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D o u g l a s F a u l k n e r p r e s e n t s h e r e a t h o r o u g h s u r v e y o f t h e
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t h e p l a t i n g i s a l s o t a k e n i n t o a c c o u n t . D u r i n g d e s i g n , r e l i ¬
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n a t e i m p o r t a n t s t u d i e s a n d r e s e a r c h r e s u l t s d e v e l o p e d a t M . I . T.
u n d e r o t h e r t h a n t h e S e a G r a n t s u p p o r t . F u n d s t o d o t h i s c a m e
in par t f rom agrant by the Henry L. and Grace Doherty Char i table

t o t h e M . I . T . S e a G r a n t P r o g r a m a n d f r o m t h eF o u n d a t i o n , I n c
M a s s a c h u s e t t s I n s t i t u t e o f T e c h n o l o g y .

● r

A l f r e d H . K e i l
D i r e c t o r

J u n e , 1 9 7 3

i i

R O O M 3 - 2 8 2 ( 6 1 7 ) 2 5 3 - 7 0 4 1



A B S T R A C T

T h e r e v i e w i s d i v i d e d i n t o t h r e e m a i n p a r t s . T h e fi r s t i s

ve r y b r i e f a n d co ve r s sh e a r l a g e f f e c t s a sso c i a t e d w i t h s t i f f e n e r

p l a t e b e n d i n g . P a r t I I c o n c e r n s t h e b e h a v i o r o f u n s t i f f e n e d

p l a t e e l e m e n t s i n c o m p r e s s i o n , w h i c h a r e r e f e r r e d t o a s e f f e c ¬

t i v e " w i d t h " e f f e c t s . T h e c o n c e p t s c o n s i d e r e d a r e m a x i m u m p l a t e

s t r e n g t h , a n d h o w t h i s i s a f f e c t e d b y i n i t i a l d i s t o r t i o n , n o r m a l

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

e l e m e n t s b e f o r e f a i l u r e ; a n d t h e " r e d u c e d e f f e c t i v e w i d t h " c o n ¬

c e p t f o r d e fi n i n g p l a t e e l e m e n t s t i f f n e s s , a s r e q u i r e d f o r u s e

i n s t i f f e n e d - p l a t e c o l l a p s e t h e o r i e s . F i n a l a p p r a i s a l a n d r e c o m ¬

m e n d a t i o n s a r e m a d e . P a r t I I I c o n c e r n s w e l d i n g s t r e s s e f f e c t s ,

a n d a c r i t i c a l s t r a i n t h e o r y i s a d v a n c e d f o r d e s c r i b i n g w e l d e d

p l a t e b e h a v i o r .

T h e r e v i e w h a s o f c o u r s e a s s e s s e d a p p r o p r i a t e t e s t d a t a .

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

phas i s has been p l aced upon t he s ta t i s t i ca l cha rac te r i s t i c s o f

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

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

s t r u c t u r a l r e l i a b i l i t y .

S o m e e m -

i i i



N O T A T I O N

P l a t e e l e m e n t l e n g t h , t h i c k n e s s
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A R E V I E W O F E F F E C T I V E P L A T I N G T O B E U S E D I N T H E

A N A LY S I S O F S T I F F E N E D P L AT I N G I N B E N D I N G A N D C O M P R E S S I O N

b y

D . F A U L K N E R , R C N C

I N T R O D U C T I O N

I n v i e w o f t h e i n c r e a s i n g a v a i l a b i l i t y o f c o m p u t e r m e t h o d s

o f s t r u c t u r a l a n a l y s i s , a n d i n v i e w o f t h e d e p e n d e n c e o f m a n y

o f t h e s e m e t h o d s o n e f f e c t i v e b r e a d t h a n d e f f e c t i v e w i d t h a s s u m p ¬

t i o n s , i t s e e m s t h a t s o m e p r i o r i t y s h o u l d b e g i v e n t o e s t a b l i s h ¬

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

in computer p rograms. F in i te e lement techn iques wou ld probab ly

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

e f f o r t i s n o t r e a d i l y a v a i l a b l e f o r t h i s , a r e v i e w h a s b e e n m a d e

o f t h e e x i s t i n g s t a t e o f t h e a r t .

L o s s o f e f f e c t i v e n e s s o f p l a t i n g i n s h i p g r i l l a g e s c a n a r i s e

f r o m :

( i ) S h e a r l a g a s s o c i a t e d w i t h s t i f f e n e r b e n d i n g ;

R e d u c e d s t i f f n e s s o f t h e p l a t i n g u n d e r a x i a l c o m ¬

p r e s s i o n a r i s i n g f r o m l o c a l b u c k l i n g , i n s o m e c a s e s

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

l a c k o f fl a t n e s s o f t h e p l a t i n g c a u s e d b y i n i t i a l

d i s t o r t i o n a n d / o r l a t e r a l l o a d . A l t h o u g h t h e w o r d

" s t i f f n e s s " h a s b e e n i n t r o d u c e d a b o v e , i t i s m o r e

( i i )

u s u a l t o a s s o c i a t e e f f e c t i v e n e s s w i t h t h e l o a d ¬

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

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

T h e s e t w o

w i l l b e c o n s i d e r e d .

1
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( i i i ) M o r e g e n e r a l s h e a r l a g a r i s i n g f r o m s h i p b e n d i n g

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

T h i s i s n o t c o n s i d e r e d a n y f u r t h e r i n t h i s n o t e ;

r e a d e r s a r e r e f e r r e d t o t h e s e c o n d p a p e r b y

S c h a d e [ I J . *

The first two are considered when assessing sect ion proper¬

t i e s o f s t i f f e n e r s a n d e f f e c t i v e p l a t i n g . P r o f e s s o r S c h a d e [ 1 ]

cu l l ed the ph rases e f fec t i ve "b read th " t o ca te r f o r bend ing

shear lag, and "width" for compression effects, but in many prac¬

tical structures the two effects occur together and they are not

separab le o r add i t i ve . Fo r examp le , the re w i l l o f ten by in—

plane compress ion in the p la t ing ar is ing f rom pure ly bend ing

loads in the g r i l l age . As tha t ve ry sh rewd Amer i can , Admi ra l

C o c h r a n e , s a i d i n t h e d i s c u s s i o n t o r e f e r e n c e 1 , " O n e i s n ' t

a l w a y s c l e a r t h a t t h e p l a t e w i l l b e w e l l i n f o r m e d a s t o w h i c h

o f t h e s e ( t w o ) s i t u a t i o n s i t i s w o r k i n g i n ! "

Referr ing to F igure 1, i t wi l l be seen that both phenomena

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

e f fec t i ve span o f p la t i ng requ i red fo r comput ing sec t ion p roper¬

t i e s i s g i v e n b y :

V

a

^ bb
e a

e

w h e r e i s t h e e d g e s t r e s s i n t h e p l a t i n g a n d t h e a v e r a g e

the designer assumes b^ is constant
t h r o u g h o u t t h e l e n g t h s o f t h e s t i f f e n e r s , a l t h o u g h t h e o r e t i c a l l y

a n d p r a c t i c a l l y t h i s i s n o t s t r i c t l y s o . W h e r e t h e e f f e c t i v e

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

s t r e s s . F o r c o n v e n i e n c e .

* R e f e r e n c e s l i s t e d a t b a c k .
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i t i s w e l l k n o w n t h a t f o r s i n g l e s k i n s t r u c t u r e s t h e c u r v e s o f

Iand Z(particularly Z) "flatten out" with increasing b^; and
s o e r r o r s i n s e l e c t i n g w i l l h a v e f a i r l y m i n o r e f f e c t s o n b u c k ¬

l i n g l o a d s a n d d e fl e c t i o n s w h i c h d e p e n d u p o n I , a n d m u c h s m a l l e r

e f f e c t s o n b e n d i n g s t r e s s e s w h i c h d e p e n d u p o n Z . F o r s a n d w i c h

s t r u c t u r e s , h o w e v e r , s u c h a s d o i i b l e b o t t o m , t h i s i s n o t s o ; s e c ¬

tion properties vary approximately linearly with b^ and so a
w i s e c h o i c e i s o f t h e u t m o s t i m p o r t a n c e .

F o r s i n g l e s k i n s , e f f e c t i v e w i d t h e f f e c t s a r e f a r m o r e

i m p o r t a n t t h a n e f f e c t i v e b r e a d t h , a n d s o r e c e i v e g r e a t e r a t t e n ¬

t i o n i n t h i s r e v i e w . T o m a i n t a i n b a l a n c e , m o s t o f t h e h i s t o r i c a l

r e v i e w o f e f f e c t i v e w i d t h i s c o n fi n e d t o t h e a p p e n d i x .

'i



P A R T I

E F F E C T I V E B R E A D T H

As imple descr ip t ion o f the shear lag phenomenon is g iven

Professor Schade [1] more than anyone has ap¬

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

analyses show that effect ive breadth depends upon:

T h e s p a n o f t h e s t i f f e n e r s a n d i n c r e a s e s w i t h

t h e s p a n ;

The na tu re o f the load , bu t no t i t s magn i tude ,

and is lowest where h igh shear ex is ts , e .g

b o u n d a r i e s a n d i n w a y o f c o n c e n t r a t e d l o a d s ;

T h e b o u n d a r y c o n d i t i o n s , p a r t i c u l a r l y a t t h e

p l a t e s i d e s .

I t d o e s n o t d e p e n d u p o n t h i c k n e s s . *

i n r e f e r e n c e 2 .

T h e s e

( a )

( b )

a t● /

( c )

Ty p i c a l l y , f o r a m u l t i p l e s t i f f e n e r c o n fi g u r a t i o n t h e e f f e c ¬

tive breadth ratio b^/b with auniformly distributed load would
be no t less than 0 .9 fo r span/spac ing ra t ios g rea te r than about

3or 4, depending upon the distance between points of zero bend¬
i n g m o m e n t . A n d s o i t w i l l b e a p p r e c i a t e d t h a t v e r y l i t t l e s h e a r

lag may be expected in many ship structures. A n a l g e b r a i c a p p r o x ¬

imation representing uniform loading on mult iple st i ffeners is
g i v e n b y :

1 . 1b ( 1 )e
B

1 + 2 {C L

where CL is the distance between points of zero bending moment.
T h i s i s p l o t t e d i n F i g u r e 2 . S c h a d e a r g u e s t h a t , i n p r a c t i c e .

*Naval architects have for many years been led somewhat astray
by Pietzker's and Hovgaard's reference to plate thickness, and
t h e o l d 3 0 t c o n f u s i o n s t i l l e x i s t s .
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l o a d s c a n n o t e x i s t a s s h a r p c o n c e n t r a t i o n s , b u t i n s t e a d a r e s o m e ¬

w h a t s p r e a d o r d i s t r i b u t e d b y s t r u c t u r e . T h e r e f o r e , t h e r e d u c ¬

tion in b^ expected theoretically at such points will be lessened,
a n d t h e a c t u a l e f f e c t i v e b r e a d t h w i l l a p p r o a c h t h a t f o r a u n i ¬

f o r m l o a d o v e r m o s t o f t h e s p a n .

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

work has more recent ly been extended in to the p last ic range [3 ] ,

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

H e s u g g e s t e d , t h e r e f o r e , t h a t

S c h a d e ' s

b e n d i n g £ 4 J .

A l i m i t a t i o n o f p l a n e - s t r e s s s o l u t i o n s i s t h a t t h e y t a k e
n o a c c o u n t o f ;

( a l N o r m a l d e fl e c t i o n s s u c h a s i n i t i a l d i s t o r t i o n

o r a s c a u s e d b y l a t e r a l l o a d ;

( b ) R e s i d u a l s t r e s s e f f e c t s ;

( c ) P l a t e b u c k l i n g e f f e c t s a s m e n t i o n e d e a r l i e r .

C l a r kson has demons t ra ted [ 5J , a l be i t f o r ave ry l im i t ed r ange o f

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

r e d u c i n g p l a t e e f f e c t i v e n e s s . T h i s g e t s w o r s e a s p l a t e t h i c k ¬

ness decreases, not on ly because of the large-deflect ion beha¬

vior of the plating, but also because welding distortions
t h e n r e l a t i v e l y l a r g e r ,

t i c e ,

o n e x p e r i m e n t a l d a t a ,

a n e m p i r i c a l r u l e s h o u l d i n c l u d e :

- s t i f f e n e r s p a c i n g b

- p l a t e t h i c k n e s s t

Clarkson agreed in principle but, as there is as yet insufficient

a r e

T h e o r y i s s t i l l a l o n g w a y b e h i n d p r a c -

and so the des igner has to resor t to empi r ica l ru les based

I t wou ld appear f rom the fo rego ing tha t
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d a t a , h e w a s c o n t e n t t o r e c o m m e n d h a l f t h e s t i f f e n e r s p a c i n g a s

b e i n g e f f e c t i v e p l a t i n g f o r s i n g l e s k i n s t r u c t u r e s , v i z . :

^ e = I ^
H e a r g u e d t h a t i n d e s i g n s t r e s s i s u s u a l l y m o r e i m p o r t a n t t h a n

d 3 fl e c t i o n , a n d t h i s w a s f a i r l y i n s e n s i t i v e t o f o r s i n g l e

s k i n s , a s m e n t i o n e d e a r l i e r ; a l s o 1 0 - 2 0 p e r c e n t a c c u r a c y i s

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

T h e o n l y e x c e p t i o n s t o t h i s a d v i c e t h a t t h e p r e s e n t w r i t e r

f e e l s a r e j u s t i fi e d a r e :

( a ) I n t h e c a s e o f d o u b l e - b o t t o m s t r u c t u r e s w h e r e

i n t e r c o s t a l l o n g i t u d i n a l s a r e fi t t e d , i n t e r ¬

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

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

s i n g l e s k i n s o f t h e s a m e b a n d t . T h i s i s b o r n e

o u t b y f u l l - s c a l e m e a s u r e m e n t s o f s t r a i n i n d o u b l e

b o t t o m s c o n d u c t e d f o r t h e A d m i r a l t y S h i p W e l d i n g

C o m m i t t e e , a n d m o r e r e c e n t B S R A t e s t o n d o u b l e ¬

b o t t o m s t r u c t u r e s . A s a n i n t e r i m r e c o m m e n d a t i o n .

t h e w r i t e r a d v i s e s t a k i n g t h r e e - q u a r t e r s t h e p l a t i n g

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

d o i a b l e b o t t o m . I n c r i t i c a l c a s e s , fi n i t e e l e m e n t

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

( b ) W h e r e t h e s t r e s s e s i n t h e p l a t i n g a r i s i n g f r o m g r i l ¬

l a g e b e n d i n g a r e c o m p r e s s i v e a n d a r e g r e a t e r t h a n

t h r e e - q u a r t e r s o f t h e l o c a l p l a t e b u c k l i n g s t r e s s ,

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

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

e f f e c t i v e w i d t h " o f p l a t i n g i n c o m p r e s s i o n .
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I t i s c o n s i d e r e d r e a s o n a b l e t o a s s u m e t h e s e b r e a d t h s a r e c o n s t a n t

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

T h e r e a r e t w o p r i n c i p a l w a y s o f d e t e r m i n i n g e f f e c t i v e b r e a d t h

e x p e r i m e n t a l l y [ 6 ] ;

( i ) D i rec t l y, by s t ra in measurements ac ross the flange

a n d i n t e g r a t i n g t h e d e d u c e d s t r e s s e s [ 8 ] ;

I n d i r e c t l y , b y m e a s u r i n g b e a m d e fl e c t i o n s a n d / o r

flange s t resses a t web pos i t i ons and es t ima t ing

e f f e c t i v e s e c t i o n p r o p e r t i e s b y fi t t i n g t h e s e m e a ¬

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

o f t h e s t r u c t u r e .

( i i )

T h e r e c a n b e l i t t l e d o u b t t h a t t h e fi r s t m e t h o d i s p r e f e r a b l e ,

b u t i t d e m a n d s a f a r g r e a t e r e x p e r i m e n t a l e f f o r t a n d i s r a r e l y

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

da ta co l lec ted fo r the Admi ra l t y Sh ip Weld ing Commi t tee [7 ] , bu t

ve ry l i t t l e has been assessed c r i t i ca l l y and pu t t o good use .

The second method is very crude for s ing le sk in sh ip s t ruc tures,

a n d w e m u s t b e p r e p a r e d t o a d j u s t o u r r e c o m m e n d a t i o n s a s f u r t h e r

d a t a b e c o m e a v a i l a b l e .
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P A R T I I

E F F E C T I V E W I D T H O F L O N G P L A T E S

M a x i m u m P l a t e S t r e n g t h i n C o m p r e s s i o n

o f i t s u n l o a d e dA p l a t e i s c o n s i d e r e d l o n g i f t h e l e n g t h ' a

e c g e s i s g r e a t e r t h a n ' b ' t h e w i d t h o f t h e l o a d e d e d g e s . I t i s

w e l l k n o w n t h a t t h e s o - c a l l e d c r i t i c a l s t r e s s

kir^E t . 2
( 2 )'§>'̂ PE 12(1-V^)

h a s r e l a t i v e l y l i t t l e m e a n i n g i n p r a c t i c a l t e r m s . I n c o n t r a s t

t o c o l u m n s a t h i g h b / t r a t i o s , n o t h i n g s e n s a t i o n a l h a p p e n s a t

t h e t h e o r e t i c a l c r i t i c a l l o a d , a n d fi n a l f a i l u r e c a n o c c u r a t

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

s t r a i n e d t o r e m a i n s t r a i g h t . O n t h e o t h e r h a n d , i f t h e c o m p o ¬

n e n t p l a t e s a r e o f r e l a t i v e l y l o w b / t r a t i o , t h e n c o l l a p s e w i l l

b e d e t e r m i n e d b y c o m p r e s s i v e " s q u a s h " a t s t r e s s e s a p p r o a c h i n g

t h e c o m p r e s s i v e y i e l d s t r e s s o f t h e m a t e r i a l . I t i s a s s u m e d

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

p o s t - b u c k l i n g b e h a v i o r o f p l a t e s ( s e e , f o r e x a m p l e , p a g e 4 5 9 o f

r e f e r e n c e 9 ) .

I n p r e d i c t i n g p l a t e e l e m e n t s t r e n g t h , i t i s t h e m a x i m u m

t h a t m a t t e r s ; t h e a v e r a g e a p p l i e d s t r e s s a t w h i c h t h es t r e s s a
m

c o m p o n e n t p l a t e s w i l l fi n a l l y c o l l a p s e w h e n t h e i r e d g e s t r e s s e s

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

t h e o r e t i c a l d e t e r m i n a t i o n o f a f o r e v e n t h e s i m p l e s t a n d m o s tm

i d e a l i z e d c a s e i s d i f fi c u l t . S a t i s f a c t o r y s o l u t i o n s m a k i n g u s e

o f fi n i t e e l e m e n t a n a l y s i s a r e j u s t b e g i n n i n g t o e m e r g e , a n d a r e

b e i n g c h e c k e d a g a i n s t a v a i l a b l e t e s t d a t a . A t p r e s e n t , t h e r e
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a r e a v a i l a b l e a p r o l i f e r a t i o n o f e m p i r i c a l f o r m u l a e , e a c h o f

l i m i t e d a p p l i c a t i o n . D e s i g n e r s , n e v e r t h e l e s s , h a v e t o d e s i g n

t h i n - p l a t e a s s e m b l i e s , a n d i n g e n e r a l t h e y m a n a g e t o d o s o w i t h

f a i r e f fi c i e n c y . T h i s m u s t c e r t a i n l y b e r e g a r d e d a s a n a r e a

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

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

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

( a ) T h o s e b a s e d o n t h e c o n c e p t o f " e f f e c t i v e w i d t h "

^e'*
( b ) T h o s e w h i c h s e e k t o e s t a b l i s h a n e m p i r i c a l f o r m u l a

T h e s e t w o m e t h o d s r e p r e s e n t v e r y r o u g h l y t h e c i v i l e n g i n e e r i n g

f o r m a x i m x a m s t r e s s o f t h e f o r m a = F ( aP Em

( i nc lud ing nava l a rch i t ec tu re ) and a i r c ra f t app roaches respec¬

t i v e l y , a n d b o t h h a v e l e d t o d e s i g n r u l e s . U n f o r t u n a t e l y , t h e

m a m e r o u s f o r m u l a e a n d e x p e r i m e n t a l d a t a g i v e w i d e l y v a r y i n g

r e s u l t s , a n d s o a c l o s e e x a m i n a t i o n a n d a s s e s s m e n t h a s b e e n n e c ¬

e s s a r y b e f o r e m a k i n g fi r m r e c o m m e n d a t i o n s c a n b e m a d e f o r s h i p

p u r p o s e s .

The e f fec t i ve w id th me thod , sugges ted o r ig ina l l y by the

t y p i c a l d i s t r i b u t i o n o f s t r e s s i n a p o s t - b u c k l e d p l a t e ( s e e

F i g u r e 1 ) i s p a r t i c u l a r l y a p p r o p r i a t e f o r s t r u c t u r a l s t e e l w i t h

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

b l y o f p l a t e e l e m e n t s .

T h e s t r u c t u r e i s c o n s i d e r e d a s a n a s s e m -

I t a s s u m e s t h a t a t c o l l a p s e t h e l o a d i s

e n t i r e l y t a k e n b y t w o y i e l d i n g s t r i p s o f m a t e r i a l a d j a c e n t t o

the suppor ted edges (or one such s t r ip in the case of aflange) ,

wh i l e t he rema in ing cen t ra l po r t i on i s uns t ressed ( see F igu re 1 ) .

The combined width o f the two assessed act ive s t r ips , ca l led the
e f f e c t i v e w i d t h b i s a s s u m e d t o b e a c o n s t a n t m u l t i p l e o f t h ee m '
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t h i c k n e s s f o r a g i v e n m a t e r i a l . T h e p r e d i c t e d c o l l a p s e l o a d f o r

a p l a t e w i d e r t h a n b t a , t h e p o s s i b l e e f f e c t o f a n y e x t r a w i d t h

b e i n g i g n o r e d . N a r r o w e r p l a t e s a r e a s s u m e d

to be capable of resisting the full squash load (area xa^).
T h u s t h e c u r v e r e l a t i n g c o l l a p s e l o a d w i t h w i d t h f o r a g i v e n

t h i c k n e s s a s p r e d i c t e d b y t h i s m e t h o d h a s a h o r i z o n t a l c u t o f f

a s i n F i g u r e 3 .

T h e e f f e c t i v e w i d t h a p p r o a c h i s c o u p l e d w i t h t h e n a m e o f

v o n K a r m a n [ 1 0 ] , a l t h o u g h n o t o r i g i n a t e d b y h i m ( s e e a p p e n d i x

f o r a b r i e f h i s t o r y ) . H e s u g g e s t e d t h a t b

the width of plate in the material concerned for which .

T h u s , f o r a s i m p l y s u p p o r t e d w e b ( k = 4 ) e q u a t i o n ( 2 ) l e a d s t o

t h e m i n i m u m e f f e c t i v e w i d t h i n w h i c h t h e e d g e s t r e s s i s e q u a l

to the plate yield stress o^:

o v e r a n d a b o v e b
e m

s h o u l d b e t a k e n a s
e m

I E
b T T t

3(l-v^)g^e m

i k ( 3 )1 . 9 t

w h e n V F o r m i l d s t e e l h a v i n g = 1 6 t s i , b

T e s t s h a v e s u g g e s t e d t h a t t h i s i s t o o h i g h a n d c u r r e n t

fi g u r e s i n u s e a r e 4 0 - 5 0 t i n m a n y s h i p c o d e s , a n d 4 5 t f o r n o n -

w e l d e d w e b s i n s t e e l g i r d e r b r i d g e s [ 1 1 ] .

0 . 3 . w o u l d b e
e m

5 5 t .

v o n K a r m a n a l s o s u g ¬

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

bution prior to collapse by replacing by ^ o '
T y p i c a l o f t h e e m p i r i c a l f o r m u l a a p p r o a c h f o r p r e d i c t i n g

p l a t e s t r e n g t h , w h e r e t h e p a r a m e t e r s a r e s u g g e s t e d b y s i m p l e

d i m e n s i o n a l a n a l y s i s , i s :

a
n^ = C ( ^ oo

0<n<1/2; 0 < C < 1 ( 4 )
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(

w h e r e t h e c o n s t a n t s n a n d C c a n b e a d j u s t e d t o s u i t t e s t r e s u l t s

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

s u c h a s a l u m i n u m , i t i s n e c e s s a r y t o s t a t e w h a t i s m e a n t b y

a n d i t i s c u s t o m a r y t o t a k e t h i s a s t h e 0 . 2 p e r c e n t p r o o f s t r e s s

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

F o r a m a t e r i a l

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

o f g i v e n t h i c k n e s s . n = 0 . 5 , C = 1 p r o d u c e s a c u r v e w i t h a s h a r p

a^, which corresponds exactly with von Karman's
T h e s e a r e t h e u p p e r l i m i t s f o r n a n d C .

C h i l v e r [ 1 2 , 1 3 ] i n w o r k o n l i g h t g a u g e c h a n n e l s p r o p o s e d n = 1 . 3 ,

k n e e a t a
P E

e f f e c t i v e w i d t h c o n c e p t .

w i t h C = 0 . 6 6 f o r c o l d f o r m e d s t e e l ( M a r g u e r r e m a n y y e a r s e a r l i e r

u s e d n = 1 / 3 , a s d i s c u s s e d i n t h e a p p e n d i x , b u t w i t h C = 1 h i s

r e s u l t s a r e f a r t o o o p t i m i s t i c f o r s t e e l p l a t e s , e s p e c i a l l y a t

l a r g e b / t v a l u e s ) . G e r a r d [ 1 4 ] , s t u d y i n g i n d i v i d u a l s i m p l y - s u p ¬

p o r t e d l o n g fl a t p l a t e s a n d s q u a r e t u b e s o f v a r i o u s a l u m i n u m

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

t ion among these var ious mater ia ls even though they d i f fer s ign i¬

ficantly in Eand a^. H e p r o p o s e d u s i n g

1 . 4 2m
( 5 )0 . 4 5a

o

a n d c l a i m e d ( s o m e w h a t o p t i m i s t i c a l l y , i t i s f e l t ) t h i s fi t s t h e

d a t a w i t h i n + 1 0 p e r c e n t . E q u a t i o n ( 5 ) i s e q u i v a l e n t t o e q u a t i o n

(4) when C=0.824 and n=0.425. 3 i s t h e p l a t e s l e n d e r n e s s

r a t i o

●■I#
T h e s e t w o m e t h o d s o f e f f e c t i v e w i d t h a n d t h e e m p i r i c a l f o r ¬

m u l a a p p r o a c h t o a a r e c l a i m e d b y D w i g h t [ 1 5 ] t o b e i n c o n fl i c tm
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i n t w o i m p o r t a n t r e s p e c t s :

( a ) I n t h e fi r s t p l a c e , w h e r e a s f o r a l l n < 1 / 2 t h e

e m p i r i c a l f o r m u l a ( 4 ) g i v e s a s t e a d y i n c r e a s e i n

s t r e n g t h w i t h p l a t e w i d t h ( a 2 6 p e r c e n t i n c r e a s e

f o r d o u b l e t h e w i d t h , i f n = 1 / 3 ) , t h e v o n K a r m a n

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

i n d e p e n d e n t o f t h e w i d t h , p r o v i d e d t h i s i s g r e a t e r

t h a n b o f c o u r s e .e m '

( b ) S e c o n d l y , t h e e m p i r i c a l f o r m u l a m e t h o d t a k e s

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

edges of aplate since these affect w h e r e a s

T h u s , u s i n g

e q u a t i o n ( 4 ) w i t h n = 1 / 3 , a c l a m p e d p l a t e ( k = 7 )

w o u l d b e i n d i c a t e d a s 2 0 p e r c e n t s t r o n g e r t h a n a

s i m p l y - s u p p o r t e d o n e ( k = 4 ) .

t h e e f f e c t i v e w i d t h m e t h o d d o e s n o t .

T h e e f f e c t i v e w i d t h

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

f o r t h e c l a m p e d c a s e .

P r e v i o u s e x p e r i m e n t s h a v e s h o w n t h a t f o r s i m p l y - s u p p o r t e d p l a t e s

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

w i d t h , b u t o n l y r a t h e r s l o w l y .

1 5 9 ] i t w a s f o u n d t h a t p l a t e s c o n t a i n i n g l o c k e d - i n s t r e s s e s d u e

t o w e l d i n g c a n b e a p p r e c i a b l y w e a k e r t h a n s t r e s s - f r e e o n e s ( t h i s

w i l l b e d i s c u s s e d l a t e r ) , a n d i n t h i s c a s e t h e s t r e n g t h r i s e s

e v e n m o r e s t e e p l y w i t h p l a t e w i d t h .

I n t e s t s o n w e l d e d b o x - c o l u m n s

L i t t l e e x p e r i m e n t a l d a t a i s a v a i l a b l e o n t h e e f f e c t o f e d g e

r o t a t i o n a l r e s t r a i n t s o n p l a t e s t r e n g t h . C l a m p i n g t h e s i d e e d g e s

p r o d u c e s a 7 5 p e r c e n t i n c r e a s e i n , b u t i s u n l i k e l y t o h a v e

a n y t h i n g l i k e s o m u c h e f f e c t o n a . I n d e e d , r e c e n t c a r e f u l l ym
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c o n d u c t e d e x p e r i m e n t s [ 1 7 , 1 8 ] a p p e a r t o s h o w t h a t t h e d i f f e r e n c e

i n s t r e n g t h b e t w e e n c l a m p e d a n d s i m p l y - s u p p o r t e d l o n g s t e e l p l a t e s

i s h a r d l y w o r t h c o n s i d e r i n g . O v e r t h e r a n g e o f p r a c t i c a l i n t e r ¬

e s t ( 3 = 3 , s a y ) i t i s l i k e l y t o b e a p p r e c i a b l y l e s s t h a n t h e

2 0 p e r c e n t i n d i c a t e d b y t a k i n g n = 1 / 3 i n e q u a t i o n ( 4 ) , a n d i t

d o e s n o t a p p e a r e n o u g h , a n d i t p e r h a p s d o e s n o t w a r r a n t h i g h e r

d e s i g n s t r e s s e s . T h i s w i l l b e d i s c u s s e d a g a i n .

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

movemen t i n t he p l ane o f t he p l a te has been cons ide red by

M a r g u e r r e [ 1 9 ] a n d m o r e r e c e n t l y a n d e x h a u s t i v e l y b y C o x [ 2 0 ] .

He concluded that the buckl ing stress is determined chiefly by

the degree o f res t ra in t app l ied to i t s edge aga ins t ro ta t ion ;

but restraint against in-plane movement may also have consider¬

a b l e i n fl u e n c e . I n t h e i r e f f e c t s o n t h e b e h a v i o r o f t h e p l a t e

after buckling, lateral in-plate restraint assumes greater impor¬

tance and may occasionally cause the plate to behave in an appar¬

en t l y anoma lous manner. Wi th comp le te res t ra in t the s tab i l i z ing

membrane stresses exert their maximum effect in enabling the

p l a t e t o r e g a i n i t s s t a b i l i t y i n t h e d i s t o r t e d s h a p e . H o w e v e r,

t hese s tud ies a re l a rge l y t heo re t i ca l and en t i r e l y e l as t i c ; and

there appears to be no experimental evidence to suggest that

c o m p l e t e l a t e r a l r e s t r a i n t s i g n i fi c a n t l y r a i s e s p l a t e s t r e n g t h .

I n m o s t p r a c t i c a l s h i p s t r u c t u r e s t h i s i n - p l a n e r e s t r a i n t i s i n

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

the t r ansve rse s t i f f ene rs wh i ch f o rm a re l a t i ve l y sma l l p ropo r¬

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

h e n c e f o r t h .

As appl ied in more sophis t icated c i rc les , the shor tcomings



1

j us t men t i oned i n t he e f f ec t i ve w id th app roach a re , i n f ac t ,

m o r e i m a g i n a r y t h a n r e a l .

e f f e c t i v e - w i d t h f o r m u l a e o f t h e f o r m :

F o r e x a m p l e , t h e r e a r e m a n y d u a l - t e r m

b ^ 1 S
B “ " 3 “ ■
e m

( 6 )
3

I t w i l l b e s e e n t h a t t h e s e c o n d t e r m , w h i c h w a s i n t r o d u c e d t o

o v e r c o m e t h e e x p e r i m e n t a l l y f o u n d o p t i m i s m o f t h e s i n g l e - t e r m

von Karm^ equation (3) at low 3values, does in fact yield an
i n c r e a s e i n e f f e c t i v e w i d t h a s b i n c r e a s e s .

fi r s t s u p p o s e d l i m i t a t i o n .

T h i s o v e r c o m e s t h e

M o r e o v e r , t h e s l e n d e r n e s s f a c t o r 3

i s re la ted to the buck l i ng s t resses by the we l l - known equa t ion

kTT̂ a

3^ = ( 7 )
12(l-v^) P E

and so the second l im i ta t ion i s eas i l y overcome by inser t ing the

appropr ia te buck l i ng coe ffic ien t k , depend ing on the boundary
c o n s t r a i n t s . I t f o l l o w s t h a t f o r m u l a e e x p r e s s e d i n t e r m s o f t h e

p la te geometry and mater ia l proper t ies can a lso be expressed in

te rms o f t he i r buck l i ng s t ress and y i e l d s t ress , and so t he d i f¬

ference in the two approaches are perhaps more imaginary than

r e a l a n d c a n e a s i l y b e o v e r c o m e .

So far, the d iscuss ion has been ra ther genera l and idea l¬

ized in nature; and it is time we considered the practically
impor tant e f fec ts o f in i t ia l d is tor t ion , normal pressure,

dua l s t resses , and fa i l u re occu r r i ng be fo re t he edge s t ress

reaches y i e l d due pe rhaps t o s t i f f ene r co l l apse .

E f f e c t o f I n i t i a l D i s t o r t i o n

r e s i -

In apract ica l s t ructure, d is tor t ions are usual ly caused by
the manufacturing process, and, in particular, in modern ship
s t ruc tu res t hey a re assoc ia ted w i t h r es i dua l we ld i ng s t r esses .
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F o r t h e m o m e n t , w e w i l l i g n o r e t h e e f f e c t o f t h e s e s t r e s s e s a n d

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

d i s t o r t e d , p l a t e .

E n g i n e e r s a r e u s u a l l y w e l l a w a r e o f t h e f a c t t h a t a n i n i ¬

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

T h u s t h e e f fi c i e n c y o f t h e p l a t e , d e fi n e d a s t h e r a t i o o f t h e

t o t a l c o n t r a c t i o n o f a p e r f e c t l y p l a n e p l a t e t o t h a t o f a d e ¬

fl e c t e d p l a t e , i s c o n t i n u a l l y r e d u c i n g a s l o a d i n c r e a s e s , e v e n

b e f o r e b u c k l i n g o c c u r s . I t c a n b e d e m o n s t r a t e d t h a t t h i s d e fi n i ¬

t i o n o f p l a t e e f fi c i e n c y i s i d e n t i c a l w i t h t h e e f f e c t i v e w i d t h

ratio bg/b used in this review,
t h i s l o s s i n e f fi c i e n c y i s s m a l l u n t i l b u c k l i n g l o a d s a r e a p ¬

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

w i d e .

I t i s c o m m o n l y r e c o g n i z e d t h a t

E v e n f o r w i d e p l a t e s , M u r r a y [ 2 1 , 2 2 ] h a s s h o w n , u s i n g a n

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

l o w e r t h e e f fi c i e n c y o f p l a t i n g s i g n i fi c a n t l y u n l e s s t h e p l a t i n g

i s v e r y t h i n . H e s u g g e s t e d t h i s i n i t i a l d e fl e c t i o n s h o u l d n o t

e x c e e d 0 . 3 t i f g r e a t l o s s i n e f fi c i e n c y i s t o b e a v o i d e d .

H o r n e e x t e n d e d t h i s w i d e p l a t e a n a l y s i s i n t o t h e e l a s t o - p l a s t i c

z o n e [ 2 3 ] , t h e r e b y t h r o w i n g l i g h t o n t h e p h e n o m e n o n o f t h e i n e v i ¬

t a b l e p r o g r e s s o f b u c k l i n g a n d d e fl e c t i o n g r o w t h u n d e r c e r t a i n

c o n d i t i o n s . H . H . B l e i c h [ 2 4 ] h a s r e fi n e d H o r n e ' s t h e o r y t o r e n ¬

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

l y , t h e s e c o n d i t i o n s a r e o f t e n p r e s e n t i n t h e b o t t o m s o f t r a n s -

U n f o r t u n a t e -

v e r s e l y f r a m e d s h i p s o f a l l - w e l d e d c o n s t r u c t i o n , a n d t h e b e s t

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

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

r e v i e w .
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A n i n v e s t i g a t i o n f o r s i m p l y s u p p o r t e d s q u a r e p l a t e s i n a i r ¬

c r a f t s t r u c t u r e s [ 2 5 ] s h o w e d t h a t :

( a ) A s e x p e c t e d , t h e e f f e c t s o f i n i t i a l d e fl e c t i o n

u p o n b u c k l e g r o w t h a n d e f f e c t i v e w i d t h a r e m o s t

m a r k e d n e a r t h e t h e o r e t i c a l fl a t - p l a t e c r i t i c a l

s t r e s s .

( b ) A t s t r e s s e s w e l l b e l o w t h e c r i t i c a l s t r e s s , t h e

b e h a v i o r o f t h e p l a t e i s v e r y m u c h t h e s a m e a s f o r

a n i n i t i a l l y fl a t p l a t e .

T h e e f f e c t i v e w i d t h i s a t a l l v a l u e s o f s t r e s s l e s s

t h a n t h a t o f a n i n i t i a l l y fl a t p l a t e .

( c )

I f w e a s s u m e , p e s s i m i s t i c a l l y, t h a t f o r a l o n g s i m p l y s u p p o r t e d

p l a t e , t h e i n i t i a l d e fl e c t i o n s a r e i n a s y m m e t r i c a l w a v e s w h o s e

h a l f l e n g t h s a r e e q u a l t o t h e p l a t e w i d t h ( i . e t h e y a r e i n t h e

lowest buckl ing mode), then the square p late conclus ions above

w i l l a p p l y a l s o t o t h e l o n g p l a t e .

● r

L o s s o f e f f e c t i v e n e s s o f

p l a t i n g i s a p p r o x i m a t e l y p r o p o r t i o n a l t o t h e s q u a r e o f t h e i n i ¬
t i a l d e fl e c t i o n . Wi th the random r ipp les which usual ly occur

i n we lded sh i ps , o r w i t h one s i ng l e l obe , t he l oss i n e f f ec t i ve¬

ness is appreciably reduced and is small in longitudinally stif¬
f e n e d s h i p s . T h e e f f e c t o f i n i t i a l d e fl e c t i o n o n t h e m a x i m u m

end load the plate can carry has been examined recently
In spite of several simplifying assumptions

(a completely rigorous analysis is very difficult mathematically),
both authors' experimental results show good agreement with the

theor ies evo lved and demonst ra te an apprec iab le reduct ion in

m a x i m v i m l o a d ca p a c i t y, e ve n f o r ve r y sm a l l i n i t i a l d e fl e c t i o n s .

a t

C a m b r i d g e [ 1 5 , 2 6 ] .
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F o r e x a m p l e , a n i n i t i a l d e fl e c t i o n o f o n l y t / 2 0 i n a m i l d s t e e l

p l a t e h a v i n g b / t = 5 0 a p p e a r s t o l o w e r b y a b o u t 1 5 % . W i t h

r a n d o m r i p p l e s , o f c o u r s e , a l a r g e r o u t - o f - fl a t n e s s w o u l d b e

needed to cause the same drop in T h e r e w i l l i n e v i t a b l y b e

a h a r m o n i c o f t h e i n i t i a l d e fl e c t i o n w h i c h i s i n s y m p a t h y w i t h

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

t h e s e c o m p o n e n t s w i l l b e t h e m o s t d a m a g i n g i n l o w e r i n g a ^ .
m

R e f e r e n c e 2 6 a l s o a c c o u n t s f o r r e s i d u a l s t r e s s e f f e c t s , b u t t h i s

w i l l b e d i s c u s s e d l a t e r .

S i n c e d r a f t i n g t h i s r e p o r t ( 1 9 7 0 ) , s e v e r a l u s e f u l t h e o r e t i ¬

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

[ 2 7 ] h a s p r o d u c e d a n e l a s t o - p l a s t i c p r o g r a m w h i c h i s a b l e t o

a l l o w f o r r e s i d u a l s t r e s s e s , a n d f o r t h r e e k i n d s o f i n i t i a l o u t -

M o x h a m

o f - fl a t n e s s . M a n s o u r [ 2 8 ] h a s e x t e n d e d h i s l i n e a r o r t h o t r o p i c

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

c o m b i n e d l o a d s , a n d h a s n o w e x t e n d e d t h e t h e o r y t o t h e n o n l i n e a r

r a n g e [ 1 6 ] . D a w s o n a n d Wa l k e r h a v e p r o d u c e d a s e m i e m p i r i c a l

a p p r o a c h w h i c h a l l o w s e x p l i c i t l y f o r g e n e r a l l y d e fi n e d i m p e r f e c ¬

t i o n s [ 5 0 ] , a n d w h i c h s h o w s g o o d a g r e e m e n t w i t h t e s t r e s u l t s .

B e c k e r i s e n t e r i n g t h e fi e l d [ 2 9 ] a n d t h e q u a l i t y o f h i s s m a l l -

s c a l e e x p e r i m e n t a l w o r k s h o w s c o n s i d e r a b l e p r o m i s e .

M e a s u r e d I n i t i a l D i s t o r t i o n

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

t a k e n f o r t h e a u t h o r b y N a v a l C o n s t r u c t o r s t u d e n t s o n t y p i c a l

a r e a s o f f r i g a t e b o t t o m p l a t i n g i n d r y d o c k s i n 1 9 6 5 . T h e y s h o w ,

f o r e x a m p l e , t h a t t h e a v e r a g e d e fl e c t i o n w a s 0 . 3 0 t o r 0 . 0 0 5 b i n

t h e l e a s t f a i r f r i g a t e , a n d O . l l t a n d 0 . 0 0 2 4 b i n t h e b e s t ,

mum deflect ions were general ly about three t imes these values.

M a x i -
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w i t h t h e v e r y o c c a s i o n a l l a r g e l o c a l d e p r e s s i o n o f a b o u t 1 . 5 t i n

I t w i l l b e o b s e r v e d , t h e r e -t h e w o r s t f r i g a t e n e a r a w e l d e d s e a m .

f o r e , t h a t t h e f a i r n e s s o f c o n s t r u c t i o n v a r i e s a p p r e c i a b l y b e ¬

t w e e n t h e b u i l d i n g y a r d s , a n d i n t h e w o r s t c a s e s p l a t e u n f a i r ¬

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

s t r e n g t h i n c o m p r e s s i o n .

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

v a l u e s p l o t t e d i n F i g u r e 4 [ 3 0 ] . T h e d i s t o r t i o n s a r i s e m a i n l y

f r o m t h e s i d e w e l d s o f t h e s t i f f e n e r s , a n d t h e d e f o r m a t i o n h a s

1 m o d e . D i m e n s i o n a l a n a l y s i s s u g g e s t s t h a t .a m a r k e d m = n

w h e n t h e s t i f f e n e r w e b s ( t ) a r e t h i n n e r t h a n t h e p l a t e ( t ) , t h e
w

fi l l e t w e l d l e g l e n g t h i s g o v e r n e d b y t

^=K3^ (^)2
a n d w e m a y e x p e c tw

( 7 )

I n f a c t , a r e g r e s s i o n a n a l y s i s f o r t h e w a r s h i p m e a s u r e m e n t s

r e f e r r e d t o y i e l d e d a n e a r l y l i n e a r d e p e n d e n c e w i t h t , , / t , v i z

6p/t =0.12 3^(tyt)
< t , 3 < 3

● /
w

( 8 )

f o r t
w —

F o r s l e n d e r e r p l a t e s ( 3 > 3 ) , a c o e f fi c i e n t o f 0 . 1 5 i s m o r e

a c c u r a t e . W h e n t _ . > t , t h e n t h e fi l l e t w e l d l e g l e n g t h w i l l
w

n o r m a l l y b e d e t e r m i n e d b y p l a t e t h i c k n e s s t .
2

K 3

I n t h i s c a s e

«p/t =
S i n c e f o r m u c h o f t h e w a r s h i p d a t a t

( 9 )

- t , e q u a t i o n ( 9 ) w a s

p l o t t e d w i t h K = 0 . 1 2 i n F i g u r e 4 , w h i c h a l s o i n c l u d e s s o m e d a t a

w

o f m e r c h a n t s h i p s [ 7 ] . N o t i n g t h a t r m s d a t a i s a l i t t l e m o r e

t h a n m e a n v a l u e s , w e c a n c o n c l u d e t h a t a c o e f fi c i e n t o f 0 . 1 5 i s

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

I n c i v i l e n g i n e e r i n g s t r u c t u r e s c o e f fi c i e n t s l e s s t h a n 0 . 1
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wou ld usua l l y be more app rop r i a te . W i th i n te rm i t t en t we ld ing
t h i s w o u l d b e r e d u c e d s t i l l f u r t h e r .

E f f e c t o f N o r m a l P r e s s u r e

There are many par ts o f ash ip 's s t ruc ture which exper ience

n o r m a l a s w e l l a s i n - p l a n e l o a d i n g . H o w e v e r , i t i s u s u a l l y o n l y

in the bottom structure that these two occur together at their
m a x i m u m v a l u e s . T h e q u e s t i o n a r i s e s a s t o w h e t h e r t h e n o r m a l

l o a d s a r e s u f fi c i e n t l y l a r g e t o p r o d u c e a n o t i c e a b l e e f f e c t o n

t h e c o m p r e s s i v e b u c k l i n g a n d f a i l u r e l o a d s o r n o t . T h e i n c r e a s e

in buck l ing s t rength is essent ia l l y due to the tens i le membrane

stresses which are caused by the deflect ion of the p late under
n o r m a l l o a d . As these membrane stresses are usually very small

( f o r d e fl e c t i o n s < 0 . 5 t ) , i t c a n b e c o n c l u d e d t h a t n o r m a l l o a d

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

prevent the usual buckled pat tern (see page 497, reference 9) .

The effect on ultimate load is less clearly understood and is

being examined at the Naval Construction Research Establishment,
Dunferml ine, and for the Ship Structure Commit tee [29] .

The author [30,31] has considered the effects of normal

pressure on plate strength and stiffness, and has proposed for¬
m u l a t i o n s w h i c h m a k e e x t e n s i v e u s e o f i n t e r a c t i o n e q u a t i o n s .

When the lateral pressure is greater than â /E3̂ ,
fer to effective width equations for clamped plate edges is pro-

t h e n a t r a n s ¬

p o s e d ( s e e l a t e r ) .

O t h e r B o u n d a r y a n d L o a d C o n d i t i o n s

The discussion has been general, but the buckling and effec¬
tive width equations quoted so far have assumed edges held
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s t r a i g h t b u t f r e e t o r o t a t e . T h e e f f e c t s o f i n i t i a l d e fl e c t i o n

a n d n o r m a l l o a d h a v e b e e n m e n t i o n e d , b u t o t h e r f a c t o r s w h i c h

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

p l e t e s t r u c t u r e a r e :

( a ) E d g e s m a y b e r o t a t i o n a l l y r e s t r a i n e d — i n p a r t i c u ¬

l a r , c o n s t r a i n t s o n t h e l o n g u n l o a d e d e d g e s ( e . g

b y h e a v y r o l l e r o r V e e g r o o v e s u p p o r t s d u r i n g

p l a t e t e s t s ) m a y a f f e c t s t r e n g t h a n d s t i f f n e s s .

I n - p l a n e w o r k i n g o f t h e u n l o a d e d e d g e s i s d i f fi c u l t

t o p r e v e n t i n s i n g l e p l a t e e x p e r i m e n t s , b u t w o u l d

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

I n e l a s t i c m a t e r i a l b e h a v i o r h a s n o t b e e n p r o p e r l y

c o n s i d e r e d .

● t

( b )

( c )

( d ) T h e e f f e c t o f p l a t e e l e m e n t l e n g t h h a s n o t b e e n

a d e q u a t e l y c o n s i d e r e d , o t h e r t h a n t o a s s u m e p l a t e s

l o n g " i f a > b . T h i s c a n b e s h o w n t o b e aa r e

r e a s o n a b l e a p p r o x i m a t i o n f o r p l a t e b u c k l i n g , a n d

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

t h a t t h e p o s t - f a i l u r e s t i f f n e s s o f p l a t e e l e m e n t s

v a r i e s a p p r e c i a b l y w i t h l e n g t h , a s e x p l a i n e d b y

R a c t l i f f e [ 1 7 ] .

( e ) P o i s s o n e f f e c t s , a n d o t h e r i n - p l a n e l o a d i n g e f f e c t s

h a v e n o t b e e n d i s c u s s e d .

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

v e r y s i g n i fi c a n t d i f f e r e n c e s b e t w e e n t h e v a r i o u s a v a i l a b l e f o r ¬

m u l a t i o n s . T h e r e v i e w r e v e a l e d t h e s e c o u l d a m o u n t t o 1 0 0 % ,

t h o u g h ; f o r t h e u n w a r y e n g i n e e r s e e k i n g g u i d a n c e t h e s e d i f f e r ¬

e n c e s t h e m s e l v e s w o u l d n o t n e c e s s a r i l y b e i m m e d i a t e l y a p p a r e n t .
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E v e n i f o n e c o n fi n e s o n e ' s i n t e r e s t t o o n e m a t e r i a l l i k e s t e e l

a n d r e f u s e s t o l o o k a t r e s e a r c h r e p o r t s , t h e d i s c r e p a n c y b e t w e e n

t h e v a r i o u s " a c c e p t e d " c o d e s i s i t s e l f q u i t e r e m a r k a b l e . A

g l a n c e a t F i g u r e 3 s h o w s t h i s t o b e s o , e v e n f o r t h e p r e f e r r e d

e x p r e s s i o n s r e m a i n i n g a f t e r a w e e d i n g - o u t p r o c e s s .

T h e b o u n d a r y c o n d i t i o n s a t t h e u n l o a d e d e d g e s a r e t h e m o s t

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

p o s i t i o n i s c o m p l i c a t e d b y t h e l a r g e l y i n d e t e r m i n a t e c o n d i t i o n s

a t p l a t e e l e m e n t s i n s h i p g r i l l a g e s , a s m e n t i o n e d e a r l i e r . F o r

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

l o n g i t u d i n a l s w h i c h a r e t o r s i o n a l l y w e a k a r e s u p p o s e d t o p r o v i d e

v e r y l i t t l e r o t a t i o n a l c o n s t r a i n t . T h i s a r g u m e n t h a s b e e n c h a l ¬

l e n g e d [ 3 4 ] o n t h e g r o u n d s t h a t , s i n c e t h e b u c k l e d w a v e f o r m s

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

l o n g p l a t e s , a n d s i n c e t h e s e w a v e s a l t e r n a t e i n s i g n , t h e t w i s t ¬

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

i n d i r e c t i o n a n d a r e l a r g e l y s e l f - e q u i l i b r a t i n g .

o n l y v e r y m i n o r t w i s t i n g a l o n g t h e s t i f f e n e r e d g e s , a n d s o , p e r ¬

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

T h i s c a u s e s

T h e s e p r o d u c e a 7 5 %

increase in e las t i c buck l ing s t ress , and very p robab ly wou ld

n o t i c e a b l y i n c r e a s e l o a d - s h o r t e n i n g s t i f f n e s s f o r m o s t o f t h e

r a n g e p r i o r t o c o l l a p s e . H o w e v e r , c l a m p i n g t h e s i d e e d g e s i s

unlikely to have anything like so much effect onC a r e f u l l y

c o n d u c t e d e x p e r i m e n t s a t C a m b r i d g e [ 1 7 ] i n d i c a t e t h a t t h e d i f f e r ¬

ence in strength between clamped and simply supported long steel

plates is perhaps not worth consider ing, though more recent work

by Moxham [27] suggests distinct differences with slender plates
( 3 < 2 . 5 , s a y ) . C e r t a i n l y i t w o u l d b e t o o o p t i m i s t i c t o s u b s t i -
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t u t e t h e c l a m p e d v a l u e o f i n a n y o f t h e e f f e c t i v e w i d t h f o r m u ¬

l a e i n A p p e n d i x 1 .

I n a s h i p i n - p l a n e w a r p i n g o f t h e p l a t e i s s t r o n g l y r e s i s t e d

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

s i m u l a t e d i n s i n g l e p l a t e t e s t s ,

w a s fi r s t c o n s i d e r e d t h e o r e t i c a l l y b y M a r g u e r r e [ 1 9 ] , a n d m o r e

r e c e n t l y a n d e x h a u s t i v e l y b y C o x [ 2 0 ] a n d b y M a y e r s a n d B u d i a n s k y

C o x d e m o n s t r a t e d t h a t , w h i l e t h e i r e f f e c t w a s n o t a s g r e a t

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

T h i s i s n o t

T h e e f f e c t o f t h i s r e s t r a i n t

[ 3 7 ] .

rest ra in ts were impor tant , and may occasional ly cause the p la te

to behave i n an appa ren t l y anoma lous manne r. W i t h c o m p l e t e r e ¬

s t r a i n t t h e s t a b i l i z i n g m e m b r a n e s t r e s s e s e x e r t t h e i r m a x i m u m

e f f e c t i n e n a b l i n g t h e p l a t e t o r e g a i n i t s s t a b i l i t y i n t h e d i s ¬

t o r t e d s h a p e .

e n t i r e l y e l a s t i c .

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

T h e N A C A r e p o r t c a r r i e d t h e t h e o r y i n t o t h e

pos t -buck l i ng p l as t i c r eg ion and i nd i ca ted t ha t t he l oad -ca r r y¬

ing capac i t y o f ap la te w i th edges cons t ra ined to rema in s t ra igh t

s h o u l d b e m a r k e d l y s u p e r i o r t o t h a t f o r a p l a t e w i t h e d g e s f r e e

E x p e r i m e n t a l d a t a o n t h i s s u b j e c t i s a l i t t l e c o n -t o w a r p .

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

o n s t i f f n e s s p r i o r t o f a i l u r e . B e s s e l i n g [ 3 8 ] c a r r i e d o u t t e s t s

o n A l c l a d a n d D u r a l s h e e t s s a n d w i c h e d b e t w e e n a p a i r o f r i g i d

g r i l l a g e s . T h e r e s u l t s f o r t h e s i n g l e - b a y s p e c i m e n s a p p a r e n t l y

d i f f e r e d s i g n i fi c a n t l y f r o m t h o s e f o r t h e t h r e e - a n d fi v e - b a y

H o w e v e r , t h e t e s t s a s a w h o l e w e r e n o t e n t i r e l y s a t i s f a c ¬

t o r y o w i n g t o t h e d i f fi c u l t i e s o f p r e s e r v i n g i n t i m a t e c o n t a c t

o n e s .

be tween the p la te and the s t i f feners and the eccent r i c i t y o f the

a p p l i e d l o a d . I n c o n t r a s t , r e c e n t t e s t s a t N S R D C [ 3 9 ] o n t h r e e -
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bay panels showed the same load-carrying behavior as for s ingle

p l a t e s , t h o u g h m a s s i v e s t i f f e n e r s w e r e r e q u i r e d t o f o r c e t h e

R e f e r e n c e h a s a l r e a d y b e e n m a d ep l a t e s t o a c h i e v e m a x i m u m l o a d .

t o H o f f [ 3 3 ] w h o i n s u m a r i z i n g p r e v i o u s e x p e r i m e n t a l d a t a c o n ¬

c l u d e d t h a t t h e e f f e c t o f w a r p i n g o n e f f e c t i v e w i d t h i s i m m a t e -

I t s e e m s , t h e r e f o r e , t h a t t h e b e s t , a n d a g a i n p o s s i b l yr i a l .

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

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

a p p r e c i a b l y a f f e c t p l a t e s t i f f n e s s f o r w h i c h f u r t h e r e x p e r i m e n ¬

t a l d a t a i s r e q u i r e d .

T h e a b o v e c o n c l u s i o n i s q u i t e s i m i l a r t o t h a t f o u n d w h e n

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

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

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

c a p a c i t y i s c o n c e r n e d . T h i s i s a w e l c o m e h e l p t o h a r d - p r e s s e d

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

s t a n d i n g , w h i c h c o u l d b e e s p e c i a l l y i m p o r t a n t w h e n c o n t e m p l a t i n g

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

p l a s t i c s .

Davidson [40] has made an excel lent review of work pr ior to

1 9 6 5 , e s p e c i a l l y t h e o r e t i c a l a s p e c t s , a n d D w i g h t [ 4 1 ] c o n t i n u e s

to keep us informed of the excel lent work he has been direct ing

a t Cambr idge . Fu tu re theo re t i ca l deve lopmen ts mus t su re l y l i e

w i t h fi n i t e e l e m e n t m e t h o d s o f s u f fi c i e n t g e n e r a l i t y t o a c c o u n t

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

i n t h a t d i r e c t i o n [ 1 2 5 , 1 3 1 ] . S m i t h [ 1 2 6 ] h a s d i s c u s s e d t h e n e e d

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

i n c o r p o r a t e d i n c o m p u t e r p r o g r a m s .
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T h r e e D e s t r o y e r T e s t s

F igure 3a lso inc ludes long p la te s t reng th da ta deduced

f rom th ree p re -Wor ld War I I des t royers tes ted to des t ruc t ion in

dry dock , and co l lec t i ve ly repor ted by Vas ta [57 ] and re fe r red

T h e y w e r e q u o t e d a t t h e t i m e t ot o b y L e w i s a n d G e r a r d [ 5 8 ] .

suppor t the U.S. Navy p la te s t reng th equat ion a t t r ibu ted to ● a

F r a n k l a n d ( s e e A p p e n d i x ) , v i z :

b 2.25 1 . 2 5e m

3b

I t w i l l b e s e e n f r o m F i g u r e 3 t h a t t h e r e s u l t s f o r A L B U E R A

( B r i t i s h d e s t r o y e r l o n g i t u d i n a l l y f r a m e d ) a n d B R U C E ( U . S . d e ¬

s t roye r m ixed s t i f f en ing ) l i e j us t above t he F rank land equa t i on ,

w h i c h i t s e l f p r o v i d e s a n u p p e r b o u n d o v e r m o s t o f t h e 3 r a n g e

P R E S T O N w a s a U . S . d e s t r o y e r m a i n l yt o t h e v a r i o u s d e s i g n c o d e s .

s t i f f e n e d t r a n s v e r s e l y .

H o w e v e r , t h e a u t h o r i n d i s c u s s i n g r e f e r e n c e 5 1 s u g g e s t e d

t h a t n o t t o o m u c h i m p o r t a n c e b e a t t a c h e d t o t h e p e r h a p s s u r -

T h e m a i n r e a s o n s f o r t h i sp r i s i n g o p t i m i s m o f t h e s e r e s u l t s .

a r e s e e n t o b e :

The p la tes we re r i ve ted t o s t i f f flanges wh i ch

suggest that their edge constraints may have been

apprec iab ly nearer to the c lamped cond i t ion ( fo r

w h i c h i t i s b e t t e r s u i t e d ) .

T h e a v e r a g e s t r e s s i n t h e p l a t e e l e m e n t s w i l l b e

s o m e w h a t l e s s t h a n t h e o v e r a l l a v e r a g e b e c a u s e t h e

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

g e n e r a l l y s u s t a i n h i g h e r s t r e s s e s a t f a i l u r e t h a n

w i l l t h e p l a t i n g ; w h i l e s o m e a t t e m p t w a s m a d e t o

( a )

( b )



2 9

a l l o w f o r t h i s , i t i s b e l i e v e d t h e e r r o r s t h i s

d i v i s i o n o f l o a d e n t a i l s a r e m o r e l i k e l y t o l e a d t o

p l a t e s t r e n g t h o v e r e s t i m a t e s t h a n o t h e r w i s e .

I n p a r t i c u l a r , t h e r e m u s t r e m a i n c o n s i d e r a b l e

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

t u d i n a l s t i f f e n e r s w h i c h q u i t e c o m m o n l y a r e k n o w n

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

( c )

( d ) U s i n g s i m p l e b e n d i n g t h e o r y t o c a l c u l a t e o v e r a l l

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

s m a l l e r r o r s s u c h a s

● u n c e r t a i n t y i n t h e e l a s t o - p l a s t i c n e u t r a l

a x i s a t c o l l a p s e

●the plate v a l u e s q u o t e d i n t h e o r i g i ¬

n a l p a p e r s a r e r e a l l y b a s e d o n

i s t h e u l t i m a t e m o m e n t

m e a s u r e d a n d i s t h e y i e l d m o m e n t a s s u m e d

f r o m m a t e r i a l p r o p e r t i e s

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

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

I n t h e c a s e o f W O L F , s h e a r b u c k l i n g o f t h e s i d e

v a l u e s , w h e r e M
u

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

L a s t l y , t h e r e s u l t s q u o t e d ( w i t h t h e e x c e p t i o n o f t h e t r a n s ¬

v e r s e l y f r a m e d P R E S T O N ) a r e a p p r e c i a b l y o p t i m i s t i c c o m p a r e d w i t h

r e c e n t l y c o l l e c t e d t e s t d a t a , d i s c u s s e d l a t e r .

R e d u c e d E f f e c t i v e W i d t h

T h e s t r e n g t h o f a s t i f f e n e d p a n e l fi n a l l y d e p e n d s u p o n t h e

s t a b i l i t y o f t h e s t i f f e n e r s a n d s o m e a s s o c i a t e d p l a t i n g ,

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

I n
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f o r e x a m p l e , c o l u m n c o l l a p s e b e t w e e n t r a n s v e r s e f r a m e s , i t i s

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

t h e s t i f f e n e r s i s g o v e r n e d b y i t s s t i f f n e s s j u s t p r i o r t o a n d

W a g n e r [ 3 2 ] w a s t h e fi r s t t o e m p h a ¬

s i z e t h e d i f f e r e n c e b e t w e e n 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 p l a t e

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

F o r t h e l a t t e r , a s H o f f h a s s o w e l l d e s c r i b e d [ 3 3 ] , i t i s t h e

a b i l i t y o f t h e p l a t e t o t a k e o v e r A D D I T I O N A L l o a d s w h i c h i s

i m p o r t a n t f o r t h e s t a b i l i t y o f t h e c o m b i n a t i o n , r a t h e r t h a n t h e

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

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

c o m p r e s s i v e s t r a i n o f t h 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 w a v e d

o r b u c k l e d p l a t e b y r e d u c i n g t h e v a l u e o f t h e e f f e c t i v e w i d t h

a t t h e m o m e n t o f c o l l a p s e .

T h e e s s e n t i a l i n

b^ in very similar manner to the allowance made for the devia¬
t i o n f r o m H o o k e ' s l a w b y r e d u c i n g t h e m o d u l u s o f e l a s t i c i t y o f

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

l i m i t o f p r o p o r t i o n a l i t y . R e f e r r i n g t o F i g u r e 3 , t h e c o m p r e s ¬

sive load carried by the plate before failure is P=o^b^t a ^ b t .
O .

W e r e q u i r e t h e s t i f f n e s s o f t h e p l a t e d P / d e w h e r e e i s t h e a v e r ¬

a g e c o m p r e s s i o n s t r a i n . B y d e fi n i t i o n
d a

d P
( 1 0 )d E

where P a b t
e e

d a d b
d P ( 3 - ^ ) + o ( jede e d e

d a

=t([b^ + ( 3 5 ^ ) ]

d E

d b

e

E q u a t i n g w i t h e q u a t i o n ( 1 0 ) , t h i s l e a d s t o t h e r e d u c e d e f f e c t i v e

w i d t h :
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d b

b ' = b + a r ^ )e e e ' ● d a ● '
e

Hence, when the compressive load Pincreases, the plate element

behaves in such amanner as i f the va lue o f i t s e f fec t i ve w id th

( 1 1 )

were b^. This is actually less than b^ since the second term in
e q u a t i o n ( 11 ) i s n e g a t i v e . b^ is referred to as the REDUCED
EFFECTIVE WIDTH, or sometimes in aircraft engineering as the

TANGENT WIDTH [127] since it uses the slope of the load-compres¬
s i o n g r a p h .

e q u a t i o n ( 11 ) t o g i v e

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

d a

e

Equations (11) and (12) are perfectly general and apply in the
i n e l a s t i c r a n g e .

e q u a t i o n ( 3 ) f o r < a

( 1 2 )

G e n e r a l i z i n g v o n K a r m a n ' s e f f e c t i v e w i d t h

f o r u s e i n e q u a t i o n ( 1 2 ) , w e h a v e :o

i tb 1 . 9 t
e

b a a ^ b ^ = 1 . 9 t / E ae e
i . e ● f

a e

1 . 9 t E
b ' = b d a

e a

*=4 =h
For o the r e f fec t i ve w id th equa t ions , the reduc t ion i s o f ten more

One shor tcoming o f the above ana lys is is that i t

takes no account of p late element length, s ince the same insensi¬

tivity to length is assumed as for plate buckling and strength.
A p p r a i s a l a n d R e c o m m e n d a t i o n s

H e n c e
2 ^ e

i . e ● t

t h a n h a l f .

The foregoing remarks are probably enough to illustrate why
researchers have found it so hard to reconcile theory with

which justifies asemiempirical approach to the problem
p r a c ¬

t i c e ,
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b a s e d o n t e s t r e s u l t s f r o m p l a t e s h a v i n g t y p i c a l i n i t i a l d e fl e c ¬

t i o n s a n d a l s o , p r e f e r a b l y , t y p i c a l r e s i d u a l s t r e s s e s ( c o n s i d e r e d

i n P a r t I I I ) . A r e v i e w f o r w i d e p l a t e s ( a < b ) i s g i v e n e l s e ¬

w h e r e [ 3 0 ] .

A . P i n n e d P l a t e s

T h e r e v i e w h a s i n d i c a t e d a n a b u n d a n c e o f t h e o r y a n d e x p e r i ¬

m e n t a l d a t a o n t h e e l a s t i c b e h a v i o r o f fl a t o r i d e a l i z e d p l a t e s ,

e s p e c i a l l y f o r l i g h t w e i g h t l o w m o d u l u s a i r c r a f t a l l o y s a t h i g h

w i d t h f a c t o r s . S t e e l d a t a a r e m o r e s c a r c e ; t h e m a i n s o u r c e s o f

v e t t e d d a t a b e i n g i n d i v i d u a l p l a t e s t e s t e d a n d r e v i e w e d a t N S R D C

[ 4 2 ] , i n d i v i d u a l p l a t e s t e s t e d a t C a m b r i d g e [ 1 5 , 1 7 , 1 8 , 2 7 ] w h i c h

h a v e b e e n c o m p i l e d t o g e t h e r [ 4 3 ] . T h e s e p r o v i d e n e a r l y 5 0 t e s t

p o i n t s o n p l a t e s t r e n g t h o v e r a r a n g e o f 3 u p t o 5 , a n d t h e y

a r e p l o t t e d i n F i g u r e 5 .

I n a d d i t i o n , a b o u t 2 0 r e s u l t s a r e p l o t t e d i n F i g u r e 5 f r o m

a b o u t 2 0 s q u a r e b o x - c o l u m n t e s t s a t C a m b r i d g e [ 4 4 , 4 5 , 4 6 ] w h i c h

a g a i n h a v e b e e n c o m p i l e d b y D w i g h t [ 4 3 ] , a n d f r o m a b o u t 2 0 c o l d -

f o r m e d c h a n n e l s t r u t [ 4 7 ] a n d b e a m t e s t s [ 4 8 , 4 9 ] w h i c h h a v e b e e n

c o m p i l e d b y D a w s o n a n d W a l k e r [ 5 0 ] , a n d 3 r e s u l t s f r o m s m a l l -

s c a l e b o x s t r u t t e s t s b y B e c k e r [ 2 9 ] a r e i n c l u d e d .

Super imposed on the d iagram is ap la te s t rength equat ion

proposed by the author in 1964 [51] ,and which has subsequently

been found to p rov ide exce l len t agreement w i th s t ru t -pane l tes t
d a t a : *

ba
2 1m e m

( 1 3 a )b 6 6̂a
o

f o r 3 > 1

* To b e p u b l i s h e d i n T h e S t r u c t u r a l E n g i n e e r , L o n d o n .
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I t w i l l b e s e e n t h a t t h i s p r o v i d e s a v e r y r e a s o n a b l e m e a n c u r v e

t h r o u g h t h e d a t a , w i t h c o e f fi c i e n t s o f v a r i a t i o n a s s e s s e d a s

V = 0 . 0 5 f o r 0 . 5 < 6 < 2 . 5

( 1 3 b )= 0 . 0 2 6 f o r 6 > 2 . 5

T h e g e n e r a l i z e d f o r m o f e q u a t i o n ( 1 3 ) f o r u s e i n t h e r e s t r i c t e d

range 0●7cr^ £ a n d 6 ^ 1 i s [ 3 1 , 5 1 ] :
*

ba

- — f — 1.2 (a ■'
a

2 oa e
( 1 4 )

b 3 aa
e ee

A p p l y i n g e q u a t i o n ( 11 ) l e a d s t o r e d u c e d e f f e c t i v e w i d t h e x p r e s ¬

s i o n s f o r 3 > 1 o f :

b * a
1 oe

( 1 5 )
b 6

b ’
e m _ 1 ( 1 6 )
b 6

M a q u o i a n d M a s s o n n e t [ 5 2 ] h a v e v e r y r e c e n t l y p r o v i d e d a c r i t i c a l

r e v i e w o f t h e v a r i o u s e f f e c t i v e w i d t h f o r m u l a e , a n d c o n c l u d e d

t h a t e q u a t i o n s ( 1 3 ) a n d ( 1 4 ) w e r e t h e b e s t a v a i l a b l e f o r b o x -

g i r d e r u s e . E q u a t i o n ( 1 3 ) i s a l i t t l e m o r e o p t i m i s t i c t h a n

W i n t e r ' s w e l l - k n o w n e q u a t i o n [ 4 8 ] r e c e n t l y m o d i fi e d [ 5 3 ] , b u t

a p p r e c i a b l y m o r e p e s s i m i s t i c t h a n F r a n k l a n d ' s e q u a t i o n [ 5 4 ]

w h i c h h a s b e e n u s e d b y n a v a l a r c h i t e c t s .

A f e w w o r d s s h o u l d b e m e n t i o n e d c o n c e r n i n g t h e u s e o f e q u a ¬

tions (13), ( 1 4 ) a n d ( 1 5 ) , w h i c h t h e r e v i e w e r fi n a l l y r e c o m m e n d s .

F i r s t , i t i s a i m e d a t p r e d i c t i n g a v e r a g e v a l u e s o f p l a t e s t r e n g t h

a n d s t i f f n e s s , w h e r e a s e q u a t i o n s u s e d i n d e s i g n c o d e s a r e s o m e ¬

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

b y a n y m e a n s a l w a y s o b v i o u s w h e r e t h i s i s i n t e n d e d . T h e a u t h o r

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

s u b j e c t [ 3 0 ] , a s h a s a l r e a d y b e e n a p p l i e d t o s h i p s t r u c t u r e s

I t w a s f o r t h i s r e a s o n t h a t t h e c o e f fi c i e n t s o f v a r i a t i o n[ 5 6 ] .

d e r i v e d f r o m t e s t d a t a w e r e q u o t e d .

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

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

u r g e d n o t t o b e t o o i n fl u e n c e d b y j u s t a f e w t e s t p o i n t s , h o w e v e r

T h e r e w i l l a l w a y s r e m a i n a h i g hw e l l t h e t e s t s w e r e c o n d u c t e d .

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

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

c o n fi d e n c e i s e s t a b l i s h e d .

T h i r d l y , t h e g e n e r a l i z e d e x p r e s s i o n s ( 1 4 ) a n d ( 1 5 ) w e r e i n ¬

t e n d e d f o r u s e i n t h e s t i f f e n e d - p l a t e a s s e m b l y , w h e r e c o l l a p s e

m a y v e r y w e l l o c c u r b y s o m e f o r m o f s t i f f e n e r f a i l u r e b e f o r e t h e

e d g e s t r e s s i n t h e p l a t e e l e m e n t s h a s r e a c h e d t h e y i e l d s t r e s s

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

f o r i t s u s e i n t h i s w a y i s g i v e n i n r e f e r e n c e 3 0 , w i t h a b r i e f

p r e s e n t a t i o n f o r c o m p u t e r - a s s i s t e d d e s i g n a n d a n a l y s i s p u r p o s e s

o u t l i n e d i n r e f e r e n c e 3 1 . T h e s e l a s t t w o r e f e r e n c e s a l s o p r o v i d e

f o r a t r e a t m e n t o f t h e w i d e p l a t e p r o b l e m ( a < b ) .

B . C l a m p e d E d g e s

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

t o r s i o n a l l y s t r o n g , o r w h e r e t h e l a t e r a l p r e s s u r e i s s u f fi c i e n t l y

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

l ight of recent Cambridge work and NCRE test data br iefly re¬

f e r r e d t o , i t h a s b e e n p r o p o s e d [ 3 0 , 3 1 ] t h a t w h e n t h e l a t e r a l
2 2

p r e s s u r e i s g r e a t e r t h a n

plates with clamped boundaries be used in the range 6^1.25 and
0.7a < a < a :

e — o

e x p r e s s i o n s c o r r e s p o n d i n g t o

o
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b
2.5 1 . 5 6 2 5e m

( 1 7 )
b 2B B

b a a
2 . 5 1 . 5 6 2 5oe

( 1 8 )b 2B a
Be e ■ *

b '
1 . 2 5e m

( 1 9 )
Bb

b ' a
1 . 2 5e o

( 2 0 )b 6 o
e

T h e c u r i o u s u s e o f 4 d e c i m a l s i n t h e c o e f fi c i e n t o f t h e s e c o n d

t e r m s i s n e c e s s a r y t o a v o i d c o m p u t a t i o n a l a n o m a l i e s .
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P A R T I I I

W E L D I N G S T R E S S E F F E C T S

T h e h i s t o r i c a l a p p e n d i x r e v e a l s t h a t w e l d i n g s t r e s s e f f e c t s

i n p l a t i n g h a v e b e e n s t u d i e d i n R u s s i a , J a p a n , B r i t a i n a n d t h e

U n i t e d S t a t e s , a n d t h e a u t h o r ' s o w n w o r k h a s b e e n p a r t i c u l a r l y

i n s p i r e d b y t h e w o r k a t C a m b r i d g e a n d L e h i g h .

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

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

h i s o w n w o r k a s r e p o r t e d i n r e f e r e n c e 3 0 a n d o u t l i n e d f o r d e s i g n

u s e i n r e f e r e n c e 3 1 .

S p a c e a n d t i m e

T h i s p r e f e r e n c e i s s u p p o r t e d b y g o o d

a g r e e m e n t w i t h e x p e r i m e n t s , a s c a n b e s e e n f r o m F i g u r e 8 a n d

d i s c u s s e d b e l o w .

M a x i m u m P i n n e d P l a t e S t r e n g t h i n C o m p r e s s i o n

W h e n s t i f f e n i n g m e m b e r s a r e w e l d e d t o t h e p l a t e , t h e w e l d ¬

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

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

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

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

a n d p l a t e m a t e r i a l i n t h e i m m e d i a t e v i c i n i t y , a r e i n v a r i a b l y

l e f t s t r e s s e d a t a b o u t i n t e n s i o n . T h i s " t e n s i o n b l o c k " t y p i ¬

c a l l y e x t e n d s t h r e e t o s i x t h i c k n e s s e s o u t f r o m t h e w e l d e a c h

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

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

F i g u r e s 6 a n d 7 ) .

A s F i g u r e 7 i l l u s t r a t e s , t h e t e n s i o n b l o c k i s o f f s e t f r o m

t h e s t i f f e n e r - p l a t e c e n t r o i d a n d t h u s b e n d i n g o c c u r s a s s h o w n .

T o p r e s e r v e e q u i l i b r i u m a l o n g t h e d i r e c t i o n o f t h e s t i f f e n e r .

t h e t e n s i o n m u s t b e b a l a n c e d b y r e s i d u a l c o m p r e s s i o n w h i c h e x i s t s
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l a r g e l y i n t h e p l a t e . T h i s e q u i l i b r i i o m r e q u i r e m e n t p r o v i d e s a

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

s t r e s s i n t h e p l a t i n g a n d t h e w i d t h s n t o f t h e t e n s i o n z o n e s

e a c h s i d e o f t h e w e l d

a
2 nr

( 2 1 )( b / t ) - 2 n

R e f e r e n c e 3 0 c o n t a i n s a m e t h o d f o r e s t i m a t i n g t h e d e s i g n v a l u e

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

V a l u e s o f n = 4 . 5 t o 6 a r e t y p i c a l f o r a s - w e l d e d s h i p s , b u t

v a l u e s o f 3 t o 4 . 5 a r e m o r e a p p r o p r i a t e f o r s h i p d e s i g n a f t e r

a l l o w i n g f o r s h a k e d o w n . V a l u e s o f n = 3 t o 4 . 5 a l s o s e e m r e a s o n ¬

a b l e f o r m o s t a s - w e l d e d c i v i l e n g i n e e r i n g s t r u c t u r e , w i t h p r o ¬

p o r t i o n a t e l y l o w e r v a l u e s i f i n t e r m i t t e n t w e l d i n g i s u s e d .

E q u a t i o n ( 2 1 ) i s r e a s o n a b l y w e l l s u p p o r t e d f o r v a l u e s o f

T h e f o r m o f t h i s e x p r e s s i o n i n d i ¬

c a t e s h o w r a p i d l y i n c r e a s e s w i t h r e d u c i n g b / t a n d , w h e r e a s

( p e a k ) v a l u e s a s h i g h a s 3 / 4 h a v e b e e n m e a s u r e d i n f a b r i c a t e d

test sections, typical ship values generally run around 1/4 a^.
W e l d i n g , b e s i d e s i n t r o d u c i n g r e s i d u a l c o m p r e s s i v e s t r e s s e s

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

3 > 1 , a s s h o w n i n F i g u r e 8 .

t r a n s v e r s e s h r i n k a g e . I n t r a n s v e r s e l y f r a m e d s h i p s t h e p r e s e n c e

o f t h e w e l d i n g d i s t o r t i o n s i s t h e m u c h m o r e s e v e r e o f t h e t w o

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

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

l o n g i t u d i n a l l y f r a m e d s h i p s , h o w e v e r , i n w h i c h o u r m a i n i n t e r ¬

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

F o r

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

r a t h e r t h a n t h e w e l d i n g d i s t o r t i o n s . A s a c o n s e q u e n c e , n o
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f u r t h e r d i s c u s s i o n o f s u c h w e l d i n g - i n d u c e d d i s t o r t i o n s w i l l b e

i n c l u d e d h e r e .

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

F l a t p l a t e e x p e r i ¬

m e n t s c o n d u c t e d a t L e h i g h U n i v e r s i t y , i n J a p a n a n d i n E n g l a n d

h a v e s h o w n t h a t i n t h e e l a s t i c r a n g e t h e s i m p l e n o t i o n o f r e ¬

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

reasonably accurate for values up to about 0.2 .

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

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

T h e a u t h o r

s t r e n g t h o v e r t h e s a m e r a n g e , n a m e l y , t h e r e d u c t i o n A a

T h e r a n g e c o r r e s p o n d s a p p r o x i m a t e l y t o v a l u e s o f 6 > 2 .

a
m r

A t l o w e r

v a l u e s o f 3 / i n e l a s t i c e f f e c t s d o m i n a t e a n d t h e f o l l o w i n g c r i t i ¬

c a l s t r a i n a p p r o a c h s u g g e s t e d b y B e c k e r [ 2 9 ] w a s p r o p o s e d [ 3 0 ] .

T h i s a p p r o a c h a d v a n c e s t w o h y p o t h e s e s ;

T h e p l a t e w i l l b u c k l e i n e l a s t i c a l l y w h e n t h e t o t a l

c o m p r e s s i o n s t r a i n i n t h e m i d d l e z o n e , a l l o w i n g

1 .

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

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

e l a s t i c b u c k l i n g s t r a i n ;

T h e r e d u c t i o n i n i n e l a s t i c b u c k l i n g s t r e s s d e r i v e d2 .

f r o m t h e fi r s t h y p o t h e s i s w i l l a l s o b e t h e r e d u c ¬

t i o n i n p l a t e s t r e n g t h .

A s w e l l a s b e i n g s o u n d l y b a s e d , t h i s a p p r o a c h i s a l s o a t t r a c t i v e

b e c a u s e i t s h o w s g o o d a g r e e m e n t w i t h e x p e r i m e n t . P r o v i d i n g

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

s e r v a t i v e l y g i v e n b y

=(E^/E)a^
where the correct E^ to be used is the

( 2 2 )A a
m

s t r u c t u r a l t a n g e n t
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m o d u l u s " f o r t h e s t i f f e n e d p l a t e i n c o m p r e s s i o n . F o r fl a t - y i e l d

type ma‘ <-rials the ratio E^/E can be approximated using the
O s t e n f e l d - B l e i c h q u a d r a t i c p a r a b o l a e [ 9 ] , n a m e l y ,

a(a^ -a)
( 2 3 )

p s o
7E - a

p s

w h e r e t h e s t r u c t u r a l p r o p o r t i o n a l l i m i t a i n c o m p r e s s i o n i s

a p p r o x i m a t e l y r e l a t e d t o t h e m a t e r i a l p r o p o r t i o n a l l i m i t b y

P r %

and for which p^ is typically 0.5 in welded ships,
h a v i n g m o r e r o u n d e d s t r e s s - s t r a i n c u r v e s , e q u a t i o n ( 2 3 ) w o u l d

p s

( 2 4 )o a - a
p s P r

F o r m a t e r i a l s

b e u n s a t i s f a c t o r y. A f o r m u l a t i o n b a s e d o n t h e R a m b e r g a n d O s g o o d

t h r e e - p a r a m e t e r d e s c r i p t i o n o f s t r e s s - s t r a i n c u r v e s [ 1 3 2 ] h a s

b e e n d e r i v e d [ 3 0 ] a n d i s p r e f e r r e d f o r s u c h m a t e r i a l s .

By assuming that the inelastic plate buckling stress Op is
g i v e n b y

0p =/E^/e a
i s g i v e n b y e q u a t i o n ( 2 ) a n d i s t h e e l a s t i c fl a t p l a t e

b u c k l i n g s t r e s s , i t c a n b e s h o w n t h a t f o r a p i n n e d p l a t e , e q u a ¬

tion (2) with k=4combined with equation (23) with a=Op
leads to the following expression for E^/E.

( 2 5 )P E

w h e r e o
P E

3.62g^ 2
1 . 9

0 < 3 < ( 2 6 a )
13.1 +p^(l -p^)3^E

/■Pr
1 . 9

" ^
H e n c e , f r o m e q u a t i o n ( 2 2 ) t h e f o l -

1 . 0 3 > ( 2 6 b )

T h i s i s p l o t t e d i n F i g u r e 8 .

l o w i n g p l a t e s t r e n g t h e q u a t i o n w a s p r o p o s e d f o r w e l d e d p i n n e d

p l a t e s :
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2 1

( 2 7 a )3 > 1b 3 3̂ Eaa
om e m

ba
o 0 < 3 < 1 ( 2 7 b )1

Ea
o

where is defined according to equation (21) and E^/E is given
T h i s i s p l o t t e d f o r t w o v a l u e s o f t e n s i o n

I t w i l l b e s e e n t h a t a g r e e m e n t w i t h

4

b y e q u a t i o n s ( 2 6 ) .

b l o c k w i d t h n i n F i g u r e 8 .

t e s t d a t a i s g o o d .

B y r e a r r a n g i n g e q u a t i o n s ( 2 7 ) a s f o l l o w s :

2 1
R

( 2 8 a )b 3^ ^ 3 > 13a
e mm

a b
o

( 2 8 b )

the quantity R^, the strength reduction ratio caused by residual
For apinned plate R^ is obviously given

0 < 3 < 1R
r

s t r e s s e s , i s d e fi n e d .

b y

1
a E 2 3 - 1

o

r \

( 2 9 a )3 > 1

R
r

o
( 2 9 b )0 < 3 < 11

Eo
o

R^ represents directly the reduction plate strength due to weld¬
ing. For n=3and 4.5 values of (1 -R^) expressed as percen¬
t a g e s a r e p r o v i d e d i n t h e t a b l e :

4 52 2 . 5 31 1 . 53

1 1 . 71 3 . 3 1 2 . 8 1 2 . 1n = 3 1 . 8 5 . 5 1 0 . 7 ●5

2 0 . 2 1 8 . 5 1 7 . 89 . 0 1 6 . 9 2 0 . 9n = 4 . 5 3 . 2
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It will be seen that the percentage degradation in plate strength

i n c r e a s e s u n t i l a b o u t 3 = 2 . 5 ; a t t h i s a n d h i g h e r v a l u e s o f 3

the e f fec ts are pure ly e las t ic and the percentage degradat ion

is apprec iab le and approx imate ly constant ,

the e f fec ts a re sma l l due to y ie ld ing e f fec ts , as confirmed by
t e s t r e s u l t s .

R e d u c e d E f f e c t i v e W i d t h s

A t l o w v a l u e s o f 3

F o r u s e i n p r e d i c t i n g s t i f f e n e r - p l a t e c o l l a p s e ( a n d i n

eva lua t i ng the ave rage l oad a t f a i l u re ) , i t i s necessa ry to con¬
s i d e r e v e n t s b e f o r e f a i l u r e w h e n a < a

e

cons idered for the s t ress- f ree p la te where equat ion (14) was

p r o p o s e d f o r b ^ a n d e q u a t i o n ( 1 5 ) d e r i v e d f o r b ' b y d i f f e r e n t i a -

T h e r e d u c t i o n f a c t o r h a s j u s t b e e n d e fi n e d f o r c o n s i d ¬

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

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

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

that the derived residual stress reduction factor R^ can be
directly applied to equations (14) and (15) to provide b^
b^ when a n d r e s i d u a l s t r e s s e s a r e p r e s e n t ,
the term 3 = 3 / a / a

e o e

T h i s h a s a l r e a d y b e e no *

t i o n .

W h i l e

a n d

T h u s , u s i n g

2 1
R ( 3 0 a )

b
e

b
R 0 1 < 1 ( 3 0 b )r

1

^e >1 O l a )
b

e

b
R 0 1 3 e

, 0 . 7 a ^

< 1 ( 3 1 b )r

T h e s a m e r a n g e f o r a p p l i e s a s b e f o r e , v i z . < a < a .
e o



4 6

W h e n a = a t h e e x p r e s s i o n s f o r b a n d b ' a r e o b t a i n e d , a n dQo Gin G m

a r e p l o t t e d i n F i g u r e 8 .

C l a m p e d P l a t e s

I n t h e c a s e w h e r e t h e l o n g i t u d i n a l s t i f f e n e r s a r e - t D r s i o n -

a l l y s t r o n g o r w h e r e t h e l a t e r a l p r e s s u r e i s s u f fi G i e n t l y l a r g e ,

t h e u s e o f c l a m p e d e d g e s m a y b e m o r e a p p r o p r i a t e , a s d i s c u s s e d

f o r t h e s t r e s s - f r e e p l a t e .

o u t l i n e d a b o v e f o r t h e p i n n e d p l a t e , t h e f o l l o w i n g e x p r e s s i o n s

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

derived. - i

B y a s i m i l a r a n a l y s i s ^ t o t l t a t

6.313^ 2
' 2 . 5 d

0 < 3 < ( 3 2 a )4
■ ^39.8 +p^d -p^) S’

^ t
E

2 . 5 1
( 3 2 b )3 >1 . 0

v f :r

3̂a

I - J L _
E 2 . 5 3

(3 3a)3 > 1 . 2 5
1 . 5 6 2 5

R
r

^ ta
r ( 3 3 b ): 0 < 3 < 1 . 2 51 -

Ea
o

-I

E q u a t i o n s ( 3 3 )w h e r e i s s t i l l d e fi n e d b y e q u a t i o n ( 2 1 )

shou ld be app l i ed d i rec t l y t o equa t i ons (17 ) . t o (20 ) p resen ted

f o r t h e s t r e s s - f r e e c l a m p e d p l a t e t o o b t a i n e f f e c t i v e w i d t h s a n d

r e d u c e d e f f e c t i v e w i d t h s f o r t h e w e l d e d c l a m p e d p l a t e .

T e s t D a t a

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

w a s p r e s e n t e d i n F i g u r e 8 a l o n g w i t h a l l k n o w n r e p u t a b l e t e s t

T h e s e d a t a r a n g e i n s c a l ed a t a f r o m a b o u t 4 0 w e l d e d - b o x c o l u m n s .

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

F o r t h R o a d B r i d g e [ 5 9 ] , i n t e r m e d i a t e s c a l e c o l u m n s t e s t e d a t
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C a m b r i d g e U n i v e r s i t y [ 4 4 , 4 5 , 4 6 ] , a n d v e r y s m a l l - s c a l e b u t n e v e r ¬

t h e l e s s h i g h q u a l i t y t e s t s c a r r i e d o u t b y B e c k e r a n d h i s a s s o ¬

c i a t e s f o r t h e U . S . S h i p S t r u c t u r e C o m m i t t e e [ 2 9 ] . D w i g h t a n d

M o x h a m c o m p i l e d a l l d a t a e x c e p t B e c k e r ' s i n r e f e r e n c e 4 6 .

T h e a u t h o r h a s a l s o t e s t e d m o r e t h a n 4 0 w e l d e d T e e - s t i f f e n e d

p l a t e s t r u t - p a n e l s i n c o m p r e s s i o n [ 6 0 ] a n d , w h i l e t h e s e r e s u l t s

c a n n o t b e d i r e c t l y p l o t t e d o n F i g u r e 8 , i t c a n b e s a i d t h a t t h e

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

t h e d i f f e r e n c e i n s t r e n g t h b e t w e e n w e l d e d a n d s t r e s s - f r e e p l a t e s

i s q u i t e m a r k e d .

V a r i a n c e

I t w i l l b e s e e n t h a t

T h e q u a l i t y o f t h e C a m b r i d g e t e s t d a t a ( t h e b u l k o f t h a t

p r e s e n t e d ) i s v e r y g o o d , a n d c e r t a i n l y b e t t e r t h a n m a y b e e x p e c t e d

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

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

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

p l a t e s t r u c t u r e s . N e v e r t h e l e s s , t h e a u t h o r h a s a p p l i e d l i n e a r

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

t h a t , d e s p i t e t h e h i g h v a r i a b i l i t y i n t h e w e l d i n g p r o c e s s e s

themse l ves , t he ove ra l l e f f ec t o f t hese we ld i ng va r i a t i ons i n

b r o a d e n i n g t h e s t r e n g t h v a r i a n c e i s n o t m a r k e d [ 5 6 ] .

b e c a u s e t h e w e l d i n g v a r i a t i o n s a c t o n l y o n a r e l a t i v e l y s m a l l
" s u b t r a c t i o n

T h i s i s

t e r m , e q u a t i o n ( 2 2 ) , i n t h e o v e r a l l s t r e n g t h f o r ¬
m u l a t i o n s .

I n d e e d , i n o n e s e n s e , i t m a y b e a r g u e d t h a t , s i n c e t h e w e l d ¬

ing o f s t i f f ened pane ls i nduces ap redominan t l y m

d is to r t i on mode in to the p la te e lemen ts , t hen fo r l ong p la te

(a >> b ) these d is to r t ions may ac tua l l y s t i f fen and s t reng then

1 i n i t i a l
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t h e p l a t e e l e m e n t s b y r e d u c i n g t h e m e m b r a n e a c t i o n s a n d b y r e ¬

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

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

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

a s s e s s m e n t s o f o v e r a l l v a r i a n c e a r e b a s e d o n t h e v a r i a n c e s o b -

e q u a t i o n s ( 1 3 b ) ) , t h e n ,s e r v e d i n i n d i v i d u a l p l a t e t e s t s ( e . g

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

● /

d i s t o r t i o n s e x p e c t e d f r o m t h e w e l d i n g c o n d i t i o n s , t h e o v e r a l l

v a r i a n c e e x p e c t e d i n w e l d e d p l a t e e l e m e n t b e h a v i o r m a y o n l y b e

m a r g i n a l l y i n c r e a s e d . T h e i n i t i a l p l a t e e l e m e n t d i s t o r t i o n s

covered by the p la te tes ts repor ted in genera l cover the p rac t i¬

c a l r a n g e o f w e l d i n g d i s t o r t i o n s a n d s o e q u a t i o n s ( 1 3 b ) t h e m ¬

s e l v e s m i g h t s u f fi c e a l s o f o r t h e a s - w e l d e d p l a t e s t r e n g t h v a r i ¬

a n c e s . H o w e v e r , t o a d d a l i t t l e c o n s e r v a t i s m , t h e f o l l o w i n g

e q u a t i o n s a r e s u g g e s t e d .

V = 0 . 0 6 f o r 0 . 5 < 3 < 2 . 5

( 3 4 )V = 0 . 0 2 4 3 f o r 3 > 2 . 5

T h e e x p e c t e d o v e r a l l v a r i a n c e f o r t h e c o m p l e t e s t r u c t u r e c a n

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

c o l l a p s e f o r m u l a t i o n s , a s i l l u s t r a t e d i n r e f e r e n c e 5 6 .
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N i n e t y y e a r s a g o , B o x [ 6 1 ] m a y w e l l h a v e b e e n t h e fi r s t t o

p r o p o s e a p l a t e s t r e n g t h e q u a t i o n , e v e n b e f o r e B r y a n ' s c l a s s i c a l

p a p e r i n 1 8 9 1 o n p l a t e b u c k l i n g [ 6 2 ] . I t i s s u c h a r e a s o n a b l e

fi t f o r t h e m i l d s t e e l p l a t e s f o r w h i c h i t w a s i n t e n d e d t h a t , b y

m a k i n g a s s u m p t i o n s c o n c e r n i n g m a t e r i a l p r o p e r t i e s . B o x ' s e q u a t i o n

c a n b e g e n e r a l i z e d t o :
a

1m

a
/ 3o

I t s f o r m c l e a r l y a n t i c i p a t e s m a n y l a t e r e q u a t i o n s ( t h e m o r e i m p o r ¬

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

c a t e e x t r a o r d i n a r y i n t u i t i o n o n B o x ' s p a r t .

S i n c e t h e n t h e s u b j e c t h a s p r o g r e s s e d i n t h r e e o v e r l a p p i n g

p h a s e s r e p r e s e n t i n g i n t u r n m a r i n e , a e r o n a u t i c a l a n d c i v i l e n g i ¬

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

P i e t z k e r ' s e a r l y i n t u i t i o n [ 6 3 ] w a s f o l l o w e d b y a d a z z l i n g

d i s p l a y o f m a i n l y G e r m a n p a p e r s i n t h e t w e n t i e s a n d t h i r t i e s .

Ase r i es o f t heo re t i ca l pape rs appea red , gene ra l l y unde r t he

t i t l e " D i e M i t t r a g e n d e B r e i t e " [ 6 4 , 6 5 , 6 6 , 6 7 , 6 8 , 1 9 ] f o l l o w i n g t h e

e a r l i e r w o r k o f t h e H u n g a r i a n , Vo n K a r m a n [ 6 9 , 1 2 4 ] , T h e G e r m a n

n a v a l a r c h i t e c t , S c h n a d e l , c o n t i n u e d h i s i n v e s t i g a t i o n s f o r

nea r l y adecade , and p rov ided the fi rs t pos t -buck l i ng approx ima¬

t i on . Ma rgue r re t r ea ted t h i s p rob lem more gene ra l l y, avo id i ng

m a n y a r b i t r a r y a s s u m p t i o n s i n h i s o n e o u t s t a n d i n g p a p e r [ 1 9 ] .

H i s e x p r e s s i o n s a r e s t i l l w i d e l y u s e d i n a i r c r a f t e n g i n e e r i n g ,

bu t have p roved to be too op t im is t i c fo r imper fec t s tee l sh ip

p l a t i n g . T h e p u b l i c a t i o n s o f t h e s a d l y n e g l e c t e d p a i r , M e t z e r

[ 6 7 ] a n d M i l l e r [ 6 8 ] , c o n t a i n m o s t o f t h e f o r m u l a e i m p o r t a n t t o
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F o p p l , R i t z a n d C h w a l l a w e r e a l s o w o r k i n g i n c l o s e -t h e s u b j e c t .

l y a l l i e d fi e l d s .

Th is Teu ton ic ta len t was matched in the th i r t i es and ear l y

f o r t i e s o n l y i n A m e r i c a b y e n g i n e e r s s p o n s o r e d b y N A C A 1 7 0 , 7 1 , 7 2 ,

7 3 , 2 5 ] , L e v y [ 7 2 ] d e v e l o p e d t h e c l a s s i c a l " e x a c t " s o l u t i o n o f

M a r g u e r r e ' s e q u a t i o n s , c o n fi r m i n g h i s r e s u l t s . N A C A a n d t h e U S N

E x p e r i m e n t a l M o d e l B a s i n a l s o r e n d e r e d a g r e a t s e r v i c e i n t r a n s ¬

lat ing the more important German papers. Sweeney, Vasta and

F r a n k l a n d [ 7 4 , 7 5 , 5 4 ] a t t h e E M B c o n d u c t i n g t e s t s o n a b o u t 1 0 0

s tee l p la tes l a id the founda t ions fo r t he U .S . Navy ' s p resen t

d e s i g n c o d e s [ 7 6 ] . T h i s h a s b e e n f o l l o w e d w i t h m o r e r e c e n t w o r k

[ 7 2 , 4 2 , 3 9 ] . B e n g s t o n , f o l l o w i n g t h e S c h n a d e l - M a r g u e r r e t r a i l i n

a n o t a b l e p a p e r b e f o r e t h e S o c i e t y j u s t b e f o r e t h e w a r [ 7 8 ] ,

s t i l l h a s a s t r o n g f o l l o w i n g i n t h e U n i t e d S t a t e s , t h o u g h h i s

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

C iv i l eng ineer ing in Amer ica seems genera l l y to

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

e x t e n d e d i t f o r l i g h t - g a u g e s t e e l u s e .

b y B l e i c h [ 9 ] .

W i n t e r a t C o r n e l l m a y

p e r h a p s b e q u o t e d a s t h e l e a d i n g p e r s o n a l i t y [ 3 5 , 3 6 , 4 8 , 4 9 ] . T h i s

h a s l e d t o d e s i g n c o d e s [ 7 9 , 8 0 , 8 1 , 5 3 , 9 3 ] a n d w a s s u p p o r t e d b y a

u s e f u l r e v i e w f o r t h e C o l u m n R e s e a r c h C o u n c i l [ 8 2 ] . T h e b e s t

aeronautical reviews in the United States have been made by Hoff

[33], Levy et al. [ 7 2 , 7 3 ] a n d G e r a r d [ 8 3 , 1 4 ] , w h i l e B l e i c h [ 9 ]

a n d T i m o s h e n k o [ 2 ] s e r v e e v e r y o n e ' s i n t e r e s t a d m i r a b l y a n d w e r e

u s e d e x t e n s i v e l y f o r t h i s p r e s e n t r e v i e w . R e f e r e n c e 8 4 p r o v i d e s

p r o b a b l y a n o l d e r s h i p r e v i e w, o v e r t a k e n b y r e f e r e n c e 4 0 .

B r i t a i n ' s c o n t r i b u t i o n h a s a l w a y s b e e n r e l a t i v e l y s m a l l .

After the WOLF experiment [85,86] the lead was taken by the
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Aeronaut ical Research Counci l [20,87,88] and the Royal Aeronaut i¬

c a l S o c i e t y [ 8 9 , 9 0 ] .

garded as aclassic, and he has done more than anyone in the United

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

C i v i l e n g i n e e r i n g i n t e r e s t s h a v e r e c e n t l y

been served mainly by the universities, notably University Col¬

lege, London [12,47,50,92], Strathclyde [13], and more recently

some exce l len t work , i nc lud ing the e f fec t o f we ld ing res idua l

T h i s h a s l e d

M e n t i o n m u s t a l s o b e m a d e o f

H . L . C o x ' s 1 9 4 6 p a p e r [ 2 0 ] m u s t n o w b e r e -

n a v a l a r c h i t e c t s [ 9 1 ] .

s t r e s s e s a t C a m b r i d g e [ 1 5 , 1 7 , 1 8 , 4 1 , 4 3 , 4 4 , 4 5 ] ,

d i r e c t l y t o d e s i g n c o d e s [ 11 , 9 4 ] .

a n e a r l y p a p e r b y t h e i n i m i t a b l e G . I . Ta y l o r [ 9 5 ] . E x c e p t f o r

M u r r a y [ 2 1 , 2 2 , 8 4 , 9 6 ] , B r i t i s h n a v a l a r c h i t e c t s h a v e o n t h e w h o l e

been l ess ac t i ve [7 ,97 ,129 ,130 ] , espec ia l l y w i th expe r imen ta l

w o r k w h e r e t h e y h a v e b e e n c o n t e n t t o w a t c h a c t i v i t i e s i n A m e r i c a .

Th is re la t i ve inac t i v i t y has perhaps led to con fus ion in some

qua r te r s t o t he ex ten t t ha t 30 t i s s t i l l u sed f o r bend ing—a lmos t

c e r t a i n l y a l e g a c y f r o m H o v g a a r d [ 9 8 ] w h i c h e v e n r e f e r e n c e 1 h a s

n o t c o m p l e t e l y d i s p e l l e d .

The Russians were also very active in this field, including
Timoshenko dur ing his ear ly work at Kiev [99,100] .

first to derive the expressions for the strain energy of plates
wi th large deflect ion, which formed the bas is o f much of the

l a t e r w o r k e l s e w h e r e .

H e w a s t h e

T h i s l a s t d e c a d e h a s s e e n n o t a b l e R u s s i a n

r e s e a r c h i n r e s i d u a l s t r e s s e f f e c t s [ 1 0 1 , 1 0 2 , 1 0 3 ] .

Aeronaut ical Laboratory, Amsterdam, has made notable contr ibu-

T h e N a t i o n a l

t ions in the theoretical [104] and experimental [38,105] treat¬

ment of the elastic post-buckling load-shortening behavior of
l o n g p l a t e s . I t was on the strength of th is Dutch work, and
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m o r e o r l e s s c o r r o b o r a t e d b y A S C E w o r k [ 1 0 5 ] , t h a t t h e F r i t z

E n g i n e e r i n g L a b o r a t o r y , L e h i g h , c o n c l u d e d [ 4 0 ] t h a t t h e K o i t e r

e q u a t i o n c a n b e u s e d w i t h c o n fi d e n c e , e v e n i n t h e i n e l a s t i c r a n g e .

f o r l o n g p l a t e s h a v i n g a b / t r a t i o l e s s t h a n 1 2 0 . T h i s f o r m s

t h e b a s i s o f m u c h o f F E L ' s w o r k s i n c e t h e n [ 1 0 7 , 1 0 8 ] w h i c h i n ¬

c l u d e s t h e e f f e c t o f r e s i d u a l w e l d i n g s t r e s s e s . J a p a n h a s b e e n

w e l l r e p r e s e n t e d a t F E L [ 1 0 9 , 1 1 0 , 1 1 1 ] w h e r e h e r m a i n e f f o r t a s

a t h o m e [ 1 1 2 , 1 1 3 , 1 1 4 ] h a s b e e n o n t h e e f f e c t s o f w e l d i n g s t r e s s e s

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

J a p a n e s e n a v a l a r c h i t e c t s h a v e n o t o n l y b e e n t h e q u i c k e s t t o

r e c o g n i z e t h e i m p o r t a n c e o f r e s i d u a l s t r e s s e s , b u t a r e n o w a b l e

t o a p p l y t h e i r w o r k i n d e s i g n .

G e r a r d h a s a l r e a d y b e e n m e n t i o n e d f o r h i s w o r k f o l l o w i n g

S t o w e l l [ 1 2 8 ] o n t h e s t a b i l i t y o f p l a t e s b e y o n d t h e e l a s t i c

l i m i t . T h e m a i n b u r s t o f i n e l a s t i c a e r o n a u t i c a l a c t i v i t y w a s i n

t h e l a t e f o r t i e s a n d e a r l y fi f t i e s [ 1 1 5 , 1 1 6 , 1 1 7 , 1 1 8 , 1 1 9 ] u s i n g

m o d e r n t h e o r i e s o f p l a s t i c i t y - d e f o r m a t i o n t h e o r y a n d P r a n d t l -

R e u s s ' i n c r e m e n t a l t h e o r y . A l i t t l e l a t e r , a p l a s t i c b u c k l i n g

t h e o r y w a s p r o p o s e d f o r s t e e l p l a t e s [ 1 2 0 , 1 2 1 ] .

S i n c e t h e W O L F e x p e r i m e n t [ 8 5 ] t h r e e o t h e r d e s t r o y e r s h a d

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

v e n i e n t l y s u m m a r i z e d [ 5 7 ] , a s d i s c u s s e d i n t h e m a i n b o d y o f t h i s

r e v i e w . T h e A d m i r a l t y S h i p W e l d i n g C o m m i t t e e r e p o r t s s h o u l d b e

m e n t i o n e d [ 7 ] a s c o n t a i n i n g a w e a l t h o f s t a t i s t i c a l d a t a o n p l a t e

d e fl e c t i o n s a n d e f f e c t i v e n e s s , b u t , a l a s , m o s t o f i t h a s n o t

O t h e r r e p o r t s w h i c h c a n b e r e c o m -b e e n a n a l y z e d o r a s s e s s e d .

m e n d e d f o r t h e i r e x p e r i m e n t a l s k i l l w i t h e d g e s u p p o r t s a n d i n

m e a s u r i n g p l a t e s t i f f n e s s a r e r e f e r e n c e s 1 5 , 1 7 , 3 8 a n d 1 0 5 . T h e
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C a m b r i d g e w o r k w a s p a r t i c u l a r l y s u c c e s s f u l i n a r r e s t i n g t h e c o l ¬

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

u n l o a d e d e d g e s . T h e r e i s a d e a r t h o f d a t a o n l o a d - s h o r t e n i n g

b e h a v i o r . T h e e x p e r i m e n t a l t e c h n i q u e s a v a i l a b l e f o r m e a s u r i n g

e f f ec i t i ve p l a t i ng a re ou t l i ned i n r e fe rence 8and t he expe r i¬

m e n t e r m a y fi n d r e f e r e n c e s 7 3 , 1 2 2 a n d 1 2 3 h e l p f u l .

F o r c o n v e n i e n c e , a t a b l e o f t h e m o r e i m p o r t a n t e f f e c t i v e

w id th fo rmu lae fo r s t ress - f ree p la te e lemen ts fo l l ows th i s append ix .

a
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● r
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L i e g e , 1 9 4 7 , p . 1 3 7 .
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I I
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T h e N a v a l A r c h i t e c t , J u l y 1 9 7 3 , R I N A .

>
● /

L e s s o n s L e a r n e d f r o m F u l l S c a l e S h i p S t r u c t u r a l
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u n d i m D o p p e l b o d e n .

● t
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H a f e n , 1 9 3 0 , p . 4 6 1 .

● t
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N AV S E C D e s i g n D a t a S h e e tS t r e n g t h o f S t r u c t u r a l M e m b e r s ,
D D S 9 1 1 0 - 4 , 7 M a r . 1 9 5 6 .

I I7 6 .

B u c k l i n g a n d U l t i m a t eD u f f y , D . J . a n d A l l n u t t , R . B
S t r e n g t h s o f P l a t i n g L o a d e d i n E d g e C o m p r e s s i o n , P r o g .
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7 7 . ● /
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P o s t b u c k l i n g B e h a v i o r o f
T r a n s . A S C E , V o l . 1 2 7 , P a r t I I , 1 9 6 2 , p . 2 2 7 .

8 2 .
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