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ABSTRACT

" The buckling strength problem for battened struts is
1argely unsolved. Design recommendations given in both
CP 118 "ihe Structural Use of Aluminium'" and BS 449 '"The
Use of Structural Steel in Building"” afe therefore far

from exact.

This thesis endeavours.fojverify and extend the knowledge
upoé Wﬁich the present design rules for battened struts
‘are based. Full scale festing has been empioyed and
particula: attention given to eccentric end loadiﬁg,

producing bending in the .plane of the battens.

Thin-walled material is now being increasingly used and
calls for more precise design information.  The problems
of local buckling and torsion therefore assume greater.

importance.

Battened struts have in the past presented problems of
rigidity and this was particularly true before the use of
welding. Economically designed aluminium alloy structures
are at piaosent 1argely restricted to bolted and rivetted
construction, because of the reduction in strength when
"welding is used.. An Al-Zn-Mg alloy, which is still under
development in the U.K., has been used for this work.

Its behaviour was excellent and its efficiency after welding

has done much to solve the rigidity problemn.



mThe>foiloWihg inQeétigafion’deals‘with both axiél and
écéentric ISad cohditions; ﬁSing thin wailed Beaded

‘ chahnelé.  'Axially'loaded struts failed by lateral
jiﬁétabiiity‘oflfhé moét'heavily iqaded chanﬁel.l The
.-eccentricéllylloaded'struts fai1ed by local buckling of
the éamezchannel. - Indications aré that battens need to
:}bé_reinfdréed to coﬁbatilateral'movemént. " Their spacing
:.¢§nvhowevef be increased if a small reduction in ultimate

load is aCCépted.

'The intéréction methéd bf'ahalysis, épitably fadto;ed,
‘would -be idealvfoi-ppaétical use. Further research is
| needed to establish an upper. limit of plasticity fof the
5atﬁ§ﬁed strut configuration; 'Deflection will however

 pdntro1_design.
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Chapter 1
' Statement of the Problem..f

» Introductlon

'.The problem of buckllng Strength of battened struts

};s‘largely_unsolved.r The de51gn method.ls therefore

far from exact. and extreme accuracy in the calcul-

‘ations is ‘pointless.

17Vérification and improvement of the relatively simple

rules formlng the ba51s of strut design is stlll

'.neededo Thls 15 partlcularly true for th1n walled

'headed andgllpped sectlons..

*. Members formed of more than -one main component often

'3'requ1re an analyt1ca1 treatment whlch is complex

Struts of_th;s‘type, 1nvolv1ng the use,. of thin wallod

-and beaded aluminium,alloy sections, present a

- problem of some.considerable magnitude.

'~fThe_need to allow for the various types of buckling

.and the greater complex1ty of sections makes alumlnlum

: ;Strut de51gn rather laborlous compared with steel.

“Buckling Considerations .

The .modes. of failure‘which form the basis of thin

walled_strut'dcsign-are:—

T ‘
VR ﬂ'glEm)E{p ’?\. PP
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4T(ajf°Columnfkf1exuré1) buckling
" (b) Local buckling -

(c) Torsional buckling.

: Colﬁmnibuckling_conSists bf:a suddeﬁ,bbwing'of the

member when the critical load is réached (Plate 1).

Local bﬁckiipg.Will appear as a series of waves in

'A7 thé_gomponént parts making up the section, whilst

. the strut as a whole remains straight (Plate-2). It

1;ié'virtUQlly‘indepehdent of member length.

';TofsiOnal buck;ing'iS'best envisaged as the central

‘f;papt of . the mniember rotating bodily relative to its

féﬁds.-f Thié'will occur even if the ends are free to

.m,ﬁdtate GUate 3).

 ;£?musf'be éppreciéted that the modes of failure do
'_ﬁbt_heéessérily oééur'éepqrately ahd.interaction

-f%bﬁué§t1y ekiéts; »-Coiumn'and_torsionai bucklingl
"Afg'qftpn infqi;r¢1aféd whi1§t-column and local

'bUCkliﬁg interact in the post-buckling situation.

The Battened Strut

f‘The battened strut may be defined.as a compression
' member , formed by two or more longitudinal components
~ held a fixed distance apart, at inter&als, by trans-

vérse members known as battens. Components of this









'conflguratlon undoubtedly stem from the desire to

7;ach1eve an optlmum mechanlcal performance with a

h'glven amount of materlal At any t1me when mater1a1

"forms the major part of productlon costs, wh1ch may

ltiwell be suggested as ‘true for alumlnlum products

;'today, th1s type of component is a frequent ch01ce

'Steelisection rollinghprocesses have, in the past,

"largely dlctated the types of composite proflles

A"t'devcloped.pf For battoned Struts the usual ch01ce has

'-been doub]e channcls , These were positioned a given

.‘dlstance_apart'w1th(their Webspparallel;

"*.Alumlnlum alloy sections are extruded and can be
formedflnto almost any de51red shape. ThlS removes
the llmltatlons present w1th steel sectlons. ; What

<fthen should be . the proflle of the struts to be tested?

4‘Intcontemp1atiho the strut in its basic form one
rnitiaily.se1QCts the-theorctically'idcal round tube.
When costhand practrcal difficulties are however

| cons1dered the'closed square box, 'having equal

.:flexural stlffness on both major axes, is the next

best ch01ce.._ The‘thlnnest permlss1b1e-materia1'

would be used to enable the strut to have the best

‘-possible materlal d1spos1t10n and stiffness for-a

given iength.' The_extent to mhich the flexural stiffness

'LCAn be‘safely increased, for .-a given weight of material

:h.is entircly.governed_by the secondary‘nffocts classificd

;5\5“.1"(-)1751911;\1 and Local buc]‘:ling, Closed box scctions



O

o are partlcularly sultable to combat secondary buckllng
has thelr s1des behave as webs and are 1nherent1y

‘stable.

: Furthéfdgonsideration{wouldlléad{to the'concept that
'.thé'ériginal square'box could be replaced by'two-
"channels ordfour:angle members, which iflthin_walled,
'i;would'have'reinforcing“beads at their toes.  If these
H-combonents were now moved apart and tled together at
. 1ntervals by battens or 1ac1ng a much 1mproved strut
‘,rpgrformance‘would'be achleved with a glven amount of.
imaterial ; TheAconflguratlon of the orlglnal square
ibo# could also be modlfled “to . a rectangle and thus
"{brovrdehenhanced stlffneSS';n‘one direction to combat,
_say;tan.externailyvapplied bending.momentt ‘.Battens
dcouid‘be-formed from'either flat plate, channel or

“angle.

The design of battened struts,is_complex.' A large

number of parameterS'exist when normal plain sections

. are 1nvolved ‘and .this is further aggravated by the.

'1ntroduct10n of thln walled and beaded sections.

'Theduitimate iOad‘and the form of the buckling at
fhfailuregwill be influenced by the following variables.
1(a)r:Propertiesaand spacing of main members .
d(b)t ?roperties‘and spacing of the battens.
i(c):vTheleffects of thrust, shear and bending moment

" resulting from the type of loading system applied .



‘(d)Qﬂtnitia14laokpof'straightness. ThlS may well
Hbe*miniﬁai with extruded alumlnlum sectlons.
U,butithe effectSaof'weldlng will produce 1ack

Vhfof;straightness however well it-is controlled.

_(Q)“ Type'and.degree of "end fixity.

”u_Theiproblem is non-linear in nature and'the lateral
:;displacenentsvwill increase at a faster'rate than the
]'loadl. 'Young Modulus for alumlnlum alloy is only
lroneuthlrd that of steelfand the need to keep s1ender-

‘ness ratlos down and worklng stresses up is particularly

'hplmportant 1f lateral dlsplacement is to be economlcally

_controlled.j‘

4‘iéeoause,of the effect of_distortions resuiting‘from
*_vshear, struts of3this'type Will have deflections in
owcess of " those that would occur with a single member
iof‘fhe;same,or0sspsectiOna1 area and'slonderness ratio;
:The-elastic critical load must therefore also be less.
’{and ‘will depend upon the general propertles of the

maln members and on the batten spac1ng.

zAlumrnium.struotural alloys behave differently from
.steél and their yield and ultimate values are quite
'olose together._ Once plasticity is however established
:the deflectlons will further increase and the strut
Areach;its ultimate'load in~advance of the clastic

critical load.



"ihefforegoihg*prOhlems highlioht the.essential.requirc_

Jhehtfthatvall battens'are rigidl&-conhectedfto_the main
:_:ﬁehherer‘lpAhy.rOtational‘slip‘at the hattens will
redocefthe.strutrioad carryino capacrtﬁ. With a
':ﬁateriaifhavino a low coefficient of friction, Welding
.‘would appear to be the only satlsfactory method of

,batten attachment.

ﬁ‘Present De51gn Recommendatlons

1: The Brltlsh Standard Code of Practlce CP 118 1969 gives.
:;recommendatlons for."The Structural Use'of Alumlnlum".
‘Sectlon 4 covers de31gn -ahd‘the general clause 4.1.1
ilncludes a.paragraph 1nd1cat1ng that de51gn procedure

:;'15 basrcally as for steel. -Empha315'1s however

H;.placed on- the neces51ty of closely examining the stabil-

1ty of parts in compre551on and that due con31derat10n
be glven to the overall stablllty of the structure.'

h:Partlcular attentlon should be paid to ‘deflections.

:‘pReférehce:to the battened_strat clauses in both CP 118
_aﬁd'BS 449:ﬁihe Uae'of'Strﬁctural Steel ingBUiiding"
-creteals a drvergence of reQuirements. . Incompatibility
“of approach also ex1sts in certain Speclflc areas,
:Wthh is’ d1ff1cu1t to Justlfy when the design approach

iS‘expected,to'be basically the same.

”-Much.offthe information-governing battened strut
design undoubtedly originates from empirical methods.

7Thi§ must be expected whenlso many paramcters arc



. _ihvolved.”

"It 1s, however, felt that the member proportlons

.A.'are on the conservatlve 31de and that the. de51gn approach is.

: 1n need of reappralsal

;eA,¢Qﬁparieoh ofhboth'codes,

”.,used is steel or alumlnlum.

';ih}the folloWihg'table,

1rrespect1ve of - whether the materlal

together with comments are given

*QCP"llS?; Aluminium

_BS 449 -

Steel

‘times.that. for.
axis’ parallol to
battens

than 0.8 times
slenderness ratio .

- about x-x..

Comments
1:General
| Clause 4.3.4. 1 | .Clause 36b’
;Slenderness ratlb‘ fSlenderness ratio
for axis perpend- about y-y (axis
‘icular[to'battens perpendicular to
.not more than 0.8: | ‘battens) not more . |Agree

‘Eatten} Clause
‘Spacing 4.3.4.2

' Spacing between
CENTRES of battens

. not’ to exceed 50 or

0.7 times slender-

' ness ratio of com= °

‘plete strut- w1th
respect to axis

" PERPENDICULAR to

battens

Clause 36b

Spacing. Centre~to-~
Centre of END

"FASTENINGS such

4that %‘Qf,lesser

main component over
that distance shall

not be greater than|

50 or greater than
0.7 times ratio of
slenderness of
members as a whole
about its x-x axis
(PARAILPT,'LU

b(\t tens).

Two marked dis-
agreements.

1. Alloy gives centres
of battens. Steel
gives centres of end
fastenings.

1
2. Slenderness ratio
taken on different
axes-which would
give large diffor-
cnce if - channels are
well spaced oul.
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©.CP 118 - Aluminium:

'BS. 449 -

Steel

"|Comments

'N@tihétructioh557

Where SIendernesé
ratio about y-y

. exceeds 0.8 times

slenderness ratio
about x-X .spacing

of battens centres“

to centres of end
fastenings shall
be such that ratio

of slenderness, g

of the lesser main

~component over that

distance shall not
be greater than 40
or 0.6 times slend-

| erness ratio of the

member about 1ts
weak axis

3. Steel covers
situation not ment-
ioned in. the alloy
code. -

" Batten Clause

' Length 4.3.4.3

D\s-rmucs.. cEnTRES
. OF \WELDS.

'Effeétlve length

" not-less than % a -

‘which is distance-
CENTRES ‘of welds
or rivets ’

_dlstance.
-no case. shall ‘
-length be .less than
.TWICE width of one

‘Clause 36(e) & (£)

‘For ends and

stayed points

| batten length not

less than distance

~between centroids

of -main members
with 1ntermed1ate

- ‘battens not less

than 2 that
~ BUT in

member in the plane
of the battens.

For members placed
fairly close tog-
ether alloy code will
give a batten of much
less length.

This does not seem
reasonable with a
more flexible material

" Batten Clause

- Thickness 4.3.4.4

“Clause 36(g)

: .oa
-Not less than.gg-or

0.10" (2.5 mm)-
" which ever 1is
larger. "a'' is
given above.
~also. given for
plates: with
turned over edges.

Rules

|- ened.

Not less than =0

‘of the minimum

distance between
innermost lines of

rivets or GROUPS

of welds, unless
edges arce stifl-

Alloy code will
generally provide

‘“thicker battens.

Reasonable with a
flexible material.




" 'Further:
‘..Comments

11

CP 118 - Aluminium

BS 449 - Steel

_Comments

Clause -
4,3.4. 5

Cieuses 36(c) (d)'

o) )& (1)

5Add1t10nal data

 limited to a. short -
note on fastenings.

Several other
requirements are
set down. Most

-important. of

which is’ that for

1 struts with eccen-

tricity in PLANE
of BATTENS, THE
EXACT THEORY OF

'ELASTIC INSTABIL-

ITY MUST BE A
APPLIED OR TESTS

"USED FOR VERIF- -
'|. ICATION.

Load factor not

| to be less. than
1.7

No ‘mention in alloy
code of bending in
plane of battens.

"This is a very

important ommission.

uPrepdsed“InVeétigations

'1There appears to be a clear case for further research

'1nto battened strut behav1our

between alloy and Steel codes,

The incompatibility

lack of information in

the alloy code -and condltlons not covered by elther

tcodes, prov1de ample Justlflcatlon for further work.

This'researeh is believed‘to-be the first extended

'v: ihvestigatiop.invelving aluminium alloy_béttened

struts.

The development of thin walled and beaded

- .sections and the limitations of size imposed by the

extrusion process,inevitably necessitates the use of

-combined sections Tor largcer components.

This

prescnts problems of special interest.



,Whllst the experlmental Al- -Zn-Mg alloys are not

hf_covered by the present CP 118 code, the1r 1nternat10nal

'acceptance as an 1deal materlal for weldlng (w1thout

7":appre01able loss of strength) now opens up- the whole

»approach to- comp051te member de51gn. ‘Lack of
f.connectlon_rlgldlty in battened members has always

' _been a weakness. Welding eliminates this problem.

'5[It w1ll not ‘in th1s one work, be posslble to find -
“fjsolutlons to more than a few of the problems 1nvolved.

‘7”Th1n walled'and-beaded channels, sultably battened

'w1ll be used to try to 1mprove the present state of

'fiknowledge on the follow1ng important des1gn consider-

Q5atlons.p
: 1. "The stablllty of the member as a whole.
2, Comparlson between concentrlc and eccentrlc

loading,in the plane of the battens.

3y A"Spacing>of battens. GiVing due consideration
_to ‘their location relative to the position of .

' maximum bending moment.

4. Effect of batten plates on overall column

'-stablllty,
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;ChaEter 2

Historical Background =

Column'Bubklingw'

In 1757 Euler ﬁubiished%his famous treatise -on the

'strength of'COIumns which included the following

Stéteménf, | UIb'bégih'with I should indicate that

this moment is not limited to elastic bodies, amongst

 which_we have good reason to doubt that columns
:,éhbﬁld péfincluded.. vIt'conce:ns in eséenée, a force
by which«aﬁy body resists a change in curvature, and

it is totally immatéfial_whéther’such a body after

- flexure is endowed with a force to re-establish its

:Voriginal shape or not. For this reason we might

»preferably designate'this moment as sfiffness moment

' “ because- it occurs in all bodies that resist flexure

 whether they are elastic or not".

xThe stiffheéé-moment Euler refers to was designated'EKK

by him and given as the product of the modulus of

frelasficify and thé.square of the”shape parameter. In
uthé:pfeéeﬁt'Euie; formula E . is réplaéed by the
-:p;oductlof'E.(Youhé's Moddiué) and I (second moment ofn
' éréa),. -Bdth<Young's Modulus and the tangent modulus

~were unknown to Euler and since E is only constant up

té a certain stress the basic Euler formula is rest-

:ictéd to use within the élastic range of the material.
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"f"A“peperjpublished'Byttngesser(1) ih'1899 suggesredyfhaf
fE be: con51dered as the slope of the compressrve stress—'

traln dlagram. ThlS is now expressed in the tangent_

"“imodulus formula Wthh is 31mply a generallsed form of

"fthe Euler equatlon. E is replaced by the tangent

dfmodulus Et to glve an express1on for the buckllng

KZE

’ fWhere'Ef iS'th'slope'of'the oompression stress-strain

"stress f.

~curve at stress f.

.E;_Slnce Shanlex (2)-elassic paper in 1947 this formula
'5fhas been supported by Blelch(B)-and~is_aCcepted.as the'
]correct theoretlcal explanatlon of column buckllng for

materials Whlch have-a smooth stress-strain curve.

_Other meruods of dealing with rhe iuelastic'behauiour
'of-strurséxétﬁthe:lower s1ehderness'ratios involve the
zfusefof'rhe:Perry—Robertsonwand.Secant formulae. These

»:ere;based:on,qssumed.initial strut inaccuracies and

 \must'be‘regarded‘as-empirical.

uThe Perry Robertson formula 1nc1udes an expression to

3’cater for. a 51nuso1dal bow resultlng from a bending

A momenr produced by these 1n1t1a1 inaccuracies.
.Assumpfiop is also made that failure will occur when the

”point'ofphighest stress reaches yield. The formula for



'*faﬁiavéragg étreSs:fjat'faiiure is given by

(g - ey - 0mn e

‘where PE' Buler critical value.

ﬁ;f&'; yield stress.

fﬁ_ = a nonédimensional'"khee" factor,
" and is a measure.of initial

" deflection A . n is defined by

Y'CA

2
x

when yc is extreme fibreé distance.

 1;"iﬁubractice;a:cdnstant ¢ is used and n put equal . to -

1ihé‘steél éode'BS 44§.5;1969 USeé the PerryfRobertson
 formp1a fof:ét;uf failure; _ This is-dﬁe to the con-
"fiéﬁﬁationgéf‘the sf%esé»sfrainApurve énd the diffiéulty
. of ésfabiisBiﬁg its exact shapé, which must be |

known iﬁ‘ordef.to apply:the tangent modulus formula.
if'is ﬁbw postuiated>fﬁat if due consiaeration ié_-
.giveg:£§-1§cked up rolling étresses, thé tangent
'hodulus'formuia ﬁoeé'agree.with‘experimental results

~for'Sfeel_étiuts.~

-\Befbre con¢luding fhe strut'theory béckgréund, meﬁtion

 fshou1d‘be made of fhe "Straight Line" formula, where
azétraight'linejis‘used #ofreplace the inelastic part
‘éf'fhe*StIUt curve. :This is the simplest solution

" of all, but may well offend the perfectionist who
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A.“would argue for the theoretlcally correct solution

.;prov1ded by the tangent modulus approach

'_:Local Buckllng -

A;Thls type of local fallure is not 1nfluenced by

condltlons result1ng from the’ varylng degree of strut

'iend f1x1ty.' The mathematlcal computatlons .are labor-

1ous, partlcularly w1th complex shaped sectlons; but‘

| 'the absence of the end f1x1ty problem makes local

- buckllng ea81er to handle theoretlcally than elther

.;column_or,tor51onal buckllng.

-Q'The flrst mentlon of the ‘Tocal 1nstab111ty problem

~;1comes from the work of rzan( ) in 1891 when he dlS—

fcussed the elastlc buckllng of rectangular plates,

';,s1mp1y supported on all four edges and subjected to -

run1form endlong compre351on. He 1nd1cated that the
Icr1t1ca1 stress was v1rtually 1ndependant of plate
glength and that when a long plate d1d buckle thls
qoccurred in: waves A The length of’ each wave was approx-.
‘1mately equal to the: w1dth of the plate Little other .

ipubllshed work’ appears on the subject unt11

'Tlmoshenko s(S) contrlbutlon in 1936 when flat plates A

were'subjected-to various degrees of support and .
f;restraint along'their longitudinal edges. It has -
«subsequently been shown that the effect on the crltlcd.
"stress of restralnlng the two loaded edges of a plate
- decreases rapldly as the plate is lengthened. - The

boundary cond;tlons along the loaded edges have'litile



h,edeffect upon the cr1t1cal stress when the plate buckles

31nto four or more half waves.

_It can be shown that the elastic buckling_stress 9] is
Plate width
Plate thickness.

”glven by P -%?‘ where B
(t) where t-

The‘factor_k is'dependanthupon'the length/breadth ratio,
‘ﬂPoissonfsdratro and the'degree of edge'restraint.
:Graphs and tables are now avallable giving k values for
‘ha varlety of condltlons _ As would be expected, with
_short plates (less than four half wave lengths) apprec-
(';1able varlatlon in - k w1ll occur. When /B exceeds

.pfour'at»becomeS»vlrtually-constant.

'jlocal*bucklino in sections is a complicated problem.
'ilBaslcally all structural sectlons cons1st of a number
of rlgldly connected plates which all buckle together
'and w1th a ‘'common half wave length whcn the cr1t1cal
' load 1s reached The edge restralnt conditions of

.the component plates are very complex as one part of

'»”the’sectlon ‘'will want to buckle first but will be

‘restrained;-to some extent, by the rest of the section,

}which-is still more stable.

If¥we:consider'an_alloy channel section strut, the
- exact solution isfdifficult. 1Taking a web to flange
. width ratlo of 3:1 then 1ho \1mply support(d huckllng

1oad would be thc[same for tho web and flanges, which
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;means they would all buckle at the same load IF they
.were 1nd1v1dua1 plates, 31mply supported at. thelr
.Junctlons‘n There w111 however, in practlce, st111
'.be some* degree of restralnt ex1st1ng at the Junctlons
'-;due to the- dlfferenceiln preferred half wave 1ength
of4the componentlparts AW1th a battened strut this
A'will<be'further compllcatediby theveffect of the
‘ribattens and the interaction of the'tmo channeis forming

ftneHCOmpositegmember.

J,The flrst suCCOszul treatment of 1oca1 buckllng

o 1nvolv1ng a complete sectlon and taklng account of the

, 1nteract10n between the component ”plates" forming I, Z

'and channel sectlons was glven by Lundquist and Stowell<

)
‘~1n 1939 u51ng an energy method In 1945 the same

'authors( ) conflrmed thelr earller work on Z sections

’u51ng the.prlnc1p1es of moment dlstrlbutlon, applied

" to the stability of plate assemblies.  Also about this

' time Baker & Roderick(§> Were eXamining the local

"puckiingpof‘I andeI.alioy séctions using a ﬁcoefficient
:of‘fixity“concept.'- The.theoretical work of Lundquist

. and Stowell was subJected to an exten51vc test prog-

| ramme by HEIMERL(Q) in 1947 culminating in a paper to
the'A.S.C.E. in 1951, which 1ncluded a useful set of
.fcharts tovestablish k values for I, Z and channel

sections and rectangular tubes Finally a compre -
(10)(11)

hens1veand ‘exact solution was put forward by Chllver

‘with.contr;butlonslln 1951 .and 1953.



To summari§é the:poSitiQn Qn»lécal-buckling,,within
- ,{ffhe élaétic range, the following approach is-valid.
1L Members such as angles and tees are best dealt

1:withiih.terms of torsional buckiing.

2. ,For I,‘Z7and'channe1 sectiohs and rectangular -

:,.iubés, use‘the-N,A.C.A.’Cha:ts.'

3. For Sther types of section, the best approach
'{wouid bé;to use one of the methods devised byA
ffﬁﬁuhquiét_aﬁd Stowell or Chilver. Considerable

WQrk'wiil_ héweVer be'invd1ved.

“>AnAapperiﬁaté,_but'much eaéier_method-of dealing
'*:.wif£ ¢9mp1exAseétioné'is to ignore any_intér—f
‘action éhd‘aésumé’the-secfion is compoged‘of a
.éerieé'bf-piafes. Each plate is considered as
Simbly supported at‘the junction with'ifs
_'édjacent piate. The critical stresses are then
'ééiéﬁléted'fof each' plate; separatély, and the
-ibweét §alue gséd to govefn the‘designAof the -
thle séction.:v Resplts,-using_this-approéch,

will obvioﬁsiy'be on the safe sidé,

lOﬁCé the elastic range of the material has been. exceede

' thé'expre§sion p = %? given earlier will yield results
| o () ‘
t

'which are . too high, as it does not allow for the
inelastic_behaviour.of the metal. If E is replaced

by Et_ahd the tangent modulus appfoach involving the

10

d,



: work of Engesser(l) anduvon Karman(lz).is'adopted the

dresults would be on the conservatlve 51de but satls- )

,.factory-f0rides;gn purposes.

'-:Slnce 1936 and the rap1d expan51on of the alrcraft

'“L.lndustry ‘a conslderable amount of theoretlcal and

:.experlmental research has been undertaken 1nvolv1ng

; 1nelast1c local buckllng. ThlS haS‘resulted in precise

N treatments belng developed by Blzlaard( 3) and later

_.,presented asua~genera1 plate.theory by Ilzushin

(14)

”Shanley( )(15) 51m11arly mod1f1ed the earller work of .

"'?von Karman..rAll'the_solutlons however, llke those 1in

“'suggests the 1ntroductlon of a reduced modulus E

"the elastlc range, are for single plates. “,The'problem:
for structural sectlons therefore st111 ex1sts and the
tedlous mathemat1ca1 1nvolvement for plate assemblles

“remalns.

pThe emplrlcal approach offered by Gerard( ), which

secC

'1nto the elastlc formula, may sometimes tend to over
‘estimate the buckllng stress, but in general will glve

"goodgresults,:

-T,Tor51ona1 Buckllng

-gThe flrst notable recorded work for torsional buckling

- of struts would appear -to be that by Wagner( 7) 1n.1929.

_ When-considering an axially loaded, pin ended, strut,

where the ends were,freelto‘warp, but restrained. from

'twisting,_hefderived the following expression for the
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'ﬂdﬁwhere ip:‘ Pélar second.moment of area about the shear

'cenrre..fi )

N dG = Shear Modulus
.zjjd:'sf Venant fersionAfaetor'
o H~;,Warbingafacfor, | |

Thc valuo of J can bo found for any structural shape
. by mothods such as 1hat submltted by Palmer(18) which

"1nvolves the. use of an electrlcal potentlal analyser

"W'The establlshment of H, Wthh is a measure of the .

"jancrease in tors1onal stlffness when warplng is re51sted
n:dls'much more-dlfflcult. Sections which have bulbs and
:fillets,neebmegparficuiarly compiex and nb'practical
mefhdddof}previding-a'really accurate solution appears

. to -exist.

-Iin.-193’-7 b.'dth.lLundguist(lg) and KaEEus(2O), workihg
aflndependently, concluded that the basic expre531on
:;developed by Wagner, whilst su1table for doubly-
symmetrlcal and p01nt symmetrlcal sections, should not
be applled in 1ts present form, to sections w1th no

or only one ax1s of symmetry | They suggested that Ip -

‘and H valpes,should be referred to the:axis of rotation,

d,‘which:wduld not, -as was tnought earlier, be coincident

- with the shear centre.



"~ The flndlﬁgs of QQQQEQE(??)’in~194l and Timéshenko(22)_.

‘aln 1945 d1d not however fully support thls thlnklng

'but postulated that any movement of the ax1s of rotatlon,
'way from the shear centre, was the result of 1nteract10n
j:between pure column buckllng and pure tors1ona1 buckllng

‘about the shear centre.

~‘From'this reasoning;»it‘isvnow accepted, that in
'general w1th unsymmetrlcal sections, strut failure will
g oCcur}as.a' result of 1nteract10n between three basic

forms of instability. - R S x

dl; rVColumnfbuckling on x-x axis
4‘-12;jijcolumnbbucklingvon y-y axis Y— — ——
. . . . ) . . . L . ORIGIW
3. . .Torsional buckling resulting -

from-rotation about the: shear

-
x

centre.
The degree of interaction will of course be apportioned
g in,accordancejwith the relative weakness of the section

‘to the above forms of buckling.

’ .As’with column buckling the effective 1ength of the
strut will have an effect upon results and influence

.,both‘bending and warping.

- The work of Goodier and Timoshenko has subsequently been
'confirmedliby.numerous testingaprogrammes, as a satis-
factory method for establlshlng buckling loads resultlng

1';(?0111 t(:)rsron, Jh(r t ost ing vi r1u¢\1] y all r(,L\t(.\s” 1o



.:akiéiiyuloaded'étfuts and is contained ih'the Aluminium
"ngelopmenf Asséciatioh feéea;chﬁrepo;fs:by Bakéi and
‘ﬁéderick(B), Bentlex(23) and §Eiih(24) Wﬁich together
'“Wifh fhe-feséérch conducféd by RambergAandlkggx(ZS) now
tpréVides:daté for séctibné ranging from anéleé to "topé

hats".

IﬁelaStiq.forsiohal buCkling still,iemains a.férmidable
_;.pfobléﬁ'éndfany theoretigaliwork invbiving thevuse of
4'§fﬁé'sireSs-Sﬁrain cﬁrve is extremely difficult‘to apply
;ih ﬁracfigé, "Aéqeptablé theoreticallagreement with
. théi;'ﬁé$tirgsu1t§ éppearsAto havé been.achieyed by
'Réﬁbe;gAéhd}Levy(25).by adépting an expression E. for

';the'reduced'modﬁlus. E? ié given as a fﬁnction"of E
o : o : ' : E
and the tangent modulus Et to produce a ratio i; by

which the criticél elastic stress may be factored.
Behtley(?3):aiéq deals with the inelastic situation by

. E o
replacing E by E, and G by == in Wagner's basic formula.

E

'-Ié‘summariSe on torsional inétability, which became

: gépéfent ih memﬁerg.with reduced wall thickness, it
‘;mUSt'be‘éccepted that torsional prdbleﬁs were'notv
V'céhtempiafed until mﬁch-latei than eithér quumn or
idcéivbﬁckiing.i Muéh work has been done during the
'. 1astAfeW ygars¢-butAmére'research is needed, particularly
in the inélaétic range, and with complex open sections.
 The‘bri1liant and remarkable work by ylé§gg(26) in 1941;
':deéling with fhe elastic warping of thin walled beams

‘was not translated int0~Engli$h until 1964, and is



v.;stillfvirtually uhknown byfpractising engineers in theﬁ
-;U K ' Thls is regrettable as it. throws new light on
jthe effect of elastlc warplng in thln walled beams
.. Whlch cannot be explalned by the cla551c thlck walled'
'f}beam_theory. i Strut problems 1nvolv1ng tors1on have
*AhﬁAHaibQQ'with warplng 1n thln walled beams.
Vlasov's work 1nd1cated that the "sacred" theory of
St Venant and his unlversally accepted formula are.
only.valid for a beam of c1rcular Cross sectlon if
d,addltlonal stresses caused by warplng are 1gnored
’He submlts that warplng causes some 1ongltud1nal strains
' “and stresses and infers that work done in tw1st1ng is
'fpartly used up'ln developlng these stresses leav1ng
fonly the remalnder of the work to develop the shear
'fjstresses attributed to the "St Venant Tw1st".' It
:1s argued that deflectlon caused by tw1st1ng sets up
.”a palr"‘of bendlng ‘moment s wh1ch is called a ”Blmoment”-
ibthlasov ahd.represents a mathematlcal function
“simllar:ih itslapplications to a bending moment. Hence
'it can be sald that. the total twisting momeht is a sum
1‘ of pure St. llehant twist PLUS some additional torslon
‘Wthh causes(a section to bend (restrained warplng) and
'sometlmes called "bendlngdtw1st” It -should be noted
',that this latter twisting component can produce
':deflectionsvseveral times.larger than the rotational

component of St. Venant.



E buckllng 51tuatlon similar to the work of Bulson

1o
i

A mOnOgraph.by Zbirohowski-Koscia(27) endeaVOurs<to

fput the work of sc1entlst Vlasov 1nto a. form that will
'be more readlly understood by practlslng structural

‘yeng1neers,~

There does not appear to be any recorded study of "inter-

l'actlon between local and tor31ona1 buckllng in the post

(28)

'_.COvered by A;D;A._report.No. 28 for combined local and

" column buCkling.

.,Conclus1ons - Buckllng

y-Not w1thstand1ng the complex problems Wthh still-
fremaln to be 'solved for single structural sectlons it

'1s the aim of th1s the51s to prov1de data for the

*_de51gn of compound member s such as. the battened strut.

‘_An approach will therefore need to be used which will

:i endeavour to take account of knowledge as it at present

Aex1sts. CIt is accepted that 1nteract10n between the

'fthrce ba51c forms of buckllng 1s not fully understood

and any recOmmendatloris will therefore need to be

- based on test results.

sCompound Members-General

“_The size ‘limitation placed on extru51ons produced in

the U.K.; by the requirement that dies must fit into

.an‘l8 in.diameter circle,. has enforced the use of

,fabrication:techniques for larger components.



' “ffRockez's admirable Works, publlshed in A.D.A. Research

;Reports

(29) to. (34) 1ncl prov1de comprehen51ve data -

'ffor plate glrders sultable for the larger beam requlre-

ments..' Unfortunately the research generally deals

V*hlwlth'riyetted constructlon.

-Data for strut de51gn is not SO far advanced and

research appears to be llmlted to pairs of angles or

-channels back to back sultable for such items as truss

B ﬂfrafters.- Work by Culllmore(. ) deals w1th pa1rs of

ff'ahgleS'placed'back.to back._ A useful contrlbutlon by

' leght<3§)=provides'data for reinforcement lips and

"'bulbsvto.combar_lecal and torsional buckling.

‘iIhe,deyelopment of the weldable Al-Zn-Mg alloys should

'f,resultwin larger'solid fabricatiohs; -+ It would,

'hQWever, appear that componentslof the battened strut

ﬂd.configurafioh‘will still be extensively used purely on

- the grounds of econOmicfuse of an expensive material.

':rAlloy Battened Struts
. A.literathre search indicates that no serious work has

.~ been under taken for'battened struts in aluminium alloy.

. This is understandable as prior to the last war the

aluminium alloys were little used for main building

structure members.

'.‘”StrUCtural Aluminium"(37l a handbook published in 1959

_offers a broad»sclution tolthe problemvusihg an approach



.;ﬂcomparable w1th what would be adopted for thlcker steel
'isectlons.,h The recommendatlons do’ not 1nclude tors1ona1
-tcon31derat10ns and: are obv1ously malnly appllcable to
4”th1cker walled plaln sections. . Where eccentr1c1ty of
}1oad1ng is present the use of battened struts is not
frecommended. Ihe memberzconflguratlon indicated is

<ﬂalso.most'suitable for rivetted construction.

Reference:to'bthfe German Standards DIN.4113 and DIN.4114

‘glve some guldance on. mult1 -part. compress1on members.

i~;The de51gn requlrements ‘are however appllcable to both

"ffsteel and alumlnlum with adjustment factors for the two
.materrals. This would not appear to be satlsfactory
jiwhen thin walled beaded sections, with complex modes of

" failure are involved.

Steel Battened Struts A

By comparlson a good deal of research has been under-
taken for steel battened struts and earller work will
be‘briefly dlscussed as a background to the~useful
‘contributions'made durino'the last 25 years. Unfort-
unately most researchers dealt with concentrlcally
1oaded members.' A1l references prior. to 1913 have been
ondensed from Dr. Ng's dissertation on the ”Behav1our
and'De51gncof.Battened Structural Members'" which is in

. the University‘of Cambridge Library.

The first recorded work appears to be that of

: Engesser(38>jin 1891. It concerned concentrically.



loaded struts where'each of'the two.main components

carrled half the load and all the batten connectlons

R were” con51dered as completely rigid.” Both these

’:assumptlons were etroneous as malformation in manu-

; facture causes unequal loading of the4main components
"and the rlvetted batten connectlons are not completely
;_ragld and lead to early fallure Engesser d1d however

' make adjustments for E beyond the elastic limit.

_'Work by EmEerger( ')‘in 1908‘involved a series_of
“ﬁcexperlments for angle, channel ‘and - 1 sectlons He
'7used "flat ends” for the test pleces Wthh 1ntroduced

‘'end f1x1ng moments dlfflcult to analyse in theory

',_-The adoptlon of Tetmajer's(45) emp1r1ca1 straight line

Sformula was not really suitable for comparlson with the
:test results because of 1ts limitations for slenderness
_ratlos 1n excess of about 105 Some of the struts
tested were formcd from four corner angles with battens
parallel to both major axes Wthh appears to be over

‘_ ambltlous when the batten fixing problem had not been,

satlsfactorlly resolved._'

in~1909‘apd.1911 Engesser(4o)(41)zmodified his orlglnal
_Wotk'tO‘take into account member deformation between
'the_battens’and todsuggest alvariation to the true
Aslenderness ratio by a method-involming reduction
coefficicnts. - As tho-coefficients were dependent upon
eXpQrimental'Jesults}tho method had.limitod prnctica]

application.



. fA theoretlcal ana1y51s offered by Krohn(42) in 1908
'thﬁfor double channel columns Was, by comparlson, s1mple
;.to_apply.f“A palI”Qf channels were considered to

' deflect in the  p-lane of'the battens and expressions

'?Tbased on TetmaJer's(45)jstraight.linehformﬁia and an
f[analogy were employed to find what - proportlon of the
‘total 1oad'was carried by the most. heavily loaded
.?memher.;:l |
h.Papers by Mnller Breslau(43)(44) appear‘tO»be‘the first
-‘contrlbutlons for eccentrlcally loaded "bullt up"'
‘columns and 1nvolved the use. of a deflectlon expression
:vbased on the.slnus01da1 curﬁe Tetmajer's(45)stralght
Qllne formula was again used although the - struts tested
ﬁdld ‘not- fall elastlcally | Account was however taken
:_:of panel deformatlon due to shear, bend1ng4moments at
.the batten pos1t10ns, and the d1stortlon of the batten
plates themselves° An‘expres51on for crippling due
~h tohelastlc bendlng was also derived. Muller-Breslau's
' findinosAfor shear:and:bending wete not.satisfactory
'3and his conclnsiOn'that eccéntricity'had no éreat
.infiuenceton_the crippling'load was ofbcourse totaliy

~ ‘incorrect.

_-Fromdabout,lQiZ{the world reQuirement for large bridges
resnlting“from heavier.tail traffic involved the use of

.the_laced'and battened type "built-up'" members in gitder
construction.A During the period 1922 to 1933

committees wefefset up by'the American Railway Engincering

“Associdtion and later by the American Socicty of Civil.



ﬂgEnglneers to 1nvest1gate the des1gn and appllcatlon
xof."bullt-up" struts; Early work by the A R. E A.
| 1nd1cated that lacing was to be preferred to battens

:Mbecause of ‘the sudden buckllng of the batten plates

";‘thermselves." The commlttee report postulated that

-:batten plates should not be used if the full strength
‘of the'strut was to be attained but_comments made on
,‘:hatten'plate.spacing shows these to be too large for

good strength development.

.'iMuch of the Subsequent work contalned in the

A. S C. E.‘reports (46)(47)(48) (Whlch contaln some 250

jpages) 1nvolved the collectlon and summar1s1ng of

- earller research work on columns Thls was a useful

"service‘and~provided a good background to the problem.

;AThe actual testlng(47) undertaken'was however very

"llmlted belng restrlcted to four columns, three with

'eccentrlc end loading Wthh was applied on opposite sides

“of-theAmaln column axis, to induce a specific amount of
V::shear, andlone with normal eccentric end loadlng
arranged tovinduce bending on the strong axis of the
| column.-’ The end bearing blocks for all tests were so
'arranged‘to provide a "pivot end condition"- and
'adjustable eccentricity. lt was recognised that the
questlon of shearlng stress and shearing strength of
columns:was-lmportant and 1n1t1al testing was done using
the;columnslas beams with a central point load, by which
means it‘wasiobserved that deflections gave reasonable

agreement with calculated values, providing shear.



31

'f.dlstortlon was allowed for. CommentfwaS»made on the
f_fact that deflectlon due to shear exceeded by many’

times thattdue to bendlng moment aloner

‘hflnicommentindrupon the A.S.C.E. testing; the'opposed

'iend eccentr1c1t1es resulted in a shearlng force at the

ends of the columns of about 5% of the ax1al load.

:Ihis is.excessive'and unlikely to occur in practice
' eicept‘With:very-short columns. - The-member proportions
hadopted for the testlng prov1de a slenderness ratio of
'fonly 22 Wthh is partlcularly low for practlcal purposes.

*.HAlthough the commlttee's flnal report( 8) stated that
:the battened column was only suitable if very small
_eccentr1C1ty.ex1sted 1t would appear that its use can
'Hbe economlcally Justlfled in many 1nstances, where the

' loadlng condltlons are what could be regarded as normal.

The death of . Muller Breslau resulted in his unflnlshed

'works_belngjpubllshed«by Petermann(49)(50)

n 1926 and
1931.3' lhe first'publication gave data for tests
rcarried out on twenty—three_columns, all concentrically
ﬂloaded, and uslng three different sections of channel
f:with si#‘yarying column cross sections. -Batten
rspaclng and the number of battens was also varied.
VpKnife<edge‘loading was applied allowing for bending
'about one axis; | Comparlsons between the test results
and the buckllng loads were calculated using the Euler,
. Tetmajer, Krohn and~0ar]iér Muller-Breslau formulae and

“showed--considerable variation. The test specimens were



,“sp varied:h0wever that it was unreasonable to try and

‘ifidféw éccﬁréte.conélusions,<butf?etermaﬁn did suggest

i‘thét‘MullérqBreslau's'accurate formula P = FZE Ié Yy

ﬁ_-1nvolv1ng the complex expression for the derivation of

the-reduced moment of Inertla I ; should be adopted
'_for evaluatlon of the buckllng load He also

.Iv;ndlpated.that.the slenderness ratio of thé individual
| ﬁéiﬁ‘somponents:sﬁould be limited to 40 between fheu

la;eral-ties;

",Csntihuingiwifh MulleréBreslau's wdrk} Petermann'
éohdubted‘fﬁffher.ekbefiménts using,fhe German mild
stesl desiénated "St 48"} iThe same ﬁroceduré.and
.féséing édﬁipmént used‘for,the4earlier tests was

Vadopted to 1nvestlgate ten columns, 1nvolv1ng flve

. fdlfferent types of assembly. All columns were of the

- same length and cross sectlonal proflle but the number
'Qf battens was varled,,for each of the five types
Atested. "Bafféns-weré spaced at equal increments for
>each type. This work was undertaken mainly to invest-
.1gate the behav1our of "St 48" mlld steel. Petérmaﬁn
-concluded that h1s test results could ‘be favourably
:compared with those of Muller-Breslau and that the
German State Rallway formula for columns was acceptable
| for gse w1th "St 48".stee1. He also suggested that.
_fheuslendernéss ratio for individual members between

'4battens be reduced to 30.



”_Mentlon of battened columns also occurs in the wrltlngs

f:Of Ratzersdorf( .)'and Tlmoshenko( ) E A brlef comment

bjof thelr work appllcable to thls dlssertatlon is as

lfollows;

| pIn 1936 Ratzersdorf 1ssued a. rather confused and limited

~:work on test: columns Wh1ch failed by elastlc buckllng,

to hlS calculated values. U31ng the stralght line
‘formula and a reduced slenderness ratio, which was
establlshed by the use of a’ parameter controlled by the
;:number of battens, he offered a formula for the. inelastic
‘;'lbuckllng 1oad _ Hls results were not favourable when
ompared W1th earller work and he suggested this was due
th ﬂmovement.of the JOlntS";: He d1d not however

investigate further.

Timoshenko‘s'contribution, in the same year, assumed

’that there would be no batten rotatlon as the column

bf deflected and that the p01nts of contraflexure would

occur at the m1d panel p051t10n He derlved cr1t1ca1
load expre551ons for the column as a whole and for-t.
‘local fallure between the battens. His tests however
"showed that the overall deflectlon resulted in batten.
.rotation whlch moved the point of contraflexure from

' the mid-panel location assumed.

"No other 1mportant work appears to have been undertaken

on the comp051te ‘strut problem untll 1947 when

oo
_Wah Hlng Ng( ;) submltted a Ph D dlsscrtatlon to. the
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;Unlver51ty of Cambrldge This work was an extensive
,1nvestlgat10n 1nto battened structural members Wthh

llextended'over a three year perlod.

'Ng tested over seventy struts, all w1th a nomlnal length

'iof 6 ft and formed from two pressed steel channel

1

- sections each w1th a 25'1n x 2 in x § in thick cross-

“:?sectlonal proflle. The number of "pairs of'oattens"
»per strut ranged from flve to nine. Each end of the
»istruts was located onto a "roller and knife edge”'
:‘arrangement Wthh was adjustable to facilitate both
'Cax1al and eccentrlc end loadlng. The first twenty-
:flve;tests were carried out using aAsingle knife edoe

" which was subsequently modified to include two knife

'lledges at right—angles. This latter arrangement

‘lpermltted the struts to rotate freely about the p01nt
in the block prec1sely at the 1ntersect10n of the two’

Yknife_edges and deflect in any desired direction.

HfWHilst accepting tne lb‘ton load limitations of tne rig
"tone'is led~to wonder lf 21 in x 1 in x § in pressed
-5;été¢1 channel“section was a suitable selection. The
'.narrow.width and general configuration of the flanges
F'aié snchtthatvthe lateral stiffness of the individual
_1channe1s between battens would be poor and directly
.inflﬁence'the frequency requirement of the battens.
With a tnin pressed steel section one would have |
,expected a flange width of abont half the width of the

. web. Lateral‘stiffnesslcould also have been further



35

1ncreased by the prov1s1on of pressed lips .at the
fflange-toes.i With welded struts better overall
'buckling.performance would have been obtalned if the
;channels had been "toed 1n" brlnglng ‘the bulk of the
metal a further dlstance from the centrord of the

'_strut;

-'The endpblock‘rotatlonal and pivot" arrangement appears
‘~-£6 be umduly complex by present day standards. It is
'targued that a S1ngle ball seatlng, w1th the seat
sllghtly enlarged relatlve to the ball diameter, and
ausedAln cohjunctron,w;th:a'hlgh load, .slow speed, anti-
LdSeizeotype P.T.F. E. silicon grease, such-as the I.C.I.
| exper1menta1 product EP 6225 should now be used " This
'fwould appear to give enhanced freedom of movement over

'_prev1ous methods in thls ”d1ff1cult pin end” problem

‘The foregolng comments do not detract from the excellent
‘contrlbutlon submltted by Ng Contrary to many earller
Llnvestlgators he tested a large number of struts
.involvingvflve different types of spe01men (varied
ubatten:spacing)aWith:each type loaded axially, and with
%'ln, 1 in-and 3 in eccentric end loading in the plane
oftthe:battems. .In additlom five specimehs were tested.
under a 3 in eccentric-oblique loading, where the top
and bottom eccentriCitles were positioned on opposing
srdes%of the strut centre lihe;.giving a 1% shear,
'(much more akin to practice than the 5% given by the

A.S.C.E. mentioned earlier). = Ng reports that in every
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fcase the oolique loadlng condition gave larger collapse
'loads than those for comparable struts with the % in
itop and bottom eccentriclty on the same’ side of.the
‘gcentre line, giving no end shear. He concluded that
.struts subjected to ‘end bendlng moment are weaker "
t“when end shear is NOT present The work was accord-
vingly concentrated on axial and pure eccentrlcally

:loaded members, (both eccentricities on same side of

-fagis),

v~Resnlting:fromlhis'tests Ng found that, .in general,
;tne'strnts collaPSed as'a result of plastic hinges
A Jforming in'one of the end panels, when nsing-the'loading
- .system as”designed.. 'On controlling the descent rate
‘Of tne load container, thus slowingvthe strain rate,
“collapse”COuldibe‘made to occur in oneeof the mid-height
'panels. __Ihis‘latter mode of collapse is generally what
-1wouldibe e%pected in a strut of'practical balanced
nroportions, A:Ng investigates tne end panel failures
and goes_to some length in his explanation of the
dsitnationr "ln'considering the.matter further, one is
led to the vVery narrow (% in) flange.width chosen, which
is'little more than edge reinforcement of a flat plate.
:Tne-lateraljstiffness of the individual channels is
:therefore_small and it is probable that the moments
induced-in‘the.individual members of the end panel
from eccentric end loading, and any "hold up" at the
end bearings,.had béen Just too much for the narrow

Llanged channcls:



The main findings of the work can be summarised as

-ffoliwa--_7'

e

None of the spec1mens falled elastlcally, but

Tv.generally by plastlc collapse of the channels

eln the end panel both channels bendlng in

_double curvature. ) If however, the straln

N rate was controlled plastlc collapse occurred

(d)

- members is virtually rnominal, slightly more being

‘necessary when loading is eccentric.

‘Withione.channeliln the centre panel; giving-

a‘single curvature configuration.

5Theamost severe loadlng system is. with end

: loadings:equally eccentrlc on the same side of

the'strut axis. ThlS is a no- shear condition.

It is uneconomical to save on batten material.
fBatﬁens should be spaced to give a maximum
slenderness,ratio4of 50 and their depth should

" be af least equal to the clear distance between

the main members for optimum load carrying

“capacity. The welding for battens to main

1dé511y; the strut proportions would give a

minimum value .of slenderness ratio between

.70 and”lOO overall.

'The'vdrtual prohibition'of‘battened struts for

main members intimated by the design codes is
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‘unjustified. 'Whentproperly designedpthey
'should_belpermitted-in'important'structures.

A'-In 1952 Jones(53) in a purely analytlcal paper submltted

A Theory for Struts with Lattlce or Batten Brac1ng

| pHe assumed that the shear stlffness of a panel can be

‘~taken as dlstrlbuted unlformly along ‘the strut and

7‘postulated formulae for the crippling load of a strut
fw1th llght shear brac1ng and w1th equal eccentr1c1t1es
Aof end loadlng : Further expre551ons deal with the

‘4[cond1t10n of dlfferent end eccentr1c1t1es and a-

- uniform transervetloadlng.-‘ The formulae are comparable:

4”with.thosetfor struts‘with heaVy shear braoing but an
*extra’term.has:been.included for shear stiffness,
1-Jones prov1des a complete analytlcal argument to deal
.w1th the shear stlffness of the usual forms of light
shear brac1ng and for struts whlch are batten braced
dand hav1ng both equal and unequal chords. Thls work
“is a useful oontrrbutlon Wlth parts that will'have.
application when investigatlng the  test results of this

. dissertation.

Research'carried out jointly by Koenigsberger and

h Mohsen(54)iin 1956 set-out to establish a simple design
formulatfor welded battened struts. They felt that
‘some means of finding the economic design proportions
for.struts,,consistant with a maximum load minimum

 weight concept, was desirable.
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':To checkfthe Qaliaity of ‘any such fofmulaAthey conducted
a series of tests for batténed struts, all designed in.
accordance with the rules and specifications existing
‘at that time. The purpose of the tests was:-
(a)ﬂ.Iovgéjaplish a load factor fqr'the‘wd:king td:

collapse load relationship.

(b) By the use of strain gauges determine surface
stresses resulting from axial and eccentric end
"load and shear, at the positioné assumed to be

‘maxima.

"Thé-factors controlling the shear coefficient Cb given

e by‘IimoshenkO's formula were examined for battened

§truts at (PCr)b ='CbPE'
T°EI

L2

- when P.

E Euler expression

Critical concentric load on the

when (P, )y,

battened strut.

he

C,: is shown to be a function of

b A
where %c = slenderness ratio of main members
between battens
" where A = slenderness ratio of strut as a
whole. Buckling in plane of
battens.
,‘KOQnisbefgar and Mohsin then itnvestigatoed fhe breadth

. ) . L I .
to depth proportions for battens and submitted a = ratio
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where b was the distance, centre to centre of the main

‘ ..lmemberﬂheutfal,axes and d the depth of~the battens

along the struf_axis. A relationship was also estab-
'le.lished’befweeﬁ the-batten bending stress f, and the

‘fratio~of lateral shear force to axia1~load.5 given by ©
and expressed as ?T .

It was now possible to vary Cb withﬁ)c; b and fb to
“‘obtain optimum values for the variables to give a

J maximum shea:.coefficient value Cb for welded struts.

'-IheSe;Were Ac o= 0.47
Y
£
RS R
@ = 00
| I = 1

:Usihg.Tiﬁoshenko's;fdrmﬁla‘as a basis, an expression
designated as formuia (12) was developed and a

~resulting value for C, of .085 obtained.

The failure-loeas from some nineteen concentrically
loaded strut tests are given and compared with the
'work of Engesser, Muller Breslau, Timoshenko, Blelch
and Pippard;' -Good agreement was obtained when
‘Tlmoshenko 's formula was used as a basis and an
effective. length of .85 of the length between the
-battehs'adopted. When struts with small eccentric-
lities-Werelcensidered the formula gave good agieemont

Awith Ng's work.



In commenfing_oh‘the practical applications of thé
4Struts tested it is_g pity fhat_Koeﬁisberger and
'Moﬁsin, in company with some earlier welded battened
sfrut'researcﬁers chose to toe the main channels
"outwards". = This reduées the overall strut perform-
ance: as. compared with those which are toed "inwards" -
. and can bé properly welded, It is also noted that
oﬁly4tw9.runs‘of'weld have been proQided per batten,
"leaving fhe inner member edges to battens unwelded.
ihis will redﬁce the stiffness of the batten-to-member
_connection and offer a.weakﬁess,should one channel tfy
to move 1ateia11y relative to iﬁs partner. The ball
;seafed end fittings, with the seatings slightly
enlérged felativé to the ball diameter is undoubtedly

‘as "free'" .an arrangement as possible.

Finally in 1960 Jenkins(ss) tested seven battened
columns formed from Channels, toed inwards, with seven
pairs of battens equally spaced and welded on. All

- the struts were alike except for the amount of eccent-

41

.ricity applied to the end loading which was transmittcd

through well greased ball seats. In all cases the
eccentricity promoted bending in the plane of the

béftens.

Strain measurements were restricted to one column and
~ involved the use of % in electrical resistance strain
gauges locéted in the bottom end panel where the

expected maximum bending moment in the individual
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"fchannel meﬁbers hould'occur'from‘the’eccentric end
rdloadlng.;: For a symmetry check these‘gauge p051t10ns-
were dupllcated 1n the top panel N Batten rotatlons
ﬂwhere_measured‘w1thvthe aid of a theodolite, mirrors

.(attached.to:the battens) and a Vertical board
' equlpped w1th squared paper. The columns<were rest-
<ra1ned laterally, at right angles to the battens, at

dmld-helght, by a lateral-support device which included

‘ ;bal1S'to ensure‘virtually unrestricted displacement in

the dlrectlon of the plane of the battens only. This
'dlsplacement was’ measured at mid- helght and at batten

' pos1t10hs.

:Ih'hls'theoretlcal comparisons, Jenkins developed
.expressiohs'for the prediction of maximumuload carrying
'capac1ty and u31ng elastic theory presented two methods
- of arr1v1ng at the deflected form.  The first was ‘based
.upon.the‘continuous web medium concept with the battens
'-consideredoas'replaced by a hypothetical continuous
(56) and Pippard(57).

FThe second 1nvolved the use of modified normal slope-

'medlum 51m11ar to the methods of Chlttz

.deflectlon equatlons to include for. the axial thrust.
'dln.the second method he postulated certaln simplifying
Aassaﬁptiohs, which enabled the problem to be reduced to
the‘solutiOn of a set of "n" non-linear simultaneous
equatlons, (n = number of panels in the column)
4'perm1tt1ng evaluatlons of slopes and lateral deflectlons

vThis followed the work of Ng.
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USing “Coiiapse“Theory" Jenkiné next. considered the
"‘iultlmate load carrylng eapa01ty of the ‘battened column.
‘Acceptlng that a large number of varlables ex1st the
.problem was’ restrlcted to the required. plane of
buckllng, by the 1atera1 support device previously
mentloned Wthh ellmlnated the weak axis buckllng

This dlctated-that buekllng would take place in the
%niane Qf the battens on the'etrong axis of the section,

to which condition two calculation methods were applied.

chetnod_1 inQoi§ed_a-plastic:cellapse'mechanism and the
}estéblishment of.the intersection point between the
'elasfic fesﬁenee and plastic collapse curves as
descrlbed by Murraz( 8). 'The actual collapse load for
‘a given strut could then be found from the 1ntersect10n
:p01nt of the plastlc collapse line and the deflection

c:uve, derlved from the elastlc theory.

ZMethod'2 made use of the interaetion type of expression

- as discussed generally by Massdnnet(Sg) which is of the

form
P ..M _ _ .
ot W =1 when P = applied load
cr cr ' )
' : M = applied end bending moment
P = Critical axial load with
cr
NO moment
Mcr = Ultimate moment with NO

axial load.

The value for‘PCI was derived from the basic Timoshenko

expression modified in accordance with the proposals of
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':TjKoenlgsberger and Moh51n(54)'and a value'for M

e(consldexlng M as the fully plastlc Moment of Resistance
- of the column c:oss;sectioh) was_establlshedmv This
o resulted“in the basic equation

Cer Mo (1 - F ) = 1 becoming P~ - P(35 + 228e) + 306 = O
' ' - “er C ‘ fy

.where‘e“Wasjthe.eccentricity (including initial lack of
'Straightness)'and fy was the yield stress of the

‘material.

-The curve show1ng the relatlonshlp between P and e

o derlved from thls equatlon was then ‘plotted -with the

test collapse loads for dlfferent values of fy.

ijenkihS’found that:tﬁe cohiihuous medium theofy showed
.-foood.feeultsfln predicting column deflections but was
inbse:louS‘erfor.for end batten rotations and bending
momentsl The lengthy slope deflectlon ‘method gave
'{falrly accurate data on the state of the column in the
';elastlc range. The methods of arriving at-collapse

rloade uere both encouraging, with the intersection of
" the plastic collapSe and.elastic response curves giving
‘Qalues 5 to'ls% low when compared wifh the continuous
'“medium fheory. ,~Usiug the‘slope—deflection curve gave
: evehvbetter.agreement. His comments on the calcul-
atlon“uork involued'and fhe.need to enlist the elect-
fonic co@outer for the:production of design tables or

formulae are interesting, particularly as the number of
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.

'55para¢eier$ waé controlled in this work by the mid-height

- restraint.

"ﬁIt:is of pafticular inférést that in commentry upon the

”‘~»1ow:resu1ts obtaihed‘when using the interaction formula,

he felt these Weré due to lack of refinement: It was

' _suggested that the formula was in néed of further study

éhd fhat it offered an approach which was easy to .apply

‘to practical design.

. In conclusion it was noted that Jenkins only used

'strainrgaﬁges on one strut and that these were lTocated

in the top and bottom end panels. © It is assumed that

"."this was done under the supposition that the highest
j‘stféssesgin‘theuindividual members could well exist at
-this ldéétion.. Ultimate failure did however occur at

‘the mithéight of the strut and not in the end panels as

li'with,the'tesfs'conducted,by Ng.

"Summarz‘.

Ih summing up the background information available on

‘the battened strut, it is clear that much more work is

': still needed, even when orthodox thicker steel sections

‘are .used.  The work of Ng and Jenkins highlights the

‘requirement of some ruling on the minimum lateral

stiffness of the individual members in the end panels,

»pé:ticularly'if end moments exist in. the plane of the

béttens.'
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',;The 1ncrea51ng use of thln walled cOld formed steel
:rmembers means that 1nvestlgat10n Wlll be necessary,
”exactly along the same llnes as-is accepted practlce

for llght alloy des1gn. Tor51on and local buckllng

e lfcannot be "glossed over" or the test rlgs so arranged

as_to ellmlnate.certaln tendencies if realistic
sqlﬁtions are to be found. The interaction between
‘ the varicus modes of failure is extremely complex and

- ‘much .research is needed.

'd'Because of;fhe difficulties cf the interacticn problem,
-.and—fne'gabs*in-knowledge which'eXist af present, this

' _disserfaticn will endeavour to develop.rules for the
:design;cf,battened-struts. .Using the results of the
dtesting progfamme and Shanlez's(6o) ”Interaction
'LMethod"‘itfis'hcped.to provide-a theoretical method of

defermininglallcwable loads for battened struts

esdbjectedeto combined loading.

It is anticipated, that by this approach a "covering"
:design concept can be established and the areas where

- further research is needed indicated.



Chapter. 3

. Aluminium as a Structural Material

’_A1uminiﬁm Described
’»The use of alumlnlum alloy structural frameworks now

.appears to be 11m1ted to spec1allsed appllcatlons

"dThls 1s purely because of materlal production costs

~.and 1t can only be hoped that modern technology will

- develop processes enabllng one of the most plentlful

u-dmaterlals on the earth's crust to be put to fuller

use'

‘”,For.manywyears‘the‘author has been.involved with its

happllcatlon to large spec1a11sed structures such as
fradar and aerlal towers, walklng dragllne and crane

L‘Jobs,_openlng'brldges and E.O.T. cranes. Experience

' has‘established that the potential of this remarkable

'light¥weight material has never been in doubt.

" Amongst structural engineers there is a disturbing lack

of knowledge- of the materials they use. This 1is

regretrable;and with the increasing use of thin walled
sfeel:sections nany‘engineers will begin to realise
how llmlted 1s thelr knowledge of the mechanlcal
behav1our.of metals;‘ Alloy sectlons w1th thelr thin

walls, beaded or lipped ‘extremities and low modulus have

‘always presented design problems which can only be

described as fascinating.
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:Aé'many'strucfu;al ehgineefS‘will'not be familiar with

aluminium a brief description is included..

'CommérCiallyApure-aluminiumvis a ductile metal too soft

and low in strength for a structural medium.

~‘When limited amounts of specified elements are added,
stiiking property changés occur, giving increased
strength and susceﬁtibility to heat treatment and work

';hardéningﬁ a

'.‘Many aiipyihg elements are used, the most important
béingA¢opper, maghésium, siiiqon, manganese; zinc,
vniékel‘ahd chromium. Which of these afe'included in
éﬁy sbeéific.alloy ahd in what quantity is.decided by:-
".(a)' Mechaﬁical properties. |
:(b)'}RQSisfahqe-to corrosion;,
f(é) Réquired standard Qf fihish,

(d)“ Méthéds of fabrication used..
'.St:uctural material is usually‘formed from wrought alloys
':Whose crystalline structures have beén radically changed
_gahd mechanical properties much improved by rolling,

extruding, forging and drawing.processes.

Treatment -
Wrought alloys may be sub—divided into two groups
'(a) Heat-treatable alloys.

.'(b) ‘Non-heat-treatable or work hafdening ailoys;



' -CgSt.élloys are nbt-generally used in structural}work,

“Where they'are‘used_the_composition is largely decided

'fby'théArequirements of manufacturing methods. Thisv

'materialtis:Very different in composition from the

. wrbught'alloys but can be heat or non-heat treated as

.. required.

Heat Treatment

"Ihe-térm,”heat treatment" applied to aluminium
'alioys-deqotes ”sélution treatment" followed by

-‘an "ageing" process. This method enables

suitable alloys to be considerably hardened and

‘strengthened."

Solﬁtibh treétment(involves heating the alloy to

afparticuiq; temperature, in the region of 500°C

‘and queriching in water. This will increase the

strength of the material whilst allowing it to

 retain a fair degree of ductility. Forming can

-.be conveniently undertaken at this point before it

"age hardens'" with time.

,With‘double~heat treatment alloys the age-hardening

. effect is only slight unless "precipitation

treatment'" or "artificial ageing" is carried out.

‘This.second  process 1s accomplished by re—heating

to a temperature of about 170°C for a specified

period,and has the effect of raising the ultimate
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;étxeﬁgth‘Stili'further;'particular1§ the proof
7§t£egsg(§ieid'§treﬁgfh)which'iszoften aimost
: aoqbled.f :Pfe¢ipitatiQh treatment .does however
~:édu¢e ductiiify ahdJcbldAforming_cannof readily

- be performed on_fully heat-treated materials.

.Annéaling is'carried-out extensively during
maﬁufaéfﬁre of rolled.or drawn material at a
' :féhperatu?e about‘SSOOC. This :eﬁoves effects of
.work:héraeningAandiis NOT ciassified as heat- |
-‘fréafmeﬁtf - |

A

 (5). Nén;heathreatmeht

| 'ﬁoh;héatit:eétablé alloys do not gain stiength from

'Vhéat*treatment but froﬁ the amount.of cold work
applied during manufacture. They rarely prove
attfacﬁi&e_tp_the structural engineer because of
fheir.:eiatively low strength in the as-extruded
form.”; Occasional use is justified where improved

- formability or higher weld strength is desirable.

~Maferial‘DeSignétionl

:TheiBriﬁiéh'Standards Institution specify the designation
_:6f all métefiél and the relevant data ié contained in’
BS 1470 - 1477 inclusive. Applicable standards for

this project are BS 1476, 1477 and 1475.
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'Compléte;nomenclature of any product consists of .a

seriéé'of symbols/occurrihgain the following sequence

"(a),TFifst.préfiX‘létter denotes -if material is heat-
tfeatableoﬁ H signifi95~alloy is strengthened
'by héat—freatment and N denotes it is non-heat

'freatable; ;_Cast alloys are prefiXediLM.

(b)}'Second.p;éfix defines the form of product. For
examplé_E would indicate an extruded section and
P wouid‘idehtify platé; When an alloy is referred

.to'in_général-térmé the second prefix is omitted.

(c)f Gxéding‘of.aluminium'ana its alloys is made by
:idehfification nhmbers. The same number is used
-in‘WﬁateVé;.WIOUght_fori it may be obtainable.
Aiuminium>0f.99.9§% pﬁrity is given classification 1,
whilst,thé.ofher grades of pure aluminium are

.~ 'identified by suffixes A, B and C.

Alloy numbers range from 3 to 30. Numbers 3 .to 8
vinclusive‘are non-heat treatable and 9 onwaids_refer

to heat-treatable material.

f(d)_ Suffix_letters are used to denote temper and

condition of heat treatment.

Théltempef designation applies to non-heat-treatable

alloys:where strength has been increased by strain




' Jhardéﬁin§;' .This may be'deliﬁerafe, aé with

- _éﬁeef;roiléd’fq'a speéified‘dégfee'of hgrdness,
:*Qr.incidenfal; as would occur during the stretch
'”sfraighféning of "extrusions. Forming or. other
 lcoldjWoiking'of a"fihished product will also-affect

ffhe temper.

";Sﬁffixééfadopted»fdr.puré aluminium, non-heat-
f#éatébié-aﬁd?the beat—t;eatable alloys are.giyen

.. ih Appendix.”A"'of'CP 118,41969. Reference to
ithis data wdﬁ1d shoW'fhat a WP suffix indicates
that $o1ution and preéipitation treatments have
'bbfh'beéh:éafried ouf." Thié t;eatmeﬁt is ﬁsﬁal

“for‘thé_bulk of»structﬁ:al sections.

‘A;typiCAI structural alioy designated HE 30WP

”shoﬁldfnow be fully understood. .

Recommended Structural Alloys

dee of Pfa¢tic¢-CP 118 lists nine alloys for structural

. use. Principal,alloys,ére H30, N8 and H9 and
.supplementa;y alloys, listed in Appendix C, are H20,

- H15, N3 to N6 inclusive.

It:is‘regfettable that AIQZn—Mg alloys with their

'ugreatly‘enhanced weld strength, do not appear in the
- presehf Code of Practice. - They have not yet found
favour'ih the UK whilst élsewhere, and in particular on

“the confinent,of.Europé, fhey are well-established and

in demand for ajyériety of applications.
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At presentftheifecognised alloy for stinotUrai work
in the'U;K;‘iS‘H30'whioh'has-inferior.permissible

stresses and suffers from cons1derab1e reductlon in

h'strength at the heat affected zones adjacent to the

'?Welds.‘ Thus the 1neff1c1ent and uneconomlc method

: of rlvettlng 1s still widely used.

'AcCeptance‘of~the neW'Al-Zn-Mg alloys would provide a
‘materlal of good strength sultable for weldlng, exactiy
~what ‘the des1gn englneer has needed for a 1ong time with

,a materlal where H.S.F.G. bolts glve no real advantage.




Géhérai Comparison Table for
.~ Currently used Alloys

Comments

‘1Alioy=j;

suitable for
marine .environ-
ment.

Weldable.

Description
H30WP | General Purpose |Almost as strong as steel.
(Principal) E . |Weldable but with reduced
TUT R strength adjacent to welds.
A Painting not required except
H20WP i industrial ironment
(Supp) in severe industrial environme
- | HowWP | Lower strength |About £ strength of H30WP. Used
- (Principal) - |alloy. Used where deflection not stress
. .+ lextensively for |[governs design. Painting as
“lcurtain walling |above. . Suitable for complex
‘land window {extruded shapes.
frames '
N8-M . Durability Principal material for welded
. (Principal) excellent.’ ‘I structures. No significant
e 4 Particularly ‘loss in properties by welding.

Strength much as-H9. Not
easily extruded, confine to
simple structural shapes. No
painting unless in abnormal

Jcorrosive area.

H15WP
(Supp)

Strength high.
Low corrosion
resistance.

Was most used alloy but is
subject to corrosion. Use
now confined to specialist
applications such as aircraft.
Strength greater than any
other alloy. Less easily
extruded than H30 or H9. Must
be protected by metal spraying
or painting. Not to be in
contact with steel.

'Ai—Zn—Mg .
Experimental

| Ref. No%
400725
.4ot>26.{'

Gooa'strength,
Weldability

‘|excellent.

Stronger than H30 but not HI15.
Would be principal alloy for
all structures as reduction in
strength due to welding is
nominal. No other data
officially available, it is
'still subject of research:
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The Test Material
:Ihé*Al-Zh-Mglélloy material used'in'this research was
cast ih'the>“A1can Research .and Development Limited"
:ésgaréh'foundry'af Banbury and extruded at the Alcan
fRégerétbhe_Works in June 1970.
_{PartiéqlafS-of the experimental material were supplied
by ”Alcan'R_é D" and are given below.
3vCompositibn of Experimental Casts
A:Castl Content % St;gt
Mo dcu |Fe | Mg | 'Mnfs; |Ta | zn |cr|B |z
2 at S1
S R I T R - 2 at S2
320D |.006|.25[1.85 | .01|.12|.015[4.32 | .01|.0015[.16[\2 at S3
321D |.008|.25|1.15 [ .01|.11|.012{4.66 | .01|.0015|.16[ *
. : R o L 2 at 5S4
322D | .01{.27|1.74 | .01}.13|.015/4.26 | .01|.0016(.16} 2 at S5
323D | .01|.26[1.17 | .01].15|.016[4.71 | .01|.0013|.16| *
o , .3
Density 2.8 g/cm™
" Tensile Test Readihgs - Alcan
| | 0.1% p.s. 0.2% P.S. U.T.S.
‘ CAét' - % . > . Z Elong-|Strut
_;O N/mm? | Ton/in? | N/mn® | Ton/in? | N/mm? | Ton/in2 |ation | No
] o %
2 at S1
2 at g2
320D| -304 | 19.7 338 | 21.9 400 | 25.9 11 |2 at s3
. *
321D|. 324 21.0 341 | 22.1 395 25.6 12
. . ‘ C : 2 at sS4
322D| 329 21.3 340 21.95 3904 25.5 11 2 at S5
323D| 300 | 19.5 317 | 20.5 | 369 | 23.9 12 |*

Modulus of Elasticity

% Elongation on 5.65/area

7000 kg/mm2

“*Reserved for future research

. 3 )
=.68,700 N/mm~ (4450 ton/in")




56

'°}No 1nformat10n for Al-Zn- -Mg alloys is. publlshed in

i’the Code CP118 1969. A comparlson.between the above

"~.flgures and those for H E.30WP, the most used structural

‘;alloy at present 1ndlcates that the Al- Zn-Mg alloys

,have a 11/12% 1ncrease in strength

Tests to confirm the mechanical properties of the
material Were-undertaken at the Polytechnic. Particulars

“Tof the<tensile tests'are given below. .

Test spec1mens were to B.5.18 1962 and the follow1ng
selected 31zes.-
D;ameter’A ‘ 7.17 mm (.282 in)
i Géuoe Length 35.62 mm (1.4 in)
e e e 21 2 1 .2
‘Cross sectional area 40.32 mm (lg in’)
'3All Speoimens were.cut from the bulbs or roots of the

.extruded 5 in x 2% in channel section.

_ Test_No's 1, 2 and 3 were from naterial not affected by
'rloodlng.:4 Test No's 4, 5'and 6 were from material taken
from the leaSt.compressed_side of a tested strut,which had
l-'oarried.load, but not to such an extent thet the material

would have been stressed beyond the limit of proportiocnality.
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Tensile Test Readings - Polytechnic

.Arésé'FaiIﬁrQJIOAd Increased Gauge Length{Reduced Dia
| "[kN | Ton mm .| in | mm | in
l16.75 |1.68 | 40.07. | 1.575 | 5.42 [.213
{16.6 [1.66 | 40.07 | 1.575 | 5.37 |.211.
|16.6 |l.66-| 40.07 | 1.575 | 5.44 [.214
l17.5 |1.75 | '40.07 | 1.575. | 5.55 |.21g| Material
- o ‘ _ T , . | which had
f17.5 |1.75 | 40.07 1.575 | s5.30°|.212 | Dbeen well
e N - ’ : . _ _ stressed
f17.7 - {1.77 | 40.07 1.575 - | 5.29 |.208 | 17 ©O"P-
| . _ " , ression
L 1606 x 10° L2 | 2,
- U.T.S. = —5=—5~—— = 412 N/mm” (26.6 Ton/in" ) (Tests 2 & 3)

40.32
4-Thisfcohpares with 394 and 400 N/mm2 given by Alcan.

.45

% Eiongation,%g—EE x 100 = 12.5%

7_fThis'é0mpa:es'with 11/12% gi&eh by Alcan.

It is therefore confirmed that the material supplied

- conforms to the test data submitted by "Alcan R & D".

" The figures théined for the failure load in Tests 4, 5
and 6 give an-enhanced U.T.S. of 434 N/mm"~ (28,ton/in2).
‘It can be concluded that the additional strength has

,,been'derived from working the material.
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'In the absence of publlshed data for Al Zn-Mg alloys
'1t was now necessary to develop ‘the compressive stress
7curves for column and local buckling before work on the

' 1n1t1al strut de51gn glven in Chapter 6 could proceed.

-Al-Zn-Mg Alloy Compressive Stress Curves

Reference”to the Design Panel’documents from the Code
~Draft1ng Commlttee for CP 118 1969 ‘enabled the basic

' theory behlnd the publlshed strut and thin plate curves

‘,..to.be resolved, The contributions of Mr. J.B. Dwight

- proved particuiarly useful. -

This 1nvestlgat10n was necessary to prov1de comparable
»,curves for the Al Zn-Mg alloy belng used in this research.

»,tThe follow1ng reasonlng 1s appllcable.

jlr;"Column Buckiing ~ iheoretical Basis
itmis‘accepted that the'tangent modulus formula
ﬁpredicts accurately.the column buckling strength
;r:oprrn-ended alumrniUm struts, This formula
depends upon the shape of the compressive stress-
strain‘curye up to the 0.2% proof stress (f2),

which varies considerably.

. Theeprofile of the stress-strain curve is dependent

- .upon a "Knee Factor" n. This is confirmed by the
'fact that if we consider the constant n as defined
‘by the ratio of the 0.2% (f ) to the 0.1% (f ) proof

St]O\b various tangent modulus curves, corresponding
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- to the values of ?2 may be drawn.

T§;kn§w.the shérpness of tﬁé-kﬁee]pf the stress-
stfaih cﬁrve'fo;'any‘giveﬁ4all§y is therefore
'impéftaﬁt;vénd huét'soméhbwvbe defined. In this
 zrégioﬁ'thé Strééses récommended er tension,
cdmpressibn,and bending willAbe4affected by the shape

of ‘the curve'adopted.

Maferiai'sﬁppliers4usually give the 0.2% Préof Stress
.(fz)j._ﬁxT}S. jfu) and.% Elongation (e,) for any
maﬁe;ial‘requesfed.‘. A simple method for obtaining
"fthe_PSténdérd Miﬁimum étress-Straih Curve' from

these properties ‘is therefore required.

An approach attributed to Hill & Clarke(6l) suggests

" a suitable method, which can be adopted as the

basis." It is however necessary to know precisely
. f - _
: the»fg -ratio, to establish the stress-strain curve.
: -1 ’

This ratio is unfortunately variable and extremely
difficult to obtain from the material suppliers, even

‘for standard alloys.

 .It Was.theréfore desirable that the method used
should be'bésed entirely on tensile properties
guaranteéd by the suppliers. The following'
approach satisfies this requirement for new alloys

.;and also caters for the variation of existing alloys.,
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An empirical expression which may be used to

: represeht.fhe stress—strain curve is given by:-
.'f": .f-n - e .

'?.é g * 0.0QZ (f;) | : ' eee (1)

" where e = strain

H
T

stresS'
',f2h=r0.2%'proof stress
B -

-Yoﬁng's Modulus.

_Within:ihe elastic range this expression gives the

correct slope The strain is oorrect at f = f,.
By varylng n, 1ts shape elsewhere can'be'adjusted
with the hlgher h values glv1ng the sharper knee.
For the alumlnlum alloys,values for n range between

5 and 40.

rConsiderafion of ekpression (1) over.the whole range

-of sfandafd ailoysAshowed it was not completely

U.T.S.

satlsfactory. Where a high ratio of 6_5%75?33f stross

N
o= f2~ ex1sted ,a ""too rounded” knee occurred which
.2 :

oresulted in a»pess1mlst1c strut curve.

The requlred adjustment is glven by the follow1ng

'f - e expre531on -
£ - £ n
e ='§ + = >\ ' cee (2)

500 f2 - fo

To solve this expression the knee factor n and

4prop0rtional limit fo needed to be established.
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| T,(A)} Finding n
‘m’uu.‘IhisﬁWAQ:foﬁnd usihg an‘gmpifical formﬁla based
'énti%éiy,on biopéftiés given by the material
| fféﬁppliers’éf’ﬁ - log (200 ey) ,A‘

TR " Tog (fusz

2 )
:'Ihe resulting éurve ag:ees witthhe true
'tensilé $treés-strain éurvé.exactly at Stress f2
‘7éndivery'nearly at stréss“fu.‘ It was found
‘~fhat the ratio fu to f2 is the main controller
';of}L Variafidns ih‘éu“have little effect. A
:simplified expression can therefore be given by
n.= 10 =— - 1.5° eee (3)
L T f T
e - ' » . : '
'_The quéntities“f2,'fu and é are specified
- minimum tensile prbperties accepted in lieu of
. the Eompressive values.  The latter are seldom

' available and never given in practice.

(b) Finding f
A»Ihé:vaiué of f_correctly locates the failure
ﬁpdihfv(limit of pioportionality) on the curve.
It is given by
: f - f
: L Tu 2
f o= f, - - ... (4)
°© 2 (500 eu-)l/n S1

 Expression (2) can now be solved.

Fiking the stress-strain relationship by solving
'ekpression (2) enables the curve relating the
~ buckling stress fCr and the slenderness ratio‘>\tov

be_pbtaihed,using the téngent_modulus strut formula:-




L - 2. { o ' o E
V-fér'='n' T : T ; ... (5)
cr »;:5— T A . 5
‘ -Where ET = Slope.of'f;e'curve-at stress fcr
. L . n-1
o -. L (f - £) |
o 1 _de . 1. a [l o
; Then‘fremng) B = df"'E + 5oo.(f2_ fo)n .. (6)

T

vTﬁeifrue colﬁmn curve expressidn (S) may'however be
‘approx1mated by an-inclined. stralght llne Figljlé
-vvdeflned at the left hand end- by;k This location
| ;1s arbltarlly taken as the value of )‘on the tangent
asmodulus column curve (5) correspondlng to f or = fe

- fwhere f = 0. 5% proof stress

~ From (2) it can be seen'that.

Sl

ff'fgif ’+'2;5, (f2»- £,) - (7).

<.Equatioﬁs (5) (6) and (7)‘enab1ed an expression for
A‘)QA fo be evolved. Thls fixed the point of the

horlzontal cut off 0-A and is glven by

-'-)\A'? I
"/E+“%' | v (8)
YV E 7200 (5.- £, |

| -iThe' oiht‘ _at the right hand (lower) end of the
P B _

1ncllned Straight. llne, Flg 1 is s1m11ar1y defined’
>_by relatlng the limit of proportlonallty f and the
.slendorngsx ratlo )\on the tangent modulus (falluro)
‘Curve and the.Euler curve. Points B .and B are af

the same stress,levei_such thathB - AB, = 1, where
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)\ )\ 1 where}\ and'}\B are the respective
: value of )\at B’ and B._,& BHWhen'so defined,

"1ocates po;nt'B on the.streés'curve'and;isigiven by :-

. . . o 1.
R R ool) (2n-3) .
Af_u_' o fg : .

Slmpllfled and ‘expressed in terms of f » equation (9)

becomes -
- - 6-8 X 10 . . . ) -
XB.f J/—f—f—f——— ‘_Metrlc.Un;ﬁs . ,
Lo e o :
) . or ,i-'[‘ . P ‘F ... (10)
'>\B = i%LQQQ Imperial Units - 'j
B o R : ¢

" The. complete strut curve is now defined..

~:By.£eplacing thé tfue tahgentAmoduluS failure curve
| by the stralght llne A B, and applylng a load factor
vthe strut curve glVlng the perm1331b1e compressive
Stresses could now bg calculated and draWni Sce

: Figo.lo
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PO o 5-?2.)\\;.&7*\..{&\& Buckiima
e STRA B
; 'TA@;EQT Mooorus.
l .
o ' : .r . Biavp B AT Same 5.‘-9*E55‘A
=1 . l I L_Ev-e\. ‘fo
l S%RAtas{w-L‘ue ’: ' -
R Y B PermissiaLe A\ ‘
T E 2 / L \ EuLer Bocwiiva
RIR s . =
| Pe= %% ' I .
) l 2x . l
3 -l{ .
. " ': EUL—ER PEQ"’\\SS}B\_E
! _ L A
X L RN
‘A ‘ -~ Xa Aa

S Bockiivea ParAMETERET Stenoerness RATOA= T

Fig:- 1

'f It must be remembered When'constructihg the -
permissible stress‘curve_thaf the load factor will

and 2.0 at B The factor of 2 will

1 1°

lodk after.the Wrongly guessed effective lengths on

be 1.9 at A
the Euler pért of the curve.

Column Buckling - Strut Curve Calculations

_ifhé fbrégoihg theory was then applied to the Al-Zn-Mg
al\ldy'béing used: qu this work and the necessary curve

f_'o'r the compressive, stress in struts produced.
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.ffData.suppiiéd by-Alcén_Regeargh'And'Dé&elépmént Ltd.,
3'iﬁjJun¢'19?6-ga§é parficﬁiars of'alliéasts‘supplied;
"(séé ?agg55);~ The teéts‘cohductedLat tﬁe'?olytechnic
1;(séé'page57) éénfirmed the data supplied wés.

"safisfacto:y.

";The:matérial‘fdr Tesfs.No's 1 to 10.involving struts
M5 S1 to S5 inclusive was all from Casts 320D and

.. 322D.

,iakiﬁgvanAayerage of the figures for these casts
(which were very close) provides the following,data

. for adoptioh in'the,qalculations.

£, = 0.1% proof stress = 317 N/mm2 (20.5 ton/in2)
f, = 0.2% proof stress = 340 N/mm~ (22.0 ton/in")
f, = U.T.S. = 400 N/mm~ (25.75 ton/in")
e, = % élongation =.5.65/area = 11%

o _ 2 2
E = Young's modulus = 7000 Kg/mm~ = 68,700 N/mm

(4450 ton/in2)

(a) . Finding n (Knee Factor)

I
]
. O -
—_—N
H\l"h
ol I\
\__/
. .
—
N

- Using -éxpression (3) n

il

}_I

‘O
—
NN
orb
o] le}
~—

1

—

(@)
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" (b) Finding fg'(Limif‘of P;opoftibhality)

SR e N e u 2
-'.Uslng expression (4) f_ = f, - ———3
‘ , : ‘ : 2
(500 e)" - 1
- 340 - 400 - 340 .
(500 x 325)7 - 1
=340 - _ 60
' 1.9 - 1
A 2 20
273. N/mm~ - (17.62 ton/in )-

Hh
I

o ot i sl

(c) Finding fS-(O{S%‘Pfoof Stress)

1

 Us1ng~express1on(7)f5‘— fo + 2-5"(f2 '_fo)
| 1

= 273 + 2.5/ (340 - 273)

= 273 + 1.140 (67)

£ = 349 N/mm> (22.6 ton/in®)

the thaf'the I0S Committee for units and symbols

: . . : : 2 :
recommends multiples in numerator, e.g.MN/mm , but

x'V:the"aluminium and steel standards both adopt N/mmz-



(@) Finding \,

Using expression (8))\A =
fﬁ . ‘ nf5 A
E gpo (f5-%,)
i} T

349 . 7 x 349
68,700 | 200(349-273)

T
/%5005 f-.16O

"'_le | 7;75_Say 8

fv_ﬂEQ$E'66de'A§péndik'D simpiifiés énd gtandafdises
>j_ét é for‘ali allbys. Thi$ ié not completely
', SAtis£;ctoryAfor élloys,with values below 8
.:suéhAasANiSIm} Tt will aiso'tend to be
'AcohserVatiVé-fO£-alloys with 'values much in

 excess of 8.

/6.8 X 105
f
o

6.8 x 105

273"

Ay 0

~'(e) .Finding}gB

 Using expréssion (10) )\B
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Note Code CP 118 Appendix D (D.2.1) gives an
éxpfeSsion for A‘s on the permissible stress

~ curve (Code Fig. 24) which compares at 52.

(f) Finding Pt

. . .
5 _ 349 _ 2 2
Tosd Facior 1.6 - 1.0 - 184 N/mm (11.9 ton/in")

Pt =

Ihe‘strut.curves giving compressive stresses

“are now shown in Fig. 2.
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Local Buckling - Theoretical Basis .

A1l Structural members are considered as being built

up from a series of plétesAfofming'the-wébs, flanges
and reinforcements. In many cases these will be
thin plates 1iab1e'tb buckle locally under a

compressive load.

C.P; 118? 1969 provides bermissible compressive
stfess'curveé for beams and thin plates in thé most
commohly used alloys which include the requirements
fof local'buckling. A comparable curve was

:equired for the Al-Zn-Mg alloy under test.

Lécal Bucklinélcuryes éfe constructed by adopting an
apb;ﬁgch4comparable'to that used for strut curves.
Ihé'éecaht-modulus‘curvé however replaces the
tangent-modulué at the lower buckling parameters.

‘X is agaih used to define the buckling parameter

which ‘for local-buckling is given by %? where:-

m = local buckling coefficient

~ b breadth of component plate

t

‘thickness of component plate.

" The curve is constructed in the manner shown in

Fig. 3. It is defined by the quantities f___, A At

and A.B. The crippling bending stress f has been

Mcr

determined from the expression f, . = —— where M
bcr z cr

is the bending stress reached when the extreme fibre

stress equalé the 1% proof stress. In other words
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' A:QQ%«oféréioadzwill pf§dﬁce 1% plastic stfain.in
'f¢;fthéré¥f£éﬁ¢.fibrés;’ }Z-is thejELASTIC ééction"

.?ﬁédulus.Al' o
'~;;Iﬂe fat%byfbé;_to f5“variés With théAa}loy. It is
hf@hér'When fhe'qllby”has a steeply rising stress-
‘_strgih ¢u;vé{ - This ratio is designated é and has
<fé‘§alﬁéQﬁhich varies ffoﬁ:l,l for ﬁormal sections
:ta_i{s,fof solidAbér. A value of 1.1 will be

:'4édopted..‘A

Lo;;xu BoewrLima Curve

 fs':

C Stratart-Lineg Boekuiwa

l.. “ISvrur CuRyEL_
(COMPAﬂ\so+s) "5""2_Alc1 T-Lioe Reemissiace.

/

Eorer PeErmissiaud

|

|

l

e _ _
. mb
t

Fig:- 3
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A
A simplified»expressién involving the use of s

fg;uobta}nlng‘fbcr 15&94V?ﬁ by  
Thop = STp + (37 - 1)(1.2 - 0.25)(f, - £,)° ... (11)

bcr
.Load. factor 1.9

" The permissible stress Pb is then

B _AS7With'cQIumn‘Buck1ihg'it is required to establish.
~the cut-off points )\A~ and ,A'B' The value for ’\B
will be the same as already eétablishedifor column

'bucklihg{, :

:‘Reférring‘to Fig5 3, the inciinéd straight line A B
vfis;thét aiready fixedvfor'column<buCRling. A
"l_similaf:line A/fB is now’heééssary for local

' lpbuckiing:and'is found as follows.

. First find.dxAx which locates the point at which
f :-'. onvthe secants modulus failure curve.
_ 5(crit) ST .

'it.will be recalled thelkA for column buckling was’

similaxly:defined, but based - on the tangent modulus '

curve.

':Usingfa.éomparable‘approach XAX is given by

m

AAY = [ Zor, - ... (12)
‘ 2.5)5 =+ 0.005

E



ﬁ~as w1th column buckllng AA
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L Next p031t10n p01nt A alcng the stresS'level fSl
"",_‘,by maklng ,\ AY = 3 (A A x) o e (13)

.or poss1bly,_1f }\ / ,is~to be maintained at about 8

_da o, 2)AY
3 '3

.(14)

”Flnally p01nt A’ can’be located.by producing BAY up

R to the stress level of £ . The profilé 6f the

‘lbuckllng curve: 1s now complete and the perm1351ble
. stress curve for local buckllng may be constructed

-;aas'shown in the flgure.- -The curve 1ssappl1cable for

the local buckllng of beam compress1on flanges as

~.:1well as struts

Lccal'Bucklingfe Curve Calculations

“(a)

o
1]

Thus permissible stress

rMaterials}properties as for column buckling

Flndlng fb or

Make s = 1.1

Using.eXpression (11)
. 1

n

sfévf (s" - 1)(1.2 - 0.25) (f, - £,)

bcr_
4 1 v
1.1 x 340 + (5 - 1)(1.2 - 0.2x1.1)(340-273)

374 + (.259)( .98)(67)

N/mm> . 2
por - 291 Wmm_ (25.3 ton/in")

o : , .
Pb :'fcbr'= 206 N/mm2 (13.3 ton/in™)
1.9 : '




'Né_t‘e':,' :Code CP 118 Appendix D giiv'es a geheralised

expre_ssion‘-P. a which compares at 205.6 N/mm

b

©(b) Finding A,x. ©

2

N US.ing.expr:éssiOH.l(lz') )\ x= [ l T

(c) Ffi.nd_ing )\AY. N

nj=

= lUé.:ing 'éxpres§ion (13) )\AY = (’\A, + )\Ax_)
= 1 (8 +.30.5)

CONY = 19.25

_O__l_?_ alternatively

' Using expression (14) /\AY = 4

) L\7 340
Y (23)" gg700 *

. 005
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’vxt?(d)liFihding N

'QéThe Code C.P. 118 standardlses on A / at 8 thus
‘:_{rthe value ofAXA = 22;96'W111'be adopted.
', Stress values thus derlved may be- optlmlstlc
for th1s alloy in whlch case/\A %,19,25;w111
.{need,to be used.. When JXAA = 23 BAY projeoted

to A’ gives AA’ of approx. 8.

The completed local buckllng stress curves are shown

',1n Flg. 4

:Post Buckllng

“V_Mentlon was made in Chapter 1 of the 1nterrelat10n
of . column and local buckllng in the post buckling

”s;tuataon.

The oompressive stress'ourve for local .buckling

.developed so far and shown in Flg 4 is simply based

. on‘lNITIAL buckling. Values of A= T /t which fall

to,the'left of point B will be satisfactory as

’buckling will virtually cause Collapse almost

mb /¢

1mmed1ately Where however the value of A=

i falls to the rlght of p01nt B the approach is

conservatlve because the MAXIMUM stress is then

greater than the INITIAL buckling stress. This

value will progressively increasc as A increases

and provide a reserve of post buckling strength.






In certaln c1rcumstances thls may be - used-to .

'!advantageup._-'

In'genefal‘ a post buckllng 1nvestlgat10n is only

:. worthwhlle when the breadth/thlckness ratlo for webs

"bexceeds 35 and that for flanges exceeds 12. The

fvalue of Aﬂ' /t should also fall a reasonable
Av'dlstance to the rlght of B to Justlfy further
4f’1nvestlgatlon A method of dealing. with post

B buckllng 1s glven below and’ shown in Flg.'S.’

Comers SS\vg XS'AFR"ES_S-.V‘_V,

-
3
i

‘31 3.

Bueockuiwna RARAM@TER.

"Fig:~ 5
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¢(af;'Findjthe-vaiue.for/\: mb (say this:exoeeds'

';‘XB'E-so byfa reasonable amount)}4
‘(b)ﬁ Read off the somewhat conservatlve INITIAL

buckllng stress f in from the buckllng curve.

: (c): Next find fhe.vaipe of the buckling stress fm

 based on the MAXIMUM stress for a very short
. strut given by fm =(mb)% where C is a

"constant given by .

 Imperial Units
o B *7
OR
o= 6.8 X 10 Metrlc Units

,\/3
This approach will be found to be similar to
Chilver's empirical relationship but with an
adjuetment to make f_ = f. at B.
o . o m . “in -
.'Thus for a strut having a column buckling slenderness
ratlo.x-;—- 1ess than,XB-(dictating the consideration
'1‘of local buckling) the buckling stress using the post

Vbuckling reserve strength is given by

_fcr - fin vE, - _Pin)(l " mb >7
This'expreesion may be subsequently used if tests

~indicate this 'is necessary.



o Torsional Bn‘cklin‘g.

“Slngle channel struts need to be checked for

tdtor51onal buckllng u31ng the "Compre551ve Stresses

in Struts" curve -FIG'1l w1th A= k/\t As the

fsectlon‘only has one ax1s of symmetry an: 1nteract10n
"Ew1ll frequently exist between tors1onal and column
' lbuckllng in the plane. normal to that ax1s..v This
lw111 result in a lower buCkllng-stress than that
'assoc1ated w1th elther form of buckllng when
;.Con51dered alone, and an 1nteract10n coeff1c1ent K

jmpst beflncludedL

“Work by Smlth( ) gave 1mmun1ty curves for channel
'sectlon where- L/ryb/? was. plotted agalnst g

‘where d 1s web depth and b is flange depth Fig.. 6

1ndlcates Smlth's proposals and it is suggested that

f1nvpract1ce the stress be restricted to that given

- STeuT & orve

lOoORsSIoww CoRve ©.

C OMPRESSIVE. STRESS.

T BrLewbeErosss Ratie F

Fdg:- 6.




- by -the éritiqéll%;, unless calculations are made to

" establish and involve: the inter-action coefficient K.

Double channel batténed struts present a complex

'torSional'probiem, particularly if eccentric end

loading exists in the plane of the battens.  Under

this qondition a load differential and consequent
va:iabiéltoréional characté;istiés will exist

: between.thé main channel legs;i The situation will
.bélétillﬂfu;ther cbmplicated by the location and

_TfihquidUa]'stiffness‘of the.batten‘plates.

- .The battened strut has a profile which cannot be
_cidssedﬁas either an "open" or "closed" section and
 dts toréional‘resisfancefwill fall SOMEWHERE

between that expected for these two configurations.

itiis,therefore'not'expedient to try and predict the

torsional behaviour of the battened strut for the

initial desian. Consideration will however be given

- to the'ptoblem:once the test results have been

analysed.

gC
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Chapter 4
Theoretlcal Approach

.‘;:GénerAi_,’

“'{Therdesign_engineer_involved'witn the use of thin walled
'Sections is confronted withla‘complex'problem resulting
"n:from.the‘cOmbined'stress sitoation; ' The various forms

“pof'bncklingﬁand tneir interactions may manifest them-

‘iftlselvespin the individual components as well as the

i lcomposite'member. ThlS makes the problem of stress

"apportlonment partlcularly arduous.

Even today, practlslng englneers may follow the ways of
o'thelr ancestors and- endeavour to solve a complex stress'
:ersltuatlon‘by‘breaklng_the:problem down~1nto_isolated
';units.p They;mavlwell find'it‘is then "justifiable" to
aapply.formulae extracted from some dusty text book,
condnct a;few‘tests and ”1091Cally” superlmpose their
,:flndings to‘produce a coverlng-solutlon. Thls_ﬂostrlch"

method of approach undOUbtedly stems from the ose of -

- thlcker sectlons and hlgher load factors used in the

past decade ' It may be a great time saver and readlly{
appeal.to the gambling instinct.but can scarcely'be
'4regarded as acceptable now that highly stressed thin

-walled, components are. commonplace

With static'Structures it can be argued that the on]y

)UHLlJICdllOD For abstrUSv calculat1nn is thr enfurced




-;7econom1cs of welght sav1ng ; However, w1th mov1ng

”~lstructures the economy of materlal is much more press1ng

5]7 The fact therefore remalns that for one reason Or another;

. problems ex1st whlch must be solved and the further:

rnvestlgatlon of stress 1nteractlon . 1s 1nev1tab1e.

.rthhe'Interaction-Method'

‘":As prev1ously 1nt1mated any 1nvestlgatlon 1nto the

'“T;Zlnteractlon of stresses resultlng from externally applled

. 'forces.and from'member deformatlonAunder a srmple loadlng

~¢ondition gives rise to analysis difficulties.

60)(62):'

”‘iqu method attrlbuted to Shanley( , known. as the

o ”Interactlon Method” prov1des a means of determlnlng

SR allowable'loadS'under a-comb;ned.loadlng condltlon. It

":anlso-nas the added attraction'of‘being amenable to

“Jntultlve reasonlng and common sense. - The stress ratio
_1ba51s makes 1t compatlble W1th the comb ined stress approach
_recommended in both C.P. 118 and B.S. 449.  Its

\7su1tab111ty for dealing w1th the complex1ty of parameters

'5T11kely to- ex1st w1th battened strut problems could not be

 bettered- and conflrmed its select;on for thls d1ssertat10n.

>In“brreflyﬁdisous3ing tne method,‘it can.be-said to be
non—dimensional and deals only with ratios which are
stressesfof.the same cnaraoter. - It can be demonstrated
in its simplest form by assumlng a case 1nvolvlng two

-HdifferentAtypes of load and a utilisation factor R,
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'jf:whlch for a s1mple loadlng condltlon represents the

-fit'ratlo of an applled 31mp1e stress £ to a permlss1ble

i*;stress p- or a fallure stress f r.'“nRi~and_R2 could

""ftherefore represent two condltlons

”jfThe effect of these two condltlons, one on the other,.

‘.ab'can be shown by an interaction curve, the shape of which

\ff.w1ll be dependent upon the nature of the loadlng under‘
‘fcon51derat10n ..The. curve 1s usually expressed by a
’51mple stress ratlo equatlon Wthh ‘is derlved from either

'}Atest;data-or-theory:

g ,Once the curve has been establlshed it 1s poss1ble to

'fi_dlrectly predlct the effect of one loadlng condltlon on

“nthe other f Any glven value of R1 plotted on the- curve
‘will direCtly_rndlcate what_ls‘avallable to be utilised
. b?fﬁ

5 - Fig. 7. f . It is usual for the effect of one

o loading condition’to reduce the utilisation factor to

lless than 1 O but certain condltlons may exist Wthh
'result 1n the second load 1ncreas1ng the factor to more

" than 1.0.

‘ _Before proceedlng to the cr1t1cal partlcular cases of
”comblned loadlng appllcable to thls work a consideration
of . the basis. upon Wthh the. interaction concept is |
'founded will reveal the following generalised form.
?or cases 1nvolv1ng two types of loadlng designated
a b

Rl' and R b and know1ng that Rl R2_ = 1 the varlation'ofd
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'ffthe exponents ”a” and "b" w111 produce 1nteract10n curves

'f;nabove the stralght llne glven by Rl Ré = 1. Maklng

'ﬂ‘one exponent equal to 2 w111 y1e1d a parabola and with

.‘frboth exponents equal to 24 a‘c1rcu1ar-arc As the

'1f:exponents are further 1ncreased the curves will approach

."Withe boundarles glven by R1 =R, = 1. Flg.

f:Thus w1th 1nf1n1te exponents complete freedom ‘indicating

'_zero;rnteractlon, would be‘attalned,.suggestlng that the

.-basic equation should be R_l + R2 = 1, where a and b -
"f,;represent'thé.degreezof interaction. ' The expresSion
?HRlé.+dRéb l is however preferred on grounds of
:tslmp11c1ty
, NN N —a:2 b:2
_'?"' ‘\ ' N — a2 b=
',-:D.l_STQl-BuT;o‘M'. : A\ ) . \ T a = b=l
LuDicaTionN: : .
<) S04 1.0
. R, s

T Tyepieal Iureractions Corves |

F\c;r¥7

. For any given problem the degree of interaction will
‘need to be sensibly predicted. One would assume that
‘;utwo'loading conditions of a similar nature causce offeats

which are directly additive and give a straight. ine.




jglnteractlon curve. If however the two condltlons ‘were

"ngbendlng and tor51on the resultlng cr1t1ca1 stresses,

_f;would not act at the. ‘same. p01nt or at the same angle and

"Qless 1nteract10n w111 therefore take place --Further

. thought reveals that the normal stress due to torsion
,actS'at 45 to that due to bendlng, Wthh results in an

1nteract10n curve in the form of a c1rcu1ar arc

3iCareful con51derat10n of the type of loadlng condltlon

A"1s therefore essentlal _ WhllSt the approach may be .

‘ffregarded‘as somewhat'emprr1cal>1t must be apprec1ated

i ;:that:theiend‘points‘of the interaction curve are correct,

Zug{at]least_in so far as they accurately represent the
VState of knowledge for fallure, under 31mple loadlng
"}condltlons : Thls must con51derably reduce the probable

Arerror 1nvolved when one type of loadlng predomlnates

‘,Finally,-even different materials with.varying mechanical

“.mfﬂprpperties?lcan often be'represented by a single‘interQ

;ﬂaCtion‘curVel; . This feature is particularly useful when

”:dealingAwith the'heat—treatabletaluminium alloys.

Interactlon Method Applied to the Battened Strut

‘No strut theoretlcally argued as ax1ally 1oaded w111
eVer ex1st in practlce. Any theoretlcal approach to be
:useful must therefore accept that practical 1nadequac1es

1eXLst‘and;sh'ould,'wherever pos31ble, be catered'for;
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’3'The general llst of varlables g1ven 1n Chapter 1 must

“Q"therefore now be more spec1f1ca11y deflned in an effort

Z‘to opt;mlse the theoretlcal approach.,

u-_?Data collected from the battened struts under test will

-fflndlcate the cumulatlve effect of a. number of 1nteract1ng

:stresses and deformatlons, resultlng from the- fOllOWlng

'ifmajor contrlbutory factors

- ‘“:'jz-..'.

f:Ax1al load component
fBendlng moment due to 1n1t1a1 1ntended eccentr1c1ty
.ftéBendlng moment.due to deflectlon under load.
.";Bendlng moments resultlng fromAlnltlal lack of
't{stralghtness.-, These may well produce moments

:on both:majorpaxesf

‘QThe inducement and redistributlon'of bending moments
..ﬂresultlng.from the longltudlnal twist of the strut

-Thls manufacturlng fault 1s malnly attrlbuted to

weldlng : Wlth eccentrlc end loadlng the tw1st

| w111 affect‘the relatlve p051t10ns of the  top and
- bottom balllseats and promote additional bending

":on;tbe major axis at right angles to that;initially

intended. = It will also set up a small amount of

- horizontal shear.

_ Any.inbevel of the individual'channel flanges or

bow1ng of the web, Wthh does occur w1th extruded

'sectlons but ‘is generally only sl1ght may well

‘affect,the ultimate}load carrying capacity of the




10.

strut. and influence its behaviour to column,

.torsional and local buckling.

Resfraining effects of the battens. Their

location and number.

The'éffects of friction at the ball seatings.
This Will tend to reduce the struts effective

length and improve its load carrying capacity.

.The collective influence of the foregoiﬁg loads,

':moments; deflections, malformations and restraints

will influence the failure load for column buckling.

5The“1oc3tibh.of any. local buckling failure and the

maghitﬁdé_of the crippling stress in local buckling

will be influenced likewise.

The comments for column and local buckling

indicated in 9 also apply to torsional buckling.

_The foregoing 'list of contributdry.factors, all of which
‘interact on-each Other, highlights the complexity‘of'the

hsitﬁétion. ',Collectively they will influence the

ultimatevmode'of failure and the failure stress. It

must of course be appreciated that some of the individual

factors controllihg the failure stress will vary with

each strut manufactured.

Any theoretical. approach to the problem must of nccessity

be operated on a reduced number of parameters to thoseo




88

fhlistedﬂEdlIhefpossibility of grouping was therefore

”ﬂﬂVCOnsideredL‘f‘lt is~accepted,that a'load factor'exists

hfto cover for contlngen01es 1n de51gn and manufacture,
but thls does not detract from the de31rab111ty of
flncludlng as many of the varlables as p0551b1e in the

‘theoretlcal.approach,‘

.ilBeereﬂgn.examlnation ofithe test results can be made,

“,gn'anaiygis‘p;¢¢édure must be established.

TiThe problem ‘resolves’ 1tself into two major factors,

-Q‘Lnamely the effects of . ax1al load and bendlng moment ,

;_fwhlch w111 1nteract : Problems relatlng to the battens

Athemselves and any torsronal effects on the struts as-a
;mhole, w1ll be subsequently con51dered Bendlng w1ll
,create the maJor problem as the flnal bendlng moments
-mrll be made upﬁfrom a‘number~of the contributory

"“’faCtorsglisted'earlier.

'oiShanley submlts that for comblned bendlng and compre551on
’the postulate of the llnearlty of the 1nteract10n curve
may-be_deduced-by writing thevfamlllar elastlc theory

combined stress equation

" fomax = £+ £ =R, 2 (1)
:'mhere : |
f max = maximum normal -stress
g.fé ::=laverage'axial compressive stress
:fgn'ﬁr; makimum:bendingvstress

A = cross-sectional area



Z‘.
1

bending moment
' I = Moments of Intertia with respect to the
" N.A. about which bending M occurs
v = distance from N.A. to outer fibre
P = applied end load.

This expression is only applicabie to relatively short
- ¢olumns in'which secondary bending effects are

‘Hegligible. "

T;king the value of f max at failure as a constant fo
Ahd'normaiising'ekpreséion‘(1)'gives

£ . £

' f max c ‘b L '
e 7 va— +f_ T s e eee (2)

o o o
At failuieif‘max = fO thus the interaction expression
at failure is given by

f O f

c- . b _
7 “+ 'F =1 T s e e (3)

~7o "o
Expression (3) represents a linear interaction curve

between-intepcéptsA(l,O) and (0,1).

‘The_ndrmal'Stress at failure is$ probably not the same
for PURE axial load and PURE bending' thus expression (1)
needs .to be generalised by replacing £ by f o, for

compression and fb by fbo4for bending.



ﬂ;'gWhé§é fhefihferagtiQn~cuxve'remaihéd Sjraight'tﬁe':,

ff;ihtéfaciidh:e#preséidh would. be R, EmRb'=:1aAgFﬁg.'8.

o]

: Then R .: 4
L 'Q  :f¢Q.~

PA =fb§ ‘Mo _

and .R S . (5)

- ;Whengéi1 $ﬁffixés.Q (i.e. £, 3 M_-etc) represent a

base value of .stress, moment etc.

11 . 'IDEAL PLasTticiry.
N T i
‘\ : ) - “LimiTinog Case Rc-o- Eb= {. v

(SoLip ReeramzuLAr V\Er'\rsijﬂ

-‘Eb | o
_ _ :fZ'F\G: 8 '

Howéyér, the_1inearity of‘the inte;action curve is
 ihfluep¢ed'By'fhe ”plastic‘éfféct”,'and with dﬁctile

.<méferi515 the bending stress distribution does not

lreﬁain.liheaf up to failure, as-assumed.by expression (1).

: Ihérlimifiné‘éése.for ideai plaéticity (i.e. when
Jvﬁf”ﬁﬁx“= nyield = constanf), as;giVeh by a rectangﬁlér
.  m§mbér is;RZe + Rb = i._“Fig.. 8. . | This tybe of
Seétion'WOuLjséldombe'ﬁséd to resist bending and for
';éfficiéntly deSigned Sténdard ééétiéns the.plastic'
 'éffé¢t-i§v$ﬁaii‘in PURE.bénding..~ The effect on the

: bending stfééé‘dist:ibution is generally negligible.
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"73Tofundérsfénd'and-operaté~tHe?"Interaction Mefnod”A )

'l;nsatlsfactorlly the effects of lateral dlsplacement under
‘dload and the 1nf1uence thls dlsplacement has on the
_dnomenf arm of the load must be fully apprec1ated " Both
?ax1§1'and eccentr1c~end 1oad1ng wlll,therefore be
'con51deredH1nAsome deta11 |

'dAx1al Loadlng

.;:In the case of the axial end loadlnd condition, ulth
pln ends, anydlateral dlsplacement (whlch may also
uﬂflnclude 1n1t1a1 lack of stralghtness) can be 51mp1y
 :determ1ned by cons1der1ng half the length of the strut

;shownxlnjF;g.sQ-

N '

AR p
. l ,f. ‘- ] -
W S"\F\LL Iui:nb.\.. . '_‘
3 Ln-rmu‘ ]
. 5 . D‘S"‘*‘ﬁ"‘\t“’ pﬂ.\v\AKv MV\ I3
B ) - )
Cal T I
Wl . LN ) . /
f‘l o ol Co‘_.u.n. :
‘ ’ '.‘ ] ‘Ccuave )
T o T T A
o DerFrecTion Doe = é"?‘"

To MomERT OwuY .

Erecet ofF Axial .

F’ | o Loap ow Deriec:
i 9 e ®xop)

- Assume the stfut fo_be_axially lnaded fhrough pin ends

' nandfthét a smaii amount of initial.lateral displacemsnt

“Aféiists;“ The displacement Would provide a lever arm for
‘the.lodd and promoto a bendlng moment of sinusoidal

-distributionfover_the~length of the strut.




G
bt

bt

g;An analogy therefore ex1sts between the loadlng condltlons
?fof the strut and a welghtless "beam column" Wthh is
't transmlttlng both a compre351ve ax1a1 load P and

,51multaneously be1ng subJected to a bendlng moment Mp.

':fWhere the bendlng moment has a sinusoidal distribution

overltheplength of the beam the 1oad1ng-cond1tlons will

dvibepidenticalu

'71Accepting this'identity enables.therloading to be

*";con51dered as produc1ng two addltlve 1ncrements of

h'bendlng moment and deflectlon,'a PRIMARY moment Mp

';;cau51ng deflectlon ¢5p (When the ax1a1 load is absent)

:nPLUS a. SECONDARY moment M cau31ng further deflectlon<§

'The moment M, ,and deflectlon 5 ‘are produced solely :
~Ai[frqm‘th9_;nc1usion of the axial loadAP which is now acting h

through theﬁiever‘arm provided by the deflection 6p' »

°?b7rhé?efféct of;the seCOndarv moment-M = bé is to
-produce addltlonal deflectlons Wh1ch produce addltlonal
moment , and'so{on. - This actlon will be convergent and-
result inl“aA final value for the maximum total-bending
‘imoment MfOT Wthh is the sum of all the prlmary and
.1heecondaryrmoments; At tHe mid- helght of the strut this
y . for an axially

,Wiil_giVe"a maximum_deflectlon value é&OT

'ioaded*strutr

It is therefore.necessary to establish initially a value

‘for the 1aterai.disp1acement due to primary bending with




"Q'With.a‘makimum'Valué'Mé? For a carefully allgned strut

l‘w,W1th v1rtually no . lack of stralghtness the practlcal

~va1ue of Mp cppld be negllglble and the failure and

‘cr1t1ca1 va1ués_a1most coincident. -

fTaklng half the strut (See Flg 9 _)~és a'canti1ever of

 1ength L2

ACES

"M = M . cos (.
P (Lz

' ~.where.-x = distance fromAmid—height and L, = %,'

; Stoped = TELW ST g)
e 1\_4}2 4L22 T X
(peflectiony = [ #ax =g} [ 32 ©°s (L 2)
2 2
4L 4L
_ 2 i 2
_—_R __2 cos (L 5 ) _ TT_J

‘-}'Momént'Mblwill”givé the maXimﬁm value of y when x ='L2'

o

L S : 4M L2“
Then ylmax'='é = —-E——
S R BT

:vAlso by replac1ng L2 with L,'lts actugl value

_ . ‘ A 5
E S M L .
- EBEMABX deflection =5 = _g__ . (6)
. : X 'A . 2
and knowing Euler load PE -.;:TT gI
§ =M
P BE .
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7'But from earller reasonlng the total max1mum deflectlon

',qu“ for ax1a1 1oad w111 need to 1nclude ‘the effects of

S .I0T
'ffsecondary bendlng which must be added to. (6)

then Mpop = Mp * Mg
S =l )

o Buts Mpgp S Myt Porgr

S s pM o
Then My = Mo+ T PTOT . oie(8) ‘
- P T

"fTo cover for the convergent effects of the secondary

fmoment 1t 1s necessary to 1nc1ude for the ampllflcatlon
of the 1n1t1a1 eccentr1c1ty which produces primary

“'bendlngu An elastlc ampllflcatlon factor K therefore

“sfneeds to be 1nc1uded and 1ts value will depend upon the

ddrat;o-of_gl {tx If the load P = PE the‘factor‘becomes

ol E o | - A
.. infinite and ‘instability exists. ' A slight eccentricity e

-_{of*thevload P would thus cause instability at.a'value of

P‘<PE
Mian
TOT _ :
Let M - = Ka
o D
P MTOT P
Dividing (8) by M_ gives K, =1 + 5— —— =1+ (5-)K
] P M P a
. E P E
- From which K, = ———H ~  ..... (9)
S a _ P
E
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.ExpressiOn;(Q) allows for fhéAincreaée in bending moment
-due to cOlumn déflgétions,, 'if'is-only suitable for
éinuSoiaal_bendingiéuch as’wopld result from axial

'lbad. i‘in:such céses it may be uéed fé determine the
'1atérél deflection ~which will be maximum at mid—Height.

‘It may be expressed in the dimensionless form

‘Where e is the amplitude of any initial sinusoidal

'eécentriCify,such as lack of straightness.

.f_ExpfessiQn (9) iS»the:efore'applicabIe to the axially

A”F;,loadéd struts covered by Tests 5 and. 6 and can be

,fapplied'in'the dimensionless form where known lack of

'fstraightness exists.

' Eccentric loading

.. for Iésts 1 to 4 and-7 to‘ll.idclusive-the end loading
wiil be 25.4 mm (1 in) eccentric, along the axis parallel
to the'battens.'f This:egcehtricity will produce a
'fEBIMéBX beﬁding moment Mb which is constant throughout

" the 1ength of the strut for any given load P. See Fig. 10
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m
D

L=Lemaru Be‘erEv.\ ST e

Me, e
N | R I : -
-  “ /§(§ [ : ~|‘
VT R N 7 ; .;
E_ PR""\QRY/V\oV\Eu‘r ""\P —] )qci._. __.,Sfo-r‘___

P Cemsmassarfe. L p o p

- DerFlecriom Due ‘Effecr oF AxiaL

’-i-foulv'\onen'r pe_ " Loap ou DerFLecs

(Le. PxSp).

o Fige 100

‘-;{,PRIMARY deflecfion from constant‘PRIMARY moment Mp_is

(given by BIS, =Pe x Fx .

Ap = gglf = ggl_ - eee(10)
i»itiWiilgaQain bejneéessary fQ provide for the.édditional,
‘ydéfléétiéﬁs,reéulting from the effects of the SECONDARY -
3 ?Qméﬁf MS ahd an émpiificéfignffactor Ke will Be'héeded.

'5 I5i§*wi1i_diffé¥ slightly from that adopted for the .
 -é§ia1lyfio$déd strut due to.the'primary moment now 5eing 
' ¢bnsfanf. iIf‘may be derived by adding to the differential
:iéquatiOh §'§etm répresenting a constant eccentricity é and

Cgiven by SX 4+ p%y = - pe.
S dx™ o o



' . This equation was solved by Thomas Young in 1807 and
:_léttiﬁg,KeTtepresenf.the ampiification-factdr'for

constant eccentricity its value becomes:-

ks e 1.
e Cos'(f//i ) |
s . . .2 PE _

Fdrfgene:al pgrposes;the-simple'formuié (9) is frequently
V u$ed'és'numerical1y_(Q) and (11) will give approximafely
.thé_SAmé.;esuits."cThis may be cohfirmed byltaking the
reciprocal: of the  two amblification factors énd
-"Considérihg theﬁ as a reductioﬁ factér of the effective
:bending étiffﬁeés. 'Then for siﬁusqidal bending the

" stiffness reduction factor is

S S U 3 e (12)
EI ) K P
. a _ E

‘ and for_consténtvprimary bending it.becomes

-(EI)R = cos é; /gl > ..... (13)
-EI. E '
4 '(EI)R = reduced bending stiffness.

If the reduction factors (12) and (13) are plotted against

%Lfthe'sinUSnjda] bending expression (12) will give a
S O ' ’
straight line, and that for constant primary bending (13)

’a-cu;Vé faliing a small amount below the straight line

1giVen:by (12). .
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?fFor th1s dlssertatlon the theoretlcal approach needs to

'3ff;be as prec1se as p0551b1e., Thus for the eccentrrcally

'*Wloaded columns, eccentrlc loadlng at dlstance e" and any
'eflack of stralghtness (1n1t1al 51nu501da1 curvature of

trﬁfamplltude "aﬂ) need to be, comblned.! ThlS may be done by
1bu51ng the pr1n01p1e of superp031t10n, then . |

'I'O'Tz'KaO“fKe'

td In subsequent calculatlons é wiil be'caiied e oT This

; w111 1nfer total eccentr1c1ty(for both theore11Ca1 and- test)

'”-;ﬂﬁfor the - applled load It will be‘appllcable to both axial
'fﬂand eccentllcally 1oaded struts. :

iﬁt Wlth the ax1ally 1oaded columns deflectlon w111 all be

“of 81nu501da1 curvature and any 1n1t1a1 malallgnment can

o be dlrectly 1nc1uded in K, Qa.

. The: maximum compressive stress in a ‘column which is

”Tff'subjecfed-to combined compression'and bending, (whether

r“g'the bendlng is the result of initial deflectlon or

”1n1t1a1 eccentr1c1ty, or a comblnatlon) may therefore,be
‘5ekpressed'more”precisely by the inclusion of a suitable
m'ampiificati0n7factor K in expression (1) giving

.' . " ;- 'A ) . -— P . - .
£ max = -f_ - Kfb = - % - K L (14)

where K is the ampllflcatlon factor calculated from

(9) or (11)
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Mquvéonsidér é relatively'shorf length of éolumn with
Lakial éhd'léading through pin enas, and a small_iﬁitial
‘  déf1ectibn. QThe‘behaviour at maximum total bending
| mbmeﬁf'wiil be as if the axial load P and £he bending

moment:MTbT,-which actuéllyiexists at the point of maximum

- bending were acting independently. The total bending

moment is given by KM.

- Assuming the failure of the strut is therefore controlled
"1'by the linear interaction equation

+- :1..-

PLKM
P . M_.
"o e
or

:from (4).and.(5)
R_+ KR =1

. énd,substitﬁting'for'Kzfrom expressions (9) and (11) gives

For sinusdidal:eccentricity'(axial-load)

o L . : ' . L
In his earlier work Shanley used the slenderness ratio 7
as a parameter for establishing interaction curves. This

“had Timitations and did not scem to be correct as a
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"ﬂgﬁ}he;méiisingebasié,'whiéhﬂieéultedAih~the parameter

EERD ST ST R T . :
e .8 =,~9f being ‘introduced ‘in. 1954. This '"buckling

“ﬂ,ratio" 1s deflned for a column as- the ratlo between the
.Jactual column fa111ng load and the theoretlcal Euler-
7:load. It prov1des for 1ne1ast1c effects and 1oca1

"f;buckllng

o ;- P - '
"“)Substifuté.PE-='??“ in -expression(15)"
" This gives R4 — L R = 1.

R R v . "y . Db

)
A

Lédd:replaeing gl"by Ré‘givesAthe
. g o (e

- b
"tfollow1ng 1nteract10n expre551on for 51nu501da1 prlmary
jbendlng moment. '

~~.Rb1: (1 SR(L-NRY) (17)
"~FSimiiAr1y,:when the primary?bending‘moment is constant,

fsubstltutlon 1n expre551on (16) gives

(1—R)Cos (—,/ryR) e (1é)

{‘Exp;essiehs5(l7) and (18) enable the appropriate
--inferacfiqh curves for both axial and eccentric end

loaded struts to be plotted. o , .

- If required for the cascs of eccentric loading,provision
~‘can also.be made on the interaction curve charts for

‘ " wdrying degrees of eccentricity. Because M = Pe a
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Aigfféiéﬁt iihe ruhqingAthréﬁgh tﬁe oriéin of a dimensional
'ifin?eraction'curve4woﬁid‘feprésent.éléértain eécénfriéity e.
Tﬁié can be iepresentéd‘oh the normalised interaction
cﬁfVecharté by an "eccéntficity fétio” which is éstablished

‘fas follows: -

| M
R = oM
e T Rc - P
: _ 5
. o
L M
as M —:Pe e =5
‘o ‘y. v __ .- o e - - - = i ’
. Re =y o°r Re s . A . ee...(19)
N o
= _ A
kel

A Wheré e '4@cbentricity,of.END load with respect to

N.A. of Cross Section

S1e

N .M
: L. e}
. base wvalue of eccentricity 7

e

ugy-xeplacqmg M by £ Z and ?O by f A

- : ‘ f ' f,
e T ace o o = _boZ _ _bo
. Then pase;eccentgiclty<eo~— rd Y 7 e
S - C .'co co
- e 'fco
(.',Q R - = =2
€ fe fbo

bo

‘are ‘the failure stresses in-pure
anmpreSSioh,and;puré*bending‘respectively.

* where i and £
. .Co ] '

'WWhen.fcb =.$'- the base eccéniricity will be the core

bo
. radius Jand IR = — ..
: “ e I'C

' geonod
b RR“‘f
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':fNofé£¥ ”Thé'c§;e iS«défihéd;aSﬁthatupapf of the cross

'ﬁm$é¢fipn Within whichfahfﬁgigl f0rééaéénfbe:applied,WITHOUT

'causihgﬂaiStrééé_Qf‘oppoéite sign itfany point.

f'j.Tﬁefcbre;fédiUS'i51thaffvalﬁe of eccenfriCity;'along a

. ‘becomes:zero. -

p;incipalvaxis at‘WhiCh,the,stréss on the:bpposite edge

'IffWé3kndw-th3t'f min = % ;_-*.= T (1-ea) Ceeeel(20)

va_défihitibnfihe,cbfeirédiqs at ”fmin_must'be 2ero.

 Making fhis:sﬁbsfitution.in (20) and'solving.foi e gives

'"JTheicélcplafion:bf the necessary theoretical values for

. the construction of charts can now proceed.

Theoretical-Calculations

' Héviég déégfibéd fheAﬁIQté;actioh Mgthd” and es%ablighed
fvtheﬁthebﬁy-fér‘Ihe ba§ic.intera¢tion Qhafts it.is-ﬁow

| hééessaryﬁtofcalculafe.thé base or c;itical'valuesjforb
 'axiai'1béd aﬁd;ﬁend;ﬁg moment . Lngl'and tofsionél

'buckling Willfalso be considered. Ihe.theory used will

"ghpeuthat“geheﬁally recoénised as the most accurate available

““(a) . Axial Load

' férrbattened struts at this time.

The Euler expression for buckling PE = —5 forms

the basis of much of the exisfihg knowledge. Values



'fdriEuler Qripﬁling Will,therefdre first be

‘1e$tablished.~'

‘Refer#ing to: the sectiqn properties given in
.Chapter. 3 ‘and Fig. 18, Chapter 6, the buckling
figures are - ' .
For_bUckiing onh the x-x axis (weaker axis, parallel

to battens)

WEIx _ T[> x 68 700 x 609.36 x 10 _
2

P = - - = 309 kN
Booop2 3657.6° x 10°

(30.9 ton)

" For buckiing on the. y-y axis (stronger axis, at'RTLS
to battens)

5 TPEly _ T x 68 700 x 1179.6 x 10%
L= iy o T x : =598 kN
B A . 3657.6° x 10

(59.8 ton)

Ingbqthfpéses length L is to the centres of ball

seatings.

Thé:fofééoiﬁg calcuiations are based upon the
aésﬁmption that the strut. is homogeneous. Witﬁ
<battened'sfruts the batten rigidity ié vitally
impqrtanf and Where this is small the actual critical
load ﬁill be much lower than that predicted by

Euler's expression.
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. ’-Tim6éhe§k§(63) 6ffers}anAéXpréési¢h'for_ovérall

ﬂaééiuﬁﬁ:bﬁéklingjwﬁi@hjis.béséd-ﬁppn Euler and -

'“‘{fakés'idto'accoﬁht“thé béndihg of the battens

TfhéﬁéeiVés}f7 If;aséuméé thenbAtten§iafe rigidly
r';qtiééhéa;jwhiéh'CAhlénly be aéﬁieVed by'weidiég,
:*. and?fHére ié_nb éajugﬁment Of.tﬁéleffecfivé to |

'uagfﬁaiilengtﬁs;bétWeen’the bgttén_ceﬁtres;': The

expression is

P L ETPEL e . (1)
iﬁﬂ?r%tf;:,L2”* 1 +4WZEI-(éb + a'2 ., ‘ha
LR L2f_f}2EIb{_ 2451C bAbG -

:diétanCQ, centres'qf.battens_

s .
e o
N
Y
"

;bi;3distance, between centoids of main members
A-:t crqséfSeCtiQhal.afea 6f.two opposite-batténs-
'n = numerical factor, depending on cross’
" sectional shape. = Take as 1.2 for a
_réCtahgulai'cross section
' G-= shear modulus (modulus of rigidity)
1 =¥re1evént second moment of column section .
”*I'-i'éecond moment of area of two opposite
" ~baftens»in the direction of the axis -of
the strut_And‘about»anAaxié perpendicular
 to the strut.axis.
I = secbnd 'momo_nt of area of one main member

about the y-y daxis

Euler'SYmbols as‘previously.A
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i'The pbss1b111ty of - the channels buckllng between

: the battens was also con51dered by Tlmoshenko

iHe assumed the batten rlgldlty to be large and
submltted that the crltlcal value of the compre551on

-force for buckllng between batten centres was

2¥EI_° .
YE: C glv1ng P.yit Per main member at 2 Elc
2 ' 2
a o : : a

‘ - _TI2><68700x5920x1o4 ]
P = 2
crit ' o a2'x lO . -+ (2)
(per main member) T

See table for various values’

N

of ﬁa"o

Koenlgsberger and Moh51n 54) found Timoshenko's
'.:expre531ons in good agreement with their test results,

- when .the batten centre distance was modified to

© 0.85a..

Thewrgfi£"values er a-single member between battens,

fassumrng'the struts were axially loaded, will need to
. be eStablisbed for the various batten spacings.
'addpted in the tests. This is necessary to ascertain
tne‘base or’eritical value for an axial load acting
on“its.own. The followrng Fig. lllndlcates the
cratlcal values for this type of fallure in the tests
A planned. - _Comparisons’have been given between the
Timoshenko and-the Koenigsberger & Mohsin predictions:
using'tbeAbatten spacings which will exist at, or

adjacent to,the mid height of the struts.
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o it w111 be observed that all crltlcal loads, except

i;wthose for Tests 3 4 7 and 10,u51ng Tlmoshenko'

o expre531on, exceed the local buckllng test fallare

" buckllng glven 1n Chapter 6

~oad

fof 342 KN (34 2 ‘ton) and 310 kN (31 ton) overal'i column.

"'Theoretlcal fallure loads for overall column buckllng,

f'under ax:al 1oad

assumlng buckllng in the plane of

the‘bdttenb Stll] needs to be. establlshed in

IACcordancetw1th Tlmoshenko's expression (1) modified

'[”teﬁaCCOuntﬂferprCKIing between the battens and with

“jthe”adjﬁSted,effective batten centres argﬁed'by

"tKonigsberéefband Mohsin;

The expressions then become,

;{Foroimoshenko -

Serit - (2 o . ‘ o B
o L Dl 2 n
oo L 4+ ET - ab. a . 1 + a
Y 9 R _ . N
2 I2EL 7 Zani_ (1 c><) HALG
‘Foijodigsberger & Mohsin -
T1%ET L
crit - LZ. ‘
IR 1T EI' 0.85ab . (O. 85a) Lh(o. 85a) . (4)
: 2 TR 24ET_(1-x) ' BAG
-nwhereciii Crit
: ~ 2 El
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and G = —————— = 1 1
.énd q;' 5T FY) Y Poisson's ratio
| | = .33 (for Al-Zn-Mg)
oo 6= 88,700 = 25,750 N/mn°

~ 2(1+7.33)

It will be noticed that the expression for oL contains
Pcrit°- Equatiéns-(B) and (4) can therefore only be

solvedAby a tria1 and error method.

' Fig}ffl2’giveé‘PC-

it values for overall column -

~ buckling using expressions'(B) and (4) for the Test

jhumbexs_and-batten'spacingé as given previously.

it:wiil'bé-ébserved that none of the critical loads’
"xéach the locai buckiing loads or the loads for
columﬁ buékiihg Qf an individual channel Calculéted
earlierf. Those calculated using»Konigsberger and
Mohsin's e*p;e§sion; approach.the'local buckling
figure when the battens are spacea at the code
maximum of 863.5 x 0.85'= 734 mm.  Indications
theréforé'fare»thatx&ithaxiél.load only the struts
~bein§ tested, will fail by overall column buckling in all
caség,Where-the batten spacing has bgen-increased
beyond ﬁhis.figure bhnt local buckliné could be

critical for the struts MK 51 and S4.

The reduction in load carrying capacity .at the
Vénlarged batten spacings is much more’ than the'

author WOuld_have expected. It remains for the
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tests to confirm or dispute this view,

Bending Moment

crit

'Thé”briiical,puré bending moment M__.. = M was

' requlred as a base value for the interaction

express;ons; This will be establlshed theoretlcally

' in what follows, using data from Chapter 3.

' "Thé‘authbr-Would have preferred to confirm any

thed:eticél solutions for M by practiéal.testing.

crit

This, alas, was not possible, due to the extreme

difficulties of simulating the ball end arrangement

for a beam, and proVidihg‘a suitable method of end

'moﬁenf:appliéation | " Any arfangement;deveioped to
’perform this duty satlsfactorlly, is difficult to
‘v1suallse partlcularly with a battened member.

‘To be effectiye, the moment must be applied at the

- ends byteqﬁipment which would provide no end thruét,

have a ball seat freedom and adjust laterally as the

beam deflects.

‘Theoretical values for Mo will therefore be

‘ calCulatéd,‘and a value chosen after all the factors

involved have been considered.

. _ I
Knowing that Mcrit =M= fbCrit 5 R (4)

- Then from séctional properties - Fig. 18 (Chapter 6)

. fb .. x 1179.6 x 10% B
M. = Toerit . . . (5)
My m = . |
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‘}ihezproblem ls to establish’a realistic yalueAfor
fb;;;z'lIf.theAstrdt. WOrking as'g beam‘on1§,7had
.adequate lateral restralnt fbcr would be-either the

'{max1mum value of 391 N/mm . (25.3 ton/ln ), or, as
3 could happen in thls case, probably be controlled by
»local buckllng as explalned and applled in Chapters

f-}3 and 6 respectlvely.

7'"Reference forward to Chapter 6 w111 show the average
local buckllng fallure stress to be between 283 N/mm2.
f»’and .292.N/m‘m' (18.3 to 18.8 ton/in° ). It should

jhowever probably be argued that as the strut. 1s

' o at. thls stage, belng con51dered in pure bending, the

i~lextreme fibres at the back of the web of the channel
jzlnvcompresslon:would be the most hlghly stressed.
Aprthis is.accepted, the value adopted'shouldAbe that -
B calcplated forrthe-web element a10ne.(Chapter 6) at
‘ 2

. a maximum local buckling stress of 318 N/mm

w(20.5‘ton/in2).

Howemer;ithe lateral instabilitylof the strut,

WOrking pnrelybas‘a beam and:unrestrained between
',lits'theoretical ballfends, has yet to be considered. ..
\anﬁis'may mell be the criterion and dictate the stressl

- to. be adopted for the evaluation of M - . = M .
‘ S ] crit o

n*For a member of the battened strut configuration
" the lateral 1nstab111ty problem is partlcularly

i_dlfflcult and the prec181on of the solutlon-

4
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_dﬁésfionabfe; . The difficulty lies in assessing
fhow'ﬁuch 1étérai~rést;ain£ the*chaﬁhel inﬁTENSION
will broyide tp fhe»channel in ¢§mp;essidn and |
wanting.to-bUckie«laterally. Any restraining
.‘,inflﬁence wouid need‘to be'transmitted VIA THE BATTENS
'Whiéh are genérally weak in this direction and would
bend relatively easily.  Battens are‘also only an

intermittent restraint..

-_As_a-first‘calculation the batténs are considered as
j”stiff" and the cbmposité section assumed as a .

homogeneous unit-.

‘:Fo;'a_doubly symmetrical section CP 118 provides,

a Suitable‘expréSsibn for f* lat given in
B . . 1
2z

 na 1)%1
Clause 4.4.4.2 by A lat = 2.3 [ Y JIY x] (Tf) .. (6)

second moments of area

where I .and T
T Ty T X . .
about the major and minor

axes.

J #, torsion factor
zf = effective length between

lateral restraints

y = distance from N.A. to extreme

compression fibres

C(NOTI f[V and I\& reversed to suit earlier configuration)
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t

“‘.It w111 be observed that the expre551on (6) 1ncludes

iffor a tors1onal factor J Thls 1s because a . 1ong

“'fp:slender beam may well fa11 by a comblnatlon of

.Jﬁtor51on and lateral bendlng

".Calculatlng J

..'a‘ThlS w111 be establlshed in- the usual way, by d1v1d1no

' _the cross sectlonal proflle 1nto component parts

A?The general approach is glven in CP 118 (1969)
3;Append1x F and Flg 26 of thls appendlx d1ctates
'?the extent of the flllet reglons to be added to the

ﬂﬂhfremalnlng thln walled rectangular parts

3H§fiThe sketch below glves the dlmen51ons of . the parts
'xpfor a glven thlckness t For the proflle grven,
:v;rthe}factoqu,:‘
eafL‘when:t.=f3,97.mm:'

Nt.= 7:.94.mm  (N+2)t = 15. 88 mm (N+1)t = 11.91mm

) SR
- 178
i e @35
N O
s 1
wee Freeer” » _
X—— 11—~ - - SN X
A NE "Fua_uae Fivcer
. (N#D)E =_;rg¢f] | _ 3 |
T T \3:-7’4 ‘ T
. . ‘ . i ALL F‘LLET545° . .
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Flange Fillets (4)
‘ 4 . o g )
'Jl’:j 6p +_qn)t) where p and g are empirical
constants.

From Fig. 26.p = 0.83 q = 0.39.

o
1

(6.83 4 0,39 x 2)3.92) .

1670 x 4 fillets = 6680 mm™

Web Fillets (4)

From Code Fig. 26 p = 0.86 g = 0.39

L L4
g, v_(}o,a@ + 0.39 x 2)3.92> -
1790 x 4 fillets = 7160 mm”

'Flats forming Webs and Flanges
3.97°
3

-, | | |
. . "bt .
J3.;;£-"§_': (2 x 95.24 + 4 x 31.74) = 6620 mm

(for lateral instability)

iEstabl;shlng fbcr

From expression (6)

. 1
. v . a
oL 1179.6 (1179.6 - 609.36) * /Lf
S Alat = 2.3 { 2.04 x 609.36 ] 8.9

=

"The.value of.ff is given by ‘Zf = k1k2L with values

for k 5

, and k, taken from CP 118, Tables 9 and 10.

" Then kg

=1.2.,k, = (0.6 + 0.4) = 1 |
“and- Lf = 1.2 x 1.0 x 3657.0 = 439C mm (440 cm)
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' NOTE:- k; has been taken at 1.2,but this value is
A(jpéssibly suspect,aé‘the‘ball ends give negligible
‘restraint against fwisting. The code also accepts

that battens are spaced equally.

o a1 1
5 3 |1179:6 (570.24)(% (440\>2
. 1243 ' 8.9

Then )\ la't

2.3 x 4.82 x 7.02

78

From-Fig.4 (Chapter 3) ber = 112 N/mm° (7.25 L/in®)

o Then'ffbm,exp:ession (5)

M. =M = 112 x 1179.6 x 10
crit - o ‘ 89 '

= 1490 x 10% Nmm (59ton in)

Asvaﬁchéck,'ah approach -discussed by Venkatraman and

Pate1(64) was then uséd, involving the expression

Merit = T J EIGJ e (7)
where leis‘the second momént_of area about the
weaker laterally unstable axis, at right angles to

the p'lan'e of bending.

"Expression (7) was developed for a pin ended beam
subjected to equal end moments. The selected cross
section was described as a solid, narrow rectangle,

" but the degree of narrowness was not defined.
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" However,- the test struts are at present being’
’ considéred.as "stiff hdmogenedus"«units; It .
".theréfore_appears acceptable to use this expression

:as a‘' check.

“Then from expression (7)

I (O A N 4y -
Moyt = 3657 68,700 x (609.36 x 10 )x;ZS?SO x 20460

M, = 1263 % 10% Nmm (49.9 Ton in)

Mcrit4

Ihen‘fhe.crippliﬁé stress fbC given by'exPressiohs(S)
. and (7) is
f = i

lper -

- 1263 x 10" x 89 _ g6 N/mu? for (s)

7 1179.6 x 10%

(6.25 Ton/inz)

A réugh interaction cﬁrve check,'uéing the foregoing
vaiﬁes; immediately ihdicafed,that the approach was
»':ndtwsuitéble. _ For the struts to be testéd, lateral
;insfabiiity oflthe'éhaqnél~car£ying the most

'-cqmpression still seemed a possibility. (See Note Page 118)

ittwas tﬁeréfore assumed that fhe.battens had virtually
no lateral stiffness and that failure in pure bending
‘WOuld result from the-laferal instability of the
"COmpreSSion.channel»with gg.ldteral restraint.  This

would give a condition of no torsion as the channels’
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[N

...would move 31deways relatlve to one another cau51ng :

' MO . RoTaTiow

L the battens to: buckle or . even fall thus -

» -

LATeraL DispLace MENT

Y Bartrems. Buckidd oR.

PossiaLy Faw. -

L oF CHARMELS,

'(te No \oRS\oh\)
: OF Mo-rz

o Assumlng that the crltlcal value of M would exist

v ,at onset (\f plast1c1ty and con51der1ng ‘the channel on th<_
"comp'r_ession".,sldeAQf ,the strut to yield as a unit

oMy = A A f.',-I,if" o ,.-f'(“)

.._"Whe,r_e fy ‘stless at the approprlate

'slenderness ratio (Flg 4- Chapter 3)
A = area o}fI ONE ehannel

d = 'cjiis‘tence 'b.etwe.en--centr'oid's of .the

pai‘r" of char.‘m‘els".

136 x 11.67 x 10° x 134.4

I

_2133;x 10% Nmm,

_This occurs at’ fbcrvalues' of 136 N/mm2 (8.6 ton/in2).
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NOIE:

oQomparison betweeo-solﬁtions'foanpressions‘(6) (7)

" and (8) hlghllghts an anomaly. It is. not reasonable

i that a "stlff" homogeneous sectlon would carry less
‘mOment;T. Beyond proportlonallty,llmlr the moment arm

. of the couple.wiil approximate.to the centroids of the

channels. ; If ‘an adjustment - 1s made for this and
the value for K1 is now taken as 1. O the solutlon to
‘expression'(o) is satlsfactory. Expression (7) only

“has Timited analogy and will not“be pursued.

Know1ng the values of actual straln readings
ivexpress1on (9) appears to be correct The: reasoning
is 1ogica1;: Mo will therefore be takeﬁ at

21330 x 104'Nmm'in all subsequent calculations.

'All theoretical values neceésary for the establishment
'Vlof.the deflection_ano;interaction curves have now been
resolved. Tabies giving the results to the lengthy
1computations involved are-included in Chapter 8,
covering‘fhe "Testing'and'Comparison-of Theoretical
N and Test Results". _.An appraisal of the strain gauge

readingswill also be‘dealt with in the same chapter.
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ChaEter'S.'
The Testing Rig - -

GeneralAConsiderations'-

1Ideally struts should be tested vertlcally using a
:robust rlg located over a p1t X Such an a;rangement
enables members belng_tested to be longer than the

‘legs of the testing frame, and thus reduces any

tendency for the frameito.mpﬁe laterally, under load.

‘This ideal was unfortunately not possible for this work.

‘-No strut testlng of note ‘had prev1ously been undertaken
'at Tee551de Polytechnlc and the flrst requ1rement was
to develop, and construct a sultable rlg - Space

‘llmltatlon dlctated the ba81c requlrement of portability.

The work would need to‘be'carrled out on a limited

budget and careful conSJderatlon given to prov1d1ng a

.versatlle piece of equlpment “which would not only be

,sUitable for this research programme, but capable of

testing stfuts of varying type and length, in the

" future. Any suitable existing~equipment wculd'need to

be adapted and incorpdrated wherever. possible.. The

optimum aims would therefore be, an arrangement

: enabling struts ranging in length from the very minimum

to the maximum permitted by the laboratory headroom to

"dbe"tested3 at the maximum permitted load.

Existing Equipment

"The level floor of the hcavy structures laboratory has
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' bullt in loadlng sockets located at 18 in centres .on
Can’ equalateral trlangle pattern.; Each socketais
1capable of - sustalnlng a 15 ton pull through l3 in .

' dlameter studs.

.A series of Samual Dennlson hydraullc Jacks emlsted as
',standard laboratory equlpment. | These are capable of
.‘exertlng max1mum thrusts ranglng from lO ton to 100 ton,
rwhen coupled to the complementary control console and
'pump un1t ‘ The'loadlng,control of the-system~1s
'dellcate and the-console is}fitted.withra loading dial
'.graduated in 1ncrements of O 02 ton._ The 50 ton Jack
was-chosen .as the‘most sultable for the universal
itcstlng env1saged and 1ts comparatlvely dellcate control
?was qulte satlsfactory. If the jack were to be, |
‘faulted, it would be on account of its heavy  construct-
ion:and COnsequent size,fWhich'Will:directly affect the
1length avallable for the test spec1mens.' Thls'mill
need to 13e accepted Some form of ”Gulde Box'" was
:requlred to prevent the jack from “klcklng" 51deways

| under load, as the load transmlttlng flanges at both

‘ends of*the Jack are ball seated.

A survey ‘of the laboratory s heavy framework equipment
n-1nd1cated that the’ ex1st1ng ”Stralnlng Frame" legs
'together withpthe heavy doublepchannel cross beam
.would,-if‘suitably developed,.he ideal'to form the basic
items of the main rig framework.  The legs are of

“exceptionally robust, wolded box construction, and




prov1ded w1th holes for large d1ameter shear p1ns at

',12 1n 1ntervals, along the major part of thelr 1engthr
f:Each leg is capable of sustalnlng a worklng ten511eA
prull of 30 tons through studs located in the floor
floadlng sockets. ' The top cross beam belng attached
'to the 1egs through a 51ngle centrally located ‘'shear

:;pln at each end would not promote end moments and

sway under load would be unllkely

.fo-utilising the'existing equipment described and -’

W

'developing"al"Cuide”Boxﬁ With ﬁCuideAChannels"_andga
5‘."Th1ust Box"lAall'of‘Whlchfare-subsequentl§ described,
’5 rlg was.produced capable of exertlng thrusts of up

w_.to 50 ‘tons. on strut spec1mens of any de51red Cross .
esectlonal proflle. ' Full.use-was made'of,the labor-

'atory headroom avallable and struts ranglng in 1ength
Aifrom 12 1n‘to 12-ft in 1ncrements of 12 in can now be
:tested._- A very versatlle strut testlng rig as shown
din;Flg.1.5Plate 4 is now-ayallable as standard
. IAboratory equipment. Thc:fact:that the assembly is

_portablevis‘an’added attraction.

‘New Components - Des1gn and Fabrlcatlon'

The functlon, de31gn and fabrlcatlon of the new comp-
'onents,‘néceSsary to the rig, are now described.

All work was undertaken in the Polytechnic workshops.

121
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Gulde Box Flg. 14 Plate 5

The ba51c requlrement for thls un1t was to transmlt

'longltudlnal thrusts of up to 50 tons from the

:hydraullc Jack through a ball seatlng to the test

spec1men

In performlng th1s duty the box must hold the ball

,ended jack 1n a prec1sely vertlcal position

'throughout.the‘length'of its travel. ‘As the test

'flstrut bows and shortens under 1oad the ball seating

3between the strut and the top of the gulde box must

,move.ln a-prec1sely_vert1ca1jp1ane throughout the

. whole vé?tical traVelfofithe'box; ' This must all

ﬂ-be-achieved withvthelabsolute:minimum‘of frictional

drag -at the guide wheels 1f the recorded thrust is to

be transmltted fully to the strut under test

VThe'concept'of the guide.bok was developed in
'Aconjunction with that of the guide channels, later

described and resultéd in the provision of a rigidly

constructed box. hou51ng ten guide wheels as shown
in Flg. 14 .  The 1dea_of three wheels on opp051ng
sides ofithe‘box was implemented so that the two

upper'wheels COuld;be'looated in the same horiz-

~ontalvplane; This eénsured the box remained

Vprec1se1y square within the adjustable roller

plates.  One furthcr wheel only, at a lower lcvel,

was used on these two sides,  thus ensuring-oven
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‘wheel seating'on the<roiier-plates Which would
~not haVe been possihle had four wheeis been

adopted. The renaining sides Were-fnrnished
;Awith'two'wheels‘eaCh, located on. the vertical

"~‘centre line towards the endS-of_the;box;

ihedheightdof.the‘hoxfﬁas madelas large as
i.possible‘consiStent withAthe‘ouidepchannel and
roller plate depth the vertical-movement of the
box when testlng, and the pract1ca1 d1ff1culty of
flttlng the wheels onto thelr respectlve shafts.
.All wheels were spaced as far apart as practlcable
.to;mlnlnlse, however~sllght any tendency for ‘the
box to neilt under load A condltlon‘brought
about by the fact that the Jack was ball j01nted
and that horlzontal force would exist at the ball

Seatlng under the strut.

jDefornation of,the:hox:under load could not be
'_tolerated if the'gnideiwheel~system was to
1operate satisfactorily. Rigidity therefore
controiied_the design and 3 in'thick.mild steel
plate was. adopted throughout. . All side plates
:Were milled'true and square-on all edges, and
_mating surfaces. .End.plates were‘similariy
'_mllled before their faces were surface ground.
“After ‘the cuttlng of the gulde wheel slots and

_the fitting, boring, and tapping of the wheel
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shaft olocks, fhe‘plates‘weie'carefuliy asseubled
.u51ng accurately p051t10ned Allan key headed tap
- screWs. : Thls ensured tlght flttlng of the

matlng surfaces.‘. Internal tle/strut bolts uere
"then p051tloned to mlnlmlse'any p0551b1e deflectlon
'of‘the box 51des-under load, ‘ By exerc151ng
extreme‘care fhroughout allletagesAof manufaoture;
the technlque adopted produced a box into whlch

the: gulde wheels could be prec1sely fitted.

»V'The asseobly,-w1tp top plate removed Qas now set
A'up<x1a plane table.:_-Thls prov1ded a datum~for
‘the exact allgnment of the gulde wheels and
ensured'thelr.complete squareness_w;th the end
A-plates.. Eachluheelvwaé'turned and fifted indiv-
1duallybto overrlde any 1rregu1ar1t1es in tho'
-mlld steel box 51des.'; By thls means accuracy to
w1th1n 0. 009 to 0.003 - -in was achleved for the
wheel 1ocat10ns. |
'ﬁxoepp for small test ioads,vthe 1 in thick box
top would need to beAreinforced; This was’
Anecessafy'to combat deflection, punching shear
at:tﬁeaballiseating and to distribute  the load. -
properly fo'the‘box sides; It was not possible
to reinforce‘internally due to'guide wheels etc.,
and’a.doubling plate was.{herefore neceded.  This

was made 1% in thick and surface ground, thus




-ensurlng even load dlstrlbutlon mlnlmal deflectlon
- and -an acceptable bear1ng stress at the ball seat.

A'Both the gulde box top plate and the doubllng

plate were prov1ded w1th centrally located

3spher1cally cut ball seats sultable for a 1% in

dlameter brlght steel ball The seat1ngs-were

sllghtly enlarged at their perlphery, to mlnlmlse'

'any frlctlonal grlp on theeball, but not to such
'.an extent that 1ts central locatlon was affected.
;Lubrlcatlon of the ball seatlngs is descrlbed later.

'Locatlng dowels attach thc doubllng plate to the

hox top-plate.

A .50 tohftest load was applied'tofthe completed

box in an Avery compreSSion-testing machine.

Deflections and distortions were checked and the

results assessed as completely satisfactory.

Guide: Channels Fig:- 15Plate 4

"pA pOsitive‘yet_finely adjustable»location'for the

guide box at its working position-invthe rig

-deflned the requlrement This was achieved

u51ng heavy brldglng channels,'sultably diaph-

ragmed, between the main legs-of the rig. The
important "rigid" connection to the rig legs being
madelusing large machined ferrules and long bolts.
Wlth plannished,.recessed, washers. Two bolt

positions were used on cach main leg, using the

‘holes: provided for the: large shear pins. = This
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system prov1ded a completely Ilgld assembly 1nto_

4 Wthh the guide box could be p031t10ned

d(c):

The fine adjustment in any direction” necessary '

for the guide box was accomplished by u51ng
surface ground roller plates to mate w1th the
guide box wheels..: These were attached to the -
maln.guide channels and their diaphragms with

flnely threaded adJustable, 1ock—nutted studs.

' By this method 1t was easy to locate the gulde

box ball seat 1n 1ts pre01se working p051t10n and
ensure that the box was vertical throughout its -

length of travel w1th all the guide wheels Just

'in contact,w1th the roller plates.

All‘parts were}investigatedngr»strength and .

stiffness against‘lateral movement Which could

1,result from the horizontal thrust 1nduced by the

deflected strut under load._

Thrust Box Fig:- 16 Plate 6

The function of the thrust box was to provide a

. positive location for the upper ball seat and act

as a '""make-up" piece to the existing double- -

channel -cross beam. The depth of the box was

,fixedMSO that strut lengths could always be an

exact numberlof feet, centre to centre of end

-,balls, whichever shear pin holes were selected in

the main legs.
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ﬂ»Deslgn and fabrlcatlon technlques employed for..
1‘the 51de and end plates were prec1se1y as for the
‘gulde box A The absence of gulde wheels d1d

‘however enable an 1nterna1 thrust core - to be

1nserted obv1at1ng the need to use a, 1% ;n thick

"‘”doubllng plate, as was: necessary for the guide

.box.;; M11d steel plate % in’ thick agaln formed

‘the ‘box. c The core.was a 2 in ‘diameter bar
.umexactly cut: to length and‘dead.square thusu
‘.ensurlng it- fltted tlghtly between the box end
‘1plates_ It was 1ocated on the centre 11ne of
_‘the?ball seat by»meansqof a tap‘screu at one end.
.hThls core ensured that the load was transmitted

dlrect from ‘the: ball seatlng to the dlaphragmed

Channels of. the heav;ly{constructed ex1st1ng

cross beam.

‘To ensure the exact verticality of the strut

under - test it was vital that the top and bottom

uball seats'were exactly in line. - This. was -

'achleved by drllllng and tapplng a fine hole at.

: the base of “the thrust box ball seat for the

C suspenslon ‘of a plumb llne.:-

Gay

Spreader Plate. . .

A large 12 in thick triangular plate existed.
“This was’modified-for'attachment of the bottom
hydraulic jack flange and for positive location

' to afloor socket. 'A.satisfactory arrangement for
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',spreadingtthe load_from;thevjaCk-to the laboratory

floor was thusfproVided,h

- (e.:)_ : ‘St'rut'En'd Piateé Flg -‘ 17 Plate'? |

' After experlmentatlon w1th other forms of end
,connectlon and-: ball seatlng arrangement for the

'fstrut spec1mens, the v1ta1 1mportance of positive

- locatlon and complete rlgldlty became abundantly :

'clear;

'It was flnally“dec1ded to prov1de surface ground
:steel plates l% in thlck Wthh could satlsfact—
‘orlly accommodate the spherlcally cut ball seats
;';at'any de51red locatlon. These were to be
attached to alloy endnplateS‘welded to the struts
b_by close toleranced bolts ‘A central dowelhwas
Vprov1ded in the steel plates Wthh would mate
"w1th a carefully pos1t10ned hole in the alloy end
- plates.' The dowel was*drilled and‘tapped on its
llohgitudihal axis forfa'smallfeye bolt required
;j to'accept a length.of spring temsioned nylon

. _thread later described.

' (f) - Clock Gauge Frameworks

Rigid frames were fabricated from angle section
dexian bolted together. The frames were
-arranged to span between the maln legs’ of the rig,

to whlch they were attached at the .desired level,
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‘hby“means ofplong bolts through;theiekisting-Shear

‘pin holes. '

,Clock gauge braCkets were nade from‘threaded‘rods;
°~fbent to the de51red shape for the prec1se
_ “locatlon of the gauges, at. selected points on the

strut.

.4 Testlng the ng (Plate 9)

IThe completed rlg was fully tested under worklng load
Hns1ng an alloy battened strut 51m11ar to those planned
”pfor the research programme.' vAll‘the important
A"features,were carefully scrutinisedrandhsnch items as
v";fhélgﬁidé:be checked for freedom of'novement and for

any signs of lateral displacementfor twisting.

bTheiload;outpnt from the ouide on'to the . specimen was
Jchecked agalnst the 1nput recorded on ‘the Jacklng
console, w1th the ald of a load cell 1nterposed between
the top of the gulde box | and the spe01men. The -‘load
-cell‘was:coupled electrlcally to‘a Bonlton & ﬁauli

. "Iransducer Unit". =~ Plate 8.

‘_beflectlons.of the.rig were checked with a theodolite

" and theidatalanalysed in the light.of what affect it
"mlghtfhaveﬁnpon the'test resnlts. Forward thinking on
,-this problem proved adequate With the displacements

occurring'virtually as enVisaged. The upward deflection
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of the top cross: beam dld not 1nduce movement of the
“_legs and would not affect the data requlred on strut‘
shortenlng under load as thls could be establlshed

.from dlrect readlngs on the strut 1tself

" The functlon of the rlg was assessed as a- completely
J.Satlsfactory alternatlve to the usually con51dered

Vldeal of.a framework over a~p1t., In postulatlng

qfover any "short comlngs"Aof the arrangement it could

"well be that the major problem stlll remalns that of

lthe degree»of flxlty exlstrng at the ball seats,

iPreVious efforts to‘minimiseithis effect,fwhilst often

: ingeniou55 and‘sometimes-elaborate,hare not oonvlncing.'
'It ls‘théfefore'argued thatAthe'kej to the problem.lies
"'in the:formvof lubricant“used and not in an elaborate .

- mechanical contrivance.

:For~this reasonAball‘Seats whroh-were spherically cut
'and then enlarged sllghtly at the perlphery, tO’
minimise the "frlctlonal gr1p” of the ball in its
'seatlng, and yet prov1de a prec1se locatlon, was the
51mple ch01ce. l If the new I C I PIFE/silicone grease
(Experlmental Product 6225) is used in conjunctlon with
thls,51mple concept 1t:may well»be-that the best

" solution so far, has been achieved.

'_ E.P. 6225 is a silicone based compound incorporating

';a,new grade of finély divided PTFE powder. It is in -




‘the experinental stace“and data“are‘stlll“heihg'

' accumulated but 1ndlcat10ns are that the product is
zan'exceptlonally effectlve lubrlcant under hlgh load/
';slow speed condltlons. - It ls an: excellent antl selze

"}compounduon_metal parts subgected-to,hlgh'loads.

’NOTE;Zz All work on the testlng rlg has been under-
| "taken u31ng.Imper1al Unlts. - This was
-h.con31dered adv1sable Where eulstlng equlpment
‘requlred modlflcatlon and the new components‘

_‘made~to functlonfw1th it.

“Also, in the Autumn of 1969 when the rlg
A,was be1ng fabrlcated very llttle S.TI.

4?;WOrkshop equlpment wasﬁavailable.-

14GC
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ChaEter 6 .

' Specimen Selection, Design and Fabrication

6.1 vSelecfibn

| Thé first requirement when researching intd the behaviour
of battened struts is that the Componént parts work as a
homogenedﬁs ﬁﬁit. To elimihate joint.rotation and
consequent early failuré,_Wélding was therefore

. essential.

To satisfy this requirement ‘the choice of a high strength
'Al-Zn-Mg -alloy was inevitable. Whilst still in the
ekperimental stage, and not yet commercially available

in ‘the U.K., its exceptional‘étrength properties after

‘welding dictated its selection.

' Thelform‘fb‘be»taken by the‘fest strﬁté was next care-
fuily cohsiaered. Factbrsfcontroiling the supply ,design,
fabricatioh techniques and test rig capacity, all

'contributing to the ultimate choice. The selection of
sections likely to be used in practice, and for which
dieé exiéted, was also desirablé. | The profile finally
chosen took the following form. |
1. 'Standafd 127 mm x 63.5 mm (5 in x 23 in) beaded

channelé would be used for.the main'longitudinal
‘members. Factors dictating this choice being:-~
(a) Their load carrying capacify would make full

usc of the test rig.




142

"(b)ﬁ{The 2 1 web to flange w1dth ratlo ,usual

'f_w1th smaller standard channels, would correct
:a problem encountered by earller researchers
,7;u51ng pressed steel sectlons ; They selected
:small flange w1dths whlch d1d llttle more.

f';than provmde'web.edge relnforcement. Thls
fiiresulted in local fallure between-the battens

"7‘frequently ‘in the end panel

-:(C) fIhe chosen sectlon was th1n walled and

_torsronal 1nstab111ty was therefore p0331ble

.J(d)' The flange beads Would glve 1mproved perform-

-!’ance agalnst all forms of buckllngr

‘ 'Batten plates were used 1n palrs, spaced 1n1t1ally
:-at the max1mum dlstance apart permltted by the
1 Code~C.P\ 118 1969. ' Subsequent ‘test .struts had

j-1ncremental 1ncreases 1n excess of th1s dlstance

In some cases palrs of battens were located at the

m1d helght of the strut whllst w1th others this mid- -

T:helght p051t10n was straddled

Pairs of battens were provided at the ends of the
main members ensuring composite action was maint-

ained in‘the'end panels. This is of vital.

importance..
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?Thln alloy end plates were selected for.attachment
i to the ends of the strut to fac111tate the prec1se o
‘i:locatlon of the steel end plates carrylng the balll
ﬂllseatlnds. Partlculars of the alloy plates are
‘;glvehAunder'6,3 7'Fabr1catlcn;.f The steel end -
bplates'are describedlthChabter;S,and shdwnAin

. Fig.-17 and Plate 7.

Much consrderatlon was. glven to the dlstance between
aAthe channels as the struts were to be subJected to .
,both ax1a1 and eccentrlc ond loadlng 1n the plane

fof the battens,

Forvax1a1 loadlnc the 1dea1 would be to'select a
'dlstance giving equal radii -of gyratlon on beth'
major.axes,, TestSjw1th,TrI.G; weldlng.equipment,
4 necessaryifor Weldincfthis.allbf; did however
.Hdlctate:that.a distance»ofASO_hm (2:ln)'was the
o ninimun accebtable betueen;the'channel-toes,lto
-pomplete all the welding:required. 'The brbfile
-.ultrmately~3elected Was as-shcwn-in'Fig; 18 .
h'ﬁThis was nOt theoréticallu idealfbut did brovide
ftherbest pcssible arrangement'for.auial loading.
.'éucklingAshbuld occur oh'thefmajcr axis parallel

to the battens.
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_nTne‘arranQenentZWas’ncneQer“iéeall;asnifed~t6
eccentrlc end loadlng on the major ax1s parallel
"':to the’ battens.ll An’ eccentr1c1ty of 25 mm (1 1n)
:‘was chosen, enabilng.an 1nvestlgat10n to be‘A
-@»carrled OUtuln?Q a_type of,;oad;ng (cau51ng buckling
 in the plane,cflrhe:battens) nctfenccuraged by the

' present Code recommendations.

Flgc. 29, .30 and 39 to 43 prov1de detalls and - :
‘-1dent1f1cat10n marks for all ax1a1 and eccentrlcally

'eloaded struts te ted

iDe519n -.

At thls stage 1n1t1a1 de51gns were undertaken for ax1al

‘and eccentrlcally;loaded struts'to establlsh the order,
fof the fallure loads The designs'were carried out in

strlct accordance w1th the requlrements of Cp 118 (1969)

- Clause 4.3,4,'¥A”Battened Struts" The cross sectlonal

~profile.'selected for the struts 1S’as.Fig.18. ~with

‘propertiesrasziisted.

- The first requiremenr was to esrablish the proportions

" and spacing of the battens.

'SEacinngas'fiXed"in accordance_with_Clause 4.3.4.2

I{~must‘beﬁAreiterated that an anomaly exists between

'_:the.alloy and steel code recommendations on batten.

-spacing as’ recorded in the table inclndedlin"Chapter 1.

This:is,further'aggravatcd by the ambiguity of Clause

c4.3L 420 which refers to Mspacing between battens' and
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"M‘"measurement'betweenﬂcentresfof battens". In view of
'lfdtnisfsituatlon the-nroblen-Was-chsideredaasgfolles;—

"Inltlally four equal batten spaces as 1ndlcated for

~TxStrut_Sl'were chpsen.f' Flg.~ 39 and 40.

. Then Spacing, centres of battens = 863.5 mm. (2'-10") .. (1)

Spaeing;7between,battens'~ 781  mm (2'-63") ..(2)

Tf‘:Least‘slendernesslratio’fL'f4 single{ehannel is given by:-

. For (1);,%1- :fggégij; 38.2; For (2) fl ;.1?5% = 34.5
LTy e e Ty S

K\V)

:Code requlres that thls Value should not exceed the

lesser of 0;7 X éL of strut as a whole OR 50

0.7 % 51.4 = 36.0 OR 50

'*The value of 38.2 sllghtly exceeds 36 0 but was accepted:
as. 1t referred to.- the more conservatlve locatlon of
' batten centres. Thus accept spac1ng is at.permltted

-max;mumg”

ngth of batt ns was establlshed by Clause 4.3.4.
Centros or wold qroups were taken at a = 101.5 mm
) (Code Fl_g 5 ). o _ -

V.o a = .75 x 101.5 = 76.1 mm minimum
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“'Battehhlength fixed.at183immf(3%7ih);" For
fWeldedibattens effeétiye_lengthfﬁakén”aé total
’.length.:' -
7Thicknéés”df battens Was glven by Clause 4.3. 4 4,
:'g_Minimum = gLi OR 2 5 mm (O 10 1n)
a _ 101.5 _ . oo
Usef3.l7‘mm (3 in) thiCk plate.:
.VﬁFéétening - requ1rements are. dlctated by Clause

' 4,3}4,5,- ThlS requlres the 81multaneous re51stdnce
fof;—;f '

(a) . Longitﬁdinal Shea;inngbrcé gg' .

SRR ”':sd e k Lo See Code

(b) - Moment of =~

R . . L - ‘ for‘symbols
(c) -Any other forces-due to bending of .

'. the struts

:iﬁ Viéw“éf~tﬁeféompléxityqu fhe eccentric’ loading
.sifﬁaiion; (eécentricity on the a*iS.parallel to the
4bétf§ﬁ§)'whiéﬁ'Will giVe.iarge.variation of load between
thé,méiﬁ chéﬁﬁel_legé, pluslthe'strésses induced by
ldeflectlon,.fhe minimum fasténing reqﬁiréments'are.
:dlfflcult to predlct at thls stage It was‘tﬁerefofe
' ”dec1ded to prov1de ”all round" flllet welds developing
:the full strength, of the batten plates._ Proposals for
fadjustment to this provision can be made after the strain

'gauge_réadingé for the battens are known.
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'z;The proflle of the struts was now completely establlshed

fenabllng the calculatlons for the theoret1ca1 fallure

f‘stresses_and;loads;tO‘be made. :

1. CblnanBuckling

(a) -

"Effectlve length (centres of ball ends)

L 365.7
r .
y

Ax1a1 Load

o o3 657 m = 365 7 cn (122-9")

" Overall Slenderness Ratlos =
4 _.365.7

f*.? 5.13 e 71 3 (Parallel to battens)

== :51;4f(ﬁerpendiCularjto battens)

bClanse 4.3,4;1 requires 51.4 NOT to. exceed

©0.8'x 71.3: 51.4 < 57.04 O.K.’

*Slenderness ratlo (51ngle channel between

”f"centres of battens)

' S 2.26

, Criteridn for CelumnjBueinnglxz

f 86.35

= 38.2 lE pin-ended will be
-y o L

;réduced by end fixity depending‘on batten. .

" ‘stiffness.

= 71.3.

VAP
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| From Chapter 3 - Flg.,2 Crlppllng Stress,=p'~'

133 N/mm (8 6 ton/ln )
.‘Crippling_load'; area‘ktstresse.:

2334 x 133 -

= LS 'z 310.4 kN (31.04 Ton) -

" (Note':- 'Tests“ﬁ'and 6»Withhbattens spaced at |
1641.5 mn centres failed at 371 kN (37.1 ton)

;:1ghd:33ljkN9(33,1_toh)_respectively),

'Eccentrlc Loadlng

Vq_Ihe eccentrlc loadlng w111 promote bendlng in -

the plane of the battens and thelr Spac1ng
:becomes 1mportant Calculatlons w1ll therefore

- be: made to predlct the fa11ure load when the’

battens are spaced at 863 5 mm (2' O") centres,

o Wthh 1s the max1mum permltted by the code

t‘~Pred1ctlon w111 also be made for the fallure

‘_load when the batten spa01ng is opened out to

1218.5 mm (4'—0”)-oentros. - Tests w111 also

- be conduetedbatethiS'latter.dimension.

A‘~Code Clause 4. 1 4 2. prov1des the expresslon

for comblned bendlng and ax1al compre551on by

fc .fbc <<: 1
P ¥ fe [T '
c P (1 - = :
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 This may. be expreSSed in7£erms'of'the yield

stress by | | o
£
'fc_+ 1 - f <Py -~ T | .(l)

.- where f . = mean axial stress-

: P L T
I - S
'fbc = Zf”“mere'P is epplled'load, e'the
'eccentiieity.and Z the section

. modulus -

: Euler stress for flexural buckllng

“r E
A@

H

in the plane of the eccentr1c1ty

0.1% proof. stress.

T
1 o

" An Aican'handbOok Whiéh deals with battened.
'struts suggests that when bendlng in the plane
-‘_of the battens ex1sts,_the equlvalent slenderness

ratlo to' be employed ls given by

“-5l;)\ = lX? +')<2

vy N c
'whereyk = slenderness ratio for the major axis

' _about. which bending occuis.

A.c = slenderness ratio of one channel

about. its weaker axis.

,lEmploying this‘mefhod bf'approaéh gives_the

following calculations for the failure loads.
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f <Battens.atV863}5 mm~(2'410"5 CentieS'f_J.

| S L R
oo loadt TP x 10T - ov4an 5
fo Tarea T zm T NVm

H

b,:l%‘,Plj"OOf‘:- f‘(ave:r'aigel_as,,g“iv'en_"in. ,
_Chapter 3) = 317 N/mm°. (20.5 Ton/in")
P

 be =3 an' e —254mm .(1”;1n) .

o S : A'4~A: .'
= X2 1179.6 X 100 ' 433100 mn
Ty T T :89' T ‘

© _ P x25.4 x 10°
be © T 132100

2,192 P N/mm°

P, L ES -w'he_.r'_e : >\

“and A, 51.4 A
- ”y‘ - ' See Axial

Loaded Strut

m
Y :
.\/vvvv

- f51.4% + 38.2°

Thu S"., AN

=64

S _'7T2-x 68700 -
o o PE" 2
- 64

1

165 N/mm°.

v}.Sub'si.:‘,itu-ting' values in (.1)‘ gives,
o Lasp + 2222P 0 - 317,
) 43P -
- %3

= 2 ‘ . '
erit. 80 kN (28.0 ton)
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:a(NOrE{" Test 1 Wlth battens at thls spac1ng

falled at 277 KN, (27 7% )

'ATest 2 w1th battens at thlS Spac1ng
‘f{falled.at 265 kN (26 5T )
e,Tesfs S'and 9‘with-batfens at this_Spaeing
failed ‘at, 280 kN (28T) and 282 kN (28.27)

: ;espectlvely., Here the battens straddled

the mid height 1ocatlon.'

fBattens-ét”1218.5 mm (4'-0") Centres

121.85 © L.
)E T 2.26 = .23.5
““'Thus X-=.51.4? +-53.8°
=.74.3.
A :TL__§_9§ZQQ=_= 122 N/mm”
o 74 .3 o

,Subsfituting in (1) gives

o 192P . R
43P * 4 317
. 122
‘= 227 kN (22.7 Ton)

Forit
(NOTE: Tests 3 & 4-ﬁith-baftens at this spacing
|  failed at 245<kN’k24.5 ton), and 265 kN
(26.5 ton) respectively. - Tests 9 & 10
with battens et this spacing but straddling
| the'ﬁid-height failed at 251 kN (25.1 ton)

‘and 259 kN (25.9 ton) respectively).
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tLocal Buckllng

Buckllng of this’ type appears as deformatlon in a ‘

. serles-of waves. It may occur 1n one or more of

.the component elements maklng up a sectlon._ As a

‘;flrst 1nvestlgatlon 1nto thls problem, the-code |

.lapproach as glven by. CP118 (1969) Clause 4.5.1 was
'used to- establlsh 1f local buckllng was 11ke1y to

: be cr1t1ca1 when con51der1ng ultlmate fallure

ﬂcInteract1on between column and local buckllng was

“;gnored.at this stage.

"]The cr1t1cal buckllng stress for 51mple local

. where: X

buckllng may be obtalned from Chapter 3 - Flg.4

at A=

= . the buckllnglparameter;
m reA.local bnckllng coefflcient'—‘See Code
Tahle-ll and:Appendrw K
-bx;;v breadth“of'elemental part - See Code
| Table.llfand.Appendix K.
Tt ﬁ'}thickness'of elemental-part-— See Code

‘Table 11 and Appendix K

' The valuelof ).was-calculated in accordance with

Code Clauses 4.5.1.3 and 4.5.1. 4 thus -

: Flnd the buckllng parameter for all component
"plates" maklng up a sectlon and take highest
value; The value for m needs carcful

- oonsidcratlon{ To flt inlWith tho prescnt code

beads.of-the channel'being used will need to be

1,!1(:
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‘apprbximatedttb.the'circula;ibglb or rectangular:

. 1ip.

".Refer té‘Fig}'lgnéndbede Table 11,

U31ng Code Clause 4.5, 1 3 web element is taken

Web Element

"w1th b = d1stance between flanges

b”tb,=’127 - 2 (3 97) '119 06 mm. t = 3.97 mm

"_f o
b

_ The'n" Web"'element- A

“. Web elemehti)j=7mb~— 1.6 x-119.06 _

| Alternatlvely if Web'element'is taken with

dlstance between the web flllets'

127 -2 (11.91) = 103.18 mn. £ = 3.97 mm

“mb_ 1.6 x 103.18
& T T 3.97

Note - It is however'very:unlikelyrthat in

practice the stress distribution will be UNIFORM

‘:s‘aC;dss'the web, due to the‘initial lack_of

' straightness of tHeAstrut._ 'Therefore m is more
likely to 'be redUCing'tOWards.l 2. - Assume a

-value of m = 1.3 on a web w1dth b 103.18 mm.

mb 1.3 x 103.18

-Then*web element 1% = . ~3.97 ° = 33.7..(

T

o Crlppllng Stress from F1g 4 Chapter 3 becomes

“stor @) 278 N/mm° (18 Ton/in?)
" (2) 296 N/mnm® (19.2 Ton/in°)

(3) - 318 N/mn® (20.5 Ton/in")

.?T:T;_- 3.97 . . R 'i4(l)s

3

= 41.5..(2)

)



(b)Y

~,To examlne the buckllng re51stance -of the flange

Flange Element

1t was. necessary to break 1t down into

“?'component "plates" 1n the follow1ng manner.

. Swapes Ficets [Iovtiacey Or'\!TTE{

B35 e

b
S8
-9
-1 W
i ’j
o 4
oY) 3
3& 3
Yo

F2e=7-a4=C
. t:ls_‘q-.'-ﬂ ‘ Au'czu.) b AV/r;'3'q7
2t=7-9a-f| - F3ey AL gt=7.94
- |Avreraib 47-42 o :
5;.‘55-5@.“3-.

A Figa- 9.

. Flange as Web Elemént

Referring to Flg 19 and omlttlng the fillets

(shaded) to conform w1th the Code conflgur—

 ations gives b,=_55.56 mm. For the-

parallel portion of flange with both edges

vlsupported m=1.6.

-Using Code Clause 4.5.1.3(1)

 mb 1.6 'x 55.56 _ -
A= o= s =22.6 L ()

If the shaded fillets were included, and it

could well be argued that the flange was

supported between the springings of the web

~and bead fillets b = 39.63 mm .



| V_T,h’en"" A =

150

b _ 1.6 % 39.63 _

T T 3T 16.0 " . ... (5)

Compar1ng elther solutlons (4) or (5) w1th

'Web element values (1) (2) -0, (3) 1nd1cated

fthat the "web element" of the flange was not

‘-oratlcal.

i)

L1p ‘as Flange Element

“iAgaln omlttlng shaded flllet to sult Code

‘conflguratlon Code Clause 4.5.1. 3(2) was

i,used "kLip~has one edge supported and one

-;}ﬂﬁx'= mc _ . 5.1x7.94 _ 10.2

free'tnus m?=“5.ll

t ~ o 3.07 - 192 .. (6)

The effect‘ofjthé_filletewould:be to

considerablyfreinforcelthe lip and reduce

"A = 10.2. - Thetefore‘lip is not-critical.

FlangeeLip-Combination

No provisich is made in the code for beaded

"lips. _For an initial oneck approximations

‘”were‘therefore made and in the first instance

_ the shaded fillets omitted. This enabled

l_Code"Clause:4,5.l.3(3)_to be-applied to

':destablish the order of’ AL




~m .is given by 5.1 ( - "—_2>'_whe1i'e ,
S - 0 i

lip width -

0.
nooo

o
n

'liptfhickneesf.'
f;“Referriﬁglio'Fig}j fm.e (l - 7 94
o T T ’ 80 X 3. 92

Con51der1ng 1n1t1ally b

55.56 (max.
Vj between web ‘and llp) ”

".” mb _.-4;6‘X‘55.5.6'

éias N2

If however b is taken at 39. 63 (dlstance

:ibetween flllets)

S _mb . 4.6 x 39.63 . . . .
Az g s 45.8 - ... (8)

Frem phyeicei meniﬁulétien of a short

‘1engfﬂ of'thefeefuaifeeefionﬁindications_are
thét any latefei dispiecement ofAthe "flange-
‘lip combinafionV would tend'to “hinge" from

. the 'springing . of the web fillet.

iA_seeQnd alternatiVeAwasitherefore:b
~calculated iﬁfwhich b at 47.62 was taken as
the distance between the web fillet springing

and the inside of the'lip.

e ) _.mb 4.0 x 47.62
Then A = T T 3.97

1

v

.
—

<
~——

)
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'RThlS flgure w111 be somewhat reduced by Jz';y
‘ the 1nc1u51on of the 11p flllet tendlng to

;reduce b to less than 47 62 'a

4‘*From Flg. 4;¢hapter:3”the,driopiing Stressee
tbecome -‘:.;igb o o -
'AFor.(7), 160 N/mm (10 3 Ton/ln ).‘
- (8) 284 N/mm "(18.4 Ton/in®)

,(9) 222 N/mm (14 3 Ton/ln )

_LComparisons'

TIhe Web buckllng solutlonsto (1) (2) and (3).
-”were then compared w1th those for the "flange

‘llp-comblnatlon"'(7) (8) and (9) It was

| f'apparent that a CRITICAL 51tuat10n could well

-ex1st.

. On face value the solution to (7) at 160 N/mm

2

(10.3;Ton/in2)'Was the criterion for local

Vbuckiing.- .Ihis.indioated failure'of-theA
hooﬁponenttcovered by the "flange lip oombination.“
: Con31derat10n of the degree of end fixity offered
'-by the flllets at the web and lip, which would
'freduce the buckllng length b; suggested that ‘the

'soiutionﬂtol(Q) web, at 296 N/mm2 (19.2 Ton/inz)

'.‘and'to (8) - flange, at 284 N/mm2'(18.4 Ton/in2)

-éhould be compared. This again indicated that

failure of thenflange 1ip combination was Jjust

'possibie before the web; a situation difficult
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1-to accept It was therefore necessary to..
refer to the Code Appendlx }< for more- exact

treatment

'(d)’iLocal Buckllng of Entlre Sectlon
'Code Appendlx k( prov1des a more accurate
ﬂ-method of determlnlng local buckllng stress.

Ihe”calculated'yalue of m'isifor-the entire

lsection;_ 'The method coVers‘for uniform-axial
"Compression'only and unfortunately plain and
:llpped channels are the only types catered for.

',Approwlmatlon w1ll therefore agaln be necessary

'[?U51ng Appendlx K (2), referrlng to Flg. 19 and

5:om1tt1ng shaded flllets

5307 b _59.53 _
T 3.97 © - a =~ 119.06

4 Radlus of gyratlon of 11p about axis. through 1ts

centr01d parallel to. parent flange =r= f%

. _bd” _ 3.97 x 7.94 o 4

‘ : : 2.

A ='3.97 x 7.94 = 31.5 mm
. . _ [1e6 -

.o r—‘/31.5._ = 2.29 mm

. 2.29 . _°
Then o 3.97 = .562
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'Referrlng to Flg 32 (Code Appendlx P<) and

:‘lnterp°1at1n9 between "Plaln" and r = 1 m = 1.
S0 | =t |
2
'y _ma . _1.9%110.06 . o, -
'% Sty . 3.97 L=sT o -A,.,(lo)

”.Thus Crlppllng Stress (Flg. 4 Chapter 3)

210 N/mm '(13.6~Ton/1n‘J
Wlth an alternatlve E} taklng b from the
SpringingAof.fhe-web,fillet at 51.59 mm

- b _ 51. 59
‘Aa 119 06

= .43 and m = 1.8

N _ma _ 1.8 x 119.06 _ o
k F,¥—.5t —3.97 = 54'(Very. ... (11)

1irt1etimprevement)

,l . . ‘-.. . o ) - 2 . -2'
“Giving Crippling. Stress = 232 N/mm~ (15 Ton/in )
A'The appllcatlon of the Appendlx K method WhllSt

"of nece551ty not ‘precise. due: to the neglect of

jthe fillets (not catered for by the Code),

‘-glves crlppllng stresses for (10) (11) lower than

,;the most 11ke1y solutions to (2) and. (8). It
was not con51dered satlsfactory to accept

' frgures wlth so much varlatlon and ax1a1
icompressien tests'on short*lengths of channel

were therefore undertaken. .



.)Details of-thezTestsi(carriedAout on a-

"Dennison' machine) ' -

IEST 1 -
'“Length of channel test plece 480 mm (15 1n) -

‘,ends mllled true and square

.Loadlng ~ ax1a1

"‘Fallure load - 342 kN (34 2 Ton)

RS T o L3
L _ load _ 342 x 10°.
® rea T Tile7
. 292 N/mm (18 8 Ton/ln ) s (12)

»Observatlons and measurements taken between the'

:‘fc1n51des of the flange toes establlshed that

-deformatlon in a'serles of,waves,‘as discussed
by Bryan( ),'commenced:in the flangesiat about -

"'280 kN (28 Ton) "‘Thispdeformation increased

cgln steps with each 10 kN (1 Ton) increment of

280 x 10° _

load. ‘.The test plece was however still
icapable of sustalnlng the applled load until the
»onset of fallure at 342 kN’(34 2 Ton) At this
'Tfpo;nt.the spe01men-commenced and contlnued to'
fbuckle”in ail component parts and~failed to‘.

”4snstain the load.

Avefage stress at onset of deformation =

g 2 ~ 2 |
1155~ - 240 N/mmn@fTS.ZB Ton/in’) ..,(13)
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:TEST e

Length of channel test p1ece 610 mm, (24 1n)

ends mllled true and square

;'Ll'Loadlng - ax1al

“;Fallure load 330 kN (33 Ton)h

¥ ' ' 3
o ' : ’ : _ 1oad 330 x 10 .
-i,Avérége failure stress = areaA_ 1167
I S U S -
=283 N/mm~ (18.3 Ton/in”) - ... (14)

Observations and measurements were again .taken.

Deformation followed the same pattern as in’

]_lTest.l;bUt commeneed’at'a load of 270 kN (27 Ton).

(£)

'Aﬁerage;sfreéshétAenéet of‘deformation =

270 x 10>

~1167 = 230 N/mm. (14 95 Ton/ln ) ..(1;)

Conclusions - LoéaliBﬁckling""

'Comparison of the:céiculatedlvalues with the
_test results suggests that fhe theoretical.

hhpredlctlons that flange buckllng 1n1t1ates any

local buckllng fallure are true when the

compression 1s-un1form.,

'Flange deformation appeared to commence at the
éfresses given by test'solutions (13) and (15).
'These.compare favourably with the calculated

"flange lip combination'. stress given by (9) and

" the entire section stress given by (11). At

‘this stage no apparent web buckling was present,

isuggesting.thatAthe web element was sustaining
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lthe'section‘andlcould accept ‘further load.

‘This was confirmed when further increments

rOfuload.were:addedluntil the ‘onset ‘of web |

Tw buéklingIAnd~c6mpiété 1ocal:buckling failure '

"Toccurred at the average test fallure stresses
glven by (12) and (14) “These flgureS‘were in
:f”very close agreement w1th the calculated

'-l;solutlon glven by (8)

‘;lt ‘was | therefore concluded that whon the flangos
’deformed at about 230 N/mm‘ (15 Ion/ln ) tne
Jweb:was Stlllj{n:a'PQSltlon toAaccept more load
Iand‘didfin'ract-sustain-the section;until web.
x,rbuckllng commenced at 285 N/mm (18 5 Ton/ln )
ebringlngQabout complete.sectlon fallure in

local buckling.

' Post-Buckling

mb

In.general-the values-of A.z - ifall below AB at 50 -

t

and further 1nvcstlgat10n was not necessary.  The

"odd value ‘that exceeds SO ‘was not much "in excess of’
~th1s value and post buckllng 1nvestlgat10n was not

Justlfled'at this stage.

 Mode of Failure

- The foregoing initial design was based entirely on

Code‘Recommendations which would normally be used by
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nt_ardeSign-engineexnplusﬁavsimple UNIFORM'compIessiOn ~

. test.

s .

‘1The calculatlons predlcted that for the ax1a11y

".floaded struts fallure would be by’ overall column"

'buckllng at 310. 4. kN (31 04 Ton) glv1ng an average
4%stress of 133 N/mm (8 6 Ton/ln ) Thls, of course,
'was w1th batten proportlons and spac1ngs at the

“Codeh:ecommendat;ons.'

'Indlcatlons were that local buckllng would not
'Vubebome a controlllng factor untll thc flanges of
_the 1nd1v1dua1 channels were stressed to 230 N/mm2

v(15 Ton/ln ) and the webs to 285 N/mm (18 5. Ton/ln ).

'Q'It was however felt that Just before ultlmate failure

occur;ed the lateral deformatlon.oould be such that
the'teoistribﬁtion of stress.acrossvthe section'(at
..max1mum dlsplacement) mlght result in the web of the
'channel carrylng most compres31on becomlng critical
':4to local buckllng. Thls 51tuat10n would also be
‘furthe: aggravated where thewend,load;ng was

* eccentric.

'Sﬁffioient basiczdesignhwak'ﬁad now\beeh.completed
}-to justifytthe chosen pfofile_for the.test'struts.
_The'ordei of load oarrying capacity was knowh
htogethef'with failﬁre”stresses likely to occhr. It

was, now p0551b1e to’ dec1de the best pos1t10ns for

‘“whelectrlcal straln gauges and. mechan1ca1 gauges
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.. _.necessary ‘to record displacement.

th“The testlng programme could now proceed w1th varled
fﬁbatten spac1ngs and eccentr1c end loadlng to obtaln
dh.'the requlred research data 1nvest1gated and dlscussed

"1n Chapter 8.

'Fabrication‘

hAll'fabrication worktonAthe-test strﬁtsfwaslundertaken

'-‘.at the Weldlng Instltute Research Laboratorles

thvalngton Hall near-Cambrldge.

‘i'The pairs'of:mainlchannelsthI each strutAwere4initially’

'»cut to a length somewhat 1n excess of thelr finished

~.51ength Batten plates and ~end- plates were accurately

fcut,to'the requlred 81ze,

"Each pairfof’channels were thcn‘jiggcd and marked of{
_.for the weldlng on of tho batten plates. Welding was

‘faccompllshed under controlled laboratory ‘conditions’

..u51ng "Tungsten Inert Gas Equlpment" E The ‘procedure

,-adopted kept the dlstortlon to ‘a pract1ca1 minimum.

’Each-strutA{COmplete with battens) was then carefully

'marked off to length The‘ends were milled true and

'square to glve the exact length
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-dFlnally the end plates were pos1tloned and welded to !

’ glve struts as detalled and marked 1n F19529 30 & 39 to 43,

_“The marklng, drllllng and reamerlng 'fd exact size of
“the holes to recelve the detachable steel end plates
:;7carry1ng the ball seatlngs was undertaken at the

'Polytechnlc, Each steel end plate is attached to the.

'.:'strut by four brlght steel bolts whlch are an 1nterference B

_f'flt 1n the holes : Great care was exerc1sed in fitting-

'the plates as 1t prec1sely locates the p051t10n of the

W;flball seatrngs.”~
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ChaEter 7

Instrumentatlon '

"Q"Initial'Distoftionsj
lBefore the commencement of 1nstrumentatlon work the
fstruts were checked for 1n1t1a1 dlstortlons These

;;could have occurred durlng the- extru51on of the

1nd1v1dual channels and/or durlng the we1d1ng of the

ucomp051te sectlon.ﬁ Alljlmportant-deformatlons were

.measured, marked and recorded.

_Lack-of'straightness was firSt-inVestigated. This was

~accomplished with the aid of a finely divided- rule and

a ten31oned nylon 11ne, p051tloned along the full"

'length of the strut. ~ All faces_of-the'struts were
ichecked and the amount of "bow' established at intervals

_taiong'their’length. _'The‘likely'direction-of lateral

displacement became apparent from this exercise,
enabling*the planned eccentricity to be'arranged so as
to give additive displacement to any initial bow on

that axis.

jSome degree of longltudlnal tw1st ex1sted on all struts
;Thls was malnly due to weldlng and the amounts were

V fortunately small. . To establlsh the degree of twist

the units were "set up"'across straight edges on a

‘:plane table, measurements then being ‘taken using feeler

gauges. = It was apprec1ated that ‘the tw1st would offset
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the 25 mm (1 in) eccentrlc ball seatlngs (1n the strut

s‘end plates) from thelr planned p051t10ns and produce-

.7:'an addltlonal bendlng moment. ; ThlS would occur on'

‘-;the ax1s at rlght angles to that for the planned

';*fpbendlng moment and would need to be 1nc1uded ‘in the

: analy51s of-test-results,

: Any”in-beyel.of the:channel'flanges resulting‘from'the'
'extru51on process was only sllght and’ sens1bly uniform

'for all flanges. It -was therefore dec1ded ‘that this

':_would have llttle effect upon the test results and was

dlsregarded

ufElectrlcal Instrumentatlon

Surface straln readlngs were to be. taken ‘using a

- L "Savage and Parsons 5O Way Straln Recorder" - Type

No. 5533/50.

Uplto fifty 1 in foil gauges‘Were used on each strut

“'rand thelr locatlons were thoroughly cleaned before the

~gauges and thelr tabs were. cemented on. The exact
'=locatlonsAvar1ed throughout the.testlng.programme and

~ ‘are. indicated on the figures:included with the exper-

il‘imentallresultsAfor-each test.:.

1After the metlculous solderlng of alr the wiring

connectlons, and c1rcu1t testlng, the gauges were

: sprayed with a sultable laquer to exclude all dust and

moisture.. It was considered necessary to provide a
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N dummy gauge to each actlve gauge to achleve the best

Ufgposs1ble results. ' The usual procedures for balanc1ng

‘vthe gauges and taklng straln readlngs were. applled._

',Pérﬁséli6£Afhé<§aﬁ§é”ibc5£i§ng indicates.that'eight.
gauges'were frequently used around the strut at‘a
lglven level These were pos1t10ned in’ such a way that
varlatlon of stress, resultlng from the comblned action -
Lof dlrect 1oad and bendlng moment could be establlshed.
As the gauges were located at, or near, the extremities
of the webs "and flanges,'calculatlons could be made to’
;establlsh the stress levels across the strut as a whole,_’
:por .on 1nd1v1dua1 channels. N The gauge arrangement
tu;allowed readlngs to be related to both major axes or

~read dlagonally 1f so des;red.

"Inlconsidering‘the‘detailed'location:of thelgauges the
PtiecCentric‘and axially loaded struts.will be reported

: separately.

Ka)--Eccentrlcally Loaded Struts
| :'For Tests 1 and 2 the struts were.eccentrlcally
‘loaded. Palrs of battens were spaced equally.
z,_throughout the length of the strut at sllghtly

more than the maximum dlstance-permltted_by C.P.ll8.

It:was rationally~estimated that ultimate failure
;was 11kely to commence at .mid- helght in the
channel carrylng the most compre551ve load.’

Gauges were:accordlngly grouped around the central
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battens just outside the heat affected weld

zones.

‘The poséible,.though less likely, failufe by
bﬁckling of the same channél in one or other

of the paneis.adjacent'to"thé mid~height location
was appreciated. . These panels weré therefore
gauged.to-givé readinés at possible buckling
_poéitions and enable stresses at these locations
to.bé‘cémparéd with those ‘at the assumed mid-

height failure position.

AEufther'gauges were used af points of possible
locél Web'bucklin§;~ These were selected after
consideration of initiél deformations likely to
promotevfailure ip higbly stressed areas. Gaugeé
werelaléo located at 1e§els where the strain |

could be mainly attributed to direct loading.

Similar rational reasoning was applied to the gauge
pesitioning on all subsequent struts tested.
‘Gauges were moved to positions éf anticipated high
stfaih as suggested by the variation of thé batten
spaéing. In some cases battens straddled the mid-
height iocainn adopted fér Tests 1 and 2 resulting
" in the necessity of eXtensively gauging the three

middle panels on the more heavily loaded channel.
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Axially Loaded Struts

For axially loaded struts the legs theoretically

carry equal loading and buckling should occur at .

‘mid-height on the major axis parallel to the

battens. ° The géuge positioning was accordingly
arranged to cover bOth‘main legs.

Additional gauges to cater for local buckling at
the possible positions where ultimate failure would
commence were alsé included. This was done afterx
due Cdnsidefatién of the likely effects of initial

distortions.

General

Some tests included gauges on selected batten

'>plates. In all cases these were positioned near

the plate edges and adjacent to the main members

in an effort to obtain the type and magnitude of

the stresses existing across the plates. Batten

function can be particularly complex if torsion

is present.

A check was made on the effects of welding by the’

inclusion of gauges within the heat affected zones.

-As a matter of interest, in one test, the surface

strain on the 25 mm dia.ball at the lower strut

mounting was recorded. The gauge was located

along the horizontal axis.
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7 3 Mechanlcal Instrumentatlon s
After plac1ng each strut 1n the testlng rlg mechanlcal
"‘1nstrumentat10n was carrled out in the follow1ng

"sequence..

:7(554'Vertlca11ty Check
e'Although the prec1ee vertlcal ttavel of the '"guide
qu":was cheeked dprlng “the r;g.prov1ng test, it
lWasvfeit.that-ﬁepetheefticalityﬁ checks Were.

édﬁiseabie, a

’ioAprov1de for thls requlrement and to facilitate
-:the 1n1t1al vertleal p031t10n1ng of the strut‘ln
:the rlg,'a theodollte and nylon line were used.
.-The l;ne,was located between eyes posltloned on’
the centroide of the éteeltend-pléte aowels. It
wae.Spring'tensioned. This pfovided a vertica1
"datum line for the full;heightAof>tﬁe.Strut
ekactiy'qn'its'centroidl_v The theodolite could
4_thep be used to check initial verticality and any

deviation‘durihg7testing, at any position up the

Strutr

-(b) StrutShortening
,Witﬁ tLe stfut.now aecurately positioned in the
:1rig a plumb line was suspended from the top of
the strut in line w1th the ball seatings. The
‘}plumb bob was 31ghted against a finely divided
rule attached to the strut et 1ts bottom end.

Theé side selected for the rule was at right.angles
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to the axis on which the major bending would
‘occur=~h1lhis.ensuredAthat~the‘readihgs were'not

"substantlally affected by the change in slope at B
the end of the strut . Amounts of strut shortenlng

'”,‘could‘now'be read for_eachﬁincrement’of load.

}<c)}'M1d Helght Lateral Dlsplacement

l In addltlon to clock gauges, Wthh would give
,prec1se readlngs for lateral and rotatlonal
"dlsplacement a method of qulckly readlng the m1d—
hhelght deflectlon, in the plane of maJor bendlng, )

was 1nst1tuted

1a}Th1s took the form of a’ flnely d1v1ded rule
‘posrtloned horlzontally at the m1d helght of the.
strut ‘on one face A theodollte 51ghted on the
'»'._rule enabled 1ncremental readlngs of the d1Splace—"

ment_ Aain. the plane of bendlng, to- be made.

(d) Clock Gauges
‘The main requlrement for clock gauges was to give
readings of lateral and rotational displacement,

- at selected positions on the strut.

To-obtain the required'infornation'gauges-were

'd~arranged around the strut in groups of eight at.
each selocted level o ach group was sub-divided
to give;twolgauges.on cach side of the strut.

N

All gauges in the groups.were positioned as closc
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fto the strut edges aS'practicable oonsistent.L

'iw1th the estimated deflections.

-.lFor the earlier tests groups of eight gauges were-
located at the top, bottom and mid height of the
' strut.'- This approach gave data for the lateral
”'displacement on both maJor axes and 1ndicated any
: tw1st1ng together w1th what stage in the loading

it took place.

5iIn later'tests:gauges‘at‘the.top=and bottom of‘the
»strut were omitted Also when the battens:
”3 straddled the mid height location, groups of
bj'gauges were p051tioned ‘at the m1d ~height and at

%the level‘of the lower mid battens.

Additional gauges were also used on some struts
in an effort to establish the change in slope of -

'the end,plates as’ the struts deflected under load.

Data“collected‘from all the instrumentation is discussed
in’ Chapter 8 coverlng the analy51s of the test. results.
'eTabulated readings from the tests are given'in a eparate

A:Appendixf'

: As a result of the research being undertaken during the
atransitional_period for changing’tois.I;,units much of
'-the instrumentation'had.to bc done using instruments
.graduated;in lmperia1 Units. . Figures have been

v,converted:tofconform with S.I. requirementsa
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Chapter 8

;lExperimental-ReSults'and Theoretica1~COmparisons:A

8.1

Plannlng of TestS'

1:In the past much has been wrltten upon the effect of

batten spac1ng Frequently the batten moments, shears,
and slopes' resultlng from bendlng in the plane of the
battens have been 1nvestlgated.“f Some of the work was

'by”mathematical paper.exerc1se on "1dealU struts,

._1qnor1ng lateral 1nstab111ty of the member as a whole

'Where tests were conducted the components were often SO

proportloned or restralned that the co—ex1stence of

'lbendlng and lateral 1nstab111ty was not a problem..

.Reference to both.the alloy and steel Codes . (See

"'_Chapter‘l) clearly indicatesithat.knowledge of the’

‘-'problem‘is limited. _ The”alloy code makes no mention

- and the steel ‘code, whllst glv1ng restrlctlve condltlons,

‘really evades the issue of bendlng .in the. plane of the

battens
It thereforefappeared'reasonable to'test/Struts Which

would 51mulate practlcal condltlons and be free to

1“buck1e, on_thelr entire length, on both major axes.

Careful consideration.of the problem seemed to indicate

that the'Code limit on batten spacing would probably

resultlin eccentriCally»loaded struts (in the.plane.of

the battens).failing by lateral movement.'
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".If however the batten spac1ng was 1ncreased
:ilncrements 'a 51tuat10n Could’ultlmately be reached when
~buck11ng of - the channel carrylng the most compre351ve

*load plus bendlng, would fall on- 1ts own weak ‘axis,

between the battens,or buckle locally

. The battens therefore play a very 1mportant rolek

' Whllst 1t was accepted that the proportlons glven by the

respectlve Codes could be satlsfactory for dealing w1th

' élnd1v1dua1~channel-buckllng, between battens,_any lateral
7movement must surely present problems.A It. seemed very |

‘irunllkely that thln, unrelnforced .batten plates, even

."tw1th a. gap between channel toes of only 50 mm (2 1n),
;would satlsfactorlly ensure that the~strut worked as a

';homogeneous‘unlt.

" If the batteniplates had.been"adegnatelz feinforced a
; }torsiOnal failurefwonld'be'the'probable outcome.  With
-;the'type'of thin plate'lnyariably used' at present, in
practice,there seemed little doubt'that whilst a small
"amount of:torsion must exist, the ultimate failure (at
-the smaller batten spac1ngs) could be by the "lateral

1nstab111ty” of one channel

It is appreciated that lateral instability cannot exist
" without some torsional effect; but: the following test

--resultsi intimate that where thin batten plates are.used,




8.

179

’f;NO REAL TORSIONAL PROBLEM ex1sts. However, the batten_'

'h-vplates W1ll enable the least loaded channel to "hold up"
the lateral fallure of 1ts more heavmly 1oaded partner
[,fThls presents a complex problem for subsequent research

’11nto the relnforcement«of batten,plates,

The follow1ng test results w111 show what happens to
ﬂfstruts eccentrlcally loaded in the plane of the battens.
utifThe battens themselves are at the present recommended

' mlnlmum slzes»but'the spac;ngs,have:been 1ncrementally

-/ increased. . No axially loaded strut can ever exist in

- practice as manufacturing malformations.are bound to
. produce .eccentricities. © The author sees no justification

for the Codes tendingto:.isolate = battened struts which

o havepbending_inpthe'planefof the battens. Bending could

Tt

~ almost always”be present even‘with "akialﬁ,load{

‘"TeSting Programme

i A'total:of twelve struts. were tested;,' One, fabricated

_'locallyrin,H,E,3O material, was used to prave the rig,
.and ancillary-components. The remaining eleven, having

j,been'fabricated.underAideal laboratory conditions, ‘in

Al—Zn—Mg alloy, were used for the main.testing.

'Littlehneeds to be said about the prbving strut, except
fto}state'that the intermediate battens were welded and
~that steel end brackets were bolted on.  Care was taken

Qwith the end bracket fiking which was accomplished with

fitted bolts in carefully drilled holes.
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liquder,test ‘the usual type Of.rlgldlty weakness was
stlllfmanlfest at the bolted JOlnts. Ultlmate fallure
zoccurred by buckllng 1n the lower end panel 1n a way
~mencountered by earller researchers u31ng rlvetted _
'?connectlonsa _ Des1dnvenglneers must reallse that.this
'e'type of- assembly ‘is not now acceptable Wlth comp051te

.f-members. ‘Plate 12 ;»'

"ffTo cbviate'the weakness described,the"main'test struts

.had palrs of battens, welded on, at thelr ‘extreme ends.
7:7Fnd brackets were dlscarded and replaced by thin alloy

.'end plates welded to .the strut._ These plates fac111tated<

.i_jthe attachment of the th1ck steel end plates descrlbed

earller.:' As subsequent tests proved thls-method was
<ent1rely satlsfactory and changed completely the location
'of ultlmate fallure, to the ant1c1pated mid- helght or

'hfmldfpanel p951t10ns.

Fdr the main;testing programmefthe~eleven struts tested
'.were divided into five "identiCal".palrs and one special.
" The s_ingle '.stru‘.t was included for general interest' as it
had only‘enelpair‘of intermediate battens, at mid-height.
]th,was'appreciated that ideally,three "identical" struts
- should be tested at each selected batten-spacing. | This
lWas not pcsSible fcrvreasons of time and.expense.
L1m1t1ng each type to two, enabled the fullest use go be

<7made of the avnllable materlal
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Two "1dent1ca1" struts were loaded ax1ally and four

-.palrs, plus the spec1al were subJected to eccentrlc

'j> 1oad1ng The degree of eccentr1c1ty was made constant

Hf;at 25 4. mm (1 1n) and located along the maJor axis

'fﬁparallel to the battens

a'After careful p051t10n1ng and flnal checklng, and with

' -all recordlng systems at ”GO” each strut was loaded

1ncrementally. ‘ Readlngs were taken at each load

‘increment up to fallure and careful visual 1nspectlon

fﬂ-was‘carried,out at - the hlgher load 1evels..

for some‘teSts,.cinefcameras;oinclﬁding an.ultra;high-
"g:speed un1t were directed'at?the areas of anticipated
fallure..C By‘thls means, an:effort Was made to record
.such deformatlons as Would be d1ff1cu1t for the eye.

t sen51b1y,to observe.

A complete appendlx of test results, Wthh includes all
':recorded readlngs of both dlsplacements and: Stralns has
'also been complled. . This exten51ve f11e of data together
fw1th fllms and photographs prov1des a bank of information

'forgfuture.research.

_It;may well be that the amount of recording undertaken

‘“will~be,consideredvexcessive. It'was however felt that

© . with a new'material, which was both expensive and

‘difficult to obtain,las much data as -possible should be
collected in the hope that it may prove useful in

“subsequent work.
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'Before embarklng upon the con51derat10n of the actual
]tests some mentlon must be made of the 1mportance of

”5weld1ng.ff

'hiMuoh has been sa1d about batten rotatlon cau51ng early
.’fallure and the need for battens to be welded |
b'Subsequent test data w111 show that other cons1derat10ns,
':not mentloned by prev1ous researchers; are equallye

Almportant.

,-The battens must be welded at~the channelptoes, for
Jffthe full depth of the batten plate o Where lateral

*1nstab111ty of one channel proves crltlcal the effectlve

7-_”lever arm" of the battens re51st1ng lateral movement

'f?'f2W1ll be- greatly 1nfluenced by these welds.;"'They wrllf;

) play an 1mportant role in f1x1ng the level of the ultlmate

V.fallure load.

_lhe nse‘of;rivets (still:widespread:with aluminium alloy)
vpls surely not Justlfled. They aré’é1£eady known to permit
:_101nt movement and under lateral dlsplacement of one
‘ohannel the '"lever arm”_will increase to. the centres of
.;the iivet'héies., Thistwill provide-a:rurther reduction
4;;to the re51stance of - lateral movement.s 4In addition,.
the most . llkely locatlon of batten bendlng failure would
be at the rlvet»holes, which condition mould be preceeded
by a 51tuat10n 1nduc1no ten51on in the rivets.

’-Aggravatlon of the batten rotatlon problem would therefore

be‘lnevltable;
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+ Consideration of the experimental findings will be divided
into two sections. Axial and eccentrically loaded

members will be considered separately.

Figs 20'&3 28 inclusive have been included as a typical
example of the main test readings taken for all struts
tested. -They serve as an indication of the type of data

now available. Read in conjunction with Fig, 41,

Axially Loaded Struts - Tests Nos. 5 and 6

To provide confirmation for the theory already pPresented
in Chapter 4 two struts were tested under axial load.
Some:bending, due to "lack of straightness", will

certainly exist with any axially loaded member .

With this thought in mind; struts ME S2 were selected.
‘Thése exhibited rather more ”lagk of straightness' than
the remainder and represented a condition likely to occur
:frequently in practice. The "bow" in the struts was
confined mainly to the axis which would cause bending in
thg plane of thé battens. This will have resulted

chiefly from welding.

~Reference,to.Chapter 4 will indicate that if the FRuler
lbadé‘only are considered, elastic failure should occur
"Onvthe weaker x-x axis, in a direction at Rtéfs to tHe
Battens. This is assuming the strut works as a

homogeneous unit.
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wUnder these condltlons the predlcted fallure would be
by overall column buckllng, at the. 1oad P = 309 kN
'wt(3O 9.ton) . The battens would NOT, -in theory, be
expected to contrlbute much to the ultlmate strength of
the struts, other than-ensure that the components worked ‘as
'fa~'homogeneou5»un1t | Battens were. spaced at 1041.5 mm
}(3 —5") centres, well 1n excess of ‘the code max1mum of
- 863. 5 mim (2' O") hA ThlS was not 1n1t1ally con51dered
'*hlmportantr | o | .
1tTest1ng.honever'revealed that Where hlack of stralghtness"
'.1nduced ‘some degree of bendlng 1n the plane of the battens
l%earller thlnklng was not va11d ‘ The bendlng caused a
bload dlfferentlal between the maln channels and in both
nﬂtests deflectlon in the plane of the battens continued’
.i’rloht up. tOufallure. N The mode of ultlmate collapse was
ﬁ~not'apparent'unt11:the 1ast'1ncrement of 1load. It
"‘ifinallytoccurred on!thefxaihaxiS'asdthe Buler prediction,
at. ioad.s ‘of "371 kN (37.1 ton) 'and_331 kN (33.1 ton) for
'Tests55xandié'respectiVely. A"Inelastic effects undoubtedly
'a?accounted for the load carrylng capacity belng in excess
»‘of the Euler load ‘of 309 kN. | ‘Some ball "'sticture" seems
pOSSlble in Test 5 and a v1brator, operated durlng the
'-app11Cat10n'of the load,AWOuld have helped.
. o _ . |
The . important observation however was that the channels
'didjnot buckle simultaneously and it became obvious that

hlateral instability existed in the channel carrying. the
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-:?most dlrect load plus bendlng.f' Battens bent freely on

“:fﬁthelr weak (thln) ax1s, rotatlng about the welds at the

53unctlon between the plates and ‘the channel toes..'

ReferencehbackAtO-Chapteri4.anthigs-ll andV12 shows that
fKonlgsberger and Moh51n, when con51der1ng'"1ack of
ﬁ,stralghtness" cau51ng bend1ng in the plane of the battens

predlcted that buckllng of a 51ngle channel between the

':ﬁ_battens would not be a problem w1th battens at 1041 5 mmA

r'centres.;_ They d1d however predlct that w1th battens
‘_spaced-at thls dlmen31on overall column buckllng in the
'plane of the battens would occur at 273 kN (27 3 ton)
”lThe present tests show this to ‘be 1ncorrect both for
“;magnltude of load and ‘axis of fallure as lateral stlffness

Viwas not con31dered by them._;

'*It should however be p01nted out that the deflectlons

(7 75 mm - (O 3 1n) and 12. 9 mm (0.5 1n) for Tests 5 and 6

"1.respect1vely) occurred on the»ax1s parallel.to the battens

whilst virtually_no,lateral deflection took place on the
akis“of final'failure untilbalmost the last increment’of

hload Unt11 the last -stages, the predlctlons of

".Konlgsberger and Moh51n for y v (strong ax1s) fallure_

1looked hlghly probable. Referrlng agaln to Fig. 12
w:(Chapter 4) it will be.seen that with battens spaced at

'836 5. mm (2';10") centres, and using an effectlve length
,lof 0.85 a failure of 310 kN (31.0 ton) was predlcted
Ihls value 1slldent1cal to.the Euler value for farlure on
‘the‘x—x (weak) axis. Simultaneousnfailure on both_axes.

would be an ideal solution but batten proportions and
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'“~gspaé§SCWi11fhct support“this'in-practice.

“fAfter careful con51derat10n of the test data, 1nspectlon

of film and the v1sual 1nspect10n of the struts tested

"klt was con51dered that ultlmate fallure occurred on’ the'

X=% (weak) axis. It was thought to be an Euler type
b_fallure culmlnatlng in the channel carrylng most load

';buckllng laterally, over the full length of the strut

d-fThus the theory of Konlgsberger & Mohs1n (whlch was . |

,developed via- Tlmoshenko) 1s un11kely to be appllcable-
' ;1nlpract1ce unless adequate lateral restralnt 1s prov1ded
to ensure fallure occurs by buckllng 1n the plane of
'fthe battens. : The "stlffness" of the battens in a lateral
’i'dlrectlon wall_not only dlctate the ultlmate strength of
_the‘strut'but‘also the frequency and character of any

"jlateral~réstraintslrequlred.

.:Thebtests used'the mlnlnum proportloned battens permltted
iby the Code and w111 1nvestlgate the poss1b1e loads at
3lthe various’ batten.spac1ngs;~ As has now been resolved,

-the'approach for both axial and eccentrically'loaded
.~h'struts Willsbe‘conbatible'as‘no axially loaded strut will

"._befwithoutﬁsome_bending.

Flgs 29 and 30 glve the strut 1ayouts and gauge locations
for, the axial Tests Nos. 5 and 6 The prec1se'plan
locatlons of the clock gauges w1ll follow the general
.pattern depicted by the typlcal-test frgures shown in

‘Fi‘gs. 23 to 28 . ‘ B
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3“.Figs, 31 and 33 are' self explanatory and glve all the
‘~calculat1on method and necessary data for the estab11shment

of the theoretlcal and actual deflectlon curves shown in

Hh81m11ar1y Flgs 32 and 34?§ivedthe theoretical and actual
load/moment apportlonment culmlnatlng 1n these belng plotted

’7fon the 1nteract10n curve. shown in Flg 36 -

ithn both cases the values have been plotted -in.suitablé

flncrements, rlght up to ultlmate fallure. ‘For aXial"

l-ﬂloadlng, w1th only a small amount .of bendlng, the values

7_fplotted are naturally 1n close prox1m1ty to the d1rect
fload l;ne;__ Interactlon 1s thus very small in thls case.

'Bendlng-onsthe x—x_ax1s 1sAalso very.small-and was

o g;1initiallyVlgnored.

Knowing'that for several offthe:tests>failure_occurred by
the'ultimatenlateral movement at mid-height an attempt.
m;w1ll be made to establish how thlS was "tr1ggered off"

D1d local buckllng play a part7

IMPORTANT NOTE - ... .

LﬂReference to the following Interaction Curves for both
" axial and eccentric loading will reveal that a curve for
uIdealPlasticity" has been included. . This was mentioned

‘in Chapter 4 and represents the condition for a solid

‘rectangular member.
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A homogeneous section such as an I beam has -the bulk
of.mgterial adjacent to its extreme fibre. It is
therefore efficient in bending and the inelastic effect

is genefally negligible.

:With the type of beaded section being4used, which has
,cohéentrated éreas of material (i.é. flange lips) well
removed from the extreme web fibres ieiative to the y-y
- axis, the inelastic effect 1is difficulf to predict.

The situation is further aggraQatéd by the fact that it

is onlygbattenéd at intervals along its length.

vReference to the actual test strain gauge readings in

the area of uitimate.failure, particularly with eccentric
loading, reveal a wide séress variation across the section.
- This is true not only when comparing the web strains of
the two channels, (as would be expected) but also between
the back éf the web and the tip of the flange of the
channel carrying most load. " The stiain readings referred
to were taken just before failure and sﬁggest that even
after the web has yielded, some reserve of strength exists
‘in'the flange . .beads. This may well be important when

considering the lateral instability of one channel.

To éuggest é "Limit of Ideal Plasticity“ for a composite
sécfion behaving in this fashion is not justified without
research into its inelastic behaviour. This should

inQolve fests at various moment arms to establish a suitable

Ainteraction curve. Reference will however be made to the

' plastic limit line indicated to see how the section
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bb compares w1th a solld rectangle._ It will be seen from

'-the graphs that in. most tests the theoretlcal and test

freadlngsihxﬂ<compat1ble at this level It could prov1de a
"factorlng datum for future 1nelastlc 1nvestlgatlons.

Having stated the problem Which'exists'for inelastic
ana1y51s of the test readlngs 1nvestlgat10ns will now

"proceed u51ng the elastlc 11m1t as a ba51s for calculatlon

“7-0vera11 Stablllty

, L _ 3657 _
»ACrltlcal overall slenderness = E_;_'S 13 % 10 —'71.5
Cr1t1ca1 slenderness of one L . 1041.5 _
channel between battens S S e F e = 46,7
A ry 2.26 x 10

(or possibly 0.8 x 4.67=37.5)

’ Strong axis - slenderness of : - PO
C léete s ‘t . ‘ ‘ = .l"_ = _365;._ = 51.4
omplete sec ton : ‘ r 7.11 x 10 :
s . '_' L _ - i 2 -
Criterion = ol 71.5 giving comp. stress Fig. =

X
_ 136 N/mn°  (8.67/in”)

'-Where overall column buckllng 1s the crlterlon thls is the,
-maximum elastic stress value which can be safely worked to.

' The Elastlc»crltlcal load P = 309 kN (30.9 ton) = Pp.




'l‘jNote° Konlgsberger and Moh51n predlcted fallure on the

other (1 e, strong) ax1s at 273 kN (27 3 ton) Thls ‘has

'ebeen 1gnored at present.

,‘Crlterlon for bendlng 1atera11y (see Chapter 4)
136 N/mm (8.6 T/ln )

",:ﬁis maximum'elasfic*stress gives_MOI=;2133 X 104 N mm

: :Theoretlcal Values*'t;

7'}At Onset of Plastlclty

ﬁFrom Flg._36 the ratlo of P ‘and %e‘afe70{97 and 0.0385
B e - :

“ respectlvely

1]
v
]

.._Dlrect.Load Pox .97 .

=309 x..97 303 kN -

Bendlng S ""='.M‘ Mox0035 |

= 21330 x. O 035 748 Nm

oot 7 Load 303 x 10° L iap .2
., Thus.Direct Stress = grog = 7 2334 = - 130.2 N/mn
A'_;AV.'Bendihé Stress ;-Ag a = 748 x 10° - = 4.7 N/mn°

- 11 67 X 1o x 135.4

134.9 N/mm -

'7;ihie checks withA136 N/mm2.0vera11 Stébility Criterion.

‘At Projected Limit of Ideal Plasticity

2

'Again“using Fig. 36 the theoreticel‘vélues at this level are:-

Direct stress = 131 N/mm2
Av. bending stress = 5.4 N/mm2
Total = 136.4 N/mm°
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eﬁﬂTest Values
'};U51ng the same method as for the theoret1ca1 values the ‘total
iaverage stresses:atA onset of plast1c1ty, 11m1t of 1dea1

3-ﬂp1ast1c1ty, last- load 1ncrement at whlch straln readlngs were .

§i~taken before fallure and at fallure ’were establlshed | ‘These

,:?p In:oOnsidering‘the struts generally, the most highlynstressed_

‘rare glven 1nAFlg;<37 and-are:self~exp1anatory,

lFlg 38 glves straln gauge readlngs and the resultlng stresses
ffor selected gauges at the same. locatlons.'l The readlngs given

~are the h1ghest for each strut 1rrespect1ve of “their position.

fﬂareasgaredat‘mid-height' } The gauges at “point:levelAgawe
:7jiread1nos approachlng those at m1d helght..l Battenfbending
:Hstresses were not high, but it: was apparent that both battens at
hmld helght were 1n ten51on whllst at p01nts bendlng did exist
across_the battens._A It was 1nterest1ng to note that at- p01nts
«;}thehhighest straans_were at the channel flange‘tlps, indicating
]é'hwavén:ACtion over‘the length of theistrut; ,'Gauges'at the mid-
.-panelhpositions1were somewhat lower in walue;_but still

- relatively high.

- Gauges-ﬁols‘lg“and 23'both.on‘the web; F/s, at about mitheight,

A”(éee ﬁigs. 29 and‘305 had the-higheSt'readings on both struts.
-Their.position also gave'an indioation of the direction of lateral
.movement at failure. The gauge ring 80 mm below'mid—ht.‘(Test 6)
was. analySed for comparisons with average stresses'derived from
:ithe.interaction curves. Figs. 37 & 38.v The detailed investigation

‘was carried out at_the,lastireading before failure. (See Page 211):
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_rIn summarlslng, the flrst cons1derat10n must be to establlsh
n,what "trlggered" fallure. Lateral 1nstab111ty of Channel nAN
'fls con31dered to be the cause.‘. The ba31s for this view being .

“that the hlghest web stress is conslderably less than the.

'»hmlocal buckllng values given 1n Chapter 6, and those set up'

‘_1n the eccentrlcally loaded struts. Thls precludes local

‘:buckllng as the trlggerg

i Ihé:streSs distribution; (seefpage 211) shows that the web
hand itsAroot fillets are in_plasticity-but'the flange lips
'b_are,not. "The predicted-"onset_of plasticity"bis at about
"l3odN/mm2, Wthh value has been’ well exceeded 1n the web of

" Channel "A",

'JfCollapse commenced exactly at m1d height, adjacent to gauge

‘19 at the corner of h1ghest stress, Wthh will be nominally

‘ :ﬁhlgher than 174 N/mm2 taken about 80 mm.away. The collapse

© of the corner root fillet 1mmed1ate1y raised the stresses in

T~thc*web and'flange which then buckled locally. With the

'whole web in the plastic 1ange and the flange tips not,
: 1atera1 movement occurred along the 11ne of the web in the

»obv1ous dlrectlon.as 1nd1cated.' See Plates 13 and 14.

"ThlS conflrms that the failure was by lateral 1nstab111ty of

“'one channel. - Thus battens w111 influence failure load, as

" their spacing and stiffness will control the lateral movement.

.n,This will be discussed further with the eccentrically loaded

’vstrutsg

The interaction curve dpproach, suitably factored for

plasticity, 1s ideal, as eccentric loading will establish.
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CONCLUSIONS therefore are that untll lack of straightness

reaches such proportlons that deflectlon is large and local

buckllng of channel ”A" web takes places, fallure will be by

‘lateral buckling of the same channel. This will occur.in an

elasto—plastic situation at values in excess of the Euler Lcad

of 309 kN.

Eccentrlcally loaded: Struts - Test No's. 1l to 4, 7 to 10

. and’ 11 Inclusive

1F1ve pa:rs of struts and a special were tested w1th the

loadlng 25.4‘mm eccentrlc along the major axis parallel to

" the battens. They were all so arranged that any moment due

" to "lack of straightness" would be additive to that produced

. by the selected eccentricity.

| VStrutsszd'Sl and S4jhad'pane1 spaces on either side or

‘Similarly struts M

straddling,the'mid-height position at 863.5 mm (2'-10")

' Centres:of-battens. They therefore form a group, with
_'spaces fixed at the Code maximuml Tests 1, 2, 8 and 9

'cover this group and the results should be comparable.

kd S3 and S5 were fabricated with panel

'spaces on either side or straddling the mid-height at

11218.5 mm (4'—0") centres of battens. These also form a

: : grcup but with the'batterxspacing now well in excess of what

is‘permitted° The batten centres were opened out to

encourage an Euler type buckling failure between the battens

in the most heavily loaded channel. Tests 3, 4, 7 and 10

fcoyer this’groﬁp and the results should again be‘comparable.



A singlé strut M<9 S7 was included for interest. In this
case pairs of‘battensvyere.only provided at the ends and at

mid-height. It is covered‘by Test 11.

Ihe general conside;ations already subhitted for the axially’
loaded strﬁts.are valid and the following tests embrace the
same reaséning? proportions‘and procedures. The only major
variation is that the initial 25?4 mm eccentricity will
producé considerably more_bendiqg moment in the plane of the
battens and affect both channel and batten behaviour. The
Intechtibﬁ Curve approach will also now be pﬁf_to full use.
Lack of'Straightnesé oﬁ the x-x axis Was very small and

resulted in minimal deflections which have been generally

neglected.

Figs. 39 to 43 give the strut layouts and gauge numbers.

Test 11 - special strut - will be investigated later.

Theoretical and actual deflection curves from data estab-
lished in Fig§. 44 and 46 are shown inAFig. 48. Good dgree—
ment cxists-between the tests within the elastic range, but
be?ond this the effects of batten frequency and stiffness
become apparent. They 'influence the deflection and ultimate
load. As expected the highest values were for the smaller
batten Spacings. There is a suggestion that struts with
battens strxaddling the mid-height perform better than struts

' . . !
with battens at mid-height.

However, the deflection values were used to establish the

values for g— and %"v see Figs. 45 and 47. From these the
' 0 o -

relevant interaction curves depicted in Figs. 49 to 53 were

established. = Note that in addition to Fig. 49, covering all
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’Struts;'éubsequentidiaérdms‘givéVthe ldad/mdment

: Apportiohmehtifqr‘each paifwqfhﬂidentiCAI"sstruts.-,

Ah,ihvestigafioh of.the'test déta; inéluding'straih readings,

is now made, as for the axiélly'loaded'Struts.
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q!Agaln us1ng the elastlc propertles of the materlal the-,-

iﬁtheoretlcal average stresses due to column buckllng will <G

| flrst be establlshed

' j'Plast1c1ty" and at the "Pro;ected

“~‘Overall Stability

H|t-{
1l

fflcriticalloverall slenderness

\ ”Strong axis. slenderness of
ucomplete sectlon _ .=

fCrltlcal slenderness of one

.'fchannel between batten

',centres R -

:'Acceptlng that the Code 11m1ts

ThlS w111

be done at,"Onset of

Limit of Tdeal Plasticity".

"71:5 (as axial struts).
X : ;
el 51.4 (as axial struts).
Yy » '

Tests 1, 2, 8 and 9

éL = 2 = 38.2 (possibly x 0.8)
y o

Tests 3, 4, 7 and 10

_ 1218.5 - . g

< -
T, = 55.6 53.5(p0531b1y><0.§)

batten'spacing; and this has

now purposely been exceeded in some cases, the criterion

E = 71 5.

-1(on face value) is 7

jiFrom Flg 2 thts glves Max Comp. Stress = 136 N/mm

ThlS would give an elastlc critical load value of P =
’.(30 9 ton) Whlch we- know to be false because bending in the ;

plane of the battens Wlll reduce this, see Chapter 6.

‘However the questlon is;

:between.the'battens or,w1ll local buckling prevail??°

“Also MO f_

will a single channel buckle |

2

(8.6 Ton/1n )

309 kN

é133bx lO4 Nmm.(from Chapter 4).



Theoretical Values

Using theoretical values from "Interaction Curves" for

all eccentrically loaded struts. -

At "Onset of Plasticity"

P _ ' M
o = 0.62 T = 0.38
o (@]
.. Direct load = P = 309 x 0.62 = 192 kN
Bending Moment = M = 21330 x 0.38 = 8,100 Nm
Direct Stres P _192x 10° = 82.5 N/mm°
ect S area 2334 4 - e mm

N M 8100 x 10° 2
Av. Bending Stress ol v i = 50.9 N/mm

11.67 x 10° x 135.4

Total Av. Stress = . - . = 133.4 N/nim2

At Projected "Limit of Ideal Plasticitzi'

P _ .M
P O__.72 Mo 0.49
O (0] .
L. Direct load = P = 309 x 0.7 =223 kN
Bending Moment = M = 21330 x 0.49 = 10,200 Nm
' P 223 x 10° 2
Dlpect Stress = Toa = 5334 = 06.0 N/mm
M 10,200 x 10° 2
= = 2 = 64.8 N/mm"

Av. Bending Stress = = : =
Ac.d 11,67 x 10° x 135.4

. 5
" Total Av. Stress 160.8 N/mm”




.Test Values

| Ag;in using fhe s&me'méthod,as;for theAthéorétical Qalués
thé total average stresses‘at'bnsét'of plasficity, limit
of ideal-plastiéity, last increment at whiéh strain
readiﬁés We:é téken before failure and at failure, were
establishéd. .Theée are given in Figs. 54 to 57 and are

Self'explanatOIy.

4I£_was_appreciated that wifh the increased deflections due
to eccentric load the average stress values would not be
precise~as;t5e moﬁenf.aim'"d" wéqld vary. This is because
the stress distribution_C;G.'acrosé fhe section would not
 06in¢idé'wifh the.channelic.G.'s. Due to increasing
'deflectidn'it would also vary with each increment of load
aﬁd with eaéh'fest, HoWeQer After approximate checks
-thé-”yiela“ momen£ arm was used and at the laréer deflections
this would tend-to give stress-vélues on the high side. For
the critical chaqnél'"A", its stress distribution C.G. would
mpve’toWards the.back of the'channel‘as the deflection
incrgased, Af'highlload levels direct comparison is
jusfified betwéen.the calculated average and strain gauge

stresses.

-Figs. 58’,59 and 60 give strain gauée readings and the
resulting stresses for selected gauges at the load levels
previously stated. The readings givén are the highest for

each strut, irrespective of their position.
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: ;In cons1der1ng the struts generally,the most hlghly stressed
l&areas. were at mid- helght w1th the exceptlon of Tests 3 and’
4, _Here the battens were . spaced at 1218 5 mm (4' O") R
’centres and fallure occurred at approx1mately m1d -panel
(lower) adjacent to the m1d helght. ) It must however be
u:empha31sed that stresses at other p051t1ons weéere almost
‘:equally hlgh and~those on the.flange»llps,:next to the end
battens, as h1gh ‘as anywhere on the. strut. This highlights
h the absolute nece551ty that battened struts have completely

;rlgld batten or cheek plate attachment at the1r ends

‘fAs w1th the ax1ally loaded struts rlngs of gauges at. the

’w,crltlcal pos1t10ns on selected struts wereanalysed at the

7fload at Wthh the 1ast straln recordlng could be read

:::before fallure

~%'Reference to’ pages 242 to 246 w111 give a detalled
1nvestlgat10n of the stresses ex1st1ng at these cr1t1ca1
p051tlons, : The stresses g1ven_may be compared with those

A':in the tables giving by Figs. 54 to 60 inclusive.
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Consideration of the foregoing stress tables and diagrams
for eccentric loadinngill reveal that as the deflections
increasea, beyond ‘those ehcountered with axial load, the
léad at féilure drbpped.. The stresses at the web of the
"comp. side" channel however continued to rise, thus
causing mérevofithe material to pass into the plastic range.
A situation theréfore existed where the load had reduced

to such a'leQelrfhat-lateral buckling-could not occur.

The outer fibre streéSes‘however continued to rise as the
strut deflected ﬁntil a local buckling situation was

‘ estéblished.

The ultimate failu?e had exactly the same appearance as

with the axial tests.- The mode of failure was howevef
different, as thg stress level at the web was now of the
'ordérvestablished for locél buckling - see Chapter 6.

Failure in all'cases was by local buckling, which, because

of a very small amount of bending on the x-x axis |

"triggered off" from one edge of the'web, quickly involving |
the web root and the thin "web" of the flange. Lateral
‘displacement therefore occurred to provide aé overall
deformation of the same character as the axially loaded

members but at a reduced load.

If the effect of batten plates is now considered, Fig. 47
and the interaction curves will confirm that spacing has an
effect upon the strut's load carrying capacity. It is now

accepted that with the eccentrically loaded struts the
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.lﬁcomp. 31de" channel buckleo 1oca11y and then moves
laterally due to the dlfferentlal of the buckling stress
»across the web Battens’appear to be quite adequate to
dealAwlth the‘usual.bending moments and shear forces in the
- plane of battens.. Howéver,'it is suggested that additional
.Alaferai stiffhess might-be advisable, to delay the final
alaferal movehent of fhe channel, It is accepted that at
this. p01nt it is already starting to buckle locally, but as
~batten relnforcement has been proposed where the load is

‘ax1al,'1t could be standardised for all conditions.

The present_Code:recommendationsAendeavou; to control the
fslepderness.rafios-oh the major axes and between the
‘Battens. “aThis ensurés that an axially loaded strut will
: éustain tﬁeAEﬁler load, caloulafed for its weaker axis.
,Behdinoﬁin fhe plane of;thé_battens will reduce this 1load

in ratio with deflection.  Batten stiffness and spacing

'4, being of course influential in how much deflection occurs

- for a given 1load.

The test.programme clearly- shows this effect. Tests 1, 2,
8 and 9 have spacing at the present Code maximum and the
Interacp;Curves (F19815O and 53) show that their load
carrying capacity (Fig, 47) is in general, much better

than for Tests 3, 4, 7 and 10 (Figs 51 and 52), where the
.spacing is large at 1218.5 mm (4'-0"). Tests 8 and 9 also
suggosf‘that where battens straddle the mid-height, load

carrying capacity is at its best for the given spacing.



Tests 1, 2, 8 and 9 511 failed at mid-height and confirmed
~the Code batten spacing to be more than adequate. Tests
3, 4, 7 and 10 failed at a mid-panel and suggested that the
batten spaeing was too largefb iThis was surprising as the
o for a single ehaﬁnel,between the battens was 54 (or if
0.8 f was taken, 43) which accords with the Code requirement
of 50. However inspection of the stress levels, derived
from strain ;eadings, at several positions on any of the
given struts, showed that they were so close that mid-panel
failure only_jﬁst prevailed. A small spacing reduction
woﬁld have moved the failure locatien to mid-height.

It so happens that for Tests 7 and 10 the mid-panel of

- failure is also at mid-height.

Reference must now be made to the "Projected Limit of Ideal
Plaeticity". As previousiy explained this is for a solid
reetangle and represents an UPPEﬁ LIMIT FOR THE EFFECTé OF
PLASTICITY for combined bending and axial load. Using

this interaction curve as a datum, and referring to all the
interaction curve diagrams, enables the following statement

‘to be made. ' J

_ Ali eccentric load tests with the exception of Test 11 and
possibly Test 3.give load/moment distribution curves which
compare very closely with the theoretical elastic load/
.moment distribution curve at its intersection with the
"Ideal Plasticity" interaction curve. Even the tests at

the largest batten spacing are in reasonable agreement.
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Test 11, which will be mentioned later, failed at the

intersection of the load/moment and ideal plasticity curves?

 Indiéatiops therefore are that this interaction curve
representing the upper limit of thé effects of plasticity
would prove a suitable factoring datum. An extensive
series of tests should however be conducted on various
éccentricities ah& with the dimension back to back of
channels variéd. This would provide a "well spread" series
of .results from which an Interaction curve "IDEAL” for the

battened strut could'be'establisheda

fhejAl—Zn;Mg alloy seems aﬁ excellent material. Strain
gauges.were locéted in the heat affected weld zones and it
ié~interesting to be able to report that no readings were
ekcessivelylﬂigh. From a welding standpoint it has marked
suberiority over the presenf high-strength alloys with their

considerable loss of strength in welding.

Much ‘more could be said about the smaller happenings and
' . |

indications noticed during testiqg. - Two further struts

‘are still in stock and more investigation will proceed as

time permits.

Befdre passing to the ""Special" strut - Test 11 -~ reference
still has to be made to the comparison between the stresses
éstablished from the interaction curves and the strain

gauge readings.



.Thejmethod‘of'approéch'and.tdbiing is exactly As previously
'tcovered for eiiellload. ;Figs.54 to 60 again give data .
'ﬂ_for'the hrghest stressedfgauges irrespective of position.
'“Péges 242 to 246Agive diagrammatic information on stress
7.dlstr1but10n for "rlngs" of -gauges at, or adjacent to the

;pos1t10n of ultlmate fallure. All stresses are for the

: last p0551b1e straln readlngs before failure. Tests 2, 4,
7 and 8 were chosen to represent each type of batten
,spac1ng It should perhaps be re-stated that when comparing
"'"Average” stresses from the 1nteract10n curves with thosc
+ from the straln readlngs 1t be remembered that the moment
:arm Hd"lwas‘used. ~As this was to the centroids of the
‘,chénnels;UCOmparisons at the lower stresses.will give total

'amerage’stresses om'the'higm‘side. _ Once the material has

:started into the plastlc range the 1nteract10n curve stresses

_and straln gauge stresses become more and more comparable.

To . summarlse on- thls sectlon of . the work it can be concluded
 that the ultimate load is controlled by the local buckling

-“pof,one channel, at stresses in the order of those calculated
in Chapter 6,, The ultimate mOde of failure of the

fUidenticai pairs" was as shown in Plates 13 and 14.

The, total stress built up in the channels from all causes
s'will_be infiuenced by batteo spacings. éor the struts
tested, and accepting the load reduction Whichiresults,
battens.centres could‘be opened out to approaching 1218.5 mm

(4'-0").  Further research is needed with varying amounts
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- of éccehtricity and varying distances back to back of

: éhahnélé;ﬁl'Batfens'would be better. reinforced.

The weidedfsttﬁts in Al-ZnFMg alloy helped considerably
fWith'the ;igidity problem, particularly in the important
areas at the ends of the struts and in combating local

inStability._

The elastp~pla5fic investigation has proved interesting.
'StrUt.deflecfiqn is hbwever so large with light alloy that
»praétical.appliqgtioﬁ-is limited. - Deflection will control

Tdesign at relatively low stresses.
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bspecial'strut - Test 11

As;a last contribution, oﬁe'Strut,'affectionately referred

..to.asithe "Special’ was tested with interesting results.

4Battens were cut out of a’ spare strut untll only three pairs

remalned ' These ‘were located at each end and in the
middle. It was loaded 25.4 mm (1 in) eccentric along the
ax1s in the plane of the battens  Clock gauges were used.

but no straln gauges,

"vThe dlstance centres of battens was now 1727 mm (5'-8")

Whlch gave a slenderness ratlo for one channel between

. the_batten centres of 27267 = 76.5 (or if 0.8 L is taken,
| 63). Thls is well 1n excess of the Code requirement of 50.

. The fi (weak ax1s) value for the complete strut was 71.3.

Remembering.that Tests 3, 4; 7 andblo; with the spacing at
'1218;5 mmi(4'eO") buckled at mid-panel of'the~"comp. side"

.channel the outcome of,this,test seemed obvious.

»chewer the strut unexpectedly buckled at mid-height, on
the centre-line of the battens, by a perfectly symmetrical
.,iccal buckle of the Ucomp.-side" channel web The failure
h,load was 195 kN and the mid- ~height deflectlon 40 mm (1.57 in).
’The parts of the m1d helght battens, between the channel

‘_toes, ”smashed out" completely.
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it is ndt'proposed td ihvestigate<this test in detail.
'Ifs defiéétioﬁ éﬁd'io&d/moment“di%tribﬁtiop curves have
‘-howeVervbéén addgd to'figé 48~and>49,'for comparisons.
If_Will bé_hétéd;thﬁt tﬁé‘latér'curveiintersects with the

MLimit of'PldsticitY"ginte:action curve. at failure.

Plate 4“UTesting Rig" shows this strut in its failed

position.
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Chapter 9

" 'Discussion

. General

At the outset it should be stated that this research

project has involved much more éffort and taken up

cdnsiderably more time than was at first envisaged.

It was known té be rgther'large'fo.try;and accomplish on

a parfét;ﬁe‘baSié, additional to a normal work load. Loss
'inAtr;néit of the fjrst-batéh of spécia11y casz1-Zn—Mg
ailoy iﬁgqts‘wasva major delaying factor.  However, it is

hoped that this contribution will justify the effort, add

‘a little to the limited knowledge on battened struts, and

' stimulate further research. -

. Answers to a number of basic problems are still needed,

particularly for struts which are loaded eccentrically

in the plane of the battens.

Two generai statements, considered to be supremely important

must therefore be made before the final conclusions of this

"~ work are enumerated.

1. Basic Concept

The only justification for the use of battened struts
at all is the economics of weight saving.  Their
proportions must therefore be chosen with this objcct

in mind. Almost all the practical testing



1nvest1gated appears to have been undertaken with

ill= chosen and/or badly arranged proflles

 The first fequirement'for.any’bettened strut, which

'>4is:subjected te eccentric loadihg, is that tﬁe |
prOportith are so arrénged that the axis of major
stiffneee is offered to resist the bending. In
practice soﬁe beﬁdipg will always exist and can
.fieépently'be'visualised from)fhe type of connection
to anether‘Component._',Logic therefore dictates that
the best use of material is ‘made when the bending is

LS

1ocated on ‘the major ax1s p&ﬁa&&si to the battens.
The main member spacing can be varied to suit the
demands of thimum'design,-based on the Cross
seetional.profile of thebmain members. - It is only
after this Situation has been reached that the

introduction of intermediate lateral ties, between say

o a series of battened columns, should be considered.

"Having p;esented fhe Basic requirements, it seems
reﬁefkable that the bulk of past practical testing

‘ o hés‘been with(members'so arranged that the axis =t
.‘4JFo«eik2k' ‘ if%ﬁfs to tHe béttens-was the mejor'axis. This of

| | :.course means that bending in the plane of the battens

has taken place on the strut's minor axis.

It is appreciated that the earlier scientific work of

Timoshehko presented solutions for bending in the



plane of the battens. The propOrtiQns used dictated
'.Lthaf overall column buckliﬁg was bound to occur-in

this plane. This was acceptable at that stage and
iepreéentéd an initial scientific statement. Later
researchers should'howéver have turned their attentions
to the économic proportions and tried to establish rules
for a "Practical Economic Strut". It is acknowledged

)

that a strut whose major buckling strength is on the

v acal v

axis — to the battens, will considerably reduce
the number of unsolved parameters. However, it will

do little to resolve the complex problem of optimum

strut desigh,

Full Scale Testihg

Siﬁulation of.strﬁctural problems is ideal to establish
general trends. It is not hbwever justified when
“réalistié practical-solufions are required. This is
particularly true when structurally efficient but
fanciful shapes, usual with aluminium alloy, are being

used. -

' l
Far too much research is now undertaken where the mode
of failure is controlled by the researcher to prove
“some particular point, which may, but frequently has

not, a use in a real working situation. This is a

pity and is doubtful progress.

" One is led to wonder if much of the work undertaken

is now controlled by its suitability to simulation
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techniques. This may well produce some interesting
Ts¢lufionvjust for itsfoWn‘saRe.~ If this is so it

‘must be deprecated.

The ﬁﬁthor is>conVinced-ffom years of practical
'.éXpeiienge thét simdlation techniques and
' ﬁafhematical prpcesses'have.an extremely important
‘rdie to play. | It is however wvitally important
 that'e¥peiience_and conéept is not overlooked for it
is fheée:qione{which will enable the researcher to

get his priorities correct, as a first step.

At ‘this initial” stagé ‘full scale testing, in the
naterial to be»ultimatély used, is essential. Unless
‘the correct main parameters are initially established

all abstruse calculation will be meaningless.

" The Testing Rig

This,Workéd,extremély'well.and full justified the time and

- .effort put into its design and manufacture.. Its concept

. . . i
may well be regarded as somewhatlcrude as its construction

was on ailimitéd budget.

All particulars, including the proving test, are included
in Chapter 5. Little needs to be added now except to

Confirm'that throughout the whole testing programme no

- apparent weaknesses came to light.



"'.The usual probleﬁ oflstrut'énd fixity was undoubtedly
ipresent‘tp,soméﬁextent;_-'The use.of'thé P.T.F.E. silicon

greaSe;-eérlier déscribéd,appears to héve been very

- effeCtiye.: .It'maylwellibe-thAt the simple ball arrangement,

.tégether wifﬁ the grease, is just as satisfactory, if not

Bettef, fﬁan some of thé mnore elaboiate systems that have

been devised.

The Test Findings'and'Proposals~for Future Research

' The detailed findings have been given in Chapter 8 but a

general reference summary is now given..

1. _Whenzthe deflection was small at final load, struts
failed‘by lateral instability of the most heavily
flloadéd channel. Failure was on the X-X (weaker)

axis of the complete strut.

2. .With the much larger deflections encountered under
ecceﬁtricﬁload, failure wasvby local buckling. This
occurred in the web/root of the most heavily loaded
channel, éither at mid;heigﬁt or mid-panel. The

' 1aréer the defléctibn fhe 1owef the failure load.
_Sfreésés at the back of the "comé. side'" channel
-~ were of'coursé much higher‘than with the axial

-conditions and resulted in local buckling.

It must be stated that the usefulness of any elasto-
plastic investigation is doubtful. With aluminium

alloys the deflection is by: then so large it would
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govetn design, longibefére the "local buckling'

. situation was reached.

Battens'play a vital role. - Load carrying capacity
ef the strut depends upon their spacing and

 .stiffness.

_ In addltlon to the de51gn requlrements legislating
‘for the usual moments and shears ‘resulting from
deflectlon_ln the plane of the battens, further
conditionsishould be inneéed{ These would relate to
-the'Previsipn Qf_battens with lips or flanges, which
are7required to cater for lateral movement of one

channel,

Further research, as detailed earlier, is required

here.

_ Batten.spacing can be increased substantially if some
‘reduction in ultimate load is acceptable. The spacing
does not appear to'be'highlx important within the

elastic range of the material.

Further research in the inelastic range is required
to establlsh the true llmlt of plast1c1ty interaction
curve for battened struts. Comprehensive testing at
a serles of eccentricities and channel spacings is

requlred.
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Again, is it justified? As deflections are so

large practicai application will be limited.

End battens and/or fixings are extremely important.

Rigidity at these locations are essential if the strut

is to perform efficiently.

The Al-Zn-Mg alloy and the satisfactory welding of
battened struts is a considerable step-forward.

From a strength standpoint this weldable material is

- an unqualified success.

- Because of lateral movement the method of welding

battens is important. See Chapter 8.

Where battened struts are to be tied against lateral
movement the location of the ties is important. They

should be positively attached to the member which has

"the lateral weakness and NOT to the centre of the

battens.

Finally the Interaction Method of Analysis appears to

be very satisfactory. - Its simplicity recommends its

use for practical problems.

After further research to establish a true plasticity
limit, its use, when suitably factored, would be ideal

within the inelastic range.
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_Alumlnium'alloy is an excellent material for researoh.
.Its comparatlvely f1ne tolerances and thin-walled proflles
"serve excellently to- 111ustrate the structural behav1our
of metals. It hlghllghts many problems with which the

de51gn englneer in steel may not be so Well acqualnted

AS'an»lntroduction ituwas'suggested that the‘battened
'.strut posed problems which were largely unsolved. This
statement has now - been unquestlonably confirmed. It is
-,however hoped that this work will revive interest in this
.:fascinatinglproblem.e' MuCh more needs to be done before
“ac comprehen51ve set of de51gn requlrements can be

-'confldently deflned '
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