,..,]
presented In MiL-HDBK-5 or ulkn; fastors ln Table A9 and ror ‘a/D

of 1,5¢ and 2,0

Tansion Appitcaileny :

Solld or bilnd rlvets and blind bolts are not allowsd in primery isnsion sppiicetions.
They ars -uum in sscondary tenslon cases such ay, skins with sersdynamic lift
farces or | pressurs, of shent or compression webs, and 3tringers
{o framas.

+  For secondary tension sn aitective tanaile pull -thru™ 'Ilowahla of 20% o! the

. ultimate |oint strength sllowabie {(at the ap shest ) s

1o be conservative. This app: ([ X, for any & type
thoas having shear hesds and rfeduced head festures or If specific data hes
bean developsd. For NAS 1097 reduced shear hasd rivats use 10% of the
parilcular Ditimats [oint strength allowsbie.

FLUSH HEAD FASTENERS

The joint strength allowabies for all fiush head fastensrs are based on test

data, Calculated [oint sirengths are not parmitted.

-+ Whaen salecting flush head fasteners and sheet thickness, "knife-edge”
conditions are not aflowed. Ths racommended design ratio
s:ounurs!nk depth/aheet thickness) s 0.8 for secondary structure and

7 for primary structure with reverssd loading.

== See Tablaa.A) and a4 lor the countarsink dapths of comman fasteners.
Fig.A16 and A1y " ptovide equivaient hole diameters (De in
counteraunk sheat) for several lastenars and head styles. These
dlamelars are used when delum:lnlng net "hele-oul™ In shest material.

PHOTHUDFNG HEAD FASTENERS

The joint strengths for thc tollowing fastener types and conditions must be

basad an test data:

-+ Any fastener installed in sheet material whera un Is «< 0,18,

-« Any joint with protruding shear head or reduced haad fastaners,

--  Any joint with protruding head blind rivets or blind boits {with olthor
shear of tension type heads),

The joint slranqlh allowables for protruding "tension” head fastensrs
may be caiculated as describad below:
- The load por astensr al which lastansr shear of sheet baaring lype of
fallure occurs Is determined separately and the lower of the two
overns the design,
. Shear strengths for prot. hd, solid tivets of any matsrial, sxgept
. Are detarmined directly from Table AS
For rivela {tension types) an stlective
rivet streagth is obtained by multiplylng the-Tabtle Ao shear valuss
by the raduction factars of Table A7’
Shesr strengths for protruding head Hi-Loks, Lk-Boits, and
threadsd fastensars are obtained listed in Table ay
Caiculate the effective sheet bearing strengtha for all m;ung
by multipiylng the Tabls A8 wvalues
the ratlo of allowable bearing slresst‘loo 000 (K vaiues)
of Tabla A9 or A10for the applicable sheet matsrial.
4. Calculste the sHective sheel bearing strengths {or Hi-Loky,

Bolts end aglid threaded types by multiplying the Tabie
values by the ratlo factors (K vaiues) in Tavles A9 or 410
for the spplicable shest material.

TABLE A% PASTENEBR COUNTRRSUNK HEAD DEPTH (IN.)

T AFLOKSLOGK BOLT&/SCREWS/BLINDBOLTS
SHEAR HEAD (SH FLUSH HF.AD FH) OR TENSION m
ALLOU TABL P AL ABL
Li1] HLi3(5Th} . H HE LOR
GPLISC F LOCKBOLT = | LGPLBSC 1 LOCKBOLT
LGPL2SE F* - HAS1456-62 1 "
HAS1436-42 P - MAS1516-18 1 - .
LGPLYSC G - MASY024-32 Ja ]
CSA924 . F SWAGED PIH [ LGPLASC J " y
HSR101 E o = | M550353 X [1}BLINDBOLT
HSR201 E - = |mMs21140 "
NAS1581 F* SCRAEW ANS0H{STD) H SCREW
NAS1620 . " HASS17 H .-
NASI670L H* (1)BLINOBOLT | MAS1580 K -
M——
FASTENER )
DIAMETER {in.} E F i} H. ‘| . ¢ J2) - K
1G] K D41
532 417039 } 0451008 | D30 [.070r068° | OTAT073 | 0517049 | 072
36 OAT/.045 |,048/.046 | 045 | .081/.079° | OBALOBE | G60°/056 | 837080
i 0517052 | .063°/.060 | .059 | .308/.106"_1 . 114-108" | .078'T.074 | 111°1.105
i6 _068/.066 | _070°L067 | .068 | .135/.133° [ 1A0°7.137 109577092 | 1407197 |
— 38 079078 | 0810077 | 076 | 162.760° | 1687165 B.11 110 167,165
716 BavI004 | 100" 90 A8T - . 185°7.183
172 G708 | 91T L2823 277230 |
NOTES:
1 Bilnd boits (H*, I* and K) are intercted ior shesr lpplleltlon and secondary
tenalon.
F3 lnlormcdllti head. Primary shear and dary
(ReTerance J)

. Apglicatrie khad sizes par speciflcation.

Table A3 is locatea on p,A9
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A1l _ APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA

FIG A19 EQUIVALBNT HOLE DIAPEI‘EBB (CSK HOLES} TABLE AG S0L1ID RIVE‘I' SHEAR STHENGTH

BEDUNAL!HTI o ”0 e

SHEAR STRENGTH OF SOl:lD R!VETS

Sba:

RIVET SIZE, IN. g ! anz’] e 3 w16 | 518 | am
DRLLNO, . NCRIERIERDE Pl

! o » NOMIMAL HOLE. mAME‘rEn m, 0.087 | 0.098]0.1285] 0,158 ] 0,197 | 0.321) 9.388

’ § A E R ueglgu.mou P v SINGLE SHEAR STRERGTH; fbs 84

53| e P O O R A

o N ; S058-H321" F,u-zaluP Lk B 12295 | ams

- e T Py w0l CAD ) Tio8"] 237 |- $ |4d0 | a3s10

- : 2 |2019.T31 Fayzdaxe® 0 | 120 | 27| |27es | 2080
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2o 705571 Fays 43 kal® EXE - | 1527 311 s aszs | se3e

g = Moned Fagm 49 k3l 3| ass| sas” (4015 | s73s

ITco Fayasaial oo 07 |:-384 | sar aze0| 200
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P R
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) pmtmdnghndmmlmmdhrsoﬂd :
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AR
g8
] PROTRUDING HEAD'ALUN SOLID RIVET SHEAR §TAENGTH REDUCTION FACTGRS (3), (4)
z 2 (FOR ALUM. RIVETS ONLY) MS20470 HEAD STYLES
Z
| DIA OF RIVET T P T Y S O F TR
S 33
M 19018, 1pg ...
g
{ps.

slener lypes are to be calculaled as

. SHEETFHICKNESS(1) :

ALUM.

-7 LSQUID RIVETS . 50470 AD & B UNIV, HD. |

MS520615M UNIV. HD. .  MONELw .o [Trais
“NAST198 UNIV. HD. * A286 Ll

. CSR9038 S+ 7 UNIV. HG, TUCE

t

HL-12 HEAD STYLES

HLT452 HEAD STYLE

LGPL4SP PULL)fLGPsqs _![STUMP TYPES
GPLSTP(PULL).’GPSBTP STUMP) TYPES -
MAS1425-32 LOCK-B )

NAS1465-72 LOCK-~ BOLT

NOTES: )
o 1.’ Sheat ﬂm:knen is mat oi :hu 1hmmeuheet in !tngle shear and of lho mnddlu shoat in
MS21250 . - double shear,
ME514181 : 2. Valyes lisiad are'for room temperaturs use only
3. Values based on teats of aluminum rivats,

NAS1003 % Do not use hi '
NAS1303 (SERIES) use thiz table for monal, T1, or steal rnf'u.

n.ﬁ%&zaa 6303, 5403, 6703 & 6303 (SERIES®



APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA

Al2

TABLE AY BSHEET UNIT BEARING STRENGTH - LB3 BASED
ON Fpr = 100,000 PSI FOR PROTRUDING
TENSION HEAD SOLID RIVETS :

(MS 20470 AND HEAD STYLES OF TARLE A5)

_.TABLE ALO_ BEARING STEENGTH FACTORS

it
gaaaqhssal.=:E§§llz=='11a§a}!'ll
“ Unit Bearing Strength for Rivet Diameter Indicatad, Ibs Py
AIVET SIZE 16 | 332 | 18 | §32 | %16 | i/ | 516 | 378 Y~ = Y R L ) T ael ||l tsmel ) 1 din
HOLE DIAMETER | 0.067 | 0.056 | 0.1285 | 0.159 | 0.191 | 0.257 | 0.023 | 0.386] ~ |4 '.5.: AEfEEs2s ' pedadeli il : a8 e
0013 G| ¢ ; S I e N &
0.016 07§ - : R L I I 0. L L
L L I R A S e o e B L2 e R R At N R S AR I §g
=) [ v == LR ol - e
0.020 64| 192] ° g : : g | % | BFLL a
) D.025 168 | 2a0] 321 | - - . g —] <% Efs ]. N ou ge
Zp o012 | o1al 67{ a1 | sta] - T 11 53| ERRREAREIYiaaa@es a33hl BRFi|1af 2g
of [ 0.036 241 | 346| d62 | 5/2| eas| ° . ] 2w ] ™" Su
g 0.040 | 268 | 384) 514 | €36| 764 < . R et 2%
i~ 0.045 . 302 432 578 716 | 860 * . . Xz 'ﬁ"u ou P I T M e glzeeigoainnl 3
g 0,050 335 | 480 6az | 795 955 | 1ees| .| * | 5. g«eﬂl«z SRR ER R R R E R :I."‘:
E 0.053 422 | 605 810 [7002 | 1203 {1618 {038 | * | X% a2 g’
= 0.071 476 | 582 912 | 1129 | 1356 1825 | 2293 [ 27a1] ©_ | Sk~ et o= leadin e o finbon on [ ev b ow e 1 ]
L =t emis BeEE=2ni8 18 ZRREE538] S
$ 6080 - |53 | vem | toz4 | 1272 | 1528 | 2085 | 254 | G068 2O |3 ;r’m“’ SIIEEEEREARRRAERRRNNIRgS 28 S3
@ 9,090 603 | 884 | 1158 | 1431 [ 1719 | 2313 | 2907 | 3474 gg L — %8
0.100 670 | 960 | 1285 | 1580 | 1910 |. 2570 | 3230 | 3860 oo | & I; o=
e -1 o ewne(osrlun w
125 505 | 1200 | 1606 | 1984 | 2385 | 3212 | 4038 | 4835 ,'ofg SEIREE SE3symEsRat|aayasl L2
0,160 1072 | 1536 | 2056 | 2544 | 3056 | a112 | 5168 | 6176 ] 28| % ‘8a
0.150 1273 | 1824 | 2442 | 3021 | 3629 | 4880 | 6137 | 1304 ] S walno] 2
0250 | 1670 | 3400 | 3210 3975 | 4775 | 6425 | 6075 | 9e50]| S ARREAGSSIIRRANAL) 92
. v:q..l:im D&" ils“gru?legu th?n 5.5, leslsh are required to substantiate Ew pc I: AN ) anglusals EE
e e ;]
¥ield and ullimate bearing strengif. B3| g BRREREIRARInR i RTetaREREzREtY o
NoTE: 5| & Y27 3ii833lI333332s) 28
1. Design valuss of sheet bearing sirengih ars abtained by s g 5%3@%3333838" .".'5_;%8,3_ 1 538;; ] 3%% 3
muitiplying the bearing strength (Ibs) given above by the ratio of z 2 [Blelslcle Renls-<“nces/ser ~oienldGd|cca °°f .
design sheet bearing stress « 100,000, Determine values for H E
bmh'ylrellfl and udllil’mato. If 1.5 x Phry I8 less than Payy the joint is w g
yleld eritical and Py =.1.5 X Pury. Bearing ratlos are presented - I 5 ]
on TABLES A9 AMD A, | . ILmEEe B ow i 2= s Il
- 2, Valuas for rivets are based on hole dlamsters shown. See T5L 413 E nrnkR A 22 122 |42
- tor solid shank threaded fastenersidockbolts. 2 ‘g g g é § i =~ =I5 S ga gg 54
' x P~ 3 = i~ =~ jmE IrE IFE]
TABLE A9 BEAHING STEENGTH RATIC FACTORS TO EE
USED WITH TABLE ’48 AND TABLE Al3 DATA
o
sERRRAR I Higa  IRARIRRREA I ] gl TABLE A1l SHEAR STRENGTH OF THREADED/SOLID
- i SHANK FASTENERS ’
] =|a :
2 =2 . S5 _p
: gggaaaag 111l tsgglessiag 1 1l gg SHEAR STRENGTH OF THREADED/SOLID SHANK FASTENERS
o pr - bad Al :‘
b4 < - .
|2 _jo|- o e oy e T
€3 |PEEEEEES 1 BB 1REZRARER 1|1 g | 5B IR
£2 LBl- =i = 22 = 2 0
v E = Sw |FAST.DIAM.IN. |AREA IN2| ULTIMATE SINGLE SHEAR STRENGTH, LBS
w il o o uz
;% FEEINE O CIRR CREEERIRE O] X | a6 o1s8| ooze1 | 2071 | 2623 | 2982 | sasz | a3eas
g s =S #10 0190 | 002835 | 2126 | 2694 | 3082 | 3544 | 3743
Eg‘_ o Ze 174 0.250 | 0.04909 | 3882 | 4660 | 5300 | 6140 | e4sc
S"‘» aéz_:ﬁ,gataaﬂﬂga:azggzas3_351_332;3,23. §g 5116 0312 | 0.0767 5750 7200 | 8280 8590 | 10120
-
5“5? wg s s 0.375 | 0.11045 | 6280 | 10490 | 11930 | 13830 | 14580
e §;%;,‘,...',u,...._._.,__,.-..........;..,,,...,.,,:.,,,. a3 716 0.438 [ 0.15033 | 11270 | 4280 | 16240 | 18750 | 19840
0z dES=EakebaddsResdEdanaianaiEs) 42
e 13 8 - ng 12 0.500 | 0.19636 | 14730 | 18650 | 21210 | 24540 | 25920
59 oy *g:'é.' 96 0.562 | 024850 | 18540 | 2361p | 26840 | 31060 | 32800
< : t e v e PP o
gg gggag‘;g;gga;agsgasg;g;gggg;gaag :E 5/8 0.625 | 0.30880 23010 29150 33130 38356 48500
- P D il kel Bk = we 34 0.750 | 044178 | 33130 | 42000 | 47700 | 55200 | e300
=5 R R I A B T i M8 0875 050132 | 45100 | 57100 | s4aso0 | 7s200 | 79400
G 533.5?-3-".-“-.3‘-‘3.-"'—.-‘-‘.'&F%«-ﬂ.wﬂ.ﬂ.ﬁa;:#%&aaa, bk 1 1.000 | 0.78540 | s8500 | 74600 | sasoo | os200 |+e3ron
z3 7 inhil mbatad ialialhalhat ad \alh ah ot nl ol o Lol ol L R Ep ] B o
W= . 1 3o
= ==
= . - .
@ Z =% NOTES:
o 5 [Reegglzeggzizaspszlegsssasseaesl ¢
E § b} '.§.,§., o _§_ ?‘ § ] % e ".; b ‘§_§ = g "_§,§ ‘!g- ":_§_- - 1. Shear values above are based on the basic shank dlamsters
< H 3§§§,-.2§;_32$;.§:,, gg-‘-gngg-ﬁ-gngﬁ shown and are also applicable 1o solld shank pins, La.,
u 5 BEN285383 5338588355 RRBIS8RT {ockbolts. The values may vaqlarsum fastenet types when
F [Poddrccrdcldd-|Sad|darldeaasnSdlds the procuramant specltication lists different diamaters and © <
E materfal shear strengths {Fyy).
2 e B 8 [ bo Bs RBr  Ela
H 3 E & Tt [43 [+% 34 =g
i RR ® B8 [Eo go B3 [5dis
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APPENDIX A . ADDITIONAL DESIGN AND ANALYSIS DATA

TABLE A12 ' ULTIMATE ‘TENSILE STRENGTH OF THREADED
STEEL FASTENERS (MIL-5-8879 ROLLED

1. ., Valyes shovm are the fastener. uplhlllty at th- thrend roct area usi
. ~ designed 1o dnvilop the lnl-n-r )
& The root ares s co ing
: v in Tables U lnu 1F of MIL- 9-8819 Ral, MIL-HDBK-5.
ralings of.

-
dlnrnom' a3 publls|

TEREADS ) TABLE
FASTENER N ‘ FASTENER TENSILE STRENGTH-KSK :
DIAMETER vadianeenrnin 160 [ 80 | . 20 da
[ |- MAXIMUM MINGR N B |1
‘ AINCH) AREA A |- ULTIMATE TENSILE STRENGTHon, [ N
132 | 0190 | 0018602 - 2978 | 13 348 aow (- || T T
1428 | 02500 | oo3aze 5480 | . oE180° T80 o lEnFl e
MO b B - . . = [T LA oI
. . . L . : g.1 TN T -
s18-24 pA1Z2, | ooséses | » 780 9080 [ 1 12008 . &
Tamd4 |--pars |- apeasye 13420 187450 TR g
ne20 | 0438 0.11323 18 120 24910 wi ‘ ]
1220 | ‘0500 | e.rsase 24 570 ? Zn- e .4
w1618 0.562 019502 a1 200 -"a'g A & H ]
R P : 8. iisd =
5/8-16 0.625 0.24700 29520 kg > ]
3418 ,..|° 050" i’ 038082 57700 20 o u‘g v om
7iB-14 0875 | 048327 78 900 0o - 84, - B3|z 2 g &q
oz | 10000 | oedise 102 600 115 560° E_f‘ ‘ A i ig
1125 . | o0.8arze 133 600 148 600 .- 3 2 £l
EET ¢ i R Lo = x| 2
10436 Caersoo | veeze0 g El: §
‘e 208 560 231200 | E = ot
$o1/2:32 . 1ET4TT .. e 247 800 275 600 . 2 E g
o E a.
50T 3
3 5 i
E > it
n I =31
M E :
< =0
= o= n
E
=]

TABLE A13 SHEET/PLATE UNIT BEARING STRENGTH ~-.
LBS BASED ON Fpr = 100,000PSI {PROT,
HEAD SOLID SHANK FASTENERS/PINS}

* FASTEMEREASWPLES {SEE TA2Ls Ak

THREADED TYPES: NAS 1303, 520J; 6303, 6400, $502, HS:'I:SO
HI LOKS; TEHSICH HEAD STYLES SUCH AS ML 12, BLT 482 -,
LOCKBOLTS; TENSHON HEAD STYLES NAS 1455-72 AND HAS 1515—32

Ats SOLID RIVETS 8K IN 2024-Th2 CLAD

Values are for imnm fnmkmﬂuu use only.
* Danocles ullimaie values basad'on 1.5 ylaid.

=
3
N [ é
<= g
L ? 33

e
N Y el
3|8
]

N3 Blg1:|F

:l = - ?—_ %

A e 5

'I‘A.BLE A15 SOLID SH.EAR HEAD RIV’ETS CSK IN CLAD

UL'I1HATE STRENGTH OF NASWS?-E RWETS COUNTEFISUNK

“Uni Bascing Sicengin of Shos 1t Fattener Dlamerar indlated. o 1 iR CLAD ALUMINUM ALLOY (100 SHEAR HEAD)
i R R I R R R N TN R I RIVET NASTO7-E (F,., a1 ksl) (7050-173) B
v.1sa’| 0250 [ 0312 | 0757 6439 | 0.500 | 0se2 Jas2s | e7sa [0 | 1000 - . T
N3O BT T PUTery B e et e mac e SR f:ﬁf: cmuznza-‘ra ‘ CIad 7075-1'5
—22 - ; j TOAW, [ 8 | 519z | 36 | WA | 18 5m2 e ]
gy - :: - T n . Py - -] -(Mom) |¢0.1285)] (0.159) [ (0.191) | (0.257) {{0.1285) (0. 159) (0.191) .{0.257)
. 540 ] 1, - - - ;
.083 A480] 1,578 [1389f ¢ | » . . . * L ULT"‘ATE SI.HENG_THr LBS @ . .
- 13%] vres] aa9] ase2| o | = | e [ [0 - : [ P B —
- - 1500 2000 2500] 3poofase0] « [ = | < [ = | v - 254 ’ — -
1090 . - 1,690 | 2.250(-2.812 [ aars| 3.93a] «.s00] v D L M‘ ]
P ST 1875 | 2500 3,425 3.750] 4,75) 3,000 o L [0 | - v 439 547 | [GON) | -
- X 2.340) 3.125] 3006 | 4.cea| saes| e3sal vesal 2] e | [ 0050 : 456 674 1 823 | (1120}
Fi 0,960 0] '2.5007 3,000 4.000] 3,000] 6000 T,000| 6.000] 9,000 [10.000] 12,000 . R o083 | 477 700 -1 1330
;0200 31254 2.780).5,000] o250] 7.500] 8,750 10,000 |3t 256 12,506 | 1200 Jirsca [20000]  © g a7y |. 400 718 899 | 1570
0,250 3518} 4588 | 6,250 7,812] 9,375 10,940 12,500 14,080 15,525 | 18,750 R187T5 {25000 o s —
i mare. " |'as67] 53681 7,800 9.734[11,700 [12.670 |15,800 17,536 [13.500 | 23,400 k7300 | 31,200 0.080 - 505 134 .:,1020 1760
0373 |'5.850] 7.050 [ 0,375 11,700 14,063 [16.425 18,750 [21.075 [23.440 | 28,125 B2 swp |37 | - |0.090 2520 |- 754 | ‘1045 | 1780
- 0500 .| 7800 9,400 12,500 15,800 [t8.750 z1.swlzs.uoo 28,100 {31,250 | 37,500 Wa,730 | s0.000 |- 0.100 ] 774 | 1070 | 1826
L0628 ) 8.750 11,750 {15,625 19,500 123,440 127,375 [31,250 [25.125 [39,062 | 575 Eago0 |82,506 Tog35:0] = 614 1130 1905
L0750 41,700 14,100 }18,750 [23,400 |29, 125 |32.850 |37.500 {42,150 J46 875 | 38,350 jess1s | 75.000 0.160 iy — — 1975 | 2020
~ 9878 ' 13,650 u6.450 [11,875 [27,300 [22.810 |38 525 [43, 750 e, 178 |58.090 | 65,625 [78.560 | 87,500 .190 _ o - ; 2145
1,000 115,500 118,606 [25,000 fa1,200 [37 500 | 43,800 50,000 [56.200 [62.500 | 75.000 7,500 #00.000 0. haad
r—— E— "'— 0.250 - RS -_— — 2125
* Whers Ot s grester 1han 5.5 te13 are requined ke substattinte yield and ullimate bearing wirengih. SHEAR] 531 ,531 814 s | 2128
1. Shewi baaring stranqihi ars oblained by mukiplying ihe above vatues (LB} by the ralio of design shest . R f e
besring mrexs + 100,000, Gatermine values jor both yield and uimas, H 15 & Pory 14 e 1M Pogy, the
Joint s yieid criical and Poay,e 1% i fncy, Baaring fflos are presented on TANLES &9 AXD 418 - NOTESy. g

2 Yelues unHM|mmmzmmmmMonm neming disimelan shown,

1. Values ara for room temperatura use only.
Valuas that are are knifa edge eondition See pagae
21 for recommandecl sheat tmcknassas
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. - APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA Alh
TABLE Ai6 SOLID SHEAR HEAD RIVETS CSK IN CLAD TABLE A18 SOLID Ti-45Chb RIVETS €SK IN ALUMINUM
. Lo i i AND IN Ti-6AL-4V -
ULTIMATE STRENGTH OF M514218AD AIVETS ULTIMATE STRENGTH OF COUNTERSUNK BRFS-T
i COUNTERSUNK IN ALUMINUM {120° SHEAR HEAD} AIVETS IN ALUMINUM AND TITAMIUM (120 SHEAR HEAD)
RIVET M5TA218AD (Fay = 30 ki) (2117-13]"___ RIVET BRFS-T {Fey = 53 kal) (TH45CH)
EY CLAD 202413 SHEET CLAD TG75-T8 Th-BAL4Y, ANNEALED
- ULTIMATE STRENGTH, LB5 TF ULTIMATE STRENGTH, LBS 31
N 132 us snz 0 ane s 7132 14 N wa a2 36 r IR 532 3118
[tz [WFE] — - - - 002 |- 26 - - 14001 = -
0.025 s | -2 = - - 369 {4561 - 513 (635 -
0.032
0.032 184 63 (334} - - 0.040 461 572 1685t 564 re
g0 21 3 40 (39 - - 5% 771 713 65 02 %7 | o
3053 — 358 =58 757 %%l——,'fﬁl 0.083 818 891 1080 650 977 1270
0o |7 — = 595 e17_ | 1 1158 agn 628 L . 1220 680 964 1310
0080 T o— — — 133 1125 1250 | 0.080 #49 938 1300 687 1005 1360
0,000 - — - — 1205 1428 "~ 0.0% 571 967 7330 - 1050 1420
b.100 - - - — = 1225 1570 | 0.100 587 996 1370 — — 1470
0.125 — - - o - 1555 0,125 Vo 1030 1450 - -_— 1520
BHEAR 217 186 596 B52 12725 1555 b.180 - = 1520 - — -
: [“"SHEAR 587 1050 1520 667 1050 1520
i ULTIMATE STRENGTH OF MS14210E RIVETS
| . COUNTERSUNK IN ALUMINUM (120° SHEAR HEAD) ULTIMATE STRENGTH OF COUNTERSUNK CSRE02B RIVETS
: rKVET mm:”— . IN ALUMINUM 2024-T81 GLAD [100* FLUSH HEAD)
; | OHEET CLAD 202413 ET CSA028 {Fa = 50 ki) (T1-45Ch)
i . AIVE 1
: ULTIMATE STRENGTH, LBS 121 SHEET CLAD 2024-T81
: N 3z s m - 14 ez sne . ULTIMATE STAENGTH, LBS &) .
‘ ! S FVET DIAMEIER | 932 | 1@ (553 a6
‘ 003z |- [as - - - - - SHEET mlcxu_ess )
0.04¢ 470 {529} - - C— - (1M
0.050 573 732 (596) - - — 0.020
' 0.069 781 1045 1135 =z 285 = 0.025 .
0.071 303 1110 1365 1445 1530 {1630) 003z 2133 .
. 0.080 827 “T140 1564 1738 1835 1930 0.040 93 [Ty - —_
| 0.080 ase : 1178 1605 1990 2000 2320 0.050 161 458 * 5544 -
| 0.100 -— 1205 1645 2090 9525 | 2125 | 0.063 = 548 T32* —
0.125 - . 1230 1740 2140 2650 3708 0.971 - 548 910+ .
8160 - - 1755 220 2520 T 0.080 954 172"
0100 ¥ - - - - 2840 525 0.09% - = 3433 |
[—3REAR [ 1230 7753 o0 2840 3525 RIVET SHEAR 362 [T 594 1433
HOTES: : MOTES:
DL 1. Values ara for A.T. use anly. )
1. VYalues ara for A.T. uae only, 2, Vaiues 1hat sre {(underiined) sre for knlie-edgs condilon.
A Valuea that ars {undsrfinesd) sre knils-sdge condition, Ses prge A 10, SEE *FASTEINE WOTES® FOL IEEXT
' ded shesl .

3 * Denctes uitimate valyes based on 1.5 x ylaid. -

TABLE Al7 SOLID TENSION HEAD RIVETS CSK IN ALUM, TABLE A19 SOLID MONEL RIVETS CSK IN SS SHEET,

- ULTIMATE STRENGTH OF MS14219E RIVETS :
COUNTERSUNK IN ALUMINUM {120° TENSION HEAD) T e |ty g g ulz 3l
dadiatodutorud LM s ol
AIVET " MSTAZIGE (Fay = 43 W31 (T050-T73) o ] B Y
SHEET . CLAD 2024-13 ag
5 =
I - ULTIMATE STRENGTH, LBS ™ H | o | E s clan o
N 7 a2 18 132 18 w3z 56 w3 b} LR E @
X BTi7) T3 = - = = & LE
0.062 743 (1%} _— —_— - a— ]25 ~ ‘nln n
0.071 788 879 (1065} - - - ,‘Eﬁ §§ 2 S: gE[B 8
0.080 B34 1105 1280 - - - W «Z
0.050 B854 1185 1520 | (e28) 11715 — E =4 -~
0100 - 1256 605 1650 (29201 =120 ot g EE g1 8
0.125 — - 1755 2145 2580 2965 wh
0.160 - = = 730 2540 ETIT Suw 1
0.190 — = - - -~ asz5 =5 Els EIE d
SHEAR 554 I | 175 7530 740 3535 o @|a =g |t! g-‘ g 1|8 |
- o Zlz ' ol - %
] Sw g% |E H
- RE 21315 3
ULTIMATE STRENGTH OF MS14219E RIVETS go HERHE o ale o n s d
COUNTERSUNK IN ALUMINUAL{120" TENSION HEAD) 7 E s {Elg IEREEE & L
RIVET MST4219E (Fyy, = 43 ki) (7050-T73} ou HMERLE i x
SHEET CLAD 7075-T6 Eé 212 |8, g0 n E 2
ULTIMATE STRENGTH, LBS 19 g £ HERCEILER- R g s =
o . n = = =
: 832 X6 7(32 S 3z 516 ?_:]5 g —§ g 3
0.040 ) p— g pa = = B @ = w £g 2
oo | o4 taas) - - - - wd 180g | |5 "'§3%§[§ 59 s
=] B 23 3
0.063 80 1065} {12700 - - - = F B H
0.071 832 ti40 [ [14305) 16151 - - EW Q e E -
0.080 854 1180 1600 w | {1820 (20855} - 5e z § i g 2 ule €y ¥
0050 — L] 550 zoa0 | Al | "z 8 RaE EF =
0.100 i 1230 1700 2090 pses | eeeo o 8 tE
0.125 — = 1755 2230, 2740 3285 & s sy =
0.160 - - - - 2840 3525 “ 2 é; o | £f ¢
SHEAR - [+. . B5A. 71230 1755 2230 7840 3525 . bl e . 2 8
g g“ > = -
HOTES: 2 [= g
fEE galgclzgen|s] = -~ 4
1. Values sre for AT_ use only. . zjguw 2 2l2 2|2 8 S8
A Velues thal are (underiined) are knife-sciga condition. See page AIB, T & ; - € oo old d|d &L
I shesl thick ’




AlS . APPENDIX A ADDITIONAL DESIGN AND ANALYSIS: DATA

TABLE 420 TENSION STRENGTH OF SOLID ALUM, RIVETS mBLE A22 BLIND PROT- _HEAD RIVETS N ALUMINUY

g, i

EFFECTWE ULTIMATE TENSION STHENGTH OF ALUM!NUM ULTIMA‘I’E STHENGTH OF BLIND PROTRUDING HEAD ALUMINUM
RIVETS IN ALUMINUM SHEET (FOR SECONDAHV LOADING} ALLOY (W!?’é‘?g‘Es'll';EII:’QLUMINUM SNEET {1} .

‘PROTRUDING HEAD RIVETS

el 1 swver TYPE Ao
e - M5 20470 AD Ty 5—‘;— w3
i [T SHEET | DARE & GLAD 2024.13, T4, 5, 6%, 707576 : SH\EEE::::L?‘:?HL 1‘ 'CLAI;.[Z;U:Q-T:I
‘ i s .
L UUWATESTRERGTH-18 | . | Roreoneren | whan fa L
’ - 532 as | o ; B E -ULTINATE STRERGTH, Las
. o " : : SHEET THICK :
' . A ) 020 [ 189 : TR
; . 778 - o7
v Y o i . 373 453 [ 476 -
- 320 i e A
pesail BERLAA 93 I T
ars, . 20 . 300 583 767 34
415 caspAn, L 619 . B30 . ). 011
730 910 . 806 1097 .
825 100 935 YT
1 120 1260
1380 ‘ e L
1650 ‘ ‘L
e " .as:jvsan(Fﬁn'aa“g,“" oA

SHEET MATERIAL T SLAD SOETE =
R e  RIVET DIAMETER - /8~
" : M5 204253\0 {2117-T3) HOLE DIAMETEH
SHEET BARE &k CLAD 2024-13, T4, 16, TBX, 7075-T6 !
ULTIMATE STRENGTH - L@ I . . 5“55" THcK
18 532 ] uane - -
L, ' , 557
N o ! g78
- " 50 [iEE
: 953
535 028
‘ 5 1098
578 < . 0080 .- - - g 1178
---- : o s | - 0.100 1250
1350 -} RIVEY GHEAR 19 T 359
C'] vdes) ’ el "
- NOTES:" )
: 1. Yaluas sre lor room !empanlun uie urllv.

=

TABLE AZ21 BLIND PROT EEA.D EIVETS IH ALUM. TABLE A.23 BLIH‘D PB_OT. HEAD B.IVETS IN ALUMINUM

ULTIMATE STHENGTH OF BLIND PROTAUDING HEAD ALUMINUM
- ALLOY RIVETS IN-ALUMINUM SHEET (1)

RIVET TYPE AS 1398 B AND (HASIJVADAND, || NAS 1738 B AND -
HAS 1300 B © MAS 398D, i NAS ITM E, e gggzr‘nunmn ' T
CODE A (Fyy 2 30 CODE A (Fuy » 30 kal} Foy 2 3 hyl) - 2026T) CLAD Y
BHEET MATEAIAL p CLAD 202473 AND HIGHER STRENGTH ALUMINDM ALLOYS ]
JAVET EHAMETER | 178 mm ws ] osai T arie=T s ] e | sAr | ana |
HOLE DIAMETER | (6130 mnmnm 0,130 | {0.187) | (0.7 04}] L0144y [(0.57m) [ (&207] -
- 3 i [ ULTIMATE STRENGTH, LBS
SHEET THICK AE ] e
6020 1675 e X 187
0.028 228 | 2e2 Ml 28
0.032 M ED _479] To0d
0040 237"} laan | e Cass
0.050 aas..| 521 B TR I
0.0863 i 598 1143 .| 494
0.071 R
0.080 i
0.0%0
0,100 !
6128 i) o
AVET SHEAR | 388 | 590 '] 842 | 1350 | 484
KN Dunotes ultbmnale vahies based on 1.5 x yleid. ©

ULTIMATE STRENGTH OF BLIND FROTRUDING HEAD MONEL ULTIMATE STRENGT

. OF Bl & HEAD ALUMINUM ALLOY (5056, -
- RIVETS IN ALUMINUM SHEET (1) ) o 7. TCHRRRYMAX)RIVET

UMt SHEET (QVERSIZE DIAMETER)

AIVET T [NAD 1300 M, Wi ARD TOGE A [Fay = 55 kal) i g - : "‘i‘.—" ,
SHEET_ | CLAD 707576 & HIGHER ALUM ALLOYS | © .~ = ° N - 2020.T3 CLAD I
s ULTIMATE STRENGTH, LES. N o
: bam sz 14
& E . . -
b - i»
232 258, ‘ g
. Inexcess of
18 361 94 80% ol ulllmate
B a4 - 508 568 ‘
AB6 624 . 14
546 T 720 [}
647 845 1072
70 T 921 1168
; | 1008 ez i | e
. TR080 1087 - e
so7_ 0350 188G
: ~_1580 8312 - -
Jo o sl 10sg i 580 FASTENER SHEAR STREWGTH [Irm cu; b T
NOTES: ' & o ’ - - NOTES: ahoes Bre larounumplmur-omy

1. Values aré for oom temperalurs uss only, - - danots UHKmRIE vakies based on 1.5 5 yiekd.

3. Prétiminaty sliowsties, Cherry Texian jesiing,



APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA Al

TABLE A24 BLIND PROT, HEAD RIVETS IN ALUMINUM TABLE A26° BLIND CSK RIVETS IN ALUMINUM
ULTIMATE STRENGTH OF ELIND PROTRUDING HEAD HONEL ULTIMATE STRENGTH OF BLIND.COUNTERSUNK HEAD RIVETS
... RIVETS IN ALUMINUM SHEET IN CLAD ALUMINUM ALLOYS (100 * HEAD) (1}
_ RMETTYRE o R o T : RIVET TYPE - .. HAS 13980 B AND HAS 1388 D ARD
SHEET MATERIAL CLAD 7075.T) . ' RAS 139¢ B, CODE A (5058) MAS 1390 0, CODE A (2017)
RIVET DIAMETER, iN. W 75 [ T e Fiy i 30 kal - (Egy =38 kal)
—(HOMNAL HOLE CIAMETER ) | {0.130 ULTI':“:T’E sm‘mm 1l (eass — SHEETMATERIAL _ | CLAD 2024-T3 ARD HIGHER STRENGH ALUMINUM ALLOYS
SHEET TMICKNESS, m - ——— RIVET DJAMETER | . /8 5732 WG|V | ST | a8
PR =1 T [NOMINAL HOLE) :o 130 0.7862) 1 (o104} | (01303 { (o 1uz) {0.104}
284 a4 : R ULTIMATE STHENGTH, LAS. -
g . 456 =3 SHEET THICKNESS -y
:;:' b o pond i 0.032 S :
ARF, B TG O
700 s Tido Tass 0.040 a3 . [E1TR] .
m 1058 0 1835 0.050 71° | [y m ure s
780 1091 1140 1885 - 0083 |6 7 it ] 08 - 12859
T8 T4 1540 2128 0.971 - 366 Jga 330 * ar 366 ¢ 330*
) 811 L] 1890, 330 0.080 s ATE " 458 * 23 474° 456 *
:-::; L.} 1m :"5 e . 0.000 ) 578 sec- | asp LT 539°
e ' b boed 0.100 596 M0° | a4 852 740°
iy, : 2408 EET) - [T53 755 w0
FIVET SHEAR STRENGEH T 138 3100 : 9.160 : . 1020
RAIVET SHEAR 348 596 962 494 755 1090
™ P ————— . A §
. .. . RIVET TYFE ©  NAS 1399
ULFIMATE STRENGTH OF BLIND PROTRUDING HEAD MONEL . - - AND NAS 1399 MS OR Ru#wcoog A
RIVETS IN ALUMINUM SHEET (OVERSIZE DIAMETER) . MONEL Fau = 55 ki L
b i} . [ SHEET MATERIAL | Al i
_PNELTE 2A8 V7O iFou o 25 k) [ AIVET GIAMETER 3w A Wit
"SHEET MATERJAL CLAD 707878 .
HNET"gl:EMD‘E:E:. oy Hl ) - e (NCMINAL HOI.E] 0,130) ... . 0.‘:‘82 0.154
{HOMINAL ETER, 1N.} CAL) 0178} - ¥ ; T t .
ULTIMATE STRENGTH, LBS, SHEFUS‘TBK o
SHEET THICKNESS, N — L -
T 0.020° 243 0.040 ' {209°)
! 0.025 352 -1 e ; . 0.050 N5 zzY
el "4 525 T 0.063 . nz 530¢ 1527
0.040 s a7 ™ 0,071 557 654 * 677 *
8.050 s9y oz 991 : 0.G80 610 784 BA5 T
0.083 [TH [ . 1140 0.000 636 873 . 1o
0071 ™ e 1228 i 0.100 662 937 s 1175
_ 0.8 [ ) 1087 1324 0135 T TS 1379
0.000 ns 1182 Q5 0,160 1000 - BT
hred 1280 1547 0.190 1580
1383 1821 [~FIVET SHEA
AET KGR o5 o e RIVET SHEAR 710 1090 1550
e L . HOTES
T = 1. Vulues are for room tempersture use only.
NOTES: Values ars (of room temperature only, . 2 *Denotes ultimate velues based on 1.5 x yleld,
3. Values that sre [ynderined) are knlte edge.
TABLE A2%5 BLIHD PROT, HEAD EIVETS IN ALUMINUM TABLE A27 BLIND CSK RIVETS IN ALUMINUM
AND AISI 301 ULTIMATE STAENGTH OF BLIND COUNTERSUNK HEAD RIVETS
M
ULTIMATE STRENGTH OF BLIND PROTRUDING HEAD A-288§ N CLAD ALUMINUM 2024-T3 ALLOY (100° HEAD;} (1)
) AIVETS IN ALUMINUM - - -
. o A
RIVET TYPE . ot - CAABZI {Fay = T5 kal) NAS 17390 +
SHEET MATERIAL CLAD 707518 N RWVET TYPE ANDHAS 179 E as
RIVET DIAMETER, M. I l [Z5] ) I {Faus 2 34 kal)
; D194 258 ——
—HOMIAL HOLE WL S mna::ie STHENGTH:tBs ' SHEET MATERIAL CLAD 2024-73 AND HIGHER
BHEET mlcmsss.m. N RIVET DIAMETER, IN. 1B Ry 7] AUE
mw ' ({NOMINAL HOLE DIAMETER, INJ | (0.744) | (0178} | (0.207)
unz: c - ﬁ 347 = ULTIMATE STRENGTH, LBS.
X1} 470 .
i o a0t e - - SHEET THICKNESS, IN.
0.050 SI0 IS57 902 1.'_“_.
0.063 Tz 58 145 1505 0.025
(X3 {] 258 108g 1290 1705 0.032 [212)
0.080 sa3 1220 1455 1925 0040 . 266
0.0%0 58 1340 1845 2174 0.050 44 410
.10 i 1405 1830 2425
0.128 1548 2088 3035 0.052 a1 sl
0.160 2218 3570 007 504 608 696
a1%0 3893 0.080 554 593 79
£.250 1920 0.090 787 00
RIVET SHEAR STHENGTH ETY 1548 15 3520 0.100 837 1015
0.125 1128
. RIVET SH_E-.EH STHENGTH 5_54 837 - 1128
ULTIMATE STRENGTH OF BLIND PROTRUDING HEAD MONEL —
... AIVETS [N STAINLESS STEEL SHEET ’ RIVET TYPE = - == .. NAS 17600 A
{Fyy = 38 ksh)
RIVETTYPE . NAS 1398 uac%r:’:v: A;:g:q:ss:la'n!.\s OR MW SHEET MATERIAL TLAD 2094-T3- -
SHEET MATERIAL AIS| WO1-HALF HARD RIVET [HAMETER, iN.. - 18 1 532 e
RAVET DIAMETER, iX. [ 7] s . {HOMINAL HOLE DIAMETER, 'N.] (0.144) 0.178 (9,207
[HOMINAL HOLE DIAMETER, IN.) £9.130) 1862 0.194 ULTIMATE STRENGTH, LBS.
ULTIMATE STAERGTH, (B3, SHEET THICKNESS, IN.
SHEET THICKNESS, IN. 5 ;’,".L".:‘;:’.‘E'" 04032 nren
0.020 s ] am . -
028 i e s of B0% of 0.040 290 L2854
033 T T e { 0.050 as1 447 4701
oo e ey 1054, 0,063 A48 561 &75°
0.050 a2 (313 1270 0.0 502 624 T4
0.063 o718 97 1335 . 0.080 564 700 518
6.071_ ;o: 0 :m - 0.030 519 ..186 921
0.000 1 1043 . . -T-
e — e . 8100 [14] 1020
0.100 1832 — 0.125 - 935 1280
D2 1580 RIVET SHEAR STRENGTH | 619 535 1260
RIVET SHEAR 710 1690 1580 -
NOTES:
: 3. Valuas are fof taom ump-muro use onl
HOTES: Valuss arw [ot room fsmperaiure use only, 2 * Denotes ullimate values based on 1.5 :yyicld.

a. Values that are [ugdarlinad) ate knlfe sdge.



ALY

APPENDIX A ADDITIONAL

DESIGN AND ANALYSIS: DATA

TABLE -A28. BLIND CSK RIVETS. IN ALUMINUM

= ULTIMATE STHENGTH OF BLIND COUNTER

HEAD RIVETS'

TABLE A30 BLIND CSK RIVETS IN ALUMINUM

(AR

e

. it ur.‘nMATE STRENGTH ‘of BILIND SOUNTERSUNK HEAD RIVETS
1N CLAD-7075-T6 ALUMINUM ALLOY "W HEAD) ’ e [CHERRYMAX} IN 2024.T3 ALUBMINUM ALLOY (100 HEAD) (1}
T TirE T RAS 1769 D RIVET TYPE - CRI212 {Fy, = 50 kat) ”‘-—'{-—
2017 SLEEVE, 7075 STEM {Fyy = 38 ksi) i — o
“SHEET MATERIAL ... _CLAD 7UI5T% *—ﬁsvﬁerﬂnmnuielrgsﬁnl T " ‘
‘RIVET DIAMETER, IN; T ETH &2 76 i oM AL HOLE DIAMCTER,
tNOMlNAUHOLE DIAMETER -INJ (0.144) 0.178 {0.207) :
ULTIMATE STRENGTH, L5, - .
. ! i KNESS, IN...
sm-:m' mucmsss N, B - I ! SHEET T':'c " S5, .
2" (244} :
@ea) .
382 .
485- 592 ;
g5 3] .
569 p.
519 31
o :;; : 1675
. R P ” 007+ 1304 7 2100
_.-..'_.——___ . L] -
RIVET SHEAR STRENGTH ‘ e e §;:2 .
S5 HE/ Et G4 1030 1480 2615
mvsnvpe
SHEET MATEHIA
~RIVET-DIAMETER, IN.

i NOMINAL HOLE DIAMETER, i

B

SHEET THICKNESS, IN

11re
1345

1405
1581

1757
1823

1823

Av ~Velussere Ior room 1am'peralura use only.

2, * Denctes ullimaie vaiues based on 1.5 x yleld,
3. Valuss Ihal ara l.l.l.u.d.l.d.lnﬂ] oo knite edge,

I.ILTIMATE STRENG'IH OF BLIND C‘DUNTERSUNK HEAD RIVETS

IN' CLAD 7075-T5 ALUMINUM (100“ HEAD) (1)

hrvzr_ﬂra Y

CLAD 7075-16

36 kal)  AFH] é,:

SHEET MATERIAL -
HIVET DIAMETER, I, ViE
{NOMINAL HOLE DIAMETER, {0.130)

3ns
{0.154)

__ULTIMATE STRENGTH, LBS.

(1854

SHEET MATERIAL

HIVET DlAuETEH N,

0.160 nag* 1568 | tomse
0.150 2400+
“FAVET suenn STRENGTH 5400 ]

: ’ HO'I‘ES.
A Vel

5t

Valuss st for réom l-mpcnluro us only, ’
& ° Danotes ultimale vaiuss bazed on 1.5 X ylsld.
that-a

e knlfe wige. -

A= " TVET DIAMETER, IN,
{NOMINAL HOLE DIAMETER, 1)

DIAMETER

4a only,
. 'Domlnmlnu'\'lhulbmoml.ﬂlvhld.
1 Vahutt that wry (undsrdined) sce knite sdge,
B Frefiminary akowsbies, Cherry Textron leniing.

CRA522 {Fs,

=65 lllij:.

: -SHEET MATERIAL:

-~ CLAR 7075:T6

AVET-DIAMETER, IN.

* {{MOMINAL HOLE DIAMETER, IN.

: i-* ULTIMATE STRENGTH, LBS.
* BHEET THICKNESS, IM, . 3 : -
: 0.050 254 ¢
.0.063 510 410 ¢
0.071 1M 612° .
0.080., . 754 BA3 725
0.050 78 098 1032 *
0.100 707 1170 1332 *
0.125; i 952 1240 1885, 2033 ¢
€.160 863 1335 1810 2075
[XT7] : ; 1340 1910 3105
0.250 - 1920 3365
: 0412 - 3400
‘ mvs‘r SHEAH STRENGTH 463 1340 1920 3400

RIVET TYPE CH4622 !FI =75 kal)
SHEET MATERIAE. .

RIVET DIAMETER, IN.

{HOMINAL HOLE DIAMETER, IN }

. CLAD 70?5-1'5 sl

ULTIMATE s*rqeuem LBE.

SHEET 'I'HICKNESS. w,o

505

705

530° 861+

Tiet e+, 1161+

1420 asse . 1280

1525 ° 2060 2258 ¢

A TASAS 215 3605 o,
o, w‘o
.250 . as2p

RIVET SHEAR STRENGTH 995 1545 3215 3520

ores;

-1 . Valuss are for room lemparaiura tss only,
Z * Danotay ultimate values based on 1.5 x ylield,

"



APPENDIX A ADDITIONAL DESIGN AND ANALYSIS DATA AL8

TABLE A32 BLIND CSE RIVETS IN AISI 301 8s TABLE A33 BLIND BOLTS CSK IN ALUMINUM

‘ULTIMATE STRENGTH OF BLIND COUNTERSUNK MONEL RIVETS .
N AISI 301 SHEET (100" HEAD) (0 ULTIMATE STRENGTH OF BLIND BOLTS (100 HEAD) N

ALUMINUM ALLOY (1)

p——— WAS 1330 M5 OR MW AND .
! Y NAS 1299 MS OR MW, CODE A_Lm 255 ksl) FASTENER TYPE L MG 90353 (Fey = 112 Xal) ’+'
[~ SHEET MATERIAL - - AIS1 301 - HALF HARD - SHEET MATERIAL |- ELAD O BARE 707576 OF 7651
AIVET DIAMETER, TN.. .. 118 532 a6 FASTENER DIAW 532
{NOMINAL HOLE DIAMETER, IN.) 0.130; 0.162) - {0.194) {NOMINAL HOLE) 0,183}
N ULTIMATE STRENGTH, LBS. T - ULTIMATE STHENG‘IH. LS,
SKEET THICKHESS, IN, B ! SHEET THICKNESS :

o.0a0 " {245.7] % g:g:g o

0.050 ETER TR 0071 (B84

0.063 491 569 ) 0.080 1000° | (11364

- " <

0.071 564 68 (7945 0.050 ngit | 133 6711

0.08G 657 776 886 0.100 1364 + 1538 4 L8

0.090 710 898 1032 ) 0.125 1823 | 2093° 2460 ¢ [Fra]

:.;lg:-; :g;: :;:: 0.160 40 2885 *+ T3 asas + 42754

. 0.150 . I
RIVET SHEAR STRENGTH 710 1090 1580 0.250 a ;333 - ;:: v asr;?u| :
- i 0.312 - 8590 10613
o 8375 ] 12200

NOTES: FASTENER SHEAH 2340 | 3450 _. 5900 B500 12200
1, Yalues are for room (smperature use only.
2. *Denotes ulilmaie valuss based on 1.5 x yisid, " NOTES

3. Valuas that are (undariined) sfe knlis edge, 1. Values sre for room temperature are vse anly.

z * Danates wiiimate values based on 1.5 x yleld,
3 Values ihal are underiined sre knite edge,

TABLE A3% BLIND BOLTS CSK IN ALUMINUM ‘ TABLE A5 BLIND DOLTS CSK IN ALUMINUM
ULTIMATE STRENGTH OF BLIND BOLTS poo *HEAD} IN ULTIMATE STRENGTH OF BLIND BOLTS (100" HO.} IN ©
CLAD TUTS-TE ALUMINUM (1) CLAD 2024 AND 7075 ALUMINUM (1)
S — il iR R L —
o FFe200 FF-260 LiEH
FASTENERTYPE . | . .. MS 21140 Py« 95 kal} .idl_ TATEER T“’FE TLAD, ELAD - [E7) TLab LAl CLAD
SHEET MATERTAL j CLAD 707516 SHERTMATERIAL | ooty | mrsts | amevaa | rorsve | zoremar | rorew
FASTENER DtAM, IN, 532 e A 516 38 FASTENER DIAM, 1, 18 ETIT 14 4 518 1)
(NOMINAL SHANK DIAM) [0.183} {0199 10.258) {0.311) [0.373) |__twoMinAL SHANK) | 0.198) | {094 | (025w ] [o2sm | {03th) | {9311}
ULTIMATE STRENGTH, LAS. i . UL TIMATE STRENGTH, LAS.
SHEET THICKNESS - B | SHEET mgxnass
i [T
2.063
. . 0050
[ LN Jeardd) 2083
6.000 a76 © ELg ‘ goTt el B
Q.000, 1053 | 1045 ] © gosa :: :::: B
0.100 1229° | 1252+ | ) 2.090 : 1sa8” .
0125 1673 ° 1807 - %%11- 3107 o100 el el osed | uaRl .
0.160 1972° | zean | :3se .| 34287 | pagasn o et | W powmre | aeas | e pung
0.190 2880 * 3983 ° 4449 ¢ 4553 * 160 2180 2200 2550 075 2734 - 0"
0.200 RS 460~ | - 4T85 " K285 " EC 580G A0 LY BN 3300 * N
0.250,5° ' . i 4868 * 8480 * 7280 * 0.25 *.- 2020~ 20 2%00° 2110 azse ases -
0.312 9600 * 0312 ' 4300 . 4300 535 °
FASTENER SHEAR 1980 2925 5005 7315 16380 FASTEWER SHEAR W 630 ] L s}
seis i AKY] SEHFA.200 T
RIVET TYPE : HAS 1670-L FASTERER TYFE [Fyuy @ 50 Wa} - " (Fay w80 Kt}
SHEET MATERIAL CLAD 7075-16 » CLAD ELAD cLan CLAD
HOMINAL SHAHK DiA| . X A N
{H hey | {0.163) (UJ:%JMATE g’::é}" i (a{_m; 1} | (03 (HOMINAL SHANK] @am_ @198) 19:259) 10.259)
‘ , LBS. - ULTMATE STRERGTH, LBS.
SHEET THICKNESS E s b SHEET THICKHESS : g
0.064 (i Ju] 0022
0.071 Hz a.040
0.080 1067 * 1182 * 13087 2.050
0.000- 12030 | 1s120 | pswnn) e ' frooy e
9.100 1331 1628 " {18804 | (20354 u.080 1949 1080
0.125 1658 * 2010° 2655 * (28959 3.0 T T
0.160 1578 2550 =14 4080 *- (4%RT ) 0.100 1450 1450 188y il
0.19¢ 2620 3983 " 4800 * 55835 1] 0.128 1580 1550 2010 7280
0,250 4500 6000 750 * 0.160 2300 2880
‘ - e =
0.375 9750 :
FASTENER SHEAR 1578 P 1500 500 5750 fASTENER HEAR L == 20 22
. NOTES E
NOTES . 1. Yalus1 oTe 10T MO Lempersiury use omy.
1. Velues sre for room t-mpnmun use anly. 2 " Danotey uitkmaie velues based on 1.5 2 yiid.
3 * Denotes ultimate values based on 1.5 X yieid, - Vetoes thed #ra (U Sariined] sew ke sdpe.

3 Values that are (Undwt|ined) sre knlle edge.



Al9 APPENDIX A -ADDITIONAL DESIGN AND ANALYSIS' DATA
TABLE 436 BLIND BOLTS CSK IN ALUMINUM TABLE A8 LOCKBOLTS CSK -IN ALUMINUM
. ULTIMATE STRENGTH OF 100% FLUSH SHEAR HEAD T
ULTIMATE STHEEEEG*M?FU%T&BQ%TS (1007 HEAD) IN LOCKBOLTS IN ALUMINUM ALLGY 1)
i e 5 RIVET TYPE LGPL25C+V Pin (Fyi = 05 ksl), A5LC-C Gallar
. - PLY-150 (Fyy =112 k8d) - _SHEET MATERIAL _CLAD 202413, ...
v | -FASTERERTYRE (11 it and screve, mconel X750 or 4205 Siiie “RIVET DIAM, IN 75 .
SHEET MATERIAL. : CLAD 7075-16 T (NOMINAL sm\mq 10.180) {0.250)
FASTENER DIAM, IN. . } - ULTIMATE sr
[NOMINAL SHANK) B sHEE'l:j_erKNE.ss o
oy ULTIMATE STHENGTH 155, 0050,
e -t 1630 :
. 950 - 2155 [Frai iR
1245 ¢ : 1 2300 2595 26800
C 1430 (18151 * 0.100 ‘2070°¢ 2650 aods - 3135
1613 ¢ (2018} *, 0325 280 420 * 4140 4640
20057 2625+ 0.160 2655 4000 5460 * 5500
_ 2085 3465 (47401 4 0.190 | 2604 4355 6085 7800 °
FITIL STIE 0,250 . 4660 6965 0180
5760 ¢ 8093 - 0.312 7290 10270
10478 ¢ ___0.375 i 10464
3450 5300 13250 "FASTEMER SHEAR 2694 4660 7230 16490
S L - AIVET TYPE
F 1O0m temperaturs use only, - - GHEET MATERIAL - ..
noles ultimaie valuss besed on 1.5 x yleid. RIVET DIAM, N, "
3. Values that ere (nderlined) sre knile sdge. (NOMINAL SHANK) v i .250] ¢
. il ’ G ULTIMATE STRERGTH, LBE,
SHEET THICKNESS
0.050 (10401
0.053 1370
0.0M1 1575 1980 [FRT)
0.080 1805 2260 2716 {3105t
0.00¢ 2080 2615 3130 3620
6.100 2315 2950 3550 4130
0.125 2590 a7so0 4505 5378
0.180 2694 4430 6070 7150
0.190 4660 6750 8550
0250, . o ey 7290, 10154
T RO T O I | 10490:
FASTEHEH SHEAR 2694 4660 7350 10450

eie—
FASTENER TYPE

SHEET MATERIAL

GPLISC-V Pin, 25C-3C Gotar (F,u = 95 k)

FASTENER THAM, IN.

(NOMINAL SHANK})

CLAD 2024-T3

5

FASTENER éuEAn

e
FASTENER TYPE

GPLABC-V Pin, 25C3C (Fag 95 kD)

SHEET MATERIAL

; CLAD 7075-T§ '™

FASTENER DIAM, I, =16
moumm.smmq {0.190
: ; ULTIMATE STHENGTH LES.
.- SHEET THICKNESS T ;
. 0.050 . ‘
006 . f16800)
0.071 - LT (24308
0,080 2485 2865
0.0%0,_ 2085 . 3068 3780
L D00, - 3310 " 3865 . |« 4290
: 0.125 agas 5135 5880
6.160 7660 6245 8005
0150 7010 8055
0.250 o 7200 10490
FASTENER SHEAR 2694 4650. 7250 10400
HOTES

TA.'BI.E .A.39 CHEBRYBUCK FA.STENEBS Q3K IN' ALUHINUH

ULTIMATE STRENGTH OF PROTRUDING SHEAR HEAD 11

"CHERAYBUCK" FAS’ ENERS N ALUMINUM AlLLOY (1)

. AM

SHEET THICKNESS

FASTENER TYPE SP925 (Fay = 95 ksi)
S SHEET MATERIAL el CLAD 2[]24-T3 S
TASTENER DIAMETER | B2 316 13
"L (NOMINAL SHANK) (059 f-  (0.190 _{0.250)

ULTIMATE STRENGTH, LBS.

807 " -

s 90 C
FASTNENER SHEAR

1. ¥Yaluea ate far reom Iimp.rlturl use only,

2
x

* Denotes ultimate vajuss based on 1.5 X ylald,
Valuas ihat sre fundsrlined} ere knifs sdge.

_FASTENER TYPE | CSR 925 (Fay =95 kal) LA
‘|._SHEET MATERIAL CLAD 7075-T8 o
FASTENER DIAMETER 532 TI6 13
[NOMINAL SHANK) {0.184) . | . {0.190).. (0,250 -
ULTIMATE STRENGTH, LBS, _
SHEET THICK j
0.050_ 295 e ‘
0,063 .77 1227 K T - SOOI Pt '
o071 " " 1378 1607 |
0.080 1532 I LS
0090 . 7 2001 2688
0300 ;.. | - ass0 2208 2060
6425 . . 2007 2694 3641
o160 - - 4595
0.150 4550
FASTENER SHEAR 2007 2694 4560
NOTES:

1. Values are for room tamparatura use only,



APPENDIX ‘A ABDITIONAL DESIGN AND ANALYSIS DATA

A20

TABLE AlO ; CHERRYBUCK FASTENERS'CSK IN ALUMINUM

=+ ULTIMATE $TRENGTH OF 100" FLUSH SHEARHEAD Ti"
"CHEFIRYEUCK“ FASTENERS IN ALUMINUM ALLOY m

TABLE A2 HI-LOK FASTENERS CSK IN ALUMINUM

T

ULTlMATE STRENGTH OF 100’ FLUSH SHEAR HEAD ALLOY STEEL
HI-LOI(S IN CLAD 7075-T8 ALUMINUM (U

) ,FASTENEH TYPE

FASTENER TYPE csn 924 (Fyu'= 05 ksi) HL 19 PIN {Fau = 95 kal), HL 70 COLLA
SHEET MATERIAL CLAD 203473 —_SHEET MATEAIAL CLAD 7075-16
TFASTENER DIAMETER | /02 e | T FASTEMER DIAMETER 532 EICH 7 | 516
(N'oMINAL SHANKY " (0,184) {0,190} _{0. zsu) {NOMINAL SHANK] {0:164} - {0.199) - {0.250) - -4 - {0.312)
T ULTIMATE STHENGTH, LES, K - ULTIMATE STRENGTH, LBS.:
SHEE‘I' THICKNESS -2 : SHEET THICKHESS
0.050 LI . 0.050 .
' 0.063 1019 me - 0083 1408
_aoTt 1152 4319 0.071 1606
- g:080 1260 1509 1837 0.080 1823 2344
0.000 1350 ° ° 1664 2163 009 2050 2675 ;-
0,300 1440°° 1767 2500 T " ga00 2300 3000 3560
'0.125 1665 *. 2028 209602 | 0125 2570 aret 4BBS
0.160 1982 " 2384 . 3450 ° - 0.160- 2604 4420 1 6051
o190 iR 2694 3863 *  nae0° 4625 ]
0250 . 4560 0.250 4660 - 7290 :
FASTNENER SHEAR 2007 2634 4G50 . FASTEHER SHEAR - .27 2604 4660 - | .+ 7290
— FASTEMER TYPE, . HL710 PIN (Fyy = 108 kaul}, HL 79 COLLAR ..
‘CoR ez (Faumuskay . Ld'— SHEET MATERIAL T075-T6
- SHEET MATERIAL o v CLADTOT5-T6 - FASTEMER DIAMETER 5132 | M6 ! oM ‘SHE
NOMNAL DIAMETER 5] 3 l "R (HOMIN'AL SHANKJ {0.164) {0.190) - | ° {0.250) {0.312
{NOMINAL SHANK) {0.164) ] {0.190) {0.250} : - ULTIMATE STRENGTH, LBS.
ULTIMATE STRENGTH, LBS. SHEET 7HICKN555 : o
SHEET THICK AN A 0.046 jre )} ‘
0oese - . gar . 0.050 1044 (1131}
0.083 1207 1393 - - 0.063 1384 1585
007+ 1385 1583 . o.0H 1518 1820
0.080 _ 1887 177’ 2281 0.080 1668 Tous
0050 7% 2050 3554 . 0.0%¢ 1764 2193 o
. pa00 . 1878 2263 2919 ¢ 0.100 1825 2345 4515 _ |
012§ w7 1950 - 2542 3768 0.125 1978 2524 6167
0.160 e 2007 2660 4387 : : 0.160 - 2195 274 7928
0:180 2694 4525 SO . 2989 _90m7
0.250 4650 :-352 3062 1:';-;
1 e e
FAETENEH SHEAH znqr 2694 4§§o 6.375. T P e 11760
"G E * FAGTENER SHEAR 281 3062 .- 11930
NOTES: .
"1,” Valuey ara for room tamperaturs use only. MOTES
© Z * Danates uitimale values based on 1.5 ¥ yleid.. 1. - Values are [or foom temparmure yas only.
o - 2 Valuss that are (uncieriined) wre knils sdgs.
TABLE A%1 HI~LOK FASTENERS -IN ALUMINUM ‘PABLE A4¥73 THREADED PASTENERS CSK IN UMINUM

UI.TIMATE STRENGTH OF-100° FLUSH SHEAR HEAD TI HE-LOK
N CLAD 7075-T8 ALUMINUM (1} -

™

FASTENER TYPE HL 11 PIN {Fg; = 8% kal), HL, 70 COLLAR:
SHEET MATERIAL - CLAD 7975-T6 -
| FASTENER DIAMETER ] 16 BT 5/16
(NOMINALSHANK) - {0.164) {0.180) - - (0.250) {0.212}
=l . ULTIMATE STRENGTH, LBS.
SHEET, THICKHE‘JS N B : EE :
o0at 24) (83n M s
o080’ It 849 1083 T {1343
0063~ 1207 1393 S{ITGRE
0.071 1385 1588 2012 2463
0.080 - 1557 h i 2281 .- 2823
0.090 1775 2050 2594 3193
0.100 1376 2263 2919 o 363
0.125 1950 2542 3765 '} ... 4504
8160 2007 - 2660 Tasra " 590
02.190 2694 4165 5105
0.250 4530 - 6580
0.312 4660 | 7O50
0.375- - i . 7250
FASTENER SHEAR .~ 2007 2694 * 4860 7290
AEABATLD (STEEL
HE-LOK IN CLAD 7075-T6 ALUMINUM (1] - R
FASTENER TYPE

.ﬁ[_‘

HL 18 PIN {Fg, = 95 ksl}, HL 70 COLLAR

ULTIMATE STRENGTH OF 100° FLUSH SHEAH HEAD és'"ﬁiiu-suo-uwom
* FASTENERS IN TH6AIVALLOY (1)

FASTENER TYPE PBF _'"_lEL“ﬁ ks l}
SHEET MATERIAL ANNEALED TG A-4V
FASTENER DIAMETER 532 36 T I
[NOMINAL SHANK) {0.164) {0.250 - 0.375): 0.500)
- . ULTIMATE STRENGTH, LBS.
SHEET THICKNESS, IN. R Y
0.040 :
0.050 1953
0.063 2528 {3656}
007 2640 4213
0080 4313
" £.090 5438 7818
0.100 6140 775"
0.125 11264 14575
0160 13810 19250
0.190 o 23200
0,200 - 24540
FASTENER STHEHGTH 2640 57 G140 13810 . 24540
i

ULTIMATE STRENGTH.OF 100° FLUSH HEAD ALLOY STEEL
NAS 1620 (SERIES) FASTENERS IN CLAD 1075-1’5 ALUMINUM ()

FASTENER TYPE NAS 1620 (Fay, = 05 kal)
SHEET MATERIAL CLAD 7075-T6 SHEET MATERIAL CLAD 7075-T6
FASTENER DIAMETER.- .- . 6132 L 1 [ T5ME FASTENER DIAMETER 316 | 74 I 38
(NOMINAL SHANK) {0.164) . | (6.180) | _(n2sa} - l (0.312) [NOMINAL SHANK} {0.190) {0.250 - [0.31 0.375
ULTIMATE STRENGTH, LBS. . ULTIMATE STRENGTH, LBS.
SHEET THICKRESS IN, SHEET THICKNRESS, IN. T
0.050 1078 : | 0080 by
0,063 1353 1559 ‘b 0.090 1748
.07t 1520 1776 . - 0.100 1820 * (25731 * .
0.080 " - 1718 1957 2593 . G2s 2340 195" o .
0.09 1800 2224 2937 | 80 2690 3975+ " 4350° {5100} *
0.100: 5 1930 2473 ©3250-~ 4050 - Dawo 4590 * 5160 6180 *
0.125 2007 2580 4063 5075 0.250 4650 8675 a130 "
0.960" 2694 4450 6509 0.1z 7300 9945+
0.190 4620 - 6880 | - 0.375 : 10500
0.250 4660 7290 HIVET SHEAR STRENGTH 2690 4650 7300 10500
FASTEMER SHEAR - 20G7 2694 4660 7290 - - i} i
ROTES:
NOTES: 1. Values are for room lemperalure use only,
1. Values are tor reom lemperaiure use only, 2. °Denotes ultimate values based on 1.5 x yleld.

2. Values (hal ere lundarlined) sre knite edge.

3. Values thal ate {undertined] are knite edge.



A21 ,APPENDIX.A ADDITIONAL DESIGN AND ANALYSIS: DATA

... TABLE A44 SLEEVE BOLTS..GSK IN ALUMINUM . TABLE: A#5 STEEL BOLT/SCREW BENDING MOMENTS
ULTIMATE STRENGTH OF 100° REDUCED FLUSH HEAD (ALLOY STEEL " ULTIMATE ALLOWABLE SHANK BENDING MOMENTS FOR STEEL BOLTS
i1y PINJALUMINUM SLEEVE) IN ALUMINUMG (042 5213, o L. . AND SCREWS (ROOM TEMPERATURE) .

Values are 16¢ room temparature use only. e
Fastanary Inslalied inintertersnce levels of 0.0025-0,008 tn.
Sed MIL-B-3431/4 for nominal hole dlamaters, | T

TABLE A46 NUT AND COLLAR ALLOWABLE TENSILE, LOADS

:
A FASTENER TYPE | i _FuKSI- -] - 128 et B0 e e
—_SHEET MATERIAL _ : o CLAD 2024-T3 o T FugkSl 103 163 130
| FASTENER DIAMETER | .. 16 | TH 816 )@ [ .| 2 FpoKSI | 397 . 294 TR
[NOMINAL HOLE) . "'} (0.2390) | (0.3032) | {0.3698) | .(0.4350) | (0.5022) | (0.5735 - - ‘ P v SECTION
R Lot . ULTIMATE STRENGTH, LBS. DIAMETER | ULTIMA  SHANK BENDI MERT | | ApuLuS
. | 'sHeETTwokiess. T T 1 A I s . Y
. g.100; | rarg U o . M
T, Tm | s 4205 v S ; QMo 198 7 © Q00673
3200 a5 " 8380 6335 | : 451 001534
| S0 [ d3s0 1535 [LE] 841 002996
™ 5480 | 7945 2898 | 1 13050 : 1520 1750 00518
‘oof 5655 . [i-a1esi. | tross | ¢ |- 18288 ; 2415 245 doszs
S670 | .@ags. | 11345 15070 . ; v ‘
E “&780 | 11368 | 18 19758 3. 3605 4245 01227
B 12388, | 20420 ] s 6045 o747
s sz10 7045 8205 | oze7
- 10700 12180 14330 D414z
sU 1000 Y PN 17060 19360 22750 06587
"FASTENER SHEAR 3280 | 5670 | —-B760 25420° 20060 21660 05317
NOTES: . e e e
1. " CRES steaf is re i9c| when subjacied (5 sppraciabis banding
— 2. "The use of bolts with an'Fy, 2 180 kai requires appeoval by Struetural integrity.
= 3,7 ' The use of balts end sciews having 0.190 inch diametsr o+ less Is not
© fegommandsd ior bending applicatlons,” R
ULTIMATE STAENGTH, LBS, - o I e :
4100 - :
5205 T 7580 2790 17
sern - o925 | 10360 | 11e00 -
- c13640 | 13495 | 1480 L.
~12395 | 16195 | 1% :
;12640 | 18625 -|- 21285 :
; : 17100 | #osp
8760~ ] 12640 | 1miod | 23580 )

e
E -
_,t_: "IJ,‘I N

- o MM

OF UNIFORK SECTION

o

TABLE Ab? BEAM FORMULAS FOR BEAMS

TIPEANOLOAONG |

14 )Engineering Column Analysis (aee Art;a18,27a)
15). Alrplane. Structures, Vol.2, 1943, Niles.A,S,

T

.. .and KRewell, J,S,,; John Wiley and Sons .

16) "Primary Instabllity of Extrusions Under
Compressive Loads", Ramberg,W and Ievy, S.,
Journal of Aeronautical Sciences, Oct,, 1945

17) Primary Instability of Open-Section String- -
ers Attached to Shell, Levy,S, and Kroll,W, s
Journal of Aergnautical Sciences,.Oct.; 1948

Chapter C11'(p,C11,49)

10) Engineering Column Analysis (ses Art.A18.27a)
Chapter C3 i

3} Engineering Column Analysis (see Art,Al8.27a)
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Bl

Following 1ls an alternatlive analysis
to that presented in Chapter A%. It 1s
based upon the minimum energy principal
instead of upon deflectlons as in Art.A%9.2

A loaded bulkhead or frame, in a fus-
elnge for example, 1s supported by the
fuselage skin panels as in Fig,Bl, which
shows the general (but uncommon) case of
an unsymmetrical bulkhead, The applied
loads consist of the loads, Q, and the re=-
acting shear flows, q (determined by VQ/I
end T/2A per Art.A20,3-A20,10), To dester-

mine the internal loads in the bulkhead it}
is "eut" at the top, and the unknown inter

" nal loads Mgy, Vo 2nd Py there are shown
acting on the left side of the cut ('on
segment 1) in Fig,Bil(b), Opposite loads
act on the right side of the cut {on seg-
ment 20). Mo, Vo and Pg are redundent
loads and are posltive for the directions
shown, X and y are the moment arms for
the forces Vo and Po respectively, posl-~
tive as shown, The bulkhead is then dlvi-
‘ded into a large number, N, of segments of
- length AS, at least twenty. The segments
are usually of the same lensth. .

9 oy, py
s

Fig,.Bl Unsymmetrical Frame Analysls Data

The bending moment in each segment, n, 1is

Mn = MQn.'+ qu + Mo + vOXn + Poyn

where Mn is at the center of the segment,
The moment of the shear flows, q, about
each segments center is calculated as
shown on p.Al9,19, Posltive moments pro-
duce compression in the segments outer’
flange, The bending energy in each seg-
ment will be

Unp = MEASn/ZEnIn

and the total energy in the frame will be

. nw N 2 AS" s _
v o= 3 Moo +M V5 + P 3 )" o ee e nned(2)

n=1 n nn

where Mg,qn 18 Mg, + Mg,.

% Bulkheads are relatively highly loaded and sfurdy framea.,
For very light framee alzo see Pix.C%.13a.

The values of Mgy Vo and Pp must be
such that U ls a minimum, Therefore

L1

=, ——

w
M
L]

Differentiatine {2) as indicated yilelds
the three simul{aeneous equatlons

0 ond gy-aﬂ
ar

n=N AS

M. +M +V x 4P y)l——=0 cemnas = (3)
ugl Qﬁn 4 ofs o-lgu;n

AR x

L3

Er
L]

na N
3> W

rml "

SLRRPEELIR ('3

+M°+ Vﬂz" + Pu’n’

neN ASy,
[t +M 4V 2 +P yro——mf} =5 avms
)3 Qu, "o “en’ Te'm E I

(5)

n=1

‘A1l terms in the equations are known ex-

cept the redundants and these are found by
golving the three eqgyations, The final
valuee of M at the center of each segment
are then calculated using Eq, (1),

The analysls 1s most easily carried
out by using a tabular form (Table Bl),
and this is 1llustrated for the bulkhead
shown in Filg,B2, The values of Mg, an
AS/BpIn, X and y for the bulkhead are
shown in Columns 3, 2, 4, and 5 respect-
ively of Table Bi, The final bending mom-
ents are shown in Col, 14, The values of
V and P at the center of the segments
would be calculated as noted in Col. 16
and 15 of Table Bl {(by statics),

22,500 1bs

22,500 1bs

411 =hear flows
are in 1lbs/in

_ |
Fig.B2 Unsymmetrical Frame Analysis Data

Symmetrical Frame and'Symmetrical Loads

For this case;_due to symmetry, Vg = 0
so only Eq.{(3)and (5} apply, and it is only

‘necessary to usé oné-half of ‘the frame,

This procedure is illustrated for the frame

.of Flg,B2 assuming that its right side is
‘the same as i1ts left side,

Tabtle B2 shows
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Table Bt Unsymmetrical Frame Analysis

O] @l @] ® ® @ @ @
- T . L | N ) . -
Segment | AS/EI'| Mg, o y Mg,qas- A_B: ﬂ MQ,QA\S’_\ Mq,448y .l‘.::dl s::‘;:;
L El. |7 El ‘Bl El s R o . .
I/LbIn ] Lb:n 1, 1n. @x@ @x@ @!@ @x‘ @ x@
. L . R o Gxd
. s | PR q I e R 63 o . Thin is the | Same ug
2 800 2,100 as| 2430 18z | 346 21,384 9,477 compe | for the
3 900 70,900 90 63,810 11.26 L3 1] 797,825 - 674,200 |- -{nent’ u:lull_oud
4 900 | 138,200, BT | 124,381 1341 | 134 1,853,262 - 11B2B, 386, 1| purallel to | but wsing
5 Bon | 177,600 20.5 | 159,841 14.22 | 1846 2,526,472 73,276,720 the . |the
6 sut | 208,200, 266'| 188,280 |. 1422 | Zim4 2,974,824 5,008,248 neutral * Jeompo.-
T 800 | 260,300 330 | 225276 7 1341 ] 2979 3,356,623 4 ST ASH43T uxisofthe | nent
] 900 | 269,700 38.4 | 233,730 11.25 | 3458 2,921,625 | 14 B.5T5,212 wegtor normal
9 00 | 950,800 43.2 | 225,730 792 | 3888 1,886,336 - = 8,751,104 mim alall {the
0 866 240,300 48.1 ] 216270 270 41.49 643,810 8,070,047 louds fram neutrul
1 1154 240,300 | 6.0 | 271,308 =3.48 53.08 ~831,918 12,756,076 the "eut” |uxisul the
12 1598 | 248,100 43.0 | 396,464 ~12.00 | 6871 | -3,251,006 | 107.45 -563.45 17,047,952 1o the segment
13 1864 | 246,400 283 | 459,200 | =182 { Tias | -5a27,784 | 260,82 ~328.14 | 17,590,807 segmenl | center.
" 2130 | 231,100 112 | 492243 | -2854 | 7072 | -6,695056 | IJBZ.44 —G41.59 16,342,468 center,
1B 7 oasrt00 § 26,6 [- 441,088 | .23.00 | 8139 -6,30714) | 471.88 87792 ;] 1,73z089 ] - inetuding
q 18 157,100 2006 | 362,688 | -3i.00 | 41.31 | 5184980 | 47098 | 67689 | 143RO0IAL Fand V,.
1 109,500 a1 1es | 29323 | - oesy | sis2 | 3025349 | 38246 Cadie 3,451,878 [ ¢
y 500 <116 |, 8.0 | 141,105 |- 2062 | 1686 | 1,836,818 | 260.82 ,~196.76 | . 1,284,066
00| 82 [ 38 7,361 -1310 '6.23 60,278 | 10745 -51.10 28,669
HlEre e s K 0. FAaR XTI U B 10.38 ° T.242 A
L = 27.108 T = 4,260,360 10044 G407 15235450 ;5,1‘.32& 4.5
L4 ”Q,,. L EE i

+ M, c -
. Whan AS or E;o?l In em?il.aqnl. ovar lhe Ih_qw i s hcoplidcud w I;_‘{gniw_:l‘gr_(:olumn @ R F?r this uu;u_:lg E .

S wre en;}llgnt and are Ll an us boing 10

{
4 .2@ +P£@"=0’-r,_; : M= 17028 :
@ M ::‘®+ \r;:: @ + F.!: e o Save for MV, L, 5 Yy = =185.8
@+M.s+v.:@+|=.z: @:o . | R

Tatle B2. Symmetrical Framé with Symmetrical Applied Loeds

RoR @, @ | ® @ | ®
Segment “a8y 1| ‘Mgal8y | sy J Miwa! | Axind® | ¢ Shear
El EI B[O+ My+Pox(@ Lesd. - Lesd
@:@| 3@ (D@ . -
1 1, N K i o =24,307  |Thisisthe Same a3 for
2 Y . 38 aL000 | 152 41,063 _|component}  ]ihe axisl load
3 i N ‘B €38000 | BLO -2,187 parallelto ~ ]bul using the
4. kS Tud7t | 203000 | L2160 0194 tha neutral | component
B 1 20.6 3,841,000 | 4203 35,018 kxis of Lhe normabto the
B 1 28.6 5585000 | ~707.6 | .. 31,870 ° vector sum of | neutral sxia
T 1 335 8,285,000 | 1,0956 34448 - |allloads from |at the
g 1 , m4 9,672,000 | 14748 12,634 the "cut™to  |segment
D9 1 250,800 | 432 |-260,800 | 432 | 10835000 | 18662 24,661 the segment  { center,
10 1 240,300 | 48 | 240300 | 46 | 11078000 | 21082 -£2,140 center,
o . - e } including P,.
=10 T T 1599700 2362 55,067,000  B,00LB
$® +M,z @+P.z@-u . 1899700 + 10M, + 2362P, =g | P oo 0 A
) . I M,=-20782 P,=-58928
- B @ + M-” ®+rz ® “0 52,067,000 + 2362 M, + 8,001P, =0 | oo

the oalculatlons for the left: side. The
loads on the right slde are the same as for
the left, because of. symmetry. .2,y SEZ-—
ment 11 same as 10, 12 same as 9 etc, The"
two simultaneous- equations for Mo and Py
are

=N " a8
.:n-1|MQ”"+M +Puyn)-E—-,Lng

These are obtained from Eq, (2) (With Vo=0)
by dif‘f‘erentiating 1t wlth- respect to Mo

Symmetrical Frame and Unsymmetrical Loads
This case could be ana'l.yzed ES WES
done for Fig,B2, uling Table Bl, but an
easlér procedure-is as follows,which uses
only one=half &f thHe frame'(segments i=10),

An unsymmetrlcal-loading can be re-
golved into a symmetrical loading and an.
antisymmetrical one, as shown in Fig,R3,
An antigymmetrlical loading 1s one which
when roteted 180% and the load directions

<reversed will glve the original loading,
The final internal loads are found by de-
termining those due to the antisymmetrical

and then adding these to phose due to the
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B3

35,000 lbs

10,000 Jbs

Fn =

Fig.B3 BResolving

Fig.B3 Resolving Unsymmetrlcal Loads

symmetrical ones, The antisymmetrical
loads will add to the symmetrlcal cnes on
one- half of the frame and subtract from
those on the other half, to give the final
internal loads,

To illustrate thls procedure assume
that the frame in Fig,B3 is the seme as
that in the previous example (in Table B2)
The symmetrical loads will be the same as
in Table B2, Those due to the antlsymmet=
rical loading are found as follows. Due to
geometric symmetry and loading asymmetry
Mp and Pp are zero, so the only redundant
is Vg, Therefore,‘the only equation is
Eq. (4) with Mo = 0 and Fo-= 0, or

(MQn + Mgp + VoXn) ASnxn/Enln = 0-4)
This 18 solved for Vo, 8nd the final anti-
symmetrical loads are obtalned for each
segment by using the terms in: the paren-
theses of Eq,{6). These antisymmetrical

11,500

21,500

12,500

Unsymmetrical Loads

A
A

2,500

FL)
{conslant]

1loads are determined as shown in Table B3,

The final intermal bending moments are

shown in Table B4, Col.8,

It is

gseen that

the asymmetrical loads add to the symmet-
rical ones on the lefi slde and subtract
from them on the right slde,

Two—-l.obe Frame

v

Such a frame 1s shown in Fig.BY,
For an unsymmetrical frame there are six

redundants &8 shown,

hence there would be

six simultaneous equatlons, derlved-in the
same manner as was done for the previous

bulkhesd,

is the same as before,
mon symmetrical frame Vg and Vg are zero,
so there would be only four equations
for a symmetrical loading involving Mo,
For an asymmetrical load-
ing there would be only two simultaneous
equations involving Vo and Vg, since Mo,

Po»

Mg and Pg.

Table B3 Symmetrical Frame with Antisymmetrical Applied Loads

Aside from thls the procedure
For the more com-

®| @ ® ® ® ® @ ®
Seg- A8 Mg, x Mg, ASx ASa? Miina Axial ‘Shear
ment Ei ks _EI_ = Load Load
Data Data Data @x@ x@ @x@l @ VY, x@
1 1 445 3.0 1,300 8.0 -15,131 This is the Same asfor the
2 1 1,197 58 10,500 T4 —44,493 component axial load but
3 1 37,508 12.5 468,900 1563 -27.391 parallel to the using the
4 1 70,851 149 J 1,355,700 222.0 -5,510 neutral axis af component
5 1 85,918 15.8 1,357,500 249.8 3,88? the vector sum of | normal to the
[ 1 94,598 - 15.8 1,494,600 24%.6 12,564 all logds from the | neutral axis at
" 1 99,671 148 1,485,100 222.0 22310 | "cut”to the the segment
8 1 35,216 12.5 1,065,200 156.3 20,316 segment center, center. :
9 1 52,122 BB 458,700 774 6,432 including V-
10 1 6,539 3.0 19,600 . 9.0, -2,037
£ 7,417,180 1,428.6
T @ +V,L @ =0 T41T 100 + 14288V, =0 Vo, =-5,192
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Table BY Symmetricel

Frame' with Unsymmetrical Applled Loads

@[ ® ® ® ® @ @®.
Sey-. M, v Axial, m Sheat,,n Mosym Axl?nl_,,_ Shear,, m Mucrym Axialyyym Shearyp,yn
ment - :
in-lbs the “1hs in-tbs Ibs Ihs in - Ibs Ibs . s
. . . . - '." . ®+® @ + @ + @
| -24,907 | Thisisthe com< | Sumie ay for the -15,131 | Thigisthe =§ Sameas for -40,038 { Thisisthe com- | Sume as for the
2 —41,060 | ponent parallel- | axialload but 44,493 | component ! | the axial, -85,556 | ponent parailel’ | axial load bt
1 ~2,197 |totheneutrsl i | wsing thecompo- | ~27391 | parallel to 7| load hul. -29,548 | tothemeutral . | uging the compo-
4 30,794 | axis of the vecu:;jr nent nofmal to —6,510 | the neuteal ; usingithei 24,284 | axisolthe veﬂ.ur nent normasl to
CF 36,006 |sumofallléads | the neutral axis 3,862 | exisofthe , |component 38,898 | sumolall Inadu the neutral axis
] 31,670 | fromthe "gul" 1o | althesegment 12,564 | vector sum af | normal to - 44,234 | from the "cut”w | at the segmunt
ki 34,466 [ thesegment . center, 22,310 | allloads . the neiteal . 56,776 ] the segment . center,
8 12,634 | center, iﬂc]u&ing ' 20,316 | from the "axig at the 32,950 | center,inciuding
8- -24,551 (P, 6,432 | “cut" tethe * | segment -18,119 |P,und V,.
10 -52,140 - -9,037 | ségment center. C BT
1 52,040 | ! 9,037 | center, ’ -43,103
12 | ~24,551 -6,432 | including V,. - -30,983
13 12,634 *-20,316- |- 7,682
14 34,466 -22,310 12,156
15 J1.670 -12,564 19,106
i6 36,016 3,682 32,134
17 30,784 6,510 37,304
18 -2,19% 27,391 26,194
19 41,063 44,493 3,430 |
20 |.-24507 15,131 B S I

10

Po. W "ard Pa are zero. If the cross beam

were pinned at {ts ends My and Vg would hbe

zero, so the sbove six equations would be-

come only four,'fhe ‘four equations would -

become only" three and the two equations
_would become only one,

Caloulations and Datalm;”“”

In ell ‘of the”preoeding calculation
tables (and also 'in Table -A9 8

culated pér PIALY, 19 or per p}.9 12), Once
theése moments are ealculated and entered in
Cold3 the' remainink caleulatisns are’ routine
so they can alsoc be programmed for calcu-
latlon by 'computer.or suitable caloulators,
In Col,3 and elsewhere posltive moments -
produce compression in the outer flange,
Positive values of x and y and of Mo. Vo
and Po arg as shown in Fig, Bl.=

Yo Iy My

Two-Lobe Frame Redundant Loads
{a) (b) :
Flg,B4 Two-Lobe Frame

nner F}ang

Unlike the outer flanges, the inner
flange of 8 frame is not usually supported
gt ‘b skin panels.- There -
‘ of gome type are -

e te%eralﬁéﬁnvogésn

port spacing must

”be‘suoh tha jlateral buokling will not oc-

S

Frames with Inner * -
Flanges Stabilized
“Agdinst Qut-of-Plane
. ‘Buckling Using Axial™
Members {Tubes) and
Fittings or Intercogtals.
":i{Flange Must be Attached
to Supporting Member in
Stiif Marmer

Fig BS Inner Flange Latera1 Supports

Circular Frames of Unlform EI

When these are supported by skin pan-
els as in- previous analyses, data is av-

allable in Ref,15 of p,A21 for a more di-
rect solution (using the "Wise Coeffic-
dehts",

from Jour, Aero Sciences, Sept.'39)
The data car also be used when any self-

‘equillbrating loads (no supporting skins)

are present, by superposition of the ap-
plied and reacting load cases., The data is
of graphical férm, glving the internal mo-
ments, axlal and shear loads for applied
riormal, tangential and morent loadings.
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‘For a symmetrical arch, loads,reactlions and
an even number of segments only 4 of the
Since the previous analyses do not arch 13 needed for the analysis with segment
include the stiffnesses of the structure £ fixed at its left end, Po=ZQy/2 so only
adjacent to the bulkheads (skin panels, b the first 2 equations are used with the Fo X
stringers and adjacent frames) the results termsomitted., Loads in 6-10 are same as 5-17
are approxlmate and usually conservative 5,000 Ibs ,
for the bulkhead, but unconservatlive for ' |
the other structure, A discussion of thils
with examples 1s avallable in "The Analy-
gis of Structures”, N.J.Hoff, John Wiley
and Sons, A more accurate analysis re-
quires an involved finite element analysis
which model s all of the structure, How-
ever, the previous analyses are commonly
used, and the results can alsc be used to
size the frame for a Tinite element model,

Accuracy of Analyses

Arches - ; 4.0
) ‘ . P
. aQ
Arches are beams with slgnificant P T
curvature, as in Fig,B6., They can be an~ | . 1g. B6 Arch‘with Both Endleixad
1yzed 1n the seame manner as reviousl . .
ey b ¥ One End Fixed and One End Plnned,

illustrated for frames, The internal
loads depend upon the end fixitles, so the

ses are as follows, Also see Art, : This is as shown in Flg,B7, there be-
analyses A13.118 ing only the two redundants Vo and Py at

the right end, so only two simultaneous
equations are involved, These .are

Both Ends Fixed

This case is shown in Fig.B6, the re- - : .
dundants being taken at the right end, O, . R
The applied loads, Q, can be in any direc-|. -z @ +V,E @ +P.Z @ =

tion, The arch is like s half-frame, The
internal loads are determined in Table BS, ‘
The segment EI values may be uniform or z @ VL @ +P,Z @ =0

varlied,  Table B5 1s the same as Table B2
except that x. and y are interchanged sincel .
the arch is shown in a2 horizontal positioni Therefore, Table B5 would be used except
and there are no shear flows, q. that Col, 7 and 8 and their sums are elim-
# §ith pinned ends Mo=0, so only the first equation
applies with the Po and M, terms omitted.

Table B5 Arch with Both Ends Fixed

Ol @ @ ®l @ ® @ ® @ @ ©@ 3 @ @
Seg- | AS* gt x y a8 a8 A8 a8 48 - a8 28 A8 M
. : Pl as 2By w22 A5 as a3 a8, finat Axial Shear
ment | e | = ot gt ®= B Y| Meg Y T @+ Mot v x®| Lowd | Lowd
1 + Pox.
2 | w | e @@ |00 [@:0] 0:0 @0 |@@0| @® @@ @
1 Lo o a 1.0 [ 1 a6 0 a3 21 [ 5.0 24,666 Thia is th
2 1.0 0 38 8.8 ¢ 3.9 3.8 0 15.21 3432 ol 1M 32,329 compo. | for the
a 10 25,000 90 | 125 [ 25000 2.0 12.5 225,000 1.0 112,50 312,500 | 15635 17,669 nent wxiul boud
4 1.0 43,000 | 147 | 148 | 9000 147 14.8 720,300 218.09 21903 { - 730000 | 22201 20,931 purutiel o | bul using
& 1.0 o | zo5 | 158 I 205 15.8 0 420.25 32290 0| 249.64 9,552 thenew. | the con-
P 1.0 | -6lL000 | 288 | 158 | 61,000 286 | 158 | -1.422.600 07.56 420,28 -993.800 | 249,64 2,078 tral uxis | ponent
7 1.0 | ~135000 | 331 | 149 [-135000 331 M9 | 4468600 | 109561 amas | -zonisen | z2z0n ~1,607 of the narmal 1o
8 10 | -212000 | 384 | 125 (212000 384 125 | 9140800 | 147486 4B0.00 | -2860000 | 156.25 3310 veetor | Lhe neu-
P 1.0 | 2000 | 432 88 |-321,000 | 432 &8 | -13867,200 | 1,B66,24 380,06 | -2,874800 | 7744 8,890 sumolal! |iratasis
10 L0 | 422500 | 46.1 3.0 | 422,500 461 | .30 [ -%am2s0 | zazsm 13830 | -1267500 8.0 541 lowds from [atthe
the “eut”  |yegment
1o the seg- |center.
ment
cenler,
including
' Paand ¥V,
E=100 L= 1077600 2062  110.0 46631080  B,00Z.22 TE03B 515000 14287

X Mpn = HE? + M &
* When ASor B or § is constant over the frame it can be consldered tobo unity for eolumn @ . For this example ail of these are constant.

I M@+ V2@ +RE @ =0 M, = 82,767
t@ +ME@+v.e @+ (=0 Vo= 14154

E@® +MED+VE )+ @ =0 Py = 87745
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‘5.D|ﬂD Ibs .

10,000 Jbs °

—V

1\;PQ .

47.90 d -

Fig.B? Arch, One End Fixed, One Pinned

inated, the sum of Col.6 is not needed, Mg
is zero snd only the ebove two equations
are used to’ ‘detarming Vo and Po.
Proceeding‘ as in the above manner the fin-
al internalloasds are as shown in Table B6
Va2 ~14,)73 anal [ = Fi 53D

Table :E!6 One: End Fixed s.nd Dne End Pinned

‘|'1the “only redundant

one’ "'Ehd"""ﬁ"ixe;d and 'O'fxe” End of’fw Roilers

Forghl, ;‘;.case. 'Fig, B8, there is only
the redundant Po at the right end, 80 the
only nminimum energy equation 18, referring

t TbleB? :
O " 2@+Pz@—o

Segment v Mg A:nlr - - Shesr ‘
- B @4- v, :@ e L“d i ‘Load e
L viine Py x@ S R ET R R A TR

1 26801 | Thisis the component | Same as for the axial’
2 55,435 parallel to the neutral | load but using the
3 -29.519 axinof the vector sum | component normalto.
4 21,602 ] of all loads from the the neutral axisat the |
5 17433 ciit” to the segment . | segment center.
6 14,160 centar, mciudmgP
7 11,790 undV
B’ RTINS O {1 R
g -~10,519
10 -19,759

5,0|ﬂ0 lbs

fo— B .6

10,000 1be

47.0

 F1§.B8 Atch, Ofie End Fixed, One Rollers

The firial loads are determlned using
Table B7. N

Both Ends Plnned

This -case 1s ghown -in Fip:.B9., Since Vg

passes through point Ai Pgedh be caleul-
ated’directly as Po & A/L ledving Vo &s
It 18 determined “from
the minimum- energy equation. ‘réferring to

Table B8, .
t(3 +v,z (6 =0

The final 1nterna1 losds aré determined

usim: Table B8. ag shown
- 'S, nlno lbs ‘ "

P 4ﬂo . — —y

Fig B9 ‘Arch’ with Both Ends Pinned

Table B'? Arq'h with 'Grie End” Fixed and One on Rollers
® ®]| @] O @ | @ [ 0| @ ®.
ot B s - 0 g ’ - d
Seg-- as - - Mg | x Mq A8 A8, x1 S Mg Axial b . Bhear
ment a— T — = g e s - e e
" JTNY . N " - ' . A . L d B
Ei . El EI ®@+rx® Load; od
Data Data Data _@x@x@ . @x@'
1 1.0 -0 Tl B o " 4,078 This is the compo- | Same as for the
2 1.0 a .8 0 l,ﬁ_g' 22,725 nent parallel to the {axialload but
3 1.0 25,000 9.0 225,000 BLD © LA neutral nxix ofthe | using the compo-
4 1.0 43,000 14.7 720,000 216.1 - 134,657 vectarsumof all | | nentnormalto
8 1.0 o | =208 0 420.3 118,453 loads from the "cut” | the neutral axis
é 1.0 -61,000 26.6 1,622,600 707.6 93,998 to the segment, at the segmeni.
7 1.0 -135,000 331 | 4,468,500 1,095.6 57,874 center, including | centar.
8 Lo -212,000 8.4 8,140,800 14746 1,757 | Pe B
9 1.0 Ahpon 't 432 11,867,200 1,866.2 88,774 i N
i 1.0 | 422,300 | 46.1 19,477,250 2,125.2 ' 183,875
1= -6em,050 2 Boo2d E®+Pxz®=0 Po=5827 s
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o

Table BB Arch

with Both Ends Pinned

0 ® @ ® ® @ @
Seg- 48 Mo | v Mgy, 45y A8y? Mpaa Axial Shear
ment —— —_— - Load Load
E EI &l @+v.:@
" Data Data pata | @@= OLOK
5,94 " 20,820 .8 -29;057
: -0 b ’ D‘, 20 3 40’ 551 4 . -66'592 Thigisthe compo- | Same as for the
2 ELL 8,6991 8,8 L 774 ! . nent paraliel tothe | axialload but
3 1.0 -14,2351 12.5 1-'437'938 _156' 3 =357 neutral axisofthe | using the compe-
4 1,0 194,751 | 15.9 2,901,790 222.0 15,966 vector sum of mil nent nermal to
5 T 1.0 203,258 | 15.8 3,211,476 245, 6 13,764 * | |oads from the "cut” | the neutrel pxis
6 1.0. { 202,73 { 15,8} 3,203,276 2496 13,155 to the segment at the segment
7 1,0° 193,187 14,9 : 2,678,486 222.0 14,402 center, including P, | center.
8 1.0 | 168,736 | 12.5 ! 2,109,200 156,3 18,749 | *0dVe
9 1.0 107,328 ; 8.8 944,486 77.h 1,737
10 1,0 34,582 | 3.0 103,746 9.0 1,415
* Mg + Mp, p=¥n,76 145 DO +%I @ =0 Vo= ~11,999 1bs

One End Pinned and One End on Rollers

This case 1s statically determinate
since Pop = 2IMp/L, so the moments at all
segments can be caleulated directly. For
the previous applled loaeds

Po = 466,000/47 = 9,915 1bs
which is the same as for the previous case,

Bents®

Exemples of these are shown in

Fig,Bi0., The same discussionr and tables
presented for arches also apply for these.
+% i |
| G

,J;,

&
Fig,B10 Bents™®

The discussions and calculation
tables for arches and bents enable one to
quickly proceed with the determination of
thelr internal loads, All one needs to do
1s to enter the applicable data in Col.1l
through 4 {or 5) and then carry out the
calculations as indicated 1n the tables,
The seme also applies for bulkheads and
frames, BStress analyses can then be per-
formed for the structures.

Accuracy of Analyses

For the usual "sturdy" arches (and
bents) the calculated” fitial “bending mom-
ents are sultable for englineering deslgn

Does not account forsidesway affects, ses Art.All.ll and the

reference :
gae Engineering Column Analysis by W.FP.McCombs, published by
pDatatec.2106 Siesta Dr., Dallas, Tx 73224.

since the effects of curvature of the arch

were not considered, There 1s no analytical
way to include these effects™ : ' The fol-

lowing successive. approximation procedure

can be used to see if deflections matter,

1) Use the final bending moments from the
arch analysis as the moments in Table C3.3
and calculate the deflectlons., These mom-
ents are at the segment centers, but they
must be at the segnent ends in Table- C3.3,
Therefore, plot the moments versus dist-
ance along the arch, draw a curve through
them and then obtaln the moments at the
ends of the segments for Table C3.3.

2) The calculated deflectlions are at the
segment ends, so they must be found at the

‘segment centers in the manner described
.above,

The deflectlons are normal to the
arch neutral axis, posltive deflections
being outward (or "up”). This gives a new
shape for the arch and the appllied load
locations, Recalculate the arches final
moments for thls new geometry. If they
are not significantly different from the
original ones they are used for design
purposes,

3} If the recalculated Tinal moments are
silgnificantly different,successlvely re-~
peat (1) and (2) untll they are not so¥

It is for relatively long and slender
arches that the deflections are most like-
1y to be significant. The following rough
gulde can be used to see 1f a deflectlon
analysis is needed (see "Advanced Struct-
ural Analysls", Borg & Gennaro,D.Van Nost-
rand Co,), Calculate the following factor,
F, If F is less than 3 a deflection an~
alysls 1s probably necessarys+ - o

F = CPcr/P

* Succepgively increasing detlections indicats instebllity
below, For axial load effacts and buckling of bents, ®** Ignoring curvature results in an error of about 4%,
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ATCHES ‘AND BENTS:

Per 1s the buckling load assuming the arch
to be a pin-ended column. whose length is
the arc lergth of the arch., ¥ For pinneéd
ends ¢ = 4 and for fixed ends C = B, . For
a uniform EI Per = *EI/LZ For a non-uni-
form EI Per 1s per Art.C2.6a - C2;6b, P

- 1s the average compressive load in the arch

Carrying out. (1).above .for the oiné‘ﬂof

ended arch of Flg,B% and Table B8, where

AS is 6,1" and, L is 61", assuming EI 1s

16 x 1o‘the déflections” at the segment -

centers (using, Table C3,3)" are found to be |

|sez. 2 b 5 & 7 ] 9 10
Def. b 03 .22 .15 ,05 = 06 Z.12 -,16 -.16 -.10 -, 03"

These deflections are S0 small that they
would cause a very minor ohange in the
arches shape, and 1ts resulting effects on

the final-moments would be Inconsequentiall..-

if (2) were carried out (the arch in Fig,
B$ 1s therefore a "sturdy" one), Also,
for this cdse F 'is miuch lirgér than’3,
which®”indicates no deflectlon analysis is
needed’ (as the deflection calculations al-
80 showed)a’ :

o

Buckling of Arches and Bents*

‘Someuarches-and'bents and thelr ap=-

plied 16adings are guch:that no béndlng is|

present, . butithere-lis considerable: axial
stressy~ For such casestthegllowable"
loading::is. the buekling:load forithe mem=-
ber; " ‘When:there #15 also ‘some beriding - pre=1.
sent it is-magnlfied by the: “beam-column
effect"i The buckling mormallyiodcursag’
a "sldesway', as shown for two typleal
cases in Fig,Bll, (a).belng a oirouiar
arch and (b) being a bent :

Fig.Bl1l Buckllng of an Arch and a Bent

..+ The buckling of arches and bents is
discussed in the book of Art,A18,27aX¥ For
a-few cases such ag the following, the
critical value of the loading can be de-
termined: by formulas and related datsa,

Wwor = CEL/R?
ﬁheretc is

per the text
items (1)-(3)
FETSTR O

Fig,Bl2 Uniform Circular Arch and Uhiform
. Hadial Distributed Leading .-

# Por addftioml discussions and other oases ses “Theory. ol
_Elamtic ‘Stability”, -Timoahanko ‘and’ Cere;: Hon—Eul ‘Book Go.
»¢ To deSect instabllity {p,B? footnote) there must be sold ROOSYu=
metTY in the arch or In the leal, If not, add a amall lateral
load, about 55 of the total load, at the centsr of the arch.

« 1Ffj;'""I y A

For pinned ends C = (ﬂa/"(a) -1.0
For fixed ends € = k€ - 1,0 where k
is the value satisfylng the egquatlon

. ktane cotkd = 1.0
For fixed ends or pinned ends having a
oenter pin C 1s obtained from Tatle B9,

1)
2}

3)

' Tabple BP Clroulur Arch ‘with a Center Pl'l
v ; c
X "~ Fized Ends | Finnod Fpds |
115 o7 162 cid 108
0 YO, 2 e 27.6
Ly 17,0 12.0
60 10,2, 6,75
75 6,56 4,32
90 4,63 3.30

For a “uniform garabolic arch and loading
as 1n Fig.BlB ' w
Wep = CEI/L? where

c is per Table B1D Fig.B13

Cable B10 Paraboli.n Arch {Fig,B13} Data
h/L -
p_z Pins {1 Pin 2 Pins |3 Fins
g0 60,7 - 33.8 28.5 | 22,5
.2 | 101 -59 bs.5 39.6
w3 | 115 82 L&, 5 46,5
)11l 96 k3.9 54,9
+5 97.% . | 91 38.4 38,4
.6 83,8 4 80, 130.5 30.5
B 59017071 5941 20,0 20,0
- (1.0 43,7 43,7 14.1 1h,1

For & - h 'see-Table Bli.
.. Table -Bl1 .. Catanary Areh wlth a cgnter Pin
ML T Pied s T Pinned Ends |-
.1 -5 L EREY IR FL
2 96,4 43,2
da ] 112 41,9
C ok ©o92,3 5.4
1-+% .. BR.7 27,4
1.0 27,8 ?.06
% Same load snd formula as in Fig, 313

For a yery shallow a;oh Fiz,.Bl4, oock-

ling can occur as a snap-through“ move-
ment as shown by the broken* 1ne ‘and. is

Fig,314 Very Shallow Uniform Arch
When there are several loads express them

in terms of only one, Q, s shown, The cri-~
tical value of Q 1ls defihed by the equation

d/e =1+ V}k(_i_‘-m)‘i\/ 27m?

where £ = deflection at center of arch and
. .18 written in: terms of @ (or of w

;o 1 only w ‘is present})
W= 4I/Aeg {a —1cross ~sectional aresa)

The above equation is solved to get the cri-
tiesl value of Q (or of w AT only w 13
present) i s rgead

When m:Z°1, 0 £h1s type of buckling cannot
ocsur, but the- general type (sidesway) can,

Pl—b — P
2] I —&— Bucklling Equation®

1
bl [; » 2&LI1/Ao§ -
av”; ) where }) = VEI?P

7
‘Fig, B15 Special Case of Bent Buckling

I Bolve by succes e ‘trials Tor, P, whe“ P = Ppn the
“equation will be satisfied, Algg applies within &.
¥ery few parcent for-any. pejpdiedl _,10 ds haying
& total of 2P, MaY & UASY MM E ar
For pinned ends “the equatiecn is (L/1)tanL/3 = EI; L/Ié
and tha above comments apply

tanL/j
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Effect of Column End-suﬁtert Stiffness

When the lateral ‘end’ eupports for a
columri are significantly flexible, this can
reduce the allowsble axial load to be below
the buckling load, as follows, For the
pin-ended case the allowable axial load due
" to support stiffness 13 in Fig,Bié (see the
book of Art.Al8. 27a for a derivation),

[ L .
S 1
EL P_ Pajjer
kg

p |
ﬁ:kE!E

Fig,.B16 Effect of End Support Stiffness

kykg
4](2

3=

when kp DO(simple support ) Pa11 = kzL
and vlice~versa if k2 =o2. For the column
itself the ‘allowable load is ?EI/L? There-
fore, minimum values of k1 and ks needed to
provide adeguate support are given by -

kika/{ky + kp) = TrPEL/L?

If less than this, FP¢r cannot be reachedbut
Pall may be adequate for- the actual load,P.’

- Por any multlspan codlumn .the ability of)
flexible supports to provide gsimple sup-
port for a glven axlal load, P, can be
checksd using the - formula in Fig,B1é with
successive calculations from end A to end £
as in Fig,Bl7. This 1s discussed and 11lusg-
trated in-the above mentioned book and alse
in NACA TN 871, Plnned Joints are assumed.

P ,A B E;E_
Fea s ic iku

]

kg 3

Fig.Bl7 qutispan Column Flexible Supports

Structural Requirements for Secon
gjruchre'anE UperatIng Devices

Troubles for these 1tems are caused by
a lack of strength or insurficlent stiffness
arid usually show up durlng proof testing or

during service ® Some suggestions for avoide-
ing such troubles are as follows,

.1, All devices must maintain full strength
.at limlt loading, Therefors, the effects of
limit deflectlion, whether due to limit load

on the device or to limit load on other -
parta of the structure, must be checked, All
operatlng devlces must function properly at
deflections due to limit leading,

2, For areas of engagement of locking de-
vices where retentien depends upon bearing
pressure beatween two parts, keep the bearirg
stresges below 10,000 psi and/or provide

for ,25" misalignment on assembly,

3. As to location and direction of loads,
assume them to be anywhere within a 30° cors
sentered on the computed direction, When the
load directlon 1s based on a properly orter~
ted machined fitting face assume a 10°mis-

* And ares then vary expensive, both
dollar and tims-wize, %o riz,

‘proof loads and, where applicable,; desizn ..

8. The structural analysls of control sur= ..

allgnment te exist, For analysis of back-
up structure, assume the most adverse po-

.gltion of load, e.g.. At the tip end of

lugs (which.is universal practice in gear
tooth design), Where strength depends cn a
dead-center mechanism, provide both
strangth and mechanical advantage from the
operating standpoint to take care of a 1¢°
misalignment either way.

Lk, Design limit switch brackets and insta-

,llations to deflect a maximum of ,03" under

a 100 1b load 1n the direction'of-switeh
actuatlon and to have no permanent set un-

der a load of 100 1lbs in any direction.

Se Desigh external power plug receptacle
installations for a limit load of 1500 1lbs

.along the plug axls and, simultanesously,

500 1bs normal to the plug. axls in any di-
rection and at the largest moment . ‘arm which
the plug permits, External power plugs are
subject to rough and careless handling,

6. Gaps provided to prevent secondary

structure from loading up must be checked

for adequacy against gap closure due to
gtructural lead and/or temperature

.deflections,

7 Provide adequate hinges and warp for
doors to remaln closed and sealed under

the hinges for superposition of proof
leads and warp loads. ¥ -

faces hinged to primary structure must in-"

] clude the effects of the deflectlons of the

supporting structure. Thig also applies to
power or control system shafting, See ex-
amples 1n the bock of Art.A18,27a.

.9, When control surface skin panels are al-

lowed to buckle. the secondary loads due to
tension field action must be considered,
Otherwlse these loads may cause either a
fallure or excessive deformation, particu-
larly for thin trelllng edges (see p.67).

It 13 recognized that procedures (2}
through (5) may run into difflculties, in-
consistencies and -designz which, when 1in-
stalled properly, will be considerably ov-
er strength, The design penalty may seem
to be large large 1ln the layout stage, but
actually 1t is conly & small fraction of the
cost, dollar and time-wise, of making the
changes at any later date, partlcularly in
the field, 'The weight penal%ty ls more than
Justified in terms of increased reliabllity,

i Adding material to a structure never .
reducesg its strength but can reduce 1ts life,
With a redundant duvetile styucturs {(and
Joints, Plg.,D1.44) the redundant loads can
be asgumed, the member loads calculated and
the structure wlll deform to this load dist-

ribution prior to strength fallure, This
loez net apply.te st ctu el 1 re howeaver,
e to no y?g/dmy :ztl?l /éa '
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AXIAL LOAD THANSFER ~ SPLICES AND DOUBLERS

There are two mailn- cases of axial
loed transfer. by shear; betweéen members .
which require detailed analyses. ' ‘These
cases-are.the 1neta11ations of doublers
and splices.

' Ellces

Splices involving the transfer of
.load, by:shear,-from one member to another
-should: be kept aswshort: as’ possible.-
example," when' two' "skins" are- ‘gplic
gether an:lideal. splice would involve" only‘
& single-line: of fasteners, but two o¥
three 1ines may sometimes be needed,

Doublere

5 ¢:Doublers+are- reletively long membere
1nsta11ed oria "base" mémber,such &s on’ ‘a
wing::s8kin ‘for example. Tor various’ pur-‘
poses ‘such'ag ‘thé following,~ '

a) Strength

-Torstrengthen ‘"
Toi salvige'a damaged ‘atrea "’ T
To strengthen an axially 1oaded mem-
ber having a hole or a out-out or a
non—struotural door.ﬁ

2)
3

b)?Fatigue Li‘e:

1) To inorease the 11fe ofan existing
design in a fatlgueé critical reglon,
‘To.: properly salvage &''damaged ‘s
»ture: foran: edequ, :
To- salvage a’ “fat'

L2):

3J
a’ p .
ticular vehicle or group of vehicles

e) Reinforcement for additional etiffne‘s“

: raries.

S

“-doubler pioklng up exial lead. S0 A
~check on a ‘poasible harmful effect on
fatigue life.at the’ fastenere may be

necessary. ‘ ‘

The * effect of ending an axial member,
such ag 'a- stringer. on a. skin or sheet
materlal.' This may be desirable from a
manufacturing or-salvage standpoint, but
.Ats effect on fatigue -1life-must be
wconsldered oxr 1nvestigated. :

.The main effort in analyzing doublere

leor splices is'the determination of the
| Toads in the attachments,. .

Once these are.
known. the loads and stresses,in the mem-
bers are known and can be evaluated as to

. strength or Tfatlgue life -or-st fnees.-

Figure BlB showeﬁa‘eomparison of the

| rastener ~(and member): loads in. & doubler

and, in a 10ng(undesireble) :8plice,; -Note

| that: ‘the. loads are largest. in the end
'rasteners, 80 the members must be designed

lored*. ) thie: “peaking® of
d distribution also
vring. constants of the -

feetener Joints'(determined*experimentallmh'

lers. and. spliees ‘1sbeyond. the:
, 1s book, -However, -a:detatled -
"and ‘practicsal discuseion of the: subject is

avallable -1n the:Alr Force. Flight Dynamics
| Laboratory Report AFFDLqTR-o? 184,

January

....

1968, “Analytical Design- Methods for Alr-
ccraft Structural Joints!
‘numersus examples,
:fastener hole clearance, or. *slop® and.

which contains
‘It slse accounts for

‘loadings 'into "the pl ange- of - the L
‘Joints,. The rep is over 187 pages end’

will enable -the. reader to: obtain afgood un-
deretanding of - the: subject and its many ap-
plications, and- s availableiat: some 1ib= -

A copy: with corrections’ and add-_

il ed comments,is alse avallable!from W.F,

1a11y 16ad=

el J

Ved base structure will act s a local

II}AD m MEMBER D

encouraged to. oonsult the report

.| McCombs, 2106 Siesta Dr,, Dallas,TX 75224,

$19, 95 plus $3..00: ahipping. “The reader is

LOAD IN MEMBER D

B Ea.-'(:*) . L N B
o ‘,(I I Fﬂl Lv t‘v[b'-
) FASIMR LOADS l I ' ..)Fi B8 FASTENER  LOADS. C .

% Being the only such comprehensive report available,
i1t should be included in any structures library.



- and 18 obtalned by succss

APPENDIX B JOGGLED FLAN
: : GES AND RIGID JOINT TRUSS BUCKLING ANALYSIS Bl
1.0 —
B T
e = g
.80 == = e T
: = = —_— oo j L/D
K e — : T — = s G = l
e e s __—.‘:-—-__.:._— —— EH 1
= ——"’__w;———_:__“—_._—-—t—‘ == 8
.60 F =5 e e
" e e —— T
For cach jogsled flange mu [Eiply = = °
its e by K. For L/D =<4 ortrapolate e z
4g (2582 the Bruhn toxtbeok, Art. D3, = = )
° 1 Dt 2 3
F1g.C7.45 Crippling Stress {Fec) Beductlion Factor for
. Aluminpum Flanges
calenlating the Critical {Buckling) Value for a Rigtd Joint Truss's Loading
The esritical (buckling} toading Tor the The vrecedurs 1ls i1lustrated below for the
rruss {all members deforming ln bendinz) 13 rruss of Fig.Al1,92 where, after gavaral succes-
found by a successive trial procedurs as follows. give trials,it 1= found that for an applied load
) of 12,377 1bs X COMg=1,013, 30 that 1%, egs8n%1=.
1. For the appliled loeding detarmine £he membel ally, the eritical 1load {(for a load of 12,360 1bs
loads assuming coin jolnta, . Factor the applled L coXc=1,00).
 loads ‘to cause a Tomd of about 1,6 times the . K )
tuckling load in the first member that would Ag discugged in ArT%t.11.15% and Table A11.6,
fall, assuming pin joints, Then detarmine the the failing load will be less than the buckling
COF and DF for all members, .for rigld’ joints. 10ad because of beam-column failure, Usually it
2, Apply a unls couple at the joint, W. whose will be at about 90% of the buckling lead, but
pesobers nave the largest compression loads and only a gucgessive trials analysis as in Art.
carry out the moment distritution procedure un- "A11.15a will glve the M.3.. ’
£i1 all joints have been balanced and the balan- : - .

‘eing moments ecarried back to the joint N. : The COF and SC values used to obtaln SF and
' Do not Tebalancs N but sgalin redalance all DF values were calculated. using the farmulas o7
otner jolnts {in the same sequence a8 hafore} p. 3. R . e,

sarrying thne palancing moments back to N,
4, Repeat until the moments carried back to ¥
are negligible, usually 2-3 sets of balancing.
. If the sum of the momants carried tack to N, . . .
Mg fs <1.0 the loading 1is less:than‘;ritical Cussat plates can considerably increase the
Lf more than 1.0 1% 15 above -thé aritical load. eritical loading and the falling loaeding, The
Q#_Eepaat the abeve with apnother loading, 3uc- analyses are as before,but the SC and COF values
dessively, until ECoMy=1,0_(oT, 347, beiwzen 59 are gifferent, These are avallable in Bef.1%
and 1.0t) and that 1s the critical loadinsg. and -in -“The Analysis of Structures”, Hoffl, N.J.,
) and en p. Blz-43. . o ’
—_— -3 0617 Agsuming uln Joints to dateTnine. the ax-
;g°37 +ME% {al loeds is quits reasonable, although
_ﬁﬁr% L the Joint secondary bending moments do-
/é(\ B ?éu;ﬁ— f‘a‘é‘j% D chan%a these slightly. Actuslly the as-
: AR ¥ —= 050 sumption 1is conservative, the flnal ben=
. .%;%? F15%) [ 2s583] R ol G108 poments always belng amaller (zee
IR Th:h:r\::inzf :i-ngiiégs: /é')% Vgiés‘g’lggi ;Hor:entdnéstr)ibutkon',Gere.James M,, Van
Y ' Y Y ostrand Co.). .
AZOR and AZDE - 3 Jk'ﬂ - In Tabla All.4 cross-sectlons are squaTe.
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APPENDIX ‘B - GUSSET PLATE DATA FOR STRUCTURAL JOINTS
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