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ABSTRACT 

The b u c k l i n g s t r e n g t h problem f o r b a t t e n e d s t r u t s i s 
l a r g e l y u n s o l v e d . Design recommendations g i v e n i n b o t h 
CP 118 "The S t r u c t u r a l Use of Aluminixom" and BS 449 "The 
Use o f S t r u c t u r a l S t e e l i n B u i l d i n g " are t h e r e f o r e f a r 
f r o m e x a c t . 

T h i s t h e s i s endeavours t o . v e r i f y and extend t h e knowledge 

upon which t h e p r e s e n t d e s i g n r u l e s f o r b a t t e n e d s t r u t s 

a r e based. F u l l s c a l e t e s t i n g has been employed and 

p a r t i c u l a r a t t e n t i o n g i v e n t o e c c e n t r i c end l o a d i n g , 

p r o d u c i n g bending i n t h e ,plane o f t h e b a t t e n s . 

T h i n - w a l l e d m a t e r i a l i s . now.being i n c r e a s i n g l y used and 

c a l l s f o r more p r e c i s e d e s i g n i n f o r m a t i o n . The problems 

o f l o c a l b u c k l i n g and t o r s i o n t h e r e f o r e assume g r e a t e r 

importance. 

Battened s t r u t s have i n the past p r e s e n t e d problems o f 

r i g i d i t y and t h i s was p a r t i c u l a r l y t r u e b e f o r e the use of 

w e l d i n g . Economically designed aluminium a l l o y s t r u c t u r e s 

a r e a t p i ^ ' s e n t l a r g e l y r e s t r i c t e d t o b o l t e d and r i v e t t e d 

c o n s t r u c t i o n , because of t l i e r e d u c t i o n i n s t r e n g t h when 

w e l d i n g i s used.. An Al-Zn-Mg a l l o y , which i s s t i l l under 

development i n t h e U.K., has been used f o r t h i s work. 

I t s b ehaviour was e x c e l l e n t and i t s e f f i c i e n c y a f t e r w e l d i n g 

has done much t o s o l v e t h e r i g i d i t y problem. 



The f o l l o w i n g i n v e s t i g a t i o n d e als w i t h b o t h a x i a l and 

e c c e n t r i c l o a d c o n d i t i o n s , u s i n g t h i n w a l l e d beaded 

channels. A x i a l l y loaded s t r u t s f a i l e d by l a t e r a l 

i n s t a b i l i t y o f t h e most hetavily loaded channel. The 

e c c e n t r i c a l l y loaded s t r u t s f a i l e d by l o c a l b u c k l i n g o f 

t h e same channel. I n d i c a t i o n s are t h a t b a t t e n s need t o 

be r e i n f o r c e d t o combat l a t e r a l movement. T h e i r spacing 

can however be i n c r e a s e d i f a s m a l l r e d u c t i o n i n u l t i m a t e 

l o a d i s accepted. 

The i n t e r a c t i o n method of a n a l y s i s , s u i t a b l y f a c t o r e d , 

would be i d e a l f o r p r a c t i c a l use. F u r t h e r research i s 

needed t o e s t a b l i s h an upper l i m i t o f p l a s t i c i t y f o r t h e 

b a t t e n e d s t r u t . c o n f i g u r a t i o n . D e f l e c t i o n w i l l however 

c o n t r o l d e s i g n . 
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Chapter 1 

Statement o f t h e Problem 

1 o 1 I n t r o d u c t i o n 

The problem o f b u c k l i n g . s t r e n g t h o f b a t t e n e d s t r u t s 

i s l a r g e l y unsolved.. The de s i g n method i s t h e r e f o r e 

f a r f r o m exact and extreme accuracy i n t h e c a l c u l ­

a t i o n s i s p o i n t l e s s . 

V e r i f i c a t i o n and improvement o f the r e l a t i v e l y s imple 

r u l e s f o r m i n g t h e b a s i s o f s t r u t d e s i g n i s s t i l l 

needed. T h i s i s p a r t i c u l a r l y t r u e f o r t h i n w a l l e d 

beaded and l i p p e d s e c t i o n s . . . 

Members formed o f more th a n one main component o f t e n 

r e q u i r e an a n a l y t i c a l t r e a t m e n t which i s complex. 

S t r u t s o f t h i s t y p e ^ i n v o l v i n g t h e use o f t h i n w a l l e d 

.and beaded aluminium a l l o y s e c t i o n s , present a 

problem o f some c o n s i d e r a b l e magnitude. 

The need t o a l l o w f o r t h e v a r i o u s types o f b u c k l i n g 

and t h e g r e a t e r c o m p l e x i t y o f s e c t i o n s makes aluminium 

s t r u t d e s i g n r a t h e r l a b o r i o u s compared w i t h s t e e l . 

1.2 B u c k l i n g C o n s i d e r a t i o n s 

The modes o.f f a i l u r e which form t he b a s i s o f t h i n 

w a l l e d s t r u t d e s i g n a r e : -



.' (a) Column, ( f l e x u r a l ) b u c k l i n g 

(b) L o c a l b u c k l i n g 

(c) T o r s i o n a l b u c k l i n g . . 

Column b u c k l i n g c o n s i s t s o f a sudden, bowing o f t h e . 

member when, t h e c r i t i c a l l o a d i s reached ( P l a t e 1 ) . 

L o c a l b u c k l i n g w i l l appear as a s e r i e s o f waves i n 

. t h e component p a r t s making up t h e s e c t i o n , w h i l s t 

• t h e s t r u t as a whole remains s t r a i g h t ( P l a t e 2 ) . I t 

i s v i r t u a l l y independent o f member l e n g t h . 

T o r s i o n a l b u c k l i n g i s best envisaged as the c e n t r a l 

. p a r t o f . t h e member r o t a t i n g b o d i l y r e l a t i v e t o i t s 

ends. T h i s w i l l occur even i f t h e ends are f r e e t o 

r o t a t e (Plate 3 ) . 

I t must be a p p r e c i a t e d t h a t t h e modes of f a i l u r e do 

not n e c e s s a r i l y occur s e p a r a t e l y and i n t e r a c t i o n 

f r e q u e n t l y e x i s t s . : Column and t o r s i o n a l b u c k l i n g 

are o f t e n i n t c r - r c l a t c d w h i l s t column and l o c a l 

b u c k l i n g i n t e r a c t i n the p o s t - b u c k l i n g s i t u a t i o n . 

1.3 The Bat t e n e d S t r u t 

The b a t t e n e d s t r u t may be de f i n e d . a s a compression 

member, formed by two or more l o n g i t u d i n a l components 

h e l d a f i x e d d i s t a n c e a p a r t , a t i n t e r v a l s , by t r a n s ­

verse members known as b a t t e n s . Components o f t h i s 



Column B u c k l i n g 
Test 4 

Column B u c k l i n g 
Test 2 

I MAT 



L o c a l B u c k l i n g 
PLATE 2 

T o r s i o n a l B u c k l i n g 
PIJXTl' 3 



c o n f i g u r a t i o n undoubtedly stem from t h e d e s i r e t o 

a c h i e v e an optimum mechanical, performance w i t h a 

g i v e n .amount o f m a t e r i a l . At any time when m a t e r i a l 

forms the major p a r t o f p r o d u c t i o n c o s t s , which may 

w e l l be s u g g e s t e d a s t r u e f o r aluminium p r o d u c t s 

today, t h i s t y p e of component i s a f r e q u e n t c h o i c e . 

S t e e l s e c t i o n r o l l i n g p r o c e s s e s have, i n the p a s t , 

l a r g e l y d i c t a t e d the t y p e s of composite p r o f i l e s 

d e v e l o p e d . . F o r b a t t e n e d s t r u t s t h e u s u a l c h o i c e has 

been double c h a n n e l s . These were p o s i t i o n e d a g i v e n 

d i s t a n c e a p a r t w i t h t h e i r webs p a r a l l e l . 

Aluminium a l l o y s e c t i o n s a r e e x t r u d e d and can be 

formed i n f o a l m o st any d e s i r e d shape. T h i s removes 

the l i m i t a t i o n s p r e s e n t . w i t h s t e e l s e c t i o n s . - What 

th e n s h o u l d be., the p r o f i l e of t h e s t r u t s t o be: t e s t e d ? 

I n c o n t e m p l a t i n g t h e s t r u t i n i t s b a s i c form one 

i n i t i a l l y s e l e c t s t h e t h G o r e t i c a l l y i d e a l round tube. 

When c o s t and p r a c t i c a l d i f f i c u l t i e s a r e however 

c o n s i d e r e d , t h e c l o s e d square box, h a v i n g e q u a l 

f l e x u r a l s t i f f n e s s on both major a x e s , i s the n e x t 

b e s t c h o i c e . The t h i n n e s t p e r m i s s i b l e m a t e r i a l 

would be u s e d t o e n a b l e the s t r u t t o have the b e s t 

p o s s i b l e m a t e r i a l d i s p o s i t i o n and s t i f f n e s s f o r - a 

g i v e n l e n g t h . The e x t e n t t o which the f l e x u r a l s t i f f n e s s 

c a n be s a f e l y i n c r e a s e d , f o r a g i v e n weight o f m a t e r i a l 

i s e n t i r e l y goyerned by t h e secondary o f f o o t s c l a s s i f i o d 

a s T o r s i o n a l and L o c a l b u c k l i n g . C l o s e d box s e c t i o n s 



a r e p a r t i c u l a r l y s u i t a b l e t o combat secondary b u c k l i n g 

a s t h e i r s i d e s behave as webs and a r e i n h e r e n t l y 

s t a b l e . 

F u r t h e r c o n s i d e r a t i o n would l e a d to t h e concept t h a t 

t h e o r i g i n a l s q u a r e box c o u l d be r e p l a c e d by two 

c h a n n e l s or f o u r a n g l e members, which i f t h i n w a l l e d , 

would have r e i n f o r c i n g beads a t t h e i r t o e s . I f t h e s e 

components were now moved a p a r t and t i e d t o g e t h e r a t 

i n t e r v a l s by b a t t e n s or l a c i n g a much improved s t r u t 

p e r formance would be a c h i e v e d w i t h a g i v e n amount o f 

m a t e r i a l . The c o n f i g u r a t i o n of t he o r i g i n a l square 

box c o u l d a l s o be m o d i f i e d ' t o a r e c t a n g l e and t h u s 

p r o v i d e enhanced s t i f f n e s s i n one d i r e c t i o n t o combat, 

sa y , an e x t e r n a l l y a p p l i e d bending moment. B a t t e n s 

c o u l d be formed from e i t h e r f l a t p l a t e , c h a n n e l or 

a n g l e . 

The d e s i g n of b a t t e n e d s t r u t s i s complex. A l a r g e 

number o f p a r a m e t e r s e x i s t when normal p l a i n s e c t i o n s 

a r e i n y o l v e d and t h i s i s f u r t h e r a g g r a v a t e d by the 

i n t r o d u c t i o n o f t h i n w a l l e d and beaded s e c t i o n s . 

The u l t i m a t e l o a d and the form of t h e b u c k l i n g a t 

f a i l u r e w i l l be i n f l u e n c e d by t h e f o l l o w i n g v a r i a b l e s . 

( a ) P r o p e r t i e s and s p a c i n g of main members. 

(b) . P r o p e r t i e s and s p a c i n g of t he b a t t e n s . 

( c ) The e f f e c t s of t h r u s t , s h e a r and bending moment 

r e s u l t i n g from t h e type o f l o a d i n g s y s t e m a p p l i e d . 



(d) I n i t i a l , l a c k o f s t r a i g h t n e s s . T h i s , may w e l l . 

be m i n i m a l w i t h e x t r u d e d aluminium s e c t i o n s 

.but t h e e f f e c t s of w e l d i n g w i l l produce l a c k 

o f . s t r a i g h t n e s s however w e l l i t i s c o n t r o l l e d . 

(ie) Type and degree of end f i x i t y . 

The problem i s n o n - l i n e a r i n n a t u r e and t h e l a t e r a l 

d i s p l a c e m e n t s , w i l l i n c r e a s e a t a f a s t e r r a t e than the 

load.. Young ' s . Modulus f o r aluminium a l l o y i s o n l y 

one t h i r d t h a t of s t e e l and the need t o keep s l e n d e r -

nes.s r a t i o s down and working s t r e s s e s .up i s p a r t i c u l a r l y 

i m p o r t a n t i f . l a t e r a l d i s p l a c e m e n t i s t o be e c o n o m i c a l l y 

c o n t r o l l e d . 

B e c a u s e . o f t h e e f f e c t o f d i s t o r t i o n s r e s u l t i n g from 

s h e a r , s t r u t s .of t h i s t y p e w i l l have d e f l e c t i o n s i n 

e x c e s s of t h o s e t h a t would o c c u r w i t h a s i n g l e member 

o f t h e same c r o s s s e c t i o n a l a r e a and s l c n d e r n c s s r a t i o . . 

The e l a s t i c c r i t i c a l l o a d must t h e r e f o r e a l s o be l e s s 

and w i l l depend upon the g e n e r a l p r o p e r t i e s of t he 

main members and on t h e b a t t e n s p a c i n g . 

Aluminium s t r u c t u r a l a l l o y s behave d i f f e r e n t l y from 

s t e e l and t h e i r y i e l d and u l t i m a t e v a l u e s a r e q u i t e 

c l o s e t o g e t h e r . Once p l a s t i c i t y i s however e s t a b l i s h e d 

t h e d e f l e c t i o n s w i l l f u r t h e r i n c r e a s e and t h e s t r u t 

r e a c h i t s u l t i m a t e l o a d i n advance of the c l a s t i c 

c r i t i c a l l o a d . 
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The f o r e g o i n g problems h i g h l i g h t t h e e s s e n t i a l r e q u i r e ­

ment t h a t a l l b a t t e n s a r e r i g i d l y c o n n e c t e d t o the main 

members.' Any r o t a t i o n a l s l i p a t t h e b a t t e n s w i l l 

r e d u c e the s t r u t l o a d c a r r y i n g c a p a c i t y . With a 

. ' i n a t e r i a l h a v i n g a low c o e f f i c i e n t of f r i c t i o n , w e l d i n g 

• would appea:r t o be the o n l y s a t i s f a c t o r y method of 

b a t t e n a t t a c h m e n t . 

1.4 . P r e s e n t D e s i g n Recommendations 

The. B r i t i s h S t a n d a r d Code o f P r a c t i c e CP 118 1969 g i v e s 

recommendations f o r "The S t r u c t u r a l Use of Aluminium". 

S e c t i o n 4 c o v e r s d e s i g n , and the g e n e r a l c l a u s e 4.1.1 

i n c l u d e s a p a r a g r a p h i n d i c a t i n g t h a t d e s i g n p r o c e d u r e 

. i s b a s i c a l l y a s f o r s t e e l . Emphasis i s however 

p l a c e d on t h e n e c e s s i t y of c l o s e l y examining t h e s t a b i l ­

i t y o f p a r t s i n c o m p r e s s i o n and t h a t due c o n s i d e r a t i o n 

be g i v e n t o t h e o v e r a l l s t a b i l i t y of t h e s t r u c t u r e . 

P a r t i c u l a r a t t e n t i o n s h o u l d be p a i d t o d e f l e c t i o n s . 

R e f e r e n c e t o t h e b a t t e n e d s t r u t c l a u s e s i n both CP 118 

and BS 449 "The Use of S t r u c t u r a l S t e e l i n B u i l d i n g " 

r e v e a l s a d i v e r g e n c e of r e q u i r e m e n t s . I n c o m p a t i b i l i t y 

o f approach a l s o e x i s t s i n c e r t a i n s p e c i f i c a r e a s , 

w h i c h i s d i f f i c u l t to j u s t i f y when t h e d e s i g n approach 

i s e x p e c t e d t o be b a s i c a l l y the same. 

Much of the i n f o r m a t i o n g o v e r n i n g b a t t e n e d s t r u t 

d e s i g n undoubtedly o r i g i n a t e s from e m p i r i c a l methods. 

T h i s must be e x p e c t e d when so many para m e t e r s a r c 



involved.. I t i s , however, f e l t t h a t t h e member p r o p o r t i o n s 

are. on t h e c o n s e r v a t i v e s i d e and t h a t t h e d e s i g n approach i s 

i n need of r e a p p r a i s a l , i r r e s p e c t i v e o f whether t h e m a t e r i a l 

u s e d i s s t e e l or aluminium. 

A c o m p a r i s o n o f b o t h codes, t o g e t h e r w i t h comments a r e g i v e n 

i n . t h e f o l l o w i n g t a b l e . . 

CP 118. Aluminium BS 449 - S t e e l Comments 

G e n e r a l 

C l a u s e 4.3.4.1 

S l e h d e r n e s s r a t i o 
f o r e i x i s perpend­
i c u l a r t o b a t t e n s 
not more than 0.8. 
t i m e s . t h a t f o r 
a x i s p a r a l l e l t o 
bat ten.s. 

C l a u s e 36b 

S l e n d e r n e s s r a t i o 
about y-y ( a x i s . 
p e r p e n d i c u l a r t o 
b a t t e n s ) not more 
than 0.8 times 
s l c n d e r n e s s r a t i o 
about x-x.. 

Agree 

B a t t e n C l a u s e 
S p a c i n g 4.3.4.2 

S p a c i n g between 
CENTRES o f b a t t e n s 
not t o e x c e e d 50 or 
0.7 t i m e s s l e n d e r ­
n e s s r a t i o o f com­
p l e t e s t r u t w i t h 
r e s p e c t t o a x i s 
PERPENDICULAR t o 
b a t t e n s . 

C l a u s e 36b 

Spacing. C e n t r e - t o -
C e n t r e o f END 
FASTENINGS such 

t 
t h a t — o f l e s s e r 
main component over 
t h a t d i s t a n c e s h a l l 
not be g r e a t e r t h a n 
50 or g r e a t e r t h a n 
0.7 t i m e s r a t i o of 
s l e n d e r n e s s of 
members as a whole 
about i t s x-x a x i s 
(PARALLEL t o 
b i A t t c n s ) . 

Two marked d i s ­
agreements . 

1. A l l o y g i v e s c e n t r e s 
of b a t t e n s . S t e e l 
g i v e s c e n t r e s of end 
f a s t e n i n g s . 

2. S l e n d e r n e s s r a t i o 
t a k e n on d i f f e r e n t 
axes which would 
g .i V c li'v r (J c d ;i f f <; r -
c;nc(^ i f channc'ls :\ri: 
wc; 11 s]).i(~( "<1 ou 1.. 



10 

CP 118 - Aluminium BS. 449 - S t e e l Comments 

No I n s t r u c t i o n s Where s l e n d e r n e s s 
r a t i o about y-y 
e x c e e d s 0.8 t i m e s 
s l e n d e r n e s s r a t i o 
about x-x s p a c i n g 
of b a t t e n s c e n t r e s 
t o c e n t r e s of end 
f a s t e n i n g s s h a l l 
be such t h a t r a t i o 
of s l e n d e r n e s s , —., 
of t h e l e s s e r main 
component over t h a t 
d i s t a n c e s h a l l not 
be g r e a t e r t h a n 40 
or 0.6 t i m e s s l e n d ­
e r n e s s r a t i o of t he 
member about i t s 
weak a x i s 

3. S t e e l c o v e r s 
s i t u a t i o n not ment­
i o n e d i n . t h e a l l o y 
code. 

B a t t e n C l a u s e 
L e n g t h 4.3.4.3 

D 1 ̂ -riv ijictt ce>»»T«-^* 

E f f e c t i v e l e n g t h 
t h a n I not l e s s 

w h i c h i s d.istai.nce 
CENTRES o f welds 
or r i v e t s 

a -

C l a u s e 3 6 ( e ) & ( f ) 

F o r ends and 
s t a y e d p o i n t s 
b a t t e n l e n g t h not 
l e s s t h a n d i s t a n c e 
between c e n t r o i d s 
of main members 
w i t h i n t e r m e d i a t e 
b a t t e n s not l e s s 
t h a n I t h a t 
d i s t a n c e . BUT i n 
no c a s e . s h a l l . 
l e n g t h be l e s s t h a n 
TWICE w i d t h of one 
member i n t h e p l a n e 
of the b a t t e n s . 

F o r members placed, 
f a i r l y c l o s e tog­
e t h e r a l l o y code w i l l 
g i v e a b a t t e n of much . 
l e s s l e n g t h . 
T h i s does not seem 
r e a s o n a b l e w i t h a 
more f l e x i b l e m a t e r i a l 

B a t t e n C l a u s e 
T h i c k n e s s 4.3.4.4 

a Not l e s s t h a n 36 or 
0.10" (2.5 mm) 
w h i c h e v e r i s 
l a r g e r . " a " i s 
g i v e n above. R u l e s 
a l s o g i v e n f o r 
p l a t e s w i t h 
t u r ned o V ( } r edges . 

C l a u s e 3 6 ( g ) 
Not l e s s than ^ 
of t h e minimum 
d i s t a n c e between 
in n e r m o s t l i n e s of 
r i v e t s or GROUPS 
o f w o l d s , u n l e s s 
edges a r e stJ.f f-
o ned. 

A l l o y code w i l l 
g e n e r a l l y p r o v i d e 
t h i c k e r b a t t e n s . 
Reasonable w i t h a 
f l e x i b l e m a t e r i a l , 



11 

CP 118 - Aluminium BS 449 - S t e e l Comments 

F u r t h e r C l a u s e 
Comments. 4.3.4.5 ; 

A d d i t i o n a l data., 
l i m i t e d t o a. s h o r t 
note on f a s t e n i n g s , 

C l a u s e s 3 6 ( c ) (d) 
(h) ( j ) & ( k ) 

S e v e r a l o t h e r 
r e q u i r e m e n t s a r e 
s e t down. Most 
i m p o r t a n t of 
w h i c h i s t h a t f o r 
s t r u t s w i t h eccen­
t r i c i t y i n PLANE 
of BATTENS, THE 
EXACT THEORY OF 
ELASTIC INSTABIL­
I T Y MUST BE 
APPLIED OR TESTS 
USED FOR V E R I F ­
ICATION. 
Load f a c t o r not 
t o be l e s s t h a n 
1.7. 

No mention i n a l l o y 
code of bending i n 
p l a n e o f b a t t e n s . 
T h i s i s a v e r y 
i m p o r t a n t ommission, 

1.5 Proposed I n v e s t i g a t i o n s 

.There a p p e a r s to be a c l e a r c a s e f o r f u r t h e r r e s e a r c h 

i n t o b a t t e n e d s t r u t b e h a v i o u r . The i n c o m p a t i b i l i t y 

between a l l o y and s t e e l codes, l a c k of i n f o r m a t i o n i n 

the a l l o y code and c o n d i t i o n s not c o v e r e d by e i t h e r 

c o d e s , p r o v i d e . a m p l e j u s t i f i c a t i o n f o r f u r t h e r work. 

T h i s r e s e a r c h i s b e l i e v e d t o be t h e f i r s t extended 

i n v e s t i g a t i o n i n v o l v i n g aluminium a l l o y . b a t t e n e d 

s t r u t s . The development o f t h i n w a l l e d and beaded 

. s e c t i o n s and t h e l i m i t a t i o n s of s i z e imposed by the 

. e x t r u s i o n p r o c e s s , i n e v i t a b l y n e c e s s i t a t e s the use of 

combined s e c t i o n s f o r l a r g e r components. T h i s 

p r e s e n t s problems of s p e c i a l i n t c r c v s t . 
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W h i l s t the e x p e r i m e n t a l Al-Zn-Mg al l o y . s a r e not 

c o v e r e d by t h e p r e s e n t CP 118 code, t h e i r i n t e r n a t i o n a l 

a c c e p t a n c e as an i d e a l m a t e r i a l f o r w e l d i n g ( w i t h o u t 

a p p r e c i a b l e l o s s of s t r e n g t h ) now opens up the whole 

app r o a c h t o composite member d e s i g n . L a c k of 

c o n n e c t i o n r i g i d i t y i n b a t t e n e d members has a l w a y s 

been a weakness. Welding e l i m i n a t e s t h i s problem. 

I t w i l l n o t, i n t h i s .one work, be p o s s i b l e to f i n d 

s p l u t i o n s t o more t h a n a few o f the problems i n v o l v e d . 

T h i n w a i l e d and beaded c h a n n e l s , s u i t a b l y b a t t e n e d , 

w i l l be u s e d t o t r y t o improve t h e p r e s e n t s t a t e of 

knowledge on t h e f o l l o w i n g i m p o r t a n t d e s i g n c o n s i d e r ­

a t i o n s . 

1. The s t a b i l i t y of the member as a whole. 

2. Comparison between c o n c e n t r i c and e c c e n t r i c 

l o a d i n g i n t h e p l a n e of t h e b a t t e n s . 

3. S p a c i n g o f b a t t e n s . G i v i n g due c o n s i d e r a t i o n 

. t o t h e i r l o c a t i o n r e l a t i v e t o t h e p o s i t i o n of 

maximum bending, moment. 

4. E f f e c t of b a t t e n p l a t e s on o v e r a l l column 

s t a b i l i t y . 
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C h a p t e r 2 

H i s t o r i c a l Background 

2,1 Column B u c k l i n g 

I n 1757 E u l e r p u b l i s h e d h i s famous t r e a t i s e on the 

s t r e n g t h of columns which i n c l u d e d t h e f o l l o w i n g 

. s t a t e m e n t . "To b e g i n w i t h I s h o u l d i n d i c a t e t h a t 

t h i s moment i s not l i m i t e d to e l a s t i c b o d i e s , amongst 

w h i c h we have good r e a s o n t o doubt t h a t columns 

Should be i n c l u d e d . I t c o n c e r n s i n e s s e n c e , a f o r c e 

by w h i c h any body r e s i s t s a change i n c u r v a t u r e , and 

i t i s t . o t a l l y i m m a t e r i a l whether such a body a f t e r 

f l e x u r e i s endowed w i t h a f o r c e t o r e - e s t a b l i s h i t s 

o r i g i n a l shape.or n o t . F o r t h i s r e a s o n we might 

p r e f e r a b l y desig.nate t h i s moment a s s t i f f n e s s moment 

b e c a u s e i t o c c u r s i n a l l b o d i e s t h a t r e s i s t f l e x u r e 

w h ether they a r e e l a s t i c or not". 

The s t i f f n e s s moment E u l e r r e f e r s t o was d e s i g n a t e d Ê p̂. 

by him and g i v e n a s t h e pro d u c t o f t h e modulus of 

e l a s t i c i t y and t he s q u a r e of t h e shape parameter. I n 

t h e p r e s e n t E u l e r f o r m u l a E j ^ i s r e p l a c e d by t h e 

p r o d u c t of E (Young's Modulus) and I (second moment of 

a r e a ) . Both Young's Modulus and the tangent modulus 

were unknown to E u l e r and s i n c e E i s onl y c o n s t a n t up 

to a c e r t a i n s t r e s s the b a s i c E u l e r f o r m u l a i s r e s t ­

r i c t e d t o u s e w i t h i n t h e e l a s t i c range of t h e m a t e r i a l . 
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A paper p u b l i s h e d by Enges.ser i n 1899 s u g g e s t e d t h a t 

E be c o n s i d e r e d a s t h e s l o p e of t h e c o m p r e s s i v e s t r e s s -

s t r a i n diagram. T h i s i s now e x p r e s s e d i n t h e tangent 

modulus f o r m u l a which i s s i m p l y a g e n e r a l i s e d form o f 

the E u l e r e q u a t i o n . E i s r e p l a c e d by t h e ta n g e n t 

modulus E^ t o g i v e an e x p r e s s i o n f o r t h e b u c k l i n g 

s t r e s s f . 

where E;^ i s t h e s l o p e o f t he c o m p r e s s i o n s t r e s s - s t r a i n 

c u r v e a t S t r e s s f . 

(2) 
. S i n c e S h a n l e y [ s ̂  ^ c l a s s i c paper i n 1947 t h i s f o r m u l a 

(3) 

has been s u p p o r t e d by B l e i c h ^ and i s . a c c e p t e d a s the' 

c o r r e c t t h e o r e t i c a l e x p l a n a t i o n of column b u c k l i n g f o r 

m a t e r i a l s w h i c h have a smooth, s t r e s s - s t r a i n c u r v e . 

O t h e r methods of d e a l i n g w i t h t h e i n e l a s t i c b e h a v i o u r 

of s t r u t s , a t t h e lower s l e n d e r n e s s r a t i o s i n v o l v e t h e 

us e of the P e r r y - R o b e r t s o n and. Secant f o r m u l a e . These 

a r e b a s e d on a s s u m e d . i n i t i a l s t r u t i n a c c u r a c i e s and 

must be r e g a r d e d as e m p i r i c a l . 

The P e r r y - R o b e r t s o n f o r m u l a i n c l u d e s an e x p r e s s i o n t o 

c a t e r f o r a s i n u s o i d a l bow r e s u l t i n g from a bending 

moment produced by t h e s e i n i t i a l i n a c c u r a c i e s . 

A ssumption i s a l s o made t h a t f a i l u r e w i l l o c c u r when the 

p o i n t of h i g h e s t s t r e s s r e a c h e s y i e l d . The f p r m u l a f o r 



an a v e r a g e s t r e s s , f at. f a i l u r e i s g i v e n by 

(P^ - f ) ( f y - f ) = r ; p^f 

where P_ = E u l e r c r i t i c a l v a l u e 
E . 

f = y i e l d s t r e s s 
y • 

a n o n - d i m e n s i o n a l "knee" f a c t o r , 

and i s a measure.of i n i t i a l 

d e f l e c t i o n A . TJ i s d e f i n e d by 

when y i s extreme f i b r e d i s t a n c e 2 
r 

I n p r a c t i c e , a c o n s t a n t c i s use d and TJ put e q u a l . to 

c ( - ) . 

The s t e e l code BS 449 - 1969 u s e s the P e r r y - R o b e r t s o n 

f o r m u l a f o r s t r u t f a i l u r e ^ T h i s i s due to the con­

f i g u r a t i o n of t h e s t r e s s - s t r a i n c u r v e and the d i f f i c u l t y 

of e s t a b l i s h i n g i t s e x a c t shape, which must be 

known i n o r d e r t o a p p l y the tangent modulus f o r m u l a . 

I t i s now p o s t u l a t e d t h a t i f due c o n s i d e r a t i o n i s 

g i v e n t o l o c k e d up r o l l i n g s t r e s s e s , t h e tangent 

modulus f o r m u l a does agree w i t h e x p e r i m e n t a l r e s u l t s 

f o r s t e e l s t r u t s . 

B e f o r e c o n c l u d i n g the s t r u t t h e o r y background, mention 

s h o u l d be made o f the " S t r a i g h t L i n e " f o r m u l a , where 

a. s t r a i g h t l i n e . i s u s e d to r e p l a c e the i n e l a s t i c p a r t 

o f t h e s t r u t c u r v e . T h i s i s the s i m p l e s t s o l u t i o n 

of a l l , but may w e l l o f f e n d t h e p e r f e c t i o n i s t who 
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. • 'twould, argue f o r t h e t h e o r e t i c a l l y c o r r e c t s o l u t i o n 

p r o v i d e d by t h e tangent modulus approach. 

2„2 L o c a l B u c k l i n g 

T h i s t y p e o f l o c a l f a i l u r e i s not i n f l u e n c e d by 

c o n d i t i o n s r e s u l t i n g from t h e v a r y i n g degree o f s t r u t 

end f i x i t y . T h e . m a t h e m a t i c a l computations a r e l a b o r ­

i o u s , p a r t i c u l a r l y w i t h complex shaped s e c t i o n s , but 

t h e - absence of t he end f i x i t y problem makes l o c a l 

b u c k l i n g e a s i e r , t o h a n d l e t h e o r e t i c a l l y than e i t h e r 

column or t o r s i o n a l b u c k l i n g . 

The f i r s t mention of the,local i n s t a b i l i t y problem 
(4) 

. . comes from t h e work of B r y a n ' i n 1891 when he d i s ­

c u s s e d t h e e l a s t i c b u c k l i n g of r e c t a n g u l a r p l a t e s , 

s i m p l y s u p p o r t e d on a l l f o u r edges and s u b j e c t e d to 

u n i f o r m endlong c o m p r e s s i o n . He i n d i c a t e d t h a t the 

c r i t i c a l s t r e s s was v i r t u a l l y independant o f p l a t e 

l e n g t h and t h a t when a long p l a t e d i d b u c k l e t h i s 

o c c u r r e d i n ^ w a v e s . The l e n g t h of each wave was approx­

i m a t e l y e q u a l t o t he width, o f the p l a t e . L i t t l e o t h e r 

p u b l i s h e d work a p p e a r s on t h e s u b j e c t u n t i l 

Timoshenko's ^ c o n t r i b u t i o n i n 1936 when f l a t p l a t e s 

were s u b j e c t e d t o v a r i o u s d e g r e e s o f support and . 

r e s t r a i n t a l o n g t h e i r l o n g i t u d i n a l edges. I t has . 

s u b s e q u e n t l y been shown t h a t t h e e f f e c t on t h e c r i t i c a l 

s t r e s s of r e s t r a i n i n g t h e two loaded edges of a p l a t e 

d e c r e a s e s r a p i d l y as the p l a t e i s le n g t h e n e d . The 

boundary c o n d i t i o n s a l o n g t h e loaded edges have l i t t l e 
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e f f e c t upon t h e c r i t i c a l s t r e s s when t h e p l a t e b u c k l e s 

i n t o f o u r or more h a l f waves. . . 

I t c a n be shown t h a t t h e e l a s t i c b u c k l i n g s t r e s s p i s 
kE' 

g i v e n by p = where B = P l a t e w i d t h 
y't' where t = P l a t e t h i c k n e s s . 

The f a c t o r k i s dependant upon the l e n g t h / b r e a d t h , r a t i o , 

P o i s s o n ' s r a t i o and t h e degree, o f edge, r e s t r a i n t . 

Graphs and t a b l e s a r e now a v a i l a b l e g i v i n g k v a l u e s f o r 

a v a r i e t y o f . c o n d i t i o n s . As would be e x p e c t e d , w i t h 

s h o r t p l a t e s ( l e s s t h a n f o u r h a l f wave l e n g t h s ) a p p r e c ­

i a b l e v a r i a t i o n i n k w i l l o c c u r . .When ^/B exceeds 

f o u r i t becomes v i r t u a l l y c o n s t a n t . 

L o c a l b u c k l i n g i n s e c t i o n s i s a c o m p l i c a t e d problem. 

B a s i c a l l y a l l s t r u c t u r a l s e c t i o n s c o n s i s t of a number 

of. r i g i d l y c o n n e c t e d p l a t e s which a l l b u c k l e t o g e t h e r 

and w i t h a common h a l f wave l e n g t h , when the c r i t i c a l 

l o a d i s r e a c h e d . . The edge r e s t r a i n t c o n d i t i o n s of 

t h e component p l a t e s are v e r y complex as one p a r t of 

t h e s e c t i o n w i l l want t o b u c k l e f i r s t but w i l l be 

r e s t r a i n e d , t o some e x t e n t , by t h e r e s t of t h e s e c t i o n , 

which i s s t i l l more s t a b l e . 

I f we c o n s i d e r an a l l o y c h a n n e l s e c t i o n s t r u t , t h e 

e x a c t s o l u t i o n i s d i f f i c u l t . T a k i n g a web t o f l a n g e 

w i d t h r a t . i o . o f 3:1 then the s i m p l y su])[j()rt(Hl h uckliing 

l o a d would be the same f i r r the web and f ] a n g o s , which 
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means th e y would a l l b u c k l e a t t h e same, l o a d I F they 

were i n d i v i d u a l p l a t e s - , s i m p l y s u p p o r t e d a t t h e i r 

j u n c t i o n s . . T h e r e w i l l , however, i n p r a c t i c e , , s t i l l 

be some degree o f r e s t r a i n t e x i s t i n g a t t h e j u n c t i o n s 

due t o the d i f f e r e n c e i n p r e f e r r e d h a l f wave l e n g t h 

of t h e component p a r t s . With a b a t t e n e d s t r u t t h i s 

w i l l be f u r t h e r c o m p l i c a t e d by t h e e f f e c t of t h e 

b a t t e n s and t h e i n t e r a c t i o n of the two c h a n n e l s forming 

t h e composite, member. 

The f i r s t s u c c e s s f u l t r e a t m e n t of l o c a l b u c k l i n g 

i n v o l v i n g a complete s e c t i o n and t a k i n g account o f the 

i n t e r a c t i o n between the component " p l a t e s " forming I , Z 

and c h a n n e l s e c t i o n s was g i v e n by L u n d q u i s t and S t o w e l l ^ ^ ^ 

i n 1939 u s i n g an energy method. I n 1945 t h e Scime 
(7) 

a u t h o r s ^ ^ c o n f i r m e d t h e i r e a r l i e r work on Z s e c t i o n s 

u s i n g the p r i n c i p l e s of moment d i s t r i b u t i o n , a p p l i e d 

t o t h e s t a b i l i t y of p l a t e a s s e m b l i e s . A l s o about t h i s 
(8 ) 

time Baker & R o d e r i c k V were examining the l o c a l . 

b u c k l i n g o f T and I a l l o y s e c t i o n s u s i n g a " c o e f f i c i e n t 

of f i x i t y " c o n c e p t . The t h e o r e t i c a l work of L u n d q u i s t 

and S t o w e l l was s u b j e c t e d to an e x t e n s i v e t e s t prog-
(9) 

ramme by HEIMERL^ i n 1947, c u l m i n a t i n g i n a paper t o 

the A.S.C.E. i n 1951, which i n c l u d e d a u s e f u l s e t o f 

c h a r t s t o e s t a b l i s h k v a l u e s f o r I , Z and c h a n n e l 

s e c t i o n s and r e c t a n g u l a r t u b e s . F i n a l l y a compre-

hens i v e a n d e x a c t s o l u t i o n was put f o r w a r d by C h i l v e r ̂ '̂ ^̂  (-̂ -*-) 

w i t h c o n t r i b u t i o n s i n 1951 and 1953. 
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To summarise t h e p o s i t i o n on l o c a l b u c k l i n g , w i t h i n 

t h e e l a s t i c range, the f o l l o w i n g approach i s v a l i d . 

.1. Members such a s a n g l e s and t e e s a r e b e s t d e a l t 

w i t h i n terms of t o r s i o n a l b u c k l i n g . 

2. F o r I , Z and c h a n n e l s e c t i o n s and r e c t a n g u l a r 

t u b e s , u s e the N..A.C.A. c h a r t s . 

3. F o r o t h e r t y p e s of s e c t i o n , t h e b e s t approach 

would be t o u s e one. o f the methods d e v i s e d by 

. L u h d q u i s t and S t o w e l l or C h i l v e r . C o n s i d e r a b l e 

work w i l l however be i n v o l v e d . 

An approximate, but much e a s i e r method of d e a l i n g 

w i t h complex s e c t i o n s i s t o i g n o r e any i n t e r -

. a c t i o n and assume t h e s e c t i o n i s composed o f a 

s e r i e s of p l a t e s . E a c h p l a t e i s c o n s i d e r e d as 

s i m p l y s u p p o r t e d a t t he j u n c t i o n w i t h i t s 

a d j a c e n t p l a t e . The c r i t i c a l s t r e s s e s a r e then 

c a l c u l a t e d f o r each p l a t e ^ s e p a r a t e l y , and t h e 

lo w e s t v a l u e u s e d t o govern the d e s i g n of the 

whole s e c t i o n . R e s u l t s , u s i n g t h i s approach, 

w i l l o b v i o u s l y be on the s a f e s i d e . 

Once t h e e l a s t i c range of t he m a t e r i a l has been, exceeded, 
kE 

t h e e x p r e s s i o n p = -5- g i v e n e a r l i e r w i l l y i e l d r e s u l t s 

( f ) 

w h i c h a r e too h i g h , a s i t does not a l l o w f o r the 

i n e l a s t i c b ehaviour, of t he m e t a l . I f E i s r e p l a c e d 

by E^. and t h e tan g e n t modulus approach i n v o l v i n g t h e 
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work of E n g e s s e r ^ and von Karman^"^^^ i s adopted the 

r e s u l t s would be on t h e c o n s e r v a t i v e s i d e but s a t i s - . 

f a c t o r y f o r d e s i g n p u r p o s e s . 

S i n c e 1936 and t h e . r a p i d e x p a n s i o n of t h e a i r c r a f t 

i n d u s t r y a c o n s i d e r a b l e amount o f t h e o r e t i c a l and 

e x p e r i m e n t a l r e s e a r c h has been u n d e r t a k e n i n v o l v i n g 

i n e l a s t i c l o c a l b u c k l i n g . T h i s has r e s u l t e d i n p r e c i s e 
(13) 

t r e a t m e n t s b e i n g d e v e l o p e d by B i j l a a r d ^ and l a t e r . 
( 1 4 ) 

presented, as a g e n e r a l p l a t e , t h e o r y by I l y u s h i n ' . 

Sha;nley ^̂ "'•̂  ̂  s i m i l a r l y m o d i f i e d t h e e a r l i e r work o f 

von'Karmari. A l l t h e s o l u t i o n s however,, l i k e t h o s e i n 

t h e e l a s t i c range, a r e f o r s i n g l e p l a t e s . '• The problem 

f o r s t r u c t u r a l s e c t i o n s t h e r e f o r e s t i l l e x i s t s and the 

t e d i o u s m a t h e m a t i c a l involvement f o r p l a t e a s s e m b l i e s 
r e m a i n s . 

The e m p i r i c a l approach o f f e r e d by Gerard^"*"^ ^ ̂  which 

s u g g e s t s t h e i n t r o d u c t i o n of a reduced modulus E 

i n t o t h e e l a s t i c f o r m u l a , may sometimes tend t o over 

e s t i m a t e t h e b u c k l i n g s t r e s s , but i n g e n e r a l w i l l g i v e 

good r e s u l t s . . 

2.3. T o r s i o n a l B u c k l i n g 

The f i r s t n o t a b l e r e c o r d e d work f o r t o r s i o n a l b u c k l i n g 
(17) 

of. s t r u t s would appear t o be t h a t by Wagner ' i n . 1929. 

When c o n s i d e r i n g an a x i a l l y loaded, p i n ended, s t r u t , 

where the ends were f r e e t o warp, but r e s t r a i n e d from 

t w i s t i n g , he d e r i v e d t h e f o l l o w i n g e x p r e s s i o n f o r the 
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e l a s t i c c r i t i c a l stress . . 

• _ GJ . IT^EH ; 
PT - I ? —2 IpL 

where I p = Polar second moment of area about the shear 

centre. 
G - Shear Modulus 
•J = St Venant t o r s i o n f a c t o r 
H = Warping f a c t o r . 

The value of J can be found f o r any s t r u c t u r a l shape 
f 18) 

by methods such as t h a t submitted by Palmer ̂, ' which 

involves the.use of an e l e c t r i c a l p o t e n t i a l analyser. . 

The establishment of H, which i s a measure of the 

increase i n t o r s i o n a l . s t i f f n e s s when warping i s r e s i s t e d , 

i s much more d i f f i c u l t . Sections which have bulbs and 

f i l l e t s become; p a r t i c u l a r l y complex and no p r a c t i c a l 

method of p r o v i d i n g a r e a l l y accurate s o l u t i o n appears 

t o e x i s t . . . 

I n 1937, both Lundquist ^ and Kappus ̂ ^^^, working 
independently, concluded t h a t the basic expression 
developed by Wagner, w h i l s t s u i t a b l e f o r doubly-
symmetrical and p o i n t - symmetrical sections, should not 
be a p p l i e d , i n i t s present form, t o sections w i t h no 
or only one axis of symmetry. They suggested t h a t Ip 
and H values should be r e f e r r e d t o the axis of r o t a t i o n , 
which would not, as was thought e a r l i e r , be coincident 
w i t h the shear centre. 
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(21) (22 ) The f i n d i n g s of GoodierV • i n 1941 and Timoshenko ' 
i n 1945 d i d not however f u l l y s upport.this t h i n k i n g 
but p o s t u l a t e d t h a t any movement of the axis.of r o t a t i o n , 
away from the shear centre, was the r e s u l t of i n t e r a c t i o n 
between pure column buckling and pure t o r s i o n a l buckling 

about the shear centre. 

From t h i s reasoning, i t . i s how accepted, t h a t i n 

general, w i t h unsymmetrical sections, s t r u t f a i l u r e w i l l 

occur as a r e s u l t of i n t e r a c t i o n between three basic 

forms of i n s t a b i l i t y . 
I 

1. Column buckling on x-x axxs "̂"̂ N̂  / 
2. .Column bu c k l i n g on y-y axis y _ 

3. Torsio n a l b u c k l i n g r e s u l t i n g 

from r o t a t i o n about the shear 

centre. 

The degree of i n t e r a c t i o n w i l l of course be apportioned 
i n accordance w i t h the r e l a t i v e weakness of the section 
to the above forms of b u c k l i n g . 

As w i t h column b u c k l i n g the e f f e c t i v e length of the 

s t r u t w i l l have an e f f e c t upon r e s u l t s and influence 

both bending and warping. 

The work of Goodier and Timoshenko has subsequently been 
confirmed, by numerous t e s t i n g programmes, as a s a t i s ­
f a c t o r y method f o r e s t a b l i s h i n g buckling loads r e s u l t i n g 
f roiii t o r s i o n . The t e s t i ng v i r t u a l l y aJ .l r e l a t e s ^ to 
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a x i a l l y loaded s t r u t s and i s contained i n the Aluminium 

Deivelopment Association research reports by Baker and 
C8 V ^23) (24) Roderick^ , Bent ley ' and Smith ̂  which together 

(25) 

w i t h the research conducted by Ramberg and Levy ̂  ' now 

provides data f o r sections ranging from angles t o "top-

hats". 

I n e l a s t i c t o r s i o n a l b u c k l i n g s t i l l remains a formidable 

problem and any t h e o r e t i c a l work i n v o l v i n g the use of 

the s t r e s s - s t r a i n curve i s extremely d i f f i c u l t t o apply 
i n p r a c t i c e . Acceptable t h e o r e t i c a l agreement w i t h 
t h e i r t e s t r e s u l t s appears t o have been achieved by 

(25) 

Ramberg and Levy^ / by adopting an expression f o r 

the reduced modulus. E i s given as a f u n c t i o n of E 

and the tangent modulus E^ to produce a r a t i o — by 
which the c r i t i c a l e l a s t i c stress may be f a c t o r e d . 

(23) 
Bentley^ ' also, deals w i t h the i n e l a s t i c s i t u a t i o n by • • • •• E s r e p l a c i n g E by E^ and G by —- i n Wagner's basic formula. 

To summarise on t o r s i o n a l i n s t a b i l i t y , which became 
apparent i n members w i t h reduced w a l l thickness, i t 
must be accepted t h a t t o r s i o n a l problems were not 
contemplated u n t i l much l a t e r than e i t h e r column or 
l o c a l buckling.• Much work has been done during the 
l a s t few years., but. more research i s needed, p a r t i c u l a r l y 
i n the i n e l a s t i c range, and w i t h complex open sections. 
The b r i l l i a n t and remarkable work by Vlasov^^^^ i n 1941, 
dealing w i t h the e l a s t i c warping of t h i n walled beams 
was not t r a n s l a t e d i n t o English u n t i l 1964, and i s 
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s t i l l v i r t u a l l y unknown by p r a c t i s i n g engineers i n the 
U.K. This i s r e g r e t t a b l e as i t . t h r o w s new l i g h t on 
the e f f e c t of e l a s t i c warping i n t h i n walled beams 
which cannot be explained by the c l a s s i c t h i c k walled 
beam theory. S t r u t problems i n v o l v i n g t o r s i o n have 
an analogy w i t h warping i n t h i n walled beams. 
Vlasov's work i n d i c a t e d t h a t the "sacred'' theory of 
St. Venant and hi s u n i v e r s a l l y accepted formula are. 
only v a l i d f o r a beam of c i r c u l a r cross section i f 
a d d i t i o n a l stresses caused by warping are ignored. 
He submits t h a t warping causes some l o n g i t u d i n a l s t r a i n s 
and, stresses and i n f e r s t h a t work done i n t w i s t i n g i s 
p a r t l y used up i n developing these stresses, leaving 
only the remainder of the work t o develop the shear 
stresses a t t r i b u t e d to the "St. Venant Twist". I t 
i s argued t h a t d e f l e c t i o n caused by t w i s t i n g sets up 
"a p a i r " of bending moments which i s c a l l e d a "Bimoment" 
by Vlasov and represents a mathematical f u n c t i o n 
s i m i l a r i n i t s . a p p l i c a t i o n s to a bending moment. Hence 
i t can be. said t h a t the t o t a l t w i s t i n g moment i s a sum 
of pure St. Venant t w i s t PLUS some a d d i t i o n a l t o r s i o n 
which causes a sec t i o n t o bend ( r e s t r a i n e d warping) and 
sometimes c a l l e d "bending t w i s t " . I t should be noted 
t h a t t h i s l a t t e r t w i s t i n g component can produce 
d e f l e c t i o n s several times lar g e r than the r o t a t i o n a l 
component of St. Venant. 



(27) A. monograph by Zbirohowski-Kosciia ^ endeavours to 
put the work of s c i e n t i s t Vlasov i n t o a form t h a t w i l l 
be more r e a d i l y understood by p r a c t i s i n g structure^l 
: engineers. 

There does not appear t o be any recorded study of i n t e r ­
a c t i o n between l o c a l and t o r s i o n a l b uckling i n the post 

(28) 

b u c k l i n g s i t u a t i o n s i m i l a r to the work of Bui son ̂  ^ 

Covered by A.D.A. report No. 28 f o r combined l o c a l and 

column b u c k l i n g . 

2,4. Conclusions - Buckling 
Not withstanding the complex problems which s t i l l 
remain to be solved f o r s i n g l e s t r u c t u r a l sections i t 
i s the aim of t h i s t h e s i s t o provide data f o r the 
design of compound members such as. the battened s t r u t . 
An approach w i l l t h e r e f o r e need to, be used which w i l l 
• endeavour t o take account of knowledge as i t at present 
e x i s t s . I t i s accepted t h a t i n t e r a c t i o n between the 
three basic forms of buckling i s not f u l l y understood 
and any recommendatioris w i l l t h e r e f o r e need t o be 
based on t e s t r e s u l t s . 

.2.5 Compound Members-General 
The size l i m i t a t i o n placed on extrusions produced i n 

the U.K., by the requirement t h a t dies must f i t i n t o 

an 18 i n diameter c i r c l e , has enforced the use of 

f a b r i c a t i o n techniques f o r l a r g e r components. 
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Rockey's admirable works, published. i n A.D..A. Research 
„ ^ (29) t o (34) i n c l . ' . . Reports/ ' ^ ' provide comprehensive data 
f o r p l a t e g i r d e r s s u i t a b l e f o r the larger beam req u i r e ­

ments. Unfortunately.the research generally deals 

w i t h r l v e t t e d c o n s t r u c t i o n . 

Data f o r s t r u t design i s not so f a r advanced and 
research appears t o be l i m i t e d t o pa:irs of angles or 
channels back t o back, s u i t a b l e f o r such items as truss 

C 35) 
r a f t e r s . Work by Cullimore . ' deals w i t h p a i r s of 

angles placed back to back. A u s e f u l c o n t r i b u t i o n by 

Dwight ̂  provides data f o r reinforcement l i p s and 

bulbs t o combat l o c a l and t o r s i o n a l b u c k l i n g . 

The development of the weldable Al-Zn-Mg a l l o y s should 

r e s u l t i n l a r g e r s o l i d f a b r i c a t i o n s . I t would, 

however, appear t h a t components of the battened s t r u t 

c o n f i g u r a t i o n w i l l s t i l l be extensively used purely on 

the grounds of economic use of an expensive m a t e r i a l . 

2.6 A l l o y Battened S t r u t s 
A l i t e r a t u r e search i n d i c a t e s t h a t no serious work has 

.been undertaken f o r battened s t r u t s i n aluminium a l l o y . 
This i s understandable as p r i o r to the l a s t war the 
aluminium a l l o y s were l i t t l e used f o r main b u i l d i n g 
s t r u c t u r e members. 

" S t r u c t u r a l A l u m i n i u m " a handbook published i n 1959 
o f f e r s a broad s o l u t i o n to the problem using an approach 



"comparable w i t h what would.be adopted f o r t h i c k e r s t e e l 
sections. , . The retcommendations. do not include t o r s i o n a l 
considerations and are obviously mainly applicable to 
t h i c k e r walled p l a i n .sections. Where e c c e n t r i c i t y of 
loading i s present the use of battened s t r u t s i s not 
recommended. The member c o n f i g u r a t i o n i n d i c a t e d i s 
also, most s u i t a b l e f o r r i v e t t e d c o n s t r u c t i o n . 

Reference.to the German Standards DIN.4113 and DIN.4114 

give some guidance on. multi-part.compression members. 

The design requirements are however applicab l e t o both 

s t e e l and aluminium w i t h adjustment f a c t o r s f o r the two 

m a t e r i a l s . This would not appear t o be s a t i s f a c t o r y 

when t h i n walled beaded sections, w i t h complex modes of 

f a i l u r e are involved. 

2.7 Steel Battened S t r u t s 
By comparison a good deal of research has been under­
taken f o r s t e e l battened s t r u t s and e a r l i e r work w i l l 
be b r i e f l y discussed as a background to the u s e f u l 
c o n t r i b u t i o n s made during the l a s t 25 years. Unfort­
unately most researchers dealt w i t h c o n c e n t r i c a l l y 
loaded members. A l l references p r i o r , t o 1913 have been 
condensed from Dr. Ng's d i s s e r t a t i o n on the "Behaviour 
and Design of Battened S t r u c t u r a l Members" which i s i n 
the U n i v e r s i t y of Caanbridge L i b r a r y . 

The f i r s t recorded work appears t o be t h a t of 
f 38 ) 

Engesser^ ' i n 1891. I t concerned c o n c e n t r i c a l l y . 
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loaded s t r u t s where each of the two mairt components 
c a r r i e d h a l f the load and a l l the b a t t e n connections 
were considered as completely r i g i d . Both these 
assumptions were erroneous as malformation i n manu­
f a c t u r e causes unequal loading of the main components 
and the r i v e t t e d batten connections are not completely 
r i g i d and lead t o e a r l y f a i l u r e . Engesser d i d however 
make; adjustments f o r E beyond the e l a s t i c l i m i t . 

Work by Emperger ̂  ' i n 19Q8 involved a series of 

experiments f o r angle, channel and I sections. He 
used " f l a t ends" f o r the..test pieces which introduced 

end f i x i n g moments d i f f i c u l t to analyse i n theory. 
(45) 

The adoption of Tetmajer's^ e m p i r i c a l s t r a i g h t l i n e 
formula was not r e a l l y s u i t a b l e f o r comparison wit h the 
t e s t r e s u l t s because of i t s l i m i t a t i o n s f o r slehderness 
r a t i o s i n excess of about 105. Some of the s t r u t s 
t e s t e d were formed from four corner angles w i t h battens 
p a r a l l e l t o both major axes which appears to be over 
ambitious when the batten f i x i n g problem had not been 
s a t i s f a c t o r i l y resolved. 

I n 1909 and 1911 Engesser ^ (̂ -̂ ) modified h i s o r i g i n a l 
work t o takie i n t o account member deformation between 
the battens and to suggest a v a r i a t i o n t o the t r u e 
slenderness r a t i o by a method i n v o l v i n g reduction 
c o e f f i c i e n t s . As the c o e f f i c i e n t s were dependent upon 
experimental r e s u l t s the method had l iniitcMl pract i.ca] 
ap[) J.iccTt ion. 
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A t h e o r e t i c a l analysis o f f e r e d by. Krohn^^^^ i n 19G8 

f o r double channel columns was, by comparison, simple 

t o apply. A p a i r of channels were considered to 

d e f l e c t i n the , p l a n e of the battens and expressions 
(45) 

based on Tetmajer's > ' s t r a i g h t l i n e formula and an 

•analogy were employed to f i n d what p r o p o r t i o n of the 

t o t a l load was c a r r i e d by the most, h e a v i l y loaded 

member.. 

(43) (44) 

Papers by Muller-Breslau^ ' appear to be the f i r s t 

c o n t r i b u t i o n s f o r e c c e n t r i c a l l y loaded " b u i l t - u p " 

columns and involved the use. of a d e f l e c t i o n expression 

based on the s i n u s o i d a l curve. Tetmajer's^"^^ ^ s t r a i g h t 

l i n e formula was a,gain used although the s t r u t s tested 

d i d h o t f a i l e l a s t i c a l l y . Account was however taken 

of panel deformation, due to shear, bending moments at 

the b a t t e n p o s i t i o n s , and the d i s t o r t i o n of the batten 

p l a t e s themselves, An expression f o r c r i p p l i n g due 

to e l a s t i c bending was also derived. Muller-Breslau's 

f i n d i n g s f o r shear and bending were not. s a t i s f a c t o r y 

and h i s conclusion t h a t e c c e n t r i c i t y had no great 

i n f l u e n c e on the c r i p p l i n g load was of course t o t a l l y 

i n c o r r e c t . 

From about 1912 the world requirement f o r large bridges 

r e s u l t i n g from heavier, r a i l t r a f f i c involved the use of 

the laced and battened type " b u i l t - u p " members i n gi r d e r 

c o n s t r u c t i o n . During the period 1922 t o 1933 

committees were 'set up by the Amc!rican Raj.lway E n g i n o e r i n f j 

Association and l a t e r by the American Society of Ci.v.i I.. 
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Engineers t o i n v e s t i g a t e the design and a p p l i c a t i o n 

of " b u i l t - u p " s t r u t s . Early work by the A.R..E.A. 

in d i c a t e d t h a t l a c i n g was t o be p r e f e r r e d t o battens 

because of the sudden buckling of the batten p l a t e s 

.thermselves. The committee report postulated t h a t 

b a t t e n p l a t e s should not be used i f the. f u l l strength 

of the s t r u t was t o be a t t a i n e d but comments made on 

b a t t e n plate, spacing shows these t o be too large f o r 

good strength development. 

Much of the subsequent work contained i n the 

A.S.C.E. r e p o r t s , (^^'^('^'^^ ̂ "̂ ^̂  (which. contain some 250 

pages) involved the c o l l e c t i o n and summarising of 

e a r l i e r research work on columns. This was a u s e f u l 

service and provided a good background t o the problem. 

The a c t u a l t e s t i n g ̂'̂ ^̂  undertaken was however very . 

l i m i t e d , being r e s t r i c t e d t o four columns, three w i t h 

e c c e n t r i c end loading which was applied on opposite sides 

of the main column a x i s , t o induce a s p e c i f i c amount of 

shear, and one w i t h normal eccentric end loading 

a r r a n g e d t o induce bending on the strong axis of the 

column. The end bearing blocks f o r a l l t e s t s were so 

arranged t o provide a " p i v o t end c o n d i t i o n " and 

adjustable e c c e n t r i c i t y . I t was recognised t h a t the 

question of shearing stress and shearing strength of 

columns was important and i n i t i a l t e s t i n g was done using 

the columns as beams w i t h a c e n t r a l point load, by which 

means i t was observed t h a t d e f l e c t i o n s gave reasonable 

agreement w i t h c a l c u l a t e d values, p r o v i d i n g shear 
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d i s t o r t i o n was allowed f o r . Comment, was made on the 

f a c t t h a t d e f l e c t i o n due tp shear exceeded by many 

times t h a t due t o bending moment alone. 

I n commenting upon the A.S.G.E. t e s t i n g , the opposed 
end e c c e n t r i c i t i e s r e s u l t e d i n a shearing f o r c e at the 
ends of the columns of about 5% of the a x i a l load. 
This i s excessive and u n l i k e l y t o occur i n p r a c t i c e 
except w i t h very short columns. The member proportions 
adopted, f o r the t e s t i n g provide a slenderness r a t i o of 
only 2 2 which i s p a r t i c u l a r l y low f o r p r a c t i c a l purposes, 
Although the committee's f i n a l r e p o r t ^ ^ ^ ^ stated t h a t 
the battened column was only s u i t a b l e i f very small 
e c c G i n t r i c i t y e x i s t e d , i t would appear t h a t i t s use can 
be economically j u s t i f i e d i n many instances, where the 
loading conditions a r e what could be regarded as normal. 

The death of Muller-Breslau r e s u l t e d i n h i s unfinished 
works being published by Pctermann ̂ "̂ ^ ̂  (̂ ^̂ ) ±^ 1 9 2 6 and 
1 9 3 1 . The f i r s t p u b l i c a t i o n gave d a t a f o r t e s t s 
c a r r i e d out on twenty-three columns, a l l c o n c e n t r i c a l l y 
loaded, and using three d i f f e r e n t sections of channel 
w i t h s i x varying column cross sections. Batten 
spacing and the number of battens was also v a r i e d . 
Knife edge loading was applied allowing f o r bending 
about one a x i s . ' Comparisons between the t e s t r e s u l t s 
and the buck l i n g loads were c a l c u l a t e d using the Euler, 
Tetmajor, Krohn and o a r . l i c r Muller-B r c^s Iau f<jrniul<'»(' and 

showed cohsidorab.lo v ; . v r i a t i o n . T h e t c s l spcr. imens w e r e 
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' so v a r i e d however t h a t i t was unreasonable t o t r y and 
draw accurate.conclusions, but Petermann d i d suggest 
t h a t Muller-^Breslau's accurate formula P .= 2 , 

i n v o l v i n g the complex expression f o r the d e r i v a t i o n of 
the reduced moment of I n e r t i a I ^ , should be adopted 
f o r e valuation of the buckling load. He also 
i n d i c a t e d t h a t the slenderness r a t i o of the i n d i v i d u a l 
main components should be l i m i t e d t o 40 between the 
l a t e r a l t i e s . 

Continuing w i t h Muller-Breslau's work, Petermann 
conducted f u r t h e r experiments using,the German m i l d 
s t e e l designated "St 48". The same procedure and 
t e s t i n g equipment used f o r the e a r l i e r t e s t s was 
adopted to i n v e s t i g a t e ten columns, i n v o l v i n g f i v e 
d i f f e r e n t types of assembly. A l l columns were of the 
same length and cross s e c t i o n a l p r o f i l e but the number 
of battens was v a r i e d , f o r each of the f i v e types 
t e s t e d . Battens were spaced at equal increments f o r 
each type. This work was undertaken mainly t o invest­
i g a t e the behaviour of "St 48" mild s t e e l . Petermann 
concluded t h a t h i s t e s t r e s u l t s could be favourably 
compared w i t h those of Muller-Breslau and tha t the 
German State Railway formula f o r columns was acceptable 
f o r use w i t h "St 48" s t e e l . He also suggested t h a t 
the slenderness r a t i o f o r i n d i v i d u a l members between 
battens be reduced t o 30. 



Mention of battened columns also occurs i n the w r i t i n g s 

of Ratzersdorf (̂ "̂  ̂  and Timoshenko.^^.^. A b r i e f comment 

of t h e i r work a p p l i c a b l e t o t h i s d i s s e r t a t i o n i s as 

f o l l o w s . 

I n 1936 Ratzersdorf issued a rather confused and l i m i t e d 

work on t e s t columns which f a i l e d by e l a s t i c b u c k l i n g , 

t o h i s c a l c u l a t e d values. Using the s t r a i g h t l i n e 

formula and a/reduced slenderness r a t i o , which was 

est a b l i s h e d by the.use of a parameter c o n t r o l l e d by the 

number of battens, he offered.a formula f o r the i n e l a s t i c 

b u c k l i n g load. His r e s u l t s were not favourable when 

compared w i t h e a r l i e r work and he suggested t h i s was due 

t o "movement of the j o i n t s " . He d i d not however 

i n v e s t i g a t e f u r t h e r . 

Timoshenko's c o n t r i b u t i o n , i n the same year, assumed 
t h a t there would be no batten r o t a t i o n as the column 
d e f l e c t e d and t h a t the p o i n t s o f c o n t r a f l e x u r e would 
occur, a t . t h e mid-panel p o s i t i o n . He derived c r i t i c a l 
load expressions f o r the column as a whole and f o r 
l o c a l f a i l u r e between the battens. His t e s t s however 
showed t h a t the o v e r a l l d e f l e c t i o n r e s u l t e d i n b a t t e n 
r o t a t i o n which moved the p o i n t o f c o n t r a f l e x u r e from 
the mid-panel l o c a t i o n assumed. 

No other important work appears t o have been undertaken 

on the composite s t r u t problem u n t i l 1947 when 
Wah Hing Nĝ '"" ^ submitted a Ph.D. d i s s e r t a t i o n t o the 
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U n i v e r s i t y of Cambridge. This work, was an extensive 

i n v e s t i g a t i o n into. battened s t r u c t u r a l members which 

extended over a three year period. . . 

Ng tested over seventy s t r u t s , a l l w i t h a nominal length 

of 6 f t and formed from two pressed, s t e e l channel 

sections each w i t h a 2|- i n x f i n x ^ i n t h i c k cross-

s e c t i o n a l p r o f i l e . The number of "p a i r s of battens" 

per strut.ranged from f i v e t o nine. Each end of the 

s t r u t s was located onto a " r o l l e r and k n i f e edge" 

arrangement which was adjustable t o f a c i l i t a t e both 

a x i a l and eccentric, end loading. The f i r s t twenty-

f i v e t e s t s were c a r r i e d out using a s i n g l e k n i f e edge 

which was subsequently modified t o include two k n i f e 

edges at r i g h t - a n g l e s . This l a t t e r arrangement 

p e r m i t t e d the s t r u t s to r o t a t e f r e e l y about the point 

i n the block p r e c i s e l y at the i n t e r s e c t i o n of the two 

k n i f e edges and d e f l e c t i n any desired d i r e c t i o n . 

W h i lst accepting the 10 ton load l i m i t a t i o n s of the r i g 
one i s l e d t o wonder i f 2^ i n x ^ i n x ^ i n pressed 
s t e e l channel section was a s u i t a b l e s e l e c t i o n . The 
narrow width and general c o n f i g u r a t i o n of the flanges 
are such, t h a t the l a t e r a l s t i f f n e s s of the i n d i v i d u a l 
channels between battens would be poor and d i r e c t l y 
i n f l u e n c e the frequency requirement of the battens. 
With a t h i n pressed s t e e l section one would have 
expected a flange width of about h a l f the width of the 
web. L a t e r a l s t i f f n e s s could also have been f u r t h e r 
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increased by the p r o v i s i o n of pressed l i p s . a t the 

f l a n g e toes. With welded s t r u t s b e t t e r o v e r a l l 

b u c k l i n g performance would have been obtained i f the 

channels had been "toed i n " b r i n g i n g the b u l k of the. 

metaT a f u r t h e r distance from the c e n t r o i d of the 

s t r u t . . • , 

The end b l o c k ' t o t a t i o n a l and p i v o t " arrangement appears 
t o be unduly complex by present day standards. I t i s 
argued t h a t a s i n g l e b a l l seating, w i t h the seat 
s l i g h t l y enlarged r e l a t i v e t o the b a l l diameter, and 
used i n conjunction w i t h a high load, slow speedy a n t i -
seize: type P.T.F.E. s i l i c o n grease, such as the I.G.I, 
experimental product EP 6225 should now be used. This 
would appear t o give enhanced freedom of movement over 
previous methods i n t h i s " d i f f i c u l t p i n end" problem. 

The foregoing comments do not d e t r a c t from the excellent 
c o n t r i b u t i o n submitted by Ng. Contrary t o many e a r l i e r 
i n v e s t i g a t o r s he t e s t e d a large number of s t r u t s 
i n v o l v i n g f i v e d i f f e r e n t types of specimen (varied 
b a t t e n spacing) w i t h each type loaded a x i a l l y , and w i t h 
g- i n , \ i n and f i n eccentric end loading i n the plane 
of the battens. I n a d d i t i o n f i v e specimens were tested 
under a f i n e c c e n t r i c - o b l i q u e loading, where the top 
and bottom e c c e n t r i c i t i e s were positioned on opposing 
sides of the s t r u t centre l i n e , g i v i n g a l | - % shear, 
(much more akin t o p r a c t i c e than the 5% given by the 
A.S.C.E. mentioned e a r l i e r ) . Ng reports t h a t i n every 
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.case the oblique loading c o n d i t i o n gave larger collapse 

loads than , those f o r comparable struts w i t h the -I i n 

top and bottom e c c e n t r i c i t y on the same side of the 

c e n t r e - l i n e , g i v i n g no end shear. He concluded t h a t 

s t r u t s . s u b j e c t e d t o end bending moment are weaker 

when end shear i s NOT present. The work was accord­

i n g l y concentrated on a x i a l and pure e c c e n t r i c a l l y 

loaded members, (both e c c e n t r i c i t i e s on same side of 

a x i s ) . . 

Resulting from h i s t e s t s Ng found t h a t , i n general, 
the s t r u t s collapsed as a r e s u l t of p l a s t i c hinges 
forming i n one of the end panels, when using the loading 
system as designed. On c o n t r o l l i n g the descent rate 
of the load container, thus slowing the s t r a i n r a t e , 
collapse could be made to occur i n one of the mid-height 
panels. This l a t t e r mode of collapse i s generally what 
.would be expected i n a s t r u t of p r a c t i c a l balanced 
p r o p o r t i o n s . Ng i n v e s t i g a t e s the end panel f a i l u r e s 
and goes t o some length i n h i s explanation of the 
s i t u a t i o n . I n considering the matter f u r t h e r , one i s 
l e d t o the very narrow ( I i n ) flange width chosen, which 
i s l i t t l e more than edge reinforcement of a f l a t p l a t e . 
The l a t e r a l s t i f f n e s s of the i n d i v i d u a l channels i s 
th e r e f o r e small and i t i s probable that the moments 
induced i n t h e . i n d i v i d u a l members of the end panel 
from e c c e n t r i c end loading, and any "hold up" at the 
end bearings, had been Just too much f o r the narrow 
. f . l . v i K i e d channcvls. 



The main f i n d i n g s o f t he work c a n be summarised a s 

f o l l o w s : - : . 

( a ) None o f t h e specimens f a i l e d e l a s t i c a l l y , b u t 

g e n e r a l l y by p l a s t i c c o l l a p s e o f t he c h a n n e l s 

i n t h e end p a n e l , both c h a n n e l s bending i n 

double c u r v a t u r e . I f , however, the s t r a i n 

r a t e was c o n t r o l l e d , p l a s t i c c o l l a p s e o c c u r r e d 

w i t h o n e . c h a n n e l i n t he c e n t r e p a n e l , g i v i n g 

a s i n g l e c u r v a t u r e c o n f i g u r a t i o n . 

( b ) The most s e v e r e l o a d i n g system i s w i t h end 

l o a d i n g s e q u a l l y e c c e n t r i c on t he same s i d e o f 

the s t r u t a x i s . T h i s i s a no-shear c o n d i t i o n . 

( c ) I t i s une c o n o m i c a l t o s a v e on b a t t e n m a t e r i a l . 

B a t t e n s s h o u l d be spaced t o g i v e a maximum 

s l e n d e r n e s s r a t i o of 50 and t h e i r depth s h o u l d 

be a t l e a s t e q u a l t o t he c l e a r d i s t a n c e between 

the main members f o r optimum l o a d c a r r y i n g 

c a p a c i t y . The we l d i n g f o r b a t t e n s t o main 

members i s v i r t u a l l y nominal, s l i g h t l y more b e i n g 

n e c e s s a r y when l o a d i n g i s e c c e n t r i c . 

( d ) I d e a l l y , the s t r u t p r o p o r t i o n s would g i v e a 

minimum v a l u e o f s l e n d e r n e s s r a t i o between 

70 and 100 o v e r a l l . 

( e ) The v i r t u a l p r o h i b i t i o n of b a t t e n e d s t r u t s f o r 

main members i n t i m a t e d by the d e s i g n codes i s 
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u n j u s t i f i e d . When p r o p e r l y d e s i g n e d t h e y 

s h o u l d be. p e r m i t t e d i n important- s t r u c t u r e s . 

I n 1952 Jones ̂ ^^^ i n a p u r e l y a n a l y t i c a l paper s u b m i t t e d 

"A t h e o r y f o r S t r u t s w i t h L a t t i c e or B a t t e n B r a c i n g " . 

He assumed t h a t t h e s h e a r s t i f f n e s s of a p a n e l c a n be 

t a k e n as d i s t r i b u t e d u n i f o r m l y a l o n g the. s t r u t and 

p o s t u l a t e d f o r m u l a e . f o r t h e c r i p p l i n g l o a d of a s t r u t 

w i t h l i g h t s h e a r b r a c i n g and w i t h e q u a l e c c e n t r i c i t i e s 

o f end l o a d i n g . F u r t h e r e x p r e s s i o n s d e a l w i t h t h e 

c o n d i t i o n of d i f f e r e n t end e c c e n t r i c i t i e s and a 

u n i f o r m t r a n s e r v e . l o a d i n g . . The f o r m u l a e a r e comparable 

w i t h t h o s e f o r s t r u t s w i t h heavy s h e a r b r a c i n g but an 

e x t r a term has been i n c l u d e d f o r sh e a r s t i f f n e s s . 

J o n e s p r o v i d e s a complete a n a l y t i c a l argument t o d e a l 

w i t h t h e s h e a r s t i f f n e s s of t h e u s u a l forms of l i g h t 

s h e a r b r a c i n g and f o r s t r u t s which a r e b a t t e n b r a c e d 

and h a v i n g both e q u a l and une q u a l c h o r d s . T h i s work 

i s a u s e f u l c o n t r i b u t i o n w i t h p a r t s t h a t w i l l have 

a p p l i c a t i o n when i n v e s t i g a t i n g t h e t e s t r e s u l t s of t h i s 

d i s s e r t a t i o n . 

R e s e a r c h c a r r i e d out j o i n t l y by Ko e n i g s b e r g e r and 

Mohsen^^"^^ i n 1956 s e t out t o e s t a b l i s h a s i m p l e d e s i g n 

f o r m u l a f o r welded b a t t e n e d s t r u t s . They f e l t t h a t 

some means of f i n d i n g t h e economic d e s i g n p r o p o r t i o n s 

f o r s t r u t s , c o n s i s t a n t w i t h a maximum l o a d minimum 

weight c o n c e p t , was d e s i r a b l e . 
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To check, the v a l i d i t y o f any such f o r m u l a they conducted 

a s e r i e s o f t e s t s f o r b a t t e n e d s t r u t s , a l l d e s i g n e d i n 

a c c o r d a n c e w i t h the r u l e s and s p e c i f i c a t i o n s e x i s t i n g 

a t t h a t t i m e . The purpose o f the t e s t s was:-

( a ) To e s t a b l i s h a l o a d f a c t o r f o r t h e working to 

c o l l a p s e l o a d r e l a t i o n s h i p , 

(b) By t he u s e of s t r a i n gauges d e t e r m i n e s u r f a c e 

s t r e s s e s r e s u l t i n g from a x i a l and e c c e n t r i c end 

l o a d and s h e a r , a t the p o s i t i o n s assumed t o be 

maxima. 

The f a c t o r s c o n t r o l l i n g t h e s h e a r c o e f f i c i e n t Cj^ g i v e n 

by Timoshenko's f o r m u l a were examined f o r b a t t e n e d 

s t r u t s a t (P ), = C, 
^ c r ' b b E 

Ti^EI when P_ = E u l e r e x p r e s s i o n - — ^ E ^2 

when (P ), = C r i t i c a l c o n c e n t r i c Toad on t h e ^ c r ' b 
battcnt^d s t r u t . 

K c 
Cj^ i s shown t o be a f u n c t i o n of 

where = s l e n d e r n e s s r a t i o of main members 

between b a t t e n s 

where X = s l e n d e r n e s s r a t i o of s t r u t as a 

whole. B u c k l i n g i n p l a n e of 

b a t t e n s . 

Kot-' i i i s h o I I K'vr , ' \ i K i M o h s i i i 1 h ( M i i D v c - s 1. :i ( ja I (•< I l . l i c I > r( •.u M. IT 

. I ) . 

( o f l ( ' |>tl i I) r I )| )o r < M l s l o r b.v t l.tMis . M H I s i i I im i I ( (•< 1 a ^ r . i t . u ) 
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where b was the d i s t a n c e , c e n t r e to c e n t r e of the. main . 

member n e u t r a l . a x e s and d the depth of the b a t t e n s 

a l o n g t h e s t r u t a x i s . A r e l a t i o n s h i p was a l s o e s t a b ­

l i s h e d between t h e b a t t e n bending s t r e s s f ^ and the 

r a t i o of l a t e r a l s h e a r f o r c e to a x i a l load. ̂  g i v e n by 0 
^b 

and e x p r e s s e d as . 

I t was now p o s s i b l e t o v a r y with.'X;, ^ and to 

o b t a i n optimum v a l u e s f o r the v a r i a b l e s t o g i v e a 

maximum s h e a r c o e f f i c i e n t v a l u e f o r welded s t r u t s , 

"Xc 
T h e s e :were = 0.47 

ft 
9 ^ . = 400 

b 
d = 1 

U s i n g Timoshenko's f o r m u l a ' a s a b a s i s , an e x p r e s s i o n 

d e s i g n a t e d as f o r m u l a (12) was developed and a 

r e s u l t i n g v a l u e f o r o f .085 o b t a i n e d . 

The f a i l u r e l o a d s from some n i n e t e e n c o n c e n t r i c a l l y 

l o a d e d s t r u t t e s t s a r e g i v e n and compared w i t h the 

work o f E n g e s s e r , M u l l e r - B r e s l a u , Timoshenko, B l e i c h 

and P i p p a r d . Good agreement was o b t a i n e d when 

Timoshenko's f o r m u l a was used as a b a s i s and an 

e f f e c t i v e , l e n g t h of .85 of t h e l e n g t h between the 

b a t t e n s adopted. When s t r u t s w i t h s m a l l e c c e n t r i c ­

i t i e s were c o n s i d e r e d the f o r m u l a gave good agreement 

w i t h Ng's work. 
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I n commenting on t h e p r a c t i c a l a p p l i c a t i o n s of the 

s t r u t s t e s t e d i t i s a p i t y t h a t . K o e n i s b e r g e r and 

Mohsin, i n company w i t h some e a r l i e r welded b a t t e n e d 

s t r u t r e s e a r c h e r s chose t o t o e the main c h a n n e l s 

"outwards". T h i s r e d u c e s the o v e r a l l s t r u t perform­

ance as compared w i t h t h o s e which a r e to e d " i n w a r d s " 

and can be p r o p e r l y welded. I t i s a l s o noted t h a t 

o n l y two r u n s of w e l d have been p r o v i d e d p er b a t t e n , 

l e a v i n g the i n n e r member edges to b a t t e n s unwelded. 

T h i s w i l l r e d u c e the s t i f f n e s s o f t h e batten-to-mcmber 

c o n n e c t i o n and o f f e r a weakness, s h o u l d one c h a n n e l t r y 

t o move l a t e r a l l y r e l a t i v e t o i t s p a r t n e r . The b a l l 

s e a t e d end f i t t i n g s , w i t h t h e s e a t i n g s s l i g h t l y 

e n l a r g e d r e l a t i v e t o t h e b a l l d iameter i s undoubtedly 

a s " f r e e " an arrangement a s p o s s i b l e . 

F i n a l l y i n 1960 J e n k i n s ^ ^ ^ ^ t e s t e d s e v e n b a t t e n e d 

columns formed from c h a n n e l s , toed i n w a r d s , w i t h seven 

p a i r s of b a t t e n s e q u a l l y spaced and welded on. A l l 

the s t r u t s were a l i k e e x c e p t f o r t h e amount o f e c c e n t ­

r i c i t y a p p l i e d t o the end l o a d i n g which was t r a n s n ) i t t e d 

t h r o u g h w e l l g r e a s e d b a l l s e a t s . I n a l l c a s e s t h e 

e c c e n t r i c i t y promoted bending i n t he p l a n e of t he 

b a t t e n s . 

S t r a i n measurements were r e s t r i c t e d to one column and 

i n v o l v e d t h e u s e of § i n e l e c t r i c a l r e s i s t a n c e s t r a i n 

gauges l o c a t e d i n the bottom end p a n e l where t h e 

e x p e c t e d maximum bending moment i n the i n r l i v i d u a ! 
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c h a n n e l members would o c c u r from the e c c e n t r i c end 

l o a d i n g . For a symmetry che c k t h e s e gauge p o s i t i o n s 

were d u p l i c a t e d i n t h e top p a n e l . . B a t t e n r o t a t i o n s 

where measured w i t h the a i d of a t h e o d o l i t e , m i r r o r s 

( a t t a c h e d t o the b a t t e n s ) and a v e r t i c a l b o a r d 

equipped w i t h s q u a r e d paper. The columns were r e s t ­

r a i n e d l a t e r a l l y , a t r i g h t a n g l e s t o t h e b a t t e n s , a t 

m i d - h e i g h t , by a l a t e r a l support d e v i c e / w h i c h i n c l u d e d 

b a l l s t o e n s u r e v i r t u a l l y u n r e s t r i c t e d d i s p l a c e m e n t i n 

t h e d i r e c t i o n of the p l a n e of the b a t t e n s o n l y . T h i s 

d i s p l a c e m e n t was measured a t mid-height and a t b a t t e n 

p o s i t i o n s . 

I n h i s t h e o r e t i c a l c o m p a r i s o n s , J e n k i n s de'veloped 

e x p r e s s i o n s f o r the p r e d i c t i o n of maximum.load c a r r y i n g 

c a p a c i t y and u s i n g e l a s t i c t h e o r y p r e s e n t e d two methods 

of a r r i v i n g a t t h e d e f l e c t e d form. The f i r s t was based 

upon t h e c o n t i n u o u s web medium concept w i t h the b a t t e n s 

c o n s i d e r e d as r e p l a c e d by a h y p o t h e t i c a l c o n t i n u o u s 

medium s i m i l a r t o t h e methods o f C h i t t y ^ arid P i p p a r d ^ ^ ^ ̂  

The second i n v o l v e d the u s e of m o d i f i e d normal s l o p e -

d e f l e c t i o n e q u a t i o n s t o i n c l u d e f o r . the a x i a l t h r u s t . 

I n t h e second method he p o s t u l a t e d c e r t a i n s i m p l i f y i n g 

a s s u m p t i o n s , which e n a b l e d t h e problem t o be reduced to 

t h e s o l u t i o n of a s e t of "n" n o n - l i n e a r s i m u l t a n e o u s 

e q u a t i o n s , (n = number of p a n e l s i n t h e column) 

p e r m i t t i n g e v a l u a t i o n s of s l o p e s and l a t e r a l d e f l e c t i o n s . 

T h i s f o l l o w e d t h e work of Ng. 
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U s i n g " C o l l a p s e Theory" J e n k i n s niext. c o n s i d e r e d the 

u l t i m a t e l o a d c a r r y i n g c a p a c i t y o f t h e b a t t e n e d column. 

A c c e p t i n g t h a t a l a r g e number of v a r i a b l e s e x i s t , the 

problem was r e s t r i c t e d t o t h e r e q u i r e d p l a n e o f 

b u c k l i n g , by t h e l a t e r a l s upport d e v i c e p r e v i o u s l y 

mentioned w h i c h e l i m i n a t e d t h e weak a x i s b u c k l i n g . 

T h i s d i c t a t e d t h a t b u c k l i n g would t a k e p l a c e i n t h e 

p l a n e of t h e b a t t e n s on t h e s t r o n g a x i s of the s e c t i o n , 

t o which c o n d i t i o n two c a l c u l a t i o n methods were a p p l i e d . 

Method.! i n v o l v e d a p l a s t i c c o l l a p s e mechanism and t h e 

e s t a b l i s h m e n t of t h e i n t e r s e c t i o n p o i n t between t h e 

e l a s t i c r e s p o n s e and p l a s t i c c o l l a p s e c u r v e s as 
^58) 

d e s c r i b e d by Murray ^ . The a c t u a l c o l l a p s e l o a d f o r 

a g i v e n s t r u t c o u l d t h e n be found from t h e i n t e r s e c t i o n 

p o i n t . o f t h e p l a s t i c c o l l a p s e l i n e and t he d e f l e c t i o n 

c r u v e , d e r i v e d from t h e e l a s t i c t h e o r y . 

Method 2 made use o f t h e i n t e r a c t i o n type o f e x p r e s s i o n 

a s d i s c u s s e d g e n e r a l l y by Massonnet ^ ' which i s of the 

form 

P M 
+ - — = 1 when P = a p p l i e d l o a d P M c r c r 

M = a p p l i e d end bending moment 

P = C r i t i c a l a x i a l l o a d w i t h 
'̂ ^ NO moment 

M = U l t i m a t e moment w i t h NO 
a x i a l l o a d . 

The v a l u e f o r P was d e r i v e d from t h e b a s i c Timoshenko c r . . 
e x p r e s s i o n m o d i f i e d i n a c c o r d a n c e w i t h t h e p r o p o s a l s of 
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(54) •Koenigsberger and Mohsin ̂  and a v a l u e f o r 
. ( c o n s i d e r i n g as the f u l l y p l a s t i c Moment of R e s i s t a n c e 
o f t h e column c r o s s s e c t i o n ) was e s t a b l i s h e d . T h i s 
r e s u l t e d i n t h e b a s i c e q u a t i o n 
P ^ , M 

^ c r M (1 - I — ) = 1 becoming - P(35 + 228e) + 306 = 0 
° . c r f y 

where e was t h e e c c e n t r i c i t y ( i n c l u d i n g i n i t i a l l a c k of 

s t r a i g h t n e s s ) and f ^ was t h e y i e l d s t r e s s of t h e 

m a t e r i a l . 

The c u r v e showing t h e r e l a t i o n s h i p between P and e 

d e r i v e d from t h i s e q u a t i o n was t h e n p l o t t e d w i t h the 

t e s t c o l l a p s e l o a d s f o r d i f f e r e n t v a l u e s o f f . 

J e n k i n s found t h a t t h e c o n t i n u o u s medium t h e o r y showed 

good r e s u l t s i n p r e d i c t i n g column d e f l e c t i o n s but was 

i n s e r i o u s e r r o r f o r end b a t t e n r o t a t i o n s and bending 

moments. The l e n g t h y s l o p e d e f l e c t i o n method gave 

f a i r l y a c c u r a t e d a t a on the s t a t e of the column i n the 

e l a s t i c r a n g e . The methods o f a r r i v i n g a t c o l l a p s e 

l o a d s were b o t h e n c o u r a g i n g , w i t h the i n t e r s e c t i o n of 

t h e p l a s t i c c o l l a p s e and e l a s t i c r e s p o n s e c u r v e s g i v i n g 

v a l u e s 5 t o 15% low when compared w i t h t h e c o n t i n u o u s 

medium t h e o r y . U s i n g the s l o p e - d e f l e c t i o n c u r v e gave 

even b e t t e r . a g r e e m e n t . H i s comments on t h e c a l c u l ­

a t i o n work i n v o l v e d and the need t o e n l i s t the e l e c t ­

r o n i c computer f o r the. p r o d u c t i o n of d e s i g n t a b l e s o r 

f o r m u l a e arc> i n t e r e s t i n g , p a r t i cu l;i r.l y .'vs tht^ nunilx^r of 
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• p a r a m e t e r s was c o n t r o l l e d i n t h i s work by the mid-height 

. r e s t r a i n t . 

I t i s of p a r t i c u l a r i n t e r e s t t h a t i n commentry upon the 

low r e s u l t s o b t a i n e d when u s i n g t h e i n t e r a c t i o n f o r m u l a , 

he f e l t t h e s e were due to l a c k of r e f i n e m e n t . I t was 

s u g g e s t e d t h a t the f o r m u l a was i n need of f u r t h e r study 

and t h a t i t o f f e r e d an approach w h i c h was easy to apply 

to p r a c t i c a l d e s i g n . 

I n c o n c l u s i o n i t was noted t h a t J e n k i n s o n l y u.sed 

s t r a i n gauges on. one s t r u t and t h a t t h e s e were l o c a t e d 

i n t h e top and bottom end p a n e l s . I t i s assumed t h a t 

t h i s was done under the s u p p o s i t i o n t h a t t h e h i g h e s t 

s t r e s s e s i n the . i n d i v i d u a l members c o u l d w e l l e x i s t a t 

t h i s l o c a t i o n . U l t i m a t e f a i l u r e d i d however o c c u r a t 

t h e m i d -height of the s t r u t and not i n the end p a n e l s as 

w i t h t h e t e s t s conducted,by Ng. 

2.8 Summary , 

I n summing up the background i n f o r m a t i o n a v a i l a b l e on 

t h e b a t t e n e d s t r u t , i t i s c l e a r t h a t much more work i s 

s t i l l needed, even when orthodox t h i c k e r s t e e l s e c t i o n s 

a r e used. The work o f Ng and J e n k i n s h i g h l i g h t s t h e 

r e q u i r e m e n t o f some r u l i n g on the minimum l a t e r a l 

s t i f f n e s s o f the i n d i v i d u a l members i n the end p a n e l s , 

p a r t i c u l a r l y i f end moments e x i s t i n . t h e p l a n e of the 

b a t t e n s . 
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The i n c r e a s i n g u s e of t h i n w a l l e d , c o l d formed s t e e l 

members means t h a t i n v e s t i g a t i o n w i l l be n e c e s s a r y , 

e x a c t l y a l o n g t h e same l i n e s a s i s a c c e p t e d p r a c t i c e 

f o r l i g h t a l l o y d e s i g n . T o r s i o n and l o c a l b u c k l i n g 

cannot be " g l o s s e d o v e r " or t h e t e s t r i g s so a r r a n g e d 

a s t o e l i m i n a t e c e r t a i n t e n d e n c i e s i f r e a l i s t i c 

s o l u t i o n s a r e t o be found. The i n t e r a c t i o n between 

t h e v a r i o u s modes o f f a i l u r e i s e x t r e m e l y complex and 

much r e s e a r c h i s needed. 

Because of t h e d i f f i c u l t i e s of the i n t e r a c t i o n problem, 

and t h e gaps i n knowledge which e x i s t a t p r e s e n t , t h i s 

d i s s e r t a t i o n w i l l endeavour to d e v e l o p r u l e s f o r the 

d e s i g n of b a t t e n e d s t r u t s . U sing the r e s u l t s o f the 

t e s t i n g programme and S h a n l e y ' s ^^^^ " I n t e r a c t i o n 

Method" i t i s hoped, t o p r o v i d e a t h e o r e t i c a l method of 

d e t e r m i n i n g a l l o w a b l e l o a d s f o r b a t t e n e d s t r u t s 

s u b j e c t e d , to combined l o a d i n g . 

I t i s a n t i c i p a t e d , t h a t by t h i s approach a " c o v e r i n g " 

d e s i g n concept can be e s t a b l i s h e d and the a r e a s where 

f u r t h e r r e s e a r c h i s needed i n d i c a t e d . 



47 

C h a p t e r 3 ' , ' 

Aluminium a s a S t r u c t u r a l M a t e r i a l 

3.1 Aluminium D e s c r i b e d 

The u s e o f aluminium a l l o y , s t r u c t u r a l frameworks now 

a p p e a r s t o be l i m i t e d t o s p e c i a l i s e d a p p l i c a t i o n s . 

T h i s i s p u r e l y b e c a u s e o f m a t e r i a l p r o d u c t i o n c o s t s 

and i t c an o n l y be hoped t h a t modern te c h n o l o g y w i l l 

d e v e l o p . p r o c e s s e s e n a b l i n g one of t h e most p l e n t i f u l 

m a t e r i a l s . o n t h e e a r t h ' s c r u s t to be put to f u l l e r 

u s e . . .. 

F o r many y e a r s , t h e . a u t h o r has been i n v o l v e d w i t h i t s 

a p p l i c a t i o n t o l a r g e s p e c i a l i s e d s t r u c t u r e s such as 

r a d a r and a e r i a l t o w e r s , w a l k i n g d r a g l i n e and c r a n e 

j o b s , opening b r i d g e s a n d E . O . T . c r a n e s . E x p e r i e n c e 

has e s t a b l i s h e d t h a t t h e p o t e n t i a l of t h i s remarkable 

l i g h t - w e i g h t m a t e r i a l has. never been i n doubt. 

Amongst s t r u c t u r a l e n g i n e e r s t h e r e i s a d i s t u r b i n g l a c k 

of knowledge of the m a t e r i a l s they u s e . T h i s i s 

r e g r e t t a b l e and w i t h t h e i n c r e a s i n g use of t h i n w a l l e d 

s t e e l s e c t i o n s many e n g i n e e r s w i l l b e g i n t o r e a l i s e 

how l i m i t e d i s t h e i r knowledge of t h e m e c h a n i c a l 

b e h a v i o u r of m e t a l s . A l l o y s e c t i o n s w i t h t h e i r t h i n 

w a l l s , beaded or l i p p e d e x t r e m i t i e s and low modulus have 

a l w a y s p r e s e n t e d d e s i g n problems which can o n l y be 

d e s c r i b e d a s f a s c i n a t i n g . 
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As many s t r u c t u r a l e n g i n e e r s w i l l not be f a m i l i a r w i t h 

aluminium a b r i e f d e s c r i p t i p n i s i n c l u d e d . 

C o m m e r c i a l l y pure aluminium i s a d u c t i l e m e t a l too s o f t 

. and low i n s t r e n g t h f o r a s t r u c t u r a l medium. 

When l i m i t e d amounts o f s p e c i f i e d e l e m ents a r e added, 

s t r i k i n g p r o p e r t y changes o c c u r , g i v i n g i n c r e a s e d 

s t r e n g t h iand s u s c e p t i b i l i t y t o h e a t t r e a t m e n t and work 

. h a r d e n i n g . . . 

Many a l l o y i n g e l e m e n t s a r e used, t h e most i m p o r t a n t 

b e i n g copper, magnesium, s i l i c o n , manganese, z i n c , 

n i c k e l and chromium. Which of t h e s e a r e i n c l u d e d i n 

any s p e c i f i c a l l o y and i n what q u a n t i t y i s d e c i d e d by:-

( a ) M e c h a n i c a l p r o p e r t i e s . 

(b) R e s i s t a n c e t o c o r r o s i o n . 

( c ) R e q u i r e d s t a n d a r d of f i n i s h . 

(d) Methods o f f a b r i c a t i o n used.. 

. . S t r u c t u r a l m a t e r i a l i s u s u a l l y formed from wrought a l l o y s 

whose c r y s t a l l i n e s t r u c t u r e s have been r a d i c a l l y changed 

and m e c h a n i c a l p r o p e r t i e s much improved by r o l l i n g , 

e x t r u d i n g , f o r g i n g and drawing p r o c e s s e s . 

3.2 Treatment 

Wrought a l l o y s may be s u b - d i v i d e d i n t o two groups 

( a ) H e a t - t r e a t a b l e a l l o y s . 

(b) N o n - h e a t - t r e a t a b l e or work h a r d e n i n g a l l o y s . 
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C a s t a l l o y s a r e not g e n e r a l l y u s e d i n s t r u c t u r a l work. 

Where t h e y a r e u s e d t h e c o m p o s i t i o n i s l a r g e l y d e c i d e d 

by t h e r e q u i r e m e n t s o f m a n u f a c t u r i n g methods. T h i s 

m a t e r i a l ; i s v e r y d i f f e r e n t i n c o m p o s i t i o n from t h e 

wrought a l l o y s but can be h e a t or non-heat t r e a t e d as 

r e q u i r e d . 

( a ) Heat Treatment 

The term."heat t r e a t m e n t " a p p l i e d to aluminium 

a l l o y s d e n o t e s " s o l u t i o n t r e a t m e n t " f o l l o w e d by 

an " a g e i n g " p r o c e s s . T h i s method e n a b l e s 

s u i t a b l e a l l o y s t o be c o n s i d e r a b l y hardened and 

. s t r e n g t h e n e d . 

S o l u t i o n t r e a t m e n t i n v o l v e s h e a t i n g t h e a l l o y t o 

a p a r t i c u l a r t e m p e r a t u r e , i n t h e r e g i o n o f 500°C 

and quenching i n w a t e r . T h i s w i l l i n c r e a s e t h e 

s t r e n g t h o f the m a t e r i a l w h i l s t a l l o w i n g i t to 

r e t a i n . a f a i r degree o f d u c t i l i t y . Forming can 

be c o n v e n i e n t l y u n d e r t a k e n a t t h i s p o i n t b e f o r e i t 

"age h a r d e n s " w i t h time. 

With d o u b l e - h e a t t r e a t m e n t a l l o y s t h e age-hardening 

e f f e c t i s o n l y s l i g h t u n l e s s " p r e c i p i t a t i o n 

t r e a t m e n t " or " a r t i f i c i a l a g e i n g " i s c a r r i e d o u t . 

T h i s second p r o c e s s i s a c c o m p l i s h e d by r e - h e a t i n g 

to a t e m p e r a t u r e of about 170°C f o r a s p e c i f i e d 

p e r i o d and has t h e e f f e c t of r a i s i n g t h e u l t i m a t e 
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s t r e n g t h s t i l l f u r t h e r , , p a r t i c u l a r l y t h e p r o o f 

s t r e s s ( y i e l d s t r e n g t h ) which i s . o f t e n almost 

doubled.. P r e c i p i t a t i o n t r e a t m e n t does however 

red u c e d u c t i l i t y and c o l d forming cannot r e a d i l y 

be performed on f u l l y h e a t - t r e a t e d m a t e r i a l s ^ 

A n n e a l i n g i s c a r r i e d out e x t e n s i v e l y d u r i n g 

m a n u f a c t u r e o f r o l l e d or drawn m a t e r i a l a t a 

t e m p e r a t u r e about 350°C. T h i s removes e f f e c t s of 

work h a r d e n i n g and i s NOT c l a s s i f i e d as h e a t -

. , t r e a t m e n t . 

(b) Non-heat Treatment 

Non-heat t r e a t a b l e a l l o y s do not g a i n s t r e n g t h from 

h e a t t r e a t m e n t but from the amount of c o l d work 

a p p l i e d d u r i n g manufacture. They r a r e l y prove 

a t t r a c t i v e t o the s t r u c t u r a l e n g i n e e r b e c a u s e of 

t h e i r r e l a t i v e l y low s t r e n g t h i n the a s - e x t r u d e d 

form. O c c a s i o n a l u s e i s j u s t i f i e d where improved 

f o r m a b i l i t y or h i g h e r weld s t r e n g t h i s d e s i r a b l e . 

3.3 M a t e r i a l . D e s i g n a t i o n 

The B r i t i s h S t a n d a r d s I n s t i t u t i o n s p e c i f y t h e d e s i g n a t i o n 

• of a l l m a t e r i a l and the r e l e v a n t d a t a i s c o n t a i n e d i n ' 

BS 1470 - 1477 i n c l u s i v e . A p p l i c a b l e s t a n d a r d s f o r 

t h i s p r o j e c t a r e BS 1476, 1477 and 1475. 
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Complete nomenclature o f any p r o d u c t c o n s i s t s o f a 

s e r i e s o f symbols o c c u r r i n g i n t h e f o l l o w i n g sequence 

( a ) . F i r s t p r e f i x l e t t e r denotes i f m a t e r i a l i s h e a t -

t r e a t a b l e . H s i g n i f i e s a l l o y i s s t r e n g t h e n e d 

by h e a t - t r e a t m e n t and N denotes i t i s non-heat 

t r e a t a b l e . C a s t a l l o y s a r e p r e f i x e d LM. 

(b) Second p r e f i x d e f i n e s t h e form o f p r o d u c t . For 

example E would i n d i c a t e an e x t r u d e d s e c t i o n and 

P would i d e n t i f y p l a t e . When ah a l l o y i s r e f e r r e d 

t o i n g e n e r a l terms t h e second p r e f i x i s o m i t t e d . 

.(c) G r a d i n g of aluminium and i t s a l l o y s i s made by 

i d e n t i f i c a t i o n numbers. The same niimber i s use d 

i n whatever wrought form i t may be o b t a i n a b l e . 

Aluminium of 99.99% p u r i t y i s g i v e n c l a s s i f i c a t i o n 1, 

w h i l s t t h e o t h e r g r a d e s of pure aluminium a r e 

i d e n t i f i e d by s u f f i x e s A, B and C. 

A l l o y numbers range from 3 t o 30. Numbers 3 to 8 

i n c l u s i v e a r e non-heat t r e a t a b l e and 9 onwards r e f e r 

t o h e a t - t r e a t a b l e m a t e r i a l . 

( d ) . S u f f i x l e t t e r s a r e . u s e d to denote temper and 

c o n d i t i o n of h e a t t r e a t m e n t . 

The temper d e s i g n a t i o n a p p l i e s to n o n - h e a t - t r e a t a b l e 

a l l o y s where s t r e n g t h has been i n c r e a s e d by s t r a i n 
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h a r d e n i n g . T h i s ' may be d e l i b e r a t e , as w i t h 

s h e e t r o l l e d t q a s p e c i f i e d degree of h a r d n e s s , 

or i n c i d e n t a l , a s would o c c u r d u r i n g t h e s t r e t c h 

s t r a i g h t e n i n g of e x t r u s i o n s . Forming or ot h e r 

c o l d working o f a f i n i s h e d p r o d u c t w i l l a l s o a f f e c t 

t h e temper. 

S u f f i x e s adopted f o r pure aluminium, non-heat-

t r e a t a b l e and t he h e a t - t r e a t a b l e a l l o y s a r e g i v e n 

i n Appendix "A" o f CP 118, 1969. R e f e r e n c e to 

t h i s d a t a would show t h a t a WP s u f f i x i n d i c a t e s 

\. : t h a t s o l u t i o n and p r e c i p i t a t i o n t r e a t m e n t s have 

both been c a r r i e d out. T h i s t r e a t m e n t i s u s u a l 

f o r t h e b u l k o f s t r u c t u r a l s e c t i o n s . 

A . t y p i c a l s t r u c t u r a l a l l o y d e s i g n a t e d HE30WP 

should., now be f u l l y u n d e r s t o o d . 

3.4. Recommended S t r u c t u r a l A l l o y s 

Code o f P r a c t i c e CP 118 l i s t s n i n e a l l o y s f o r s t r u c t u r a l 

u s e . P r i n c i p a l a l l o y s , a r e H30, N8 and H9 and 

sup p l e m e n t a r y a l l o y s , l i s t e d i n Appendix C, a r e H20, 

H15, N3 t o N6 i n c l u s i v e . 

I t i s r e g r e t t a b l e t h a t Al-Zn-Mg a l l o y s w i t h t h e i r 

. g r e a t l y enhanced we l d s t r e n g t h , do not appear i n the 

p r e s e n t Code o f P r a c t i c e . They have not y e t found 

f a v o u r i n t he UK w h i l s t e l s e w h e r e , and i n p a r t i c u l a r on 

the c o n t i n e n t of Europe, they a r e w e l l - e s t a b l i s h e d and 

i n demand f o r a . v a r i e t y of a p p l i c a t i o n s . 
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At present the recognised a l l o y f o r s t r u c t u r a l work 
i n the y.K.. i s H30 which has i n f e r i o r permissible 
stresses and s u f f e r s from considerable reduction i n 
s t r e n g t h at the heat a f f e c t e d zones adjacent t o the 
welds. Thus the i n e f f i c i e n t and uneconomic method 
of r i v e t t i n g i s s t i l l widely used. 

Acceptance of the new Al-Zn-Mg a l l o y s would provide a 
m a t e r i a l of good strength s u i t a b l e f o r welding; exactly 
what the design engineer has needed f o r a long time w i t h 
a m a t e r i a l where H.S.F.G. b o l t s give no r e a l advantage. 
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General Comparison Table f o r 
C u r r e n t l y used A l l o y s 

.Al l o y . De s c r i p t i o n Comments 

H30WP 
( P r i n c i p a l ) 

H20WP 
(Supp) 

General Purpose Almost as strong as s t e e l . 
Weldable but w i t h reduced 
str e n g t h adjacent t o welds. 
Painting not required except 
i n severe i n d u s t r i a l , environment 

H9WP 
( P r i n c i p a l ) 

Lower st r e n g t h 
a l l o y . Used 
ex t e n s i v e l y f o r 
c u r t a i n w a l l i n g 
and window 
frames 

About f strength of H30WP. Used 
where d e f l e c t i o n not stress 
governs design. Painting as 
above. . Suitable f o r complex 
extruded shapes. 

.N8-M 
( P r i n c i p a l ) 

D u r a b i l i t y 
e x c e l l e n t . 
P a r t i c u l a r l y 
s u i t a b l e f o r 
marine environ­
ment . 
Weldable. 

P r i n c i p a l m a t e r i a l f o r welded 
s t r u c t u r e s . No s i g n i f i c a n t 
loss i n p r o p e r t i e s by welding. 
Strength much as H9. Not 
e a s i l y extruded, confine t o 
simple s t r u c t u r a l shapes. No 
p a i n t i n g unless i n abnormal 
cor r o s i v e area. 

H15WP 
(Supp) 

Strength high. 
Low co r r o s i o n 
r e s i s t a n c e . 

Was most used a l l o y but i s 
subject to corros i o n . Use 
now confined t o s p e c i a l i s t 
a p p l i c a t i o n s such as a i r c r a f t . 
Strength greater than any 
other a l l o y . Less e a s i l y 
extruded than H30 or H9. Must 
be protected by metal spraying 
or p a i n t i n g . Not t o be i n 
contact w i t h s t e e l . 

Al-Zn-Mg . 
Experimental 

Ref. No'i 

4 o o 103 • 
\ • • 1 I 

Good st r e n g t h . 
W e l d a b i l i t y 
e x c e l l e n t . 

* 

Stronger than H30 but not H15. 
Would be p r i n c i p a l a l l o y f o r 
a l l s t r u c t u r e s as reduction i n 
strength due t o welding i s 
nominal. No other data 
o f f i c i a l l y a v a i l a b l e , i t i s 
s t i l l subject of research.-
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3.5. The Test M a t e r i a l 
The Al-Zn-Mg a l l o y m a t e r i a l used i n t h i s research was 
cast i n the "Alcan Research and Development Limited" 
research foundry at Banbury and extruded at the Alcan 
' Rogerstone Works i n June 1970. 

P a r t i c u l a r s of the experimental m a t e r i a l were supplied 

by "Alcan R & D".and are given below. 

Composition of Experimental Casts 

Cast Content % 
1 
S t r u t 
No • No • CU Fe Mg. Mn Si T l Zn Cr B Zr 

1 
S t r u t 
No 

(2.at SI 
J 2 at S2 

320D .006 .25 1.85 .01 . 12 .015 4.32 .01 .0015 .16 V2 at S3 
321D .008 .25 1.15 .01 .11 .012 4.66 .01 . 0015 .16 * 

(2 at S4 
322D. .01 .27 1.74 . 01 .13 .015 4.26 .01 .0016 .16 ^2 at S5 
323D .01 .26 1.17 .01 .15 .016 4.71 .01 .0013 .16 * 

Density 2.8 g/cm 

Tensile Test Readings - Alcan 

0. 1 % P.'S. 0.2% P.S. U.T .S. Elong­
a t i o n 
% 

Stru t 
No Cast 

No N/mm̂  Ton/in^ N/mm̂  Ton/in2 N/mm̂  Ton/in2 
Elong­
a t i o n 
% 

Stru t 
No 

2 at S I 2 at s2 
32 OD 304 19.7 338 21.9 400 25.9 11 2 at s3 
32 ID 324 21.0 341 22.1 395 25.6 12 * 

2 at S4 
322D 329 21.3 340 21.95 394 25.5 11 2 at S5 
32 3D 300 19.5 317 20.5 369 23.9 12 

% Elongation on 5.65/area 
2 Modulus of E l a s t i c i t y = 7000 kg/mm = 68,700 N/inm" (4450 t o n / i n ) 

*Reserved f o r f u t u r e research 
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No i n f o r m a t i o n f o r Al-Zn-Mg a l l o y s i s published i n 
the Code CP118 1969. A comparison between the above 

^ f i g u r e s and those f o r H.E.30WP, the most used s t r u c t u r a l 
a l l o y at present, i n d i c a t e s that the Al-Zn-Mg a l l o y s 
have a 11/12% increase i n strength. 

Tests t o confirm the mechanical p r o p e r t i e s of the 

m a t e r i a l were undertaken at the Polytechnic. P a r t i c u l a r s 

..of the t e n s i l e t e s t s are given below. 

Test specimens were t o 8.5*18 1962 and the f o l l o w i n g 
selected sizes. 

Diameter 7.17 mm (.282 i n ) 

Gauge Length 35.62 mm (1.4 i n ) 
2 1 2 

Cross s e c t i o n a l area 40.32 mm {-^ i n ) 

A l l specimens were cut from the bulbs or roots of the 

extruded 5 i n x 2f i n channel section. 

Test No's 1, 2 and 3 were from m a t e r i a l not a f f e c t e d by 
loading. Test No's 4, 5 and 6 were from m a t e r i a l taken 
from the l e a s t compressed side of a tested s t r u t , w h i c h had 
c a r r i e d load, but not t o such an extent t h a t the m a t e r i a l 
would have been stressed beyond the l i m i t of p r o p o r t i o n a l i t y , 
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Tensile Test Readings - Polytechnic 

Test F a i l u r e load Increased Gauge Length Reduced Dia 
• No- kN Ton mm i n mm i n 

1- 16 . 75 1.68 40,07 1.575 5.42 .213 
: 2 16,6 1.66 40.07 1.575 5.37 .211 

3 . 16.6 1.66 40.07 1.575 5.44 .214 

•' 4, 17.5 1.75. 40.07 1.575 5.55 .218 
5 17.5 1.75 . 40.07 1.575 5.39 .212 
6 17.7 . 1.77 40.07 1.575 5.29 .208 

Materi a l 
which had 
been w e l l 
stressed 
i n comp­
ression 

,U.T.S. = """̂ ô 32"""̂  = "̂ 12 N/mm̂  (26.6 Ton/in^) (Tests 2 & 3) 

This compares w i t h 394 and 400 N/mm given by Alcan. 

% Elongation.I l^ l^ x 100 = 12.5% 
This compares w i t h 11/12% given by Alcan, 

I t i s t h e r e f o r e confirmed t h a t the m a t e r i a l supplied 

conforms t o the t e s t data submitted by "Alcan R & D". 

The f i g u r e s obtained f o r the f a i l u r e load i n Tests 4, 5 
2 2 

anci 6 give an enhanced U.T.S. of 434 N/mm (28 t o n / i n ). 
I t can be concluded t h a t the a d d i t i o n a l strength has 
been derived from working the m a t e r i a l . 
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I n the absence of published data f o r Al-Zn-Mg a l l o y s 

i t was now necessary, t o develop the compressive stress 

curves f o r column and l o c a l b uckling before work on the 

i n i t i a l , s t r u t design given i n Chapter 6 could proceed. 

3.6 . Al-Zn-Mg A l l o y Compressive Stress Curves 

Reference to the Design Panel documents from the Code 
. D r a f t i n g Committee f o r CP 118, 1969 enabled the basic 
theory behind the published s t r u t and t h i n p l a t e curves 

. . t o be resolved. The c o n t r i b u t i o n s of Mr. J.B. Dwight 
proved p a r t i c u l a r l y u s e f u l . 

This i n v e s t i g a t i o n was necessary t o provide comparable 
curves f o r the Al-Zn-Mg a l l o y being used i n t h i s research. 
The f o l l o w i n g reasoning i s appli c a b l e . 

1. Column Buckling - T h e o r e t i c a l Basis 

I t i s accepted t h a t the tangent modulus formula 
p r e d i c t s accurately the column buckling strength 
of pin-ended aluminium s t r u t s . This formula 
depends upon the shape of the compressive stress-, 
s t r a i n curve up t o the 0.2% proof stress (f2)> 
which v a r i e s considerably. 

The p i r o f i l e of the s t r e s s - s t r a i n curve i s dependent 
upon a "PCnee Factor" n. This i s confirmed by the 
f a c t t h a t i f we consider the constant.n as defined 
by the r a t i o of the 0.2% ( f ^ ) t o the 0.1% ( f ) proof , 
str e s s , various tangent modulus curves, corrc-syjonding 
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^ 2 
to the values of -r- may be drawn. 

1 

To know the sharpness of the knee of the stress-
s t r a i n curve f o r any given a l l o y i s t h e r e f o r e 
important., and must somehow be defined. I n t h i s 
region the stresses recommended f o r tension, 
compression and bending w i l l . b e a f f e c t e d by the shape 
of the curve adopted. 

M a t e r i a l suppliers u s u a l l y give the 0.2% Proof Stress 

( f ^ ) ; U.T.S. ( f ^ ) and % Elongation (e^) f o r any 

m a t e r i a l requested.. A simple method f o r obtaining 

the "Standard Minimum Stress-Strain Curve" from 

these p r o p e r t i e s i s t h e r e f o r e required. 

An approach a t t r i b u t e d to H i l l & Clarke ̂ "̂'"̂  suggests 

a s u i t a b l e method, which can be adopted as the 

basis. I t i s however necessary t o know p r e c i s e l y 
^2 

the J— r a t i o , t o e s t a b l i s h the s t r e s s - s t r a i n curve. 1 
This r a t i o i s u n f o r t u n a t e l y v a r i a b l e and extremely 
d i f f i c u l t to o b t a i n from the m a t e r i a l s u p p l i e r s , even 
f o r standard a l l o y s . 

• I t was t h e r e f o r e d e s i r a b l e t h a t the method used 
should be based e n t i r e l y on t e n s i l e p r o p e r t i e s 
guaranteed by the s u p p l i e r s . The f o l l o w i n g 
approach s a t i s f i e s t h i s requirement f o r new a l l o y s 
and also caters f o r the v a r i a t i o n of e x i s t i n g a l l o y s . 
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An e m p i r i c a l expression which may be used t o 

represent the s t r e s s - s t r a i n curve i s given by:-

e = I + 0.002 . ( | - ) " • • . ( ! ) 
2 

where e = s t r a i n 
f = stress 

f g - 0.2% proof stress 
E = Young's Modulus, 

W i t h i n the e l a s t i c range t h i s expression gives the 
c o r r e c t slope. The s t r a i n i s c o r r e c t at f = f^' 

By varying n, i t s shape elsewhere can be adjusted, 
w i t h t h ^ higher n values g i v i n g the sharper knee. 
For the aluminium a l l o y s ,values f o r n range between 
5 and 40. 

Consideration of expression (1) over the whole range 

of standard a l l o y s showed i t was not completely 
U T S 

s a t i s f a c t o r y . Where a high r a t i o of _ ;̂ ' — - — y 
f 0.2% proof stress 

= -r^ e x i s t e d ,a "too rounded" knee occurred which 
2 

r e s u l t e d i n a p e s s i m i s t i c s t r u t curve. 

The r e q u i r e d adjustment i s given by the f o l l o w i n g 
f - e expression: 

To solve t h i s expression the knee f a c t o r n and 
p r o p o r t i o n a l l i m i t f ^ needed t o be established. 
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(a) Finding n 

This was .found using an e m p i r i c a l formula based 

e n t i r e l y on p r o p e r t i e s given by the m a t e r i a l 
. s u p p l i e r s at n = ^ ^ a j : | ^ 0 _ e i i ) 

log ( V f 2 ) 
The r e s u l t i n g curve agrees w i t h . t h e t r u e 

t e n s i l e s t r e s s - s t r a i n curve exactly at stress f ^ 
and very nearly at stress"'f . I t was found ^ . u 
-that the r a t i o f to ir. i s the main c o n t r o l l e r 
o f n . Variations i n e have l i t t l e e f f e c t . A 

u 
s i m p l i f i e d expression can t h e r e f o r e be given-by 
• • f2 
n = 10 J 1.5 .... (3) 

u 

The q u a n t i t i e s f ^ , f ^ and e are s p e c i f i e d 
minimum t e n s i l e p r o p e r t i e s accepted i n l i e u of 
the compressive values. The l a t t e r are seldom 
a v a i l a b l e and never given i n p r a c t i c e . 

(b) Finding f ^ 

. The value of f c o r r e c t l y locates the f a i l u r e 
. o : 

p o i n t ( l i m i t of p r o p o r t i o n a l i t y ) on the curve. 
. I t i s given by 

f - f ^ 
f = f - - ^ i S:7 •••(4) 

Expression (2) can now be solved. 

F i x i n g the s t r e s s - s t r a i n r e l a t i o n s h i p by s o l v i n g 

expression (2) enables the curve r e l a t i n g the 

bu c k l i n g stress f and the slenderness r a t i o / v t o ^ cr ^ 
be. obtained,using the tangent modulus s t r u t formula:-
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f c r = n - ^ •••^^) 

Where E„ = Slope of f-e curve at stress f 
T cr 

Then f r o r , (2) i = g = i . -g- [ f j ^ o j ^ ...(6) 

The true.column curve expression (5) may however be 
approximated by an i n c l i n e d , s t r a i g h t l i n e , Fig. l , 
defined, at the l e f t hand end by A-̂ . This l o c a t i o n 
i s a r b i t a r i l y taken as the value of X on the tangent 
modulus column curve (5) corresponding t o f ^ ^ = f ^ 

where f ^ . = 0.5% proof stress, 

From (2) i t can be seen t h a t . 

. .^5 = ^o V2-5^ (̂ 2 - ^o) • • • ( ^ ) 

Equations (5) (6) and (7) enabled an expression f o r 

to be evolved. This f i x e d the point of the 

h o r i z o n t a l c u t - o f f 0-A and i s given by 

200 ( f ^ - f ) 
...(8) 

The p o i n t X g "the r i g h t hand (lower) end of the 
i n c l i n e d s t r a i g h t . l i n e , Fig. 1 i s s i m i l a r l y defined 
by r e l a t i n g the l i m i t of p r o p o r t i o n a l i t y f ^ and the 
slendorness r a t i o X*-*" "the tangent modulus ( f a i l u r e ) 
curve and the Euler curve. Points o'-arid B are at 
the same stress l e v e l such tha t X„ - X / . 1, where 

t5 tJ 
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- -^B' ~ Ŵ ^̂ X̂R'' andXR are the r e s p e c t i v e 
ined, value of \ at and B. X g when so def 

locates point B on the stress curve and i s given by: 
. 1 . ' 

X g = 210 100 
^ n 

n\ (2n-3) 
...(9) 

S i m p l i f i e d and expressed i n terms of f ^ , equation (9) 
becomes:- . 

B 

K-

6.8 X 10~ 

or 

Metric Units , 

I ...(.10) 
r44,000 
f . . Imperial Units 

The. complete s t r u t curve i s now defined. 

By r e p l a c i n g the true tangent-modulus f a i l u r e curve 
by the s t r a i g h t line.A B, and applying a load f a c t o r , 
the s t r u t curve g i v i n g the permissible compressive 
Stresses could now be c a l c u l a t e d and drawn. See 
Fig.. 1. 
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4 

XA 

F i g : - 1 

I t must be remembered when con s t r u c t i n g the 
permissible stress curve t h a t the load f a c t o r w i l l 

The f a c t o r of 2 w i l l 
look a f t e r the wrongly guessed e f f e c t i v e lengths on 
the Euler p a r t of the curve. 

be 1.9 at A^ and 2.0 at B^. 

Column Buckling - S t r u t Curve Calculations 
The foregoing theory was then applied t o the Al-Zn-Mg 
a l l o y being used f o r t h i s work and the necessary curve 
f o r the compressive stress i n s t r u t s produced. 
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Data supplied by Alcan Research and Development Ltd. , 
i n June 1970 gave p a r t i c u l a r s of a l l casts supplied, 
(see page 55). The t e s t s conducted .at the Polytechnic 
(see page57) confirmed the data supplied was 
s a t i s f a c t o r y . 

The m a t e r i a l f o r Tests No's 1 t o 10.involving s t r u t s 

M̂^ SI t o .S5 i n c l u s i v e was a l l from Casts 320D and 

322D. 

Taking an average of the f i g u r e s f o r these casts 
(which were very close) provides the f o l l o w i n g data 
f o r adoption i n the c a l c u l a t i o n s . 

f ^ = 0.1% proof s t r e s s = 317 N/mm̂  (20.5 t o n / i n ^ ) 

f ^ = 0 . 2 % proof stress = 340 N/mm̂  (22.0 t o n / i n ^ ) 

f ^ = U.T.S. .= 400 N/mm̂  (25.75 t o n / i n ^ ) 

e^ = % elongation = 5.65/area = 11% 

2 2 E = Young's modulus = 7000 Kg/mm = 68,700 N/mm 
(4450 t o n / i n ^ ) 

(a) . Finding n (Knee Factor) 
Using expression (3) n = 10 \— 1 - 1.5 ^2 

u 

n - 7 
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(b) Finding f^. ( L i m i t of P r o p o r t i o n a l i t y ) 

. Using expression (4) f ^ = ±2 
f - f ^ u 2 

(500.e^)" - 1 

= 340 - 1 0 0 . ^ ^ 1 
(500 X i i ^ ) ^ - 1 

= 340 - 60 
1.9 - 1 

2 2 f ^ = 273. N/mm (17.62 t o n / i n ) 

(c) Finding f ^ (0.5% Proof Stress) 
• _ — — — • ]_ 
Using expression (7) f = f + 2.5" {f^ - f ^ ) 

= 273 + 2.5^ (340 - 273) 

= 273 + 1.140 (67) 

f ^ = 349 N/mm̂  (22.6 t o n / i n ^ ) 

Note t h a t the IJCJS Committee f o r u n i t s and symbols 
2 

recommends m u l t i p l e s i n numerator, e.g.MN/mm , but 
2 

the aluminiixm and s t e e l standards both adopt N/mm 
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(d). F i nding 

Using expression ( 8 ) = 
/f 3 ^ nf 3 
E 200 ( f 3 - f ^ ) 

/349 + 7 X 349 
68,700 200(349-273) 

. .TT 
,005 + .160 

X^ = 7.75 Say 8 

Note Code Appendix D s i m p l i f i e s and standardises 
at 8 f o r a l l a l l o y s . This i s not completely 

. s a t i s f a c t o r y f o r alloys, w i t h values below 8 
such as N. 8 m. I t w i l l also tend t o be 
conservative f o r a l l o y s w i t h values much i n 
excess of 8. 

(e) Finding X B 
Using expression (10) X g = /6.8 x lO^ 

f o 

/6.8 X 10^ 
273 

-J' 
= 2500 
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Note Code CP 118 Appendix D (D.2.1) gives an . 
expression f o r Xg on the permissible stress 
curve (Code Fig. 24) which compares at 52. 

( f ) Finding Pt 

Pt = , „^ ^ — r r — = = 184 N/mm (11.9 t o n / i n " ) 
Load Factor 1.9 1.9 ^ ' 

The s t r u t curves g i v i n g compressive stresses 

are now shown i n Fig. 2. 



fTHHIi 
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Local Buckling - T h e o r e t i c a l Basis . 

A l l s t r u c t u r a l meinbers are considered as being b u i l t 

up from a series of plates forming the webs, flanges 

and reinforcements. I n many cases these w i l l be 

t h i n p l a t e s l i a b l e to buckle l o c a l l y under a 

compressive load. 

CP. 118, 1969 provides permissible compressive 
s t r e s s curves f o r beairis and t h i n p l a t e s i n the most 
commonly used a l l o y s which include the requirements 
f o r l o c a l b u c k l i n g . A comparable curve was 
required f o r the Al-Zn-Mg a l l o y under t e s t . 

Local b u c k l i n g curves are constructed by adopting an 
approach comparable to t h a t used f o r s t r u t curves. 
The secant-modulus curve however replaces the 
tangent-modulus at the lower buckling parameters. 

A i s .again used t o define the buckling parameter 
which f o r l o c a l - b u c k l i n g i s given by where:-

m = l o c a l buckling c o e f f i c i e n t 
b = breadth of component p l a t e 
t = thickness of component p l a t e . 

The curve i s constructed i n the manner shown i n 
Fig. 3. I t i s defined by the q u a n t i t i e s f ̂ ^^j. j A A' 
and K The c r i p p l i n g bending stress f^^^. has been 

Mcr 
determined from the expression f, = where M 

bcr z cr 
i s the bending stress reached when the extreme f i b r e 

stress equals the 1 % proof stress. I n other words 
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a 90% over-load w i l l produce 1% p l a s t i c s t r a i n i n 

the extreme f i b r e s . Z i s the ELASTIC section 

modulus. 

The r a t i o f, t o f ^ varies w i t h the a l l o y . I t i s bcr 5 
higher when the a l l o y has a steeply r i s i n g s t r e s s -
s t r a i n curve. This r a t i o i s designated s and has 
a value which v a r i e s from 1.1 fox normal sections 
to. 1.5 f o r s o l i d bar. A value of 1.1 w i l l be 
adopted. . 

/ 

v*o<s 

F:i(j:- 3 
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A s i m p l i f i e d expression i n v o l v i n g the use of s 

f o r o b t a i n i n g f, i s given by ^ bcr • ^ , 

^K.. = + (5" - i ) ( 1 . 2 - 0.25)(f_ - f ^ ) ...(11) 

f^ bcr 
The permissible stress Pb i s then 7 -r—z— —-

^ Load f a c t o r 1.9 

As w i t h column buckling i t i s required t o establish, 

the c u t - o f f points and A ^ . The value f o r X g 

w i l l be the same as already established f o r column 

buckling.. ' 

Referring to Fig, 3, the i n c l i n e d s t r a i g h t l i n e A B 

i s t h a t already f i x e d f o r column buckling. A 

s i m i l a r l i n e A .̂ B i s now necessary f o r l o c a l 

b u c k l i n g and i s found as f o l l o w s . . 

F i r s t f i n d . ̂ ^ which locates the p o i n t at which 

f = fr. , on the secants modulus f a i l u r e curve. 5 ( c r i t ) 
I t w i l l be r e c a l l e d the f o r column buckling was 
s i m i l a r l y defined, but based on the tangent modulus 
curve. . 

Using a comparable approach A^'^ i s given by 

A A- = / ^ f n ...(12) 
/2.5). + 0.0()̂ > 
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Y 
Next p o s i t i o n p oint A along the stress l e v e l f ^ 
by making A = ^ (A^ + A^x) ...(13) 

or p o s s i b l y , i f A A ' i s -to be maintained at about 8 
as w i t h column buckling AA^ = ^ + ...(14) 

/ Y 
F i n a l l y p o i n t A can be located by producing BA up 
t o the stress l e v e l of f, . The p r o f i l e of the 

bcr 
b u c k l i n g curve i s now.complete and the permissible 
stress curve f o r l o c a l buckling may be constructed 
as shown i n the. f i g u r e . The curve i s applicable f o r 
the l o c a l b u c k l i n g of beam compression flanges as 
w e l l as s t r u t s . 

4.0 Local Buckling - Curve Calculations 
M a t e r i a l s p r o p e r t i e s as f o r column buckling 

(a) Finding f ^ ^ ^ 

Make s = 1.1 
Using expression (11) 

. 1 
^bcr = ^^2 - - 0.2s)(f2.- f ^ ) 

= 1 . 1 X 340 + (5^ - 1)(1.2 - 0.2x1.1)(340-273) 

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

^bcr 391 N/mm̂  (25.3 t o n / i n ^ ) 

Thus permissible stress 
Pb - ^cbr = 206 N/mm̂  (13.3 t o n / i n " ) 

1.9 
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Note:. Co,de CP 118 Appendix D gives a generalised 
'' ••' • • ' • 2 expression Pj^^ which compares at 205.6.N/mm , 

(b) . Finding A^x 
TT 

Using expression (12) ̂ j^-T 1̂  f - _2 + 0.005 
(2 . 5 ) " E 

II 

/ .0106 

A^x = 30.5 

(c) Finding A^ 

Using expression (13) A^Y = f (A.^ + •^^x) 

_ 1 i (8 +30.5) 

A^Y = 19.25 

OR a l t e r n a t i v e l y 

Using expression (14) A^Y = + 

8 61 
3 3 

A^Y = 22.96 
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(d) Finding A^ 
: The Code C P . 118 standardises on A^/ at 8 thus 

.the value of AA^ = 22.96 w i l l be adopted. 
Stress values thus derived may be o p t i m i s t i c 

A Y • • • ^-w^ A =19.25 w i l l 
A Y Y — A = 23 BA projected 

t o gives AA'' of approx. 8. 

The completed l o c a l buckling stress curves are shown 
i n F ig. 4. 

5. . Post Buckling 

Mention .was made i n Chapter 1 of the i n t e r r e l a t i o n 
of. column and l o c a l b uckling i n the post buckling 
s i t u a t i o n . 

The compressive stress curve f o r l o c a l buckling 
developed so f a r arid shown i n Fig.4 i s simply based 

. on INITIAL buckling. Values of A= ™^/t which f a l l 
t o the l e f t of p o i n t B w i l l be s a t i s f a c t o r y as 
bu c k l i n g w i l l v i r t u a l l y cause collapse almost 
immediately. Where however the value of A = ™^/t 
f a l l s t o the r i g h t of point B the approach i s 
conservative because the MAXIMUM stress i s then 
greater than the INITIAL buckling stress. This 
value w i l l p r o gressively increase as A increases 
and provide a reserve of post buckling strength. 
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I n c e r t a i n circumstances t h i s may be used-to ; 
advantage. 

I n general, a post buckling i n v e s t i g a t i o n i s only 
worthwhile when the breadth/thickness r a t i o f o r webs 
exceeds 35 and tha t f o r flanges exceeds 12. The 
value of A= ^^/t should, also f a l l a reasonable 
distance tP the r i g h t . o f B t o j u s t i f y f u r t h e r 
i n v e s t i g a t i o n . A method of dealing w i t h post 
buckling i s given below and shown i n Fig. 5. 

Fig ; - 5 
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(a) Find the value f o r A = mb (say t h i s exceeds 
':t 

B = 50 by a reasonable amount) 

m 

(b) Read o f f the somewhat conservative INITIAL 
buckling stress f ^ ^ from the buckling curve. 

(c) Next f i n d the value of the buckling stress f. 
based on the. MAXIMUM stress f o r a very short 

C 
s t r u t given by fm - where C i s a 

constant given by 

44000 
C = Imperial Units 

OR- ' • • • . • 

6.8 X 10^ Metric Units 

This approach w i l l be found t o be s i m i l a r to 
Chilver's e m p i r i c a l r e l a t i o n s h i p but w i t h an 
adjustment t o make f = f . at B. 

m m 

Thus f o r a s t r u t having a column buckling slenderness 
r a t i o A = less than A^ ( d i c t a t i n g the consideration r D 
of l o c a l b u c k l i n g ) the buckling stress using the post 
buc k l i n g reserve strength i s given by 

KL 
f = f . + ( f - P. ) ( 1 - • cr m ^ m i n ' ̂  mb / 

t 
This expression may be subsequently used i f t e s t s 
i n d i c a t e t h i s i s necessary. 



T o r s i o n a l Buckling 

Single channel s t r u t s need t o be checked f o r 
t o r s i o n a l buckling using the "Compressive Stresses 

/ i n Struts" curve FIG. 1 w i t h A = kAt. As the 

sec t i o n only has one axis of S3mmetry an i n t e r a c t i o n 
w i l l f r e q u e n t l y e x i s t between t o r s i o n a l and column 
buck l i n g i n the plane-normal t o tha t a x i s . This 
w i l l r e s u l t i n a lower buckling stress than that 
associated w i t h e i t h e r form of buckling when 
considered alone, and an i n t e r a c t i o n c o e f f i c i e n t K 
must iDe included. 

(24) • Work by Smith^ ' gave immunity curves f o r channel 
s e c t i o n where { ^ / r y ) ^ { j ) was p l o t t e d against ^ 

where d . i s web depth and b i s flange depth. Fig..6 

i n d i c a t e s Smith's proposals and i t i s suggested that 

i n p r a c t i c e the stress be r e s t r i c t e d t o t h a t given 

l -

Ilia. 



by the c r i t i c a l — , unless c a l c u l a t i o n s are made to 
.. - r y 

e s t a b l i s h and involve the i n t e r - a c t i o n c o e f f i c i e n t K. 

Double channel battened s t r u t s present a complex 
t o r s i o n a l problem, p a r t i c u l a r l y i f eccentric end 
loading e x i s t s i n the plane of the battens. Under 
t h i s c o n d i t i o n a load d i f f e r e n t i a l and consequent 
v a r i a b l e t o r s i o n a l c h a r a c t e r i s t i c s w i l l e x i s t 
between the main channel legs. The s i t u a t i o n w i l l 
be s t i l l f u r t h e r complicated by the l o c a t i o n and 
i n d i v i d u a l s t i f f n e s s (xf the batten plates. 

The battened s t r u t has a p r o f i l e which cannot be 
classed as e i t h e r an "open" or "closed" section and 
i t s t o r s i o n a l resistance w i l l f a l l SOMEWHERE 
between t h a t expected f o r these two co n f i g u r a t i o n s . 

I t i s t h e r e f o r e not expedient to t r y and p r e d i c t the 
t o r s i o n a l behaviour of the battened s t r u t f o r the 
i n i t i a l design. Consideration w i l l however be given 
to the problem once the t e s t r e s u l t s have been 
analysed. 
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Chapter 4 
. . T h e o r e t i c a l Approach . 

4.1; General 

, The design engineer involved w i t h the use of t h i n walled 
sections i s confronted with, a complex problem r e s u l t i n g 
from the combined stress s i t u a t i o n . The various forms 
of b u c k l i n g and t h e i r i n t e r a c t i o n s may manifest them-

,' selves i n the, i n d i v i d u a l components as w e l l as the 
. .. composite member. This makes the problem' of stress 

apportionment p a r t i c u l a r l y arduous.. 

Even today, p r a c t i s i n g engineers may f o l l o w the ways of 
t h e i r ancestors and endeavour t o solve a complex stress 

. s i t u a t i o n by breaking the problem down i n t o i s o l a t e d 
u n i t s . They may w e l l f i n d i t i s then " j u s t i f i a b l e " to 
apply formulae extracted from some dusty t e x t book, 
conduct a few t e s t s , and " l o g i c a l l y " superimpose t h e i r 
f i n d i n g s t o produce a covering s o l u t i o n . This " o s t r i c h " 
method of approach undoubtedly stems from the use of 
t h i c k e r sections and higher load f a c t o r s used i n the 
past decade. I t may be a great time saver and r e a d i l y " 
appeal t o the gambling i n s t i n c t but can scarcely be 
regarded as acceptable now that h i g h l y stressed, t h i n 
walled, components are. commonplace. 

Witli s t a t i c s t r u c t u r e s , i t can be argued t h a t the only. 
J u s t i l i c a t i o n f o r abstruse c a l c u l a t i o n i s the eaforcc-fl 



economics of weight saving. . However, w i t h moving 
s t r u c t u r e s the economy of m a t e r i a l i s much more pressing. 

, V The f a c t t h e r e f o r e remains t h a t , f o r one reason or another, 
problems e x i s t which must be solved and the f u r t h e r 
i n v e s t i g a t i o n of stress i n t e r a c t i o n i s i n e v i t a b l e . 

4.2 The I n t e r a c t i o n Method 
As p r e v i o u s l y intimated any i n v e s t i g a t i o n i n t o the 

- i n t e r a c t i o n of stresses, r e s u l t i n g from e x t e r n a l l y applied 
forces and from member deformation.under a simple loading 
c o n d i t i o n gives r i s e to analysis d i f f i c u l t i e s . 

..A method a t t r i b u t e d t o . Shanley -̂ ^̂ ^ ,̂ known as the 
- " I n t e r a c t i o n Method", provides a means of determining 

allowable loads under a combined.loading c o n d i t i o n . I t 
also has the added a t t r a c t i o n of being amenable to 
i n t u i t i v e reasoning, and common sense. The stress r a t i o 
basis makes i t compatible w i t h the combined stress approach 

. . recommended i n both C-P. 118 and B.S. 449. I t s 
. s u i t a b i l i t y f o r - d e a l i n g w i t h the complexity of parameters 

l i k e l y t o e x i s t w i t h battened s t r u t problems could not be 
b e t t e r e d and confirmed i t s s e l e c t i o n f o r t h i s d i s s e r t a t i o n . 

I n b r i e f l y discussing the method, i t can be said to be 
non-dimensional and deals only w i t h r a t i o s which are 
stresses of the same character. I t can be demonstrated 
i n i t s simplest form by assuming a case i n v o l v i n g two 
d i f f e r e n t types of load and a u t i l i s a t i o n f a c t o r R, 
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.which f o r a simple', loading c o n d i t i o n represents the. 
i r a t i o of ,.an applied simple stress .f t o a. permissible 
stress p. or a f a i l u r e stress f . R, and R„ could 

^ • • cr. .1 2 
t h e r e f o r e represent two conditions.. 

The e f f e c t of these two c o n d i t i o n s , one on the other, 
can be shown by an i n t e r a c t i o n curve, the shape- of which 
w i l l be dependent upon the nature of the loading under 
cons i d e r a t i o n . The.curve i s u s u a l l y expressed by a 
simple, stress r a t i o equation which i s derived from e i t h e r 
t e s t data or theory. 

Once the curve has been, established i t i s possible t o 
d i r e c t l y p r e d i c t the e f f e c t of one loading c o n d i t i o h on 
the other. Any given value of R̂  p l o t t e d on the curve 
w i l l d i r e c t l y i n d i c a t e what i s a v a i l a b l e to be u t i l i s e d 
by R2 - F i g . 7. I t i s usual f o r the e f f e c t of one 

loading c o n d i t i o n ' t o reduce the u t i l i s a t i o n f a c t o r t o 
less than 1.0 but c e r t a i n conditions may e x i s t which 
r e s u l t i n the second load increasing the f a c t o r to more 
than 1.0. • . 

Before proceeding t o the c r i t i c a l p a r t i c u l a r cases of 
combined, loading applicable' to t h i s work, a consideration 
of the basis upon which t h e . i n t e r a c t i o n concept i s 
founded w i l l reveal the f o l l o w i n g generalised form. 
For cases i n v o l v i n g two types of loading designated 

and R2^ and knowing t h a t R-ĵ ^ + R̂ ^ = 1 the v a r i a t i o n of 
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the. exponents "a", and "b" w i l l produce i n t e r a c t i o n curves 

. above the s t r a i g h t l i n e given by R-ĵ  .= R̂  = 1. Making 

one exponent equal t o 2 w i l l y i e l d a; parabola and w i t h 

.both exponents equal t o 2, a c i r c u l a r arc. As the 

exponents are f u r t h e r increased the curves w i l l approach 

the boundaries given by R̂  = R2 = 1. Fi g . 7. 

Thus w i t h i n f i n i t e exponents complete freedom, i n d i c a t i n g 

zero i n t e r a c t i o n , would be attained,.suggesting t h a t the 

basic equation should be R-ĵ  + R̂  = 1, where a and b 

represent the degree: of i n t e r a c t i o n . The expression 

R̂ ^ + R̂ ^ = 1 i s however p r e f e r r e d on grounds of 

s i m p l i c i t y . 

I'O 

^2 
\ —N 
V 

0.4-
ft, 

Fl<=^:- 7 

For any given problem the degree of i n t e r a c t i o n w i l l 

need to be sensibly predicted. One would assume that 

two loading c o n d i t i o n s of a tfimilar .nature cause e . fff-cts 

w h i c l i a r e d.i i«;ct l.y a d d i l i v t ; a n d g i v r ; a s l i r a i g h l . . l i n e 
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, i n t e r a c t i o n curve;- I f however t h e two c o n d i t i o n s ' were 

. bending and. t o r s i o n t h e r e s u l t i n g c r i t i c a l . s t r e s s e s 

. would not a c t a t . t h e .same, p o i n t or a t the same a n g l e and 

l e s s i n t e r a c t i o n w i l l t h e r e f o r e t a k e p l a c e . F u r t h e r 

thought, r e v e a l s t h a t t h e normal s t r e s s due. t o t o r s i o n 

a c t s a t .45° t o . t h a t due t o bending., which r e s u l t s i n an 

i n t e r a c t i o n c u r v e i n t h e form of a c i r c u l a r a r c . 

C a r e f u l ; c o n s i d e r a t i o n of the t y p e of l o a d i n g c o n d i t i o n 

i s t h e r e f o r e e s s e n t i a l . W h i l s t t h e approach may be 

. : r e g a r d e d a s somewhat e m p i r i c a l i t must be a p p r e c i a t e d 

•that t h e end p o i n t s of t h e i n t e r a c t i o n c u r v e a r e c o r r e c t , 

. a t l e a s t i n so f a r . a s they a c c u r a t e l y r e p r e s e n t t h e 

s t a t e of knowledge f o r f a i l u r e , under s i m p l e l o a d i n g 

c o n d i t i o n s . T h i s must c o n s i d e r a b l y reduce t h e p r o b a b l e 

e r r o r i n v o l v e d , when one t y p e of l o a d i n g predominates. 

F i n a l l y , even d i f f e r e n t m a t e r i a l s w i t h v a r y i n g m e c h a n i c a l 

. • p r o p e r t i e s , can o f t e n be r e p r e s e n t e d by a s i n g l e i n t e r -

. a c t i o n c u r v e . . T h i s f e a t u r e i s p a r t i c u l a r l y u s e f u l when 

d e a l i n g w i t h t h e h e a t - t r e a t a b l e aluminium a l l o y s . 

4.3 I n t e r a c t i o n Method A p p l i e d t o the B a t t e n e d S t r u t 

No s t r u t t h e o r e t i c a l l y argued as a x i a l l y loaded, w i l l 

e v e r e x i s t i n p r a c t i c e . Any t h e o r e t i c a l approach, t o be 

u s e f u l , must t h e r e f o r e a c c e p t t h a t p r a c t i c a l i n a d e q u a c i e s 

e x i s t and s h o u l d , wherever p o s s i b l e , be c a t e r e d f o r . 
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The. generail l i s t , of v a r i a b l e s g i v e n i n C h a p t e r 1 must 

t h e r e f o r e now be more s p e c i f i c a l l y d e f i n e d i n an e f f o r t 

t o o p t i n i i s e the t h e o r e t i c a l approach. . 

D a t a c o l l e c t e d from t h e b a t t e n e d s t r u t s under t e s t w i l l 

i n d i c a t e t h e c u m u l a t i v e e f f e c t of a number of i n t e r a c t i n g 

s t r e s s e s and d e f o r m a t i o n s , r e s u l t i n g from t h e f o l l o w i n g 

major c o n t r i b u t o r y f a c t o r s . 

1. A x i a l l o a d component. 

2. Bending moment due t o i n i t i a l i n t e n d e d e c c e n t r i c i t y . 

3. Bending moment due t o d e f l e c t i o n .under l o a d . 

.4. . Bending moments r e s u l t i n g from i n i t i a l l a c k of 

s t r a i g h t n e s s . T h e s e may. w e l l produce moments 

,on both.major a x e s . 

5.. The inducement and r e d i s t r i b u t i o n of bending moments 

r e s u l t i n g from t h e l o n g i t u d i n a l t w i s t of t h e s t r u t . 

T h i s m a n u f a c t u r i n g f a u l t i s m a i n l y a t t r i b u t e d to 

w e l d i n g . With e c c e n t r i c end l o a d i n g the t w i s t 

w i l l a f f e c t t h e r e l a t i v e p o s i t i o n s of t h e • t o p and 

bottom b a l l s e a t s and promote a d d i t i o n a l bending 

on t h e major a x i s a t r i g h t a n g l e s to t h a t i n i t i a l l y 

i n t e n d e d . I t w i l l a l s o s e t up a s m a l l amount of 

h o r i z o n t a l s h e a r . 

6. Any i n b e v e l of t h e i n d i v i d u a l c h a n n e l f l a n g e s or 

bowing of t h e web, which does o c c u r w i t h e x t r u d e d 

s e c t i o n s , but i s g e n e r a l l y o n l y s l i g h t , may w e l l 

a f f e c t t h e u l t i m a t e l o a d c a r r y i n g c a p a c i t y of t h e 
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. s t r u t and i n f l u e n c e i t s b e h a v i o u r to column, 

• t o r s i o n a l and l o c a l b u c k l i n g . 

.7. R e s t r a i n i n g e f f e c t s of t h e b a t t e n s . T h e i r 

l o c a t i o n and number. 

8. The e f f e c t s o f f r i c t i o n a t t h e b a l l s e a t i n g s . 

T h i s w i l l tend t o r e d u c e t h e s t r u t s e f f e c t i v e 

l e n g t h and improve i t s l o a d c a r r y i n g c a p a c i t y . 

9. The c o l l e c t i v e i n f l u e n c e of the f o r e g o i n g l o a d s , 

moments, d e f l e c t i o n s , m a l f o r m a t i o n s and r e s t r a i n t s 

w i l l i n f l u e n c e t h e f a i l u r e l o a d f o r column b u c k l i n g . 

•The l o c a t i o n of any. l o c a l b u c k l i n g f a i l u r e and the 

magnitude of the c r i p p l i n g s t r e s s i n l o c a l b u c k l i n g 

w i l l be i n f l u e n c e d l i k e w i s e . 

10. The comments f o r column and l o c a l b u c k l i n g 

i n d i c a t e d , i n 9 a l s o a p p l y t o t o r s i o n a l b u c k l i n g . 

The f o r e g o i n g l i s t , o f c o n t r i b u t o r y f a c t o r s , a l l of .which 

i n t e r a c t on each o t h e r , h i g h l i g h t s t h e c o m p l e x i t y of the 

s i t u a t i o n . C o l l e c t i v e l y they w i l l i n f l u e n c e t h e 

u l t i m a t e mode of f a i l u r e and t h e f a i l u r e s t r e s s . I t 

must o f c o u r s e be a p p r e c i a t e d t h a t some of the i n d i v i d u a l 

f a c t o r s c o n t r o l l i n g t h e f a i l u r e s t r e s s w i l l v a r y w i t h 

each s t r u t m a nufactured. 

Any t h e o r e t i c a l . approach to the problem must of n e c e s s i t y 

bo o p e r a t e d on a reduced number o.f f)aranioters t o tliosf; 
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l i s t e d ' . The p o s . s i b i l i t y of grouping was t h e r e f o r e 

c o n s i d e r e d . I t i s ac c e p t e d , t.hat a l o a d f a c t o r e x i s t s 

t o c o v e r f o r c o n t i n g e n c i e s i n d e s i g n and manii f a c t u r e , 

but t h i s does not d e t r a c t from t h e d e s i r a b i l i t y of 

i n c l u d i n g a s many of t h e v a r i a b l e s a s p o s s i b l e i n t h e 

t h e o r e t i c a l approach. . 

B e f o r e an e x a m i n a t i o n of t h e t e s t r e s u l t s can be made, 

an a n a l y s i s p r o c e d u r e must be e s t a b l i s h e d . . 

The problem r e s o l v e s i t s e l f i n t o two major f a c t o r s , 

namely t h e e f f e c t s of a x i a l l o a d and bending moment, 

wh i c h w i l l i n t e r a c t . . Problems r e l a t i n g t o t h e b a t t e n s 

t h e m s e l v e s and any t o r s i o n a l e f f e c t s on t h e s t r u t s a s a 

whole, w i l l be s u b s e q u e n t l y c o n s i d e r e d . Bending w i l l 

c r e a t e t h e major problem as t he f i n a l bending moments 

w i l l be made up from a number of t h e c o n t r i b u t o r y 

f a c t o r s l i s t e d e a r l i e r . 

Shanley. s u b m i t s that- f o r combined bending and co m p r e s s i o n 

t h e p o s t u l a t e o f t h e l i n e a r i t y of t h e i n t e r a c t i o n c u r v e 

may be deduced by w r i t i n g t h e f a m i l i a r e l a s t i c t h e o r y 

combined s t r e s s e q u a t i o n 

f max = f + f, = £ + ^ ( 1 ) 
c b A I ^ ' 

where 

f max = maximum normal s t r e s s 

.= a v e r a g e a x i a l c o m p r e s s i v e s t r e s s 

f j ^ = maximum bending s t r e s s 

A = c r o s s - s e c t i o n a l a r e a 



M = bending moment 

I . = Moments of I n t e r t i a w i t h r e s p e c t t o t h e 

N.A. about which bending M o c c u r s 

y = d i s t a n c e from N.A. to o u t e r f i b r e 

P = a p p l i e d end l o a d . 

T h i s e x p r e s s i o n i s o n l y a p p l i c a b l e t o r e l a t i v e l y s h o r t 

columns i n which s e c o n d a r y bending e f f e c t s a r e 

n e g l i g i b l e . 

T a k i n g t h e v a l u e of f max a t f a i l u r e a s a c o n s t a n t f o 

and n o r m a l i s i n g e x p r e s s i o n ( 1 ) g i v e s 

^ f f ^ f max _ c ^ b • —— - — ^ r-
. o o o 

At f a i l u r e f max = f ^ thus t h e i n t e r a c t i o n e x p r e s s i o n 

a t f a i l u r e i s g i v e n by 

^ -1 (3) 
o o 

E x p r e s s i o n (3). r e p r e s e n t s a l i n e a r i n t e r a c t i o n c u r v e 

between i n t e r c e p t s (1,0) and.- ( 0 , 1 ) . 

The normal s t r e s s a t f a i l u r e i s pr o b a b l y not the same 

f o r PURE a x i a l l o a d and PURE bending t h u s e x p r e s s i o n ( 1 ) 

needs to be g e n e r a l i s e d by r e p l a c i n g f ^ by f ^ ^ f o r 

c o m p r e s s i o n and f ^ by f ^ ^ f o r bending. 
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Wheire the . i n t e r a c t i o n c.tirve remained s t r a i g h t t h e 

i n t e r a c t i o n e x p r e s s i o n would be R +. R = 1. F i g . 8. 

Then R^: .= j ^ ; : - / ^ 
. . CO o 

(4 ) 

a nd R^ . = b . f bo 
_M_ 
M (5) 

where a l l s i a f f i x e s o ( i . e . f-^^, e t c ) r e p r e s e n t a 

ba.se v a l u e of ..stress, moment e t c . 

' .• • l-oV 
I D E P ^ U PI_/5K4T\C.IT>'. 

However, t h e l i n e a r i t y of t h e i n t e r a c t i o n c u r v e i s 

i n f l u e n c e d by t h e " p l a s t i c e f f e c t " , and w i t h d u c t i l e 

m a t e r i a l s t h e bending s t r e s s d i s t r i b u t i o n does not 

remain l i n e a r , up to f a i l u r e , a s assumed by e x p r e s s i o n ( 1 ) 

The l i m i t i n g c a s e f o r i d e a l p l a s t i c i t y ( i . e . when 

f max = f y i e l d = c o n s t a n t ) , a s . g i v e n by a r e c t a n g u l a r 

member i s R ^ + R.|_̂  = 1. F i g 8. T h i s t y p e of 

s e c t i o n would seldom be used t o r e s i s t bending and f o r 

e f f i c i e n t l y d e s i g n e d s t a n d a r d s e c t i o n s t h e p l a s t i c 

e f f e c t i s s m a l l i n PURE bending. The e f f e c t on the 

bending s t r e s s d i s t r i b u t i o n i s g e n e r a l l y n e g l i g i b l e . 
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•To^understand and o p e r a t e t h e " I n t e r a c t i o n Method" 

s a t i s f a c t o r i l y t h e e f f e c t s o f . l a t e r a l d i s p l a c e m e n t under 

l o a d and t h e i n f l u e n c e t h i s d i s p l a c e m e n t has on the 

moment arm of t h e l o a d , must be f u l l y a p p r e c i a t e d . Both 

a x i a l and e c c e n t r i c end l o a d i n g w i l l t h e r e f o r e be 

c o n s i d e r e d i n some d e t a i l . . 

A x i a l Loading , 

I n t h e c a s e of t h e a x i a l end l o a d i n g c o n d i t i o n , w i t h 

p i n ends, any l a t e r a l d i s p l a c e m e n t (which may a l s o 

i n c l u d e i n i t i a l l a c k , of s t r a i g h t n e s s ) c a n be, s i m p l y 

determined/by c o n s i d e r i n g h a l f t h e l e n g t h of t h e s t r u t 

shown i n - F i g . 9« 

D IS PI. A.eej-\iS>4't. 

V. 
• • 

D ^ F V - t T d T <OK> Dull 

F \ ci;- 9 

EFFECT OF 

Assume the s t r u t t o be a x i a l l y l o a d e d through p i n ends 

and t h a t a s m a l l amount of i n i t i a l l a t e r a l d i s p l a c e m e n t 

e x i s t s . The d i s p l a c e m e n t would p r o v i d e a l e v e r arm f o r 

th e l o a d and promote a bending moment of s i n u s o i d ^ ^ l 

d i s t r i b u t i o n over t h e l e n g t h o f t he s t r u t . 
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An ?inalogy t h e r e f o r e e x i s t s between t h e l o a d i n g c o n d i t i o n s 

of t h e s t r u t and a w e i g h t l e s s "beam-column" which i s 

t r a n s m i t t i n g both a c o m p r e s s i v e a x i a l l o a d P and 

. s i m u l t a n e o u s l y b e i n g s u b j e c t e d t o a bending moment. M^. 

.Where t h e bending moment has a s i n u s o i d a l d i s t r i b u t i o n 

o v er t h e l e n g t h of t h e beam t h e l o a d i n g c o n d i t i o n s w i l l 

be i d e n t i c a l . 

A c c e p t i n g t h i s i d e n t i t y e n a b l e s . t h e l o a d i n g t o be 

corisidere.d a s p r o d u c i n g two. a d d i t i v e i n c r e m e n t s of 

bending moment and d e f l e c t i o n , ' a PRIMARY moment M̂ . 

c a u s i n g d e f l e c t i o n 6^ (when the. a x i a l l o a d i s a b s e n t ) , 

PLUS, a. SECONDARY moment M c a u s i n g f u r t h e r d e f l e c t i o n <̂  . 

t h e moment M, . and d e f l e c t i o n <̂  a r e produced s o l e l y 

from t h e i n c l u s i o n of t h e a x i a l l o a d P whic h i s now a c t i n g 

t h rough t h e l e v e r arm p r o v i d e d by t h e d e f l e c t i o n S • 

The e f f e c t o f t h e s e c o n d a r y moment M = f6 i s t o 
s p 

produce a d d i t i o n a l d e f l e c t i o n s w h i c h produce a d d i t i o n a l 

moment, and so on. T h i s a c t i o n w i l l be convergent and 

r e s u l t i n a f i n a l v a l u e f o r the maximum t o t a l bending 

moment M^Q^ w h i c h i s t he sum of a , l l t h e primary and 

s e c o n d a r y moments. . At t h e mid-height of t h e s t r u t t h i s , 

w i l l g i v e a maximum.deflection v a l u e ^jq^ f o r an a x i a l l y 

l o a d e d s t r u t . 

I t i s t h e r e f o r e n e c e s s a r y t o e s t a b l i s h i n i t i a l l y a y ^ l u e 

f o r t h e l a t e r a l , d i s p l a c e m e n t due t o primary bending w i t h 



w i t h a maximum v a l u e M^. : F o r a c a r e f u l l y . a l i g n e d s t r u t , 

w i t h v i r t u a l l y n o . l a c k of s t r a i g h t n e s s , t h e p r a c t i c a l 

v a l u e of Mp c o u l d be n e g l i g i b l e and t h e f a i l u r e and 

c r i t i c a l v a l u e s almost c o i n c i d e n t . 

T a k i n g h a l f t h e s t r u t (See F i g . 9 ) a s a c a n t i l e v e r of 

l e n g t h 

M = M . cos (-rr-. ^ ) p ^L^ 2 ' 

.y/here .x - d i s t a n c e from mid-height and ^2 ~ ^ 

S l o p e 0 := / |L a. = ^ ^ S i n ( ^ | ) 

Def l e c t i o n y = / 0 dx = - = ^ —4 cos ( 7 ^ ^ ) 

E I L 2 ( L , 2 ) 7lr2 J 

Moment Mp w i l l g i v e t h e maximum v a l u e of y when x = L2 

C ; 4M L^" 
Then y max = 6 = — — 

P TT-^Ei 

A l s o by r e p l a c i n g L2 w i t h ^, i t s a c t u a l v a l u e 

PRIMARY d e f l e c t i o n = O = — (6) 
: P r r ^ E i 

T T ^ E i 
and knoxving E u l e r l o a d PE = p— 

. L 

c M 
^ PE 
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Blut from e a r l i e r r e a s o n i n g t h e t o t a l maximum d e f l e c t i o n 

^TOT a x i a l l o a d w i l l need t o i n c l u d e t h e e f f e c t s of 

se c o n d a r y bending which must be added'to. (6) .. 

t h e n M^O^ = Mp + 

_ M 
tOT - ^ . . . . . . ( 7 ) 

But.' :M^^ . - . P<$^^ 

•p , M 
Then y^jQ^ = Mp + TOT ..... ( 8 ) 

• • ' 

To ebyer f o r t h e convergent e f f e c t s of t h e secondary 

moment i t i s n e c e s s a r y t o i n c l u d e f o r t h e a m p l i f i c a t i o n 

of t h e i n i t i a l e c c e n t r i c i t y which produces p r i m a r y 

b e n d i n g . An e l a s t i c a m p l i f i c a t i o n f a c t o r K t h e r e f o r e 

needs t o be i n c l u d e d and i t s v a l u e . w i l l depend upon t h e 
• • • • • ' p' , 
r a t i o of — . I f t h e l o a d P = P„ the f a c t o r becomes 

E ; '•. ^ 

i n f i n i t e and i n s t a b i l i t y e x i s t s . A s l i g h t e c c e n t r i c i t y e 

of t h e l o a d P w o u l d thus c a u s e i n s t a b i l i t y a t a v a l u e of 
p -<,p^.- ' ̂  : 
• . c. 

MjOT L e t -^r^ = K • M - a 
• : , P. 

P ^TOT P 
D i v i d i n g (8) by M g i v e s K = .1 + — = 1 + ( — ) K 

P . ^ . E p ^E 

From which K = ^-^ (9) 
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E x p r e s s i o n ( 9 ) a l l o w s f o r t he i n c r e a s e i n bending moment 

due t o column d e f l e c t i o n s . I t i s o n l y s u i t a b l e f o r 

s i n u s o i d a l bending such as would r e s u l t from a x i a l 

l o a d . I n su c h c a s e s i t may be used to de t e r m i n e the 

l a t e r a l d e f l e c t i o n , which w i l l be maximum a t mid-height, 

I t may be e x p r e s s e d i n the d i m e n s i o n l e s s form 

where e i s the a m p l i t u d e of any i n i t i a l s i n u s o i d a l 

e c c e n t r i c i t y , s u c h a s l a c k of s t r a i g h t n e s s . 

E xpressio:n (9) i s t h e r e f o r e a p p l i c a b l e t o t h e a x i a l l y 

l o a d e d s t r u t s c o v e r e d by T e s t s 5 and 6 and can be 

a p p l i e d i n the d i m e n s i o n l e s s form where known l a c k of 

s t r a i g h t n e s s e x i s t s . 

E c c e n t r i c l o a d i n g 

F o r T e s t s 1 t o 4 and 7 t o 11 i n c l u s i v e t h e end l o a d i n g 

w i l l be 25.4 mm (1 i n ) e c c e n t r i c , along the a x i s p a r a l l e l 

t o t h e b a t t e n s . T h i s e c c e n t r i c i t y w i l l produce a 

PRIMARY bending moment M^ which i s c o n s t a n t throughout 

t h e l e n g t h of the s t r u t f o r any g i v e n l o a d P. See F i g . 10 
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D t F l - f i C r i o i o Due 

To- l ^ o r n g * ^ " Re 

FiC,:- 10 

EpFecr O F A)HP.v-
BeFi.£c; 

.'. PRIMARY d e f l e c t i o n from c o n s t a n t PRIMARY moment M i s 
•; . • y., • : — p-

g i v e n by E I i ) ^ = Pe x — x 

Pelf 
SET 

M L 
8 E I . . ( 1 0 ) 

I t w i l l a g a i n be n e c e s s a r y t o p r o v i d e f Or t h e . a d d i t i o n a l 

d e f l e c t i o n s . r e s u l t i n g from t h e e f f e c t s of t h e SECOr©ARY 

moment M and an a m p l i f i c a t i o n f a c t o r Ke w i l l be' needed. 

T h i s w i l l d i f f e r s l i g h t l y from t h a t adopted f o r t h e 

a x i a l l y l o aded s t r u t due to the p r i m a r y moment now b e i n g 

c o n s t a n t . It.may be d e r i v e d by adding t o t h e d i f f e r e n t i a l 

e q u a t i o n a term r e p r e s e n t i n g a c o n s t a n t e c c e n t r i c i t y e and 
• V. ^ 2 _ 2 g i v e n by ^ + p y = _ P e. 

dx 



T h i s e q u a t i o n was s o l v e d by Thomas Young i n 1807 and 

l e t t i n g Kg r e p r e s e n t t h e a m p l i f i c a t i o n f a c t o r f o r 

c o n s t a n t e c c e n t r i c i t y i t s v a l u e becomes:-

= ,t, X . . . . . ( 1 1 ) 

i l k ) 
Cos 

F o r g e n e r a l p u r p oses t h e s i m p l e f o r m u l a ( 9 ) i s f r e q u e n t l y 

u s e d a s n u m e r i c a l l y ( 9 ) and (11) w i l l g i v e a p p r o x i m a t e l y 

t h e same r e s u l t s . ' T h i s may be c o n f i r m e d by t a k i n g the 

r e c i p r o c a l of t h e two a m p l i f i c a t i o n f a c t o r s and 

c o n s i d e r i n g them a s a r e d u c t i o n f a c t o r of t h e e f f e c t i v e 

b ending s t i f f n e s s . Then f o r s i n u s o i d a l bending t h e 

s t i f f n e s s r e d u c t i o n f a c t o r i s 

" \ ~ " ^E 

and for. c o n s t a n t p r i m a r y bending i t . becomes 

£f2£ .= COS (I ; ( 1 3 , 
E I . ^ ^ ̂ E 

( E I ) = reduced bending s t i f f n e s s . 

I f t h e r e d u c t i o n f a c t o r s (12) and (13) a r e p l o t t e d a g a i n s t 
P 
— t h e sinuso.ida] bendinn e x p r e s s i o n (.12) w i l l g i v e a 
E 

s t r a i g h t l i n e , and thcvt .for c o n s t a n t p r i m a r y bending (i..5) 

a c u r v e f a l l i n g a s m a l l amount below t h e s t r a i g h t l i n e 
given^ by (12 ) . . 
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For; .this d i s s e r t a t i o n t h e t h e o r e t i c a l approach needs t o 

;be:as p r e c i s e a s p o s s i b l e . Thus f o r t h e e c c e n t r i c a l l y 

l o a d e d columns, e c c e n t r i c l o a d i n g a t d i s t a n c e "e" and any 

l a c k of s t r a i g h t n e s s ( i n i t i a l s i n u s o i d a l c u r v a t u r e of 

a m p l i t u d e "a.") heed t o be combined. T h i s may be done by 

u s i n g t h e p r i n c i p l e of s u p e r p o s i t i o n , t h e n . 

I n . subsequent c a l c u l a t i o n s ̂ ^ 0 ^ w i l l be c a l l e d ^̂ Q-p This 

w i l l i n f e r t o t a l e c c e n t r i c i t y f f o r both t h e o r e t i c a l and t e s t ) . 

f o r t h e a p p l i e d l o a d . I t w i l l be ' a p p l i c a b l e t o both a x i a l 
and e c c e n t r i c a l l y l o a d e d s t r u t s . 

W i t h t h e a x i a l l y l o aded columns d e f l e c t i o n w i l l a l l be 

of s i n u s o i d a l c l i r y a t u r e and any i n i t i a l malalignment c a n 

be d i r e c t l y i n c l u d e d i n K CL. 
a . • 

The maximum c o m p r e s s i v e s t r e s s i n a column which i s 

s u b j e c t e d t o combined c o m p r e s s i o n and bending, (whether 

t h e b.ending i s the r e s u l t of i n i t i a l d e f l e c t i o n or 

i n i t i a l e c c e n t r i c i t y , or a c o m b i n a t i o n ) may t h e r e f o r e be 

e x p r e s s e d more p r e c i s e l y by the i n c l u s i o n of a s u i t a b l e 

a m p l i f i c a t i o n f a c t o r K i n e x p r e s s i o n (1) g i v i n g 

•f max = - f ^ - Kfb = - f - K^y- (14) 

where K i s t h e a m p l i f i c a t i o n f a c t o r c a l c u l a t e d from 

( 9 ) or ( 1 1 ) . 



99 

Now c o n s i d e r a r e l a t i v e l y s h o r t l e n g t h of column w i t h 

a x i a l end l o a d i n g t h r o u g h . p i n ends, and a s m a l l i n i t i a l 

d e f l e c t i o n . The b e h a v i o u r a t maximum t o t a l bending 

moment w i l l be a s i f t h e a x i a l l o a d P and the bending 

moment M.̂ Q̂ , w h i c h a c t u a l l y e x i s t s a t t h e p o i n t o f maximum 

bending were a c t i n g i n d e p e n d e n t l y . The t o t a l bending 

moment i s g i v e n by KM. 

Assuming t h e f a i l u r e of t h e s t r u t i s t h e r e f o r e c o n t r o l l e d 

by t h e l i n e a r i n t e r a c t i o n e q u a t i o n 

^ + K M_ ^ 
. P • M , o o 

or 

from ( 4 ) and (5) 

R + KR, = 1 
c b 

and. s u b s t i t u t i n g f o r K from e x p r e s s i o n s (9) and (11) g i v e s 

F o r s i n u s o i d a l e c c e n t r i c i t y ( a x i a l l o a d ) 

R, 

F o r c o n s t a n t e c c e n t r i c i t y ( e c c e n t r i c l o a d ) 

R 
R + b = 1 (16) 

2 /p; 

L 

I n h i s e a r l i e r work Sh a n l e y u s e d t h e s l e n d e r n e s s r a t i o -

as a parameter f o r e s t a b l i s h i n g i n t e r a c t i o n c u r v e s . T h i s 

i i a ( i 1 i Ml i t a 1 i o n s a n d ( i i d n o t sciMn 1:0 !)<.• c - < , r i - < ' ( : 1 . i s a 
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n o r m a l i s i n g , b a s i s , which r e s u l t e d , i n t h e parameter 

V =. ̂  =. _2 b e i n g i n t r o d u c e d i n 1954. T h i s " b u c k l i n g 

. r a t i o " i s -defined f o r a column a s t h e r a t i o between t h e 

a c t u a l column f a . i l i n g l o a d and. t h e t h e o r e t i c a l E u l e r 

l o a d . T t p r o v i d e s f o r i n e l a s t i c e f f e c t s and l o c a l 

b u c k l i n g . /' 

' S u b s t i t u t e Pg = i n . e x p r e s s i o n ( l 5 ) 

T h i s g i v e s R„ + —'•• p — — = 1. 

p 
S o l v i n g f o r R, and r e p l a c i n g — by R g i v e s the 

f o l l o w i n g i n t e r a c t i o n e x p r e s s i o n f o r s i n u s o i d a l p r i m a r y 

b e nding moment. 

. ;. R̂ . = (1 - R ^ ) ( l -.HR^) . . . . . ( 1 7 ) 

S i m i l a r l y . , , when t h e p r i m a r y bending moment i s c o n s t a n t , 

• s u b s t i t u t i o n i n e x p r e s s i o n (16) g i v e s 

R^ = (1 - R^) Cos (| / ^ T R ^ ) . . . . . ( 1 8 ) 

E x p r e s s i o n s (17) and (18) e n a b l e t h e a p p r o p r i a t e 

i n t e r a c t i o n c u r v e s f o r both a x i a l and e c c e n t r i c end 

l o a d e d s t r u t s to be p l o t t e d . 

I f r e q u i r e d f o r t he c a s e s of e c c e n t r i c l o a d i n g , p r o v i s i o r i 

can a l s o . b e made on t l i e i n t e r a c t i o n c u r v e c h a r t s f o r 

v a r y i n g d e g r e e s of e c c e n t r i c i t y . Because M = Pe a 
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s t r a i g h t l i n e running, through the o r i g i n of a d i m e n s i o n a l 

i n t e r a c t i o n c u r v e would r e p r e s e n t a c e r t a i n e c c e n t r i c i t y e. 

T h i s can be r e p r e s e n t e d on t h e n o r m a l i s e d i n t e r a c t i o n 

c u r v e . c h a r t s by an " e c c e n t r i c i t y r a t i o " which i s e s t a b l i s h e d 

a s f o l l o w s : • 
• M • 

R, M. _ b _ o 
^e = R — P 

c P o 
• M 

-as JM = ^ ~ P 

R - - — r ^ — — or R = — (19) 
e M . e e v / 

'O . , o 
• P 

. ; 0 . .• . 

where e = . ' e o c e n t r i c i t y ,of END l o a d w i t h r e s p e c t t o 

N./A. lof C r o s s S e c t i o n 

. M 
-te = b a s e valiue 'of e c c e n t r i c i t y 

!By replafciing M toy f. Z and P by f ^ A 
.•'̂  ^ i © . bo o ao 

^ • -u. "^bo Z _ ^ b o The'n bas e ^ e r c c e n t r i c i t y 'e = — ^ - ^ — r^. 
CO CO 

f 
••" '^e r 

ic too 

'where if and f.,_ a r e t h e f a i l u r e s t r e s s e s i n pure 
CO bo 

•compression and ipure bending r e s p e c t i v e l y . 

When f • - f / t h e b a s e e c c e n t r i c i t y w i l l be t h e cor;e '.CO too 
• ê ircadius --and IR̂ ^ = — . 
' ' 'C 

0«IVER8/T, 
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Note; - The c o r e i s d e f i n e d - a s ' t h a t p a r f of t h e c r o s s 

. s e c t i o n w i t h i n which . an a x i a l f o r c e c a n be a p p l i e d WITHOUT 

c a u s i n g a s t r e s s of o p p o s i t e s i g n a t any p o i i i t . 

The c o r e r a d i u s i s t h a t v a l u e of e c c e n t r i c i t y , a l o n g a 

p r i n c i p a l a x i s a t w h i c h t h e s t r e s s oh the. o p p o s i t e edge 

becomes z e r o . 

We know t h a t f min - £ - = £ (1 - eA ) (20) 

By d e f i n i t i o n t h e c o r e r a d i u s a t fmin must be z e r o . 

Making t h i s s u b s t i t u t i o n . i n (2.0) and s o l v i n g , f o r e g i v e s 

The c a l c u l a t i o n of t h e n e c e s s a r y t h e o r e t i c a l v a l u e s f o r 

; t h e C o n s t r u c t i o n of c h a r t s can now proceed. 

4•4 T h e o r e t i c a l C a l c u l a t i o n s 

Having d e s c r i b e d t h e " I n t e r a c t i o n Method" and e s t a b l i s h e d 

t h e t h e o r y f o r t he b a s i c i n t e r a c t i o n c h a r t s i t i s now 

n e c e s s a r y t o c a l c u l a t e t h e base or c r i t i c a l v a l u e s f o r 

a x i a l l o a d and bending moment. L o c a l and t o r s i o n a l 

b u c k l i n g w i l l a l s o be c o n s i d e r e d . T h e . t h e o r y used w i l l 

be t h a t g e n e r a l l y r e c o g n i s e d as t h e most a c c u r a t e a v a i l a b l e 

f o r b a t t e n e d s t r u t s a t t h i s time. 

( a ) A x i a l Load . 
TT^EI 

The Eul.er e x p r e s s i o n f o r b u c k l i n g PE - — ^ forms 

t h e b a s i s of much o f t h e e x i s t i n g knowledge. V a l u e s 



103 

f o r E u l e r c r i p p l i n g w i l l t h e r e f o r e f i r s t be 

e s t a b l i s h e d . 

R e f e r r i n g t o t h e s e c t i o n p r o p e r t i e s g i v e n i n 

• C h a p t e r 3 and F i g . ]&, C h a p t e r 6, t h e b u c k l i n g 

f i g u r e s a r e -

F o r b u c k l i n g oh t h e x-x a x i s (weaker a x i s , p a r a l l e l 

t o b a t t e n s ) 

p ^ Tl^EIx ^ /T^ X 68 700 X 609.36 x lo"̂  ^ ^09 kN 
^ 3657.6^ X 10^ 

(30.9 t o n ) 

T s 
F o r b u c k l i n g on the. y-y a x i s ( s t r o n g e r a x i s , a t R C 

t o b a t t e n s ) 

P , Tr^EI^ , TT̂  X 68 700 x 1179.6 x 10^ ^ .^^3 
^ ' if- 3657.6 X 10-^ 

(59.8 t o n ) 

I n b o t h c a s e s l e n g t h L i s t o t h e c e n t r e s of b a l l 

s e a t i n g s . 

The f o r e g o i n g c a l c u l a t i o n s a r e based upon t h e 

a s s u m p t i o n t h a t t h e s t r u t . i s homogeneous. With 

b a t t e n e d s t r u t s t h e b a t t e n r i g i d i t y i s v i t a l l y 

i m p o r t a n t and where t h i s i s s m a l l t h e a c t u a l c r i t i c a l 

l o a d w i l l be much lower t h a n t h a t p r e d i c t e d by 

E u l e r ' s e x p r e s s i o n . 
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Timoshehkp^^^.^ o f f e r s an e x p r e s s i o n f o r o v e r a l l 

column b u c k l i n g , which i s b a s e d upon E u l e r and 

t a k e s i n t o a c c o u n t t h e bending of t h e b a t t e n s 

themselves;. I t assumes t h e . b a t t e n s a r e r i g i d l y 

a t t a c h e d , which c a n o n l y be a c h i e v e d by w e l d i n g , 

a n d : t h e r e i s no adjust m e n t of the e f f e c t i v e t o 

a c t u a l l e n g t h s between t h e b a t t e n c e n t r e s . The 

e x p r e s s i o n i s 

•': ,p •••••• ^ • 1 - • . ' 
P = TT'EI . — — '• .. . . (1.) 

— r / ^ T T ^ E L / a b r E I / a b a_ . ,na ) 

where a = d i s t a n c e , c e n t r e s of b a t t e n s 

b;= d i s t a n c e , between c e n t o i d s of main members 

A^ = c r o s s s e c t i o n a l a r e a of two o p p o s i t e b a t t e n s 

n n u m e r i c a l f a c t o r , , depending on c r o s s 

s e c t i o n a l shape. Take as 1.2 f o r a 

r e c t a n g u l a r c r o s s s e c t i o n 

G = s h e a r modulus (modulus of r i g i d i t y ) 

I = r e l e v a n t second moment of column s e c t i o n 

r.|;̂' = second moment of a r e a of two o p p o s i t e 

b a t t e n s i n t h e d i r e c t i o n of the a x i s of 

the s t r u t and about an a x i s p e r p e n d i c u l a r 

' : t o t h e s t r u t a x i s . 

I - second moment of a r e a o.f one main memb'-r 
• c 

about t h e y-y a x i s 

E u i e r symbols as p r e v i o u s l y , 
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The p o s s i b i l i t y of t h e .channels b u c k l i n g between 

t h e , b a t t e n s was a l s o c o n s i d e r e d by Timoshenko. 

He assumed t h e b a t t e n r i g i d i t y t o be l a r g e and 

s u b m i t t e d t h a t t h e c r i t i c a l v a l u e of t h e co m p r e s s i o n 

f o r c e f o r b u c k l i n g between b a t t e n c e n t r e s was 

2 7!̂  E I 2 
c g i v i n g P^ per main member a t IT E I c . 

2 '̂'''̂  2 a a 

• p = Tf x 68,700 X 59.20 x 10 
' "• . . ^ r i t 2. 3 
(per raain member) . a x u 

(2) 

. .= See t a b l e f o r v a r i o u s v a l u e s 

of " a " . 

(54 ) 

K o e n i g s b e r g e r and.Mohsin^ found Timoshenko's 

e x p r e s s i o n s i n good agreement w i t h t h e i r t e s t r e s u l t s , 

when ..the b a t t e n c e n t r e d i s t a n c e was m o d i f i e d to 

0.85a. 

The P v a l u e s f o r a s i n g l e member between b a t t e n s , c r i t : ^ ' 
assuming t h e s t r u t s were a x i a l l y loaded, w i l l need to 

be e s t a b l i s h e d f o r the v a r i o u s b a t t e n s p a c i n g s 

adopted i n t h e t e s t s . T h i s i s n e c e s s a r y t o a s c e r t a i n 

the b a s e or c r i t i c a l v a l u e f o r an a x i a l l o a d a c t i n g 

on i t s own. The f o l l o w i n g F i g . 1 1 i n d i c a t e s t h e 

c r i t i c a l v a l u e s f o r t h i s t y p e of f a i l u r e i n the t e s t s 

p l a n n e d . Comparisons have been g i v e n between t h e 

Timoshenko and the K o e n i g s b e r g e r Mohsin p r e d i c t if.ins 

u s i n g t h e b a t t e n s p a c i n g s w h i c h w i l l e x i s t a t , or 

a d j a c e n t t o , t h e mid h e i g h t of t h e s t r u t s . 
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I t w i l l be o b s e r v e d t h a t a l l c r i t i c a l l o a d s , except 

, t h o s e f o r . T e s t s 3, 4, 7 a n d . I Q , u s i n g Timoshenko's 

e x p r e s s i o n , exceed t h e l o c a l b u c k l i n g t e s t . f a i l u r e :.oad 

of 342 kN ( 3 4 . 2 " t o n ) . and 310 kN (31 t o n ) o y e r a l l column 

b u c k l i n g g i v e n i n Chapter 6. 

T h e o r e t i c a l f a i l u r e l o a d s f o r o v e r a l l column b u c k l i n g , 

under. a x i a l l o a d , assuming b u c k l i n g i n the p l a n e of 

t h e b a t t e n s s t i l l needs to be e s t a b l i s h e d i n 

ciccordancc w i t h Timoshenko's e x p r e s s i o n ( 1 ) m o d i f i e d 

t o a c c o u n t f o r b u c k l i n g between t h e b a t t e n s and w i t h 

t h e a d j u s t e d e f f e c t i v e b a t t e n c e n t r e s argued by 

k o n i g s b e r g e r and Mohsin. . • 

The e x p r e s s i o n s t h e n become, 

F o r Timoshenko -

^ _hL ab. ^ 1_ + _ i L _ 
,L' 1 2 E r 2 4 l i l ( l - o < ) hAbC f b c ^ ' 

F o r K o n i g s b e r g e r & Mohsin 

P - T t ^ E i 
c r i t 

^ 1 + T L _ E I 0.85ab (0.85a) n ( 0 . 8 5 a ) 
,2 12EIj^ , 2 4 E I ^ ( l - o < ) bA^G ' ' 

P . . 
where o < . - ^^^^ 

> j r ^ E I 
c 

I I =• 1.1' 
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• E ' and G = ^ (^i + y j / " P o i s s o n ' s r a t i o 

= .33. ( f o r Al-Zn-Mg) 

I t w i l l be n o t i c e d t h a t t h e e x p r e s s i o n f o r c< c o n t a i n s 

^crit° E q u a t i o n s (3) and (4) can t h e r e f o r e only be 

s o l v e d by a t r i a l and e r r o r method. 

F i g . 12 g i v e s P v a l u e s f o r o v e r a l l column ^ : .̂ c r x t 

b u c k l i n g u s i n g e x p r e s s i o n s ( 3 ) and (4) f o r the T e s t 

numbers and b a t t e n s p a c i n g s a s g i v e n p r e v i o u s l y . 

I t : w i l l be o b s e r v e d t h a t none of the c r i t i c a l l o a d s 

r e a c h t h e l o c a l b u c k l i n g l o a d s or t he l o a d s f o r 

column b u c k l i n g of an i n d i v i d u a l c h a n n e l c a l c u l a t e d 

e a r l i e r . Those c a l c u l a t e d u s i n g K o n i g s b e r g e r and 

Mohsin's e x p r e s s i o n , approach, t h e l o c a l b u c k l i n g 

f i g u r e when the b a t t e n s a r e spaced a t the code 

maximum of 863.5 x 0.85 = 734 mm. I n d i c a t i o n s 

t h e r e f o r e a r e t h a t w i t h a x i a l l o a d o n l y t h e s t r u t s . 

b e i n g t e s t e d , w i l l f a i l by o v e r a l l column b u c k l i n g i n a l l 

c a s e s where the b a t t e n s p a c i n g has been i n c r e a s e d 

beyond t h i s f i g u r e but l o c a l b u c k l i n g c o u l d be 

c r i t i c a l f o r t h e s t r u t s MIS S I and S4. 

The r e d u c t i o n i n l o a d c a r r y i n g c a p a c i t y a t t he 

e n l a r g e d b a t t e n s p a c i n g s i s much more'than t h e ' 

aut h p r would have e x p e c t e d . I t remains f o r the 
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t e s t s t o c o n f i r m or d i s p u t e t h i s view. 

(b) Bending Moment 

The c r i t i c a l pure bending moment ^ ^ ^ . j ^ ^ = was 

r e q u i r e d a s a b a s e v a l u e f o r t h e i n t e r a c t i o n 

e x p r e s s i o n s . T h i s w i l l be e s t a b l i s h e d t h e o r e t i c a l l y 

i n what f o l l o w s , . u s i n g d a t a from C h a p t e r 3. 

The a u t h o r would have p r e f e r r e d t o c o n f i r m any 

t h e o r e t i c a l s o l u t i o n s f o r M ., by p r a c t i c a l t e s t i n g , 
c r i t ^ ^ 

T h i s , a l a s , was not p o s s i b l e , due to the extreme 

d i f f i c u l t i e s of s i m u l a t i n g t h e b a l l end arrangement 

f o r a beam, and p r o v i d i n g a s u i t a b l e method of end 

moment a p p l i c a t i o n . Any arrangement developed t o 

perform t h i s duty s a t i s f a c t o r i l y , i s d i f f i c u l t to 

v i s u a l i s e , p a r t i c u l a r l y w i t h a b a t t e n e d member. 

To be e f f e c t i v e , t h e moment must be a p p l i e d a t the 

ends by equipment which would p r o v i d e no end t h r u s t , 

have a b a l l s e a t freedom and a d j u s t l a t e r a l l y a s t h e 

beam d e f l e c t s . 

T h e o r e t i c a l v a l u e s f o r M w i l l there.fore be 
o 

c a l c u l a t e d , and a v a l u e chosen a f t e r a l l t h e f a c t o r s 

i n v o l v e d have been C o n s i d e r e d . 

Knowing t h a t M . ̂  = M = f b - (4) 
c r i t o c r x t y ^ 

Then from s e c t i o n a l p r o p e r t i e s - F i g . 18 (Chapter 6) 
f b . X 1179.6 X 10^ • 
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The problem i s t o e s t a b l i s h a r e a l i s t i c ; v a l u e f o r 

b c r ' I f t h e s t r u t , working a s a beam'only, had 

adequate l a t e r a l r e i s t r a i n t f^^^. would be e i t h e r the 
2 2 maximum v a l u e of 391 N/mm .(25.3 t o n / i n ) , or, as 

c o u l d happen i n t h i s c a s e , p r o b a b l y be c o n t r o l l e d by 

l o c a l b u c k l i n g a s e x p l a i n e d and a p p l i e d i n Ch a p t e r s 

3 and 6 r e s p e c t i v e l y . 

R e f e r e n c e f o r w a r d to Chapter 6 w i l l show t h e ave r a g e 
2 

l o c a l b u c k l i n g f a i l u r e s t r e s s t o be between 283 N/mm 

and 292.N/mm^ (18.3 to.18.8 t o n / i n ^ ) . I t s h o u l d 

however p r o b a b l y be argued t h a t a s the s t r u t i s , 

a t t h i s s t a g e , b e i n g c o n s i d e r e d i n pure bending, t h e 

e x t r e m e , f i b r e s a t t h e back o f t h e web of the c h a n n e l 

i n C o mpression would be t h e most h i g h l y s t r e s s e d . 

I f t h i s i s a c c e p t e d , t h e v a l u e adopted s h o u l d be t h a t 

c a l c u l a t e c i f o r t h e web element a l o n e (Chapter 6) a t 
2 

a maximum l o c a l b u c k l i n g s t r e s s of 318 N/mm 

(20.5 t o n / i n ^ ) . 
However, t h e l a t e r a l i n s t a b i l i t y of t h e s t r u t , 

working p u r e l y as a beam and u n r e s t r a i n e d Jaetween 

i t s t h e o r e t i c a l b a l l ends, has y e t t o be c o n s i d e r e d . . 

T h i s may w e l l be t h e c r i t e r i o n and d i c t a t e t h e s t r e s s 

t o be adopted f o r t h e e v a l u a t i o n of M = M . 
^ c r i t o 

F o r a member of t h e b a t t e n e d s t r u t c o n f i g u r a t i o n 

t h e l a t e r a l i n s t a b i l i t y problem i s p a r t i c u l a r l y 

d i f f i c u l t and the p r e c i s i o n of t h e s o l u t i o n 



i i : 

q u e s t i o n a b l e . The d i f f i c u l t y l i e s i n a s s e s s i n g 

how much l a t e r a l r e s t r a i n t t h e ' c h a n n e l i n TENSION 

w i l l p r o v i d e t o t h e c h a n n e l i n c o m p r e s s i o n and 

wanting t o b u c k l e l a t e r a l l y . Any r e s t r a i n i n g 

i n f l u e n c e would need to be t r a n s m i t t e d VIA THE BATTENS 

which a r e g e n e r a l l y weak i n t h i s d i r e c t i o n and would 

bend r e l a t i v e l y e a s i l y . B a t t e n s a r e a l s o o n l y an 

i n t e r m i t t e n t r e s t r a i n t . 

As a f i r s t c a l c u l a t i o n the b a t t e n s a r e c o n s i d e r e d as 

" s t i f f " and t h e composite s e c t i o n assumed as a . 

homogeneous u n i t . . ' i" • 

F o r a doubly s y m m e t r i c a l s e c t i o n CP 118 p r o v i d e s 

a s u i t a b l e e x p r e s s i o n f o r X l a t g i v e n i n 

:iau s e 4.4.4.2 by A l a t = 2.3 I ^ {—J 
JI 

X 

where I and I = second moments of a r e a y X 

about t h e major and minor 

a x e s . 

J = t o r s i o n f a c t o r 

= e f f e c t i v e l e n g t h between 

l a t e r a l r e s t r a i n t s 

(6) 

I: 

y = d i s t a n c e from N.A. t o extreme 

co m p r e s s i o n f i b r e s 

(NOTl? I and I ; r e v e r s e d to s u i t (^-vrilicr con 1'i (jura 1; i on.) 
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I t w i l l iDe o b s e r v e d t h a t t h e e x p r e s s i o n ( 6 ) i n c l u d e s 

f or a t o r s i o h a i .f a c t o r J . . . T h i s i s because, a .long' \ 

s l e n d e r beam may w e l l . f a i l , by a c o m b i n a t i o n of. 

t o r s i o n and latera.1 bending. . 

C a l c u l a t i n g J . . : 

T h i s w i l l be e s t a b l i s h e d i n t h e u s u a l way, by d i v i d i n g 

t h e . c r o s s s e c t i o n a l p r o f i l e i n t o component p a r t s . 

• The, g e n e r a l approach i s g i v e n i n CP 118 (1969) 

Appendix F; and F i g . , 2 6 of t h i s appendix d i c t a t e s 

the e x t e n t of t h e . f i l l e t r e g i o n s t o be added to t h e 

r e m a i n i n g t h i n w a l l e d , r e c t a n g u l a r p a r t s . 

The sketcih'below g i v e s t h e dimensions of t h e p a r t s , 

f o r a g i v e n t h i c k n e s s t ; F o r t h e p r o f i l e g i v e n , 

t h e f a c t o r N = 2 

.*. when t .= 3.97 mm: 

Nt •= 7.94 mm (N+2)t = 15.88 mm (N + l ) t = 11.91 mm 

1 7 ' 
Wts Frt.i-e.T-

— K 

31-74 

y 
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F l a n g e F i l l e t s (4) 

= ^(p + . q n ) t j where p and q a r e e m p i r i c a l 

c o n s t a n t s . 

From F i g . 2 6 - p = 0 . 8 3 q = 0 . 3 9 , 

/. = ^ 0 . 8 3 + 0 . 3 9 X 2 ) 3 . 9 7 } 

1670 X 4 f i l l e t s = 6 6 8 0 mm̂  

Web F i l l e t s ( 4 ) 

From Code F i g . 26 p . = 0 . 8 6 q = 0 . 3 9 

J 2 = Y ( 0 . 8 6 + 0 . . 3 9 . X 2 ) 3 . 9 7 ) 

1790 X 4 f i l l e t s = 7160 mm"̂  

F l a t s forming Webs and F l a n g e s 

3 3 
= ^ = (2 X 9 5 . 2 4 + 4 X 3 1 . 7 4 ) ^ ' ^ ^ .= 6620 mm̂  

E s t a b l i s h i n g f^^^^. ( f o r l a t e r a l i n s t a b i l i t y ) 

From e x p r e s s i o n ( 6 ) 

V V + - 9 -3 r i l 7 9 . 6 ( 1 1 7 9 . 6 - 6 0 9 . 3 6 ) 
^. • 2 . 0 4 X 6 0 9 . 3 6 

1 1 

(8.9 

The . v a l u e of £f i s g i v e n by -^f = k^k^L w i t h v a l u e s 

f o r k^ and k^ t a k e n from CP 1 1 8 , T a b l e s 9 and 1 0 . 

Then k^ = 1 . 2 . k^ = ( 0 . 6 + 0 . 4 ) = 1 

and / f = 1 .2 x 1 . 0 x 3 6 5 7 . 0 = 4390 mm ( 440 cm) 
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NOTE;- k^ has been t a k e n a t 1.2,but t h i s v a l u e i s 

p o s s i b l y s u s p e c t , as t h e b a l l ends g i v e n e g l i g i b l e 

r e s t r a i n t a g a i n s t t w i s t i n g . The code a l s o a c c e p t s 

t h a t b a t t e n s a r e spaced e q u a l l y . 

Then A l a t = 2.3 1179.6 (570.24) 
1243 

yi 4 f440\ 2 
J 18.9 y 

= 2.3 X 4.82 X 7.02 

= 78 

From F i g . 4 ( C h a p t e r 3) f = 112 N/mm̂  (7.25 -""/in^) 

Then f r o m . e x p r e s s i o n (5) 

M - ^yI 112 X 1179.6 X lo"̂  ^ ^_4 . , 
c r i t o ~ — ' 89 ^ ~ 1490 x 10 Nmm(59ton i n ) 

As a check, an approach d i s c u s s e d by Venkatraman. and 

P a t e l ^ ^ ^ ^ was then used, i n v o l v i n g the e x p r e s s i o n 

\ r i t L J~EJ^J 

where I ^ i s the second moment of a r e a about the 

weaker l a t e r a l l y u n s t a b l e a x i s , a t r i g h t a n g l e s to 

the p l a n e of bending. 

E x p r e s s i o n (7) was developed f o r a p i n ended beam 

s u b j e c t e d t o e q u a l end moments. The s e l e c t e d c r o s s 

sectic:>n was d e s c r i b e d as a s o l i d , narrow r e c t a n g l e , 

hut th(.; d O ( i r e e of n a r r c ^ w i K ^ s s w a s not di.'.f i n c d . 
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However, t h e t e s t s t r u t s a r e a t p r e s e n t b e i n g 

c o n s i d e r e d as " s t i f f homogeneous" u n i t s . I t 

t h e r e f o r e a p p e a r s a c c e p t a b l e t o u s e t h i s e x p r e s s i o n 

a s a^ c h e c k . . 

Then from e x p r e s s i o n ( 7 ) 

M . = -P— /68,700 X (609.36 x lo'^jx 25750 x 20460 c r i t 3657 \l, 

M = M = 1263 X 10^ Nmm (49.9 Ton i n ) c r i t . o : • •— •. 

Then t h e c r i p p l i n g s t r e s s f ^ ^ g i v e n by e x p r e s s i o n s ( 5 ) 

and ( 7 ) i s 
M-

• f, = hex • I 

1263 X 10^ X 89 ^ j , / ^ 2 
1179.6 X 10 . 2 

(6.25 T o n / i n ) 

A rough i n t e r a c t i o n c u r v e check, u s i n g t h e f o r e g o i n g 

v a l u e s , i m m e d i a t e l y i n d i c a t e d t h a t the approach was 

not s u i t a b l e . F o r t h e s t r u t s to be t e s t e d , l a t e r a l 

i n s t a b i l i t y of t h e c h a n n e l c a r r y i n g the most 

c o m p r e s s i o n s t i l l seemed a p o s s i b i l i t y . (See Note Page 113) 

I t was t h e r e f o r e assumed t h a t t h e b a t t e n s had v i r t u a l l y 

no l a t e r a l s t i f f n e s s and t h a t f a i l u r e i n pure bending 

Would r e s u l t from the l a t e r a l i n s t a b i l i t y of the 

c o m p r e s s i o n c h a n n e l w i t h NO l a t e r a l r e s t r a i n t . T h i s 

would g i v e a c o n d i t i o n of no t o r s i o n a s the c h a n n e l s 
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w o u l d move s i d e w a y s r e l a t i v e t o one a n o t h e r c a u s i n g 

t h e b a t t e n s t o b u c k l e o r even f a i l t h u s : -

y—.—y—^—-/——^ 
OF CK/^MN^e^s.^ II I PoasiQuy B«̂ >̂  
O e . too TORSIOKJ!) 

O F lOoT* 

Assuming t h a t t h e c r i t i c a l v a l u e o f M w o u l d e x i s t 
. • • P •. 

a t o n s e t o:C p l a s t i c i t y and c o n s i d e r i n g t h e c h a n n e l on t h e 

" c o m p r e s s i o n " . s i d e o f t h e s t r u t t o y i e l d ' as a u n i t 
M := f A d • , . . .(H) 
o y c 

. w h e r e f y = s t r e s s a t t h e a p p r o p r i a t e 

s l e n d e r n e s s r a t i o ( F i g . 4 C h a p t e r 3) 

A .= a r e a o f ONE c h a n n e l 
• C 

d = d i s t a n c e b e t w e e n c e n t r o i d s o f t h e 

p a i r o f c h a n n e l s 

3657 
r y 5.13 x 10 = 71.5 l a t ^ = . 136.0 N/mm 

.'. M = 136 X . 11.67 X l O X 134.4 
o . 

= 2133 X 10 Nmm. 

2 2 T h i s o c c u r s a t f , v a l u e s o f 136 N/mm . (8.6 t o n / i n ) b c r 
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NOTE; 

C o m p a r i s o n b e t w e e n s o l u t i o n s t o e x p r e s s i o n s ( 6 ) ( 7 ) 

and ( 8 ) h i g h l i g h t s an anomaly. I t i s . n o t r e a s o n a b l e 

t h a t a " s t i f f " homogeneous s e c t i o n w o u l d c a r r y l e s s 

moment. . Beyond p r o p o r t i o n a l i t y l i m i t t h e moment arm 

o f t h e c o u p l e , w i l l a p p r o x i m a t e t o t h e c e n t r o i d s o f t h e 

c h a n n e l s , j I f an a d j u s t m e n t i s made f o r t h i s and 

t h e v a l u e f o r K̂ ^ i s now t a k e n as 1.0 t h e s o l u t i o n t o 

e x p r e s s i o n ( 6 ) i s s a t i s f a c t o r y . E x p r e s s i o n ( 7 ) o n l y 

has l i m i t e d a n a l o g y and w i l l n p t be p u r s u e d . 

Knowing t h e v a l u e s o f a c t u a l s t r a i n r e a d i n g s 

e x p r e s s i o n ( 9 ) a p p e a r s t o be c p r r e c t . The r e a s o n i n g 

i s l o g i c a l ; M w i l l t h e r e f o r e be t a k e n a t 
. o 

4 
21330 x 10 Nmm i n a l l s u b s e q u e n t c a l c u l a t i o n s . 

A l l t h e o r e t i c a l v a l u e s n e c e s s a r y f o r t h e e s t a b l i s h m e n t 

o f . t h e d e f l e c t i o n and. i n t e r a c t i o n c u r v e s have now been 

r e s o l v e d . T a b l e s g i v i n g t h e r e s u l t s t o t h e l e n g t h y 

c o m p u t a t i o n s i n v o l v e d a r e i n c l u d e d i n C h a p t e r 8, 

c o v e r i n g t h e " T e s t i n g and C o m p a r i s o n o f T h e o r e t i c a l 

and Test. R e s u l t s " . An a p p r a i s a l o f t h e s t r a i n gauge 

r e a d i n g s w i l l a l s o be d e a l t w i t h . i n t h e same c h a p t e r . 
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C h a p t e r 5 . 

•The T e s t i n g Rig. 

5.1 G e n e r a l C o n s i d e r a t i o n s . . 

I d e a l l y s t r u t s s h o u l d be t e s t e d v e r t i c a l l y u s i n g a 

r o b u s t r i g l o c a t e d o v e r a p i t . . Such an a r r a n g e m e n t 

e n a b l e s members b e i n g t e s t e d t o be l o n g e r t h a n t h e 

l e g s o f t h e t e s t i n g f r a m e , and t h u s ' r e d u c e s any 

t e n d e n c y f o r t h e f r a m e t o move l a t e r a l l y , u n d e r l o a d . 

T h i s i d e a l was u n f o r t u n a t e l y n o t p o s s i b l e f o r t h i s w o r k . 

No s t r u t t e s t i n g o f n o t e had p r e v i o u s l y b e e n u n d e r t a k e n 

a t T e e s s i d e . P o l y t e c h n i c and. t h e f i r s t r e q u i r e m e n t was 

t o d e v e l o p , and. c o n s t r u c t , a s u i t a b l e r i g . Space 

l i m i t a t i o n d i c t a t e d t h e b a s i c r e q u i r e m e n t o f p o r t a b i l i t y , 

The w o r k w o u l d need t o be c a r r i e d o u t on a l i m i t e d 

b u d g e t and c a r e f u l c o n s i d e r a t i o n g i v e n t o p r o v i d i n g a 

v e r s a t i l e p i e c e o f e q u i p m e n t , w h i c h w o u l d n o t o n l y be 

s u i t a b l e f o r t h i s r e s e a r c h programme, b u t c a p a b l e o f 

t e s t i n g s t r u t s o f v a r y i n g t y p e and l e n g t h , i n t h e 

f u t u r e . Any s u i t a b l e e x i s t i n g e q u i p m e n t w o u l d need t o 

be a d a p t e d and i n c o r p o r a t e d w h e r e v e r p o s s i b l e . The 

o p t i m u m aims w o u l d t h e r e f o r e b e , an a r r a n g e m e n t 

e n a b l i n g s t r u t s r a n g i n g i n l e n g t h f r o m t h e v e r y minimum 

t o t h e maximum p e r m i t t e d b y t h e l a b o r a t o r y headroom t o 

be t e s t e d , a t t h e maximum p e r m i t t e d l o a d . 

5.2 E x i s t i n g E q u i p m e n t 

"The l e v t v l f l o o r o f t h e ht?avy s t r u c t u r e s l a b o r a t o r y has 
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b u i l t - i n l o a d i n g s o c k e t s l o c a t e d a t 18 i n c e n t r e s on 

an e q u a l a t e r a l t r i a n g l e p a t t e r n . Each s o c k e t i s . 

c a p a b l e o f s u s t a i n i n g a l 5 t o n p u l l t h r o u g h i f i n 

d i a m e t e r s t u d s . 

A s e r i e s o f Samual D e n n i s o n h y d r a u l i c j a c k s e x i s t e d as 

s t a n d a r d l a b o r a t o r y e q u i p m e n t . These a r e c a p a b l e o f 

e x e r t i n g maximum t h r u s t s r a n g i n g f r o m 10 t o n t o 100 t o n , 

when c o u p l e d t o t h e c o m p l e m e n t a r y c o n t r o l c o n s o l e and 

pump u n i t . The l o a d i n g c o n t r o l o f t h e s y s t e m i s 

d e l i c a t e and t h e c o n s o l e i s f i t t e d w i t h a l o a d i n g d i a l 

g r a d u a t e d i n i n c r e m e n t s o f 0.02 t o n . The 50 t o n j a c k 

was c h o s e n . a s t h e most s u i t a b l e f o r t h e u n i v e r s a l 

t e s t i n g , e n v i s a g e d and i t s c o m p a r a t i v e l y d e l i c a t e c o n t r o l 

was q u i t e s a t i s f a c t o r y . I f t h e j a c k were t o be 

f a u l t e d , i t w o u l d be on a c c o u n t o f i t s h e a v y c o n s t r u c t ­

i o n and c o n s e q u e n t s i z e , w h i c h w i l l d i r e c t l y a f f e c t t h e 

l e n g t h a v a i l a b l e f o r t h e t e s t s p e c i m e n s . T h i s w i l l 

need t o b e a c c e p t e d . Some f o r m o f "Guide Box" was 

r e q u i r e d t o p r e v e n t t h e j a c k f r q m " k i c k i n g " s i d e w a y s 

u n d e r l o a d , as t h e l o a d t r a n s m i t t i n g f l a n g e s a t b o t h 

ends o f t h e j a c k a r e b a l l s e a t e d . 

A s u r v e y o f t h e l a b o r a t o r y ' s h eavy f r a m e w o r k e q u i p m e n t 

i n d i c a t e d t h a t t h e e x i s t i n g " S t r a i n i n g Frame" l e g s 

t o g e t h e r w i t h t h e heavy d o u b l e c h a i n n e l c r o s s beam 

w o u l d , i f s u i t a b l y d e v e l o p e d , be i d e a l t o f o r m t h e b a s i c 

i t e m s o f t h e m a i n r i g f r a m e w o r k . The l e g s a r e o f 

e x c e p t i o n c ' i l l y r o b u s t , wc>ldocl box c o n s t r u c t i o n , and 
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p r o v i d e d w i t h h o l e s f o r l a r g e d i a m e t e r s h e a r p i n s , a t 

12 i n i n t e r v a l s , a l o n g t h e m a j o r p a r t o f t h e i r l e n g t h . 

Each l e g i s c a p a b l e o f s u s t a i n i n g a w o r k i n g t e n s i l e 

p u l l o f 30 t o n s t h r o u g h s t u d s l o c a t e d i n t h e f l o o r 

l o a d i n g s o c k e t s . The topi c r o s s becim, b e i n g a t t a c h e d 

t o t h e l e g s t h r o u g h a s i n g l e c e n t r a l l y l o c a t e d s h e a r 

p i n a t each e n d , w o u l d n o t p r o m o t e end moments and 

sway u n d e r l o a d : w o u l d be u n l i k e l y . 

By u t i l i s i n g t h e e x i s t i n g e q u i p m e n t d e s c r i b e d and• 

d e v e l o p i n g a "Guide Box" w i t h "Guide C h a n n e l s " and n 

" T h r u s t Box", a l l o f w h i c h . a r e s u b s e q u e n t l y d e s c r i b e d , 

a r i g was p r o d u c e d c a p a b l e o f e x e r t i n g t h r u s t s o f up 

t o 50 t o n s on s t r u t s p ecimens o f any d e s i r e d c r o s s 

s e c t i o n a l p r o f i l e . F u l l use was made o f t h e l a b o r ­

a t o r y headroom a v a i l a b l e and s t r u t s r a n g i n g i n l e n g t h 

f r o m 12 i n t o 12 f t i n i n c r e m e n t s o f 12 i n can how be 

t e s t e d . . A v e r y v e r s a t i l e s t r u t t e s t i n g r i g as shown 

i n F i g . 13 P l a t e 4 i s now a v a i l a b l e as s t a n d a r d 

l a b o r a t o r y e c j u i p m o n t . The f a c t t h a t t h e a s s e m b l y i s 

p o r t a b l e i s an added a t t r a c t i o n . 

5.3 New Components - D e s i g n and F a b r i c a t i o n 

The f u n c t i o n , d e s i g n and f a b r i c a t i o n o f t h e new comp­

o n e n t s , n e c e s s a r y t o t h e r i g , a r e now d e s c r i b e d . 

A l l w o r k was u n d e r t a k e n i n t h e P o l y t e c h n i c w o r k s h o p s . 
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( a ) G u i d e Box F i g . 14 P l a t e 5 

The b a s i c r e q u i r e m e n t f o r t h i s u n i t was t o t r a n s m i t 

l o n g i t u d i n a l t h r u s t s o f up t o 50 t o n s f r o m t h e 

h y d r a u l i c j a c k , t h r o u g h a b a l l s e a t i n g t o t h e t e s t 

s p e c i m e n . 

I n p e r f o r m i n g t h i s d u t y t h e box must h o l d t h e b a l l 

ended j a c k i n a p r e c i s e l y v e r t i c a l p o s i t i o n 

t h r o u g h o u t t h e l e n g t h o f i t s t r a v e l . As t h e t e s t 

s t r u t bows and s h o r t e n s u n d e r l o a d t h e b a l l s e a t i n g 

b e t w e e n t h e s t r u t and t h e t o p o f t h e . g u i d e b o x must 

move i n a p r e c i s e l y v e r t i c a l p l a n e t h r o u g h o u t t h e 

w h o l e v e r t i c a l t r a v e l . o f t h e b o x . T h i s must a l l 

be a c h i e v e d w i t h t h e a b s o l u t e minimum o f f r i c t i o n a l 

d r a g a t t h e g u i d e w h e e l s i f t h e r e c o r d e d t h r u s t i s t o 

be t r a n s m i t t e d f u l l y t o t h e s t r u t u n d e r t e s t . 

The c o n c e p t o f t h e g u i d e b o x was d e v e l o p e d i n 

c o n j u n c t i o n w i t h t h a t o f t h e g u i d e c h a n n e l s , l a t e r 

d e s c r i b e d , and r e s u l t e d i n t h e p r o v i s i o n o f a r i g i d l y 

c o n s t r u c t e d box. h o u s i n g t e n g u i d e w h e e l s as shown 

i n F i g . 14 . The i d e a o f t h r e e w h e e l s on o p p o s i n g 

s i d e s o f t h e box was i m p l e m e n t e d so t h a t t h e two 

Upper w h e e l s c o u l d be l o c a t e d i n t h e ssune h o r i z ­

o n t a l p l a n e . T h i s e n s u r e d t h e box r e m a i n e d 

p r e c i s e l y s q u a r e w i t h i n t h e a d j u s t a b l e r o l l e r 

p l a t e s . One f u r t h e r w h e e l o n l y , a t a l o w e r l e v e l , 

was u s e d on t h o s e two s i d e s , t h u s e n s u r i n g even 
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w i t h o u t 

D o u b l i n g P l a t e 

D o u b l i n g P l a t e 

1" ATI 2 1 DEC 197^ 
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w h e e l s e a t i n g on t h e r o l l e r p l a t e s w h i c h w o u l d 

n o t have b e e n p o s s i b l e had f o u r w h e e l s been 

a d o p t e d . The r e m a i n i n g s i d e s w e r e f u r n i s h e d 

w i t h t w o w h e e l s e a c h , l o c a t e d on t h e v e r t i c a l 

c e n t r e l i n e t o w a r d s t h e ends o f t h e b o x . 

The h e i g h t o f t h e b o x was made as l a r g e as 

p o s s i b l e c o n s i s t e n t w i t h t h e g u i d e c h a n n e l and 

r o l l e r p l a t e d e p t h , t h e v e r t i c a l movement o f t h e 

box when t e s t i n g , a nd t h e p r a c t i c a l d i f f i c u l t y o f 

f i t t i n g t h e w h e e l s . o n t o t h e i r r e s p e c t i v e s h a f t s . 

A l l w h e e l s .were spaced as. f a r a p a r t as p r a c t i c a b l e 

t o m i n i m i s e , however s l i g h t , any t e n d e n c y f o r t h e 

bo x t o " t i l t " u n d e r l o a d . A c o n d i t i o n b r o u g h t 

a b o u t . b y t h e f a c t t h a t t h e j a c k was b a l l j o i n t e d 

and t h a t h o r i z o n t a l f o r c e w o u l d e x i s t a t t h e b a l l 

s e a t i n g u n d e r t h e s t r u t . 

D e f o r m a t i o n o f t h e b o x u n d e r l o a d c o u l d n o t be 

t o l e r a t e d i f t h e g u i d e w h e e l s y s t e m was t o 

o p e r a t e s a t i s f a c t o r i l y . R i g i d i t y t h e r e f o r e 

c o n t r o l l e d t h e d e s i g n and f i n t h i c k m i l d s t e e l 

p l a t e was a d o p t e d t h r o u g h o u t . A l l s i d e p l a t e s 

Were m i l l e d t r u e arid s q u a r e on a l l edges, and 

m a t i n g s u r f a c e s . End. p l a t e s were s i m i l a r l y 

m i l l e d , b e f o r e t h e i r f a c e s w e re s u r f a c e g r o u n d . 

A f t e r t h e c u t t i n g o f t h e g u i d e w h e e l s l o t s and 

t h e f i t t i n g , b o r l n o , and t a p p i n g o f t h e w h e e l 
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s h a f t b l o c k s , t h e p l a t e s were c a r e f u l l y a s s e m b l e d 

u s i n g a c c u r a t e l y p o s i t i o n e d , A l l a n k e y headed t a p 

s c r e w s . T h i s e n s u r e d t i g h t f i t t i n g o f t h e 

m a t i n g s u r f a c e s . I n t e r n a l t i e / s t r u t b o l t s w e r e 

t h e n p o s i t i o h i a d , t o m i n i m i s e any p o s s i b l e d e f l e c t i o n 

o f t h e b o x s i d e s u n d e r l o a d . By e x e r c i s i n g 

e x t r e m e c a r e t h r o u g h o u t a l l s t a g e s o f m a n u f a c t u r e , 

t h e t e c h n i q u e a d o p t e d p r o d u c e d a b o x i n t o w h i c h 

the. g u i d e w h e e l s c o u l d be p r e c i s e l y f i t t e d . 

The a s s e m b l y , w i t h t o p p l a t e removed, was.now s e t 

up on.a p l a n e t a b l e . T h i s p r o v i d e d a datum f o r 

t h e e x a c t a l i g n m e n t , o f t h e g u i d e w h e e l s and 

e n s u r e d t h e i r c o m p l e t e s q u a r e n e s s w i t h t h e end 

p l a t e s . Each w h e e l was t u r n e d and f i t t e d i n d i v ­

i d u a l l y t o o v e r r i d e any i r r e g u l a r i t i e s i n t h e 

m i l d s t e e l b ox s i d e s . By t h i s means a c c u r a c y t o 

w i t h i n 0.002 t o 0.003 i n was a c h i e v e d f o r t h e 

w h e e l l o c a t i o n s . 

E x c e p t f o r s m a l l t e s t l o a d s , t h e f i n t h i c k b o x 

t o p w o u l d n e e d t o be r e i n f o r c e d . T h i s was 

n e c e s s a r y t o combat d e f l e c t i o n , p u n c h i n g s h e a r 

a t t h e b a l l s e a t i n g a n d t o . d i s t r i b u t e t h e l o a d , 

p r o p e r l y t o t h e b o x s i d e s . I t was n o t p o s s i b l e 

t o r e i n f o r c e i n t e r n a l l y due t o g u i d e w h e e l s e t c . , 

and a d o u b l i n g p l a t e was t h e r e f o r e needed. T h i s 

was made 1:̂ ^ i n t h i c k and s u r f a c e g r o u n d , t h u s 
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e n s u r i n g even l o a d d i s t r i b u t i o n , , m i n i m a l d e f l e c t i o n 

and an a c c e p t a b l e b e a r i n g s t r e s s a t t h e b a l l s e a t . 

B o t h t h e g u i d e b o x t o p p l a t e a n d t h e d o u b l i n g 

p l a t e w e r e p r o v i d e d w i t h c e n t r a l l y l o c a t e d , . 

s p h e r i c a l l y c u t , b a l l s e a t s s u i t a b l e f o r a 1 ^ i n 

d i a m e t e r b r i g h t s t e e l b a l l . The s e a t i n g s w e re 

s l i g h t l y e n l a r g e d a t t h e i r p e r i p h e r y , t o m i n i m i s e 

any f r i c t i o n a l g r i p on t h e b a l l , b u t n o t t o such 

an e x t e n t t h a t i t s c e n t r a l l o c a t i o n was a f f e c t e d . 

L u b r i c a t i o n o f t h e b a l l s e a t i n g s i s d e s c r i b e d l a t e r . 

L o c a t i n g d o w e l s a t t a c h t h e d o u b l i n g p l a t e t o t h e 

box t o p p l a t e . 

A 50 t o n . t e s t l o a d was a p p l i e d t o . t h e c o m p l e t e d 

b o x i n an A v e r y c o m p r e s s i o n t e s t i n g m a c h i n e . 

D e f l e c t i o n s and d i s t o r t i o n s w e r e c h e c k e d and t h e 

r e s u l t s a s s e s s e d as c o m p l e t e l y s a t i s f a c t o r y . 

( b ) Guide. C h a n n e l s F i g ; - 15 P l a t e . 4 

A p o s i t i v e y e t f i n e l y a d j u s t a b l e l o c a t i o n f o r t h e 

g u i c i e b o x a t i t s w o r k i n g p o s i t i o n i n t h e r i g 

d e f i n e d t h e r e q u i r e m e n t . T h i s was a c h i e v e d 

u s i n g h e a v y b r i d g i n g c h a n n e l s , s u i t a b l y d i a p h -

ragmed, b e t w e e n t h e m a i n l e g s o f t h e r i g . The 

i m p o r t a n t " r i g i d " c o n n e c t i o n t o t h e r i g l e g s b e i n g 

made u s i n g l a r g e m a c h i n e d f e r r u l e s and l o n g b o l t s 

w i t h p l a n n i s h e d , r e c e s s e d , w a s h e r s . Two b o l t 

p o s i t i o n s w e r e u s e d on each m a i n l e g , u s i n g t h e 

h o l e s p r o v i d e d f o r t h e U u r g o shear j j i n s . T h i s 
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s y s t e m p r o v i d e d a c o m p l e t e l y r i g i d a s s e m b l y i n t o 

w h i c h t h e g u i d e b o x c o u l d be p o s i t i o n e d . 

The f i n e a d j u s t m e n t , . i n any d i r e c t i o n , n e c e s s a r y 

f o r t h e guid.e b o x was a c c o m p l i s h e d b y u s i n g 

s u r f a c e g r o u n d r o l l e r p l a t e s t o mate w i t h t h e 

g u i d e b o x w h e e l s . These, were a t t a c h e d t o t h e 

m a i n g u i d e c h a n n e l s and t h e i r d i a p h r a g m s w i t h 

f i n e l y t h r e a d e d , a d j u s t a b l e , l o c k - n u t t e d , s t u d s . 

^By t h i s method i t was easy t o l o c a t e t h e g u i d e 

box b a l l s e a t i n i t s p r e c i s e w o r k i n g ; p o s i t i o n and 

e n s u r e t h a t t h e b o x was v e r t i c a l t h r o u g h o u t i t s 

l e n g t h o f t r a v e l w i t h a l l t h e g u i d e w h e e l s j u s t 

i n c o n t a c t w i t h t h e r o l l e r p l a t e s . 

A l l p a r t s w e r e M n v e s t i g a t e d f o r s t r e n g t h and 

s t i f f n e s s a g a i n s t i a t e i r a l movement w h i c h c o u l d 

r e s u l t f r o m t h e h o r i z o n t a l t h r u s t i n d u c e d by t h e 

d e f l e c t e d s t r u t u n d e r l o a d . . 

( c ) T h r u s t Box F i g : - 16 P l a t e 6 

The f u n c t i o n o f t h e t h r u s t box was t o p r o v i d e a 

p o s i t i v e l o c a t i o n f o r t h e u p p e r b a l l s e a t and act 

as a "make-up" p i e c e t o t h e e x i s t i n g d o u b l e -

c h a n n e l c r o s s beam. The depth- o f t h e box was 

f i x e d , s o t h a t s t r u t l e n g t h s c o u l d a l w a y s be an 

e x a c t number o f f e e t , c e n t r e t o c e n t r e o f end 

b a i l s , whichever shear pin h o l e s were s e l e c t e d i n 

the main l e g s . 
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Thrust Box 

PLATE 6 
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Design and f a b r i c a t i o n techniques employed f o r . 
the side and end pl a t e s were p r e c i s e l y as f o r the 
guide box. The absience of guide wheels d i d 
however enable an i n t e r n a l t h r u s t core t o be 
i n s e r t e d , o b v i a t i n g the need t o use a l | i n t h i c k 
doubling p l a t e , as was necessary f o r the guide 
box. M i l d s t e e l p l a t e i i n t h i c k again formed 
the box. The core was a 2 i n dicimeter bar 

. e x a c t l y cut t o len g t h , and dead square thus 
ensuring i t f i t t e d t i g h t l y between the box end 
p l a t e s . I t was located on the centre l i n e of 
the b a l l seat by means of a tap screw at one end. 
This core ensured t h a t the load was tr a n s m i t t e d 
d i r e c t from the b a l l seating t o the diaphragmed 
channels of the he a v i l y constructed e x i s t i n g 
cross beam. 

To ensure the exact v e r t i c a l i t y of the s t r u t 
under t e s t i t was v i t a l t h a t the top and bottom 
b a l l seats were ex a c t l y i n l i n e , This was 
achieved by d r i l l i n g and tapping a f i n e hole at. 
the base of the t h r u s t box b a l l seat f o r the 
suspension of a plumb l i n e . 

(d) Spreader Plate 
A large 1^ i n t h i c k t r i a n g u l a r p l a t e e x i s t e d . 
This was modified f o r attachment of the bottom 
h y d r a u l i c jack flange and f o r p o s i t i v e l o c a t i o n 
to a f l o o r socket. A s a t i s f a c t o r y arrangement f o r 
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spreading the load from the jack to the laboratory 

f l o o r was thus provided. , 

(e) S t r u t End Plates Fig ; - 17 Plate 7 

A f t e r experimentation.with other forms of end 
connection and b a l l seating arrangement f o r the 
s t r u t specimens, the v i t a l importance of p o s i t i v e 
l o c a t i o n and complete r i g i d i t y became abundantly 
c l e a r . 

I t was f i n a l l y decided t o provide surface ground 
s t e e l p l a t e s 1^ i n t h i c k which could s a t i s f a c t ­
o r i l y accommodate the s p h e r i c a l l y cut b a l l seats 

, at any desired l o c a t i o h . These were to be 
attached t o a l l o y end p lates welded to the s t r u t s 
by close toleranced b o l t s . A c e n t r a l dowel was 
provided i n the s t e e l plates which would mate 
w i t h a c a r e f u l l y p o s i t i o n e d hole i n the a l l o y end 
p l a t e s . The dowel was d r i l l e d and tapped on i t s 
l o n g i t u d i n a l axis f o r a small eye b o l t required 

- t p accept a length.of spring tensioned nylon 
thread l a t e r described. 

( f ) Clock Gauge Frameworks 
Rigi d freimes were f a b r i c a t e d from angle section 
dexian, b o l t e d together. The frames were 
arranged.to span between the main legs of the r i g , 
to which they were attached, at the desired l e v e l , 
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by means of long b o l t s through the e x i s t i n g shear 

p i n holes. " . - v ̂  • 

Clock gauge brackets were made from threaded rods, 

bent t o the desired shape f o r the precise 

l o c a t i o n of the gauges, at selected p o i n t s on the 

s t r u t . 

5.4 Testing the Rig - (Plate 9) 
The completed r i g was f u l l y t e s t e d under working load 
using an all o y . b a t t e n e d s t r u t s i m i l a r t o those planned 
f o r the research, programme. A l l the important 
f e a t u r e s were c a r e f u l l y s c r u t i n i s e d and such items as 
the guide box checked f o r freedom of movement and f o r 
any signs of l a t e r a l displacement or t w i s t i n g . 

The.load output, from the guide box t o the .specimen was 
checked against the input recorded on the jac k i n g 

. console, w i t h the aid of a load c e l l interposed between 
the top of the guide box and the specimen. The load 
c e l l was coupled e l e c t r i c a l l y to a Boulton & Paul 
"Transducer U n i t " . Plate 8 . 

De f l e c t i o n s of the r i g were checked w i t h a t h e o d o l i t e 
and the data analysed i n the l i g h t of what a f f e c t i t 
might have upon the t e s t r e s u l t s . Forward t h i n k i n g on 
t h i s problem proved adequate w i t h the displacements 
occurring v i r t u a l l y as envisaged. The upward d e f l e c t i o n 
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of the top cross beam d i d not induce movement of the 
legs and would npt a f f e c t the data required on s t r u t 
shortening under load, as t h i s could be established 
from d i r e c t readings on the s t r u t i t s e l f . 

The f u n c t i o n of the r i g was assessed as a completely 
s a t i s f a c t o r y a l t e r n a t i v e t o the u s u a l l y considered 
i d e a l , of a framework over a p i t . I n p o s t u l a t i n g 
over any "short comings" of the arrangement i t could 
w e l l be t h a t the major problem s t i l l remains th a t of 
the degree of f i x i t y e x i s t i n g at the b a l l seats. . 

.Previous e f f o r t s t o minimise t h i s e f f e c t , w h i l s t o f t e n 
ingenious, and sometimes elaborate, are not convincing. 
I t i s t h e r e f o r e argued t h a t the key t o the problem l i e s 
i n the form of l u b r i c a n t used and not i n an elaborate 
mechanical contrivance. 

For t h i s reason b a l l seats which were s p h e r i c a l l y cut 
and then enlarged s l i g h t l y , at the. periphery, t o 
minimise the " f r i c t i o n a l g r i p " of the b a l l i n i t s 
seating, and yet provide a precise l o c a t i o n , was the 
simple choice. I f the new I.C..I. PTFE/silicone grease 
(Experimental Product 6225) i s used i n conjunction w i t h 
t h i s simple concept i t may w e l l be t h a t the. best 
s o l u t i o n so f a r , has been achieved. 

E.P. 6225 i s a s i l i c o n e based compound in c o r p o r a t i n g 

a new grade of f i n e l y d i v i d e d PTFE powder. I t i s i n 
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the experimental stage and data are s t i l l being 
accumulated, but i n d i c a t i o n s are t h a t the product i s 
an e x c e p t i o n a l l y e f f e c t i v e l u b r i c a n t under high load/ 
slow speed co n d i t i o n s . . I t i s an e x c e l l e n t a n t i - s e i z e 
compound on metal parts subjected t o high loads. 

NOTE;- . A l l work on the t e s t i n g r i g has been under­
taken using I m p e r i a l U n i t s . This was 
considered advisable where e x i s t i n g equipment 
required m o d i f i c a t i o n and the new components 
made to f u n c t i o n w i t h i t . 

A lso, i n the Autumn of 1969, when the r i g 
was being f a b r i c a t e d , very l i t t l e S.I. 
Workshop equipment was a v a i l a b l e . 
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Chapter 6 . 

Specimen S e l e c t i o n , Design and F a b r i c a t i o n 

6.1 S e l e c t i o n 

The f i r s t requirement when researching i n t o the behaviour 
of battened s t r u t s i s t h a t the component p a r t s work as a 
homogeneous u n i t . To e l i m i n a t e j o i n t r o t a t i o n and 
consequent e a r l y f a i l u r e , welding was t h e r e f o r e 
e s s e n t i a l . 

To s a t i s f y t h i s requirement the choice of a high strength 
Al-Zn-Mg a l l o y was i n e v i t a b l e . Whilst s t i l l i n the 
experimental stage, and not yet commercially a v a i l a b l e 
i n the U.K., i t s exceptional strength p r o p e r t i e s a f t e r 
welding d i c t a t e d i t s s e l e c t i o n . 

The form t o be taken by the t e s t s t r u t s was next care­
f u l l y considered. F a c t o r s . c o n t r o l l i n g the supply,design, 
f a b r i c a t i o n techniques and t e s t r i g capacity, a l l 
c o n t r i b u t i n g t o the u l t i m a t e choice. The s e l e c t i o n of 
sections l i k e l y t o be used i n p r a c t i c e , and f o r which 
dies e x i s t e d , was also desirable. The p r o f i l e f i n a l l y 
chosen took the f o l l o w i n g form. 
1. Standard 127 mm x 63.5 mm (5 i n x 2f i n ) beaded 

channels would be used f o r the main l o n g i t u d i n a l 
members. Factors d i c t a t i n g t h i s choicfe being:-
(a) Their load c a r r y i n g capacity would make f u l l 

use of the t e s t r i g . 
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(b) The 2:1 web t o fla:nge width r a t i o , usual 

w i t h smaller standard channels, would c o r r e c t 
a problem encountered by e a r l i e r researchers 
using pressed s t e e l sections. They selected 
small flange widths which d i d l i t t l e more 

. than provide web edge reinforcement. This 
r e s u l t e d i n l o c a l f a i l u r e between the battens, 
f r e q u e n t l y i n the end panel. 

.(c) The chosen section was t h i n walled and 

t o r s i o n a l i n s t a b i l i t y was therefore, possible. 

(d) The flange beads .would give improved, perform­
ance against a l l forms of buckling. 

2. Batten p l a t e s were used i n p a i r s , spaced i n i t i a l l y 
at the maximum distance apart permitted by the. 
Code C.P. 118, 1969. Subsequent t e s t s t r u t s had 

. incremental increases i n excess of t h i s distance. 

I n some cases p a i r s of battens were located at the 
mid-height of the s t r u t w h i l s t w i t h others t h i s mid-
height p o s i t i o n was straddled. 

Pairs of battens were provided at the ends of the 
main members ensuring composite a c t i o n was maint­
ained i n the end panels. This i s of v i t a l 
importance.. 
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Thin a l l o y end p l a t e s were selected f o r attachment 
t o the ends of the s t r u t to f a c i l i t a t e the precise 
l o c a t i o n of the s t e e l end p l a t e s c a r r y i n g the b a l l 
seatlngs. P a r t i c u l a r s of the a l l o y plates are 
given under 6.3 -r F a b r i c a t i o n . The s t e e l end 
p l a t e s are described i n Chapter 5 and shown i n 
Fig .. 17 and Plate 7 . 

Much conside r a t i o n was given to the distance between 
the channels as the s t r u t s were t o be subjected t o 
both a x i a l and e c c e n t r i c end loading i n the plane 
of the battens. 

For aic i a l loading the i d e a l would be to select a 
distance g i v i n g equal r a d i i of g y r a t i o n on both 
major .axes. Tests w i t h T.I.G. welding.equipment, 
necessrary f o r welding t h i s a l l o y , d i d however 
d i c t a t e t h a t a distance of 50 mm (2 i n ) was the 
minimum acceptable between the channel toes, to 
complete a l l the welding required. The p r o f i l e 
u l t i m a t e l y selected was as shown i n F i g . 18. 
This was not t h e o r e t i c a l l y i d e a l but d i d provide 
the best possible arrangement f o r a x i a l loading. 
Buckling should occur on the ma:jor axis p a r a l l e l 
t o the battens. 
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The arrangement was however i d e a l l y s u i t e d to 
e c c e n t r i c end loading on the maijof axis p a r a l l e l 
to the battens. An e c c e n t r i c i t y of 25 mm (1 i n ) 
was chosen, enabling an i n v e s t i g a t i o n to be 
c a r r i e d but i n t o a type of loading (causing buckling 
i n the plane of the battens) not encouraged by the 
i)resent Code recommendations. 

Figs. 29, .30 and 39 t o 43 provide d e t a i l s and 
i d e n t i f i c a t i o n marks f o r a l l a x i a l and e c c e n t r i c a l l y 
loaded s t r u t s tested.. ' 

6.2 . Design 

At t h i s stage i n i t i a l designs were .undertaken f o r a x i a l 

and e c c e n t r i c a l l y loaded s t r u t s t o e s t a b l i s h the order 

of the f a i l u r e loads. The designs were c a r r i e d out i n 

s t r i c t accordance w i t h the requirements of CP 118 (1969) 

Clause 4.3.4, - "Battened S t r u t s " . The cross s e c t i o n a l 

p r o f i l e selected f o r the s t r u t s i s as. Fig.IQ .w.ith 

p r o p e r t i e s as l i s t e d . 

The f i r s t Requirement xvas t o e s t a b l i s h the proportions 
and spacing of the battens. 

Spacing Was f i x e d i n accordance w i t h Clause 4.3.4.2. 
I t must be . r e i t e r a t e d t h a t an anomaly e x i s t s between 
the a l l o y and s t e e l code recommendations on batten 
spacing as recorded i n the t a b l e included i n Chapter 1. 
This i s f u r t h e r aggravated by the ambiguity of Clause. 

. 4. '!.4.1'. which rcft'TS t o "sjiacing between battons" and 
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"measurement between centres of battens''. In. yiew of 

t h i s s i t u a t i o n the problem was considered as f o l l o w s : -

I n i t i a l l y four equal batten spaces as i n d i c a t e d f o r 

S t r u t SI were chosen. , F i g . 39 and 4:0. 

Then Spacing, centres o f battens =863.5 mm (2'-10") ..(1) 

Spacing, between battens = 7 8 1 mm (2^-6^") ..(2) 

Least slenderness.ratio — - s i n g l e channel i s given by: 

(1) f = l 7 # = 38.2; For (2) f = ^ = 34.5 
..̂ - . • y. • . . y 

Code requires t h a t t h i s value should not exceed the 

lesser of 0.7 x — of s t r u t as a whole OR 50 
- X • 

= 0 7 X ^̂ •̂'̂ ^ ^'^^ 5.13 

= 0.7 x 51.4 - 36.0 OR 50 

The value of 38.2 s l i g h t l y exceeds 36.0 but was accepted 
as i t r e f e r r e d t o the more conservative l o c a t i o n of 
b a t t e n centres. Thus accept spacing i s at. permitted 
maximum. 

Length of battens was established by Clause 4.3.4.3 

Centres uf wold groujis were taken at a = 101.5 mm 

(Code Fig 5 ). 
.', a = . 75 X 101.5 = 76.1 mm niinimuni 
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Batten length f i x e d at .83 mm ( 3 i i n ) . For 
Welded battens e f f e c t i v e length taken as t o t a l 
l ength. ..' 

Thickness of battens was given by Clause 4.3.4.4, 
a 
36 

a 101.5 

Minimum = ~- OR 2.5 mm . (0.10 i n ) 

36 36 =2.82 mm 

Use 3.17 mm (| i n ) t h i c k p l a t e . : 

Fastening - requirements are d i c t a t e d by Clause 
4.3.4,5. This requires the simultaneous.resistance 
o f : -

sd • 
(a) L o n g i t u d i n a l Shearing Force ^ ) 

. , , . . ) See Code 
(b.) Moment o f ^ ) 

) f o r symbols 
(c) Any other forces due.to bending of ) 

the s t r u t s ) 

I n view of the complexity of the ecc e n t r i c loading 
s i t u a t i o n , ( e c c e n t r i c i t y on the axis p a r a l l e l t o the 
battens) which w i l l give large v a r i a t i o n of load between 
the main channel legs, plus the stresses induced by 
d e f l e c t i o n , the minimum fastening requirements are 
d i f f i c u l t t o p r e d i c t at t h i s stage. I t was the r e f o r e 
decided t o provide " a l l round" f i l l e t welds developing 
the f u l l s t r e n g t h of the batten p l a t e s . Proposals f o r 
adjustment t o t h i s p r o v i s i o n can be made a f t e r the s t r a i n 
gauge readings f o r the battens are known. 
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The p r o f i l e of the s t r u t s was now completely established 
enabling the c a l c u l a t i o n s f o r the t h e o r e t i c a l f a i l u r e 
sitresses and loads t o be made. . . 

1. Column Buckling 

(a) A x i a l Load 

E f f e c t i v e l ength (centres of b a l l ends) 

= 3.657 m =. 365.7 cm (12 '-.0" ) 

Ov e r a l l Slenderriess Ratios. = 
SL. = l^^'J = 71.3 ( P a r a l l e l t o battens) r 5.13 • • • ̂  . ' 

A. = 3 6 5 ^ = .51.4 : (Peri 
.y 

^ . (Perpendicular t o battens) 

Clause 4.3.4.1 requires 51.4 NOT to exceed 
0.8 x 71.3: 51.4 < 57.04 O.K. 

Slenderness r a t i o ( s i n g l e channel between 

centres of battens) = 
i_ ^ 86.35 
^ y " 2.26 =. 38.2 IF pin-ended w i l l be 

reduced by end f i x i t y depending on bat t e n , 
s t i f f n e s s . 

C r i t e r i o n f o r Column BucklingA= — =71.3 
•. . • • X 
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From Chapter 3 - Fig.'. 2 C r i p p l i n g Stress ,= 
133 N/mm̂ . (8.6 t o n / i n ^ ) . 

, C r i p p l i n g load == area x stress 

2334 X 133 
10^ 

= 310.4 kN (31.04 Ton) 

(Note;- Tests 5 and 6 w i t h battens spaced at 
1941.5 mill centres f a i l e d a t 371 kN (37.1 ton) 
and 331 kN (3 3 . 1 ton) r e s p e c t i v e l y ) . . 

(b) Eccentric Loading 
The ecc e n t r i c loading, w i l l promote bending i n 
the plane of the battens and t h e i r spacing 
becomes important. C a l c u l a t i o n s w i l l t h e refore 
be made t o p r e d i c t the f a i l u r e load when the 
battens are spaced at 863.5 mm (2»-10") centres, 
which i s the miaximum permitted by the code. 
P r e d i c t i o n w i l l also be made f o r the f a i l u r e 
load when the batten spacing i s opened out to 
1218.5 mm (4'-0") centres. Tests w i l l also 
be conducted at t h i s l a t t e r dimension. 

Code Clause 4.1.4.2. provides the expression 
f o r combined bending and a x i a l compression by 

f f ^ 
-£ + ^ ^ 1 
Pc p^ (1 - ££ ) 

^bc ^ n ^ 
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This may be expressed i n terms of the y i e l d 

s t r e s s by ' 

. • c • 

where.f = mean a x i a l s t r e s s 
c . 

P 
f, = where P i s applied load, e the 

e c c e n t r i c i t y and Z-the section 

\ modulus . 

P_, = Euler stress f o r f l e x u r a l buckling 

i n the. plane of the e c c e n t r i c i t y -j - r -

= 0.1% proof s t r e s s . 

An Alcan handbook which deals w i t h battened 

s t r u t s suggests t h a t when bending i n the plane 

of the battens e x i s t s , the equivalent slenderness 

r a t i o t o be employed i s given by . 

2 
c 

where Ay = slenderhess r a t i o f o r the major axis 
about which bending occurs. 

A = slenderness r a t i o of one channel c 
about i t s weaker axis. 

Employing t h i s method of approach gives.the 
f o l l o w i n g c a l c u l a t i o n s f o r the f a i l u r e loads. 
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Battens at 863.5 mm (2'-10") Centres 

'c V i l l - ̂ ai^ := 
P =. 0.1% .Proof - (average , as . given ih. 
• y • - • 2 

Chapter 3) =.317 N/mm̂  (20.5 Ton/in ) 

^bc " and e =25.4 mm (1 i n ) 

Z = l = " = 132100 mm̂  

2 »— ; 
P̂  = 'I-f Where X; = / Xŷ  + \ 

2 

and X = 51.4 ) 
^ ) See A x i a l 

• ) 
> = 38.2 ) ̂ ^ d ^ d ^ t r u t Ac ) 

Thus X = ^51.4^ + 38.2^ 

64 

S u b s t i t u t i n g values i n (1) gives. 

,43P + '-^^^ ^ = 317. 
.43P 
165 

P . = 280 kN (28.0 ton) c r i t . — — ^ 
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(NOTE: Test 1 w i t h battens at t h i s spacing 

f a i l e d , at. 277 kN (27, 7^) , . . • 

Test. 2 w i t h batteris at t h i s spacing 

f a i l e d at 265 kN (26.5^). 

.. Tests 8 and 9 w i t h battens at t h i s spacing 
f a i l e d at: 280 kN (28-'-) and 282 kN (28.2•^) 
r e s p e c t i v e l y . Here the battens straddled 
the mid height l o c a t i o n . 

.Battens at 1218.5 mm (4'-0") Centres 

Then = 51.4 (as before) 

X - ̂ 21.85 _ o 
ĉ - ^ 7 2 6 " - ^^'^ 

Thus..' X = 51.4"^ + 53.8"̂ . 

= .74.3. •. 

.. p _Tr^ X 68700 _ 2 . . P„ - X .- 122 N/mm 
74.3^ 

.Substituting i n (1) gives 

. 122 
P .\. '= 227. kN (22.7 Ton) c r i t . 

(NOTE:: Tests 3 & 4 w i t h battens at t h i s spacing 
f a i l e d at 245 kN (24.5 t o n ) , and 265 kN 
(26.5 ton) r e s p e c t i v e l y . • Tests 9 & 10 
w i t h battens at t h i s spacing but s t r a d d l i n g 
the mid height f a i l e d at 251 kN (25.1 ton) 
and 259 kN (25.9 ton) r e s p e c t i v e l y ) . 
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2. Local Buckling 

Buckling of t h i s type appears as deformation i n a 
series of waves. I t may occur i n one or more of 
the component elements making up a section. As a 
f i r s t i n v e s t i g a t i o n i n t o t h i s problem, the code 
approach a:s given by CP118 (1969) Clause 4.5.1 was 
used t o e s t a b l i s h i f l o c a l b u c k l i n g was l i k e l y to 
be c r i t i c a l when considering u l t i m a t e f a i l u r e . 
I n t e r a c t i o n between column and l o c a l buckling was 
ignored at t h i s stage. 

.The c r i t i c a l b u c k l i n g stress f o r simple.local 

b u c k l i n g may be obtained from Chapter 3 - Fig 4 

.••-at A- = - f ^ . ^ ' 

where \ - • the buckling .parameter. 
m = l o c a l buckling c o e f f i c i e n t - See Code 

Table 11 and Appendix K 
b = breadth of elemental part - See Code 

Table .11 and Appendix K - . 
t = thickness of elemental part - See Code 

Table 11 and Appendix K 

The value of X was c a l c u l a t e d i n accordance w i t h 
Code Clauses .4.5.1.3 and 4.5.1.4 thus:-

Find the buckling parameter f o r a l l component 
" p l a t e s " making up a section and take highest 
value. The value f o r m needs c a r e f u l 
consideration. To f i t i n with the present c(xi<; the 
beads of the channel being used w i l l need t o be 
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approximated t o the c i r c u l a r bulb or rectangular 

' • i i p . 
Refer t o F i g . 18 and Code Table 11. 

(a) Web Element 
Using Code Clause 4.5.1.3 web element i s taken 

w i t h b = distance between flanges 
b = 127 - 2 (3.97) = 119.06 mm. t = 3.97 mm 

. , , ^ 4 . ̂  _ rob _ 1.6 x 119.06 . . Web element A = " t " ^ ̂  —:—3~g7 ~ • • ' (-*-) 

A l t e r n a t i v e l y i f web element i s taken w i t h 

b = distance between the web f i l l e t s • 
b = 127 - 2 (11.91) = 103.18 inm. t = 3.97 mm 

, T ' V mb _ 1.6 X 103.18 v Then Web element X = — = 3̂~"97 " • ) 

Note - I t i s however very u n l i k e l y t h a t i n 
p r a c t i c e the stress d i s t r i b u t i o n w i l l be UNIFORM 
across the web, due t o the i n i t i a l lack of 
stra i g h t n e s s o f the s t r u t . Therefore m i s more 
l i k e l y t o be reducing towards. 1.2. Assume a 
value o f m = 1.3 on a web width b = 103.18 mm. 
• , -, \. S mb 1.3 X 103.18 _ Then Web element A = — = ^ = 33.7..(3) 

,*. C r i p p l i n g Stress from Fig. 4 Chapter 3 becomes 
For (1) 278 N/mm̂  (18 Ton/in^) 

(2) 296 N/mnr (19.2 Ton/in^) 
(3) 318 N/mm̂  (20.5 Ton/in^) 



(b) Flange Element 
To exam^ine the buckling resistance of the flange 
i t was necessary t o break i t down i n t o 
component " p l a t e s " i n the f o l l o w i n g manner. 

(2,3-S "-."^ 

'2t= 7-c»4-= c: 

( i ) Flange as Web Element 
Referring t o Fig.19 and o m i t t i n g the f i l l e t s 
(shaded) t o conform w i t h the Code configur­
ations gives b =55.56 mm. For the 
p a r a l l e l p o r t i o n of flange w i t h both edges 
supfjorted m = 1.6. 

Using Code Clause 4.5.1.3(1) 
mb 1.6 X 55.56 

3..97 = 22.6 .(4) 

I f the shaded f i l l e t s were included, and i t 
could w e l l be argued t h a t the flange was 
supported between the springings of the web 
and bead f i l l e t s b = 39.63 mm , 
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TK«H X - "'t) _ 1.6 X 39.63 _ ^ . 
Then A = ~ - 3-QJ, • 16.0 ... (5) 

Comparing e i t h e r s o l u t i o n s ( 4 | or (5) w i t h 
Web element values (1) (2) or (3) i n d i c a t e d 
t h a t the "web element'' of the flange was not 
c r i t i c a l . 

( i i ) . Lip as Flange Element 
Again om i t t i n g , shaded f i l l e t to s u i t Code 
c o n f i g u r a t i o n Code Clause 4.5.1.3(2) was 
used. -Lip has one edge supported and one 
f r e e thus m, = 5.1. 

• / - mc._ 5.1 X 7.94 _ . 
• ° ~ ~r ~ ' 3.97 . 1°-^ • ••(o) 

The e f f e c t of the f i l l e t would be t o 
considerably r e i n f o r c e the l i p and reduce 
A = 10.2. Therefore l i p i s not c r i t i c a l . 

( i i i ) Flange-Lip Combination 

No p r o v i s i o n i s made i n the code f o r beaded 
l i p s . For an i n i t i a l check approximations 
were t h e r e f o r e made and i n the f i r s t instance 
the shaded f i l l e t s omitted. This enabled 
Code Clause 4.5.1.3(3) t o be applied t o 
. e s t a b l i s h the order of X .. 
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m IS given by 5.1 (. -— J where 
^ 80t^ ^ ' 

. c = l i p width 

t = l i p thickness 

94^ /l - 7 
..*. Referring t o Fig. m = 5.1 ( — 80 X 3.92^ 

... .°. -m = 4.6 . 

Considering i n i t i a l l y b = 55.56 (max. 
between web and l i p ) . 

\ _ mb _ 4.6 X 55.56 _ 
. - T - : 3.97 

I f however b i s taken at 39.63 (distance 
between f i l l e t s ) . 

\ - - 4.6 X 39.63 _ Q /D\ 

From phy s i c a l manipulation o f a short 
length of the actual section' i n d i c a t i o n s . a r e 
t h a t any l a t e r a l displacement of the "flange^ 
l i p combination" would tend t o "hinge" from 
the springing of the web f i l l e t . 

A second a l t e r n a t i v e was therefore 
c a l c u l a t e d i n which b at 47.62 was taken as 
the distance between the web f i l l e t springing 
and the in s i d e of the l i p . 

\ mb 4.() X 47.62 .. , Then A = — = : = 55..-.' ..-{9) 
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This f i g u r e w i l l be somewhat reduced by 
the i n c l u s i o n of th.e l i p . f i l l e t tending t o 
reduce b to less than 47.62. 

From F i g . 4 Chapter 3 the C r i p p l i n g Stresses 
become:-

For (7) 160 N/mm̂  (10.3 Ton/in^) . 
(8) 284 N/mm̂  (18.4 Ton/in^) 
(9) 222 Wmny (14.3 Ton/in^) 

(c) Comparisons . 

The web buckling s o l u t i o n s t o (1) (2) and (3) . 

were then compared w i t h those f o r the "flange 

l i p combination" (7) (8) and (9)^ I t was 

apparent t h a t a CRITICAL s i t u a t i o n could w e l l 

e x i s t . 

2 
On face value the s o l u t i o n t o (7) at 160 N/mm 

2 
(10.3 Ton/in ) was the c r i t e r i o n f o r l o c a l 
b u c k l i n g . This i n d i c a t e d f a i l u r e of the 
component covered by the "flange l i p combination." 
Consideration of the degree of end f i x i t y o f f e r e d 
by the f i l l e t s at the web and l i p , which would 
reduce the buckling length b, suggested t h a t the 

2 2 s o l u t i o n t o (2) web,, at 296 N/mm (19.2 Ton/in ) 
. and t o (8) - flange, at 284 N/mm̂  (18.4 Ton/in^) 
should be compared. This again i n d i c a t e d that 
f a i l u r e of the flange l i p combination was j u s t 
possible before the web; a s i t u a t i o n d i f f i c u l t 
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t o accept. I t was th e r e f o r e necessary to. 

r e f e r t o the Code Appendix K f o r more exact 

treatment. 

(d) Local Buckling of E n t i r e Section 

Code Appendix K provides a more accurate 
method of determining l o c a l buckling stress. 
The c a l c u l a t e d value of m i s f o r the e n t i r e 
s e c t i o n . The method covers f o r uniform a x i a l 
compression only and u n f o r t u n a t e l y p l a i n and 
l i p p e d channels are the only types catered f o r . 
Approximation., w i l l t h e r e f o r e again be necessary, 

Using Appendix K ( 2 ) , r e f e r r i n g t o Fig. 19 and 

o m i t t i n g shaded f i l l e t s 

H _ 3.97 ^ , b ^ 59.53 '̂ ^ 
t ^ 3.97 , a 119.06 ^'^ 

Radius of g y r a t i o n of l i p about axis through i t s 

c e n t r o i d p a r a l l e l t o parent flange = r 

b d ? 3.97 X 7.94'^ t , . , 4 
I = ~ 2.2 ~ ™" 

A =3.97 X 7.94 = 31.5 mm̂  

= 2.29 mm 
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Referring, to. F i g . 32 (Code Appendix K •) and 

i n t e r p o l a t i n g between " p l a i n " and r _ = 1 m = 1.9 

X = = 57 / ..,(10) 

Thus C r i p p l i n g Stress (Fig. 4. Chapter 3) = 
2 2 210 N/mm (13.6 Ton/in .) 

With an a l t e r n a t i v e t a k i n g b from the 

springing of the web f i l l e t at 51.59 mm 

b 51.59 
a .119.06 = .43 and m .= 1.8 

X = m̂  ^ 1,8_^_112^ 34 ...(11) 

l i t t l e improvement) 

2 2 Giving C r i p p l i n g Stress = 232 N/mm (15 Ton/in ) 

The a p p l i c a t i o n of the Appendix K method, w h i l s t 
of necessity not precise due t o the neglect of 
the f i l l e t s (not catered f o r by the Code), 
gives c r i p p l i n g stresses f o r ( l o ) ( 1 1 ) lower than 
the most l i k e l y s o l u t i o n s t o (2) and.(8). I t 
was not considered s a t i s f a c t o r y t o accept 
f i g u r e s w i t h so much v a r i a t i o n and a x i a l 
compression t e s t s on short lengths of channel 
were t h e r e f o r e undertaken.. 



161 

(e) D e t a i l s of the Tests ( c a r r i e d out on a 

"Dennison" machine) ' 

TEST 1 • 
Length of channel t e s t piece 480 mm (15 i n ) 
ends m i l l e d t r u e and square.. 

Loading - a x i a l . 
F a i l u r e load 342 kN (34.2 Ton). 

A • ^ • -! 1 load 342 X 10^ . Average f a i l u r e stress = ^^^^ = — 

= 292 N/mm̂  (18.8 Ton/in^.). . • ... (12) 

Observations and measurements taJcen between the 

insides of the flange toes established th a t 
deformation i n a series of. waves, as discussed 

(4) 

by Bryan^ commenced i n the flanges at about 
280, kN (28 Ton). This deformation increased 
i n steps w i t h each 10 kN (1 Ton) increment of 
load. The t e s t piece' was hovvever s t i l l 
capable of susta i n i n g the applied load u n t i l the 
onset of f a i l u r e at 342 kN (34.2 Ton). At t h i s 
p o i n t the specimen commenced and continued t o 
buckle i n a l l component pa r t s and f a i l e d t o 
sust a i n the load. 

Average stress at onset of deformation = 

^^"••^.y^ = 240 N/mm̂  (15.25 Ton/in^) . ...(13) 
- L i t ) / if^-. 
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TEST 2 

Length of channel t e s t piece .610 mm (24 i n ) -

ends m i l l e d t r u e and square. . 

Loading - a x i a l 
F a i l u r e load 330 kN (33 Ton) 

. ^ .' ^ load 330 x 10^ Average f a i l u r e stress = = ,,,-— area l i o 7 

= 2 83 N/mm̂  (18.3 Ton/in^) ...(14) 

.Observations.and measurements were again taken. 

Deformation f o l l o w e d the same p a t t e r n as i n 

Test I'but commenced at a load of 270 kN (27 Ton) 

Average st r e s s . a t onset of deformation = 
3 . • . • 

^^^^1167^ = 230 N/mm̂  (14.95 Ton/in^) . ...(15). 

( f ) Conclusions - Local Buckling 

. Comparison of the ca l c u l a t e d values w i t h the 
t e s t r e s u l t s suggests t h a t the t h e o r e t i c a l 
p r e d i c t i o n s t h a t flange buckling i n i t i a t e s any 
l o c a l buckling f a i l u r e are t r u e when the 
compression i s uniform. 

Flange deformation appeared t o commence at the 
stresses given by t e s t s o l u t i o n s (13) and (15). 
These compare favourably w i t h the cal c u l a t e d 

"flange l i p combination", stress given by (9) and 
the e n t i r e section stress.given by (11). At 
t h i s stage no apparent web buckling was present, 
suggesting t h a t the web element was sustaining 
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L o c a l B u c k l i n g - 1'3" Length 
T e s t I 

See P l a t e 2 f o r B u c k l e d 24" l e n g t h 
f o r T e s t 2 

PLA'I'I' 1() 

2 1 I.. 
SEC-
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the s e c t i o n and could accept f u r t h e r load. 

This was Confirmed when f u r t h e r increments 

of load were added u n t i l the onset of web 

. b u c k l i n g and complete l o c a l buckling f a i l u r e 

occurred at the average t e s t f a i l u r e stresses 

given by (12) and ( 1 4 ) . These f i g u r e s were i n 

very close agreement w i t h the ca l c u l a t e d 

s o l u t i o n given b y . ( 8 ) . 

. I t was t h e r e f o r e concluded t h a t when the flanges 

deformed at about 230 IV/mm̂  (15 Ton/in^) the 

web was s t i l l i n a p o s i t i o n t o accept more load 

and d i d i n f a c t s ustain the sec t i o n u n t i l web 
2 2 b u c k l i n g commenced at 285 N/mm (18.5 Ton/in ) 

b r i n g i n g .about coinplete section f a i l u r e i n 

l o c a l b u c k l i n g . 

3. Post-Buckling 

I n general the values of A = f a l l below X B at 50 

and f u r t h e r i n v e s t i g a t i o n was not necessary. The 

odd value t h a t exceeds 50 was not much i n excess of 

t h i s value and post buckling i n v e s t i g a t i o n was not 

j u s t i f i e d at t h i s stage. 

4. Mode of F a i l u r e 

The foregoing i n i t i a l design was based e n t i r i e l y on 

Code Recommendations which would normally be used by 
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a design engineer plus, a simple UNIFORM compression, 

test.' 

The e a l d u l a t i o n s p r e d i c t e d that f o r the a x i a l l y 

loaded s t r u t s f a i l u r e would be by o v e r a l l column 

buckling at 310.4 kN (31.04 ,Ton) g i v i n g an average 
2 2 s t r e s s of 133 N/mih (8.6'Ton/in ). T h i s , of course, 

was with batten proportions and spacings at the 

Code recommendations. 

I n d i c a t i o n s were that l o c a l buckling would not 

become a c o n t r o l l i n g f a c t o r u n t i l , the f l a n g e s of 

the i n d i v i d u a l channels were s t r e s s e d to 230 N/mm 

( l 5 Ton/in^) and the webs to 285 N/mm̂  (18 ..5 Ton/in^), 

I t was however f e l t that j l i s t before ultimate f a i l u r e 

occurred the l a t e r a l deformation could be such that 

the r e d i s t r i b u t i o n of s t r e s s across the s e c t i o n (at 

maximum displacement) might r e s u l t i n the web of the 

channel c a r r y i n g most compression, becoming c r i t i c a l 

to l o c a l buckling. This s i t u a t i o n would a l s o be 

f u r t h e r aggravated where the end loading was 

e c c e n t r i c . 

S u f f i c i e n t b a s i c design work had now been, completed 

to j u s t i f y the chosen p r o f i l e for the t e s t s t r u t s . 

The order of load c a r r y i n g c a p a c i t y was known 

together with f a i l u r e s t r e s s e s l i k e l y to occur. I t 

was now p o s s i b l e to decide the best p o s i t i o n s f o r 

e l e c t r i c a l s t r a i n gauges and.mechanical gauges 



necessary to record displacemerit. 

The t e s t i n g programme could now proceed with v a r i e d 

batten spacings and e c c e n t r i c end loading to obtain 

the r e q u i r e d r e s e a r c h data i n v e s t i g a t e d and discussed 

i n Chapter 8. 

6.3 F a b r i c a t i o n 

A l l f a b r i c a t i o n work on the t e s t s t r u t s , was undertaken 

at the Welding I n s t i t u t e Research L a b o r a t o r i e s , 

• : Abington H a l l , near Cambridge. . . . 

L The p a i r s of main channels for each s t r u t were i n i t i a l l y 

cut to a length somewhat i n excess of t h e i r f i n i s h e d 

length. Batten p l a t e s and end p l a t e s were a c c u r a t e l y 

cut to the r e q u i r e d s i z e . 

Each p a i r of channels were then j i g g e d and marked o f f 

. f o r the welding on of the.batten p l a t e s . Welding was 

accomplished under c o n t r o l l e d laboratory conditions 

using "Tungsten I n e r t Gas Equipment". The procedure 

adopted kept the d i s t o r t i o n to a p r a c t i c a l minimum. 

Each s t r u t .(complete with battens) was then c a r e f u l l y 

marked off to length. The ends were m i l l e d true and 

square to give the exact length. 
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F i n a l l y the end p l a t e s were po s i t i o n e d and welded to 

give s t r u t s as d e t a i l e d and marked i n F i g s 29,30 & 39 to 43, 

The marking, d r i l l i n g and reamering to exact s i z e of 

the holes to r e c e i v e the detachable s t e e l end p l a t e s 

c a r r y i n g the b a l l seatings was undertaken at the 

P o l y t e c h n i c . Each s t e e l end p l a t e i s attached to the. 

s t r u t by four b r i g h t s t e e l b o l t s which are an i n t e r f e r e n c e 

f i t i n the holes. Great care wais exercised, i n f i t t i n g 

the p l a t e s as i t p r e c i s e l y l o c a t e s the p o s i t i o n of the 

b a l l s e a t i n g s . 
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Chapter 7 ... 

Instrumentat ion 

7.1 I n i t i a l D i s t o r t i o n s 

. . .Before the commencement of instrumentation work the 

s t r u t s were checked for i n i t i a l d i s t o r t i o n s . These 

could have occurred during the e x t r u s i o n of the 

. i n d i v i d u a l channels and/or during the welding of the 

•composite section.. A l l important deformations were 

measured, marked and recorded. 

Lack of s t r a i g h t r i e s s was f i r s t i n v e s t i g a t e d . This was 

accomplished with the a i d of a f i n e l y divided r u l e and 

a te.nsioned nylon l i n e , p o s i tioned along the f u l l 

length of the s t r u t . A l l faces of the s t r u t s were 

checked and the amount of "bow"' e s t a b l i s h e d at i n t e r v a l s 

. along t h e i r length. ' The l i k e l y d i r e c t i o n of l a t e r a l 

displacement became apparent from t h i s exercise,, 

enabling the planned e c c e n t r i c i t y to be arranged so as 

to give a d d i t i v e displacement to any i n i t i a l bow on 

that a x i s . 

.Some degree of l o n g i t u d i n a l t w i s t e x i s t e d ort a l l s t r u t s . 

T h i s was mainly due to welding and the amounts were 

f o r t u n a t e l y small. To e s t a b l i s h the degree of t w i s t 

the u n i t s were " s e t up" across s t r a i g h t edges on a 

plane t a b l e , measurements then being taken using f e e l e r 

gauges. I t was appreciated that the t w i s t would o f f s e t 
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the 25 mm (1 i n ) e c c e n t r i c b a l l s e a t ings ( i n the s t r u t 

end p l a t e s ) from t h e i r planned p o s i t i o n s and produce 

ah a d d i t i o n a l bending moment. This would occur on 

the a x i s at r i g h t angles to that f o r the planned 

bending moment and would need to be included i n the 

a n a l y s i s of t e s t r e s u l t s . 

Any i n - b e v e l of the channel flanges r e s u l t i n g from the 

e x t r u s i o n process was only s l i g h t and s e n s i b l y uniform 

f o r a l l f l a n g e s . I t was therefore decided that t h i s 

. would have l i t t l e e f f e c t upoii the t e s t r e s u l t s and was 

disregarded. 

7,2 E l e c t r i c a l Instrumentation 

Surface s t r a i n readings were to be taken using a 

"Savage and Parsons 50 Way S t r a i n Recorder" - Type 

No. SS33/50. 

Up to f i f t y i i n f o i l gauges were used on each s t r u t 

and,their l o c a t i o n s were thoroughly cleaned before the 

gauges and t h e i r tabs were cemented on. The exact 

l o c a t i o n s v a r i e d throughout the t e s t i n g programme and 

are. i n d i c a t e d on the f i g u r e s included with the exper­

imental r e s u l t s f o r each t e s t . 

A f t e r the meticulous soldering of a l l the wiring 

connections, and c i r c u i t t e s t i n g , the gauges were 

sprayed with a s u i t a b l e laquer to exclude a l l dust and 

moisture.. I t was considered necessary to provide a 
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dummy gauge to each a c t i v e gauge to achieve the best 

p o s s i b l e r e s u l t s . .The us u a l procedures for balancing 

the,gauges and taking s t r a i n readings were, applied. 

P e r u s a l of the gauge l o c a t i o n s i n d i c a t e s that eight 

gauges were f r e q u e n t l y used, around the s t r u t , at a 

given l e v e l . These were po s i t i o n e d i n such a way that 

v a r i a t i o n of s t r e s s , r e s u l t i n g from the combined a c t i o n 

of d i r e c t load and bending moment, could be e s t a b l i s h e d . 

As the gauges were located a t , or near, the e x t r e m i t i e s 

of the webs and f l a n g e s , c a l c u l a t i o n s could be made to 

e s t a b l i s h the s t r e s s l e v e l s across the s t r u t as a whole, 

or on i n d i v i d u a l channels. The gauge arrangement 

allowed readings to be r e l a t e d to both major axes or 

read d i a g o n a l l y i f so d e s i r e d . 

In considering the d e t a i l e d l o c a t i o n of the gauges the 

e c c e n t r i c and a x i a l l y loaded s t r u t s w i l l be reported 

s e p a r a t e l y . 

(a) E c c e n t r i c a l l y Loaded S t r u t s 

For T e s t s 1 and 2 the s t r u t s were e c c e n t r i c a l l y 

loaded. P a i r s of battens were spaced equally, 

throughout the length of the s t r u t at s l i g h t l y 

more than the maximum dis t a n c e permitted by CP.118, 

I t was r a t i o n a l l y estimated that ultimate f a i l u r e 

was l i k e l y to commence at mid-height, i n the 

channel c a r r y i n g the most compressive load. 

Gauges were^ accordingly grouped around the c e n t r a l 
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battens j u s t outside the heat a f f e c t e d weld 

zones. 

The p o s s i b l e , though l e s s l i k e l y , f a i l u r e by 

buckling of the same channel i n one or other 

of the panels adjacent to the mid-height l o c a t i o n 

was appreciated. These panels were therefore 

gauged to give readings at p o s s i b l e buckling 

p o s i t i o n s and enable s t r e s s e s at these l o c a t i o n s 

to be compared with those at the assumed mid-

height f a i l u r e p o s i t i o n . 

Further gauges were used at points of p o s s i b l e 

l o c a l web buckling. These were s e l e c t e d a f t e r 

c o n s i d e r a t i o n of i n i t i a l deformations l i k e l y to 

promote f a i l u r e i n highly s t r e s s e d areas. Gauges 

were a l s o located at l e v e l s where the s t r a i n 

could be mainly a t t r i b u t e d to d i r e c t loading. 

S i m i l a r r a t i o n a l reasoning was applied to the gauge 

p o s i t i o n i n g on a l l subsequent s t r u t s tested. 

Gauges were moved to p o s i t i o n s of a n t i c i p a t e d high 

s t r a i n as suggested by the v a r i a t i o n of the batten 

spacing. I n some cases battens straddled the mid-

height l o c a t i o n adopted f o r Tests 1 and 2 r e s u l t i n g 

i n the n e c e s s i t y of e x t e n s i v e l y gauging the three 

middle panels on the more he a v i l y loaded channel. 
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(b) A x i a l l y Loaded S t r u t s 

For a x i a l l y loaded s t r u t s the legs t h e o r e t i c a l l y 

c a r r y equal loading and buckling should occur at . 

mid-height on the major a x i s p a r a l l e l to the 

battens. The gauge p o s i t i o n i n g was accordingly 

arranged to cover both main l e g s . 

A d d i t i o n a l gauges to cat e r f o r l o c a l buckling at 

the p o s s i b l e p o s i t i o n s where ultimate f a i l u r e would 

commence were a l s o included. This was done a f t e r 

due c o n s i d e r a t i o n of the l i k e l y e f f e c t s of i n i t i a l 

d i s t o r t i o n s . 

(c) General 

Some t e s t s included gauges on s e l e c t e d batten 

p l a t e s . I n a l l cases these were positioned near 

the p l a t e edges and adjacent to the main members 

i n an e f f o r t t o obtain the type and magnitude of 

the s t r e s s e s e x i s t i n g across the p l a t e s . Batten 

f u n c t i o n can be p a r t i c u l a r l y complex i f t o r s i o n 

i s present. 

A check was made on the e f f e c t s of welding by the 

i n c l u s i o n of gauges w i t h i n the heat a f f e c t e d zones. 

As a matter of i n t e r e s t , i n one t e s t , the surface 

s t r a i n on the 25 mm d i a . b a l l at the lower s t r u t 

mounting was recorded. The gauge was located 

aJong t h e h o r i z o n t a l a x i s . 
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7.3 Mechanical Instrumentation 

A f t e r p l a c i n g each, s t r u t i n the t e s t i n g rig...mechanical 

instrumentation was c a r r i e d out i n the following 

. sequence. 

(aj V e r t i c a l i t y Check 

Although the p r e c i s e v e r t i c a l t r a v e l of the "guide 

box" was checked during the r i g proving t e s t , i t 

was f e l t that "spot v e r t i c a l i t y " checks were 

advi s e a b l e . 

To provide f o r t h i s requirement and to f a c i l i t a t e 

the i n i t i a l v e r t i c a l p o s i t i o n i n g of the s t r u t i n 

the r i g , , a theodolite and nylon l i n e were used. 

The l i n e was located between eyes positioned on 

the c e n t r o i d s of the s t e e l end p l a t e dowels. I t 

was spring tensioned. This provided a v e r t i c a l 

datum l i n e f o r the f u l l . h e i g h t of the s t r u t 

e x a c t l y on i t s centroid.. The theodolite could 

then be used to check i n i t i a l v e r t i c a l i t y and any 

d e v i a t i o n during t e s t i n g , at any p o s i t i o n up the 

s t r u t . 

(b) S t r u t Shortening 

With the s t r u t now a c c u r a t e l y positioned i n the 

r i g a plumb l i n e was suspended from the top of 

the s t r u t i n l i n e with the b a l l s e a t i n g s . The 

plumb bob was sighted against a f i n e l y d i v i d e d 

r u l e attached to the s t r u t at i t s bottom end. 

The s i d e s e l e c t e d f o r t h e r u l e was at r i g h t angles 
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to the a x i s _ on which thie major bending would, 

occur. T h i s ensured that the readihgs were not 

s u b s t a n t i a l l y a f f e c t e d by the change i n slope at 

the end of.the s t r u t . Amounts of s t r u t shortening 

could now be recid f o r each increment of load. 

(c ) Mid-Heighib L a t e r a l Displacement 

In a d d i t i o n to c l o c k gauges, which would give 

p r e c i s e readings f o r l a t e r a l and r o t a t i o n a l 

displacement, .a method of q u i c k l y reading the mid-

height d e f l e c t i o n , i n the plane of major bending, 

was i n s t i t u t e d . 

This took the form of a f i n e l y d i v i d e d r u l e 

p o s i t i o n e d h o r i z o n t a l l y at the mid-height of the. 

s t r u t , on one f a c e . A t h e o d o l i t e sighted on the 

r u l e enabled incremental readings of the d i s p l a c e ­

ment , i n the plane of bending, to be made. 

(d) Clock Gauges 

The main requirement f o r clock gauges was to give 

readings of l a t e r a l and r o t a t i o n a l displacement, 

at s e l e c t e d p o s i t i o n s on the s t r u t . 

To obtain the required information gauges were 

arranged around the s t r u t i n groups of eight a t . 

each s e l e c t e d l e v e l . Each group was sub-divided 

to give two gauges on each side of the s t r u t . 

A l l gauges i n the groups were positioned as c l o s e 
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to the s t r u t edges as p r a c t i c a b l e c o n s i s t e n t . 

with the estimated d e f l e c t i o n s . / 

For the e a r l i e r t e s t s groups of eight gauges were 

located at the top, bottom and mid-height of the 

s t r u t . T h i s approach gave data f o r the l a t e r a l 

displacement on both major axes and i n d i c a t e d any 

t w i s t i n g together with what stage i n the loading 

i t took pl a c e . 

In l a t e r t e s t s gauges at the top and bottom of the 

s t r u t were omitted. Also when the b a t t e n s , 

s t r a d d l e d the mid-height l o c a t i o n , groups of 

gauges were positioned at the mid-height and at 

the l e v e l of the lower mid battens. 

A d d i t i o n a l gauges were a l s o used on some s t r u t s 

i n an e f f o r t to e s t a b l i s h the change i n slope of 

the end p l a t e s as the s t r u t s d e f l e c t e d under load. 

Data c o l l e c t e d from a l l the instrumentation i s di s c u s s e d 

i n Chapter 8 covering the a n a l y s i s of the t e s t r e s u l t s . 

Tabulated readings from the t e s t s are given i n a separate 

Appendix. 

As a r e s u l t of the research being undertaken during the 

t r a n s i t i o n a l period f o r changing to S . I . u n i t s much of 

the instrumentation liad to bo done using instruments 

graduated i n Imp e r i a l Units. . Figures have been 

convferted to conform with S . I . requirements. 
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Chapter 8 . 

Experimental R e s u l t s and T h e o r e t i c a l Comparisons . 

8.1 Planning of T e s t s . 

In the past much has been w r i t t e n upon the e f f e c t of 

batten spacing. Frequently the batten moments, shears, 

and.slopes r e s u l t i n g from bending i n the plane of the 

battens have been i n v e s t i g a t e d . Some of the work was 

by mathematical paper e x e r c i s e on " i d e a l " s t r u t s , 

ignoring l a t e r a l i r i s i t a b i l i t y of the member as a whole, 

Where t e s t s were.conducted the components were often so 

proportioned, or r e s t r a i n e d , that the co-existence of 

bending and l a t e r a l . i n s t a b i l i t y was not a problem. 

Reference to both.the a l l o y and s t e e l Codes.(See 

Chapter 1) c l e a r l y i n d i c a t e s that knowledge of the 

problem i s l i m i t e d . Tlie a l l o y code makes no mention 

^ind the s t e e l code, w h i l s t giving r e s t r i c t i v e conditions, 

r e a l l y evades the i s s u e of bending i n the. plane of the 

battens. 

I t therefore appeared reasonable to t e s t s t r u t s which 

would simulate p r a c t i c a l conditions and be f r e e to 

buckle, on t h e i r e n t i r e length, on both major axes. 

C a r e f u l c o n s i d e r a t i o n of the problem seemed to i n d i c a t e 

that the Code l i m i t on batten spacing would probably 

r e s u l t i n e c c e n t r i c a l l y loaded s t r u t s ( i n the plane of 

the b a t t e n s ) f a i l i n g by l a t e r a l movement. 
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If•however the batten spacing was increased, i n 

increments, a s i t u a t i o n could u l t i m a t e l y be reached when 

buckling of the channel, c a r r y i n g the most compressive 

load plus bending, would f a i l ; on i t s own weak a x i s , 

between the battenSj, or buckle l o c a l l y . . 

The battens .therefore, play a very important r o l e . 

Whilst i t was accepted, that the proportions•given by the 

r e s p e c t i v e Codes could be s a t i s f a c t o r y for dealing with 

i n d i v i d u a l channel buckling, between battens, any l a t e r a l 

movement must s u r e l y present problems. I t , seemed very 

u n l i k e l y that t h i n , unreinforced,,batten p l a t e s , even 

with a gap between channel toes of only 50 mm (2 i n ) , , 

would s a t i s f a c t o r i l y ensure that the s t r u t worked as a 

homogeneous u n i t -

I f the batten p l a t e s had been adequately r e i n f o r c e d a 

t o r s i o n a l f a i l u r e would be the probable outcome. With 

the type of t h i n p l a t e i n v a r i a b l y used at present, i n 

p r a c t i c e , t h e r e seemed l i t t l e doubt t h a t w h i l s t a small 

amount of t o r s i o n must e x i s t , the ultimate f a i l u r e (at 

the smaller batten spacings) could be by the " l a t e r a l , 

i n s t a b i l i t y " of one channel. 

I t i s appreciated that, l a t e r a l i n s t a b i l i t y cannot e x i s t 

without some t o r s i o n a l e f f e c t ; but: the following t e s t 

r e s u l t s intimate that where t h i n batten p l a t e s a r e used, 
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NO REAL TORSIONAL PRCBLEM. e x i s t s . However, the batten 

p l a t e s w i l l enable the l e a s t loaded channel to "hold up" 

the l a t e r a l f a i l u r e of i t s more h e a v i l y loaded partner. 

T h i s presents a complex problem f o r subsequent research, 

i n t o the reinforcement of batten p l a t e s . 

The f o l l o w i n g t e s t r e s u l t s w i l l show what happens to 

s t r u t s e c c e n t r i c a l l y loaded,in the plane.of the battens. 

.^The battens themselves are at the present recommended 

minimum s i z e s but the spacings have.been incrementally 

increased! . .No a x i a l l y loaded s t r u t can ever e x i s t i n 

. p r a c t i c e as manufacturing malformations, aire bound to 

p r o d u c e . e c c e n t r i c i t i e s . The author sees no j u s t i f i c a t i o n 

f o r the Codes t e n d i n g t O ; i s o l a t e battened s t r u t s which 

have bending i n the plane. Of the battens. Bending could 

: almost always be present even with " a x i a l " . l o a d . 

8.2 Tes'ting Programme 

A t o t a l of twelve s t r u t s . w e r e t e s t e d . One, f a b r i c a t e d 

l o c a l l y i n H.E.30 m a t e r i a l , was used to prove the r i g , 

and a n c i l l a r y components. The remaining eleven, having 

...been f a b r i c a t e d under i d e a l laboratory conditions, i n 

Al-Zn-Mg a l l o y , were used f o r the main t e s t i n g . 

L i t t l e needs to be s a i d about the proving s t r u t , except 

t o s t a t e that the intermediate battens were welded and 

t h a t steo-l end brackets were bolted on. Care was taken 

w i t l i t h e end bracket f i x i n g which was accomplished with 

f i t t e d b o l t s i n c a r e f u l l y d r i l l e d holes. 
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Under t e s t the usual type of r i g i d i t y weakness was. . 

s t i l l . m a n i f e s t at the bolted j o i n t s . Ultimate f a i l u r e 

occurred by buckling i n the lower end panel, i n a way 

encountered by e a r l i e r r e s e a r c h e r s using r i v e t t e d 

connections i Design engineers must r e a l i s e that, t h i s 

type of.assembly i s not now acceptable with composite 

members. .Plate 12 . ; 

To obviate the weakness described the main t e s t s t r u t s 

had p a i r s of battens, welded on, at t h e i r extreme ends. 

End brackets were discarded and replaced by t h i n a l l o y 

end p l a t e s welded to the s t r u t . . These p l a t e s f a c i l i t a t e d 

the attachment of the t h i c k s t e e l end p l a t e s described 

e a r l i e r . [ As subsequent t e s t s proved, t h i s method was 

e n t i r e l y s a t i s f a c t o r y and changed completely the l o c a t i o n 

of u l t i m a t e f a i l u r e , to t h e . a n t i c i p a t e d mid-height or 

mid-panel p o s i t i o n s . 

For the main t e s t i n g jirogramme the eleven s t r u t s tested 

were divided i n t o f i v e " i d e n t i c a l " p a i r s and one s p e c i a l . 

The s i n g l e s t r u t was included f o r general i n t e r e s t as i t 

had only one p a i r of intermediate battens, at mid-height. . 

I t was appreciated that i d e a l l y , t h r e e " i d e n t i c a l " s t r u t s 

should be t e s t e d at each s e l e c t e d batten spacing. This 

was not p o s s i b l e f o r reasons of time and expense. 
. 1 

L i m i t i n g each type to two, enabled the f u l l e s t use to be 

made of the a v a i l a b l e m a t e r i a l . 



181 

The P r o v i n g S t r u t B u c k l e d 
i n 

Bottom P a n e l 

PLATE 12 

21 CU.,/i 
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Two " i d e n t i c a l " s t r u t s were loaded a x i a l l y and f o u r 

p a i r s , p l u s t h e s p e c i a l , , were s u b j e c t e d to, e c c e n t r i c . 

l o a d i n g . The d e g r e e o f e c c e n t r i c i t y was made c o n s t a n t 

a t 25.4 ram (1 i n ) and l o c a t e d a l o n g the major a x i s 

p a r a l l e l to t h e b a t t e n s . 

A f t e r c a r e f u l p o s i t i o n i n g and f i n a l c h e c k i n g , and, w i t h 

a l l r e c o r d i n g systems a t "GO" each s t r u t was loaded 

i n c r e m e n t a l l y . Readings were t a k e n a t each l o a d 

i n c r e m e n t up t o f a i l u r e and c a r e f u l v i s u a l i n s p e c t i o n 

was c a r r i e d out a t the h i g h e r l o a d l e v e l s . . 

F o r some t e s t s , c i n e cameras, i n c l u d i n g an u l t r a - h i g h ­

speed u n i t were d i r e c t e d a t t h e a r e a s of a n t i c i p a t e d 

f a i l u r e . By t h i s means, an e f f o r t was made to r e c o r d 

s u c h d e f o r m a t i o n s a s would be d i f f i c u l t f o r t h e e y e . 

s e n s i b l y t o o b s e r v e . 

A complete appendix of t e s t r e s u l t s , which i n c l u d e s a l l 

r e c o r d e d r e a d i n g s of b o t h d i s p l a c e m e n t s a n d ' s t r a i n s has 

a l s o been c o m p i l e d . . T h i s e x t e n s i v e f i l e of d a t a t o g e t h e r 

w i t h f i l m s and photographs p r o v i d e s a bank of i n f o r m a t i o n 

f o r f u t u r e r e s e a r c h . 

I t may w e l l be t h a t the amount of r e c o r d i n g u n d e r t a k e n 

w i l l be c o n s i d e r e d e x c e s s i v e . I t was however f e l t t h a t 

w i t h a new m a t e r i a l , which was both e x p e n s i v e and 

d i f f i c u l t t o o b t a i n , as much d a t a a s p o s s i b l e s h o u l d be 

c o l l e c t e d i n t h e hope t h a t i t may prove u s e f u l i n 

subsequent work. . .. _ . 
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B e f o r e embarking upon t h e c o n s i d e r a t i o n of t h e a c t u a l 

t e s t s some mention must be made of the; importance of , 

w e l d i n g . ' 

Much has been s a i d about b a t t e n r o t a t i o n c a u s i n g e a r l y 

f a i l u r e and t he need f o r b a t t e n s to be welded. 

Subsequent t e s t d a t a w i l l show t h a t o t h e r c o n s i d e r a t i o n s , 

not mentioned by p r e v i o u s r e s e a r c h e r s , a r e e q u a l l y . 

i m p o r t a n t . 

The b a t t e n ^ must be welded, a t t h e c h a n n e l toes,, f o r 

t h e f u l l depth of the b a t t e n p l a t e . Where l a t e r a l 

i n s t a b i l i t y of one c h a n n e l p r o v e s c r i t i c a l the e f f e c t i v e 

" l e v e r arm" of the b a t t e n s r e s i s t i n g l a t e r a l movement 

w i l l be g r e a t l y i n f l u e n c e d by;, t h e s e w e l d s . They w i l l . . 

p l a y an i m p o r t a n t r o l e i n f i x i n g t h e l e v e l of t h e u l t i m a t e 

f a i l u r e l o a d . 

The u s e of- r i v e t s ( s t i l l w i d e s p r e a d w i t h aluminium a l l o y ) 

i s s u r e l y not j u s t i f i e d . They a r e a l r e a d y known t o per m i t 

j o i n t movement and under l a t e r a l d i s p l a c e m e n t of one 

c h a n n e l t h e " l e v e r arm" w i l l i n c r e a s e t o t he c e n t r e s of . 

th e r i v e t h o l e s . T h i s w i l l p r o v i d e a f u r t h e r r e d u c t i o n 

t o the r e s i s t a n c e of l a t e r a l movement. I n a d d i t i o n , 

t h e m o s t . l i k e l y l o c a t i o n o f b a t t e n bending f a i l u r e would 

be a t t h e r i v e t h o l e s , which c o n d i t i o n would be preceeded 

by a s i t u a t i o n i n d u c i n g t e n s i o n i n t h e r i v e t s . 

A g g r a v a t i o n of t h e b a t t e n r o t a t i o n problem would t h e r e f o r e 

be i n e v i t a b l e i . 
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C o n s i d e r a t i o n of t h e e x p e r i m e n t a l f i n d i n g s w i l l be d i v i d e d 

i n t o two s e c t i o n s . A x i a l and e c c e n t r i c a l l y loaded 

members w i l l be c o n s i d e r e d s e p a r a t e l y . 

F i g s 20 t o 28 i n c l u s i v e haye been i n c l u d e d as a t y p i c a l 

example of the main t e s t r e a d i n g s t a k e n f o r a l l s t r u t s 

t e s t e d . They s e r v e a s an i n d i c a t i o n of t h e type of d a t a 

now a v a i l a b l e . Read i n c o n j u n c t i o n w i t h F i g . 41. 

8.3 A x i a l l y Loaded S t r u t s - T e s t s Nos. 5 and 6 

To p r o v i d e c o n f i r m a t i o n f o r the t h e o r y a l r e a d y p r e s e n t e d 

i n C h a p t e r 4 two s t r u t s were t e s t e d under a x i a l l o a d . 

Some bending, due. t o " l a c k of s t r a i g h t n e s s " , w i l l 

c e r t a i n l y e x i s t w i t h any a x i a l l y l o aded member. 

.With t h i s thought i n mind; s t r u t s 82 were s e l e c t e d . 

T h e s e e x h i b i t e d r a t h e r more " l a c k of s t r a i g h t n e s s " than 

t h e remainder and r e p r e s e n t e d a c o n d i t i o n l i k e l y t o occur 

f r e q u e n t l y i n p r a c t i c e . The "bow" i n the s t r u t s was 

c o n f i n e d m a i n l y t o t h e a x i s which would cause bending i n 

t h e p l a n e of t h e b a t t e n s . T h i s w i l l have r e s u l t e d 

c h i e f l y from w e l d i n g . 

R e f e r e n c e . t o C h a p t e r 4 w i l l i n d i c a t e t h a t i f the E u l e r 

l o a d s o n l y a r e c o n s i d e r e d , e l a s t i c f a i l u r e s h o u l d o c c u r 
t ' s 

on t h e weaker x-x a x i s , i n a d i r e c t i o n a t R Z. t o t h e 

b a t t e n s . T h i s i s assuming t h e s t r u t works as a 

homogeneous u n i t . 
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Under t h e s e c o n d i t i o n s t h e p r e d i c t e d f a i l u r e would be 

by o v e r a l l column b u c k l i n g , a t the l o a d P_ = 309 kN 

(30.9 t o n ) . T h e . b a t t e n s would NOT, i n t h e o r y , be 

e x p e c t e d t o c o n t r i b u t e much t P t h e u l t i m a t e s t r e n g t h . o f 

t h e s t r u t s , o t h e r t h a n e n s u r e t h a t t h e components worked a s 

a homogeneous t i n i t . B a t t e n s were, spaced a t 1041.5 mm 

( 3 ' - 5 " ) c e n t r e s , w e l l i n e x c e s s of the code maximum of 

863 . 5 mm - (2 '-10'^) b T h i s was riot i n i t i a l l y c o n s i d e r e d 

i m p o r t a n t . . .. 

T e s t i n g ;however r e v e a l e d t h a t where " l a c k of s t r a i g h t n e s s " 

i n d u c e d some degree of bending i n t h e p l a n e of t h e b a t t e n s 

e a r l i e r t h i n k i n g was not v a l i d . The bending c a u s e d a 

l o a d d i f f e r e n t i a l between t h e main c h a n n e l s and i n both 

t e s t s d e f l e c t i o n i n t h e p l a n e of t h e b a t t e r i s c o n t i n u e d 

r i g h t up t o > f a i l u r e . . The mode of u l t i m a t e c o l l a p s e was 

not a p p a r e n t u n t i l t h e l a s t increment of l o a d . I t 

f i n a l l y o c c u r r e d on t h e x-x a x i s a s t h e E u l e r p r e d i c t i o n , 

a t l o a d s of-371 kN (37.1 t o n ) and 331 kN (33.1 t o n ) f o r 

T e s t s - 5 land :6 r e s p e c t i v e l y . I n e l a s t i c e f f e c t s undoubtedly 

a c c o u n t e d f o r the l o a d c a r r y i n g c a p a c i t y b e i n g i n e x c e s s 

o f t h e E u l e r l o a d of 309 kN. Some b a l l " s t i c t u r e " seems 

p o s s i b l e i n T e s t 5 and a v i b r a t o r , o p e r a t e d d u r i n g the 

a p p l i c a t i o n of the load,, would have he l p e d . 

i . 

The i m p o r t a n t o b s e r v a t i o n however was t h a t the c h a n n e l s 

d i d not b u c k l e s i m u l t a n e o u s l y and i t became obvious t h a t 

l a t e r a l i n s t a b i l i t y e x i s t e d i n t h e c h a n n e l c a r r y i n g . t h e 
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most d i r e c t l o a d p l u s bending,. B a t t e n s bent f r e e l y on 

t h e i r weak ( t h i n ) a x i s , r o t a t i n g about the welds a t t h e 

j u n c t i o n between t h e p l a t e s and the c h a n n e l t o e s . 

R e f e r e n c e back to C h a p t e r 4 and F i g s 11 and 12 shows t h a t 

K o n i g s b e r g e r and Mohsin, when c o n s i d e r i n g " l a c k of 

: s t r a i g h t n e s s " , c a u s i n g bending i n the p l a n e of t h e b a t t e n s , 

p r e d i c t e d t h a t b u c k l i n g of a s i n g l e c h a n n e l between t h e 

b a t t e n s would not be a problem, w i t h b a t t e n s a t 1041.5 mm 

c e n t r e s . They d i d h o w e v e r - p r e d i c t t h a t w i t h b a t t e n s 

s p a c e d a t t h i s d i m e n s i o n o v e r a l l column b u c k l i n g i n the 

p l a n e of t h e b a t t e n s would o c c u r a t 273 kN (27.3 t o n ) . 

The p r e s e n t t e s t s show t h i s t o be i n c o r r e c t both f o r 

magnitude of l o a d and, a x i s of f a i l u r e a s . l a t e r a l s t i f f n e s s 

was not c o n s i d e r e d by them. 

' I t s h o u l d however be p o i n t e d out t h a t . t h e d e f l e c t i o n s , 

(7.75 mm (0.3 i n ) and 12.9 mm.(0.5 i n ) f o r T e s t s 5 and 6 

r e s p e c t i v e l y ) o c c u r r e d on t h e a x i s p a r a l l e l t o t h e b a t t e n s 

w h i l s t v i r t u a l l y n o . l a t e r a l d e f l e c t i o n took p l a c e on t h e 

a x i s of f i n a l f a i l u r e u n t i l almost t h e l a s t increment of 

l o a d . U n t i l t h e l a s t s t a g e s , the p r e d i c t i o n s of 

K o n i g s b e r g e r and Mohsin f o r y-y ( s t r o n g a x i s ) f a i l u r e 

l o o k e d h i g h l y p r o b a b l e . R e f e r r i n g a g a i n t o F i g . 12 

( C h a p t e r 4 ) i t w i l l be s e e n t h a t w i t h b a t t e n s spaced a t 

836.5 mm (2V-10") c e n t r e s , and u s i n g an e f f e c t i v e l e n g t h 

of 0.85 a f a i l u r e of 310 kN (31.0 t o n ) was p r e d i c t e d . 

T h i s v a l u e i s i d e n t i c a l t o t he E u l e r v a l u e f o r f a i l u r e on 

t h e x-x (weak) a x i s . S i m u l t a n e o u s f a i l u r e on both a x e s 

would be an .ide;.a. s o l u t i o n but b a t t e n p r o p o r t i o n s and 
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s p a c e s w i l l not support t h i s i n p r a c t i c e . 

A f t e r c a r e f u l c o n s i d e r a t i o n of t h e t e s t d a t a , i n s p e c t i o n 

o f f i l m and t h e v i s u a l i n s p e c t i o n o f the s t r u t s t e s t e d , 

i t was c o n s i d e r e d t h a t u l t i m a t e f a i l u r e o c c u r r e d on the 

x-x (weak) a x i s . I t was thought t o be an E u l e r t y p e 

f a i l u r e c u l m i n a t i n g i n t h e c h a n n e l c a r r y i n g most l o a d 

b u c k l i n g l a t e r a l l y , over t h e f u l l l e n g t h of the s t r u t . 

Thus the t h e o r y of K p n i g s b e r g e r & Mohsin (which was 

d e v e l o p e d v i a Tiraoshehko) i s u n l i k e l y t o be a p p l i c a b l e 

I n p r a c t i c e u n l e s s adequate l a t e r a l r e s t r a i n t i s p r o v i d e d 

t o e n s u r e f a i l u r e o c c u r s by b u c k l i n g i n the p l a n e of 

t h e b a t t e n s . The " s t i f f n e s s " of t h e b a t t e n s i n a l a t e r a l 

d i r e c t i o n w i l l not o n l y d i c t a t e t h e u l t i m a t e s t r e n g t h of 

t h e s t r u t b u t a l s o t h e f r e q u e n c y and c h a r a c t e r of any 

l a t e r a l r e s t r a i n t s r e q u i r e d . 

The t e s t s u s e d the minimum p r d p o i t i o n e d b a t t e n s p e r m i t t e d 

by t h e code and w i l l i n v e s t i g a t e t h e p o s s i b l e l o a d s a t 

t h e v a r i o u s b a t t e n s p a c i n g s . As has now been r e s o l v e d , 

t h e approach f o r both a x i a l and e c c e n t r i c a l l y loaded 

s t r u t s w i l l be c o m p a t i b l e as no a x i a l l y loaded s t r u t w i l l 

be without.some bending. 

F i g s 29 and 30. g i v e t h e s t r u t l a y o u t s and gauge l o c a t i o n s 

f o r t h e a x i a l T e s t s Nos. 5 and 6. The p r e c i s e p l a n 

l o c a t i o n s o f the c l o c k gauges w i l l f o l l o w t h e g e n e r a l 

p a t t e r n d e p i c t e d by t h e t y p i c a l t e s t f i g u r e s shown i n 

F i q s . 23 t o 28 . 
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F i g s , 31 and 33 are s e l f explanatory and giye a l l the 

c a l c u l a t i o n method and necessary data f o r the establishment 

of the t h e o r e t i c a l and a c t u a l deflecition curves shown i n 

Fig:. ,35 . • 

S i m i l a r l y F i g s 32 and 34 give the t h e o r e t i c a l and a c t u a l 

load/moment apportionment culminating i n these being plotted 

on the i n t e r a c t i o n curve shown i n F i g . 36 . 

In both cases the values have been p l o t t e d , i n s u i t a b l e 

increments, r i g h t up to ultimate f a i l u r e . For a x i a l 

loading, with only a small amount of bending, the values 

p l o t t e d are n a t u r a l l y i n c l o s e proximity to the d i r e c t 

load l i n e . I n t e r a c t i o n i s thus very small i n t h i s case. 

Bending on the x-x a x i s i s a l s o very small and was 

i n i t i a l l y ignored. 

Knowing that f o r s e v e r a l of the t e s t s f a i l u r e occurred by 

the u l t i m a t e l a t e r a l movement at raid-height, an attempt 

w i l l be made to e s t a b l i s h how t h i s was "t r i g g e r e d o f f " . 

Did l o c a l buckling play a p a r t ? 

IMPORTANT NOTE . . 

Reference to the following I n t e r a c t i o n Curves for both 

a x i a l and e c c e n t r i c loading w i l l r e v e a l that a curve f o r 

" I d e a l P l a s t i c i t y " has been included. T h i s was mentioned 

i n Chapter 4 and represents the condition f o r a s o l i d 

r e c tangular member. 
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A homogeneous s e c t i o n such as an I beam has the bulk 

of m a t e r i a l adjacent to i t s extreme f i b r e . I t i s 

th e r e f o r e e f f i c i e n t i n bending and the i n e l a s t i c e f f e c t 

i s g e n e r a l l y n e g l i g i b l e . 

With the type of beaded s e c t i o n being used, which has 

concentrated areas of m a t e r i a l ( i . e . flange l i p s ) w e l l 

removed from the extreme web f i b r e s r e l a t i v e to the y-y 

a x i s , the i n e l a s t i c e f f e c t i s d i f f i c u l t to p r e d i c t . 

The s i t u a t i o n i s f u r t h e r aggravated by the f a c t that i t 

i s only battened at i n t e r v a l s along i t s length. 

Reference to the a c t u a l t e s t s t r a i n gauge readings i n 

the area c f ultimate f a i l u r e , p a r t i c u l a r l y with e c c e n t r i c 

loading, r e v e a l a wide s t r e s s v a r i a t i o n across the s e c t i o n . 

T h i s i s true not only when comparing the web s t r a i n s of 

the two channels, (as would be expected) but a l s o between 

the back of the web and the t i p of the flange of the 

channel c a r r y i n g most load. The s t r a i n readings r e f e r r e d 

to were taken j u s t before f a i l u r e and suggest that even 

a f t e r the web has y i e l d e d , some re s e r v e of strength e x i s t s 

i n the flange.beads. This may w e l l be important when 

considering the l a t e r a l i n s t a b i l i t y of one channel. 

To suggest a "L i m i t of I d e a l P l a s t i c i t y " f o r a composite 

s e c t i o n behaving i n t h i s f a s h i o n i s not j u s t i f i e d without 

r e s e a r c h i n t o i t s i n e l a s t i c behaviour. T h i s should 

involve t e s t s at various moment arms to e s t a b l i s h a s u i t a b l e 

i n t e r a c t i o n curve. Reference w i l l however be made to the 

p l a s t i c l i m i t l i n e i n d i c a t e d to see how the s e c t i o n 



20o 

compares with a s o l i d r ectangle. I t w i l l be seen from 

the graphs that i n most t e s t s the t h e o r e t i c a l and t e s t 

readings look compatible at t h i s l e v e l . . I t could provide a 
f a c t o r i n g datum for fut u r e i n e l a s t i c i n v e s t i g a t i o n s . 

Having s t a t e d the problem which e x i s t s f o r i n e l a s t i c 

a n a l y s i s of the t e s t r e a d i n g s , i n v e s t i g a t i o n s w i l l now 

proceed using the e l a s t i c l i m i t as a b a s i s f o r c a l c u l a t i o n . 

O v e r a l l S t a b i l i t y 

C r i t i c a l o v e r a l l slenderness. = — = -• ̂ ^^^ ,^ = 71.5 r 5.13 X 10 •,. . . "-x • • 

C r i t i c a l slenderness of one ^ 1041 5 
channel between battens = -— - — ' — = 46.7 r 2.26 X 10 

(or p o s s i b l y 0.8 x 4.67=37.5) 

Strong a x i s slenderness of . oAf? 
, . , . - L 3657 n ̂  complete s e c t i o n = — = ^ " " j j l o ~ 51.4 

C r i t e r i o n = — = 71.5 giving comp. s t r e s s F i g . 2 = 
X 

_ 136 N/mm̂  (B.b'^/in^) 

Where o v e r a l l column buckling i s . the c r i t e r i o n t h i s i s the 

maximum e l a s t i c s t r e s s value which can be s a f e l y worked to. 

The E l a s t i c c r i t i c a l load P = 309 kN (30.9 ton) = P^. 
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Note;- Konigsberger arid Mohsin predicted f a i l u r e on the 

other ( i . e . strong) a x i s at 273 kN (27.-3 t o n ) . This has 

been ignored a t present. 

C r i t e r i o n f o r bending l a t e r a l l y (see Chapter 4) = / 

=136 N/mm̂  (8.6 T/in^) 

4 
T h i s maximum e l a s t i c s t r e s s gives = 2133 x 10 N mm 

. Theoreti(:al Values . ' 

At Onset of P l a s t i c i t y 

From F i g . 36 the r a t i o of arid ^ a r e 0.97 and 0.0385 P — M o o 
r e s p e c t i v e l y . 

D i r e c t Load = P = P x .97 . 
o 

= 309 X, . 97 = 303 kN 

Bending = M = M^X 0.035 

= 21330 X 0.035 = 748 Nm 

Thus D i r e c t S t r e s s = | g | f = ^^^2334^^ = ^^^'^ 

• 3 ' 
Av. Bending S t r e s s = ^ = Z 4 8 _ J ^ 1 0 _ _ , , 4.7N/mm2 

/^^•^ 1,1.67 X 10 X 135.4 
134.9 N/mm̂  

2 
T h i s cin&cks with. 136 N/mm O v e r a l l S t a b i l i t y C r i t e r i o n . 

At P r o j e c t e d Limit of I d e a l P l a s t i c i t y 

Again using F i g . 36 the t h e o r e t i c a l values at t h i s l e v e l are 
2 

D i r e c t s t r e s s = 131 N/mm 
2 

Av. bending s t r e s s = 5.4 N/mm 
T o t a l = 1 3 6 . 4 N/mm̂  
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Test Values 

Using the same method as f o r the t h e o r e t i c a l values the t o t a l 

average s t r e s s e s a t , onset of p l a s t i c i t y , l i m i t of i d e a l 

p l a s t i c i t y , l a s t loa;d increment at which s t r a i n readings were . 

take'n before f a i l u r e and a.t f a i l u r e , were e s t a b l i s h e d . These 

are given i n F i g . 37 and are s e l f explanatory. . 

F i g . 38 gives s t r a i n gauge read.ings and. the r e s u l t i n g s t r e s s e s 

f o r s e l e c t e d gauges at the same l o c a t i o n s . The readings given 

are the highest f o r each s t r u t , i r r e s p e c t i v e of t h e i r p o s i t i o n . 

In c o n s i d e r i n g the s t r u t s g e n e r a l l y , the most highly s t r e s s e d 

areas are at mid-height. The gauges at 5 point l e v e l gave 

readings approaching those at mid-height. . Batten bending 

s t r e s s e s were not high, but i t was apparent that both battens at 

mid-height were i n tension, w h i l s t at ^ points bending did e x i s t 

a c r o s s the battens. I t was i n t e r e s t i n g , t o note that at 5 points 

the highest s t r a i n s were at the channel flange t i p s , i n d i c a t i n g 

a "vyave" a c t i o n over the length of the s t r u t . Gauges at the mid-

panel p o s i t i o n s were somewhat lower i n value, but s t i l l 

r e l a t i v e l y high. 

Gauges No's 19 and 23 both on the web, / s , at about mid-height, 

(See F i g s . 29 and 30) had the highest readings on both s t r u t s . , 

T h e i r p o s i t i o n a l s o gave an i n d i c a t i o n of the d i r e c t i o n of l a t e r a l 

movement a t f a i l u r e . The gauge ring 80 mm below mid-ht. (Test 6) 

was analysed f o r comparisons with average s t r e s s e s derived from 

the i n t e r a c t i o n curves. F i g s . 37 & 38. The d e t a i l e d i n v e s t i g a t i o n 

was c a r r i e d out at the l a s t reading before f a i l u r e . (See Page 211); 
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N O T U . 

• 1 1 " 

pKo:j-ec;Te:D 1 «o-eK.A.<=—IOKJ C^i 

VA/HIV-ST TH£ A.&O^/4. STB:A.<.O (?eA.c>t>ociivo^.e-^^ TP^weeo V->»T>-V.H-> \^<^ OF OL.-TI>̂ *<TI£ 

A>T O T » A C « . L . o c A . - r i o O ^ 0»J TvAt STie>->^ A.ob A.T <5»-rM.<S« \_oA.D uev e \ . S 



212 

In summarising, the f i r s t c o n s i d e r a t i o n must be to e s t a b l i s h 

what " t r i g g e r e d " f a i l u r e . L a t e r a l i n s t a b i l i t y of Channel "A" 

i s considered to be the cause. The b a s i s f o r t h i s view beiing 

that the highest web s t r e s s i s considerably l e s s than the. 

l o c a l buckling values given in.Chapter 6, and those set up 

i n the e c c e n t r i c a l l y loaded s t r u t s . T h i s precludes l o c a l 

b uckling as the t r i g g e r . 

The s t r e s s d i s t r i b u t i o n , (see page 211) shows that the web 

and i t s root f i l l e t s are i n p l a s t i c i t y but the flange l i p s 

are not. The predicted "onset of p l a s t i c i t y " i s at about 

136 N/mm , which value has bieen w e l l exceeded i n the web of 

Channel "A" . .. 

C o l l a p s e commenced e x a c t l y a t mid-height, adjacent to gauge 

19, at the corner.of highest s t r e s s , which w i l l be nominally 
2 

higher than 174 N/mm taken about 80 mm.away. The c o l l a p s e 

of the corner root f i l l e t immediately r a i s e d the s t r e s s e s i n 

the web and fl a n g e which then buckled l o c a l l y . With the 

whole web i n the p l a s t i c range and the flange t i p s not, 

l a t e r a l movement occurred along the l i n e of the web i n the 

obvious d i r e c t i o n as i n d i c a t e d . See P l a t e s 13 and 14. 

Th i s confirms that the f a i l u r e was by l a t e r a l i n s t a b i l i t y of 

one channel. Thus battens w i l l i n f l u e n c e f a i l u r e load, as 

t h e i r spacing and s t i f f n e s s w i l l c o n t r o l the l a t e r a l movement. 

T h i s w i l l be d i s c u s s e d f u r t h e r with the e c c e n t r i c a l l y loaded 

s t r u t s . , 

Tlie i n t e r a c t i o n curve tvpproach, s u i t a b l y f a c t o r e d f o r 

p l a s t i c i t y , i s idea.1 , as e c c e n t r i c loading w i l l e s t a b l i s h . 
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CONCLUSIONS t h e r e f o r e a r e t h a t u n t i l l a c k o f s t r a i g h t n e s s 

r e a c h e s s u c h p r o p o r t i o n s t h a t d e f l e c t i o n i s l a r g e and l o c a l 

b u c k l i n g o f c h a n n e l "A" web t a k e s p l a c e s , f a i l u r e w i l l be b y 

l a t e r a l b u c k l i n g o f t h e same c h a n n e l . T h i s w i l l o c c u r i n an 

e l a s t o - p l a s t i c s i t u a t i o n a t v a l u e s i n e x c e s s o f t h e E u l e r Load 

o f 309 kN, 

8.4 E c c e n t r i c a l l y l o a d e d S t r u t s - T e s t No's. 1 t o 4, 7 t o 10 
. and 1 1 I n c l u s i v e 

F i v e p a i r s o f s t r u t s and a s p e c i a l were t e s t e d w i t h t h e 

l o a d i n g 25.4 mm e c c e n t r i c a l o n g t h e m a j o r a x i s p a r a l l e l t o 

t h e b a t t e n s . They were a l l so a r r a n g e d t h a t any moment due 

t o " l a c k o f s t r a i g h t n e s s " w o u l d be a d d i t i v e t o t h a t p r o d u c e d 

b y t h e s e l e c t e d e c c e n t r i c i t y . 

S t r u t s . S I and S4 had p a n e l spaces on e i t h e r s i d e o r 

s t r a d d l i n g t h e m i d - h e i g h t p o s i t i o n a t 863.5 mm ( 2 ' - 1 0 " ) 

c e n t r e s o f b a t t e n s . They t h e r e f o r e f o r m a g r o u p , w i t h 

s p a c e s f i x e d a t t h e Code maximum'. T e s t s 1 , 2, 8 and 9 

c o v e r t h i s g r o u p a n d t h e r e s u l t s s h o u l d be c o m p a r a b l e . 

S i m i l a r l y s t r u t s M^^ S3 and S5 w e r e f a b r i c a t e d w i t h p a n e l 

s p a c e s on e i t h e r s i d e o r s t r a d d l i n g t h e m i d - h e i g h t a t 

1218.5 mm ( 4 ' - 0 " ) c e n t r e s o f b a t t e n s . These a l s o f o r m a 

g r o u p b u t w i t h t h e b a t t e n s p a c i n g now w e l l i n e x c e s s o f what 

i s p e r m i t t e d . The b a t t e n c e n t r e s were opened o u t t o 

e n c o u r a g e an E u l e r t y p e b u c k l i n g f a i l u r e b e t w e e n t h e b a t t e n s 

i n t h e most h e a v i l y l o a d e d c h a n n e l . T e s t s 3, 4, 7 and 10 

c o y e r t h i s g r o u p and t h e r e s u l t s s h o u l d a g a i n be c o m p a r a b l e . 
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k d 

A s i n g l e s t r u t M S7 was i n c l u d e d f o r i n t e r e s t . I n t h i s 

c a s e p a i r s o f b a t t e n s w e r e o n l y p r o v i d e d a t t h e ends and a t 

m i d - h e i g h t . I t i s c o v e r e d b y T e s t 1 1 . 

The g e n e r a l c o n s i d e r a t i o n s a l r e a d y s u b m i t t e d f o r t h e a x i a l l y 

l o a d e d s t r u t s a r e v a l i d and t h e f o l l o w i n g t e s t s embrace t h e 

same r e a s o n i n g , p r o p o r t i o n s and p r o c e d u r e s . The o n l y m a j o r 

v a r i a t i o n i s t h a t t h e i n i t i a l 25.4 mm e c c e n t r i c i t y w i l l 

p r o d u c e c o n s i d e r a b l y more b e n d i n g moment i n t h e p l a n e o f t h e 

b a t t e n s and a f f e c t b o t h c h a n n e l and b a t t e n b e h a y i o u r . The 

I n t e r a c t i o n C u r v e a p p r o a c h w i l l a l s o now be p u t t o f u l l u s e . 

L^ick o f s t r a i g h t n e s s on t h e x - x a x i s was v e r y s m a l l and 

r e s u l t e d i n m i n i m a l d e f l e c t i o n s w h i c h have been g e n e r a l l y 

n e g l e c t e d O 

F i g s . 39 t o 43 g i v e t h e s t r u t l a y o u t s and gauge numbers. 

T e s t 11 - s p e c i a l s t r u t - w i l l be i n v e s t i g a t e d l a t e r . 

T h e o r e t i c a l and a c t u a l d e f l e c t i o n c u r v e s f r o m d a t a e s t a b ­

l i s h e d i n F i g s . 44 and 46 a r e shown i n F i g . 48. Good a g r e e ­

ment e x i s t s b e t w e e n t h e t e s t s w i t h i n t h e e l a s t i c r a n g e , b u t 

b e y o n d t h i s t h e e f f e c t s o f b a t t e n f r e q u e n c y and s t i f f n e s s 

become a p p a r e n t . They i n f l u e n c e t h e d e f l e c t i o n and u l t i m a t e 

l o a d . As e x p e c t e d t h e h i g h e s t v a l u e s w e re f o r t h e s m a l l e r 

b a t t e n s p a c i n g s . T h e r e i s a s u g g e s t i o n t h a t s t r u t s w i t h 

b a t t e n s s t r a d d l i n g t h e m i d - h e i g h t p e r f o r m b e t t e r t h a n s t r u t s 

w i t h b a t t e n s a t m i d - h e i g h t . ' 

However, t h e d e f l e c t i o n v a l u e s were u s e d t o e s t a b l i s h t h e 
P M . 

v a l u e s f o r p — and ? see F i g s . 45 and 47. From t h e s e t l i o 
o o 

r e l e v a n t i n t e r a c t i o n c u r v e s d e p i c t e d i n F i g s . 49 t o 5.3 were 

e s t a b l i s h e d . N o te t h a t i n a d d i t i o n t o F i g . 49, c o v e r i n g a l l 
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s t r u t s , s u b s e q u e n t d i a g r a m s g i v e t h e load/moment 

a p p o r t i o n m e n t f o r . e a c h p a i r .of " i d e n t i c a l " , s t r u t s . 

An i n v e s t i g a t i o n o f t h e t e s t d a t a , i n c l u d i n g s t r a i n r e a d i n g s , 

i s now made, a s . f o r t h e a x i a l l y l o a d e d s t r u t s . ' 
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Again u s i n g t h e e l a s t i c p r o p e r t i e s o f t h e m a t e r i a l t h e 

t h e o r e t i c a l average s t r e s s e s due t o column b u c k l i n g w i l l 

f i r s t . b e e s t a b l i s h e d . T h i s w i l l be done a t "Onset o f 

P l a s t i c i t y " and a t t h e " P r o j e c t e d L i m i t of I d e a l P l a s t i c i t y " . 

O v e r a l l S t a b i l i t y 

C r i t i c a l o v e r a l l s lenderness = ^ = 7 1 . 5 (as a x i a l s t r u t s ) . 

S t r o n g a x i s s l e n d e r n e s s o f 
complete s e c t i o n . = — = 51.4 (as a x i a l s t r u t s ) . 

y 

C r i t i c a l s l e n d e rness o f one 
channel between b a t t e n 
c e n t r e s " - Tests 1 , 2 , 8 and 9 

i _ = = 38.2 ( p o s s i b l y x 0.8) 
y . 

Tests 3, 4, 7 and 10 

7" = 22^6'^ " 5 3 . 5 ( p o s s i b l y x 0 . 8 ) 

A c c e p t i n g t h a t t h e Code l i m i t s b a t t e n s p a c i n g , and t h i s has 

how p u r p o s e l y been exceeded i n some cases, t h e c r i t e r i o n 

(on f a c e v a l u e ) i s p = 71.5. 

2 
From F i g . 2 t h i s g i v e s Max Comp. S t r e s s = 1 3 6 N/mm 

(8.6 Ton/in^) 

T h i s would g i v e an e l a s t i c c r i t i c a l l o a d v a l u e of P = 309 kN 
o • , 

(30.9 t o n ) which we know t o be f a l s e because bending i n t h e 

p l a n e o f t h e b a t t e n s w i l l reduce t h i s , see Chapter 6. 

However t h e q u e s t i o n i s ; w i l l a s i n g l e channel b u c k l e 

between.the b a t t e n s o r . w i l l l o c a l b u c k l i n g p r e v a i l ? ? . 

A l s o = 2133 X 10^ Nmm (from Chapter 4 ) . 
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T h e o r e t i c a l Values 

Using t h e o r e t i c a l v a l u e s f r o m " I n t e r a c t i o n Curves" f o r 

a l l e c c e n t r i c a l l y loaded s t r u t s . 

A t "Onset o f P l a s t i c i t y " 

P M 
|- = 0.62 ^ = 0.38 

o o 

/. D i r e c t l o a d = P = 309 x 0.62 = 192 kN 

Bending Moment = M = 21330 x 0.38 = 8,100 Nm 

3 
D i r e c t S t r e s s = = ^^^^^."^^ = 82.5 N/mm̂  

area 2334 

Av. Bending S t r e s s = ^ ^ 8100.10^ ^ 5(,.9 ^^^^2 

^^•^ 11.67 X 10 X 135.4 

. 2 
T o t a l Av. S t r e s s = = 133.4 N/mm 

At P r o j e c t e d " L i m i t o f I d e a l P l a s t i c i t y " 

P M 
P- = 0-72 ^ = 0.49 

o o 

:. D i r e c t l o a d = P = 309 x 0.7 = 2 2 3 kN 

Bending Moment = M = 21330 x 0.49 = 10,200 Nm 
3 

D i r e c t S t r e s s = = ^ ^ ^ ^ " f = 9 6 . 0 N/mm̂  
area 2334 

3 
Av. Bending Stress = = 1Q?200 x 10 = 64.8 N/mm" 

11.67 X 10 x 135.4 
o 

T o t a l Av. S t r e s s 160.8 N/mm" 
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Test Values 

A g a i n u s i n g t h e same method as f o r t h e t h e o r e t i c a l values 

t h e t o t a l average s t r e s s e s a t onset o f p l a s t i c i t y , l i m i t 

o f i d e a l p l a s t i c i t y , l a s t increment a t which s t r a i n 

r e a d i n g s were t a k e n b e f o r e f a i l u r e and a t f a i l u r e , were 

e s t a b l i s h e d . These are g i v e n i n F i g s . 54 t o 57 and are 

s e l f e x p l a n a t o r y . 

I t was a p p r e c i a t e d t h a t w i t h t h e i n c r e a s e d d e f l e c t i o n s due 

t o e c c e n t r i c l o a d t h e average s t r e s s values would not be 

p r e c i s e as t h e moment arm "d" would v a r y . T h i s i s because 

t h e s t r e s s d i s t r i b u t i o n C.G. across t h e s e c t i o n would not 

c o i n c i d e w i t h t h e channel C.G.'s. Due t o i n c r e a s i n g 

d e f l e c t i o n i t would a l s o v a r y w i t h each increment o f l o a d 

and w i t h each t e s t . However a f t e r approximate checks 

t h e " y i e l d " moment arm was used and a t t h e l a r g e r d e f l e c t i o n s 

t h i s would t e n d t o g i v e s t r e s s values on t h e h i g h s i d e . For 

t h e c r i t i c a l c hannel "A", i t s s t r e s s d i s t r i b u t i o n C.G. would 

move towards t h e back o f t h e channel as t h e d e f l e c t i o n 

i n c r e a s e d . At h i g h l o a d l e v e l s d i r e c t comparison i s 

j u s t i f i e d between t h e c a l c u l a t e d average and s t r a i n gauge 

s t r e s s e s . 

F i g s . 58, 59 and 60 g i v e S t r a i n gauge readings and t h e 

r e s u l t i n g s t r e s s e s f o r s e l e c t e d gauges a t t h e l o a d l e v e l s 

p r e v i o u s l y s t a t e d . The re a d i n g s g i v e n are t h e h i g h e s t f o r 

each s t r u t , i r r e s p e c t i v e o f t h e i r p o s i t i o n . 
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I n c o n s i d e r i n g t h e s t r u t s g e n e r a l l y , t h e most h i g h l y s t r e s s e d 

areas were a t m i d - h e i g h t w i t h t h e e x c e p t i o n o f Tests 3 and 

4. Here t h e b a t t e n s were spaced a t 1218.5 mm (4'-0") 

c e n t r e s and f a i l u r e o c c u r r e d a t a p p r o x i m a t e l y mid-panel 

( l o w e r ) a d j a c e n t t o t h e m i d - h e i g h t . I t must however be 

emphasised t h a t s t r e s s e s a t o t h e r p o s i t i o n s were almost 

e q u a l l y h i g h and those on t h e f l a n g e l i p s , , n e x t t o t h e end 

b a t t e n s , as h i g h as anywhere on t h e s t r u t . T h i s h i g h l i g h t s 

t h e a b s o l u t e n e c e s s i t y t h a t b a t t e n e d s t r u t s have c o m p l e t e l y 

r i g i d b a t t e n or cheek p l a t e attachment a t t h e i r ends. 

As w i t h t h e a x i a l l y loaded s t r u t s , r i n g s o f gauges a t t h e 

c r i t i c a l p o s i t i o n s on s e l e c t e d s t r u t s wereanalysed a t t h e 

l o a d a t which t h e l a s t s t r a i n r e c o r d i n g c o u l d be read, 

b e f o r e f a i l u r e . 

Reference t o pages 242 t o 246 w i l l g i v e a d e t a i l e d 

i n v e s t i g a t i o n o f t h e s t r e s s e s e x i s t i n g a t these c r i t i c a l 

p o s i t i o n s . The s t r e s s e s g i v e n may be compared w i t h those 

i n t h e t a b l e s g i v i n g by F i g s . 54 t o 60 i n c l u s i v e . 
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C o n s i d e r a t i o n of t h e f o r e g o i n g s t r e s s t a b l e s and diagrams 

f o r e c c e n t r i c l o a d i n g w i l l r e v e a l t h a t as the d e f l e c t i o n s 

i n c r e a s e d , beyond t h o s e e n c o u n t e r e d w i t h a x i a l l o a d , the 

l o a d a t f a i l u r e dropped. The s t r e s s e s a t the web of the 

"comp. s i d e " c h a n n e l however c o n t i n u e d to r i s e , t h u s 

c a u s i n g more of t h e m a t e r i a l t o p a s s i n t o the p l a s t i c range, 

A s i t u a t i o n t h e r e f o r e e x i s t e d where the l o a d had reduced 

to such a l e v e l t h a t l a t e r a l b u c k l i n g c o u l d not o c c u r . 

T h e . o u t e r f i b r e s t r e s s e s however c o n t i n u e d t o r i s e as t he 

s t r u t d e f l e c t e d u n t i l a l o c a l b u c k l i n g s i t u a t i o n was 

e s t a b l i s h e d . 

The u l t i m a t e f a i l u r e had e x a c t l y the same appearance as 

w i t h t h e a x i a l t e s t s . The mode of f a i l u r e was however 

d i f f e r e n t , a s t h e s t r e s s l e v e l a t t h e web was now of the 

o r d e r e s t a b l i s h e d f o r l o c a l b u c k l i n g - see Chapter 6. 

F a i l u r e i n a l l c a s e s was by l o c a l b u c k l i n g , which, b e c a u s e 

of a v e r y s m a l l amount of bending on the x-x a x i s 

" t r i g g e r e d o f f " from one edge of t h e web, q u i c k l y i n v o l v i n g 

the web r o o t and t h e t h i n "web" of t h e f l a n g e . L a t e r a l 

d i s p l a c e m e n t t h e r e f o r e o c c u r r e d to p r o v i d e an o v e r a l l 

d e f o r m a t i o n of t h e same c h a r a c t e r as the a x i a l l y loaded 

members biit a t a reduced l o a d . 

I f t h e e f f e c t of b a t t e n p l a t e s i s now c o n s i d e r e d . F i g . 47 

and t h e i n t e r a c t i o n c u r v e s w i l l c o n f i r m t h a t s p a c i n g has an 

e f f e c t upon the s t r u t ' s l o a d c a r r y i n g c a p a c i t y . I t i s now 

a c c e p t e d t h a t w i t h t h e e c c e n t r i c a l l y loaded s t r u t s t h e 
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"comp. s i d e " c h a n n e l b u c k l e s l o c a l l y and t h e n moves 

l a t e r a l l y due t o t h e d i f f e r e n t i a l of t he b u c k l i n g s t r e s s 

a c r o s s , the web. B a t t e n s appear t o be q u i t e adequate t o 

d e a l w i t h t h e u s u a l bending moments and s h e a r f o r c e s i n the 

p l a n e of b a t t e n s . . However, i t i s s u g g e s t e d t h a t a d d i t i o n a l 

l a t e r a l s t i f f n e s s might be a d v i s a b l e , t o d e l a y t h e f i n a l 

l a t e r a l movement of t h e c h a n n e l . I t i s a c c e p t e d t h a t a t 

t h i s p o i n t i t i s a l r e a d y s t a r t i n g t o b u c k l e l o c a l l y , but a s 

b a t t e n r e i n f o r c e m e n t has been proposed where the l o a d i s 

a x i a l , i t c o u l d be s t a n d a r d i s e d f o r a l l c o n d i t i o n s . 

The p r e s e n t Code recommendations endeavour t o c o n t r o l t h e 

s l e n d e r n e s s r a t i o s on t h e major axes and between the 

b a t t e n s . T h i s e n s u r e s t h a t an a x i a l l y loaded s t r u t w i l l 

s u s t a i n t h e E u l e r l o a d , c a l c u l a t e d f o r i t s weaker a x i s . 

Bending i n t h e p l a n e o f t h e b a t t e n s w i l l reduce t h i s l o a d 

i n r a t i o w i t h d e f l e c t i o n . B a t t e n s t i f f n e s s and s p a c i n g 

b e i n g of c o u r s e i n f l u e n t i a l i n how much d e f l e c t i o n o c c u r s 

f o r a g i v e n l o a d . 

The t e s t programme c l e a r l y shows t h i s e f f e c t . T e s t s 1, 2, 

8 and 9 have s p a c i n g a t t h e p r e s e n t Code maximum and the 

I n t e r a c t ; C u r v e s ( F i g s 50 and 53) show t h a t t h e i r l o a d 

c a r r y i n g c a p a c i t y ( F i g . 47) i s i n g e n e r a l , much b e t t e r 

t h a n f o r T e s t s 3, 4, 7 and 10 ( F i g s 51 and 5 2 ) , where the 

s p a c i n g i s l a r g e a t 1218.5 mm ( 4 ' - 0 " ) . T e s t s 8 and 9 a l s o 

s u g g e s t t h a t where b a t t e n s s t r a d d l e t h e mid-height, l o a d 

c a r r y i n g c a p a c i t y i s a t i t s b e s t f o r the g i v e n s p a c i n g . 
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T e s t s 1, 2, 8 and 9 a l l f a i l e d a t mid-height and confirmed 

t h e Code b a t t e n s p a c i n g t o be more t h a n adequate. T e s t s 

3, 4, 7 and 10 f a i l e d a t a mid-panel and s u g g e s t e d t h a t the 

b a t t e n s p a c i n g was too l a r g e . T h i s was s u r p r i s i n g a s the 
i 
— f o r a s i n g l e channel,between t h e b a t t e n s was 54 (or i f 

O.sXwas t a k e n , 43) w h i c h a c c o r d s w i t h the Code requirement 

of 50. However i n s p e c t i o n of t h e s t r e s s l e v e l s , d e r i v e d 

from s t r a i n r e a d i n g s , a t s e v e r a l p o s i t i o n s on any of the 

g i v e n s t r u t s , showed t h a t they were so c l o s e t h a t mid-panel 

f a i l u r e o n l y j u s t p r e v a i l e d . A s m a l l s p a c i n g r e d u c t i o n 

would have moved t h e f a i l u r e l o c a t i o n t o m i d - h e i g h t . 

I t so happens t h a t f o r T e s t s 7 and 10 the mid-panel of 

f a i l u r e i s a l s o a t m i d - h e i g h t . 

R e f e r e n c e must now be made to t h e " P r o j e c t e d L i m i t of I d e a l 

P l a s t i c i t y " . As p r e v i o u s l y e x p l a i n e d t h i s i s f o r a s o l i d 

r e c t a n g l e and r e p r e s e n t s an UPPER LIMIT FOR THE EFFECTS OF 

P L A S T I C I T Y f o r combined bending and a x i a l l o a d . U s i n g 

t h i s i n t e r a c t i o n c u r v e as a datum, and r e f e r r i n g to a l l the 

i n t e r a c t i o n c u r v e diagrams, e n a b l e s the f o l l o w i n g statement 

t o be made. I 

A l l e c c e n t r i c l o a d t e s t s w i t h t h e e x c e p t i o n of T e s t 11 and 

p o s s i b l y T e s t 3 g i v e load/moment d i s t r i b u t i o n c u r v e s which 

compare v e r y c l o s e l y w i t h the t h e o r e t i c a l e l a s t i c l o a d / 

moment d i s t r i b u t i o n c u r v e a t i t s i n t e r s e c t i o n w i t h t h e 

" I d e a l P l a s t i c i t y " i n t e r a c t i o n c u r v e . Even the t e s t s a t 

t he l a r g e s t b a t t e n s p a c i n g a r e i n r e a s o n a b l e agreement. 
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T e s t 11, w h i c h w i l l be mentioned l a t e r , f a i l e d a t t h e 

i n t e r s e c t i o n of t h e load/moment and i d e a l p l a s t i c i t y c u r v e s ? 

I n d i c a t i o n s t h e r e f o r e a r e t h a t t h i s i n t e r a c t i o n c u r v e 

r e p r e s e n t i n g t h e upper l i m i t of t h e e f f e c t s of p l a s t i c i t y 

would prove a s u i t a b l e f a c t o r i n g datum. An e x t e n s i v e 

s e r i e s of t e s t s s h o u l d however be conducted on v a r i o u s 

e c c e n t r i c i t i e s and w i t h t h e d i m e n s i o n b a c k t o back of 

c h a n n e l s v a r i e d . T h i s would p r o v i d e a " w e l l s p r e a d " s e r i e s 

o f r e s u l t s from which an I n t e r a c t i o n c u r v e "IDEAL" f o r the 

b a t t e n e d s t r u t c o u l d be e s t a b l i s h e d ' . 

The Al-Zn-Mg a l l o y seems an e x c e l l e n t m a t e r i a l . S t r a i n 

gauges were l o c a t e d i n t h e h e a t a f f e c t e d weld zones and i t 

i s i n t e r e s t i n g t o be a b l e t o r e p o r t t h a t no r e a d i n g s were 

e x c e s s i v e l y h i g h . From a w e l d i n g s t a n d p o i n t i t has marked 

s u p e r i o r i t y over the p r e s e n t h i g h - s t r e n g t h a l l o y s w i t h t h e i r 

c o n s i d e r a b l e l o s s of s t r e n g t h i n w e l d i n g . 

Much more c o u l d be s a i d about t h e s m a l l e r happenings and 

i n d i c a t i o n s n o t i c e d d u r i n g t e s t i n g . Two f u r t h e r s t r u t s 

a r e s t i l l i n s t o c k and more i n v e s t i g a t i o n w i l l proceed as 

t ime p e r m i t s . 

B e f o r e p a s s i n g t o t h e " S p e c i a l " s t r u t - T e s t 11 - r e f e r e n c e 

s t i l l has to be made t o the comparison between the s t r e s s e s 

e s t a b l i s h e d from the i n t e r a c t i o n c u r v e s and t h e s t r a i n 

gauge r e ^ i d i n g s . 
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The method of approach and t a b l i n g i s e x a c t l y a s p r e v i o u s l y 

c o v e r e d f o r a x i a l l o a d . F i g s 54 t o 60 a g a i n g i v e d a t a 

f o r t h e h i g h e s t s t r e s s e d gauges i r r e s p e c t i v e of p o s i t i o n . 

Pages 242 t o 246 g i v e d i a g r a m m a t i c i n f o r m a t i o n on s t r e s s 

d i s t r i b u t i o n f o r " r i n g s " of gauges a t , or a d j a c e n t t o t h e 

p o s i t i o n of u l t i m a t e f a i l u r e . A l l s t r e s s e s a r e f o r the 

l a s t p o s s i b l e s t r a i n r e a d i n g s b e f o r e f a i l u r e . T e s t s 2, 4, 

7 and 8 were c h o s e n t o r e p r e s e n t each t y p e of b a t t e n 

s p a c i n g . I t s h o u l d perhaps be r e - s t a t e d t h a t when comparing 

"Average" s t r e s s e s from t h e i n t e r a c t i o n c u r v e s w i t h t h o s e 

from t h e s t r a i n readings, i t be remembered t h a t t h e moment 

arm "d" was, use d . As t h i s was t o t h e c e n t r o i d s of the 

c h a n n e l s , c o m p a r i s o n s a t t h e lower s t r e s s e s w i l l g i v e t o t a l 

a v e r a g e s t r e s s e s on t h e hi g h s i d e . . Once t h e m a t e r i a l has 

s t a r t e d , i n t o t h e p l a s t i c range t h e i n t e r a c t i o n c u r v e s t r e s s e s 

and s t r a i n gauge s t r e s s e s become more and more comparable. 

To.summarise on t h i s s e c t i o n o f . t h e work, i t c a n be concluded 

t h a t the u l t i m a t e l o a d i s c o n t r o l l e d by t h e l o c a l b u c k l i n g 

of one c h a n n e l , a t s t r e s s e s i n the or d e r of t h o s e c a l c u l a t e d 

i n Chapter 6. The u l t i m a t e mode of f a i l u r e of t h e 

" i d e n t i c a l p a i r s " was a s shown i n P l a t e s 13 and 14. 

The. t o t a l s t r e s s b u i l t up i n t h e c h a n n e l s from a l l c a u s e s 

w i l l be i n f l u e n c e d by b a t t e n s p a c i n g s . F o r the s t r u t s 

t e s t e d , and a c c e p t i n g t h e l o a d r e d u c t i o n which r e s u l t s , 

b a t t e n s c e n t r e s c o u l d be opened out t o a p p r o a c h i n g 1218.5 mm 

( 4 ' - 0 " ) . F u r t h e r r e s e a r c h i s needed w i t h v i i r y i n g aniounts 
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of e c c e n t r i c i t y and v a r y i n g d i s t a n c e s back to back o f 

c h a n n e l s . B a t t e n s would be b e t t e r ^ r e i n f o r c e d . 

The welded s t r u t s i n Al-Zn-Mg a l l o y h e l p e d c o n s i d e r a b l y 

w i t h t h e r i g i d i t y problem, p a r t i c u l a r l y i n t h e i m p o r t a n t 

a r e a s a t t h e ends of t h e s t r u t s and i n combating l o c a l 

i n s t a b i l i t y . 

The e l a s t o - p l a s t i c i n v e s t i g a t i o n has proved i n t e r e s t i n g . 

S t r u t d e f l e c t i o n i s however so l a r g e w i t h l i g h t a l l o y t h a t 

p r a c t i c a l a p p l i c a t i o n i s l i m i t e d . D e f l e c t i o n w i l l c o n t r o l 

d e s i g n a t r e l a t i v e l y low s t r e s s e s . 
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T e s t s / I and 2 

T e s t s 4, ?and 7, i o 

T y p i c c \ l l A ) c a l B u c k l i n g F a i l u r e s 

PLATE i : 
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F a i l e d S t r u t s 

i n P a i r s 

PLATE M 
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. S p e c i a l S t r u t - T e s t 11 

As a l a s t c o n t r i b u t i o n , one s t r u t , a f f e c t i o n a t e l y r e f e r r e d 

t o a s t h e " S p e c i a l " was t e s t e d w i t h i n t e r e s t i n g r e s u l t s . 

B a t t e n s were c u t out of a s p a r e s t r u t u n t i l o n l y t h r e e p a i r s 

remained. T h e s e were l o c a t e d a t e a c h end and i n t h e 

m i d d l e . I t was lo a d e d 25.4 mm (1 i n ) e c c e n t r i c along the 

a x i s i n t h e p l a n e of t h e b a t t e n s . C l o c k gauges were used, 

but no s t r a i n gauges. 

The d i s t a n c e c e n t r e s of b a t t e n s was now 1727 mm ( 5 ' - 8 " ) 

w h i c h gave a s l e n d e r n e s s r a t i o f o r one c h a n n e l between 

t h e b a t t e n c e n t r e s of ^ ^'^ = 76.5 (or i f 0.8 £ i s t a k e n , 

6 3 ) . T h i s i s w e l l i n e x c e s s of t h e Code r e q u i r e m e n t of 50. 

The — (weak a x i s ) v a l u e f o r the complete s t r u t was 71.3. 
••X , 

Remembering t h a t T e s t s 3 , 4 , 7 and 10, w i t h t h e s p a c i n g a t 

1218.5 mm ( 4 ' - 0 " ) b u c k l e d a t mid-panel of t he "comp. s i d e " 

c h a n n e l t h e outcome of t h i s t e s t seemed o b v i o u s . 

However t h e s t r u t u n e x p e c t e d l y b u c k l e d a t mi d - h e i g h t , on 

t h e c e n t r e - l i n e o f t h e b a t t e n s , by a p e r f e c t l y s y m m e t r i c a l 

l o c a l b u c k l e of t h e "comp. s i d e " c h a n n e l web. The f a i l u r e 

l o a d was 195 kN and the mid-height d e f l e c t i o n 40 mm (1.57 i n ) . 

The p a r t s of t h e mid-height b a t t e n s , between t h e c h a n n e l 

t o e s , "smashed o u t " c o m p l e t e l y . 
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I t i s not proposed t o i n v e s t i g a t e t h i s t e s t i n d e t a i l . 

I t s d e f l e c t i o n and load/moment d i s t r i b u t i o n c u r v e s have 

however been added t o F i g s 48 and 49, f o r comparisons. 

I t w i l l be noted t h a t t h e l a t e r c u r v e i n t e r s e c t s w i t h t h e 

" L i m i t of P l a s t i c i t y " i n t e r a c t i o n c u r v e a t f a i l u r e . 

P l a t e 4 " T e s t i n g R i g " shows t h i s s t r u t i n i t s f a i l e d 

p o s i t i o n . 
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C h a p t e r 9 

D i s c u s s i o n 

9.1 G e n e r a l 

At the o u t s e t i t s h o u l d be s t a t e d t h a t t h i s r e s e a r c h 

p r o j e c t has i n v o l v e d much more e f f o r t and t a k e n up 

c o n s i d e r a b l y more ti m e t h a n was a t f i r s t e n v i s a g e d . 

I t was known t o be r a t h e r l a r g e t o t r y . and a c c o m p l i s h on 

a p a r t - t i m e b a s i s , a d d i t i o n a l t o a normal work l o a d . L o s s 

i n t r a n s i t of t h e f i r s t b a t c h of s p e c i a l l y c a s t Al-Zn-Mg 

a l l o y i n g o t s was a major d e l a y i n g f a c t o r . However, i t i s 

hoped t h a t t h i s c o n t r i b u t i o n w i l l j u s t i f y t h e e f f o r t , add 

a l i t t l e t o t h e l i m i t e d knowledge on b a t t e n e d s t r u t s , and 

s t i m u l a t e f u r t h e r r e s e a r c h . 

Answers t o a number of b a s i c problems a r e s t i l l needed, 

p a r t i c u l a r l y f o r s t r u t s which a r e loaded e c c e n t r i c a l l y 

i n t h e p l a n e o f t h e b a t t e n s . 

Two g e n e r a l s t a t e m e n t s , c o n s i d e r e d t o be supremely important 

must t h e r e f o r e be made b e f o r e the f i n a l c o n c l u s i o n s of t h i s 

work a r e enumerated. 

1. B a s i c Concept 

The, o n l y j u s t i f i c a t i o n f o r t h e u s e of b a t t e n e d s t r u t s 

a t a l l i s t h e economics of weight s a v i n g . . T h e i r 

p r o p o r t i o n s must t h e r e f o r e be chosen w i t h t h i s o b j e c t 

i n mind. Almost a l l the p r a c t i c a l t e s t i n g 
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i n v e s t i g a t e d a p p e a r s t o have been u n d e r t a k e n w i t h 

i l l - c h o s e n and/or b a d l y a r r a n g e d p r o f i l e s . 

The f i r s t r e q u i r e m e n t f o r any b a t t e n e d s t r u t , which 

i s s u b j e c t e d t o e c c e n t r i c l o a d i n g , i s t h a t t h e 

p r o p o r t i o n s a r e so a r r a n g e d t h a t t h e a x i s of major 

s t i f f n e s s i s o f f e r e d t o r e s i s t t h e bending. I n 

p r a c t i c e some bending w i l l a l w a y s e x i s t and can 

f r e q u e n t l y be v i s u a l i s e d from.the type of c o n n e c t i o n 

t o a n o t h e r component. . L o g i c t h e r e f o r e d i c t a t e s t h a t 

t h e b e s t u s e of m a t e r i a l i s made when the bending i s 

l o c a t e d on the major a x i s pnrn 1 I r 1 to. t h e b a t t e n s . 

The main member s p a c i n g can be v a r i e d t o s u i t t h e 

demands of optimum d e s i g n , b a s e d on t h e c r o s s 

s e c t i o n a l p r o f i l e of t h e main members. I t i s o n l y 

a f t e r t h i s s i t u a t i o n has been r e a c h e d t h a t t h e 

i n t r o d u c t i o n of i n t e r m e d i a t e l a t e r a l t i e s , between say 

a s e r i e s o f b a t t e n e d columns, s h o u l d be c o n s i d e r e d . 

Having p r e s e n t e d t h e b a s i c r e q u i r e m e n t s , i t seems 

r e m a r k a b l e t h a t t h e b u l k of p a s t p r a c t i c a l t e s t i n g 

has been w i t h members so a r r a n g e d t h a t t h e a x i s set 

^o->coS\jS^ C" t o the b a t t e n s was the major a x i s . T h i s of 

c o u r s e means t h a t bending i n the p l a n e of t h e b a t t e n s 

has t a k e n p l a c e on t h e s t r u t ' s minor a x i s . 

I t i s a p p r e c i a t e d t h a t t h e e a r l i e r s c i e n t i f i c work of 

Timoshenko p r e s e n t e d s o l u t i o n s f o r bending i n the 
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p l a n e of t h e b a t t e n s . The p r o p o r t i o n s used d i c t a t e d 

t h a t o v e r a l l column b u c k l i n g was bound t o o c c u r i n 

t h i s p l a n e . T h i s was a c c e p t a b l e a t t h a t s t a g e and 

r e p r e s e n t e d an i n i t i a l s c i e n t i f i c s t a t e m e n t . L a t e r 

r e s e a r c h e r s s h o u l d however have t u r n e d t h e i r a t t e n t i o n s 

t o the economic p r o p o r t i o n s and t r i e d to e s t a b l i s h r u l e s 

f o r a " P r a c t i c a l Economic S t r u t " . I t i s acknowledged 

t h a t a s t r u t whose major b u c k l i n g s t r e n g t h i s on t h e 

a x i s ot R L — t o t h e b a t t e n s , w i l l c o n s i d e r a b l y reduce 

the number of u n s o l v e d p a r a m e t e r s . However, i t w i l l 

do l i t t l e t o r e s o l v e t h e complex problem of optimum 

s t r u t d e s i g n . 

F u l l S c a l e T e s t i n g 

S i m u l a t i o n of s t r u c t u r a l problems i s i d e a l t o e s t a b l i s h 

g e n e r a l t r e n d s . I t i s not however j u s t i f i e d when 

r e a l i s t i c p r a c t i c a l s o l u t i o n s a r e r e q u i r e d . T h i s i s 

p a r t i c u l a r l y t r u e when s t r u c t u r a l l y e f f i c i e n t but 

f a n c i f u l s h a p e s , u s u a l w i t h aluminium a l l o y , a r e b e i n g 

u s e d . 

1 

I 

F a r too much r e s e a r c h i s now u n d e r t a k e n where the mode 

of f a i l u r e i s c o n t r o l l e d by t h e r e s e a r c h e r t o prove 

some p a r t i c u l a r p o i n t , which may, but f r e q u e n t l y has 

not, a u s e i n a r e a l working s i t u a t i o n . T h i s i s a 

p i t y and i s d o u b t f u l p r o g r e s s . 

One i s l e d to wonder i f much of the work undertaken 

i s now c o n t r o l l e d by i t s s u i t a b i l i t y to s i m u l a t i o n 



260 

t e c h n i q u e s . T h i s may w e l l produce some i n t e r e s t i n g 

s o l u t i o n j u s t f o r i t s own s a k e . I f t h i s i s so i t 

must be d e p r e c a t e d . 

The a u t h o r i s c o n v i n c e d from y e a r s of p r a c t i c a l 

e x p e r i e n c e t h a t s i m u l a t i o n t e c h n i q u e s and 

m a t h e m a t i c a l p r o c e s s e s have an e x t r e m e l y important 

. r o l e t o p l a y . I t i s however v i t a l l y i m portant 

t h a t e x p e r i e n c e and concept i s not o v e r l o o k e d f o r i t 

i s t h e s e a l o n e w h i c h w i l l e n a b l e t h e r e s e a r c h e r t o 

get h i s p r i o r i t i e s c o r r e c t , a s a f i r s t s t e p . 

At t h i s . i n i t i a l s t a g e f u l l s c a l e t e s t i n g , i n the 

m a t e r i a l t o be u l t i m a t e l y used, i s . e s s e n t i a l . U n l e s s 

the c o r r e c t main p a r a m e t e r s a r e i n i t i a l l y e s t a b l i s h e d 

a l l a b s t r u s e c a l c u l a t i o n w i l l be m e a n i n g l e s s . 

9-2 The T e s t i n g R i g 

This.woirked e x t r e m e l y w e l l and f u l l j u s t i f i e d t h e t i m e and 

e f f o r t put i n t o i t s d e s i g n and manufacture.. I t s concept 
.. „ " 1 

may w e l l be r e g a r d e d as somewhat c r u d e a s i t s c o n s t r u c t i o n 

was on a l i m i t e d budget. 

A l l p a r t i c u l a r s , i n c l u d i n g t h e p r o v i n g t e s t , a r e i n c l u d e d 

i n C h a p t e r 5. L i t t l e needs t o be added now except t o 

c o n f i r m t h a t throughout t h e whole t e s t i n g programme no 

a p p a r e n t weaknesses came t o l i g h t . 
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The u s u a l problem of s t r u t end f i x i t y was undoubtedly 

p r e s e n t t o some.extent. The u s e of t h e P.T.F.E. s i l i c o n 

g r e a s e , e a r l i e r d e s c r i b e d , a p p e a r s t o have been v e r y 

e f f e c t i v e . I t may w e l l be t h a t t h e s i m p l e b a l l arrangement, 

t o g e t h e r w i t h t h e g r e a s e , i s j u s t a s s a t i s f a c t o r y , i f not 

b e t t e r , t h a n some o f t h e more e l a b o r a t e systems t h a t have 

been d e v i s e d . 

9.3 The T e s t F i n d i n g s and P r o p o s a l s f o r F u t u r e R e s e a r c h 

The d e t a i l e d f i n d i n g s have been g i v e n i n C h a p t e r 8 but a 

g e n e r a l r e f e r e n c e summary i s now g i v e n . 

1. When t h e d e f l e c t i o n was s m a l l a t f i n a l l o a d , s t r u t s 

f a i l e d by l a t e r a l i n s t a b i l i t y of t h e most h e a v i l y 

l o a d e d c h a n n e l . F a i l u r e was on the x-x (weaker) 

a x i s of t h e complete s t r u t . 

2. With t h e much l a r g e r d e f l e c t i o n s e n c o u n t e r e d under 

e c c e n t r i c l o a d , f a i l u r e was by l o c a l b u c k l i n g . T h i s 

o c c u r r e d i n t h e web/root of t h e most h e a v i l y loaded 
. 1 

c h a n n e l , e i t h e r a t mid-height or mid-panel. The 

l a r g e r t h e d e f l e c t i o n t h e lower t h e f a i l u r e l o a d . 

S t r e s s e s a t t h e back of t h e "comp. s i d e " c h a n n e l 

were of c o u r s e much h i g h e r t h a n w i t h t h e a x i a l 

c o n d i t i o n s and r e s u l t e d i n l o c a l b u c k l i n g . 

I t must be s t a t e d t h a t t h e u s e f u l n e s s of any e l a s t o -

p l a s t i c i n v e s t i g a t i o n i s d o u b t f u l . With aluminium 

a l l o y s t h e d e f l e c t i o n i s by then so l a r g e i t would 
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g overn d e s i g n , long b e f o r e t h e l o c a l b u c k l i n g 

s i t u a t i o n was r e a c h e d . 

3. B a t t e n s p l a y a v i t a l r o l e . Load c a r r y i n g c a p a c i t y 

of t h e s t r u t depends upon t h e i r s p a c i n g and 

s t i f f n e s s . 

I n a d d i t i o n t o t h e d e s i g n r e q u i r e m e n t s l e g i s l a t i n g 

f o r t h e u s u a l moments and s h e a r s , r e s u l t i n g from 

d e f l e c t i o n i n t h e p l a n e of t h e b a t t e n s , f u r t h e r 

c o n d i t i o n s s h o u l d be imposed. These would r e l a t e t o 

th e p r o v i s i o n of b a t t e n s w i t h l i p s or f l a n g e s , which 

a r e r e q u i r e d t o c a t e r f o r l a t e r a l movement of one 

c h a n n e l . 

F u r t h e r r e s e a r c h , a s d e t a i l e d e a r l i e r , i s r e q u i r e d 

h e r e . 

4. B a t t e n s p a c i n g c a n be i n c r e a s e d s u b s t a n t i a l l y i f some 

r e d u c t i o n i n u l t i m a t e l o a d i s a c c e p t a b l e . The s p a c i n g 

does not appear t o be highly^ i m p o r t a n t w i t h i n t h e 

e l a s t i c range o f t h e m a t e r i a l . 

F u r t h e r r e s e a r c h i n t h e i n e l a s t i c range i s r e q u i r e d 

t o e s t a b l i s h t h e t r u e l i m i t o f p l a s t i c i t y i n t e r a c t i o n 

c u r v e f o r b a t t e n e d s t r u t s . Comprehensive t e s t i n g a t 

a s e r i e s of e c c e n t r i c i t i e s and c h a n n e l s p a c i n g s i s 

r e q u i r e d . 
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A g a i n , i s i t j u s t i f i e d ? As d e f l e c t i o n s a r e so 

l a r g e p r a c t i c a l a p p l i c a t i o n w i l l be l i m i t e d . 

5. End b a t t e n s and/or f i x i n g s a r e e x t r e m e l y i m p o r t a n t . 

R i g i d i t y a t t h e s e l o c a t i o n s a r e e s s e n t i a l i f t h e s t r u t 

i s t o perform e f f i c i e n t l y . 

6. The Al-Zn-Mg a l l o y and t he s a t i s f a c t o r y w e l d i n g of 

b a t t e n e d s t r u t s i s a c o n s i d e r a b l e s t e p f o r w a r d . 

From a s t r e n g t h s t a n d p o i n t t h i s w e l d a b l e m a t e r i a l i s 

an u n q u a l i f i e d s u c c e s s . 

1. Because of l a t e r a l movement t h e method of w e l d i n g 

b a t t e n s i s i m p o r t a n t . See Chapter 8. 

8. Where b a t t e n e d s t r u t s a r e to be t i e d a g a i n s t l a t e r a l 

movement t h e l o c a t i o n of t h e t i e s i s i m p o r t a n t . They 

s h o u l d be p o s i t i v e l y a t t a c h e d t o the member which has 

t h e l a t e r a l weakness and NOT t o t h e c e n t r e of t h e 

b a t t e n s . 

9. F i n a l l y t h e I n t e r a c t i o n Method of A n a l y s i s a p p e a r s t o 

be v o r y s a t i s f a c t o r y . I t s s i m p l i c i t y recommends i t s 

use f o r p r a c t i c a l problems. 

A f t e r f u r t h e r r e s e a r c h t o e s t a b l i s h a t r u e p l a s t i c i t y 

l i m i t , i t s u s e when s u i t a b l y f a c t o r e d , would be i d e a l 

w i t h i n t h e i n e l a s t i c range. 
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Aluminium a l l o y i s an e x c e l l e n t m a t e r i a l f o r r e s e a r c h . 

I t s c o m p a r a t i v e l y f i n e t o l e r a n c e s and t h i n - w a l l e d p r o f i l e s 

s e r v e e x c e l l e n t l y t o i l l u s t r a t e t h e s t r u c t u r a l b e h a v i o u r 

of m e t a l s . I t h i g h l i g h t s many problems w i t h which the 

d e s i g n e n g i n e e r i n . s t e e l may not be so w e l l a c q u a i n t e d . 

As an i n t r o d u c t i o n i t was s u g g e s t e d t h a t t h e b a t t e n e d 

s t r u t posed problems whic h were l a r g e l y u n s o l v e d . T h i s 

s t a t e m e n t has now been u n q u e s t i o n a b l y c o n f i r m e d . I t i s 

however hoped t h a t t h i s work w i l l r e v i v e i n t e r e s t i n t h i s 

f a s c i n a t i n g problem. Much more needs t o be done b e f o r e 

a comprehensive s e t of d e s i g n r e q u i r e m e n t s can be 

c o n f i d e n t l y d e f i n e d . . . 
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