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' ABSTRACT o L o
The interconnécxion of stérred angle 'homprnsaion

' members and: their buckliqg behaviour- has not been cleartv

< ‘

unierstood and hence gsteel Hesign standurdb do not shmw N
. s

s
Y ~/

these members behavejas. the number of lntercongggtors is
' \ & ! o ¢ :
varied, is developed hereln. For any size or sShape'of eqaxl ,

*

Lez anale that may be used to form starred anczle COmDPEHHan.

. e
members there existsg a relationship of the geometric proper-

ties and hence the behaviour. This relatlonsﬁip is that the

'
A -

;ratib ot the radius of gyration for the built—up, strut to
‘thvjradlus of gyratlon for an individual member ls 1. 96 with

a standard deviation of 0.04.

.

.

This ratio of the radii .9f gyration results in  the

North American steel design sfnnddrds requiring only onz2

s

'-intercunﬁebtor at mid-height for any pair-df‘ equal leag

=
i

angles forming the starred-angle strut. Other steel stan-

dards and specitlcat}ons. Britisny German, - and Austvulianyh

which were reviewed, are more conservative than the North
r

. ~

American Standardse. None of the standards, . however, have

design requirements which compare‘preclsely with the re:ults

of this Theszs.

- 1i -

consistent set of design ruleg. The'consistency'wi}h whicp



s .

'

The "standards "are not consistent with the results of

the experiments or the theoretical.predictions. ecommeny-
L3

tions are made to correct this deficiency. 1In particulur, a

' recommendatlon is wmade that only ‘two interconnectors are

reguired for any pair of equal ley angles,. This requiremant

doubles the number of Ilnterconnectors regquired by the

A4
-~ . - .

current Canndian‘Standard.

Fx

- bii - i ' .
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Chapter 1

INTRODUCT ION .

- a

Initlial research was conducted for a report prepared by

the.'Dominion Sridge Compaﬁy Limited (26) which comparas

3

- several steel standards with regard to the requirements for

the interconnection of starred angle compression members.

“ .

Indications from the tests conducted for the report led to

'the conclusion that the aumber and type of interconne:zturs

has a significant effect on .the compressi ve étrength'of this
built-up sectione. Comparison of the standards and tagt

!

results prompted closer sérhtlny of +the requlrements of ,the

.

. Canadian Standard. These‘requfremenxs are the most liberal

‘erthe standards compared and are not‘gn keeping with the

experimental results obtainede. i

Double ‘mangles can be used in seVeral configuretions,

three of which, back—-to—~backj starred, and box, are shown in

¥

Fize 1l Each of these arrangbménfs has Lts own advanfaues'

and disadvantages which should be carefully considered prior
to deciding on the arrangement to be used. Some considera-—
tions are:

1.. Accessability to surfaces for maintenance. This is
critical in the @Qod and pharmaceutical industry for

cleanllnesé, and in the chemical industry for corro-

sion protection. B ‘ ;/),



[y

3.

-2

The type of énd connectidn, whether bolted or welded.

I1f welded end connections are to be uéed to fasten

the struts to the main members then the starred 'anglez

.. -_—

arrangement will permlt lighter gusset plates to be
used, whereas the back—to—~back or boxed double anugla

arrangements have a . higher concentration of sShear
1 . -

v
~

stresses, tear out~fai}ure. on the gusset. When the

- . - -

end connection is to be bolted then the back—to-back
N N . " r

arrangement ia the most gdonomical as it uses bolts

in double shear. For the starred angle the bolts are

in single shear, while for the box section boltad

connec tions cannot be used.

Consideration of the truss window size is important

1f the structure 1ls to have gervices passing through

them. The back-to-back arrangement generally has the

largest window size. The' box section also has a
. N : L)
large yindow size, but ° the starred aagle has the

smallest window size.
The starred angle and boxed arrangements have a lara-

er minimum radius of gyration than a ack—-to~-back

. Al
arrangement of The Same angles.
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l.1 OBJECTIVE

Clealt )

3

Since no published research had been found on starred

angle compresslon'.memhers. other than Pauls and Stringer

(256) and Temple and Schepers (31l), .the " objective of thig .

Thegis is to develop shltable design‘rules for the interzon-

nection of starred angle compression members.
3 : -
To carry, out this objective the effects of the nuamber

and type of'interconneptor, the tenuth of the end conneztor,

the length of the member,. and the forces which the intercon-
_ =Er % N

nector must resist are examineds.

. .



\
Chapter 2

LITERATURE SURVEY ' .

.

A literature .survey) to determine the extent of

RSN

published research on starred angle compression membars,
]

revealed nothing directly related to starred angles except

for the s3teel standards (1,2,4,5,6,12) end the report writ-

]

ten by Pauls and Stringer (26 ).

: ' -
Several papers on battened columns (1%, 20,22,27,32,34)
/
and spaced steel columns (17,18, 21) were found. They hava,
S

however, only limited use 1n the study of starred angle

compression members.

2.1 STANDARDS AND SPECIFICATIONS . N '

The following pééngra#hs dlscuss the applicable clauses

+

df& the steel standards and - specifications with a briaf

‘gummary of the treatment of the. Ilnterconnection o starred
) N

énzle compression members. The word sgstandard shall apply to

all .standards or sSpeéecifications referred to in this Thesise

Section 5.3 contains a more detailed discussion of “the
R \ . .
regquirements of the Canadian, American, Brltféhfﬂ agd GCarman

Standards for +the intercannection of the starred angle

compression meﬁbgrs. An example using the nominal geometric

v
.

properties of the angle section used in the experiments is

also wivene.



2e1e1 Canadian _Standards CSA _S16.1-1974 and_S16-1969

These standards (5,6) stipulate that the makimum slen-

_derness ratio of the 1lndividual members between points of

inf%yconnection must be equal to or less than the maximaam

Slendernesas ratio Hf the built—up member.

There are no specific reqguirements .for the design of

[N

the interconnector nor the method of fastening.

241.2 7, American AISC Specification

-

This speclf}cation (1) has the.Same requirements as tie

Canadian Standards.

2.1.3 British Standard BS_449-1870
This standard {4) is presently under réview and a draft

lndicates that there will he changes' to the sectidn on the
. * *

interconnection of starred angle compression members. At
. A d -

the time of this writing BS 449-1970 Standard is Applicaule;

In this standard the gpacing reffuirements of interzon-

A l

nectors is such that the slenderness atio fof?each member

between points of iptercﬁnnectlon canhot exceed 40 nor 0.6
times. the maximum slenderness ratlo‘&fitbe étrut as a wholes
There shall be nét less than two interconnectors:. in add4i-
tion to the end conneétors, undlthey shall be spﬁcei at
equal distances ;Long the length of t;é strut,. Theuinté¢4

connecters must be in pairs at points of interconnection 3o

that they form a cruciforme

TN

s ’ »
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4

Rivets, bolts or welds used for the fastening of tne

interconnectors shall be.‘proportioned such that they are

sufficient to cdrry specified shear forces and bending

momen tSe . oo -

2+1.4 German Specification DIN_4114-19872

This speciflcatlbn (12) states that the slenderaness

- .

rati'ea’ for each member between points of interconnection
shall not exceed 50 and that the built—up member K must be

connected at least &% the third points.

These lnferconnectors must be fastened using at least
two bolts or rivets or an equivalent weld, and must e
designed for a specified shear force, and bending moment.

.

2.1.5 Australian_Staodard AS 1250-197S

~

The requirements of this standard (2) are similar to

-

fhe requirements of the Garman and British Stanﬁards in that
the slende?ness ratlo . for each ﬁember cannot e*ceeﬁ SO_nor
0¢6° times the maximum slenderness{ ratio of the built-up
mqﬁber-

There are requirements for. the design of the intercon-—

nectory, and 1ts method of fastening to the main members, due

-
“

to specified shear and bending forces. The interconneztors
must be constructed to form a cruciform or be placed in
pdirs at right angleg to each other and be in contact with

each other.

¥
T



2-1.6 ‘Miscellaneeus Standards - S g

Though translations oi the kuséian' =Yugo%laViau and
ﬁrench Sfandardé'could not he‘obtnihed. diécussionsfwitﬁnxn
ah . N E énqlﬁeer famlllar witﬁ.thesei stgndards'lpdicated that the
requl.rements are similar ta, o; more cqnserv;tive tgan, tha '

Britiéh or German Standards alfeady cited.

252 PABERS

Pauls and Stringer's report (26} was the only research
found with direct bearing on starred angle compression,
meozbers. Thé report did not check mechanical pﬁoperties or

initial impertections nor did it present any theoretical

analysis of the starred angle struts, It was very useful in

giving a sturtingr point fpr this reséarch oﬁ the;intercont
nection of stPrred angle Eompresslon members.
Several “papers and puﬁllcatlohs on battened and laced
- .
columns (16,19,20,22,27,28,32,31) have been examined to
détermine whether or not the theories could pe aprié; to
predict the behaviour éf slender starred angle - strutse
Battened and laced colhmns‘ are bullt-up members lntércon-
nected with horizontal or diagonal interconnectors, resnec-—-
tively. - For battened columns the interconnectors are
riéidly fagstened at regular intervals to the ma in members.
Battened column theory assumes that buckling ;bout one of
the pr}nclpal axesy; the U-U axis (see Flag. 2),: governs. ‘Tha
capacity of the bullt-up section about each of the principal

axes must be checked using appropriate theories.
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Spaced steel coluﬁn thenfy' (16,17{18) 4iwves an

-

alternate apprqﬁiz to the study of starred'angle compression

members though.lt-ﬁs‘limiteg to starred angle struts having

-

zero ‘or one intércbnhectqr only. The spaced. .lumn is simi-
lar to the battqﬁﬁd column exdept that™ the interconnecztors
‘ L]

are assumed to be pin-connected to.the main memberss Fhe
=1 . -
-rizidity. of the interconnectors is assumed not to affect tha

) . v
Strength of the built-up member and is not considered in the

‘derivatlon of the gové}ning equations. Thebend connectonrs,
howaver, do ~affect the cabacity of the bullt—up‘segtlon,

about one axis only, and this effect is included in the

Zovernineg egquationse. . . -

IS
&

Finally, a paper on Vierendeel girders (14) was exam-

N
>

5 ]
ined a8 the 'standards cited appear to be based, in part, on

this theory.

Though the application of thesge theories cannot be

striétly appiied to the interconnection of the Starred angle

;

compresasion members, due to fhe'assumptions used in their

derivation, they‘do_&ssist in undersgtanding and explaining

the behaviour of the starred angle compression member. -

In Chapters J and 5 each of these theories is discussad
. and applied to the starred anéle compression member. A

numerical example is also Ziven based on the properties orf

the equal leg angle used Iin the experimentsa



2.3 SUMMARY

.

. There is considerable variation among the steel sStan-~
- dards examined with respect to the interconnection of tne
+starred angle compression members. No resecarch was found on
which to base ; consistent design criteria. - !

Several theories have been investigated, -yet they
. . >
cannot be applied directly due to the inherent limitqtions

.

in the assumptions used in their derivation, principally

that they preclude buckling out of the plane of interconnez -

-
tions.

o
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THEORETICAL DERIVATION

3.1 INTRODUCTION

Starred angle compression members hehave consistently

in that the first buckling mode changeé when two or morsas

.

interconnectors are used as compared to when zero or one

interconnector i3 used.

Many possible solution procedures were investigated

that would predlcf the behaviour of the strute. . These
inc}uded' agtability functions and finite element methois

using both the eigenvalue and a iinear iterative—incremental

approaches.

Batteén column and spaced column theories were investi-
gated and are used to assist in explaining the behaviour of

the starred angle COmpresélon_mepber. They both have‘tlmi—

‘tations in that they assume buckling only bccuriyln the

-
-

plane of interconnectlon‘ S0 that buckling out . of the plang

of interconnection must be.checked Separately. A completely

gzeneral solution is required and since these theories do not

. _
permit buckling about either of the principal axes the

finite element method is used.

Stability functions were examined during the prelimi-

nary phases of the research and were subsequently abandonaid.



i1
They are used to study‘the effects of fdrying lengthis of end
stiffeners on the critical load of a simple. ca{umn. Tne>
finite element me'thad is used in lieu of the stability funz-
tion methoq for several reasons. First, the finite element
meth&d ls easier to set-up ~nnd manipulaté._ Second, the
flnlte'element method'rprovides a solution torr the critic;l,
gfgad dlrect?&,, .whdreqs thé stability func tion approach
requirés an iterative procedure. ‘Third, <the carcy-over
Et&bility function tends to-lnflnlt? in the region of
l';‘/Pe = 2.046;' where P = the axial load; and P, = the Euler
buckling ioad of the sedt{on.
The finite element sclution procédure used permits
buckling about either of the; principal axes. It also
permits the individual angles to takg any ;Iexural displazad

-

shape between Points'of interconnection. Interconnectors
- are incorpo?ated into the solution procedure by relating the
degrees—of—fréedom at the points ;f interconnecthn becau;e
the interconnectors ure. small and cannot be ‘input 1s
elemgnts using the beam—-column linear fiylte element. I'ne
short léngth and the smulL values of the geometric proper-

. R |
ties of the interconnectors cause the elements of the meémbear

stiffnesgs ma trix to be large which in turn affects the
. : i
entire solution by giving érroneous resul ts,.

To overcome this problem the interconnector is assamed

to bé rigid. The method by which the effects of the intar-

connector are input lanto the finlte element solution proce-—
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dure, relating the degrees—of-freedom at pOoints of

interconnectlion, is discusséd later in this chaptere.

3.2  EINITE ELEMENT MODEL

Intﬁitlvely the placing and fastenlﬁg of these interp-
connectors seems lnsignific%nt. The steel standar&s. 1y
indicated earllef, differ in their treatment of how many
ihterconnectors.should be wused and in the forces they must
resist. Due to the close spacing 6f tﬂe anglés"an& ¥he

relatively small slzé of the interconnector the beam—column

. finite element (Appendix A) cannot be used d;rectly to model

the Lnterconnector. Section Je2e. 1 describes the method used

to model the interconnector within +the finite element solu-

tion gprocedure.

%

At the points of interconnection the ¥eometric proper-
R .

ties of the built—up member are altereJ slightly. This is

part;culhrly true of an 1nierconnect6r which is not symmet-
ric about either of the principal axes of the starred angle
section. In Section 3e6 it is shown that the increase in

stiffness is insignificant and can be neglected.

¥hen there is zero or one interconnector the starred,

angle strut behaves essentially as a spaced columne. For a
Strut with zero interconnectors each of the angles is intda-
pendent of. the other except at the end connectors. Because

of the independence of each of the angles the behaviour of

the strut is dependent an the direction of the initial out-
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of-st;aiahtness of the ipdlvidunl anglese. YVaryings only the
directipn of the . out—of-stralghtness'bf each of the.anzLas
can result in larger érltic&l loads. These iarger critical
loads are associated with glterﬁate-modes of buckling.

There are principally two wmodes of tlekurél buckling
related to the starred angle strut having zero infebconne:-
torg. Other puckling modeé have no practlical ﬁiunificance

1]

‘and are not discuased in this Thesise.  Torsional-flexural

s buckling, discussed in Section S5.4.1, occurs in members that
LY

are relatively short and is not considered.._ The first mode
1

of flexural bLuckling is vﬂen hoth angles fall-by‘dlspla:ing
positively, or negatively, in the direction of the V axls.

T_The "'second mode of flexural buckling is‘ when the' angles
displace in the opposite direction, one posgsitively and the
other negatively in the direction of the V axis.

When the initial out-of-straightnesses of each of the

‘

angles are in the same direction, ﬁbth pbsitive' or both

negntive.(then the first. mode of buckling is achieved. whan

B

tBe initial out—of-stralgzhtnesses of each of the angles are
in the opposite directlon then the second mode .of buckling

may be achieved. "It can be seen that when there is one
- L]
interconnector both of the angles are forced to displace
together and the second mode of buckling described above
: 5 .
- -t

cannot occurs

Though there isg an increase 1Iin the capacity of .the

strut when it buckles in the second mode, the first mode of
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bu;k[ing i$ the only one coqsldered. 1t is spfilciehf to
state’£huti}hé Elternate mode has no,consequence;' for prac=
tical purposes, on fhe ;esults and recogmeﬁdatlons as it can
only oégur-when thére a?e zero 1nt¢rconnebtors Joining thé
angles of the strut;.

When there are - two or mbrerinterconnectqrs failuere is

by flexural buckling about- the V-V axis. The end ponnectoﬁs

/

zive some added stiffness

’

to the ends of, the strut whicﬁ is
neglected. It is shown that neglecting the effect of the
end stiffeners does not significantly affect the critical

locad for buckling about the V-V axise.

The above statemenﬁsfgﬁb based on experimental observa-
tions and preliminary theoretlc%l  predictions. They are
COnSL&E:fd ln.the focllowing analytical model.
3+2.1 %nalvtical Model .

A three—-dimehsional beam-column linear finlté element
is used to predict the critlcaf:; loads and the load-

deflection curves, .The-general golution permits the angles

to displace without restrictlon'except at the pointé of -

interconnection. . ‘ )
. . 4 | o .
- The angles of the strut are forced, ‘at the points of
lnfeﬁéonheétlont to take the same dléplacemenfs in the plane

]
0of interconnection. As the interconnector 13 assumed to he

<

rigid the displacements of the Jjoints of each of the angles,
. PR ~

at the polnts of lnterconhection, are assumed to be-linenrly

dependent to account for the effects of‘interconnection.

Ve »

o

’ | : 14
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Since each angle of the starred angle strut is free to
. . ) r

dlspluce in any direction the model has to-parmlt eath anula,

1

tp be independent except at fhe.polnts of lnterconnection.

N

At the points of Interconnection there are two displucements

which each’ angle can  take thatJ are 1ndependént of oné

another, _ngsuminu that the dlfrerenge in the displacements

. ¥ N
are smalle. ' At large displacements the interconnector also
forces these two digsplucements to be dependente. The first

of these. two dlsblaCaments._ls im thé dlrection of the V!

axls of the individual angles and the seconsd I=s in ‘the

direction of the Z aXis of the indlvidual anglaes, Figae J.

o
»

The differentlial digplagement, fhe difference between the

correaponding dLSplkcemants'of éach angle, in the direction
. o~

of the Z axis can occur -when buckling about the U=U axls

Zoverns since each angle wlll shorten by a dlfrerent amount.,

Thls problem of the differential shortening I3 studied by

. Johnston (17), as applicable to spaced steal columns, and 1w

s

A

AN

also discussed briefly in Section Jeda2.

‘The end .connectors alsbo restrict the displacements of
. : ’ ) l : - ‘ . .
tha‘.ihdlylduat‘qnhles which must "be taken into account.

This Ls'done by‘re}utlnu.the deurea&idfrfraedom nt the éndﬁ.

-

. . 2T
"Each of the angles must be permitted to displace vertically,

in the directlon of the Z axis, at both ends. This permits
the end conpectur to rotate about the U~U axis. This is
. - e

7
done by agsiuning vertlcal deurecs—of-freedom to the ends of

@each member. In 80 dolna there ia no vertical restralint
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when a column of full height is modelled.  To overcome this
L . .

problem and to save cohputer‘tlme a half column is modellzad,

Modelling a - bhalf column permits huéiling modes of single

curvature to be studied, however, ag wasgs discussed earlier,
. - : I

the Buckling mode which is of qosf significance displaces in

single curvature, '
" The effects of the interconnectors and end connectors
are accounted for by using a transformation matrix to relate

the degreeg—of-freedoms = This transformation fatrix is

described in more detall later in this section.

For  a starred angle q;rangement " the coordinate axes

. : 1
system, the schematic dlaarag of the model of the starred

v

angle strut with - the end _cond!tioés is shown in . Fig. 3.

From this figure it can be seen that at the supported end,

L

the top of the modelled column, there are two lateral

o

regstraints and that the strut is prevented from rotating.

At the aid-height of the column,’ " the lower end of tha
modelled column, a vertical restraint and two bending
restraints are 1imposed. These  restraints are imposed so

that a full-height column can be modelled which has a buck-
. - . ‘ - .
B .
led shupe of single curvature, that is, symmetric about its.

r - - ?

mid—height. . ' .
The finite element mode lsg used are shown in
Figse. 4(a) to 4(f). The member numbers, nodes, and

degre es—of-freedom that are used for struts having zero to

.

five interconnectors are shown. The axes used are the Ly V
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and U, see Flgss 2 and 34 which is conéistent with‘the CISC
- 4

Handbook (7). It should be emphaslzed‘that the coordinate

axes system used is not the system that is conventionally

used 15 finite element probleﬁs.

in Fige 4(a) apply to Figs. 4(b) to 4(f).

All the definitions usad

In all cases the

end connector is at the top ‘'of the figures, at the origin,

and the interconnectors are shown as horizontal lines.

-

It can be seen from the finite element models that the

nodés of the left and the ripghbt members at points of intear-—

connection and end connection have common degrees-of—

freedom. This in itself is not sufficient to deflne the

behaviour at points of. interconnection as the degrees-of-

freedom are not independente. . )

1 can be

At the end connector 1t has been stated that =z

different from zy where z represents the dlsplacements in

ar

the direction ¢f the Z axis and L and r “stand for the left

and right members ré%pectlvaly. They are both dependent on

A, which is the rotation about the U axis. The féilowing

equation 1ls used to relate the dependent degrees—of—freedom

at the end connectors:

- (3.1)

where b = the distance between centroids of the angles meas-—

~

ured as the perpendlcular distance between the U'-U' axes.
At the intercannectors a similar approach is used to

derive the followlng equations:

-

= : (3.2)
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L)

_ 2y mzy . ‘ . ‘
A= TR : (3.3)
B = B, : (3.4
where” § and 8 = the rotation about the +Z and V. axes respec—
- .tively; and v = the displacement in the direction of the U
axiss Egqs 3.2 is' written such that the difference in the

displacements s the reverse of that in Eqe 3.1 ' and 3e3.

This is required to maintain the posi tive sign convention.

v

322 Iransfocmation Matrix

The four equations of dependency,; Eque 3.1 to 3.4, are

incorporated into a transformation matrix and used in the
solution procedure to account for the effects

of lntercon-

nection as follows:
{u}=[r]"{u~} _ o _ (3.5)

the trans-—

where {u} = the master displacement vector; [T]

formation matrix; and {U'} = the reduced master displacement
vYector, contalning all independent degrees~of—-freedome. From

‘the potentinl energy formulation the following equation Is

used:

I, %’u}fr (&, Ju b= {u} e} - (3.6)



. , | : ' - 18
where HP:= the . potential energy of the system; [K,] = the

master stiffness matrix; and {P} = théﬂmaster‘load vector. -

Substituting Eqe. 3¢5 into Eqe Jeb gives:

My =3 {u" (3 (T H{ur}-{ue} (117 {p} (3.7)

This equation can be gimplified by using the following

equations:

T . N
[ge*] = [T [k, T] ' (3.8a)
T .
{pe} =I[rl{r} . (3.8b)
where [Kt'] =lthe réduced master sStiffness matrix; and
{P'}-= the reduced magter lLocad vector. Substituting Eqe .J.38

into Eqge Je7 .81;"98:
H's:‘;iuu}r[xtl]{ui'}\‘; {U.I}T{Pl} . ) (3.3)

which is similarp t; Eqe Jebe Differentiating Eq. 3.9 with
respect to the displacement and sSetting the resulting func-
tlon equal to zero to determine the minimum potential energy

of the system results in: L

[k,*ur} = {pe} ‘ _ (3.10)

For large deflection problems the stlftness matrix
th'] must include the effects of the deformed geometry of
the element; in the equilibrium equations. This is done.by
: writihh the stltfness‘matplx in two parts, an elastic and a

geometric part,
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The element elastic stiffness matrix is available in a

- ~

number of publications (10,13) and 1is shown in_ Appendix A

The geometric stiffness matrix, on the other hand, has Been
. .

a matter of considerable concern for researchers for some

timee. The geometric stiffness matrlx used was developed by

Martin (25) and by Hathout (1J). The geometric stiffness

matrix is not Just a function of the element mechanical and

Zeome tric pruperties, as is the case with the elastic stiff-

-

ness matrix, but is also a function of the axial force in.

the memberse. The element geometric stiffness matrix used is

also shown in Appendix A

For the finite element approach, Eqe Je10 can be

rewritten asg: . . “

i[x,-J-e[xgn]){u-} = {pe} (3.11)

where [Ke‘] = the .reduced ;aster elastic ' stlffness matrix;
[Kg'] = the reduced master geometric sflttness matrix for a
unit internal load; and F = the axial forcg in the eleﬁents
which equals half ofrthe total load (Flg-.J); The negative
sign is used to i;dicnte égat‘ the axi#l force i3S compres-

sives

&
K
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3.3 ANALYSIS
The follqwlng two sections describe the sclution proce=-

dure for the flnite element nodels previoustlty described.

Two solution procedures are useds The filirat being the

ceigenvalue method which calculates the criticai loads only.

The second solutlion procedure is a linear iterativa-—

incremental method which calculates theoretical =~ load-

deflection curves. : ' ’

A computer program of approximately 1000 statements,

incorporating both of the solution procedures, was writtzn

to run on an IBM 3021 computer. A listing of the computer

program IS given in Appendix B.

~

-+

. 3,3.1 Elgenvyalue, Solution Progcedure
The computer program.determines the critical load and

corresponding buckled. shape based on an approach used by

Témple (30) for finding the eigenvalues and eigenvectprse.

For the elgenvaltue approach the determinate of the master

stiffness matrix shown in Eg. 3.11 be set equal to zero as

E)

follows:

[[ke*I-Flxg* 3] = 0 (3.12)

LI
»

-

Solving Eq. 3.12 determines the force F at which blfur-

catlon buckling occurs. Buckling is defined as the point at

which the 5tdffness tends to go to ' zero and the lateral

displacements become infinlte. To solve Ege 3.12 It must oe

rewrltten as folljws:
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lal1l-[xker1-1ikgi ]

I
]

(3.13)

where o = the iaverse of the critical load. This form of

the solution, inverting both the force - dnd the elastic

sﬁ}ffness matrix, must be used as the matrix [Kg'] is singu-

lare

The critical load Tor each angle of .the starred angle

compresslon member Is the smallest load which sdtist%es

Ege. Ja.1Jd. This means that the ‘largest value of @ must be

&g

inverted to determine the iirst,grltlcal load of each angle,

The Critical load of the starred angle strut isa twice the

Al

critical load determined by solving Eq. 3.13 (Fig. 3). " The

-

resul ts of this analysis ‘are discussed In Chapter 5.

3.3.2 mﬂmexltlnsmmnn;__s_qmlgn_Emmﬁsm

For the linear iterative~incremental method of deter-

mining the load-deflection éhnracteristics of the starred

angl compression member, the following modification to
:k

Ece is requireds:

A

([Ke*1-¢[Xg*'D{aur} = {apsf (3.14)
LY .

~

where {AU'}= the ingremental displacements; and {AP'i— the

+slncremental loade.

" This solution procedure was selected after a review of

several rapers on the subject of nonlinear analysis,  large

deflection theorles, and incremental approaches, Each of
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4 n s .
the solutions reviewed are shown to work by their regpective

. . / ..
authors, however, Several of the methods described are quite
complex and unwieldy. Connor et al. (8) emphagizes the

importance of nonlinear analysis and. the approcach used in

this ‘Thesis is fashlonad after the ‘method outlined by

‘Connor. A major difference is in the geometric stiffoness
matrix.’  Connor presents a matrix 1n a form which involves
the end rotations of eachh element. He subsequently disre-—

gards these rotations stating that in most practical prob-
lemg the rotations can be considered.to be small and the
flnél form of his matrix is that tor.g truss-élementu " The
truss form of th? geometric stlflness matrix is not suffi-
cient for the heam—column element as has‘beeq clearly demon-
strated by Martin {25) and Hathout (13).

Othef me thods of so}vlng.the larze deflection problem
were reviewed (23,29) but were no* used. However, these
papers emphuslzed that, in the case of a linear incremental
ﬁethbq, the mateices becqame increasingly irll—conditioned
when the critical load is approached. Thus the critical
load Bhoﬁld be determined by some other method, such as the
eizenvalue me thod, then used as the upper limit of the toad
in the linear lterutive—lecremental compﬁter mode L

AS the matrices bgcome increasingly ill=conditioned
near +the critical load (23) post buckling behaviour, in
uenérai, cannot be predicted, however, Mallitet and Macrcal
state that the_linenr‘incremental method is .Fpplicable in

o

the presence of large rotationse.
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The drawback to the method used by

L4

.Mallet and Marcal is-

that three matrices are used to define the master stiffness

matrixe. Though the matrices. include

extra terms not found

in -the geometric stiffness m;trix .developed by Martin (23),

the manipulation of the matrices lis more cumbersome. These

matrices 'consist .of +the conventional elastjic stiffness

ﬁatrlx and two geometric stiffness matrices. The first

zeometric stiffness matrix is & linear function of the

displacements, and the second is a quadratic function of the

displacements.

4

Since the problem beling studied Is slender columns up

to the elastic buckling timit, aend since Martin's beam-

column element geometric stiffness matrix hag Béeh verified

by the use of Hermite Interpolation Polynomials (13),

he

matrices of Mallett and Marcal are not used.
~

To determline the 'load-deflection curve a process of

Load lncrements and iterations 1s used. The procedure ig

similar to that used by Woﬁg (35 ). To describe the proce-

dure Ege 3.14% is written as Ffollowu=

([ke']; ~ Fi[kg' ) {au'} = {art}), (3.15)

where L = the number of the iteration cycle; and j = the

number of the incremental loading steps

LY

The value of the load increment iAP'jwas set at 1/20 of

the crltical load determined by the élgenvalue me thode. This

load increment was kept constant for the calculation of the



.23
. ) - ) 1Y

lLoad—deflection curves - A3 the buckling of a double angle
bullt—up strut |is heiné conqid;red the load increment for
enéh.or the members 1s_on§-halt.ot'the total load increment,:
The axial fo;ce, Fy in each member wasg found by the
;umnatlon ot fhe incremental loads hp to and including the
lLoad lncremént for which deflecti;ns were caléulated. When
the next increment was to be calgulated‘fhe. force F was
increased by the addit}on of the amount of the next load
increment. At each load increment Eqe 3e.14 was solved by an

iterative procedure. This iterative procedure involved the

reénlculatlon of the stiffness matrices bagsed on the revised

ot

Zeometry of the strut which in turn 'was hased on the
digplacements {AU1 calculated by Eqe. .J.14. .
. For each increment, Jde the master stiffness matrices

N\
were calculated using the geometry of the strut at the start

of the iteration cycle. The firat iteration, i=1, used thé

initial out—of-straightness for the geoﬁetry of the stnut.
The incremental displacements that wepre calculated,

{AU'! v+ were added to the displaced shape of the strut.

This revised displaced shape was then uged to calculate the

masfer stiffness matrices 'for the negt iteration cycle;,

i=é+l. The procedure is self evident from Ege. 3415, For
each increment, ;. the etiftéess matrices, [ké'];‘-and
[Kg']}, and the axial load, F; . are determined. The
qiSDlacements. {AU'H y are then‘calculaéed which are used to

determine a revised geometry of the strut which are used to
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recalculate the master stiffness matricesge The stiffness

mntrices are always based on a displaced shape of the strut
which are then used to calculate the next displaced shapee.
The difference between the displacements at the end of
successive iterat#ons was checked to determine if fhey
converged; within acceptable limits, or divergeds
¥
Once the difference in the displacements between

successive iterations was less than one percent © the

. . . \
displacements were gousidered to have  converged and the

’

displaced shape was reset using the displacements obtained
from the final iteration. New stif!ness matrices were calcu-

lafed. {Ke'fﬁE\ and IKQ'];+1' using the new displaced shape,

the load increment, AP, was added to the axial force, ﬂ y to
get the next axial force, Fj;1. and then the iterative

procedure was started again for the next load increment,

J*ti. This process was repeated for twenty increments as the
incremental load was 1/20 of the critical load.

The one percent criteria for convergence was selected

after results using five percent, one percent, and one—tenth

of one percent convergence criteria were compared. [t was

found that the refinement achieved when using one—tenth of
one peércent campared to one percent.did not warrant the

additional expense in computer time and. the five percent

.

criteria did not glve precise enough results.

To determine when the . strut had buckled it became a

simple matter of checking the displacements at the end of



27

each iteration, ' for each load increment, t0 see if theé

displncem@nts were diverging. Divergence indicates an ill-
¢ : -

conditioned state of the matrices, hence the critical load

had been exceeded. Prior to the dlsplugéments diterging the |
load-displacement curve flattens out, At the critical loai
the disp%acéments should, under ideal conditions, neither

converge or divergee " Thlis conditlon is impossible to

achieve hence the final output data$}or load and digsplace-

o

ment were plotted to determiné the shape of the Load—

-

displacement curve and the critical load.

A flow chart of the linear iterative—incremental solu-—

tion procedure is given in Appendix B.
y

'
w

3.4 BEEEQI_QE_EHD_QQEHE£I§E§_QH_IHEﬁFRlIIQAL_LQAD

The following three sections demonstrate the effe=t

£

that the end connector has on the strength of the strut.

There are two Separate condltiqnsqf%hat have to be

-y,

consldered;ﬂhep assessing the effect of the end connectors.

The first of 'thése.is when the starré&‘ angles buckle about

the V-V axis, which Is Euler buckling of a simp1e>coLumn
with stiffened endss. The second effect i3 when failure
occurs about the U-U axis ln - 'which case bucktlng is similar
to that of ‘spaced or battened‘columns-
* - ) . .
The approach used 13 to calculate the critical loads

about each of the principal axes geparately then to compare

the results to datermine the effect of the end stiffeners on

-
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the critical load. . Stgbillty functhﬁs weré:used when, '

considering buckling ahout the V-V axis and spaced stezl

column theory was used when considering buckling abaut the

A
¥

O-U axise )

+ - Solving each of these pdrté‘ results in two equatlons

fao e

for critical Loads, ‘one eduatlén for buckling about each of

the principal axisa These equatlons are then equated-to'
caLculate.a length of end annector that forces the starred
angle compresélon member to have the same buckling Léad
about both of the principal axes. Thézléngth of end conne:z-—

tor at which the buckling load of the starred angle compres-

sion member is the game about ‘both of the principal axes jis

called the critical length of the end stiffener.

3.4.1 simple Colyan ¥ith End Stiffners

‘Stability functions (15) are used to study the effect

of end stiffeners on the buckling of the starred angle

-

compression‘membér. about the V-V axise. The analysis. is

explained in detail in Appendix F. The results indicate an

-

1;significant increase in strength aé the end stiffenzr
length is incréaéed.

An ass@mption made in generating the stability func-
ilpns is that the end stiffener is riéid. | This permitfe& a-
much gimpler devgloement and is valid as the calculatad

effect on the overall strength of the-strut, with relatively

short end stiffeners, is qegligible, As a real end stiffan-

-
~
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. t i a
, er has some flexibility, that is, It ls not rigid, the aztu-
' : € _— '
ul\\frect will be Lless than that calculated. Since the

a
caleulutad ef;eét' is small the acfﬁnt e!iect will' be aQen
smaller.

Th&s‘when consldering buckling nboﬁt the V-V axisu, the
ddded stiffness ;rovldéd. by the end connector, ﬁormaLLy &

' Tee section, will be negzlectaed., In neglecting the effect .of

1

end stiffeners the brltica} load about the V=V axis of the
starred angle compression member equals the Euler buckling
load ot & simple column having a constant moment of inertla,

Eq. .F‘ISO . ) N

.

3.4.2 Scaced Coluan With End Stiffepers

- a
. . Ine examination of the second conditiony buckllng about

the U-U &xls. ls baged on Johnston (17 ). Johnston formu-
. " Ll N

5* ~ ‘ '

lates the effects of end tie plates on the. buckling strenuth

of spaced steel ,columns which are used to closely approxi-

i R T,

v
L

, mate the?starred Angle strut.
Spaced column theory is applicable +to starred ..angle

. ) ' . “
-

. " "truts only when there is zerg or ‘one interconnector in the
£y . ) e B

strute. When there are two or mofe interconnectors the buck-

b
1

lina behaviour of the strut can be approximated using the

- . € ! . w‘." >
. ;ba{tened'cQéuﬁn theory. The bat tened éolumnﬂtheoby'ls,usad
o L : ' .ove

=later in this chapfer to détermlng the effect of the' number

of interconnectors .on the buckling étrengtht;*ubout‘}he u-u

i » ' -

axis, of the starred angle compresslion member.

( ’ N
. . -
N -
e " d
- ~
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¥

The efféct of the end stiffeners restricting the bend-

‘ing of the individual angles is an impértant factor in the

3

spaced column theorye. " When bucpling occurs about the U-~U
? —— = . .

axis of the staéred angle compression member the rotation of
the end stifégner. about the U=U axis, forces the individual

angles to shorten by- different amounts. The effect of‘the

bending restriction imposed by the iend stiffeners is similar

.

~to the Vlerehdegl. girder (14). ﬁ the interior verticals of

the Vierendeel girQer are pin connec ted to the main members

-

then additional strength comes from the end stiffeners only.

Johnston (17) discusses four .modes of buckling which

can occur when end Stiffeners are present. Iwo of these

modes have tixed end condltions and are not considered. The

other two modes " 'have ,pin end conditions, double curva ture
. N » -

(Mode A) and single curvature (Modé B) (FPige 3 ,0f Ref. 17},

and are the only buckling modes that are considered. .. John-

‘sfon also demonstrated that when a tie pla rigidly

.
v

fastened to the ipndividual angles at mid height, is used

thgn the spaced column must assume the Mode B shape when it

. . L]

3

bucklese.

The cri€I¢al load, based on the spaced column theory,
[} = " I
» ) "

is calculated-using the following eqﬁation:
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‘where K.=#\’2/C; ahd - C = a function of the length of the end

B

stiffener and the ratio of I/, Valueg for C are plotted

in Fige 8 of Bef. 17.

From Egqes 3.16 it can be'shown'thut as the length of the

“end stlffener is increased the buckling load ab&ut the U-U

axls Increases.

3ed4.3 Ceitical Length of End Stiffeneprs

In the previous two sections the critical load was

caleulated for the gtarred angle compression: member about

hotnh of the principal axes, V-V and'U-U. 1t was found that

the end stiffeners have a slgnificant effect on the criticatl

.Lond only when buckling occurs about the U-U axis. “The

critical length of the end .stiffener js detined as the

length of end stiffener which forces the strut to have tEE.

same buckline load about the V-V axis and the U-U axis. A
- Longer or

a

shorter length of end stiffener wlill force the

Starrdd angle strut t0 buckle about -either the Y=V axls or

the U~-U axis respectively.

o a
Equating the Eulepr load for buckling about the. V-V
. - - . ———

axis, .Egqe F.3, to Bge 3.16 for buckling . about the U-U axis

Lives:

Kl

2 2
T “El, _ 2r ETy (3.17)
L? (kL)? .
which can be reduced to: v.
k = [Zle ' (3.18)

W
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Substltutlng X =.Ar2 into Eqe 3.18 gives:
K = 2(2)2(&:_)'--2 - | |
= T A = =3 - - o (3.19)
where ;1 = the radius of gyration for an Individual angié;
ry = ;he radius of gyration for the strut;. Xo = the area of
an individual angle; and A = the area of the built-up
section = 24,.
Because runlrv = 1)1.96 for equal legged starred-ungles

(see Appendix E for details) and since K:W"2/C; Eqe. 3.18

gives C = 75.83.

For two 2-1/2 x 2-1/2 x 1/4 in. starred'angLes{ used in

the experiments, I,/I,v = 15.99. From Fig. 3 of Johnson

(17) the critical length of the end stiffener regulred to

force the starred angle compression member witn one inter-

connector to have the same huckling load about “thé V-V axis

and the U-U axis 1s 8.0 in. For a length of end stiffener

less than B.0 in. the strut will buckle about the U-U axis

and if the length of the end stiffener is greater than

%50 ins. the strut will buckle about the V-V axis.

.

3.5 EFEECT_OF NUMBER OF INTERCONNECTORS

The battened ' column theory as presented by.TimoshenKo

ant Gere (JJ3} is used to predict the effect of the number of

? n L]
1nter<::?gctors on the buckling ltoade. °~ Though this theory

zives Yesults that are menerally greater than those obtainasd

experimentolly (20) the results are sufficlently accurate to

.
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agsist in exp}alning the buckling behaviour about the U-~-U

axis of starred angle compression members. Battened column;

theory applies only to the critical 1load about the U~U axis

of thex Starred angle compression member, Ihis theory is

appiicahle to built—up‘columns which have lntercoﬁnectors
- ' . hS

that are ‘rigidly-éusténed to the ind%vldual angles of the

Strut as‘opposed to the pin cunqéctlon of the interconnector

to the Individual angles assumed in the gpaced column theo-

rye
The following equation (Eqe 2.63 in Ref. 33) is used:
et . 2 '
L T°EIL - I
Pcr = . 2“ " - _ - " {3.20)
o L 1+ T EXy db = d
: L? \24EI;, 24EI
where d = the sgpacing between interconnectors; "~ b = the
centroidal distance‘between dindividual angles; and Ijy, = the

second moment of area, in the Z-U plane, ~for the intercon-
nector.

From Ege 3.20 it .15 obvious that as the number of
interconnectors is increased, ie. the spacing between points
of interconnection, d, is decregse&, the critical load
increases. It should be emphasized that when the battened
;olumn theohy, at sScme number of fhtercbnnectots, predicts a
larger buckling load about the U-U axis than the Euler load
about the V-V axls then the quer }oad about the .V-V axis

Hovernss A numerical example is given in Chapter S.

A
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3.6  EFFECT 'QF FULL HEIGHT INFERCONNECTION s

This sectlon shows thaf the‘ effect of lnserfing a
continous lnterconhecfor forlthe full height, .in lieu of a
few, equally spaced, short pléces of interconnecto}s, is to
increase the critical load of the atrut by oﬁly a small
amoun ta The signlficancé df this Ls,that the increase in.
‘the stiffness of the strut, at the points of interconnec-
tion, due to the short length of the inté;connector, n?gd
not be consldered.

AS was sta{ed.earller, in Section 3.2; the ggdmetric
properties of the starred angle are altered_at points of
interconnection. Extending the interconnector for the rull

height of the 'coluhﬁ, ipstead of over the short length

requiﬁed for interconnection results in an increased stiff-

ness of the strute. The moments of inertia of the aectlon,
AIu and Iv' are increased when the interconnec tor is’
‘lngfélted for the full height. The minimum and maximum

moments of inertia of the starred angle . compression member
- are also rotated sgslightly from the V-V and U~U axes when a

nonsymmetrical interconnector, with respéct to the U=-U and
. : c

V-~V axes, is used.

The following equations, -takén from Ref. J2, .are used
to determine the rotation of the principal axes and the
value of the maximum and minimun moments of inertia of the

built—-up strut:

. tan 2¢ = Zluw o (3.22)
I, - Iy



= lut Te 4 f(1,-I,)2 »
Imax/min e - A +Iye - | (3.23)

A

where ¢ the angle of rotation of the

principal axes;

Imuxﬁnm = the maximum and minimum moments of Inertiaj and

lyw = the product of inertiua.

A 2 x 3/8 In. bar is used as the interconne&tor and its

'moments of Inertia about the U~U and V-V axes are added to

those of the angles. The only 31ement that contributes to -

the product of ilnertia, Ly » is the -2 x 3/8 ine. bar as the

starred angle . strut Is symmetrical about both the U—U and
V-V axes.
For the bar [, = I, = 04120 jn.* and EFyy = 021210 in.*.

Adding these values to the nominal geometric properties of

~

the starred ungles (see Table 2) and Substituting the values

into ' Eqs. 3.22 and 3.23 reéulfs in ¢ = 3.08 ;

Imin = 2.37 in.‘: and Imux = 4463 in-".

The ratio of Imint calculated above; to the nomlnal

L]
value of I, tabulated in Table 2y is 1.053 or an inerease of

5.3 percent. Therefore the critical load is 5.3 perzant

nlghar for a strut having a continuous 2 x 3/8 in. bar

running;full heliéht between end connectors in lieu of short
pleces of interconnectors since the ceritical load is direct—

ly proportional to the moment of inertla.
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3.7 EQRQE&.leIHE_IHIERQQHBEQIQB
To determine - the forces in the interconnector several

1

assumptioné are made as follows:
a) two lntercoqnectors are qqed,
b} batten‘coluén ‘theory is_&sed to det?rmine the-shenr
and bending forces, whichi results in a condition qf
piape stress, and B d
c) the sStresses are calculatéd for the interconnector, a

2 x 3/8 x 2 in. plate, 'and the related weld, 3/16 in.

all around, used in the experiments.

The first assumption is mede as one interconnector at
mld—height-transfers no shear or bpending as there i3 zoro,
curva ture gt' mid-height when the coluan buckles in ;ingte
curva ture, Also two Lniercon#ectgrs were found to be the
minimum required to force the .atarred angle strut to buckle
about the V=V axiéé

Thé third ussumption‘was uged to dete;mlne the sStresses

in the specimen interconnectors used experimentally.

+

From Appendix C the shear and béndlng are‘determlded to
be'thﬁ contnibuting factors to the sfbesses in the intercon-
nectér;; The-forces adtfng on the intérconnector are small
due mainly . to tﬁe f&cf that when two interconnectors are
rqudly fagstened to the ;nd#vidual angles, buckling occurs:’
about the V-V axisg. At p?esent the Canadian Standard (3)

has no requirements for these forces.
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The battened‘column theory predicts higﬁer Cfi}iClL
loads for the starred angle compression member as the number

'

of interconnectors is increased, as shown in Table 1.- With

one interconnector -the cn&kical lLoad predicted by the

- battened column theory agrees with the . critical 'load

predicted by the sﬁécéd coiumn theory. WLthltwo or more
interconnecto}s the c#itical loéd is greater than the Euler
.Lon& about the V-V -axis and thus cannot be-reacned:
The critlcai load predlgfed by the spaced_col#mﬁ.th;oyy
- is i£dependent of the number of int;rconnectors and the
predicted critical 1load is less than the Euler load about
the V=V axis. For two }ﬂtercoynectors to incr;use the
strennth‘of the . strut they must be rigidly fasteﬁed to the‘
individual angles of the starred angle strut, It thé intar—
connectors are pin-connected to  the _ln&lvidual angles,
unable to frunsrer shear or bending, failure then occurs
about the U-U axis. Thé forées, . that must be Eeéisted by
the i;terconnector,- éalculated in Appendix C, are based on
the battened column theory and tgke into gccount the fa;t’
that the curvature about the U=U axls.will be less for the

starred angle compression member with two interconnec tors

which buckles about the V=V axise. ' -
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3.8 SUMMARY

This chapter degls mainly ;ith'fhe finite elemgnf solu-
tlﬁn procedure for calculating the critical lo&ds and lo;}—
deflection curves for starred angle compiession. struts.
These are determined uslng ﬁhe eigenvalue method to predizt
tﬂe crltlcal-load and a ilnear_iterative—lncremental method
tJ de termine the Load—deilegtion #urve. Spaced steel column

and battened column theories are also used. These theovri=s

B
.

have limited application although they are ﬂseiul in

expluaining the behaviour of the starred anzle compression

‘membe rs.

It is shown that the end stiffener affects the criticatl

.load of the starred angle compression member when buckling

about the U-U axis Zoverng, The battened columq theory
demonstrates that the critical 1load about the U-U axis
lncreasgs as the number of - intgrconnectors is increased.
With a continuous ‘1ntérconnector extending over the full
height of the strut, in lieu of the short lengths of inter-
. ¥ .

connection, the total increase in the capacity is small.

The effects of the end stiffener are.nqt iﬁcluded in
the flnite,elemeqt solution. These -have been neglected as
it atfects the -cr{ticnl load only when there are Leééltﬁqn

two interconﬁectors. The experimental results, Chapter 5,

confirm that the effect predicted tﬁeoretlcally is neyligili-

‘ble for actual specimens. .

- -
-
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The forces _devéloped in the interconnector are small

.but must ‘be considered in fhe design of the starred angzle

striut. 1t éhe interconnector cannot resist any forcés, thaf
is, they are pin—-connected to the individual angles, faiiure
is predicted aho;t‘the U-U axis with a lowér critical léai.
The presen¥ Canadian Standard (5) does not 5peci£y‘forces.

Recommendations for calculating the shear Qnd “bendling are

given’ln Chapter 7.



Chapter 4

EXPERIMENTAL PROCEDURE -

4.1  INTRODUCTION

The first experiments were designed to duplicate the
results of the tests conducted by Pauls and Stringer (26).
The reqults from these tests and other preliminary tests

g .
we b used to decide what ancil lary tests were required,

diéégrn areas of potential error, confirm that the instru-
menfation_or specimens functloned‘properly. and form a foun-
dation for t#e test program.

ALl .ancillary tests are reported In Appendix D These
tests were conducted to calibrate the equipment and to Yeri—
fy ;hat tﬁe'knita edage assemblleé, loading frame'and Loadiﬁg
mathod all functloned as plannsd. The results.obtaineq from
the callbration tests were used +to reduce the data obtalined
from the festing of the sfarfed angle struts,
4.2  IEST SET-UP
4¢2.1 End Conditions and Fixtures

The‘test specAmens-here pin en&ed-through the use of

- “y .
thé knife edges. Twisting of {he ends, rotation about +the
Z—-Z axig, was prevented by the use of specially constructed

end flxtures, ¥
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This section describes the pieces, of egquipment
heéessary to apply and record the load; the loading jack,

knife edges, load cellvand‘the testing frame.

S

4e2e.1.1 Enife Edges : ' ”
. “ | . &

The knife edges were attached to the top and the bottom
of the test Specimens. An assembled Set and a disasgsembled
set of knife edges are shown in Fjig. 5. The knife edses

consist of three plates with machined and hardened groovesg

and tw square bars placed on edge In the nrobves. The

center plate has two grooves, each having a included angle

. 0f 135 degreeg, oné‘bn each élde_ of the plate and at riuzht
angles to one_.anothér. The edme of the bars rotate about
¥he vertex of each of thé grooves in the center plafe.‘ The
assembled giates and bars were not fastened together but

were held Iin place by the' compressive load applied to the

gstrut, This ensured a minlmum of resistance to rotation,

Two Locklng>bolts, which held the knife edges together when

they were 'not in use, were removed after the sSpecimen was

set up and'prior to the commencement of'any'test.

A possible source of error, dué¢ to the use of these
"knife edges, is that the rotation of the edue of the Sgquare

.

bars about the vertlces of the grooves in the center plate
of the Kknite edge assembly are not in the same U~V planee.

The vertices of the grooves in the center plate of the knife

edie assembly are 1/2 ine. apart. This 1/2 in. sSeparation

'
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could result in a totni:change in ‘the height of.l/2 in. as
the length of the specimen is taken to the center of ‘tne
mid&le plate of tﬁé #ﬁire edgé assem?ﬁy; ’£The worst .conii-
tion 1s on a_column having a é%engtﬁ'of 40 i;;‘ and when the
knife edges u;eioriented in such a . fashlon that the axis
about which 4he specimen falls is parallél to'the Zrooves

nearest the Specimen,ln . the middle plate of the knife cdge
assemblies, at both the top and the bottom of the specimen.
I'bhis orientation iesults in a maximum difference in lqufh

-between parallel axes of rotation of 2.5 percent. For long-

.

er columns the difference is substnntlally reduceds For
columns having a length of 120 in. the differmence is less

than !} percent.

*

‘To overcome this problem the Xknife edges were orientad
guch that the groove nearast theggggciménr\ln the center
plate of the top knife edge assembly was perpendicular to

the groove nearest the specimen in the center plate of the

—

bottom knife edge assembly, The principal axes of the spec-—

! 3
imen, U=-U .and V-V, were also oriented at 45 degrees to the
" axeg of rotation of @ the knife edges. ‘Assuming that the

apecimen fails about -one o0f the principal axes,_,the knife
' _ i
edzes will rotate about both of its axes of rotation miking

"
2

the center—tbdcenter distance of the knife edge asggmbliés

-~

equal to the design length of the strute o

a“
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4.2.1.2 Loading Jack -~ . ' Lo ; . . -
. . ‘ = . . N V . .
At the base, the load was applied throuch a mechanical

w -
. ) . . . =
Jack having a capacity of 60 kips. Directly on top of the
Jack »wag an 8 x 1 x 12 in. pyatéuto which the bottom knifé

edgé asgsembly was bolted, ' ‘Fige 6(ade A frame ;Wus'uged‘to

%

- — i

guide the bottom plate, and ‘hence the knife edge asseambly,

in the vertical_ direction while preventina. any rotation °

about the Z axis. The sides of the frame in contact with

the plate were thoroughly lubricated to make certain that

the restralnt to vertical movement was minimlized.
‘ . . . ~ .

424143 Load Cell kN

A bracket a the top of the column vaé.fabricatei for
this experliment, which ‘a flat load cell of S0 kip capaci-
ty was attached. . This bracket and the Lload %@11 were

fastened to an exlsting frame, in the University'of Wind-
sor's Structures Laboratory, at a helight to suit the length

of- the specimen. A second plate, similar to the lower plate

'
L]

on the Jjack, Wwas .attached to the load cell and ‘the upper

© knife edge assembly was attached to the upper plate, Fi;[ff
T , ' N ?‘
-6(b). .

¢

4e2e1.4 Testing Prame for 120 inch Specimens

.
-

The _speclﬁéhs to be tested were: placed between the

upper and lower knife edge asgsemblies for teating. Fige 7
shows the complete set—up of mechanical Jack, lower knife
’ &
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edye, sSpecimen, upper knife edge, and load cell, . This set-

up was‘'used., only for the test specfmens havlﬁg' a length of
120 ine

P

4.2.1.5 Testlng Fraome for B0 and 40 in¢h Specimens

-

- A Gilmore testing machine in the Structures'Laboﬁatury,“

with a 100 kip capacity, was used for the testing K of the

specimens having lengths of 80 and 40 in. as the'test set-

- o +

ﬁp\described previously did not have sufficient capacity to
° L)

fail the 40 in. specimens. 'Flg.-a shows a spéclmen set up

between the platens of the Gl}more testing machinea fhe

same knife edge assemblied previously described were used to

ensure that the end conditions were keépt the same. - The
hydraulic jack, electronic codtrol circults and load cell,

built-in as part of the Gilmore testing macBine, were usad

.

to applyy control and record the loade. -

g

u4-2;2 Instrumentation : . - -

.

The most critical aspect of the exXperiment was “to
acguire enough , data so that the behaviour of the starred
o .

angle compre ssion member could bhe accurately studied and
experimental results campared to the ‘theoretical

predictions. Since the starred angle strut is free to buck-
. ‘ . i

le about either of the principal axes the following arrange-

L . -

ment of dial indicators was used to measure the

P

displacements in both directions.
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Figse. 9(a) and Q(b; ‘show the arrangement of the dial
indicators at an lnterconnecfor in. a plane perpendicular to
the 1oégitudinul a;is-of the speclimen.. Two dial lﬁdidators,
6 in.'-apaft, were used so that each was three inches from,
and pa;allel_to, the V-V axis to- measure dlsplacemg;ts in
_;hé direction’ of the V axiss A third dial indicator was 

Blaced to measure the displacements in the direction of ths

Uwaxis.

‘At points between interconnectors a doubl e arrangemnent,
similar to that described above, as shown in Filgs. 9(c) and

S(d); was used. The digplacements in the directlon of the
U' axis of each of the angles were measured instead'of the
displacements in the direction of the U axis of the entiré
cross;secilon. The measurements of displacements in tha
directign of the V axis were made using the two dial indica-
" tor arrangements. 7 .
Ail the dinf lndlcatﬁrs were séparatgd from the speci-
mens by an 1/8 in. outside diameter, hdilow._aluminum rod 15
ina. long to mjnimlze-the effect thaf .dlsplgpeﬁents in one
direction had on the dial indica tor reqdi;gS»lﬁ tﬁe pérped-

dicular direction. ° The effect of the perpendicular

displacements was to give a reading which is either less

e
—

than or greater than the actual displacement as shown in
FiZe 10. Though the effect is minimal at small displace-
ments, at large displaéements it can produce readings whicﬁ

vary as much as 10 percent calculated from the actual meas-

ured displacements,.
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-9

. As  tne buckling Lload was appréached the lateral .

displacements increased and hence the effect  on the

displacement . reading in the perpendlcﬁl&r' direc tion was
. . 4
‘zreatest at the higher ltoads. These effects  were taken fnto

account in the reduced datae. From Fig. 10 1t is seen that

the meuéured displacements, Al and Aj, are Less than the

v

actual displacements, 2ir and Ajr, whén displacements are in

' .

the direction drawng, When either of the displacements is in

the negative direction it will cause the readings in _ the,

perpendicular direction t0o be Zreater than the bctual
displacements.

To keep the alumlnum rods in place one of the ends was

restrained by a bead of hardened epoxy on the specimen and

=

the other end was resfralned by—'the conical end of the d4ial

indicators. ' This system peihltted the rods to rotate freely

*thus the dial indicafor readings were unaffected.” The bead

of epoxy waus placed on a bar 1/2 x.1/4 x 7 ine« long whizh

was clamped directly to the specimen or to a small, light

zauge, steel angle cemented to the specimen. Figs. 9(b) and

‘B(d) show the ulumlnﬁm rods, the bar and light gauyge ancle

~

on the épeclmen. and the dial indlcators.
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4.3  IEST PROCEDRURE-

e

1

* The test prqcedurq,dsed is based, ‘in party :,
-3 ) )
procedures outhined in the "Guide to r Stability Design
Criteria For Metal Structures"” (16). A\

Specimens were first measured to determine the initlatl -
out=-of=-stralgzhtness. ' These mensuhementé were made using a

theodolite to sight, to the nearest 0.01 in., a'specdially.

constructed scale (Fige 11) placed against each angle of th

o
&~

puilt—up strut at the top, ?pben_qdurter point, mid-heizht,
lower quarter polnt, and the bottqn. The\ out—-of—
straiggtnesg results were QSed in 'the lipear Lterative-
lnecremental procedure to predict théoretic&l Load~deflection
curves. '

Aite; recording the lmperrecflons, the specimen was
sloyly preloaded to 1,000 lh.Av then released to 40 1b. to
ensure that initial sqttllng in would  not affect any of the
dial indicator readings. The 40 1b, load was mgin;ained
while zeroing all the dialv.lndicatobs and‘to_ preserve the
alignment. of the specinen and the knife edges. .

Pial gauges were then installed at‘mid—height and other

selected locationss These otber locations varied from spe:z-

5y

imen +to sbécimen nnd werea psed prlmariiy as a check on’the

behaviour of the column. The mid-height deflections of the

tests were plotted and compared to the theoretical results;
The ''loading of the sSpecimens was applié& slowly in

increments of two Kips. When the lateral displacements
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increased beyond 0.1 ine the load lncqgment,was reduced to

one kip. As the deflectlons increased further the load

El

-

1ncréﬁén{ was Eeducéd to 500 ib. and Ilnnfly to 250_1b. In
all cases tﬁe systeﬁ was all?wed t& reach eq#llibrium, thg
point at which téteral_dlspl&cemeqts had, for all practi;al
purposes, stopped increasln# at a given lbaq, prior to recad-
iné the dial lndlcétors. At higher loads.the lvad at egui-
librium was alse recorded since it had fallen -off from the
initially;aﬁplied loade. S

All.specimens were tested while in the vertical posi-
tion and t#e test frameé was checked peerdicaily during this
work for plumbnegs-and alignmente. The .precision of the
alignmeﬁt,reduced the eccenfrlcity at the esds hence geduc-

. - . Iyl
ing the momen'ts.

r

4.3.1‘ Ig§1_2:n§£nu”:

This section describes the test program which was

.

.

Limi ted to starred angle specimens having lgngths of 120,
80, and 40 in. only.

To reduce the- number of variables, the individual
angles gsed throughouf we re 2—1?2 x:Q—i/2 x 1/4 in. anuzles.
Yhere varlation; of thé specimens, such as base and cap.
plates in lieu of'_structural Tees as end connec tors, or
different types ét interéonnectors,_ were studied éhe same’

size angles were used.



.

.

To study the effect of the number and type'of intercon-~

‘necfor on the cabatity of the starred angle strut, 8 series

of tests was prepared with the number and type of \interzon-

o

nector as the only variables.

All of the test specimens constructed foﬁ this reseir:h

~

are detailed in Figs 12, 13 and 14 which show the lenuth,

type of interconnector, end connector, and type of fastenszi.

The test -number contalns"all,the test information. . For
example, for test number 120A2.1, the 120 indicates that the

specimen-is 120 in. long with a type A interconnector (s=2»
S 5

Table 3) and that a total! of two interconnectors were used.

e - ‘

The last. figure (.l)l_in&icntes that the specimen was ‘tne
girst 120 ine. specimen to bé tésted with two type A inferj
connectorse.

The  results from the specimens havlﬁgla léngth o'f
‘120 ine, Flgé..12{a) to 12(&), were used to devise the'test
program for specimens having'iengths of 80 and 140 in. Tnese
are shown in Flegs. 13 and 14, respectively.

Ror'the'specimenq with a lgngthlof 120 in., two series

of teats were run on the same Speclmens lncréaslng tha

. . )
number of interconnectors on the specimen from one test to

a

the next. . These ware' 120A0.i, ‘:120A1.J and 120A3.1,

Figge 12(b}), 12(c), and 12¢e), sag the first series an¢;

120A0-2. 120A2%1 and 120AS5.1 (Figss. 12(b), 12(d)y and 12{z))
as the second serlgs. ‘Precautions  such as - measu;inq the

out—of-straightness, before and after each test, and check~-

i

o
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Ilng the dial indicator reading

test, were taken to ensure thut.theASpécimené had not yield-

.ed during testing.

4 ._4: DATA_REDUCTION

The data collected was reduced to a usable form for the

preparation of graphs and tables. All of the reduced data
is discussed in Chapter 5. *' Described below are the methods
used to -.reduce the load, displacement, " and out-of-

straightness data.

4.4.1 Load

- RS

Calibration resgsults for the Strainsert flat Load cell

and Gilmore load cell wer:\\used to convert the microstrains

and voltage readings, respectively, to poundse The Strain-

i

sert,fla}*load cell was calibrated periodically and the dAata

was reduced using the most recent callbhat}on factor. The
variation in the c&}lbrutlon factor was less than one

percent.

4e4.2 Displacement .
: . <
From the instrumentation used, both deflectlions and
rotations can be calculated for the individual angles of the
specimen and for the specimen as a whole. Detlections in

the direction of the V axis were calculated as the averaze

0of the two dial indicﬁtor readings, in Fige. 9(a) dial indi-

s obtained at the end of eazh .

o
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cators. 1 #nd 2 and in Fig. Slc) dlal indlcators 1 and 2, ;EQ

3 and 4. At points of

calculated for the Specimen as a'whole,'FIé. S(n). Bef;een

points - of 1nterconngct10n the deflections were calculated

for ¢ach of the members, Fige 9(c¢). Deflection In .the

direction o¥% the U or U' axis was read directly from the

dial Indicator on that axis, in Fig., 9(a) dial indicator 3

and in Fig 9(c) dial indicators 5 and 6.

The displacement data had to be corrected since the

readings were not independent (Fige. 10). The effects were

%

| A
o, Ai+'18{l—(cos(s.in'l(l—l—%)))} (d4.12)

accounted for using:

A. = A, + 18 {1—(<:os(sin_1 } . {4e1b)
ir 7.7 |
where Aj and Aj = the dial indicator readings; . and
Air and Ajr = tﬁe_correcte& displacements.
To calculgte the corrected dlsplnc;ment .Air,~ thé

smallest dial Indicator - reading in the diraection of elthar

the U or .V axis was substituted into Eqs. 4.la as &i, The

Lurger dial indlcator reading, in the direction perpendicu-

lar to the dial ‘indicator reading used for Ai, was Substi=-
tuted Into Eq. 4.la as &, The corrected displacement Ajr~

was then calculated by substituting the corrected dlgplace-

ment Lir calculated in Eq.-4.1u Into Egqe. 4.1lb.

‘“‘f [/,/

lnterconnactlon derlections were
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Eqe 4.la was not recalculated shbstitutlng Ajr, calcu~

lated in éq. 4.1b, into Ege. 4.1a as Aj, as it was foﬁnd that

the increase in the smallest deflection (when the perpendli-—

cular dlsplacements were largze) was a maximum of 10 percent

after only one c&lcu;ntion and less than one percent ufter a

N

second calculation, Also, the change In the ‘large displace-

ment (when the perpendicular deflections were small) jg lass

than one percent after only one calculatiog. Additional
. ’ : H R
caleculation would result in more precise  values for the

displacements however, the displacement data was only agczu-—

rate to about one percent. The rercen tages quoted above

were c&lculated.based on thay actual displacements, near the

©

. 2 :
critical load, collected from the tests.

As the rotations were calculated using the differeaze

of the dial indica tor readings in the direction of the V

axis, the jzcorrections 0of Eqe 4.1 were not included since
[

they applied equally +to each of the dial indicatord. The -

equation for”calculatlng the rotation ig:

tan BA=
»

z - . (4.2)

where 6§ = the angle of rotation about the Z axis; and A1 and

AZ = the dial indicator readings for dial indicators 1 and
2 LFig. 9a). The readings from dial indicators 3 and 4
(Fig. 9¢) were subgtituted when calculating the rotation of

the second angle at points between interconnectors. The

number 6 ln the denomlnator of Eqe 4.2 jg the six Inch spac-

.

=
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inz of the «ial indicators which measure the displacements
e . o ' _
in the direction of the Vv axis (see Section 4.2.2).

4.4.3 Qui—-of—-Strajightnens

From the data obtained using the theodolite it was a

simple task to calculate the initial out—of-gtraightness it
points along the length of the specimen.

This was done by assuming a straightrliﬁe relationship
between the points at which readings were taken at the top

and tﬁé bottom of the sSpecimen. The readings at the top and

L.

the bottom of the specimen were then reduced to zero and all
the réadlngs along the length were reduced accordlnély. The

detail of the péocedure is as follows:

Fl

a) subtract the bottom reading from all the readingsg.
This reduces the bottam reading to zero,
b) the ratio of the height of the polnt being reduced to

the total height of the specimen wag multiplied by the

—— -
reduced top reading, the top reading less the bottom

reading, then

.
N

c) the value calculated in the second étep 1s added to
the respective readings reduced in the first stepes

b . .
Thia results in the top reading being reduced to zzro
.

%
and all the points in between are en the actual

)
L : -
out—ot—stralﬁrtnessasﬂ
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In the computer program +the strut was assumed to be
straigaght lbet'een nodeﬁm - The maxlmum out—of—stralgqfness
calculated for the actual specimen was applied at the mid-
hel;ht of thé ’cérrespondlng model and tﬂe remainder of tne
‘out—of-straightnesses for the nodes weré'&ssumed tg ‘have a
sinusoidal relationsﬁip. This assumption is reasonable ig
the maximum éut—of—straightness ‘accurred " near the mifi-
height of the speciqens; The sinusoidal dlspiacea Shape is
normally used theoret{cally to represent the out—of -
strnightéess of a column when the huckLing load is being
calculated 10; an axially loaded specimen. Por the COmputﬁr
programy as only half a column is modeled, %ﬁis is‘fhe most

erficiént_relationship. - i

4.5 SHHKARI
The methods and materials used for testing and - dafa
acquisition for the twenty nine tests’ - .conducted are
described herein. Once the behaviour of fpe sLendér Starred
. ; oo ’ N
angle compression members was determined tests on shortar
'-coluﬁns, having tengths of 80 and 40 ine;, were conducterd to
verl fy if the shorter st;uté behaQed in a gsimilar ﬁanner-
" The methods used to rgduce the data for Lﬁadr displaca-

ment, and out-of-straightness are also presented. Use of

" the reduced data in the computer program is also outlined.

Notably the out—of—straightness is input as a sine surve -

with the maximum measured out-of-straightness of the speci-

>
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mens appliéd to the theoretical column at mid—height a3 the
- ' .

amplitude of the sSine curve.

35

The:}esults from the experiments are discussed in Chap-

ter S
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Chapter 5 _ I .

- RESULTS .

5.1  INTRODUCTION

Critical loads for starred angle compression members
are calculated using the spaced -column theory; battenad ~
column theory, and the ejgen;alue me thod,. Experimentgl.and'
theoretical load-displacement ;urves are piotted- The theo-

re'tical curves are calculated using the linear lterative-

incremental method described in Chapter 3. The experisental

curves are .plotted using the reduced data obtained'from the
) : : %" . v
tests as described in Chapter 4. _ .

/ . " . . i
The geometric and mechanical properties are ‘determined

.

for the test specimens and a comparigon is made with the
tabulated values in the CISC Handbook (7)e

Finally, the requirements of the design  standards are

calculated to show the differences in  the standarﬁs with

respect to design capacities of the Strut and the design of

+

the interconnector. Y



5¢2  PROPERTIES ;. L.

>

Se2.1 Geometric Properties

As  all’ specimens were donstructéd from équal teg

: '
anutles, arranged ‘In the form of a cruciform,

the geometric

properties can be easily’calculatgd using values that are
, .

‘dlready tabulated, for.the individual

‘Handboqg;(7). ' Tﬁe‘geometrlc properties of starred angles
rarel st ._ : : . '
, A= 240 ' L . (5.1a)
& b . o T i .

Ix = ACpy! 2H(y2F a/212) _ S .- (S.1b)
- Iy ='Ix (S.1c )
Ty =4 IxdA oL - (5.1d)

o ' . . : .
y‘ ry‘= 'rx -, ' « " . (5-12)
Ty = Aley 3 2T+ a/2)7) 2 LN (sa1r)

Ig = If” + Lys = I

o "  (5.1hn)
- " . L, = 2Ip o N 7% F
- N - . - rv = VXVIA . . _o b _‘ X S-SO‘I.JR
. T J = (At2)/3 : B S
| p— . R '. . ' ' :
) c, ?-JO.OGSJLZIIP - ‘ L (5.11)
Ap = J gty ‘ L. ' . (5.1m)
: " . : /J -
2 <

where A = .the total areaj A, = the area of nn individbal

‘ﬁnula; I = the moment of lne%tla;' r = the radius of gyra-
tion; J =.tne:torélonal coenstant;  r; = the torsidnal radius

ar- moment of  Lnert1u.'. The

&

angles, in the CISC.

‘. - ru = JIU/A " . . q, - ! ' g . 15.18‘)'
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torslbnal_raaius af gyration, EqQe .5.11, is taken frosn Exo.

260 of Ref...3 and assumes that the' warping constant is zero

which is reasonable as *it is small for angle sections. The
subscripts u} Vy b4 and‘& = the respective axes of the star-
- red angle and . these Subscripts primed indicate the axes of
h _ ' )
the individual anglee. . , C . S

For 2~-1/2 x 2-172 x 1/4 in. angles the properties taken

from the CISC Handbook {7) are substituted into Egse. S.1a to

S.lm to calculate the nominal values of the ‘starred angle

m

geome tric properties. The results are tabulated in;fable 2.
Theuahgleé of the test Speclmeﬁs were carefully meas-

ured 'to determine the actual geométric propertlese. The same

K4

procedure that is outllined in the CISC Handbook (7) was usad

to calculate the properties from the data measured in the

laboratory, that is, the rounds and fillets were neglectzd.
N Table 2 containsvt&pulatedAvulues of the actual geometric

» propertles averaged from fouq Specimense.

.

v

The variation between the actual and nominal values of

the geéometric i"-‘Eu-op:artles’., tabulated in Table 2, are not

consistent wlth..?ne standard 6111 practice ;olérances i?)-
The actu&l; area is 4.8 percent _higher than the tabgﬁited
Saew .value.&nd he:pérmit%ed variation ‘is oniy 2.5rpércény-
. - The geoméfrlc'p;éﬁerties ugsed in calculating the thao-

retical results are the actual values as listed in Table 2.

. " In calculating the requirements of the desizn standards the

C-

nominal valuesllisted in Table 2 are used. ;)



"-5‘.2.2 ,MénhﬁhinnLRxgngmga -

P Four tensile test sSpecimens were prepared. from tne

material of the test sSpecimens. Two strain zZauvges were

attached to eache. The Average value 9f the modulus of elas-~

ticityy E,» was found to he 29.700_ksi'and the average yield

#

a Stress was 52.7 ksi, Table Sy and were used throughout. The

actual test procedure is discussed in detail in Appendix D.

N

543 wmmwmangﬁ
,s‘:a,.,l  CSA_S16,_ CAN3I-516.1M_and_AISC

’_°l ) Cow
All of these staqgnrds have the same criteria for

determining the maximum spacing of interconnec tors which is:

-
~

d/ryr S Kl/r, . _ (N (5.2)

where KL/r, = the design sLenderness'rntl:::i:\the strat ;

ry' = the minimum radius of yyration for a member; and
d = the maximum spacing between interconnectors.
. .
Substituting the actual values of the geometric proper-

ties from Table 2 and a length ;f.120'in. into Egs 5.2, a
value for th; spacing, d, ‘Ofw 60e6 ine. is" calculated.
THerefére only oﬁe £n£erconnector 1$*rethréd for this spec-~
imen.

No requirements ior the forces to be resisted by the
Lntercoqnectbrs are gpeciflied though th; prqSent prac tice is
to use an_interéoqnector which is df a size to be.manageaqte ’

. and to fasten the. interconnector to the indivldual anglas

using a fillet weld all around the interconnector.
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. 5+3.2  Britisb_Standard BS 449-1970 _
. Ag’sfafed eartiqp "this standard is undef ré;iéw. rgg
present standard, hoyeve;, " will be uséd to determihg‘fhe
interconneétion reqguirements, -

This standard has two requirements for the spacing of

the interconnectors which are:
r

: d/r, <40 ' B (Sela)

or
d/ry < 0-6(KL/rv)‘ ‘ (5.3p)

Eq. 5.3a moverns as jit results in a spacing, dy 0f.19.6 ine

The forces which the interconnec tor must resist and the

maximum'permisslble load for the column come from Clausas

30, 36 and 37 of BS 449-1970 and are: ' N
P = 20.4 kips i (5.4a’)
Fqr = 0.025%P = 0.510 kips ' (5.4b)
F) = Fgqr ¥d/b = 3.97 ki ps . (S5e4dc)
.M = qu*dlz = 510 Kkip-feet . A 3add)
where qu = the \transvers$ shear; F| = the Longitudiﬁal
shear; M = the moment; and P =‘thermaximum permissible load.

This sStandard also requires that the interconnectors be
placed in pairs at right angles to one another,
Sbeanens were tested which had five interconnectors ag

requi red by the British Standard. The regquirements not m=t

were the degign . capacity of the interconnector, as  parp



a1

-Eqs.'5,4b to S.4d, and the bequiremenf for }he interconnec-—

.

. . . ' -
.tors to be 1n pairs.,. Results from the test program indigate

that testing of a specimén to meet all of the BS 449

v

‘requirements was not necessarye. . ~

S+3.3 German Soecification DIN 4114-1972
There are two criteqla used in this  specification to

determine the spacing of Interconnectorse They are:

d/r, <50 . 15.5)

or a mlnlmum of tto‘lnterconnectors_ at thé tﬁird points,
whlchevef Rives thevsmallest Spaclng. In this casey Ege D3
governs and gives a Spaclpn d of 24.5 in.

.The forces which must be reaisted by the intercnnné:—
tors and the maximum permissible load, are basgd on Cléuséé

8.213, 8.22 and 8,36 of DIN 4114-1972 and are:

P = 20.4 kips (3.61)

Fqr = P*Y/80 = 0.992 kips o {5.6b)
Fy = Fqp *d/b = 9.26 Rips (5.06c)

where' ¢ = J.88, a buckling constant direndlng on the slen-

. Cor '
derness ratio and the type of steel. R

" Specimeng were tegted which had four interconnectors s

,
.

required by the German Standard., The requirement - not met

was the design capaclt& of the interconnector, as per
. .

Egss S5+6b.and 3S.6c, The results from the test program indi-
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o

cate th@t the testing of a spécimen_ to meet the DIN 4114

R
requirements was not necessarys
S.4 IHEORETICAL RESULTS

Sedel  Torsiopnal-Flexural Buckling . ' -

A graph of the slenderness ratis to the effective

lenZth has been plotted on Fig. 15 based on the properties

oL a single 2-1/2 x 2=1/2 x 1/4 ine angles. Fig. 15 is used
. ~ N . - .o

to determine® the effective length reguired +to initiate

'tnrslonal—tkexdhul'puckling. © The nomlnal properties from

Table 2 and the following equatlon, Eg. 4-17 of Ref. 11,

are
used to ﬁplculate the values plotted in Fige. 15:
12'= 12+12+(12— 12)2+ﬂ;*%—(5.?)
Te _ 2r,. 2r, 2r, 2r . Ip n}rf
wherelre = the gquivalent tb;slonhl bsndiﬁg radlus of gyra-
tion; and y, = the distance from the centro?d of the angle
“to ltsv‘shear'denter- Eqe. S5+7 has been piogﬁémme& into a

programmable calculafﬁf’to ln;rement tﬁe.‘length,' L, to

determine the intersection - point onkuEZe graph Fig. 13.
-Torsionalfffexuraf buckling governs to the left of the point
of ~intensectloq,> while lIlexurui bhékling governs to the
rlght‘ot this noint of intersectlion.

Based on the results of these calculations, a'memoar

Ry . . .
which has an effective length Less than 20.0 in. L will fail
by torsional—=flexural buckling. i{hls information was

rejuired to _ensure that torsional-flexural buckling would
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ﬁot'occur for the individual angles of the starred angle
. - o .

. . _— |

section being tested. k

~ . . .

Sede2 &nnsad_gﬂiunna-

—

Spaced column theory (17) applies to starred anule -

compression members only if there is zero or one interzon-
- £3

nectors In either case the starred angle compression member

will buckle in either the Mode A or Mode

B cnnfiguration.

which 1Is double or sSingle curvature about’' the U-U

axia,
respectively.. The following equation:
212,
Pn- —u

(KL")Z ) . ' (5._8}

.

predicts either mode of buckling. The difference between

the buckling modes |is incbrporated in the value of X, the

" effective length factors. The value of X ls taken from Table

1 of Refe. 17 for flexural buckling in double curvature ( Mode

A) ond from - Fig. 8 of Ref. 17 for flexural buckling in

single curvature {Mode B).

"Eas. 5.8 was derived by assuming that the Clndividual
5 , ‘

elements of the bullt-up wember are forced to take the same

displaced shape, that the strut iIs pin-ended and has rlgid
end stiffenerse. The interconnec tors ‘are assumed to be pin-

connected to each of the Individual angles of the strute.

The theory also agsumes. that buckling about the CU-U axis

ovarnd,
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For Mode A buckling, if the end stiffener has. a lepgthlw

of zero .then K = 0.5 and P, = 5leb6 kipss When the length
: 7 T oLe0 .

of _tﬁe end stiffener is 6 ins " K = 0.4898 and
P = 52.08 kipse For the Node B buckling for end stiffener

lengfhs:ot 0 uad 6-1nf'the effective lengthy Ky 1s 0.567 and
0QS21 respectively and the critical load, P .., is 40.18 and
47.52 kips reSpectiveLy} | As the Mode B critical- loads are
Less than the Méq§ IA critical \louds the Mode B, ’ single
cuqvatﬁre buckling>abo§t the U~-U axis, governs.

The critical load for the Mode ﬁ huckiing with end
stiffeners haviqg ltengths of Zzero incheS"ls tabulated in

Table 1 for comparison with the battened column theory and

the eigenvalue procedure critical loads.

Seded Batteped Coluans

< This theory is limlited to. buckling about the U-U axis.

Lt‘is gimilar to the spaced column theoryﬁfxcept' thﬁt the

r
<

interconnectors are assumed to be rigldly fastened to the

Lndividunl angles, .

Koenlgasberger and Mohsin (20) compare several ditfer-
ent éﬁeories ch batten;d struts and pqint out that Ble1chisv
equation, Eq; 3.20, - predicté ;juher Erltl;al loads than

experimental buckling loadse Bearing this ino mind the crit-
ical load can be calculated for the starred angle compres~

sion member with one or more 1nterponnectors. . Substituting.

the actual praoperties from Table 2 into Eqe J. 20 and select-
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inz values for the Spéclng

1

of the interconnectors, d, the

critical load cah'be'calculated- When there is one inter-—

connecfor, d =‘60 in. P

il

cr 42.90 xips, and for two intear-—

connectors o

)
I

40 in. 61425 klps;' These values are

fabuluted in Table 1.

Sede4 Elgenvalues

These results come directly from the computer prgozram

described. previously and are tabulated for zero to five

interconnectors in Table 1. The elgenvalue .Procedure

-

‘permits the sStarred angle compression member to-buckle about
either of its principal axes, U~U or V—v.

" There are fluctuations in the

crltical loads from two

to* five lnterconnectors,

particularly between four and

.

five, which is attributed to truncation and round—-off error.

This type of error is inherent in large matrices of" the

order used in this thecoretical solution.

5.4.5 LLngzn_lxgznllxazlnsxgmaninl_Lénq_ngzlgsilgn_cgnzas
Resultg of ‘the computer analysisg of load\varsuslaeflea—

tion a}e plotfed in Figs. 16(a), . 16{b), 16¢( ), 16{c¢) and

»

1o6(f) for the starred angle compression members * having

lengths of 120 Ine  The théoretical and experimental load-—

3

deflection results are shown ' in the same figuress. The theo~

ratical loand—deflection curves were checked wusingz the-

following egquation:

Y = yo/(1—B/P, ) | (5.9)
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+

where ¥ = the required displacement; Yo = the initial out-
of-straignhtness in the plane of the displacements; P.= the

axial load; and Pe = the critical load in the plane of the

displacementse. The term 1/(1—P/P;) is known as the amplifi-
. . + - i

- cation factore.

The theoretical curves plotted in conjunction with

several of the experimental curves in Figs 16 show reason-—

able agreement. Differences hetween the theoretical and the

experimental curves may be a result of:

a) Experimeptal
. - ]
i) the actual physical and mechanical properties

.

may differ slightly from the | average 'vnlues

K -

~

used, and

ii) inaccuracies in the measurement of the initial.

‘oﬁt—ot—stralghtness.

. b) Theoretiscal S e

i) assuming that the length of the end stliffener is
. . o
Zero, .
L ii) the assumption that the lnterconnectoy is rigid,

1ii) the tinite element procaqure is based on - the
assumptl&n tha t the shear centé? and the
centroid colncide which for the angle section is
not the case, and

iv) that the load igs applied centrically.

-

N
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S¢S  EXPERIMENTAL RESULTS S
5.5.1 Test Summaries

The fﬁilure load and principat axils of failure are

1

listed in Table 4 for all tests conducted. Table 4 also
Shows the largest iﬁdtiai imperfection measured in each
Specimen. It isg also seen that the  initjal. out-of-
straightness-v;ried'from L/iOOd to L/ 10000 for the specimens
tested. | |

] . hd " .

All of the_efperimental data was reduced and is plotted
in Figs. 16, 17 and 18{ for ;peciﬁens having lengths of 120,
B0 and 40 in., respectivel&. These. figures show the toai

displacement behaviour ;t the specimens as well as the fail-
ure load and test Aeslghation.'

Superimposed on Figs. 16(a), 16(b)y 16(d); 16(e), and
16(;) are theoretical load—QeIlectlon curves generated by
the ‘linear iterutive-incremental approach. It can be seen
that +the theonetlc%l curves'aré 1n‘reasondb1e agreement with
the,experimental'results at low loadé. -IAt_highér loads the
akreement ig not aslgood.‘ Thé variance may be dge to the

reasons listed at the end of the previous section and

because the stiffness wmatrices become increasingly iltl-

condi tioned as the failure load is approached.

4 .

In all the testsg conducted there ig generally a differ-
) [

ence in the failure mode between f%he sStruts wjith Zero and
. ; :

one interconnector and the struts with two or more intercon-

nectors. 'The change in the faiLure mode is the principal

&
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.axis about which &ail;ré-occu?s...for the struts haVing cero
and oné interconnector failuré obcurréd about. the U-U .axis:
- and ;or’tpe struts vah f-o or méré'interconnecforsliaiiure_
océuéred abd&t the Y-V axlé- o o
Graphs of load ve}sus displacement for tests on speci-
mens of shorter lenathsg, 8011n- and 40 inegy are pLéttgd in;
Figé- 17 and 18; réspectively. VThesé tests were cpnﬁucfe?
as‘#n eiperimental investléatlon Aﬁi}'id determine the fail~-
ure ioads and failure.modeg of the struts, From these
graphs lflis seen‘that failure qccubs about the U-U axis fo;
specimens with zero and one lnterconnectpr. . For specim;ns
#.
having +two interconnectors the failure moqe switches to
bending apout the V-V axise There nré‘d%spfaceéents in both
of the prlnéipal axes which may. be eaused by the initial

ngeqfec‘ions. regidual sStreasesa, and the rigidity ¢of the

end connectorsg,.

S.6  SUMMARY
Geometricl proparties ‘ﬁre calculated for the .
2=-1/2 x 2~1/2 x 1/4 in. angle and the actual properties are

.

" found to be greater than thelnomlnal properties .listed°in
t@e CISC Handbook (7) by an amount grga'éf th;h the stgndard
mill practice tolerance. The actual values for the zeome -
tric properties ‘we;e QSSd in the. theoaretical calculations
and in reduclné the experimental results. Fbr the purpose-

o P
of design and review of the requirements of tne standards
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;nomlnal values aof thé‘qgumetric properties are used-,CanadicT“ﬂ\\

an and American, , British, and German Standards are used to

calculate interconnection redulremehts- ' N

The critical loads are calculated using three theories;

a

" the elgenvalue‘,procedure. gpaced column theory, and thez

pattened column thebry. The eigenvalue procedure is the

) 4
qnfy procsghre which could be used to predict the criticat

loads for the starred angle struts with =zZero to five inter-—-
connectorses The other twoy theories: are limited to starred
angle struts with zero or one interconnector only.

The linear iterative—lincremental approachy; the theoret-
ical analysis procedure used to calculate the theoretical
load-deflection curves, vyields results whiéh agree favour§—ﬂ/’ B
bly with the ‘experimental results for spéclmens  with a

-t . .
length of 120 in. (Fige 16). ‘These results also show tﬁf:///
. ' -
there is a change in failure mode between struts with zero
and one interconnector when compared to struts with ‘two
~ N .
interconnectors. Expeplﬁentally the results of the tests of

specimens having lengzths of 80 ine. and 40 in. are plotted on

graphs in Figs. 17 and 18. The same behaviour of the change,

I'n the buckling mode 1ls seen in these éraphs. ' . .

IR . : .



. 6+2 ' FALLURE_LOAD

Chapter 6

DISCUSSION

6+1  INTRODUCTION ' s "

. The theoretical and experimental results described in
the preceding chapters are broken down and dilscussed undar

the ~follhilng headings; Ialrur? 1oad, . loa&ﬁdeflectiod

curves, number of interconnectors, effect of end connec tors,

& X ' L
and forces Iin the interconnectorse. Thg implications to the
R -

o«

present deélgn standards are discusseds : N

6241 120 Inch Specimens

6e2slal Theoretical ?gealct%oné o ©

"The 120 ine specimena are .slender starred angle

J e

compression members and hence elastic theories are used to

o

predict .critical loads. In Table 1 the predicted c;itlé;li“

o

‘ (. gu- .
ltoads for the starred angle compression member, constructa g’

ifdm i&o 2-1/2 x 2~1/2 x,1}4 ine. aﬁgles;‘ uslng each of the

,

‘ : oo ~ N - . . .
respective theories, spaced column, battened column, | and

‘eigenvalwg} are tabulated against the number of interconnez~-

L .

tors.. _— ’ .o o v

+ l
Spaced column theory predicts only the critical loais

]

for starred anale compression mewbers having =zero or one
? 2r

O
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o

'Qniércodnegtor. S Battened‘column theory prédicts‘the eriti-

. -

' cal loads .for 'a starred angle compression member having one,

- . . . -

. -

or'moge‘lnﬁgrcbnnectorsé Two-critical loads are calculated,

. ' s o ~ - . : o B . .
Lusing ‘the, battened column theory, for gtarred angle struts
having one and two interconnectors.: It is not necessary to
hi o : )

calculate critical -}oads'haying three or .moreg interconpec-

v ! ”

tors using the battened column theory as the predicted load

. Mo

becomes larger witﬁ; the addition of more ILnterconnectors

.and., as can be seen in Table 1,

for a speclmeﬂ, having two .inte
i -

, .
connectors ‘is higher by the

. ~

battered. column theory "than - thelEuler load about the V-V

axise . -

N i r - )
. .The eigenvalue procedure is used to predict the buck-

- o

ling lod&d for starred angle struts having zero to five
, p g ‘ . Ve
interconnectors. ~ This procedurée also predicts the buckling
. ] ‘ G ) .
mode. of the strut. . - A -

‘Both’ the battened ‘cplump dﬁ% spaced column " theories

. v, P

: . I T ' . : PN T B -
predicdt critical .loads when fallure occurs about the U-U
: . . s s [ .
.9xis-‘ The'eigeavnlue ﬁrocedgfé, on the othgr-hénd. pbedfcts.
tﬁé hpwest cfit1cal load . that occurs about either the U=-U or
v . o : L . s
V=V axiSe LT o e ,
“ . LR : " -0 . <@ N
X Lo . o - , . : ° L .
Corniparing ' the ptgdicfig critical  loads for starred

.

- ol . Loa s A : -
angle struts having zero or’' one interconnector shows good

oy . . v = . oo-
-

‘agreement between the eigenvalue 'procedure and the spaced
X . S K , : - ) " -

column theory. Battened~ column thedry gives slightly higher

. C -

9 T

v . B - 3 ¢ . . E 3 ,
- resul ts for a starrced angle strhi»g&vlngﬂone interconnector

o R
[ R -~ T

the predlcted critical load .
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ich i & el -, . :
which is not unexpected as the equation used is reported to
. 7 o - ‘
generally give higher results (20)."""

Exﬁminlng the results of a starred angle strut having
. o
two interconnectors shows that there is a considerable

discrepancy between the battened .column and eigenvalue

procedure predictions. This is attributed to the fact.that

.

when two or more interconnectors are installed in the star-

red angle strut the buckling mode changes. 'f With zero and

.
s

one interconnector the sturred'nngLe strut buékles about . the ’

U-U axi's and with -tvd_or more 1nterconnect6rs it buckles

about the V-V axiss. The eigenvalue procedure predlcts this

r
v B -

change in buckled Shape. " :) C.

l
I

The non-dimenslional graph, Fig. 19, a plot of the tail-—

[

A .

. 5 - - ’
ure Lload versus the number o¢f interconnectors clearly shows

the change in critiekl Load between starred angle struts
. having one and two interconnectors. v

The eigenvalue procedure was used with the geometrlic

properties -of otherpairs of equal leg angles to verify that

~

.the theoretically predicted behaviour is more general than |

I ¢
y .
<«

for just the pa1r qf'2—1/2‘x 2-1/2 x 1/4 ine. angles. 'Ihe
same behaviour'of the éhangecln the‘bucktéd shape and load

[

between specimens having zero and one interconnector * and

. speclmens having two or more }ntércénﬂeéiprs is prédlcted.

The critical . load is - calculated for - a starred angle
. . ‘,_. - N . - 4

M .

R . . . . . .
&>c%mpressinn . member ) having .a continuous interconnector

running the full helght. The results of using a 2 x 3/8 in.

- e &
.
- .
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-

bar full heﬁght‘lncreases thejcrl%lé&l\toad by fIVe.perqentu
fhisliﬁé;eaée is small and f&r all practical bprposes_insig-
nificant. - ;ft does ;oint 6&%,' ﬁoweveb; 'tﬁat any localized
increase 1£ stlfiﬁesé‘qt tﬁe‘ﬁoint of 1ntéréonnéctioﬁ by the

interconnector can\be negléctéd..

IS

- The effect of tHe length of end connector is calculated
: €. ‘ i L € .

N i
[

and found to be insignificant partiéplarl& when the starrad

'udEie'buckles; about the V4V‘axis. "As‘tbe starred anazle

compression member with fwo*intercqnnebtors falled:about the

V-V axls the effect 6tlthe\£nd connec tors is neglected.

P
o

6e2e1e2 Experlnentnllﬂesglts ¥ . -

s

Tab}e 4 tabulates the buckling load "and principat akls:
of failure for all tests conducted. From this table it can

be seen that for . specimens having zero and one interconnecas

.

tor the principal axis of failure, for the starred angle

strutg, occurred about the U-U axlis. For specimens with two :

or more interconnectors failure of the starred angle strut-

Il
¥

occurred princivally about the V-V . axise.

- .
had. no apparenti:-

N

The size or +type of interconnector
* . - .
etfect on the buckling mode or strqngtﬁ; however, the method

1
[

of fastening the interconnector did have an. effecte. For
apaecimens having types A,B.C,D and E lhterconnectors (see

Tdble 3 for types of interconnectors) there is no apparent

change_in buckling shape or load at & given number of. inter-

.connectors, AlLL of-these'five types of 'interconnectors were

o

'rlngly connec}ed; by welding, to the individual angles.
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Speclmens with type F and G intérconnectors, tests.

12bF2-1 pn&'lZOCZ-l. _Indicgté that the failure mode changes“
when a - pin connector .was used, . Both ‘of ‘these types of

interconnectors were pin—connéctg& to the indLV1dua1 angles ’

‘and both specimens tended to fail about a cohhined axlise
v ‘ ] S
- Tést 120 AF, 4 test with an interconnector installed

full height, resulted in a buckling load less than predict-
-

eds The results were no different than those for tests with

two or more interconnectors,. The buckling load should have
. ; < -
been five percent higher, however the large amount of weld-

ing may have caused unfavourable residual stresses.

These experimental -buckling loads ‘and buckled shapes

agree favourably with the theoretically predicted critical

loads and buckling modes and are compared in the following

sSection, . _ - ’

 6s2e1.3 Comparison of Thearetical and Experimental Results

Flgs 19 shows both tre éxperlmentdl and theoretically

'
'

predicted results for the 120,_1n, ,stahre& angle specimens.

-
. ~

~The ordinates afe plotted as the ratio ot-fallure Load to

tﬁe Euler ?uckllnz,load versus _thé number of ;néerconnec-
torse. Only the,theéreticgl .prediétlons obtalned usling the
’eiéenVnLue‘Qroéedure and on1y the.tes?-resurtélfor specimens
h&vipg type A'létercdgnectors were used.

4 ¥

The variations 1in the experimental buckling Lload are

principally a result of the différences in the initial out-
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'of-straighénéss{ Teat 120A6.2 i; éubstantlélly differant
Ir;m test 120A0.1 as they héd different buckled shapeskas a
;esult of +the diffarence_ An the lqirec¥ion of the initialj
out—offstqaighfnesses of each o0f the. angles. In zgeneral the

._exoeriméntal failure _Ioads agreed - with the theorgtlcal

predictions. \

6¢2.2 80 and 40 Inch Specimens
The tést_results.trom 80 Ine and 40 in. specimens are

discussed together as only an experimental program wis

carried out on these specimens. The purpogse of these ests
was to determine if the behaviliour of the Shorter, ¥0 ig. and

- S
40 in., Specimens, which failed inelastically, were similar

to thut‘pt the {20 in. specimen,

. All of the fallure loads and principal axes of failﬁr?
are tub;ia{ed_ln Table 4. It is evident from this data that
there is noe significant dlfference Lﬁ.the capaclity of the

specimens with zero and one interconpector to those speci-

[

mens having two interconnectorse.
.

There is, however, a;detinige difference in the failure
{ . " . )

mode between the specimens having zero and one int?rconnec—
for to the spaclméns with t;o interconnectors In ihat thé
speqimens.talled about ditierent-qxes. ‘ In this regard the
Begqviour of the 80 1n._undd40-lné ‘speciééns was similar to

that of the 120 in. specimen. Specimens with zero or oune

interconnector fal{:dt for practicatl PUrposes,. about the U-0U
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-

axis, whereas specimens with twhlintercodnectors tailed

about the V-V axise

6.3 . ngnﬁn:SELAQEHEHI
6e3.1 . lzﬂ_lnsh_Snasiésna
6e3s1a1 Theoretical Predictions

The‘analyticnl proéedure ugsed to .predict the ‘Lload-
deflection curves fo; the specimen is a 1linear iterative-
incremental m;thod as discussed garlier.

Fig. 16(a) and 16(b) show the theoretical and éxperi—

mental curves for the tests 120A40.1 and 120A0,2, Exumina—

"tion of only the theoretical curves, of the two graphs Fig.

16(a) and 16(b), lindicates that they represent dlfferent
buckliﬁg modeF of the respective specimens. Test 120AD.1)
buckles about the U-U axis, and, test 120A0.2, huckleé about
ihe V=V axise. .Thlé is a ;esult of the difference in the
direction of the lniétal o;t—of—straightnesses 0W0f each of

the individual angles -for each of fhe' two specimens.  The

'_lnitial out-of~straightness is shown as the initial deflez-

tioh¢at zero loads g .
Figs .« 16(d) and 16{e) show the .theoretical and experi-—

L . . -~
mental curves for' tésts 120A1.3 and 120A1.5., In both cuases

the theory predicts faillure to occur about the U~U axiasas

Only one curve is plotted for each of the axes as the speci-

mens had one interconnector, fastening the individual angles

; .

at mid-beight, which in turn forced the individual angles to

5 Fan
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take fhe same dlsplaped shépe. - The theoret&cai‘Caneéx;re
based on‘tﬁe gésumption'that thé interconnector forces the
anzles to defléc¥ %he.saméf This assumpti&n is conficmed

experimentally.

.

Flge 16(f) ’‘shows . the theoretical and experimental
curves for test 120A2.1. The theoretical curve clearly
predicts that buckling occurs about the V-V axise. It ig

interesting to note that even though the individual angles

have initial out—-of-stralghtneas in opposite directions thay

- -z

are forced to take the same displaced shape. When ‘compared
to the behaviour of specimens with zero interconnectors

(Figa 16(a) and 16(b)) it demonstrates the necessity of

interconnectlon.
.

No theoretical curves were plotted for specimens having

three. or more interconnectors as two interconnectors are

optimume. The eftfect of the number of interconnectors is

discussed late'r In this sectione. ) . -

e [

6+3e1.2 Experimental Results

The test results are plottéd in Figse. 16(a) to,l@(i).

On several of the ftgpres the theoretiqal predictions, which

aaree‘favourably with the actual results, are superimposeid.

r

By comparing Figss 16(a) and 16(b) the reason that the

e

can be S5éens The Londﬂderléct£én csurves for test 120A40.2,

in the direction of ‘the V axisy V, and V,; are in opposite

-
[

"™ failure load was higher for test 120A0.2 .than test 120A0.1w
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qiréctions and the load to éustain this displaced shape is
Hre;ter than ,&hé f%;lufe load in the ‘perpendiéular direc-
tion. This c;ndltion waé somewhat ' d;ngerous as either
nﬁgle could have snapped-through to buckle about the U axis.
The snnp—thfough }oad'vas predicted, from Fige ﬁ%(b), tvo be
56 Kipss . At about'this load»there-gslgrchange in the theo-
retical predlctions for the deflection Vn. )

Figss 16{(c}, 16(d) And'ibfe). show the deflection for .

tests 120Al.2, 1204A1.3, and 120A1.4; all of which had only

<

one intenconhegtor at mid=height. All thesé curves indicate
that the sﬁeclmenl ialtéd pfinclﬁally about the U-U axis
which is similar to that for ééecimené' with ze;o intercon-
ﬁectors- The expeflmehtal detlectibng lﬁ the directlon‘of
thei v axis. agree .fanurably vith tﬁg 7theore¥ic1l

pradictions.

Fléc 16(£), for test 120A2.1, a specimen with two

.lnterconnectors. shows that the individual angles take tha

same alsp[aced.'shape even though the initial imperfections
start in the Sppd%lteAdirectiohs. Fallure of this spéciman
occurs about‘thg-v—v axlsa Displacemernits in the direction
of the U axisa occur béc;use of linltial out—of—sfraigﬁtnéas

in this direction though failure did not . occur in this
. : ‘ : . -

" directlon. This ls in contrast +to the specimens with zero

and one Interconnector where fallure occurs g&&nclpatly

about the U-U axis.
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Figs. 16(p)y16(h)y and 16(i) for tests 12043.1, 120a3.2
and 1é0AS.1, specimens havlng.threé to five interconnectors,

clearly show that Iailurﬁ is about the V-V axis. All theses
specimens demonstrate that there Is no advantage to ingtall~-
- / ’

ing more than two. iInterconnectorse.

v
°

6e3sl .3 Comparison of Theoretical and Experimental Results
L - »

For the 120 in.- long specimens the wgreement between

the theoretical predictions and thé‘equrimental resu}ts is

. ' ) \
good. For all tests the fallure mode was determined simply

by the number of interconnectors. This was shown experimen-—

[
tally by conducting two serjies of tesats on the same speci-

mens by sSimply increasing the number of interconnectors from

one test to the next. The first serles of tests were teats

120A1 .3 and 120A3.1, where two interconnectors were added to

test sapecimen 120A1.3' to wobtain specimen 120A3.1. Tae
second series of tests were tests 12QAD.2. and 120A2.1,

where two Interconnectors wmere added to the - test specimen

+

120A0.2 to obtain specimen 120A2. 1. v 4

» ) .
Precautions - were taken to ensure that the specimens

remained elastic during the first loading of each specimens

The, initial out-of-stpraightness.both “before and after test-

1 '

- - — = . )
ing were determined and the dial Indicators were monitored
to ensure that they returned to . zero upon the completion of

each tegt. No changes in the initial out;ot—straightness

- e

were recorded., The dial indicator readings returned to

-

within 0.005 ins. of the initial.zero. -
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' These two series of tests indicate that there is a
- : S T f . ' K

definite change in the bhckbbd_‘shape between . Specimens

p7N

having zero or one Iinterconnector and gspecimens having two

or three interconnectors, =

In general the theoretical predictiops for the: load-

deflection curves agree with  the. exberiméntal results.

(

However, the theoretical curves for digplacements In tha

-

direction of the ,U'axis do not agree w;th-the experimental

v

result ts for tests IZbAl.Q and 120A1.5 where the experimental
deflections are greater than the theoretical predictions,:

The reasons for the difference are listed in Section 5.,4.3.

.

v

6e3.2 80 and 40 Inoch Specimens
Figse. 17(a), 17(b)y and 17(c) .Show the e;perimenta}
load-deflaction curves for tests 80A1,2, 80A2;2, Aqd 30A2.3°

respectively. . ‘No theofetical analysis was performed -oﬁ'
sagciuens of BQ in. and ﬁb in. lengths. .

These cu;;;s- show that the;e is ; definité chad?e in
the &etlected 3hape as the number of lntercqnnectoré is

increased from one to twae Specimen 80A1.2 :had ‘about egual

displacements in thée directiaon - of the Uﬂan& the V axas,-
‘ " : T o

while specimens 8042.2 and 80A2.3 deflect primarily in the

.direction of the U uxls;I

Figge. 1é(a). IB(b),' and 18(c) show the experimental
L ‘ ‘

load—deflectlonucurves for tests;40A0.1, 40A1.2, and 40A42.2

which }ndlcate'the sameutendenc?;to bend ‘about the U-U axis-

.

proen—.
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h

for specimens with zZero or one interconnector and .to'pend

apout the ¥-V axis for specimens wlth 1two interconnectors.

~

Agaln with one interconnector the 40 in. llong‘spécimén had

2

.abodt equal displacements in the direction of both axes,

howe ver, with +two interconnectors there 1is no doubt that

failure occur about the V-V axié-

N

6.4  EFEECT OF THE NUMBER OF INTERCONNECTORS
Simple theory w?uld suggest that if interconnectors are
provided to make the slénqerness ratio of the- indiv;dual

angles about the U0'-U' axis equal to the st}nderness ratio
. . . i . 3 )
. : & .
of the entire cross section, the V-V axi's, then both the

.

individual angle and the built-up strut would have the same

H

. bdckllnq load. For the equal leg &angles this situation

should always,ékist ag the s}endernéss ratio of the individi-
al angles 1s 1/2 of the slenderness ratio of the entire
c@pss'sectiop. ‘Thls sugges;s that only ong*fnterconne:tor
ﬁt |ml&¥hé1ght woﬁld ;be éufflclent tor‘ ¥he starre& 'angLe

arrangemente.

Hoth theory and test show that this is not the case and

Il

that with one lnteréonnector failure is always about tha U-U

axise Thls is éonsidered to be due to the increased flexi=-
. - . - . : . . - ) . ‘
.'bility of the starred angle member about the U-U ‘axis as
! ' ;
Y .
- compared to that of a —member with a continuous interconnec-—
' ’

tion and the same geometric propertiese.

- .

ot
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Once the number of interconnectors is increased to two'

the member i35 made sufficiently rigid that the starred ancgle
compression member has an effective slenderness  ratio for

- « N r

the buckling about ‘fhe V=V axis that is less .than that fov

buckling about the U-U axise. Thus tdrmfib or more lntercon-

. .

'nectors buckling takes place about the V-V axis, as demon-

strated‘both'exparlmentalty and theoreticallys oo

The required number of interccnnectoréris therefore two
to ensure that buckling about the -¥—V 'axis occurse Fewor

. , . .
interconnectors are unsatistfactory and more interconnectors

.
PR

are unnecessaryes The intebconnector should be designed as

discussed in Section 6.5,

. ~—
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' 6.5 EFEECT OF THE END CONNECTOR R S
‘Tpeoretically the end éonncctofs should’ c¢ontribute to
T C :

the - stiffpness of the strut. " The end cqnhector .éhould‘

o provide some end restraint when the strut bends about the

2 -

U—u.aXis and negligible resffuint when the strut bends aoout

the V-V axis. ' Both effects have been previously described

Coa

in detail. . PR T
: % ‘ -
1. . .
R Equfimentally no signiflicant chanue Ip . the buckling

load was found when different end conditions were usad,

Test specimen 120A1.6P, having cap and base plates, did not

~have 'a smaller’ buckliné load than other tests conducted on

.

. 120 in. specimens - with one interconnector and Tee. engi“)

¢ »

-

‘connectors. It is considered that a pumber of variables

contribute to possible differences in the buck[lng 1o;d and

that the lenkth of the end connector is not as significant
~ .

.88 some of the other variables, such as the Llnitial impef—

fections. -

etical values .for the'fbrces41n ~theée interconnec-

oo

. . v

the interconnectors and the fasiening to the -individual
- 'ﬁnzles. EXperfmentdlly it is determined that the forces in
the 1nte;cpnnector*ure not large and that the method of the

fastening does affect tﬂe;tallure mod& of the specimen.

‘ . -
-

L . : S . ¥ .
tors are determined to be ‘used for the purposes of designing -

[+

.
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The type E interconnector had a Vny-smaL}“-amount ot

.

. 2

weld fastening the inteércannector to .the thl&idugi_nngleé'

'cOmparedhto the type A interconnectbr (see Table 3).. Test
120E2.1 shows the same follure mode and onlf a slight reduc-

tion in the failure lodd as  compared to tests 120A2.1. and

a 12042.2. ‘ - S , Lo ™~

botted'to the individual angles and had consldéfﬁbly_gedu:ex

4 s

failure loads as compared %o tegts 129A2.1 and 120A2£2;_ Dhe

- . Lk

. . . ‘ ¢
failure mode was about a combination -of the . two principal

N . -

. axes. These aspecimens with boltéd-éonpeétiohs simutate

.
.

. [ s LS . ' L T E o
spaced columns, that is, the interconnectors acted onLy“is

"gpacers and did not transfer any shear or ben&ing forcess.

- a - f

v . - -
o

TS

. . W E [l .

-

. defélop shear and .bending forces in the interponhector- S

v " . - . *
ne shear forée ‘q% "bending moment ' is trans ferred by the
interconnector then\the starred angle strut acts .as a spaczed
) - - . .. [ H = N e,

. . - ~

‘columne. : LI

B
i |

- . - N '\\' . . . ) .
battens of a baeteﬂed column (Figs 22) were used to deter-

mine the forces in the interconnec tor as gfﬁen in Apﬁgndix

Specimens 120F2.1 and.léOGZ.I‘had the interéonnéctors

-

B L B ' . ' . Co
These -three tests indicaté that . there -is. a need to

. L - ‘ . § . RN L 11‘  2
‘. The same principals used to analyze the forces in tha”v*.‘

-
-

Ce i The forces that need to be considered are the vertical ~

. . shear force and corresponding bending moment which are func<

v

tions of the’ axial force in the strut. . It is recommendad

that the following forces, as detailed in Kbpendix Cy ©be

-
* ' =
S used?:

Q = 0.01%cC,
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F, = %% : (6.2)
N, = Fb . (6.3)
2 ~
where Cf = the axial load in the strut; Q = the shear force
in fhg strut; Fz = the shear. Iorée in the Interconnector;
and M, = the bending moment in the interco;necjor-. |

67" BEIIEK;_QE.;IEEJEQ_QIBEH.ENI_S._QE_IHE_DESLQL_SIAHEABDS

All thg standards examined have different requirements

for the nunber and design of the interconnectors ‘and the

related fastening to the individual angles of starred angle

compression members., _Apparently research has been insuffi-

cient to establish the actual behaviour of the starred angle

3

strut and hence no consistent set of deslign rules exists.

*

The present Canadian S tandards,’ CSAa 516 (69, -requlre

that the’'slenderness ratio of +the Individual angles betwezn

points bﬁv interconnection not exceed the slenderness ratio
N .

of the member as a whole, The relationshlip of the geometric

properties for the equal. leg angles results in the Canadian

1

standards requlring ‘only one interconnector.
The .present Br{tish and German Standards have require-—

ments which are more congervative than the Canadian Stan-

dards . The minimum requirement oif both standards is that

two interconnectors are requlred. Both of these standards

.
alse require speclflc shear and bending forces to be resist-

eds



o

3
)

D

A

S0

%
The results of this research c¢learly indicate that the

\

requi rements of the Canadian

Standards for the interconne:-
‘tion of starred angle compression members is inadequate and

should be. changed.
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lChapter 7

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The following conclusions are based on the discussion

of the theoretical and experimental resul ts:
P

a)

b))

d)

the relationship between the geometric properties of
the individual angles and the geometric properties of

the built—-up section 1is rv/ru- = 1.96,

members wifh zero or aone interconnector fail by beni-

ing about the U-U axlis, whereas, members having two or

more ipterconnectors fail by bending about the V-V

axisg,

there iIs a corresponding increase in tailure load with

the change in ;:;Dfailure mocle, .
the optimum nu er of interconnectors for the starred

anzle compréssion members is two, Located at the third

points, .

the length of: the end connector has a neglialble
effect on the failure load when two interconnectors
are used because the starred angle compression membzr

ar

fails about the V-V axlis, and
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f) some ?pear force and bending moment should be considi-
7 .

,ered. in the design of the interconnectors and-théeir
- -

.

fastening to the individual angles ., to ensure tha t,

. - L
bénding about the V-V axis controlss

. 3

™

"7+2  RECOMMENDATIONS

the followiad recommendations are made:
- ) +

A

‘b) two interconnectors, - in addition to the

As the ngectlve is to determline spixabLe design rules

-
4

~

a) de;lkn of the starred angle members should be based on
b . ’ . i .

the propertiea of the built-up section,

— .

end conne:-
tors, placed at the third pointa, should be used for

any egual 1 angle used to construct starred angle

"

compression members, and

c)ﬁQpa‘lnterconneétor should he designed far shear and

. 1
the following equat&gns: t
' a -

bending /u

L]
|
O
-
#*
~
=
o
(=)
=]
3

[

-

-

=
)

|

u~= C¢*L/2000

.
<__,\
) -~
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7-3  EURIEER RESEARCH \ ‘

There are several questions raised that should .be the

basis of futher research as follows: -

a) the effects of interconnection on othqr arrangements

; of double angles, particularly the box arrangement,
b) a Zeneral study aof the effects of the out—of -

- v

straightness in one plane on the load-djsgsplacement in
* the perpendicular plane, and
@/) further sgstudy on the, short and intermediate lengtha of

Starred angle commpresSsion memberses

' s
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a) BACK-TO-BACK

b) BOX

.
T

c)STARRED

ARRANGEMENTS OF DOUBLE ANGLES

FIGURE |
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STARRED ANGLE GEOMETRY

FIGURE 2
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KNIFE EDGE ASSEMBLY

FIGURE S
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FIXTURE

a) BOTTOM

L

END FIXTURES

FIGURE 6



101

b) TOP FIXTURE

END FIXTURES

FIGURE 6
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20 INCH SPECIMEN

SET-UP OF

FIGURE 7
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SET-UP OF 80 & 40 INCH SPECIMENS

FIGURE 8
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Ny
A=A
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]
5 inch HOLLOW ALUMINUM
RODS

DIAL GAUGES

a) DIAL INDICATORS AT INTERCONNECTOR

INSTRUMENTATION

- FIGURE 9
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»
b) PHOTOGRAPH OF INSTRUMENTATION
AT INTERCONNECTORS

INSTRUMENTATION

FIGURE 9
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c) DIAL INDICATORS BETWEEN INTERCONNECTORS

INSTRUMENTATION

FIGURE g
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d) PHOTOGRAPH OF INSTRUMENTATION
BETWEEN INTERCONNECTORS

INSTRUMENTATION

FIGURE 9
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18 in.

L -

before displacement

after displacement

EFFECT OF RODS ON MEASURED
DISPLACEMENTS

FIGURE. 10
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SPECIMEN

2in.x¥% in.x2 in. PLATE
WITH ONE CORNER CLIPPED

%
X Y2 in. x ’/4in.x’2in. LONG BARS

7/

Y SOLDERED TO PLATE

&

-

= 0.01 in. SCALES
GLUED TO BARS

OUT OF STRAIGHTNESS GAUGE

FIGURE 11
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NOTE INFORMATION ON FIG. 12a 1S TYPICAL
FOR FIGS. I12b TO 12 '

a) TYPICAL 120 INCH TEST SPECIMENS

120 INCH TEST SPECIMENS
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’ FIGURE 12
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FIGURE 2 .
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FIGURE 12
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FIGURE 12



) CENTER LINE OF
'/I/—KNIFE EDGE
\END TEE WITH STIFFENER

ANGLES EACH SIDE ToP:
AND BOTTOM

3sas’

[ 2'x21/2'% 1/as’s

80
4

72.9"
&6

\‘ » (] .
2x3/8 x2 FLAT BAR

INTERCONNECTOR
3/16 WELD ALL ROUND

33.45"

NOTE: INFORMATION ON FIG.13a APPLIES TO
FIGS. 139 TO 13b

a) TYPICAL 80 INCH SPECIMEN

80 INCH TEST SPECIMENS

FIGURE I3
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66.9"

b) SPECIMEN 80AOQ.

80 INCH TEST "SPECIMENS

FIGURE 13
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d) SPECIMENS B80A2l1,80A22 & 80A23

80 INCH TEST SPECIMENS

FIGURE 13
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a)JTYPICAL 40 INCH TEST SPECIMENS

40 INCH TEST SPECIMENS

FIGURE 14
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b) SPECIMEN 40AQ.l
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FIGURE 14 -
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d) SPECIMENS 40A21 & 40A2.2

b

<

© 40 INCH TEST SPECIMENS

!

’

" FIGURE 4




127

<

o \/> "
[ ;
<{ -
a g j | r in
40~ : r,: F 1o
- ] z
wn P
?’ - — ey 1y' E
>
£/ / 8
20+ r! o s
w : u w
_J ' ’ O
wn
|=20.0in. g
P
. - -1
o — T T s
] 10 20 a0
EFFECTIVE LENGTH kIl (in.)
: N

\

'PLOT OF SLENDERNESS RATIO TO

EFFECTIVE LENGTH FOR SINGLE ANGLE

re

FIGURE 15



128

40 <4

LOAD
kips

30 o

20 <

10

7 ¥ ¥ ¥ RS T
ol 0.2 0.3 0.4 0.5 0.6 0.7 0.8

DEFLECTION
) inches
NOTE: SUBSCRIPTS | AND 2 REPRESENT ANGLES | OR 2 .
SUBSCRIPTS TAND E INDICATE THEORETICAL OR
EXPERIMENTAL. CURVES TYPICAL FIGS. i6,17 AND I8

a) TEST 120A0.1

LOAD DEFLECTION CURVES FOR
120 INCH TEST SPECIMENS -

FIGURE 16



129

' —
1
' 4
L)
| X
. \o~
Uar h
Uag !
\ 2 i)
Var
i1} L
~ e e
r

i

&
|

-

-0s -04 -03 -g'2 -0 ° o 0z
DEFLECTION
inches

b) TEST 120A0.2.

LOAD DEFLECTION CURVES FOR
120 INCH TEST SPECIMENS

FIGURE I6



40

g

LOAD
kips

©
'-__.
-_.’

130

L T T 1 L LB LA
] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
DEFLECTION
inches

c) TEST i20AL2

LOAD DEFLECTION CURVES FOR
120 INCH TEST SPECIMENS

FIGURE [6



‘f ' \ 7 131

2
K
404
LOAD
kips
ao-
204
u
104
I v
[+] T T T ¥ T T T
(] A .2 .3 4 .5 .6 .7
DEFLECTION
inches

d) TEST I[20AL3

LOAD DEFLECTION CURVES FOR
120 INCH TEST SPECIMENS

FIGURE 16



132

LOAD
kips

T T T T T T T
. 1] A .2 -3 4 .3 -} 7 .8
DEFLECTION
inches -

e) TEST I20AL5

LOAD DEFLECTION CURVES FOR
120 INCH TEST SPECIMENS

FIGURE 16



" kips

30~ -

LOAD

40—

. 30—

20~

10—

- DEFLECTION
incheés

f) TEST [20A2.

LOAD DEFLECTION CURVES FOR
120 INCH TEST SPECIMENS

FIGURE I6

133



134

50 ' ‘5’
LOAD : ®
e
kips
40 -
30
101 ¢ &
® 4
p A 1)
104
p 4 R .
4 -
g 1 ¥ T T
0 .01 02 .03 Q4
DEFLECTIONS
inches

g)TEST 120431

LOAD DEFLECTION CURVES FOR
120 INCH TEST SPECIMENS

FIGURE 16



- 135

-50 -

LOAD
kips

Q 3
u.
109 A
v
T ¥ 3 .
F F 3 +
o-f '1 T T T
° ! ' 3 DEFLECTION

inches

h)TEST -120A3.2

LOAD DEFLECTION CURVES FOR
20 INCH TEST SPECIMENS

_FIGURE 16



136 °

30+

LOAD
kips

DEFLECTIONS
inches .

<

[) TEST 120A5.1

LOAD DEFLECTION CURVES FOR
120 INCH TEST SPECIMENS

FIGURE I6



137

70+

LOAD
kips

L] Ll
15 .2
DEFLECTION
inches

@ TEST 8O0AlL2

LOAD DEFLECTION CURVES FOR
80 INCH TEST SPECIMENS

FIGURE [7



LOA
kips

70+

D

60-

4 0+

20

138

b) TEST 80A2.2

OAD DEFLECTION CURVES FOR
TEST SPECIMENS

CH

FIGURE

DEFLECTION

inches

I'7



139

704 3
- 3 AN
A ! . .
" LOAD A .
'kips A &
40 4 F Y 81
J /
A
[ E
Ve
s0{ 4 )
. /
A
304
¥ - <
TN
&
20
104 (') .
' v
0 T T T -
o A .2 - .3 : 4 .
. v
DEFLECTION A

inches

e ,
c) TEST 80A23 ‘
LOAD DEFLECTION CURVES FOR
80 INCH TEST SPECIMENS

FIGURE 17



* kips

\\ - ) . U " 140

1004

LOAD

60

504

DEFLECTION
inches

a) TEST / 40A0.1

LOAD DEFLECTION CURVES FOR
40 INCH TEST SPECIMENS

\  FIGURE 48 |



141

1004
LOAD
Kips

“904 .

50

704

604

30+

404

304

201 \

u
101 E; ’ <E v

0 A 2 3 4
DEFLECTION
inches

b) TEST 40Al.2
LOAD DEFLECTION CURVES FOR
40 INCH TEST SPECIMENS

FIGURE I8



100+

LOAD
kips

u
A 4
¥ L
3 4

DEFLECTION
inches

W

T
o ¥

¢)TEST 40A2.2

LOAD DEFLECTION CURVES FOR

40 INCH TEST SPECIMENS
FIGURE 18

142



RATIO OF BUCKLING LOAD TO EULER LOAD

1.0

7

143

o,

e} [o) (o] s
4.24
aa
Y
2.1 A 434 14
0244 g 2.24
\ 1.3
1.6
PR S
1.2 &
L5 A

NOTE~- EULER LOAD= 48.06 Kips
— O = EIGENVALUE RESULTS
— 4 = TEST RESULTS OF [20A SERIES

.

0 1 2 3 4 5
NUMBER OF INTERCONNECTORS

LOAD VERSUS NUMBER OF INTERCONNECTORS

&

FIGURE I9



Ol u
DISPLACED ———_ o
ANGLE ( N
. K
\‘P N
+\1 \\
7/ //
Do 4
(V]
¢
|
A"

144

A"
g ;) Bor
v ﬁ
// A :
< 3 r
<—
NN
\\\\
NN
\\2\_' ‘
Ovr ' DISPLACED ANGLE

a) OPPOSITE DIRECTION

POSSIBLE DISPLACED SHAPES OF

THE ANGLES OF THE STRUT

FIGURE

20



Dol

145

Q’ ' iV
N - Our
N
N )
N N /1 Fd
NN 7|7
N \\ // /‘,
1
A ~—f+
/A // . SN
1 NN
1 NS
. , \\
T DISPLACED
) ANGLES
Ovl ) Dvr :
V)

b) SAME DIRECTION

POSSIBLE DISPLACED SHAPES OF

THE ANGLE OF THE STRUT

FIGURE 20



146

>

.

POTENTIAL FORCES IN AN INTERCONNECTOR

FIGURE 2|



147

P

P ’ P
2 | 2
';-I-FZ ‘ %—FZ * b { )
t v i ! .
| —35 {2 +
d
2
F:zn%‘bd
4|
- Qq —]
3 f
Fx
1 .
2
ﬂ.
S
} $ f f
Lk £r £, £-r,
a) SPACED COLUMN b) BATTENED COLUMN

<)

SPACED AND BATTENED COLUMN INTERCONNECTOR
FORCES

FIGURE 22



148

———— UNLOADED SHAPE

/‘f’ S DiSPLACED SHAPE
!
|
/

" SHEAR FORCE IN A COLUMN

FIGURE 23



n
+

B

- h Wk 0y
R U A TN SIS S SR |

W N -
[ I PR S |

v @ N &
1 3 3 1

' ’ ' o 149
/ ‘

PERCENT SHEAR VERSUS AXIAL LOAD
FOR THE STARRED ANGLES

Ve

FIGURE 24



KiPS

LOAD

40

304

20

. 150
&

¥ ROTATION ABQUT THE Z AXIS
FOR ANGLE |

O ROTATION ABOUT THE Z AXIS

FOR ANGLE 2
. oy
104 y )
' ¢
2 1

o / ) L i 1 L) N

o 0.2 0.4 06 0.8 1.0 1.2
{’// ROTATION:  DEGREES

LOAD VERSUS* ROTATION TEST [20A[.3

FIGURE 25/



151

Mab

L
|
L .
L =4
-
-
\\ D //
e e—— " 2]
] 4]

/
— /
,g] /;i,;i\ Qb’/— DISTURBANCES

Mba‘-——— MOMENTS

SIMPLE COLUMN WITH END STIFFENERS

FIGURE 26 )



Core

Number of

Interconnectors

0

1

2

3

4

5
NOTE: 1.
2-
Je
4.

T

TABLE 1

Theoretical Resul ts

( Results in Kips)

Eigenvalue

Spaced Battened

Column Col umn

40. 18(U) N/A 3Y.77{U)

40.18( U} 42.90(0 ) 39 .55(U)

N/A 61.25{U0) 48.07( V)
48.04( V)
49 .23(V)
17.65( V)

Results tabulated are for a 120 in. starred
angle strut made of two 2=1/2 x 2-1/2 x 1/4
in. angles.

Euler buckling load about the V-V axis =
18 .9 klpS. '

The letter in brackets indicates the axis
about which buckling is predicted.

Both spaced and batteﬁed column theories
predict buckling about the U-U axise.
about the V=V axis must be checked as well
using approprite theories to determine

esbout which axis the smaller buckling load
occurs. In the case of the battened column
with 2 interconnectors the Euler load

about the V-V axis ls smaller and gZovernse

qukling

3



TABLE 2

Geometric Properties

Property Units Nominal Actual Percent
Difference

Ao in.? 1.19 1.25 4.8
le o lyl ine.* 0.70 0.76

ry or ry! ine. 0.77 0.78

ry! T ine 0.49 . Q.50

‘X Oor ¥ ine. 0.72 0.73

t ines 025 0.26

A in.”? T, 2.38 25 4.8
Iy or Ly in.* 3.37 3.63

ry or ry ine 1.19 1.20

IU iﬂ-‘ 4.49 4-83

ry in. 1.38 1.39

i, . in.* 2.25 2.42

Ty f‘;: ins 0.97 0.98

J ¥ In.* 0.17 0.22

lP 1n-‘ . 6.55 8013

r, ine. ' . 0.033L

NOTE: l. The allowable percent difference ln the
cross sectional area for rolted angles
is 2.5 percent of the theoretical or
the specified amount (7,338).



Types

Type of'
Connector

. AF

TABLE 3

of Interconnectors

Descrlpfion

ai

2 3/8“'x AL plate with
3/16" weld all around.,

2—-1/2" x 2-1/2" x 1/4an angle
2" long with 3/16" weld “all
arounde.

L =N

D 2=1/2% x 2=1/2V x 174" aagle

6" long with 3/16" weld all
arounde.

- oft
2" x 3/8" x 2" plate placed
horizontally With 3/16" weld
all around s

.

3/8% x 3/8" 'x 2" long bar
with 3/16" weld all arounde

2% x 3/8% x 2" plate with
1/8" mild steel bolt through
one leg of each adgles

2" x 3/83Y x 2" plate with
1/4" high strength bolt in

one leg of each angle.
2

LY

. -
2" x J/8" flat bar installed
for the full height of the
specimen with 3/16" staggered
weld 3" long at 9" centers.

~



TABLE 4

Experimental Results

-4

Test Failure Ma ximum Failure Remarks
Number Load Out—gi— mode
Stralghtness
(kips) (in.)
ke
’ > g
120A0.1 34.59 0.05. Uu-u
1204042 40«41 0.07 7 Combined
v 120A1.2 “-/5g.73 0.13 u-u
120A1.3 38.92 0.05 y-u
120A1.4. 23.2 0. 08 u-u
120A1 .5 J1.40 0«25 U-u
120A1.6P 38.43 ———- u-u see note 5
120Bi.1 36.72 0.10 i u-u
120C1.1 36.32 ——— o-u see note S5
‘ 120D}-1 35.23 ———— - U-~-u see note 5
120A2.1 42.95 0.07 V-v
120A2.2 39.96 0.08 v-v .
120E2.1 35.30" _—— v-v see note 5
120F2 .1 29.68 L ——— Combined gsee note 3
120G2.1 29.58 ——— . Combined ~see note 5
120A3.1 45,43 0.05 v-v éﬁ;*\\
120A3.2 44 .96 0.08 v-v.
120A4.2 46.38 ———— y-v see note 5
120A4.3 42.39 ———— v-v see note 5
120A6 .1 43.39 C.07 Y-V
80AO.1 62.34 0.026 u-u
80ALl.2. 66407 ' 0.015 U-u
N B0A2.1 - 66.47 0.014 V-V
" 80A2.2 62.83 0.067 V-V
BOA243 68.95 0.071 ° V-V
4H6A0 o1 104.24 ———— u-u see note b
R ~40A1.1 107.47 —_—— U=u see note b
40A2.1 110.56 ——— V-v see note 6
40A2.2 106.29 - V-V See note §
e ’ NOTE: 1. The principal axis of failure Is the "axis
’ about which failure occurred . -
2. Test apecimen 120A2.1 indicates that the
langth of the member was 120 iney a type
- A interconnector was used, there were 2 .
interconnectors and the .1 indicates that
. this was the first specimen with 2 type A
interconnectors. ) "

See Table 3 for description of interconnec tor
typaes. ’



5.

Failure modes shown are tlie principal axis
about which the specimens failed.
These out—-of-straightnesses wére not found
as the tests were conducted to determine the
failure load and the fallure mode only.

¥
The tests on the 40 in. long sSpecimens did
not have the initial out-of-straightness
measured as other effects such as residual
stresses were felt to have a greater effect
on the inelastic fallure of these specimens.

’



TABLE 5

Tensile Test Specimen Results

Specimen

Average

Area .
Sq. Ine

S

Modulus

of
Elasticity
(ksi)

30,300,

| 29,300.
i

29,500,

28,700,

Yield
Stress
(ksi)

484 2

53.8

S54.7

-
UlLtimate"
Stress
(ksi)

68.8

80.6

80.3

80.7

77.6

Percent
Elongation

36

32

33

33




Appendix A"

ELASTIC AND GEOMETRIC STiE:PNESS NATRICES

r

Following are the élemaent stiffness matrices used and

area written in the fq;m consistent with that ugsed by

Gallagher (9) and Hatout (13). !

6E1
12:!: 0 o 0 OEI: o _nLEh 0 o o Tr’
' SE1
'I{El: o _GLEh 0 o o _12?5!_: 0 .._L_r’ o
€ o o 0 o o -8 o
L L
4El; SEla 2E1, 0
T [+] Q 0 - [+] 1
41, 6El> 251
Ll ) 0 o 2=b
L L : L
[Kt}- S
EA
- ¢ o c o &
1 &E1
SYMETRICAL ‘—,—2: > o ;0 o -%p
12l 68y - o
C °
GJ
T ©° ¢
4E12
o
! L
4Ets
. L
- —

- 153 -



L L

5 0 0 [+ 0.1 0 30 v}

2L - -

15 [+ 0.3 (o] 0 [+ 36

[xg)=F
© © o o o o
SYMETRICAL 5—‘; 0 o o -ol
&
st 9 01 o
‘2
o L I o
2L

15 °

. 2L

15
— —]
where L = the length of the member, d/2; A = the area of
the member, _:\?; J = the St. Venant torsional constant;
I,/ = the moment 0f lnertia about the Vi!-y1! axis, Iy 3 and

I, = the moment o0f inertla about the U'-U! axis, I

ul.
®

»



Appendix B

COMPUTER PROGRAM FLOW CHART AND LISTING

The flow chart shows the process used in the computar

program to solve the linear Ltterative—incremental problene.

Followlng the flow chart is the complete progzram listing

with a sample of the input data and output.

START

INPUT

JOINT COORDINATES ([Jc)

MEMBER INDICES ,

"MEMBER PROPERTIES

NUMBER OF INTERCONNECTORS

INITIAL QUY OF .
STRAIGHTNESS  '(10S)

CALCULATE EIGENVALUE PRINT
CRITICAL LOADS FOR STRAIGHT Pu
( COLUMN AND LOAD INCREMENT AP
3
CALCULATE .

JOINT COORDINATES FOR
DISPLACED SHAPE

Je = Je + 105
3
SEY :
F=OP [FIRST INCREMENT)
Je' = Jc
j =) (INCREMENT COUNTER])

' v

- 160 -



161

SET
{i=1 (ITERATION counter) [
CALCULATE
»| [Ke] |[FOR DISPLACED COLUMN)
=({Kel =F [Kg)
- ' L
CALCULATE SOLVE CALCULATE
Je' = Je+ AU K dui =P Jj=j+1
i=i+i F=F+AP

4

CALCULATE
Je = Je+ AU
CHECK FOR +
. CONVERGENCE R j

DIVERGENCE :
. ( sTop )

(soLuTion)




FORTKAN EV G

LEVEL

la¥alalalsialaksl
—-\-\n'\nnnnr\nnﬁnnnnnnnnnnnnnnﬁnnnnnnnnnnnnnnnnnnﬁnn.‘\nnnnnnn

AnAANNNONODNNN

21

162

i LN DATE = 83003 20736740
v
FURRDOSL D
1) TU CALCULATE THF FIRST AUCKLING LOAD (OF SLEMIER.CLASF-SPACED
s« 2 MEMAER, CLLUMNS TI1ED TOGETHER ARY QUIGID
INTFRCONNECTORS,
21 CALCULATF THF DISPLACEMENTS BY A LINFAW ITNCREMFNTAL ITERATIVE
PROCLELDURE . .
USAGE:
INPUYT 1S REQUIRED OH TW0D CARDS
CARD 1 CANTA NS NUMAER NF INTERCONFCTNRS . LLENGTH,
SPACING, INITIAL NUT OF STRAIGHTNESYS FNR EACH MEMACE
IN PEPPENDICULAR DIRECTIONS AT MID HFIGHT
CARD Z CONTAINS THE PROPFRTIIES OF THE MEMHEKS
SOTATION:
GLK1 SELASTIC STIFFNESS MATRIX
GLK2 ~“GECMETHIC STIFFNESS MATRIX
TOTL =SUM UF STIFFNFSS MATRICES
TRAN ~DEPENDANT DEGREFS OF FREEDUM TRANSFGHMATION
MATRI X
THANT ~THANSALSE UF TRAN
CNN =JOINT COQRUTNATES
CN =HFV SEN COORDINATFS
CC -DIFPECTION COSINES
MK =MEMAFR INDICES ' M
fvc =VARTABLE CORELATION TAALLC
RINS =INITIAL OQUT 0OF STRAIGHTNESS
An -AREA VECTOR
3 =MOLULOUS OF ELASTICITY
G -MONULOUS OF RIGIDITY
LGTH -LENGTH VFCTOR
21 . =MCMENT OF INERT1 A S3 AXIS
¥lI . ~MCMENT QOF INERTIA S2 AXIS
x[ =TORSICN CONSTANT J
XL ~VECTOR NF .£ IGENVALUES
X -VYFCTOR OF ELGENVECTODRS
AL PHAL —OR[ENTATIUN VFCTOR
GENERAL MEMHER ANGLE OF S1 AXIS TO GLOUAL HOHZ.
VERTICAL MEMUFRR ANGLE OF S3 AXIS TO Z AXIS
M -NUMBEHR OF MEMAERS
N -NUMRER " OF JOINTS
NOF =NUMBER QF DFGRFES (IF FREFDOM
NN =NUMBER. OF EINYERCCNNECTNRS
NDUF ~NUMBER QF DEPENDANT DEGREES 0OF FREEDUM
IGFN ~INDICATOR [{F 1 PROGAM CALCULATES THE EISEN VALUES
AND VECTORS FOR FIRST MODE BUCKLING
INC =INDICATRR [F | PROGRAM CALCULATES LOAD DEFLECT ION
CURVFS USING A ITEMRATIVE INCREMFENTAL
MEM —IMDICATOR [F | PROGRAM SEYS ALL DATA TQ DFFINE
CNNSANGIVC o RIOSy M, N NDF , NODIF GIVEN THE
MIMBER OF [NTERCNNECTURS,. LFENGTH, AND
SPACING. !F NOT 1| THEN THII DATA [S REAQUINRFD
AND THE THANSFOAMATIUN MATRIX THAM 15 NUT
USED. .
IPLT =INDICATOKR [F | TrEN PLOTS (IF THE LUAD OFFLECTION
ARE PHINTED. THLIS INGICATOR MUST 8 o0 [F ?
. N INC 1S O )
IPRT =—INDICATOR IF | THEN ALL ODUTPUT (S PRINTED. IF
i IPRT I8 O THEN NHLY THE [HPUT DATA, EIGEH
VALUF s FIGEN VECTOR AMD FINAAL LOAD
CISPLACEMENT VALUFS ARE PRINTED,
FUMARKS S

THIS PROGAAM wAS DEVELOPEND FOR OMWHILE ANGLES ARKANGED TN

FORM A CHUCIFQRM, WITH OMLY SLIGHT MODIFTICATION IT CUULD
BF USED FUA OTFEA SECTINNS. THE [MTER CONNECTION OF THE
INTERCONNFCTORS S ASSUMFO T BE RIGID AND THF IaLTLAL
QUT OF STRAIGHTNESS 15 ASSUMED TO AE A SINE CUPVE.

SURROUTINES AND FUNCTIGN SUUPHOGRAMS NREQUIREN:

SINsy COS, NHOOT, AHPAY, EIGEN. IFIX,“FLOAT. aDS

METHONDG

THIS PRIOGHAM [S BASFD QM THE f INITE ELEMFNT APPRIJACH
ABD THE GEOQMETRIC GTIFFHFSS MaTkIX 1S BASED ON THe
WCRK OF Fo Co MARTIN



FORTRAM

0001
00902
0do1
0004
0005 -
0006
0007
0904
0007
o010
ooln1

coD
[~X=¥e]
———
LA

COoOQOoO00O0O
COoLDOOO0

NN st s
WY=OoOD~yoh

003y
coaQ
GQal
0Qap
0041
904an
0oas
ann
0nay
O0and
0049
29050
0ns5)
oas2
nnsy
0054

0055
2056
0057
0054
0059
anan
nognl
N6y
YT

Iv 6 L

[alaXal

EVEL

SQ3

[ala¥sl

[alalal

alaks]

[a¥alal

5900

LX)

4Q01

4022

163

21t MA Ty DATE = a3003 20/36740
DIMENSION TRAN(106.100).7RA~T(Loo.tuoa.rﬁnp«:oo.|00l
D{MENSION GLKI(ICQ.IOO).GLKE(lDOolOOI.TOTL(lOO.LOO).P(lOO).U(lOO)
DIMENSIGON c~tso.3).nctso.3).Mutso.z).xvctso.lzj
DIMENS]ON sxttzo).cvl(zoJ.GZl(201.672(201.622(20).Lcrntsop
DIMENSIGN RIOS(50.2)
DINMENSICN XL(IOOl-X(lOOUO).GLKlV(lOOUO).GLKZV(100001
DIMENSION CNNLSU.3),uX(190),5T(100) ’

INTEGER ODOF (50}
RE AL [

REAL MK, LGTH,.M
Pl:A.O'ATAN(l-O)

INPUT INOICATORS

PEAD(S-SOB)[GEN.!NC.MEM-IPLT.[PRT
FORMATI(S]12)

lF(!NC.hF.l)[PLI:Oa
INPUT OF DATA

]F(MEM.hE-I)GUTnAOOO

HFAD(S.SOO)NN.L.a-Yl.YZ-Zl.ZZ

FUFMAT(IS-éFIO-sl

SELAC2m{NNS]1)) .
Nz {(NH+2) 22

M= (NN+1)s2

NDF:(HN&!)tIOfIle(FLUAT(NN)Iz.Ol
NDOF:l+NN01FIX[FLGA7(NNJ/2.0J,
WOTTE(6,723) -
uPIYE(é.700)NN.L;B.YI.YZ.ZI'ZE.N.M.NOF
GUTDa0O

REAC(S.SOEDA.M.NDF

wRITE!G.??Z)N-M-hOF

CUNTINUE

«NOOF

JOINT COURDINATES .
IF (MEM.NELL)GOTOa0C2
p-1

S MI=Ns2

ATDDX
fo e
ZzZouoon
wmann
(L ppriftataty
ZZammrnm
:c—II'I
N )
st
H 1 bl
NN

(5.503)(c~u:1.J1.J=:.31. ’
NNCT.O)ed=1,3)

—-T

=
~p
no

Ny
[Fi
I

CONT

~LNmZ T~
e AC Y -

x
b
i
HAID A T O~
= MM A M=
7 aiMe Fo o MMe v 4 v

FEMDEH INDICES
Wik TE(L,701)

'IF(MEH-NE-I)GUTUQOO4

MP=Ms2 -
DOEOLI=] M2

[L=1e¢m2

MN{l.L)=t

MN{Le2) =141
MHLTL.1)=[eNs2
MNIUTT o 2)=]e14N/2



FORTRAN IV G LEVEL

0064
00645
0066
0067
0a63
0069

o070
Q071
0072

0073 .

0074
Qo7s
007H
[vRearg
aova

0079
aoao
QaAal
oQu2

aua3
0034
Q08s
04086
o087
dqQsR
00A%
Q090
Q001
QQu2
a0%2
309
0095
a096
naey
LR ]
U9y

QOoDOOQPO0000000C OOOOOOOOOOO%OO

- g . — g e b P A P e e P
;;N'SNNNNNN——F—-'————'-—‘-OOQOODOOOD

CINT NP N=D 2 INCNEAWN=OIDININSWI~D

69
4004

70

[alalal

4005

504

190

faXalal

302

[alalal

300

410 -
20

nAan

200

210

21

CONTINUE '
CONTINUF .

DO70I=1+M

1 (MEMoMEL 1) REACTS,503 ) (MM (1.0} .dml .2}

WRITE(6s 708012 (MN{[,J) au=1,2)
CONTINUE

VARIABLE CORELATION TAULE

1F (MEM.NE.1)GDT 04005
CALL VCTAHL{IVC,N NN}
CONTINUE

WK ITE(6, 705)

DO1S0I=],nN

[F{MEM.NEL LIREADIS,504 ) INC (T4 dbad=1,12)
FORMAT{1212)
WRITE(6,706) 1, {IVCIE 1,0=1,12)

CONTINUE -

INPUT HECHANICA% PHOPERTIES

WRITE(6,7Q7)
REAO(S.SOZJE.G.AA.ZI.Y!.x:.ALPHAl
FORMAT({7F10.4)

WRITE(S 4 704}E G eAALZL. YL X1 ALPHAL

NEPENCANT DEGREES OF FREEDUM

[F{MFM.NE.1}GOTOA0QS
DDCFl1)=1]

1=

IF {hN.EQ.0)GOTAOI 20
[2=214+1

13a1+2

la=1+3
IF{I2.EQ.NDNF

160
DDGF(IZ):DDOFE{
I

10

QOCF(113)=0D0OF

DUCF{ 14 )}=DDOF(
=1a.
IF{E.LO.NUDF )GOTN229

GUTC300 :

DOCF{12)=DDOF (1) +9

CANT I NUE
WRITE(64715)1{0DUF{T},[=1.NDOF)

a
Yer o
2)r1
EREDY

TRANSFURMAT [CN MATR X
J2=NOF-NODF .
IF{IPRT.EQ.1)wRITE(6,719)
KTR2=1
FACT=0.0
IF{RNEL.Q.0)FACT=1,0,1
w0290I=1 ,NOF
JA=S 1+ [~ TR2
CN200J=1.,JJ
TRAN(I4+J1=0.0
TPANT(J,1)=0.0
CONTINUE '
IFIKTR2.GT.HNDDF)IGOTO21 0
IF(1.FQ.DODF{KTH2}IGOTO220
CUNTIHUFE
TRAN(T,J00)=1.0
TRANT{JC . .1)=1.0
aGutu2ni
CONTINUE
IF(KTR2.EQ.LIGOTNZ2SO

*DO230UN=10.12

230
240

ER]

NE230K= ) M

KY=K

IF{IVCIK.JN) .LO.DDAFIKTR2) }GOTO240
CUNTINUF .
CONTINUE.

47 =5

IFLJT.EQ.11)GUTN24S

LT caa121a7=7

J1=IVC{XT,J2Z)

MAIN DATE

164

830063 20736440



FORTRAN v ¢ LfVEL

[
N

BPPLI WL
NI I NDANRWN=0IDNINPWY—~C ST~ NB WS

j=X-F~-Js¥-FoNoloFaleal
(=153~ F-F-N-Y-F - -N-F-Y-Y-¥-Y-¥o] oo
So2228nR2z2peomoc0200000000000

FOODNILNBNEVNDIPEE P

0163

0164

PR NANN AN NNNG OB O

[-X-]
OCQO00OCLORCOCOOCDoCOO00
SZ222322322822205202000000000

WEICIDTC 2
88233g10qu;—OODﬂOMPuv‘POQWuJ

2194

AR AR AnNnnA

B ¥alal

245

250

260

270

275

2450
2n)

299
40Q4

4013

a0la

A0a

a2
105

CONTINUE

. 165

I Halrm DATE = 83003 20/36/7a0
J2=IVC(KTOH2-JZ)
J3=0.n ot

GOTC260

CONTINUE
JISIVOIKT+M2,11)
GOYQ260

CUNTINUE

Ji=tvCir.1)
J2=!VC(M/2+I.I)

J3=0.0

CINTINUF

PU270J0CH=) .NDDF
JrHECK=NnDF—JCHFI
IF(JI.GE.DOUF(JCFECK)JJI=JI
IF(JZ.GE.DDUF(JCFECK)lJ2=J2
IF{J3.E0.0)GOTO? 10
IF(JB-GE.DDUF(JCFECK))JJ 43
CONTINUF
KTR2=KTR2+1
lF(J3.EG.O)GUT02?5
TRANCE.J3)=1,9
TRANT{J],[}=1.0
GCTAzZA0 .
CUNTINUE

TRAN(I.JIIH—FACT

THANKI.J2)=FACt

TRANT(JLs1)s=FacT

TRANT(J2,.1)=FACT

CONTINUE

CONTINUE

IF(lPNT.EO-lINR!YE(&-?ZG){THAN(!.JPI-JP:I-JJ)

CUNTINUE

CHECK INDICATOR IGEN IF EouaL Tn 1
AND EIGEN VECTNRS

lF([GEN-hE-I]GOTCJOS

THEN CALCULATE EISFM VALUES

DIRCCTION COSINES FOR STRAIGHT COLuMn : )
CALL CD&INE(M.MN.C&N-LGTH-DC)
CIGEN VALUE

CRLLELAKM(M.XI-YI-ZloAA-F-G.LGTH.OC.NUF.IVC-ALQHAI.GLKIJ
CALL GECKN(NvLGTk.OC-NUF-IVC.ALPHAI.GLKE)
[F(MEM-NE.I)GUTGQOIJ

CALL MATHUL(GLKI.TQAN.TEMP.NDF-NDF.JJ)

CALL HATMUL(TPANT.TEMP.GLKIuJJ.NDF.JJ)

CALL HATMUL(GLK?.TPAN.TEMP.NDF-NOF.JJ)

CALL HATNUL(TRANT-TEHP-GLKZ-JJ.NDF.JJ)
60704014

CONTINUE
JJ=NDF
CONTINUE .

CALL ARARAY J.JJ.loo.loo.GLxlv.GLKtl
CALL ARAAY J.JJ.IOO.[OO.GLKZV.GLK?J
CALL NROOT GLKEV.GLKIV.XL-XI
fi=1
CLI=2.0/2L
IF{MEM,.NF,

—~—
(SR )
LI

CONTINUE
CONTINUE

CHECK JNOICATCH INC
EF{INC.NC.1}GOTG4a20



FORTRAMN

oo2poocC

[URCESE TSN

Iv G LEVEL

2
C
[
c

[aXalal

41

.42

non

anon

355

s0o07

aANn Ann [aTalal

[a¥aTal

laYa¥al

370

fr,0

&mn JOINT COORDINATES FOR

21

MA [N DATE = s3s0021 20736740

CALCULATE THE LOAD INCRFMENT

RE AD( 5,507 )PDEL ’
IF(PDEL.EC-0.0)HDEL:CLI/A0.0

INITIALLY CUT OF STRalanT COLUMN
wRIIEC(6,701)
DOA42I=1,N
CNULsN)=CNNCT, 1)
0041J=2,3

Tedi=CNNCYT, D) eRTOSOT, oy
CNR(TWJ)=CN(T, )
CONTINUE . Y
BHITEL6,702) [, (CANE L., g2,
CONTINUE

INITIALEZ2E LoAD AND DISPLACEMENT VECTGORS

IF {MEM.CO.
NPC=N/p—~)
PaA=3,0

THCREMENTING THE PROBLEM Fup Lgap VERSUS DEFLECT fon
DOGOOKTRa] 20

PA=Pa+POEL

A=pPa

A2=a

IF(MEM . EQul) A2z A

IF (MEMUNEL1)GOTNA0E7
CLSTY22CNIN  2)—CNN(N, 2 )
CLSTZ2=CNIN.J)-CNN{N. I}
NO=NsD '

CGNTINUE

IE (MEMuNF.1)ING=(he2) o2
cﬂsrvt=c~(~o.2)~c~~(~o.2!
CLSTZE=CN{NG:31-ChAiMQ,.T)

ITERPATF AT LGAD TQ GH1 DISPLACEMENTS

IF(lPﬁT.EG.leRlTEl&.TIlJ
DUIWITERAT=], 5

DIRFCTION COS[NES FOR DISPLACKFD CULUMN
CALL COS[NE(M.MN-CN.LGTH.DC)
FLASTIC anD CECMFTR [C S5TIFFNESS MATRICES

CALLELAKM(H.K[-Yl.ZI-AA.E;G;LCTH‘DC-N”F'IVC.ALDHAI.GLKl)
CALL GECKMUM,LGTH,DC, 1DF, IvC . ALIPHA | 1 GLK2)

SET UP TOTAL MATRI X

DNI701=1 ,NDF
DG3TN = NDF

rurL(r.J)=GLKl(I.JJ-Gszcl.JJon
CANTINUF, ' '

THAMNSFORM Tr§ TUrag 7TIFFNFS$ MATH ] X

IF(MEMLNELL)GRYR4QCA o
CALL NATHUL(TUTL.THAN.TEMP-NDF.HWF.JJ)

CALL MA?MUL(TNANY.TEHP.anL.JJ.NDF.JJ)

Do 3&0t=1..40

Ut =pr1(()

CONTIHUE
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Y
FORTRAH IV G LEVEL 21 MAIN DATE = B3003 20/35/40
g SOLVE PROALEN USING A GAUSE ILLIMINATION SUBRUUT {NE
0244 CALL SOLVE {TUTL .U.JJ)
02as CALL VECT(THAN,U,UXsJJsNDF) : :
0246 GAOTCA0QS
02a7? 3008 COATIMNUY v
02an DL3711=1.NDF
02460 371 Ux{lI=P( )
2250 CALL SOLVE(TOTL ,LX,NDF )
0251 4009 CONTIMNUE
0252 ‘ IFLIPRT.NF.1)G0TA1731 -
02521 WRITE (&£,713)
22%a DC3?731=1 ,NDF !
2255 373 WRETEL64702)1,Ux{1).P(1} T
0256 3731 CAONTINUE A
c B [
: C ACJUST THE JOINT CUGRULNATES BY THE CALCULATED OISIPLACEMENTS
C
0257 IF(MEM.NE.L)GUTCA010
0254 DU3TSI=1,.NPO
0259 1=+
0260 I2z=1eNr72
0261 . [3=1tens2
9262 [4=]73-2
0261 D03TSJ=1,.3
o264 JE=J¢ré b
0264 1F(4.6T.11G0TUIS
n2ah CHIT W J)=CNNEL o JF+LX{IVELT . 1)) .
0267 CN{IZ+J)=CNNOT2,J)+UX{IVCLL8,1010) .
2268 ) GCTOI7S
9265 37e CCATINUE
0270 CNETLaJI=SCNNL T L. J)+UXL IVC( [4JB ) )
n271 - CHLI34J}=CNNCT 3, ) +UXT IVC(1a,06))
0272 375  CONTINUE
027 GOTCa0lS
02r7a 401G CONTINUE -
027e DOaTeds1,3
0275 IF(IVE(1.J). o NIGLTD3 76
0277 CHUToJ)=CNNIL . J)+UXCIVEIL ,J))
a279 376 CONTINUE
279 DUAT21=2,N
a2a0 DCAT2J=1,3 .
2211 thxvct1—1.J+6).Eu.onnotnsvz
Q242 CHUT L JI=CNNIT ) +UX{IVCITI-1,J+6)9
4283 - 372  CULNTINUE
028a 4015 COUNTINUE N
0285 IFUIPRT ANF.13IGUTOISTL
0286 WRITE{E6.701) '
0287 ) DCIPT1I=1.N -
o284 3197 WRITEC(HB.TO2) 1. (CN(T+d) od=1,3) ,
0249 3971 CONTINUE 4
0299 _IF(NFM.NE.I)GDTDQOI! . -
[
C CHECK % DIFFERENCE FRQOM PREYIOUS ITERATION
¢ .
0291 IF(ABSICN(MNL2)) JLE.1.E-6)1GOrQ1ISTY
o292 CHCKY2=ABSI(CLSTY2-CN{N«2) J/CNINL2) ) f
0293 GOTCAS572 .
0294 3571 CHCKY2=0.0
0295 3572 _CLSTY2=CN(N.2) ‘ .
32946 o IF {AB3(CN{N )} .LE.1.C-4)}60T03573 "
0297 CHCKZ2=ABS({CLST22~CNINJIJI/CNIN, 3))
029n GUTIE3IS74
az99 2%73 CHCKZ2=0.0 ~ ' -
0300 IS74 CLSTZ?2=CN(N,3)
030t 4011 [F (ARS{CN(NG .3} ) .LE.1.E-61GOTN357S L
0302 CHCKZ1=aBS5({{CLSTZ1~ CN(NO-J))/CN(NQ--)) .
030 GLTISTS
03a0a | 357% CHCKZ1=0.0".
0105 3576 CLSTZI=CNING.3)
0306 !FIAUS(CN(NO.Z)) E «E=6)GOTNISTY
0307 CHCXY1=SABSI(CL ST ( Q-ZJ)ICN(NQ.ZII
01l0A GoTrIS78e .
o.109 A877 CHCKY!I=0.0 i
8310 3578 CLSTYL=CMINQ,.2) .
ETH IF(CHCKY 1 .LE 201 .ANDJCHCKZ 1 .LE ..01)GNTU3R2
12 GNTC 3590 \
oh12 392 CUNTINMUE
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FORTRAN

[=]-J-3- I
Wi i
— o 5
N3P

0333

Q033a
‘0335
033s
033z
0334

0339,

03ao
03ay
0342

034y

03ag
n3as5
n%an
0la7
014n
¢ 140
0350
03s)

Iv 6 LEVEL

-

39¢c
39

-~
[aTalal

4012

4016
400

700

701

702
703

705

708
707

708

770G
o
~11

INUE
TIMUE

AF
Zaox

AUTPUT ©F LCAC .AND NI MBER QF,

\
T TER=3TERAT -}
lF(lPRT-EO.lIwRITE(ﬁ.TIH)AZ.ITEN

SET MSw JnINT COOHUL INATES

prtasr=
DCIVGJ=]
)=

’
. ’
LCHRGT s U ) =C

"OUTPUT FINAL COQRD INATES,
[IF(IPPT.NFol }COTRIOGL ™

WRITE(&,7

oC3w6l=1,
WRITE(&.70
CONTINUF

.

N
3
N

01)

N

{1.21

MA 1N

EM.NE.]1)GOTG 29 e
QK X2LE .. 01 AND.CHCKZ2.LE, . 01)GOTO30

ZII-CCNNII-J!'J;I.JL

SFT UP GRAPH VECTORS

CXLl“TH)=A
H

G

[
6
G
GATCaOLC, .
CURTI tUE

2

P2

GYLIKTRISCNN(MNG, 2)
G?l(KTRé:CNN(NQ.E)

CINTINU
CCRTINUE
WRITE (6, T1
DOsl10l=1,2

5)
[}

IF{MEM.NE. L )WR
TF{MNEM . EC.1)WR

CUNTINUE
IF{IPLT.NE

CALL PLQT2
IF (MM N,
CALL PLNTD

J

T CALL PLLT

COUNTI UL

(
(
1
{
{

o

e e F AT ]

-t

WO XD MM
—— ) e aa

-

X1
FAMIM.NEL LI GLT 40 12
Y2IKTH)I=CNM(N,2) +R /2
Z2(KTR)=CNM (N
YICKTR1=CNN(N/2.2)—H/2
ZI(KTRIECNNING2, 1) :

1}

= Dern O
o

NN NG
=
—

=
——

FORMAT STATLNENTS

FORMATE " 4, sNyMAER OF

FROM F INAL

DATE

v

RINCHES ) ¢ s TAS,F10, 20 CH'SPACING. (INCHFS) e

WUT LF STRATGHTNESS Y
QT OF LTRAIGHTMESS 24

OF JOIMTS*,TaA5,[5/+
ACLEFS UF FREZDOM®

ast <
FUUFRMAT (/27
ATPG ey, T3
TOFRMAT (s o
FLUIYAT (272
FOHMAT (s ¢
FURMAT

LR ] &
VTS AL "MCNMEN

BOUF TS, '0F ¢
D INERTIAC, TS

.
o

.

T

FORMAT (' v,

FTUERMAT 77/
FORMAY(*4r
FURMAT L sz

P OSTDe v SLUT N

—a .

;
.
M
.
A
T
T
.
3

"HONULUS! ,T25 .M
*TORS ION* , T7a, '
*COMSTANT /T) 4,

.
N
T
1
]

15) .
HER PROPERTICS

in
T3 16 , TaR, ' 7

.T15.FIO-2.T50.‘Y2?
-TJG-FIO-E.TSD-'ZZ'
P PAUMRER OF MEMUERS T35, 15,9 o
T35, 157 ", sNUMAER OF ‘DEPFMNANT D,

JCINT C G

\

1TERAT [OINS

43003

A1

1)
LleGr2t1y.62201)

lNTFNCGNNFCTﬂNS'-V3S.!5//' fe'TOTAL
o T35.710.2/
2TSSF 50,270
IS5, FL0.2r/0

LFNGTH

~

3

:
SL19 X,

l-'HEHGER'.TIQ.'P‘.YZ”»'d'/L

TARLFE 17,4

(KPS, IN

ERTIA® ,Toa, 4 g0 /0 t.Taa,
12, 2F1042,5F 10.4) L
TICAL LQAD'vlS-TJE.'Klqg'I*M) '

ed}
(EE LR X ¥ ¥ ¥ ¥

'

STAMT leQkL:%

CHES 'AMD DEGIEES) '/,
nnuLu51.run.°AREA';raa.'MnMFnr'
OTATIONY/T1a,vqfF s
"ELASTICITY!

COMEMAER ¢ T, e,
+T53, 184,158,195, T64, 110" .1

o T2S,V0UF ', Taa,
rT25,*RIGINITY . Ta4

*S3ITAXISY,TSa,%52 AXT3 /)

~

E

E PRUCEEDURF

i

LERZ X ]

LOAD aAND OISPLACEMENTS Fl{R ITEMATIGN

'W'INITIAL O
LIMITIAL O
* s "NUMAER O
* "HUMBER UF° DE
DeFayTAS, IS/ /

IMATES  (INCHESIt//0 4,0 0007 »

LTERATION For MEXT INCHEMENT

{



169
[ @ ~ )

* B .
FORTRPAN 1V G LEVFL 21 HA TN DATF = A3003 20736700
' ’ att‘t-!tlﬁt'.//)

0364 713 FORMAT{ ¢ TL'LCAD AND DISPLACEMENT*//% % ,00,.0,.F DISPLACEMENT
- aNT LOAD* /) .
0365 714 FORRMAT(/7/7/% ' ' INITIAL OUT OF STRAIGHTNESS (INCHES)}'//" % ,¢ JOINT¢
. DeT1F40Y" 4, T29,0 2 ) .
0366 715 FORMAT(/7//% *,*DEPENDANT QEGHEES NF FREEDUMY//,10110)
0367 716 FﬂRMAT({/I' Sy PCCUNTER s T12,'LOAD i T24,*Y1",T36.921",T48,°Y2*,T60,
BVZ2Y /S '
03s8 717 FORFAT(?® 1,15, T10.FS.2,¥13,4F12.4)}
0369 T18 FORMAT(/Z//7" *,LOAD KIPS sTI0F10.4/2% 3,0 LIEQATI VIS s TLH, )
Q370 T19 FURMAT{//7/*% * ' TRANSFORMATION “AT IX (MOF X JJg)ts)
0371 720 FURMATL®Y *413F9,2/7% *13F9.2/% 1,110,173 G/t 8 T ), 1 2F0G.2)
niz2 721 FURMAT (* *,*FINAL NUMBFER OF ITE- ~110ONSe 170" FCuor L A F] 1.%,
'K IPSY) .
0373 722 FURMAT( * 49, 'SINGLE PRISMATIC 3D COMPRESSION MEMHEE '*//% ¢ ' NUMAFR 1 M
@F JCINTS',T3S.15/¢ *,*NUMDER OF MEMAERS' ,T35,15//°% 1, 'NUMIER OF Do)
. Q0 eF o TS IS//7) ; .
0374 723 FORMAT(*+!','AUILT UP OOUBLE ANGLE 3D COMPRESSION MEMAER',//)
037s T24 FORMAT(///% ', 'EIGEN VECTOR*// ' De0aF oy TLA,"VECTOR '/ /)
6376 ! sSTQpP R
037’ EXN . .
) 7}
. F Y
- -D'
i ° ‘
. . ’ IR _
rFJ
2
. :ﬁr'o 174 s )
i



FORTHAN IV & LEVEL 21

2001

0007
0007
0004
.0008
0006

booo
oD D0J
_-—C o0
f= R 2 ]

oooCcoOQOO
Y- T-X-1-1=)
- -
INTUME LN

00az
0041
0044
doas
Q046K
a0az7
Q0aun
1047
00573
005t

oas2
0057
G0Sa
035%
0056
0057
90548
a059y

0060

0061

0062
00631
0064
0065
0066
Q067
aaen
0069
9070
oot

Q022
o071
no7za
Qo7rs

T

=

EL AK

non

ENSICN DC{50,2),ELL SO

ENS[LN [VC(S5C+12) LKL

ENSION EKG(L12.12),0(1
MK

«0%ATANI1.0)
[=1+MDF
=1
o
10 con 1A
DOICOK=1 .M
ALAFAS ALPHAltutllao.
CX=DCI{K+1)
CY=NC(K,2)
CZ=DCIK,
DD201I=1,.
ofzaJd=1,
T(1,J1=0,
20 CONTINUE
T{l.1¥=Cx
Tl1.2)=CY -
Ti1.3)=C2Z
IF (CX+C2)25,27.2¢%
£5  CONTINUE
ELChE SCRTICX*#2+C7422)
Zalla{-CxeCrsCCS
=ELCNF2*COS{ALPHA )

2)
12
12
Q

ELONF *STINLALPHIA)

nuan

27 ca

-_zo-n-uu_

UE
=S=CYeCNS { ALIPHA )
2CYSSIN(ALPHA)
TU3+l I=SIN(ALPHA)
TE3.3)=COS(ALPHA)
30 CONTIMNUE
onapl=1,3

I3=1+3 .
16=1+6
19=1+9
DnaogJ=1.3
J3A=a+4
Je&=2+v 6
JE=J+9
TEI3d3¥=T{1,4)
T{I6JO)I=T(1,.4)
FEI9.09)=T(1,J)

40 CONTINUE
NOsal=l,.12
-NOSgJI=112
EXL(1+J)=20.0

=0 CUNTIMNUF
FRKLIL+]1)zE®AA/EL(K)
EKXL(147)5-EKL{1,1)
EKLI2,27=12.0%E+Z1/€L(K)na
FrLA236)=6.04L 42 1/EL(K)0n]
LEL(2»8)==EXKL{2,2)
ERLI(2.12)=CKLI(2,¢)
EXL{3:2)212.0%E0YI/CLI{K)®n]
EXLI3 v S )=~ 0*ESYI/EL(K)®&2
ERL{329)==ERL{3,2}
FRL{24 11 I=EKRL{3.5)
EML({444)=G*X[/EL(K)
EXL{4,10)=-EKL{4,4)
EXL(S+S)=4,0%E*YI/EL(K)
EKL (9. 9)=-EXLLI,. 1Y)
EXL{S5411)=2.08E4¥YI/FL(K)
FRL{A,6)=28,04L4Z17EL(K)
LKL (HeB)==FEKLI2,€) .
EKL{G6412122.08E€821/FLIK)
FELIT«7)EKL(],tL)
FKLIAsA)==EKL{2,.7)
EKL(H.i2)==ErL [2,12)

~ hd

M

L
SURRNOUTINF "ELAKMIN ;X1 ,Y1421,AAF,G.EL.DC

)
(12
2.1

CY'CZ*SIN(ALPHA)+CX&CUS{ALPHA)I/ELONE

170

DATE = 830031 20736740

sNDF L IVC, ALPHAL , 4K )

SUUKQUTINE TO CALCULAYE THE MASTER ELASTIC STIFFMNFSS, MATRI X

MK(!UO-IOOJ

B

(AlPHAJ—CZ"lN(ALnHAli/FLONF

(- CY‘C?‘CUS(ALnHA)*CX‘SIN(ALPHAIJ/ELONF
(CXOCY‘SIh(ALPHA)—CZ'CDS(ALPHA))/ELONF
(



-

~—

FOPTRAN IV G LEVEL

0076
0077

060

ac
100

H

OATF = 33003

q
b3
-
C
z
=
&
“-Z
———
NN
Pabiathin

bu0I=],12 .
fL=IvCi{K,. 1) . .
IF(IL.£EQ.0)}GDTQSC

ILi=TADS(IL)
JJ=ILIZ1L

oUAGJI=1 .12
IN=IvCir,J)
IF{IMN.EQ.0)GOTNRA
INI=TAUS{IN}
KK=INJ/ZIN
HK(IL1¢1N13=MK(ILI.!N1JfJJ#KK‘EKG(I-J)
CUONTINUE

CONTIMNUF

CONTINUF

RETURN
-EMD

171

20736740
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v
FORTQANIIV G LEVEL 21 GEOKM DATE = A3003 20736740
0001 c SUBROUT I NE GEDKH(M.EL.DC.NDF.IVC-ALPHAI.MK)
. g SUARCUTINE TC CALCULATE THE MASTER GEOMETRIC STIFFNFSS MATRI X

0002 DI MENSION ELJso:.octso.J).lvccso.lzi.chrlz.tzx.cxc(12.:2!
2003 DI MENSION T(lzclE!.U(lz.IZ).v(lZ.lE).MK{lOD.lOOl
0004 RF AL MK

00405 - Pl=4.0%ATAN(1.0)

0006 N0101I=1,NDF

0007 . DO10J=1,NDOF

Qo008 MK{T1,J)=0.0

0009 . 19 CONTINUE

0010 DOL1QOK=14M

00t ALOHA=ALPHAI*P1 /180,

oo12 CX=NC (K, 1)

0013 CY=0CIK,2)

0014 CZ2=DC[K,1)

onLs DN20I=t.12

0olLé& DD20J=1,12

Q017 TiIvJi=0.0

001a 20 CONTINUE

0ot9 T(lal)=CX

0620 Tll.2)=Cy

0021 TlLs3)=C2

0o2z LF (CX+C2)25,27,2%

0023 25 CUNTINUE
' 0024 ) ELONC=SARY(CX% w2 4CZen2)

0025 T(Zol)=(-€XtCY¢COS(ALPﬂA!-CZ*SIN(ALPHAI!/ELDNC -
0026 TU2.22)=ELCNESCOSIALPHA ) -

0027 T(2-3)=(-CY*C?‘CCS(ALPHA)PCX'SIN(ALPHAJ)/ELUHE
0oz8 T(J.!I=(CxtCY‘SIN(ALPHAI-CZOCUS(ALPHA))/ELDNE
0029 T(242)=-ELONESSIN{ALPHA) -

0030 r(3.3I=ICY-c2¢51N(ALPHA)+cxacostanhA))/ELDNE
003) GCTNAO =) .

[ HEH] ar CCANTINUE

00233 TE2413=~CYeCOS(ALPRA}

003a T{2.3)=CYSSN(ALPIA)

0035 f TCIv1)=SINCALPHA)

0036 T€3.33=CCSLALPHA)

0037 4 30 CONTINUE

001a DGA0I=1,3 . ,

o019 T3=1+3

0049, I6zis6

0aal 19=1+9

00a2 DCa0J=1,23

0043 J3=4e3 . .
0048 ITERTYS

a045 JI=Jey -,

0044 TUI3.03)=T(1.0)

0Qa7 TCI64JB)=T(T. )

0048 TCIF5d9)=T(1,d)

0049 an CONTINUE s
0050 DOS0I=1,.12

ans1 DOSNY=1,12 '

00852 - GKL[l«J)=0.0

0053 50 CONTINUE

0054 GKLIZ2¢2)=6.0/(S.04EL(K})

0055 GRLIZ40)=0.1

0054 GKLI24A)==GKL (2,2)

0057 . GKL{24v12)=GKIL.{2,6) -

0059 Y OGKLI3+3)}2GKL(2,2)

0054 GKL([J3:5)=~GKL{2,6)"

0060 . GKL{3+9)=GKL{2,8) -

0061 GELI[3,t1)=GKL(3,5)

0062 GRLIS+5) =2, 0% L(x)/1S.0

00673 GKL{S.9)=GKRL{2,4)

0064 GELIS, 11 )=~EL(K)/30.0

0065 GELI6,6)=6KLI(5,5)

0066 GEL{n,.,8)2GKL{3.5)

0067 GRLL{612)3GKL(S,11)

006H GKL{8,.8)=aGKL{2,2)

0069 GEL{A12)=GKL{3,4) .
Q0070 GrLi9.9)=6KL(2,2)

0071 GRL{F.11)=GKL{2,€)

0072 GRLEIL . 11)=GKL(5.5)

0077 GML{12,12)=GKL(&.E) '
0074 . DN&OT=2,12 :

-1

Qo7s I1=



FURTRAN [V G LEVEL

007s
ogor?
007y
oore
0gao0
0Q9a]

caar
ooant
0084
anas
0086
0987
ooss
eaRe
0050
com

0092
3093
0094
0a93s
0096
Qo977

(

60

8o
100

fa

a2t GFOKM
DnegJ=1,1]

GKL(!-J]:GKL(J.‘)

CONT I NUE

CALLTPANS(T.U.IZ.IZ)

CALL MULTIU.GKL-V.{Z-]Z.Izi
CALL HULY(V.T-GKG.IZ.IZ-IZ!
DO90I=1,12

IL=Ivce
0T090

Mo\ TN =~
—_ -
™
~- 0

MMl Xe A0 X

araso

—OLK
2
-Gy

ZZmen oy .

ll=HK(ILl.lNl)*JJ!KK‘GKG(l.Jl

173

20736730
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*a
\\

FORTRAN IV G LEVEL 2,

vCTABL ODATE = 43003 20736730

‘0001 SUNRAUT I NE VCTARL{ IVC ., M NN )
Qoag2 DIMENSICN IVC(50,12)

0003 M2=M/2

goNa M2 |=M/24)
. Goos . IVC({L.1)=1

00046 I¥VC{l1.2)=0 "
0007 . IRCt14.3)=0

000Aa IvC(ll,a}=aq.

0009 IvCil,5)=2

0010 IVCIll,0)=3

oolL1 IVC(M21 41 )=y

0012 IvCtM2),2)=0

o013 IvC(42y,3)=0

0014 IVC{M21,a)=0

0015 IvCiM21,5)=2

0016 IVC(421,€)=3

o017 IF(NN.EQ.0)GOTOES

o018 DUBOI=2.M2

0oLy 0080J=1,12

an2o0 zvc([.Ji=4-tl—l)+(J—|1otl—zlca
Qg2 a0 CONTINUE

0g22 as CONTINUE !
00223 IvC(u2,7)=0

au2a ! IVC(M2,8)338M=2

0025 IVCIM2,91=38pM-1

Qo026 IVC(MZ,10)=2eM

Qo227 IvCid2z,11)=q

d02y IvC{a2,12)=0

Q029 nueQI=7,12

0230 INCLl, J)=IvC(2,1-6)

oo3l IVCqul.Jl=lvctnzl.11+(J—6J
o032 99 CONTENUE

0033 IFIAN.GT.0)GOTOSS .
003a IVCli.7)=0 .

4035 IVC(1,Aa)=as

0036 IvCll,9)=s

0017 IVC(1.10)=6

0038 IVCtlar L )an-

Qn3e . IvCi1,12)=0

00440 95 ' CONTINUE

0041 M22=2M/242 ‘ -
a042 KTR=2

gaal IF{MN.EQ.0)GOTO LSO

0G4an DOL&4QI=N22,. M

0045 KYR=3~-KTHR

0045 CO1a0J=1.86 )

0047 - JE= S+ 8 '

004H lVC(l-J)=vall-l.Jt!

0049 100 CUNTINUE

0050 v IF{l.EQ.M)30TO1Sg

04051 . ON1304=7,12 t
Qos52 IF{KTR.EQ.L1GOTAL10 .
0053 : lVC(I.J):lVC(l-l.111+(J—6n

0054 GUTCL 30

0055 L10  CUNTINUE

onss IFIJ-FQ.B.DR.J.EO-ID.OR.J.EQ.lZJGUTﬂlzo
0057 IVCII.J’=IVCtI.é)flJ—SJ/Z

00sy GOTrCclaa

Q059 120 CNNTINUE

0060 IVCOL o) =IVCiTI-N/2, 0}

0061 130 CONTINUE

QAne62 140  CUNTINUE

0061 GOTC1A0

anéa 150 COKTINUE

0065 IVCitmM.731=0 [
0064 IVC(M, 11 }=0

0067 IVvCIM.12)=0

00GA IFINN.EQ.O}GOTOL 70

0069 IF{KTR.EQ.1)GOTAL40.-

0a7aQ IVEUM, B1=2IVCI(M,5)+1

aor1 IVC(M, 9)=IvC(M,E)+]

sar> IVCIM10)=IVC (M, S}+1

00721 GOTO1Aa0

oo7va . 180 CUNTINUF

0a7s : IVCIM, S)sIVvCIM,€)+1

an7s IvC(M, A)=IvCI{M/2,48)

gor? IVCIM.10)=tvC(M/2,10)

go7a Gorciao
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FORTHAN IV G LEYEL

0079
oaQaon
0081
0Qnaz
Q08x:
0o0aa
aaoas

170

1A0

21

CONTINUE
IvC(M, B)=8
IvC(iMd, 9)=9
IVC(MLa10)=])
COMNTINUE

RE TURN

END

o
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FORTRAN 1V G LEVEL
0001

nan

o
[=]
Q
>

COo0T00000
[ E=2-X-T-X-2-2-1-]
o o B 1 o g
DI NDAPLN=O

3o
0020 s

o023 50

FORTRAN 1V G LEVEL

acot
Qgo2

[alakalata}

006071

0004

Q005 ’

Q000A

oGo7

Q0aR

Q009 307
0010

aoll

0012

00132 doe
Q014 309
Qots

goln

FORTHAN IV G LEVFL

3001
Q0qQ2
00903
o0ons |
0005
acaon
ooe?
Qaon
ono09 16
o0tn
90[]

-
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21 SULVF DATE = 830073 20/56/a0
SUBROUT INE SOULVE(TCTL . U.NOF) ’
GAUSS

ILLIMINAT!UN PROCFEDURE TO SO&VE SYSTEM OF FQUATINMS

DIMENSEICN TOTL(106C.t00),U¢100)
oosoth.n
[1al+
lF(ll.GT.NDF)GDTulS
DU10J=11 ,ADF
IFILTUTLA{LI.J).EQ.0.0)GOTU1D
TOYLLeJ)=TOTLL L. 03/ TOTLET 1.0
CCNTINUE
CUNTI MUE
U(I)=U(I)ITOTL(I.I) B
TOTL{Is1)=1,0 ¥ s
COS0K=1,NDF .
1F(K.EQ.1)GOTUSO M
lFlIl.GT.hDF)GOTO]S N
DUINI=T1T.ND
IFIIOTL(KR,. T ) -£EQ.C.0.0R, rurL(l.Jl.Fu.o 01G0TNO30
TUTLLK . JISTOTL (K, J)—fUTL(K.I)‘TGTL(I.J)
CUNTINUE "
CUNTINUE
UCKISULK)I-TOTL(K, [ )su( L)
TOTLIK,.1)=0.0
CONTINUE
RETUAM !
END
f
21 COSINE

DATE = 83003 20736749
SUBRUUT INF COSINE(M,MN,CNWEL . DNC)
DIMENSION MN(SO,2), CN(SO-J)-EL(SO)-DF(SO.JI

SCLVES FUR TrE DIPECTIOM COSINES FOR A THR
MM IS THE MEMBER INDICES, CN IS

EE OIMENSION PRUALEM
CALCULATED LENGTHS AND DC

THE JOQINT COOROINATES,EL [S THF
IS THE CALCULATED COSINES,.

SlauM
K=MN{1.1)
LOsSMNIT,2)
Suszan.o

DU3OTJ=1,3

5un=sun+tCN(Lo.J)-CN(K.JJJ.--z

CONTINUE -
EL (1)=SART(SUM)

DC208Ja1,3

DCLLsJ)=(CNILOYII~CNEK , D) ) /EL L 1)

CONTTHUFE : W
CONYINUE : RN
RF. TURN : .
END

2l

HA TMUL DATFE = 83003 20736740

SUBROUT INL MATMULIA,.O. CoMy Ky NY

DIMENSICN A(loo.:noa.u(lqu.IOO).ct100;100:

DU10I=L, M - : .

0110d=1 oN N

Cl1.J)=0.0. .

DuU10L=E,K

IFEACLLL).EQa0.0.CR.UIL,J) . EG.G.0)GOTA10

CH1,J)=ClI,aivAllL)en(Loy) :
CUORNTINUE

RE TURN -

EMD : .

g *
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FORTAAN IV G LEVEL 2 MULT DATE = g30031% 20/36740
0001 . SUBHOUT INE MULT(ALB.CaN K, N)
c
c THE PROOUCT' OF, MATRICES A x 1 1€ STORED A MATRIX € .
. <
agox DIBFNSICN ACMyK) (B (K N2 CON, NS
0003 DA10T=1,M
0004 ¢ DO10J=1,N
0005 €i{1,41=6.0
aoos DO10L=1 ,x
0007 R ACILL).EQ.0.0.0R.AIL,. 41, RA,0.0160TuLG.
0004 ClEuadb=CUT I rALTLIaBlL )
0009 10 CONTINUE ,
0010 RE TURN
0011 END .
) ;
. * ] N
FORTRAN 1V G LEVEL 21 VECT DATF = a3ao3 20/36/a0
ooc1 SUBROUT INE VECT(A+E.C. W, N}
c
c THIS ROUTINE MULTIPLIES A MATRIX &Y A vecTna AND STORFS THE
< .
oaoz DIMENSIGN A(100.100).8€100}.c{100)
n0ax DOZI=1.N
0nga SUM=0.0
0005 DGlJ=1,m
0004 IF(ALl+J}.E0.0.0.0R.0(J).£0.0.0)G0T 01
00a7 SUMSSUM+A(T. 4300 )
0008 1 CONTINUE
0009 ClI)=sum
a014 2 CONTINUE ;
0011 RETUAN
0012 END -

FARTRAN . IV G LEVEL 21

2 THANS DATE = 83003 20736740 \
0001 SURPOUT TRF THANS(U VK. )
: < ‘
c THF TRANSPOSE OF MATRIX u (5 STUHED IN MATR{X v
c
onaz DIMENSICN LDILLK) ,VEK, L}
0060 4 DULOL=] K .
Ga0na DNLOJ=1 .1, .
Q005 VIil.d)=uia,.1) ‘ .
ooce 10 CUNTINUE - ’
0007 HE TURN .
00nR FHD



BUILT UP DOUBLE ANGLE 30 COMPRFSSION MEMHER

NUMRER OF INTERCONNFCTORS

TOTAL LENGTH (INCHES)

SPACING (INCHES)

INITIAL QUT OF STRAIGHTNESS Y1
INITIAL QUT OF STRAIGHINESS 21

NUMARER OF JOINTS

NUMBER OF MEYAFRS

NUM-YER QOF DEGREES OF FREEDGM
NUMBER OF NDEPENDANT D.0.F.

JOIMT COORDINATES {IMCFES)

JOINY x Y
1 0.0 1.2950
2 62.0090 1.2950
3 0.0 -1.25650
4 60.0000 -1.29%50

INTTIAL OUT QF STRAIGHTNESS (INCHES)

J0INT ¥ z
L 0.0 0.0
2 0.0300  -0.0500
3 0.0 0.0
3 0.0500 -0.0200

MEMP INDICES

-
LM

VART ADLE CORELAYIUN TABLE

MEMBER T 2 3
" 1 0 o
2 7 0 0

MEMBFR PROPERTIES (KINBS

MODULU S
£

MEMUER MODULUS
QF )]
CLASTICITY RI1GIDITY

29710.00 11770.00

*
(]

DEPENDANT DBEGREES OF FRLEDCM
Y
3

CRITICAL LOAD 1

&t

Jsa.2748 KIPS

AREA

+ INCHES AND CEGREES)

Q
120.00
2.59
c.0Aa Y2
~0.05 z2
4
2
10
1
z ®
g.0
9.0
C.0
4.0
& 7
2 3 o
2 3 o
MCMENT’
aF
INERTIA
S3 axIS
D-31860

l1.2221%

@ p

oun

MOMLONT,
uF ’

0.h6
=0.0%

&>
(-]

YORSION
CONSTANT

INERTIA J
52 axis |

L. 1800 0.0248

[~3~]

178
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wy
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EIGEN VECTOR

DeO.F, VECTOR *
1 -0.0083
2 9.0
3 0.0064
4 ,0.7070
s .0 .
6 0.0
7 0.004a3 .
a 0.7071
9 . 0.0 '
10 , 0.0
JOINT COURDIMATES (INCLHES) - - AT
JOINT x , ¥ z
1 0.0 1.2980 9.0 ,
2 €0.0000 1.37906 -0.0500 .
3 0.0 -1.295¢0 .0
4 60,3000 -3,.22355 -0.0300
COUNTER LOAD Y1 r 41 Y2 z2
1 “1.99 C.0836 ~0.0%15 0.0631 ~0.0314
2 3.93 0.0877 -0.0€32 0.0665 -0.0329
3 5.97 0.0921 -0.C550 C.C704 -0.,0345
4 7.95 0.0971 -0.0%66 Q.07a8 -0.0363
5 9.9a d.1027 0.0 0.C798 -0.03483 -
67 11.93 0.1090 -0.06]4 0.CAS5 -0.0405
T 13.92 0.1162 -0.0640 0.092] -0.0430
a 15.91 C.l1246 -0.0669 | d.1000 -0.0457
9 17.90 0.1343 ~0.0701 041093 -0.04988
10 19,89 0.1454 -0.C0737 G.1207 -0.0523
11 21.88 0.1597 -0.Cc7278 Q.1349 -0.05631
12 Z3.86 01769 -0.0825 Q.1512 ~0.0610 ~
13 25.85 0.1986 -0.cea0 0.1776 -0.0665
14 27.24 0.227% -0.6543 0.2121 -0.0730
15 29.83 0.2697 -0.1018 0.2683 -9.0810
16 31.82 C.3469 -0.110a 03901 ~0.0908
17 33.8t 0.4369 -9.1217 0.5271 -0.1038
18 3%.80 1.2194 -0.1023 0.%7213 -0.0598
.19 37.79 le1168 -0.3009 - 042717 -0.2773 %
20 39,77 1.2083 ~0.3e22 0.468] -0.3a18 .



Appendix C

El

FORCES IN THE INTERCONﬁECTORS

C.l  GENERAL .

The determination of the forces in theﬁintercoﬁﬂectors
requires a knowledge of the behaviour of the starred angle
h . ‘
strute. Studying the possible displaced shapes of the angles
without interconnectors gives éome insight into the forzes
thu't the interconnectors must develop to cause the angles to

act together. Two possible combinations of displaced shapzs

are shown in Fias. 20(a) and-20(b ). Without the intercon-
nectors the angles huckle‘gbout(thg U-U axis, but with two
or more interconnectors ‘Jolniﬁg the unélés at the third
'poln}s then buckling occurs about the V-V axis ﬁs wa's deter-
mined from the theoretical and experimental results.

For the inté??onnector to cause the sSystem to act d4s a
whole the lnterc;nﬁector must prevent the 1ndlvid?nl anulas
froﬁ 1ak1n§ different buckled shnpés. From this the forces
in the interconnectérs can he &etéruined. " The forces are
dalculated‘tqr a strut ;1th two interconnéctors only as this
was détermlned to “be the ainimum number of interconnectors

. , ) “ .
requlred to force the strut to buckle about the V=V axise

The six potential forces that the interconnector might have

to resist are shown in Fig. 21.

- 180 -
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-

Assuming that the interc;nnecters lie 1in ;he Vri';l;ne
onty, as .is shown in Fiue. él; ;nd as the intercoﬁnector i;
ricidly fastenedlto the individual angles, the calculation
of the forces is simplified by applying the'bnttengd coluan
theory to determine the forces 1n the intéréonnéctors.

Fig. 22 ' shows the forces in thé interconnector - when

-— .

each. of the spaced column and the battened column theories

v,

is applied. From Flige. 22 it is seen that the interconnector

- in spaced columns does not resist any forges and that the

'1ntqrconnector in battened columns resists bending and

P . ' @
shear. ° :

It the starred angle strut isg preven ted I%om-dlsplacing

.

in the *dlrection of the U ads then, using .the battepéd

column theory, o critical load of 61.3 kips could be real-

ized, On the other pand. if the strut ‘ls'preVented from

dlsplac%gg in the direétion.of the VvV axis then, using the

-

Euler load, a critical loadwof 48.9 kips would be reallzed.

P

The latter qisplaéed shape, - buckling about the V-V axis,

[t

precludes any forcesg firom actling on the interconanectors

based on the battened column theory. .~ 
Since displacements are r;alizedlln both‘Lk the prinéi*
pal axes then there must be forces in thellnterconnectoé.
The measured displncenents in the direction of the Q axis
foq‘tests on specimens with two interconnectors are in the
order of one—tenth the dlsplacements obsérvea in tests on

specimens with one interconnector. Based on ‘this observa-



132

tion the forces determined using the battened column theéry

should be reduced accordlnély._ Based on reféren:es

(3+20,36,37) . on the shearlng stresseb In battened columns a
~
Value Ior the shear in_ the starred angle strut can be calcu-

'

lated based GE the axial load and the injitial out-of-—

str&lghtness.

Ce2 . SHEAR FORCE_IN A COLUNN '

- An equation to calculate the shear force based on the -

wvorks of Young (36,37), Bleich (3) . and Koeenigsberger and

©

. Mohsin (20) is derived in this section.

The shear in a simple column

-

is a function of the axial

force and the slope of +the column and therefore the maximum

shear force is at the ends of the column &3 shown in

Fige 23+ Bleich (3) shows the Shear force at the end of the

K

column as:

n ~
I y ! '_ (C.1)
. .

where y = the total displacement gt the mid-height of the”

column having a sinusoidal deflected shape.

Substituting Eg. 5.9, for the mid-height displacement,

Vi lpio’Eq. Cal:

L l—P/Pcr

Q =P
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-

.

"ratlo P/P,

,sStralehtness Iln Fig. 24.

A - - 153

Eae Ce2 1is in the same form

. M .

as that derived by Younyg

{37) and can be rewritten 1ln ‘the following form: '

Q. Yo - '
el - : - (c.3)

-~

Egqs Ce3 13 solved and Flotted in the upper graph in

Fige 24 for various ratios of y,/L. " A8 the ratio P/Pc;

anfeaSes ‘the ratiao Q/P incréases. The sShear ror&e increas-

€S at a more rapid rate than.the axlal load and
Ay

r-equals 1 the ratlo'Q/é ls‘undeflned.

when the

The equatjion for the shear derived by Bleich (J) is

N

! ]
Similar to Eqe C.2 but does not have the same versatillty

3 : ! )
because it does not contain_ an out-of-straightness term.

Koenlgsberger and Mohsin (20G) show that. Bleich's equation

. . M v -
vields results similar to Young's for a fixed inltial out-

4
of-straightness.

To apply Eqs Cue3 to the starred angle strut, values for

the ratic of the initial out-of-straightness to the total

length and the ratio of the axial load to the critical Lox+d

must be determined. The curves of the shear to axial load

N

ratio are plotted for three values of initial out-g¢-

‘The ratio of P/P, in Ea. C.3 Is not

constant for the
sdtarred angle struts as 1s. the case with the geometric prop-—

erties, From Eq. 3.20 the critical load for the battened

column is found. The maximum loud that can be applied,
. [}

however, is the Euler load about the V-V axise Hence, the
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Hence, the apglied load, P, in the ratio P/Ecr shall be set

equal té-hq. F.8. Lividing Eqs F.8 by Egqe 3.20 and reducing

results in the following equations:

. 2 2 2 ea
P = I_V+L£¥_f"__+n_2__1 _E.E.__.. (Ced)
- 2
Pcr Iu L Iy 24 . L l?.Iiu N
4

The first term in Eqe Cs4 can be rewritten as follows:

1,

. (Ce5)
2Iy+ + AB?
3
and further reduced to:
‘ Iv
Tyr . (Ce6)
2
2 4+ Ab
ul
L4
Substlituting Iv/ Iy = T.68, ' basged on the ratio
r/rg = 1.86; 4 = 0.85*%L/3, where d is the center to center

distance and 0.835 is a reduction factor (20); and Ege 2.6

[

lnto Eqe C.4 gives:

L . 3.84 +0.26 +0,23 v D (c.7)
Per b 2 iv L
1+
l"u' .

In" the lower graph of Fig. 24 Eqe Cu7 is a plot of the

ratio of b/r, versus the ratio of P/P, A family of
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curves lg plotted for .the different valuesg d4f the last term

in Eg. C.7. For the test Sfrecimens wilth Type A lnterconnec—

torsy I, = 2.41 in.% b = 2,57 ia.; Liy = 0425 in.%;

and
L = 120 in. The Last term orf Eqe Co7'ils (.23 = 0.206,

&
b/ry; = 5.25, and P/P, = 0._'44.

1
.

From the lower graph on Fige 24 for’ b/run = 5.25 and

for /the last. term in Eq. Cu7 = 0.23%, 0206 » ratlo of P/P =

. - . . . ’ [ S
0.44 is “found. For P/P,, = 0.44 the upper . graph, for a 0

ratio of Yo /L ¥ 0,001, y1e1d51Q/P =:p.6 percent. ‘This sola-

4

5 .
tion ¥s drawn on Figs. 24,

v

N\ As theip&xial load is divided equally between the two

(16,19,20,21 ). s

//fj¢_$he rest of thi ﬁpbéndix usSes the ratio of Q/P = 1.g *

percent for the calculation qi the forges

-

in the intercon-

nector.s TN

5 a -

C.3 DEIEE&&HAIIQN QF FO?CEﬁ ' -

Figs. 20(a) and 20(b) show two possible displaced

sShapes that the gstarded angle strut may take when there are

no interconnectors., Figs. 20(a) demonstrates the case where

the angleg displace in oppos] te directions wHereas

»

Fleze 20(b) shows the ahgles'dISplaced in the sanme directlon.

There are six potential forces and moments at the ends

of the interconnector which are shown In Fig. 21. The axial

W



. ‘ : o T 1se

-

torcé, Fw" and the two shears, F, angd Fz, could possibly

exist because of the difierence between the dISpluceg shapes

-

of each angle. The axial force, Fy comes from the inter-

connector restraining the angles 1in the directiqn of the V
N - N ~ -

axls Qnd the shears, F, and Fz, come from the restraint that

the lpterconnector imposes in the direction of the U' and YA

’
-~
-a . .

.

Aaxes, respectively., -
Bending wmay occur as each angle ls free to displace in

any direction except at the -Foints of interconnection where

S ‘ .
the individual angles are forced to displace togethera. The
moment M, comes from the restraint that the interconnector
lmposes on the rotation of the angles about the z! AXEeS .
The other two moments, M, and Mu, are imposed on the inter-
connector due to the bending restralints ot the angles about
the V! and U' axes, respectively.

These six forces contribute to - the stresses in the

1nterconnector as fcllows:

= ! + . . b
Gy Fv/Ai‘+ Mx/siz MU/S'u ‘ (Cefa)
& . .
Tew = By/a; ' (Ze8b)
o Ter = Bg /A7 * N, /I , (Cudc)
' 0 L .
where A; = the area of the interconnector; S; = the section
modulus of the lnterconnectop; o, = the normal stress:; LW
and Tyy = the shear sfresses; and Ji = Ste Venantfs torsion-

al constant of the lntercopnector. The subscripts Uy VvV and
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z indicate the axis about which the gecmetric properties ;fé;

taken and forces applied. :

All the forces in Eqe C.8, shown in Fige. 21, are Iunﬁ—

tions of the displaced shapes of the individual angles.

When there are no interconnectors there ia a total of 16

possible comblnations of displaced shapes in the U—V.plnne.

Each angle can potentially disﬁlace posltively or negnfively

Pl

in the direction of the U and V exes. [0} 4 the 16 comblna-

tions of the displaced shapes half of them are duplica te

the opposite directione. . .

Based on the battened column theory the sheuar force,

F;» Is a function ¢f the shear, Q,

in the maln members. Q

is a fuoction of the axial load and for the specimens tested

the nominal compressive reslistance 1s J33.8 Kips. One

percent of this load is 338 1lb. The shear Iln the lntercoon-

nec tor, Fz' ig:

xq
]

Qd {C.9)
nb .

where n =*° the number of 1ntefconnactors.

For the starred angle membe r with

two interconnectors__ o’

Fz = 2240 lbe. The value for the spacing of the interconnec-

&ors. d, ugsed to calculate F, is the clear-distance between

-
interconnectors not the center—to-center distance (20).

The moment M, is the twisting restraint that the Llnter-—

connector Imposes on the member angles and ils due _to

torsional—-flexural buckling of the members and lnitial



188

imgprfectlons. Fige. 15 demonstrates that torsional—-ftlexural

buckling occurs when the length of the Individual angles is

less than 20.0 ine, atra theoretical Lload of 204 Kips ( the

load that-causes Yielding is 52.0 kips). For the case of

. .

the slender starred angle compression members having a

\

length of 120 in.' the Euler toad is 44.5 kips therefore

bending ROovernse. Allowing the -ilnterconnectors to di'splace

in the direction of the U axls the slope deflection equatlion
»

‘can be applied as fallows:

EI; 6ET; ‘
My = S Gaey b 20,) ¢ SEla (o Ly (c.10)

where Iiz = the moment of inertia of the interconnector

about the Z-Z axis 1In the Z-~U plane.

Using the assumptions employed to derive Egs. 3.2 and

%

the

J«3 and since the angles are tonger than 20.0 in.

following assumptions are made:

a) the rotations of the individual angles are equal
By = 8. = 8
b) because the rotations are very small let g = 0.0.

.

. Flg. 25, o graph of the actual results for Lload versus

rotatian for test 120A2.1, shows that the anctual rota—

. . +

tions are neglligible, and, .

c) the lateral displacements are equal, ui = u,

-

Based on these three assumptions Eq. C.J10 gives Mz = 0.0.
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rd -

The force F~is a function orf

U the difference in the
-

-~

displaced shapes of the individual angles in

5

of the U axis. If the

the direction

lateratl displacements are equal,

U.I = Ul" t.hen FU = 0_-0'. .

To calculate the moment M, thé battened column theory

is applied and the fallowing equation, from Ref. 16, ls /
used?:
] =
M, ’n ) (C.11)

Substituting the value of Q previously cnlcqlated; a gpacing

.

. 4 .
results in

of 34 in. and an n of 2 iInto Eq. C.11
Hu = 2870 ina—1b.

F,+ is a function of the displaced shape of the member

angles in the direction of the V axis. Battened column or

spaged column theory assumes a zero axial force in the

1qterconnéctor, see Flg. 22. The value or F, is a func.tion

of the difference in the displacements in the direction of
. ) Y o

4

the V axls of the individual angles under the applied load.

Because of t@e short length of the interconnec tors thara

will be a very small

difference In the dlsplaceménts beyvond

the initial cut-of-straightnessg, It is assumed that the

effect of the axial force, F,» ls small compared to the

effects of the ghear, F, + and the moment, M, and therefore

jar]
[t}

0.0,

v .
M, is a function of the bending about the V-V axia.

""With thée assumption that By = B, (Eq. 3.4)' M, = 0.0.
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C.4 SUMMARY )

From -the foregoing the forces developed in * the ilnter-

connectors are:?

¥, = 0 ‘ . (C.12a)
#u = 0 . ' (C.12b).
F, = 2240 lb. (Cel2e)
M, = 0 - . S __(c.1’2d)
N, = 2870 ine-lb. ’ (Col2e)
N, = O tc.12¢)

These forces and moments result in a condition of,plnné

stresse Substituting the geometric propertles for a

2 x 3/8 x 2 in. interconnector, based on a 2 ine x 0.53 in.
€ross section as the interconnec tor is actually iIn the X-Z

plune A, = 1.06 in.2; \Siu = 0.354 1ln.3; and the resultsg
. » ‘
from Egqs C.12 1into Eqe. C.1 #lves o, = 8100 psi and

~

T the principal stresses

vz = 2110 psi. Using these values

and maximum shear can be calculated as 0, = B620 psl,

g, = ~520 psi and T2 = 4570 psl.

These stresses are calculated for a gpecific type of

interconnector and the stresses calculated are signiticantly
less than the allowable stresses for G40.21 44W materiwml.

Stresses in the 3/16 In. weld around the type A inter-

connector are 5808 psi which Is below the allowable gtresses

for the E70xX Electrode. &
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Due to the number of variables involved in makine the

assumption that the force Fz and moment Mu could be reduced

v

lead, initial out—-of-gstralghtness of the angles or type of

tastengr{ ot is recommended "that a value of Q/P = 1.0

percent be used to calculate the shear force in starred

anile compression memberse.

-~



Appendix D

ANCILLARY TESTS

Dol  CALIBRATIQN -~

Several calibration tests were performed on the Tinius
Olasen Tgsting machines, in the Univefslty of Windsor stru-s-~
tures lab, which were then used to calibrate ioud'celis and
conduct tensile_tests.' The eguipment used to callbrate-the
Tiniug Olsen Machines 1, 2 and 3 was a Proving Ring, seerial
number 1916, ﬁnnufuctured by the Moore Houée Machine *Compa -
ny.

- ' ]
For the  calibration of the Strainsert S50 kKip- capadity

flat load cell using the Tinius Olsen testing machine the

]

Strain Indicator Noe 5 having the serial number (017359 was

usede.

All the data was tabulated and analyzed statistlcally
;polylng the method of least squares to calcuiate the appro;
priate .slopes and intercepts af the curves. A linear rela-
tionship was assumed for the calibration curves and plots of

the calibration data confirmed this assumption.

- 192 - ‘
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'D.2 MECHANICAL PROPERTIES

Four tension speqiﬁens werpe prepared according to ASTM

A370-77 specifications for testing in the universal testing

- - -
machine. The test specimens were cut at random from the end

cuttings used‘tﬁ' ;onsfruct the starred angle tested ;;ﬁff{
mens. Twovstrain 'gauges were then attached, one on gach
side of the Qpeclmen,'to measur; the elongation.

Loads were applied hi t;c kip Intervals to a Load below
the yield polnf and then relensed' at five kip intervals,
Both £h? load nng the gStrains Qere fgcorded ;hile the load
was belog increased an& decreased. The tension apecimans
were then slowly reloaded to deternine tﬁe Yield stress, and

4

the ultimate stress.
Results from the two strain gauges were averaged and

the load divided by the cross-sectional arca. ‘With this

stress and Strain data, llnear regression was applied to

obtain Young?s moduluse. The average value of E = 20700 ksi

was attained. The average value of the yield stress, Fy '

is 52.7 ksl with a standard deviatlon of J.05, see Tuble 5.
€

De3  GEQMETRIC PROPERTIES

-

Four samples were taken from the end cuttings of tpe

-
anzgles used to ceonstruct the starred angle specimens and

were measured in defail using & micrometer and radii gauges.

FT'he measurements taken for each of the samples were:

.

a} lengzths of each of the legs,
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b) thickness of each of the legs, . .
c) corner and fillet radii, and b

d) the included angle of the lepgs of the ‘angle.

— . s

From this data the actual Zeometric propertles of the

angle were calculated neglecting the effects of-'the radii as

is the practice in’the CISC Handbook (7). The actual geone-

tric properties are tabulated in Table 2 along with the

nominal values of the Reometric prbpertieg'tahulated Iln the

CISC Handbook (7).

. -

D.4  END FIXTURES :
" Several tests were conducted using end connectors—othar
than the standard Tee. These tests did not &ive any aignirf-

icant difference in load carrying capacity or puckled shape.

The first sd&h taSt'{as.done with horizontal plates weldad
to the angles at each end, ’specimen 120A1.6P, shown in Fig
12(h), which l1s Similar to the base plates on a column. The

re&son‘ for conducting this test was to determine if the

carrving capacity would be decreased due to the decreased
£ . '.Q"
Lngyh of the end stiffener.

Testg to prove that the kni fe edge adssembly behaved as
assumed were carried out using a single angle with a cap and
base plate, having a length of 60 1n. between centers of the

knife edge assemblies., These were loaded to 50 percent of

the Euler load and then unloaded. The specimen was then

.
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rotated S0 degrees, maintaining the knife edge in the oriui-

nﬁl orientation, and retesteds. The purpose of this test was

to deteémlhe load-deflection curves for the anagle when load-

‘ ed in each of fourlorijytutlpns. fhese tests indicated that.

the behaviour of the knifeledues-was predictable, as only

sm;ll variation was ﬁoted in the load-deflection curves. To

/r- 'ensﬁre that the results from the four tests could be used to

determine the acceptability of the knife edge assemblies the

infitial out—of-stralghtness was recorded prior to the sSpeci-

| ‘ '
men)balng tested or retested. Dial indicator readings were

\_Epﬁén at the end of each test to check the out-of-
straightness to establish that there were no reslidual defor-

?atlons caused by t%e testinge.
2

Lastly, on the first tests 120A141 and 120A1.2,. dial

landicators ugle placed on the lower platteng, above the

mechanical jack, to determine the amount of t he rotaflon
Y ] about the 2 axis, it any, occurréd. Readings indicated that
there was some initial rotatiaon, at Llow l;ads, which very
qﬁlckty ceased. At higher loaday no; signi ficant chanues

were observed In the dial indicators measuringZ the rotatione
This indicated that the end Tilxtures functioned as designed

in preventing the knife edge assemblies from rotating about
P
the 7 axis.
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D«.5  SUMMARY ‘ "

AlLl ancillary tests were conductéd to determine the

properties of the Specimens, calibrate the sysfem and prove

- s

the Individual elements of the tegst set—ﬁp. ALl the infor-

mation was used to reduce the data obtajined <from tests and

in the theoretical models.



. Appendix E
NUMBER OF INTERCQNNECTORS REQUIRED BY CSA‘
’ STANDARDS S16. AND S16.1

*

During the course of the research it became apparent

that only one interconnec tor ls regquired for any rair of

equal leg angles that form & cruciform _ by the requiremsnts

of the Canadian Standard. The reason that only one inter—
1

connector ls required 1s trhat the Zecme tric properties ot

the angles r, /o = 2.0. This value was checked for all

the egual leg

-

angles listed In the CISC Handbook {7) and the

average value is 1.96 with a standard deviation of 0.04.

With this geometric relationship it is gimple to calsu-—

late the mlnimum number of Ilnterconnectors required by the

Canadian Standards:

L

.2 . (E.1)

d )
Iy
. i *‘ —
where d = the maxliwmum spaclng of the interconnectorse
. o
Substituting r,/r,, = 1.96 and L/d = ntl, where n = the

number of interconnec tors into Eg. E.1l results in the

following equation:

- 197 -

.
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(a+1)/1.96 = 1 (E.2)
Solving 'Eq. Ea.2 for the number of in;erconnectors
results in n = 0.96 hence ohly " one interconnector isg
regquired, This re}ationshlp is appllicable to the North
Americag'StandardS only, This relationship is'aiso indepen-
dent ;f the spacing of tge angles b and therefore the ratioco

v
holds true for the box arrangement of double angles as well.



Appendix F '

EFFECT OF END STIFPEHERS OK BUCKLING LOAD

The work of Horne and Merchant (15) ijg used to prove

that the eund 8usset plates have no sSignificant effect on the

strength of the member as a whole, - Complete flexur&l rlgid-

ity over the lquth of the end'stltfeners has been assumecd

by Horne and Merchant In the derivation of the modified

Stability functlon. -

A ;?ngle element ig used Eund in applying the distur-

bances Q4 and Qp (Flge: 26) "the following matrix can be
aestablished:
] Sk stk | Qg Map
Sck Sk Qy Mpa (F.1)
where Qg and Ch = the applied disturbances at\ the ends of

the column; M.p and Mpg = the moments retated to the distur-—

bances Q, and QL3 8y HCy and k = the stability functions

(15).

. - ) ~
Fige 26 showsg a 'simple column with end stiffeners in

-

the initially straight and the deformed positions wlith the

applied disturbances.

By evaluating the determinant of the 2 ¥ 2 matrix and

se{tinu 1t equal to zero the load P at which the rotutlons

- 199 -
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Q and Q are possible without the appficatlon of the end

moments, M and M , are found thus:

*(8k)?%~ (8Tk)2 = ¢

{(F.2)
Pividing both sides by k2 gilves: ‘
82 - 35282 = ¢ (F.3)
19
which can be wrlttgn as:
(3 — BC) (5 + 8C) = 0 (Fed)
From Eq. F.4 there are two possaible solutions:
8- 58 =0 (F.5)
or
8+ s8¢ = 0 {Feb)

Eqs« F«5 and F.6 have been checked and only Eqg. F.5

will be eiaborntad oay as it produces the Smallgst forcq, P
Eqs F.b:pruduces an alternate mode of buckling which is of
no interest in thia work.

Subsituting the stabillty fTunctions for § and &, from
Horne and Merchant (135) into Eq. F.S, nnd.peducing Lives:

8 - sc - g P/k = 0 (Fe7)

¢

where g, the length of the end stiffeners

o
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Solving Egye Fe7 with 24 = 0, Kives p = 1; where
P = P/lg hence, P = Pgy. Where P = the applied load; and
Py = the Euler load as follows: : '
- 2 - .
e:ﬂﬂ (Fa¥)
(KL) 2
Using the nominal values of the geometric proyertieé of
the Starred angles tested Pg = 44145 kipse With g = b ing
P = .81 and, hencey P = 44.6 k%ps- ,

.

The difference in load from g, = 0 ine to‘gu = 6 in. is

.less than one percent and negligible, hence the following
a

two conclusions:

a) that the effect of end stlftenﬁrs, having practical
lengths, on the members ig insignificant and can be
neglectedy; and

b) Fhat the complete flexural rigidlty of the short atif~
feneras has no effect on the load cgrrylng capacity

when the starred angles buckle about the V-V axls.

B



Appendix G

NOTATION

1

The following ndtation was used throughout this Thesis:

A —area of the starred angle

Ag —area of the angle \

C¢ -factored axial load -~

1

E . —modulus of elasticity (.

€ —axial force  in the e¢lement ‘
Fu'Fv'Fz —torces acting on the interconnector

FY ) —yigid stress of material .

G —modulus of rigidlty ) .
Iu'Iv'lx'}y -second noment‘ot area for the starred angl;
rh"lv" —second moment of area for the angle -

Ii —~second moment of ar;a of the lnferconnector

IP ., -polar moment'ot lnertia

| P =product of jnertia

J - "—St. Venant torsional constant.

E ~effective Llength fﬁctor\ ¥l \r

[k] ~stiffness matrices’

“u’va“z —bending moments acting on the interconnector
- P - —allowable load of the starred nnglé
Po ' -tEuler buckilng load
P" ( ~critical lgad of the starred angle
e} ~loud \;ector ,

- 202 -
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Q —shear in the starred angle .
[iT] . wtr;ﬁsformatlon ﬁatrlx
u ~displacement vector
U,¥,Z ~axes of the starred angle
Ut,ye z¢ ;axes of the angle
a ) —back—to~back aepgration of angles
b

—spacing Jf angles between centroids

d —gSpacing of interconnactors
Lo ~length of end stiffener
?n —number ;t interconnectors
ryrty - —~radli of gyration of the starred angle
LIS —radli of gyration of the 1ndividuai angle
P Up Ve . =linear degrees—of~freedom
! ‘
« —inverse of the eigenvalue
B —rotation about the V axis
—;otatIOn about the Z axia .
’ A K —rotation about the U nx1§
o ( —rotation of the Principle axesgy
A —used to Indicate general displacement
np ’ —{otal potential enerpy
' —buckling-cons?ant ln the Gé;;::—gkétlficatlun

»
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