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1. INTRODUCTION 

Th i s  volume d e s c r i b e s  experiments  on t h e  format ion of 

p l a s t i c  h inges  i n  th in -wal led ,  f u l l  s c a l e  automotive box and 

channel  beams. A major goa l  was t o  accumulate a  da.ta ba.nk f o p  

moment-angle and fo rce -ex tens ion  p r o p e r t i e s  of v a r i o u s  h inges  

a s  a  b a s i s  f o r  computer s imu la t i on  of c rush ing  of automobile 

f rames ,  Some 88 t e s t s  were made f o r  e x t e n s i o n a l ,  bending and 

t o r s i o n a l  h inges  and t h e  d a t a  bank is now a v a i l a b l e .  I n  addi-  

t i o n ,  buck l ing  t e s t s  and combined loading t e s t s  were c a r r i e d  

o u t  t o  v e r i f y  t h e  theory  and computer code which have con- 

c u r r e n t l y  been developed.  

The hinges  s t u d i e d  he re  a r e  a l l  l o c a l i z e d ,  l a r g e  

deformat ion of  th in -wal led  t u b e s .  The hinge has  a  c h a r a c t e r i s -  

t i c  l e n g t h  o f  2h, where h is  t h e  l a r g e r  c r o s s - s e c t i o n a l  dimen- 

s i o n .  One might c a l l  t h e  mechanism involved " p l a s t i c  c r i p p l i n g " ,  

a l though  i n  some c a s e s  t h e r e  is s u b s t a n t i a l  e l a s t i c  deformat ion 

of t h e  c ro s s - s ec t i on  be fo r e  u l t i m a t e  load  o c c u r s .  The tests 

f o r  e x t e n s i o n a l  h inges  p l ay  two r o l e s .  I n  t h e  smal l  deformat ion 

r e g i o n ,  they  p rov ide  u n i a x i a l  m a t e r i a l  p r o p e r t i e s :  Young's 

modulus, y i e l d  s t r e n g t h  and u l t i m a t e  s t r e n g t h .  A t  l a r g e r  de- 

fo rmat ion ,  t h e  ex t ens iona l  h inge  formed i n  a  manner s i m i l a r  t o  

"necking downf' o f  a  conven t iona l  t e n s i l e  t e s t  specimen, and t h i s  

behav io r ,  i n v o l v ~ n g  three-dimensional  d i s t o r t i o n  of t h e  t ube  is  

cons ide red  a  h inge ,  The bending experiments  were des igned t o  

produce a  h inge  oy a  pure  moment a p p l i e d  about  a  p r i n c i p a l  a x i s  

-1- 



of t h e  c r o s s - s e c t i o n ,  w i t h  s e p a r a t e  expe r imen t s  f o r  t h e  "st:rong" 

and "weaku a x e s .  Toi?s iona l  h i n g e s  were produced 'by a  p u r e  

c o u p l e ,  w i t h  a  c e n t e r  of  r o t a t i o n  a t  t h e  s p e c i m e n ' s  ~ e o m e t r i c  

c e n t e r .  

Each t h i n - w a l l e d  specimen was i n t e r n a l l y  s u p p o r t e d  

by a  p a i r  of  c l o s e - f i t t i n g  p l u g s .  These i n t e r n a l  p l u g s :  

1 )  p r e v e n t e d  c o l l a p s e  of t h e  c r o s s - s e c t i o n  

a t  t h e  g r i p s  o f  t h e  f i x t u r e s  

2 )  c o n f i n e d  t h e  h i n g e  t o  a  l o c a l  r e g i o n  

3)  c e n t e r e d  t h e  h i n g e  a long  t h e  specimen l e n g t h  

f o r  e a s e  of  o b s e r v a t i o n  and t o  m a i n t a i n  

symmetry f o r  t h e  bending  t e s t s .  

A t  f i r s t ,  when s h o r t  i n t e r n a l  p l u g s  were used ,  i t  was found t h a t  

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

a f t e r  t h e  e n t i r e  l e n g t h  of t h e  specimen had become p l a s t i c .  T h i s  

was due t o  a  un i form s t r e s s  f i e l d .  I n v e s t i g a t i o n  o f  a c t u a l  au to -  

mob i l e  a c c i d e n t s  show many l o c a l i z e d  h i n g e s  and no uni form 

bending  o r  t w i s t i n g .  Because of  t h i s ,  t h e  concep t  o f  e x t e n d i n g  

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

was c o n c e i v e d .  The p l u g s  were p l a c e d  t o  a l l o w  a  f r e e - s t a n d i n g  

t h i n - w a l l e d  t u b e  f o r  a  d i s t a n c e  of 2-1/2h i n  t h e  c e n t e r  o f  t h e  

spec imen.  

Each of t h e  expe r imen t s  was d i s p l a c e m e n t - c o n t r o l l e d  t o  

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

l o a d i n g .  S o f t e n i n g  o c c u r r e d  i n  a  marked manner i n  t h e  bending  

and t o r s i o n  tests due  t o  c o l l a p s e  o f  t h e  t u b e  c r 3 s s - s e c t i o n .  



A t o t a l  of 88  h i n g e  t e s t s ,  3 b u c k l i n g  t e s t s ,  and 2 

combined t e s t s  were c a r r i e d  o u t .  O f  t h e  h i n g e  t e s t s ,  22 were e x t e n -  

s i o n a l ,  42  were bend ing ,  and 24 were t o r s i o n a l .  Of t h e s e  

same 88  h i n g e  t e s t s ,  79 i n v o l v e d  s t e e l  spec imens  and 1 8  i n v o l v e d  

aluminum. These  were  t h e  o n l y  m a t e r i a l s  t e s t e d .  The s t e e l  was 

a u t o m o t i v e  g r a d e  1018  low-carbon s t e e l .  The aluminum was 6063,  

e x t r u d e d ,  i n  a  T52 c o n d i t i o n .  The e x t e n s i o n  tests  gave  s t e e l  

u l t i m a t e  s t r e n g t h s  o f  app rox ima te ly  61000 p s i  and  aluminum 

u l t i m a t e  s t r e n g t h s  n e a r  25 ,000  p s i .  

An 8 - c h a r a c t e r  t i t l e  i s  g i v e n  f o r  e a c h  expe r imen t  a c c o r d i n g  

t o  t h e  f o l l o w i n g  scheme: 

B X 30 1 0  U b l  

Type o f  t u b i n g ,  M mechan ica l  s t e e l ,  A aluminum 

t h i c k n e s s  of  w a l l  a c c o r d i n g  t o  a s e p a r a t e  
l e t t e r  code ( T a b l e  1) 

w i d t h  of  t u b e  i n  t e n t h s  o f  i n .  

h e i g h t  of  t u b e  i n  t e n t h s  o f  i n .  

L a x i s  about  which bending  o r  t o r s i o n  t a k e s  p l a c e ,  
o r  A f o r  a x i a l ,  B f o r  b u c k l i n g  o r  C f o r  combined 
l o a d i n g  

L t y p e  of c r o s s - s e c t i o n ;  B box,  C channe l  

The a x i s  sys t em is i n d e p e n d e n t l y  d e f i n e d  s o  t h a t  t h e  x a x i s  is  

t h e  major  p r i n c i p a l  a x i s  ( I x x  > I ) T h i s  makes t h e  d i s t i n c t i o n  - YY 
between h e i g h t  and w i d t h  i n  t h e  above code i r r e l e v a n t ;  h e i g h t  i s  

t a k e n  t o  b e  t h e  l a r g e r  of t h e  two numbers e x c e p t  f o r  t h e  c a s e  o f  

bending  abou t  t h e  "weak" Y a x i s  ( r e t a i n i n g  t h e  p h y s i c a l  meaning 

of h e i g h t  and w i d t h  o f  t h e  bending  specimen as i t  i s  a c t u a l l y  

t e s t e d  i n  t h e  t e n l r n g  f i x t u r e . )  The t i t l e  o f  e a c h  expe r imen t  



i s  c a r r i e d  i n  a l l  d e s c r i p t i o n s  o f  t h e  expe r imen t  and is au to-  

m a t i c a l l y  e n t e r e d  by t h e  computer  on e a c h  p l o t  s o  t h a t  there 

c a n  be no mixup o f  c a s e s  by human e r r o r .  

Because  o f  t h e  l a r g e  number o f  t e s t s ,  i t  was i m p o r t a n t  

t o  a u t o m a t i c a l l y  s t o r e , r e d u c e  and p l o t  t h e  d a t a .  The p r imary  

s t o r a g e  method was punched c a r d s .  Computer d a t a  r e d u c t i o n  was 

done  w i t h  a ser ies  of  programs which t e r m i n a t e d  i n  t a b u l a r  d a t a  

and  i n  Calcomp p l o t s  o f  moment-angle and  f o r c e - d i s p l a c e m e n t s  

r e l a t i o n s .  All h i n g e  d a t a  i s  p r e s e n t e d  i n  t e r n s  of moment 

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

h a l f - a n g l e  ( h a l f - d i s p l a c e m e n t )  i s  t h e  r e l e v a n t  q u a n t i t y  fol*  an 

i n t e r i o r  h i n g e  i n  The U n i v e r s i t y  of  Michigan computer  s i m u l a t i o n .  

Each t e s t  was c a r r i e d  t o  d i s p l a c e m e n t s  a s  l a r g e  a s  

p r a c t i c a l .  The  ending h i n g e  h a l f  a n g l e s  t y p i c a l l y  exceeded  45O.Tor- 

s i o n a l  tests were c a r r i e d  t o  90" .  E x t e n s i o n a l  t e s t s  were  

c a r r i e d  t o  f r a c t u r e  o f  t h e  spec imen .  Buck l ing  t e s t s  were  con- 

t i n u e d  u n t i l  i n t e r f e r e n c e  be tween  specimen and machirie o c c u r r e d ,  

and combined l o a d i n g  t e s t s  were c a r r i e d  t o  t h e  maximum 

machine  s t r o k e .  

1.1 EXTENSIONAL H I N G E  

E x t e n s i o n a l  h i n g e  t e s t s  were  done f o r  s t e e l  and aluminum 

t h i n - w a l l e d  beams i n  a  T i n i u s  O l sen  3G0,009 l b  U n i v e r s a l  T e s t  

Machine,  The spec imen d imens ions  a r e  shown i n  F i g .  1 ,  where t h e  

spec imen l e n g t h ,  unsuppored  s e c t i o n  l e n g t h  and t h e  gage  l e n g t h  

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

d imens ion  h .  
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I 1 I PLUG 

F i g .  1. E x t e n s i o n a l  h i n g e  spec imen.  

The p l u g s  used  were  a t  f i r s t  d e s i g n e d  t o  be e n t i r e l y  wood, 

b u t  were changed t o  s t e e l  w i t h i n  t h e  g r i p  a r e a .  I t  was found 

t h a t  t h e  wedging a c t i o n  of  s e r r a t e d  g r i p s  i n  t h e  t e s t  machine 

caused  v e r y  l a r g e  compres s ive  s t r e s s e s  on t h e  c r o s s - s e c t i o n  w i t h i n  

t h e  g r i p s .  

The i n s t r u m e n t a t i o n  c o n s i s t e d  of  a d i a l  gage  mounted 

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

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

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

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

specimen ( F i g .  2 ) .  T h i s  e l a s t i c  e f f e c t  was removed from t h e  

F i g .  2 .  E c c e n t r i c  a x i a l  loAding 
o n  e x t e n s i o n a l  c h a n n e l  spec imen.  



e x p e r i m e n t a l  d a t a  by a c c o u n t i n g  f o r  t h e  d i s t a n c e  between . the 

a x i a l  l o a d  and  t h e  e l a s t i c  a x i s ,  a s  w e l l  a s  t h e  o f f s e t  between 

d i a l  gage  p o s i t i o n  (on  t h e  g e o m e t r i c  a x i s )  and t h e  e l a s t i c  a x i s .  

The t e s t s  p roceeded  g e n e r a l l y  a s  e x p e c t e d .  The 

spec imens  f i r s t  deformed e l a s t i c a l l y ,  f o l l o w e d  by a  p l a s t , i c  m a t e r i a l  

d e f o r m a t i o n  ;nd t h e n  by a  n o n l i n e a r  c o l l a p s e  of  t h e  c r o s s - s e c t i o n  

i n  a  "necking" mode. T h i s  c o n s i s t e d  t y p i c a l l y  of  t h e  c r o s s - s e c t i o n  

becoming s m a l l e r ,  i . e .  t h e  w a l l s  moving inward toward t h e  a x i s .  

F a i l u r e  of  t h e  specimen was o f t e n  a  c r a c k  a p p e a r i n g  on t h e  welded 

f a c e  o f  t h e  t u b e ,  i n  a  v-shaped p a t t e r n .  ( F i g .  3 ) .  B e f o r e  t h i s  

f r a c t u r e  o c c u r r e d ,  L u d e r ' s  l i n e s  ( s l i p  l i n e s )  c o u l d  b e  s e e n  con- 

v e r g i n g  i n  an x s h a p e  a t  t h i s  p o i n t .  

" V "  SHAPED CRACK / 
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F i g .  3 .  F a i l u r e  mode of  box s e c t i o n  i n  t e n s i o n .  

R e s u l t s  f o r  a l l  e x t e n s i o n a l  h i n g e  tests a r e  g i v e n  i n  

Appendix B.  I n  e a c h  c a s e ,  t h e  s m a l l  s t r a i n  r e g i o n  is f i r s t  g i v e n  

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

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



A l l  of  t h e  bending  t e s t s ;  were c a r r i e d  o u t  i n  a  s p e c i a l l y  

made f o u r - p o i n t  l o a d i n g  f i x t u r e  i n s t a l l e d  i n  a  120 ,000  1.b 

c a p a c i t y  T i n i u s  Olsen  U n i v e r s a l  T e s t i n g  Machine, ( F i g u r e s  4 & 5 ) .  

Because of  t h e  weight  of t h e  f i x t u r e ,  it was p l a c e d  i n  a hang ing ,  

r a t h e r  t h a n  an u p r i g h t  c o n f i g u r a t i o n ,  i . e . ,  t h i s  f i x t u r e  i s  

u p s i d e  down from a  s m a l l e r  f i x t u r e  u sed  f o r  1" t u b i n g  used  i n  

1974. 

A t o t a l  of  42 bending  t e s t s  were c a r r i e d  o u t ,  i n c l u d i n g  

bending  abou t  b o t h  s t r o n g  and weak p r i n c i p a l  a x e s .  Each s p e c i -  

men t e s t e d  was 6 '  l o n g  and used  wooden i n t e r n a l  p l u g s  t o  s u p p o r t  

t h e  c r o s s - s e c t i o n  a t  t h e  p o i n t  of l o a d  a p p l i c a t i o n  and t o  l o c a l i z e  

t h e  h i n g e  i n  t h e  c e n t e r  of t h e  f i x t u r e  t o  r e t a i n  o v e r a l l  symmetry. 

I n  a l l  c a s e s ,  a n  unsuppor t ed  s e c t i o n  2-1/2h a t  t h e  c e n t e r  o f  t h e  

span  was m a i n t a i n e d  ( F i g .  6 ) .  
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F i g .  6 .  Gending h i n s e  specimen.  

Two major  problems had t o  b e  overcome i n  t h e  c o u r s e  o f  

t h e  e x p e r i m e n t .  The f i r s t  was t h e  d i s t o r t i o n  of t h e  e n t i r e  f i x -  

t u r e  when bending  of a  channe l  abou t  t h e  s t r o n g  a x i s  was a t t e m p t e d .  

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





unsymmetric n a t u r e  of t h e  h i n g e  ( F i g u r e s  7 & 8 ) .  The s o l u t i o n  

was t o  e l i m i n a t e  any s l a c k  i n  t h e  sys t em by t i g h t e n i n g  up f i x t u r e  

b e a r i n g s  and by i n s t a l l i n g  spec imens  more p e r f e c t l y ;  t h i s  p r o c e d u r e  

worked w e l l  enough t o  a l l o w  t e s t i n g  of t h e  l a r g e s t  c h a n n e l s  which 

c o u l d  b e  i n s t a l l e d .  A second problem was development o f  a 

g r a v i t a t i o n a l  c o r r e c t i o n  t o  t h e  d a t a .  The weight  o f  t h e  f i x t u r e s  

p r o v i d e d  a  dead l o a d  on t h e  specimen which was n o t  n e g l i g i b l e  

f o r  t h e  s m a l l e r  spec imens .  A f t e r  weighing  and measu r ing  a l l  

f i x t u r e  members c a r e f u l l y ,  t h e  computer program f o r  r e d u c i n g  beam 

bending  d a t a  was m o d i f i e d  t o  i n c l u d e  a  g r a v i t a t i o n a l  c o r r e c t i o n .  

T h i s  was n o t  a  t r i v i a l  p i e c e  of s t a t i c s  t o  work o u t ;  t h e r e  a r e  

10 c o r r e c t i o n  terms t h a t  modify t h e  moment o b t a i n e d  from t h e  l i v e  

l o a d .  

The weak a x i s  bending  tests f o r  channe l  c o u l d  have p u t  

t h e  f r e e  edge  o f  t h e  c r o s s - s e c t i o n  i n  t e n s i o n  o r  i n  compress ion .  

To o b t a i n  a  t t c l e a n e r "  d e s c r i p t i o n  o f  t h e  problem and t o  be less  

s e n s i t i v e  t o  specimen i m p e r f e c t i o n s  (which a f f e c t  c r i p p l i n g ) ,  i t  

was d e c i d e d  t o  t e s t  w i t 1 1  t h e  f r e e  edge i n  t e i l s i o n ,  a s  i n  F i g .  9 .  

An a d d i t i o n a l  c a s e  was t e s t e d  w i t h  t h e  f r e e  edge i n  compress ion ,  

and i t s  c h a r a c t e r i s t i c s  were s i m i l a r ,  b u t  w i t h  more r a p i d  c o l l a p s e  

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

Bending t e s t s  f o r  t h e  box s e c t i o n s  were w e l l  behaved and 

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

by some m a t e r i a l  s o f t e n i n g ,  and t h e n  by l a r g e - s c a l e  c o l l a p s e  of  

t h e  c r o s s - s e c t i o n  and r a p i d  s o f t e n i n g .  F i g .  1 6  shows a  s q u a r e  hox 

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

R e s u l t s  f o r  a l l  bending  h i n g e  t e s t s  a re  g i v e n  i n  Appendix B 

Tests were  t y p i c a l l y  c a r r i e d  o u t  t o  p l a s t i c  h a l f - a n g l e s  n e a r  45". 



F i g .  7 .  Channel s e c t i o n  a f t e r  
bending about  s t r o n g  a x i s .  i 
( F i r s t  v iew) .  

Pig. 8.  Channel s e c t i o n  a f t e r  
bending about  s t r o n g  a x i s .  j 
(Second view) .  I 

I 



F i g .  9 .  Channel sec t ion  a f t e r  I 
I bending about weak ax i s .  ; 

Free edge i n  tension.  i 

?ig. 10.  Square box sec t ion  
a f t e r  bending t e s t .  



1 . 3  TORSIONAL HINGE 

T o r s i o n a l  h i n g e  tests were c a r r i e d  o u t  i n  a  120 ,000  i n .  

l b .  c a p a c i t y  R i e h l e  t o r s i o n e l  t e s t  machine.  S p e c i a l  f i x t u r e s  

were used  t o  g r i p  t h e  ends  o f  t h e  beams t o  a p p l y  t h e  f o r c e  

un i fo rmly  o v e r  t h e  clamped e n d s .  A t o t a l  of  24 s t e e l  and 

aiuminum spec imens  we]-e t e s t e d .  Each had d imens ions  i d e n t i c a l  

t o  t h e  e x t e n s i o n a l  spec imens ,  e x c e p t  t h a t  t h e  p l u g  i n s e r t s  f o r  

t o r s i o n  were e n t i r e l y  wood. The s h e a r i n g  motion d i d  n o t  c r u s h  

t h e  end s e c t i o n ,  t h e r e f o r e  t h e  s t ee l  i n s e r t  was n o t  r e q u i r e d .  Most 

t e s t s  were c a r r i e d  o u t  t o  180' t o t a l  r o t a t i o n ,  s i n c e  i t  was l i t t l e  

a d d i t i o n  t r o u b l e  t o  p roceed  beyond 90" once t h e  t e s t  was underway. 

( I t  is r e a l i z e d  t h a t  few au tomot ive  a c c i d e n t s  w i l l  c a u s e  t o r -  

s i o n a l  h i n g e s  a s  l a r g e  a s  180"  . )  

An i n t e r e s t i n g  fundamenta l  problem which had t o  b e  

r e s o l v e d  a t  t h e  o u t s e t  of  channe l  t o r s i o n a l  t e s t s  concerned  t h e  

a p p r o p r i a t e  a x i s  abou t  which t o  t w i s t  t h e  beam t o  ve ry  l a r g e  ro-  

t a t i o n s .  A t  f i r s t ,  i t  was assumed t h a t  t h e  e l a s t i c  s h e a r  c e n t e r  

would b e  u s e d ,  and one  specimen was s o  t e s t e d .  Although t h i s  

a x i s  h a s  a  un ique  and u s e f u l  meaning i n  t h e  s m a l l  d e f l e c t i o n  

r a n g e ,  one  tes t  conv inces  t h e  r e s e a r c h e r  t h a t  t h e  c e n t e r  o f  

twist is mean ing le s s  a t  v e r y  l a r g e  r o t a t i o n s ,  and i n d e e d  c a u s e s  

e x t r e m e l y  l a r g e  s h e a r  forces - -a lmos t  enough t o  throw t h e  t o r s i o n  

machine o f f  i t s  p e d e s t a l !  One conc ludes  t h a t  t h e  best a x i s  

t o  u s e  f o r  v e r y  l a r g e  r o t a t i o n s ,  if one  w i s h e s  t o  emphasize  

p l a s t i c ,  t o r s i o c a l  e f f e c t s ,  is t h e  geomet r i c  c e n t e r  of t h e  c r o s s -  

s e c t i o n .  I f  t h i s  i s  u s e d ,  a  f u l l  180" r o t a t i o n  c a u s e s  v-hat one  

normal ly  e x p e c t s  t o  s e e  i n  a p u r e  t w i s t i n g  s i t u s t l o n .  Fu r the rmore ,  

-12- 



u l t i m a t e  t o r q u e  about  t h i s  a x i s  is  s u b s t a n t i a l l y  lower  t h a n  

about  t h e  s h e a r  c e n t e r  o r  t h e  c e n t r o i d a l  ( a r e a  " c e n t e r  of g r a v i t y " )  

a x i s .  T o r s i o n a l  e f f e c t s  a r e  masked by e x t r a n e o u s  s h e a r i n g  e f f e c t s  i n  

t h e  l a t t e r  two c a s e s .  

F a i l u r e  o f  t h e  specimens was r a t h e r  p r e d i c t a b l e .  The box 

s e c t i o n s  twist i n t o  a t a f f y - l i k e  mode a s  s een  i n  F i g .  11. The 

h inge  i s  r a t h e r  l o c a l ,  o f t e n  i n i t i a t i n g  nea r  one  i n t e r n a l  p l u g ,  

b u t  n o t  e x t e n d i n g  a s  f a r  a s  t h e  second p l u g .  ( I f  t h e  h inge  had 

been "captured"  between t h e  p l u g s ,  t h e  h inge  would have been 

c o n s i d e r e d  c o n s t r a i n e d  and t h e  p l u g  s p a c i n g  of 2 -1 /2h  would have 

been opened t o  a l l o w  a  l onge r  unsuppor ted  s e c t i o n . )  The channel  

s e c t i o n s  f o l d e d  a s  i n  F i g .  1 2 .  T h i s  h inge  d i d  n o t  have a x i a l  

symmetry o r  skew symmetry, b u t  r a t h e r  was a lways e c c e n t r i c .  A f i r s t  

f o l d  l i n e  was dominant i n  t h e  p r o c e s s  ( F i g .  1 3 )  and was fo l lowed 

by two secondary  f o l d  l i n e s .  

PRIMARY FOLD LlNE 
/ ,SECONDARY FOLD LlNE 

F i g .  1 3 .  T o r s i o n a l  h inge  fo rma t ion  
i n  a channel  specimen.  

T e s t s  f o r  s e v e r a l  o f  t h e  alumi.num t o r s i o n a l  specimens were t e r -  

mina ted  p rema tu re ly  becausc  of c r a c k s  a t  s t r e s s  c o n c e n t r a t i o n s  

where t h e  w a l l  t h i c k n e s s  had been machined t o  t : ~ e  p r o p e r  amount. 



F i g .  11. T o r s i o n a l  h i n g e  i n  t h i n  1 
walled box beam. 1 

I 
g .  1 2 .  T o r s i o n a l  h i n g e  i n  t!:.in ; 

wal led  c h a n n e l  beam. ! 
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I t  i s  i n t e r e s t i n g  t h a t  t h e  aluminum was more b r i t t l e  t h a n  t h e  

low c a r b o n  s t e e l  and was much more s e n s i t i v e  t o  c r a c k i n g .  

R e s n l t s  f o r  t h e  t o r s i o n a l  tests are  p r e s e n t e d  i n  

Appendix B .  



3 .  IRTERACTION TESTS 

3 .1  BUCKLING TEST 

I n  o r d e r  t o  v e r i f y  t h e  s i m u l a t i o n  program, t h e  c a s e  of 

b u c k l i n g  was s t u d i e d .  Buckl ing  t e s t s  must b e  done on spec imens  

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

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

s t r u c t u r e .  The spec imens  were  t h e r e f o r e  t e s t e d  i n  compression 

w i t h  an i n i t i a l  a n g l e  o f  i n c l i n a t i o n  of  5 "  from t h e  v e r t i c a l ,  

and w i t h  r i g i d l y  f i x e d  e n d s .  The t e s t  used  t h e  T i n i u s  Olsen  

120 ,000  l b  U n i v e r s a l  T e s t  biachine ( F i g .  1 4 ) .  

MOVEABLE CROSS HEAD 
///////////////// 

F i g .  1 4 .  Buck l ing  t e s t ,  

T h r e e  spec imens  were t e s t e d ,  a 3" x 2" x 0.1155" box 

s e c t i o n ,  a  3" x 1" x 0.1185" channe l  s e c t i o n  and a  4" x 1-112" x 

0.1135" c h a n n e l .  I t  was a n t i c i p a t e d  t h a t  e a c h  of t h e  spec imens  

would b u c k l e  w i t h  h i n g e s  a t  t h e  upper  and lower  ends  and a  t h i r d  

i n  t h e  m i d d l e .  T h i s  was n o t  t h e  c a s e  f o r  t h e  s t i f f e r  two s e c t i o n s ,  

a s  can b e  s e e n  from a s k e t c h  of  e l a s t i c  de fo rma t ion  p r i o r  t o  

b u c k l i n g  ( F i g .  1 5 ) .  
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. . .  

F i g .  1 5 .  E l a s t i c  de fo rma t ion  p r i o r  
t o  h inge  f o r m a t i o n .  

I n  f a c t ,  t h e  e l a s t i c  mode which e x i s t e d  p r i o r  t o  b u c k l i n g  ( and  

which was c l e a r l y  v i s i b l e  d u r i n g  t h e  t e s t )  had z e r o  moment a t  

t h e  middle  o f  t h e  beam, and t h e  i n t e r i o r  h i n g e  formed some d i s -  

t a n c e  from t h e  midd le ,  pe rhaps  a t 4 0 %  of  t h e  l e n g t h .  The s m a l l e r  

channe l  s e c t i o n ,  however, was r e l a t i v e l y  weak i n  bending  compared 

t o  a x i a l  s t i f f n e s s ,  and e x h i b i t e d  symmetr ic  e l a s t i c  de fo rma t ion  

b e f o r e  b u c k l i n g  w i t h  an e v e n t u a l  h i n g e  c l o s e r  t o  t h e  c e n t e r  of  t h e  

beam. L0a.d-def lect ion c u r v e s  a r e  g iven  i n  F i g u r e s  1 6  t o  1 8 , w i t h  

s k e t c h e s  o f  t h e  l o c a t i o n  of t h e  h i n g e s .  

I n  r e t r o s p e c t ,  because  of t h e  h igh  a x i a l  s t i f f n e s s  of  

t h e  members, i t  is f e l t  t h a t  t h e  5' a x i a l  i m p e r f e c t i o n  was n o t  

l a r g e  enough. The problem was t h a t  t h e  beams were  s o  s t i f f  i n  

t h e  a x i a l  d i r e c t i o n  t h a t  r e l a t i v e l y  minor changes  i n  e l a s t i c i t y  

of  t h e  s u p p o r t s  had major  e f f e c t s  on t h e  r e s u l t s .  I n  s h o r t ,  t h e  

s i t u a t i o n  is e x p e r i m e n t a l l y  i m p e r f e c t i o n  s e n s i t i v e ,  a s  w e l l  as 

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



DEFLECTION 8 ,  in 
F i g .  16. Load-deflection curve 

f o r  a box b e a m  in 

--- - - -  b u c k l i n g . B B  - - .- - 3020UM - - 
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DEFLECTION 8 , in. 
Fig. 17. Load-deflection relation 

for a channel column in 
buckling. CB 3 0 1 0 ~ ~  _ _ -  - 



DEFLECTION 8 ,  in. 
P i g .  18.  L o a d - d e f l e c t i o n  r e l a t i o n  

for a c h a n n e l  beam-column 
i n  b u c k l i n g .  CB 4015TM 



are g i v e n  i n  F i g .  20. The c a b l e  e x t e n d s  f rom a p o i n t  d i r e c t l y  
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F i g .  20.  Dimensions of combined . load  f i x t u r e .  

o v e r  t h e  r o o t  s e c t i o n ,  and h a s  a l e n g t h  of 64 3/16" from p i v o t  

t o  p i v o t .  The u n i v e r s a l  j o i n t  a t  t h e  t i p  of  t h e  r i g i d  b a r  is 

1-118" above t h e  c e n t e r l i n e  of t h e  spec imen.  

The c a b l e  used  was made from a p a i r  o f  c a b l e s  p r e v i o u s l y  

used  i n  1975 f o r  i s m a l l e r  s c a l e  combined l o a d  s t u d y .  I n t h e  c u r r e n t  

t e s t ,  t h e  c a b l e s  were  p u t  i n  s e r i e s  (end-to-end)  t o  g i v e  t h e  re- 

q u i r e d  l e c g t h .  The s p r i n g  c o n s t a n t  was 2913 l b / i n ,  measured from 

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



S t e e l  p l u g s  were used  t o  s u p p o r t  t h e  r o o t  c r o s s - s e c t i o n  

and t h e  t i p  c r o s s - s e c t i o n .  These p l u g s  were t a k e n  from t h e  

t e n s i l e  expe r imen t .  The c r o s s  s e c t i o n  a long  t h e  e n t i r e  l e n g t h  

of  t h e  beam was unsuppor t ed .  The h i n g e  was a n t i c i p a t e d  t o  form 

a t  t h e  r o o t .  

R e s u l t s  a r e  i n  t h e  form of  l o a d - d e f l e c t i o n  c u r v e s  and 

i n  o b s e r v a t i o n s  o f  t h e  h inge  f o r m a t i o n .  The channe l  specimen 

( F i g .  22)  was e x t r e m e l y  f l e x i b l e  and underwent l a r g e  e l a s t i c  

t o r s i o n a l  motion abou t  t h e  beam a x i s  ( p e r h a p s  45' ) b e f o r e  any 

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

o v e r a l l  t e s t ,  s i n c e  t h e  t h e o r y  t o  be conf i rmed i n c l u d e s  l a r g e  

e l a s t i c  d e f o r m a t i o n .  I t  d i d ,  however, r e q u i r e  alr.iost 2 1 3  of  t h e  

a v a i l a b l e  s t r o k e  of  t h e  c r o s s h e a d  j u s t  t o  t r a v e r s e  t h e  e l a s t i c  

r e g i o n  and d i d  n o t  a l l o w  t h e  t e s t  t o  p roceed  a s  f a r  a s  hoped i n t o  

t h e  p l a s t i c  r e g i o n .  The l o a d  was r e l a t i v e l y  low d u r i n g  t h e  e n t i r e  

t e s t .  Hinge f o r m a t i o n  was unexpec ted  i n  t h a t  a  minor h inge  

formed a t  t h e  t i p  o f  t h e  beam p r i o r  t o  t h e  h i n g e  a t  t h e  r o o t !  

A l so ,  because  of  t h e  a lmos t  9 0 "  r o t a t i o n  of t h e  beam t i p  a t  t h a t  

p o i n t ,  t h e  t i p  h i n g e  was a  bending  h i n g e  about  t h e  s t r o n g  a x i s .  

A r o o t  h i n g e  formed t h e r e a f t e r  and dominated a t  h i g h e r  l o a d s .  

The s m a l l  amount of  h i n g i n g  a t  t h e  t i p  i s  f e l t  t o  b e  a very  

d e l i c a t e  phenomenon and is  c e r t a i n l y  a  burden f o r  a  t h e o r e t i c a l  

model t o  p r e d i c t .  

The box s e c t i o n  ( F i g .  23 )  h a s  a  l o a d - d e f l e c t i o n  r e l a t i o n  

s i m i l a r  t o  t h a t  f o r  a  beam i n  p u r e  bending .  A r a t h e r  h igh  u l t i m a t e  

l o a d  was r e a c h e d ,  n i t h  r a p i d  drop  i n  l o a d  as a  h inge  formed a t  



t h e  r o o t  o f  t h e  spec imen.  The s h a p e  of t h e  h i n g e  resembled  a  

bend ing  h i n g e ,  b u t  w i t h  a f o l d  l i n e  p e r p e n d i c u l a r  t o  t h e  pro-  

j e c t i o n  o f  t h e  c a b l e  a x i s  ( F i g .  2 1 ) .  A f t e r  d a t a  a n a l y s i s ,  i t  

became a p p a r e n t . t h a t  t h e  beam had c a r r i e d  h i g h e r  bend ing  moments 

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

bend ing  and t h a t  t h e r e  was some f a v o r a b l e  i n t e r f e r e n c e  between 

t h e  two modes o f  f a i l u r e .  The s i g n i f i c a n c e  of  t h i s  e f f e c t  is  

F i g .  21.  O r i e n t a t i o n  o f  h i n g e  l i n e  f o r  box beam 
under  combined bending  and t o r s i o n .  

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

/' 
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s e c t i o n ,  seems t o  f a v o r  a  T r e s c a  t y p e ,  r a t h e r  t h a n  a von lfises 

n - 
0 - 
E 

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

3 . 3  COMPARISON OF SIMULATION 
AND EXPERI?!lENTAL RESULTS 

For  each  o f  t h e  t h r e e  b u c k l i n g  t e s t s  and two combined 

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

m a t e r i a l  p r o p e r t i e s  and h i n g e  d a t a  o b t a i n e d  i n  t h e  t es t  program.  

A s  d i s c u s s e d  above t h e  b u c k l i n g  t e s t s  mere d e s i g n e d  w i t h  a  f i v e  

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

p r e d i c t e d  f a i l u r e  5 y  un i fo rm a x i a l  p l a s t i c  f l ow  o v e r  t h e  e n t i r e  

column. An a n a i y t l s a l  s o l u t i o n  u s i n g  E u l e r  bean  t h e o r y  con f i rmed  
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t h e  s i m u l a t i o n  p r e d i c t i o n ,  i . e .  t h e  5" o f f s e t  d i d  n o t  i n t r o d u c e  

any bending  p r i o r  t o  o v e r a l l  y i e l d i r ~ g .  Thus t h e  e x p e r i m e n t a l  

b e h a v i o r  is  due t o  i n i t i a l  i m p e r f e c t i o n s  i n  t h e  specimen i t s e l f ,  

and t h e  expe r imen t ,  d e s p i t e  o u r  o f f s e t  d e s i g n ,  is i m p e r f e c t i o n  

s e n s i t i v e .  

To model t h i s  an i n i t i a l  d e v i a t i o n  from s t r a i g h t n e s s  

was assumed. The column was t a k e n  a s  two s t r a i g h t  l i n e  segments  

r o t a t e d  from t h e  s t r a i g h t  c o n f i g u r a t i o n  by an  a n g l e  Bo .  The 

s i m u l a t i o n  r e s u l t s  f o r  t h e  channe l  s e c t i o n s  f o r  O0 e q u a l  t o  one  

d e g r e e  a r e  shown i n  F i g s .  24 and 25. The peak  l o a d s  were abou t  

20% h i g h ,  b u t  t h e  q u a l i t a t i v e  b e h a v i o r  i s  q u i t e  good. The c r o s s  

s e c t i o n  c o l l a p s e  i n  t h e  exper iment  i s  more r a p i d ,  b u t  t h e  simu- 

l a t i o n  shows s i m i l a r  b e h a v i o r .  C l o s e r  q u a n t i t a t i v e  agreement  cou ld  

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

a c t u a l  i m p e r f e c t i o n s  a r e  unknown and o u r  s t r a i g h t - l i n e  model is 

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

s i g n i f i c a n t .  We b e l i e v e  t h e  r e s u l t s  shown i n d i c a t e  t h a t  t h e  

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

s y s t e m s .  

The r e s u l t s  f o r  t h e  box s e c t i o n  shown i n  F i g u r e  26 are 

n o t  a s  s a t i s f a c t o r y .  For an i n i t i a l  i m p e r f e c t i o n  of  one  d e g r e e ,  

t h e  peak l o a d  is about  12% h i g h .  Buth t h e  c o l l a p s e  o f  t h e  c r o s s  

s e c t i o n  i s  much s h a r p e r  i n  t h e  exper iment  t h a n  i n  t h e  s i m u l a t i o n .  

To see i f  t h e  d i s c r e p a n c y  is due t o  e l a s t i c i t y  of  t h e  b a s e  

s u p p o r t ,  it was m ~ d e l e d  by a  s p r i n g  and t h e  s i m u l a t i o n  e x e r c i s e d  

f o r  two v a l u e s  o f  s t i f f n e s s  t h a t  b r a c k e t  t h e  low d e f l e c t i o n .  

I t  is c l e a r  f rom t h e  r e s u l t s  t h a t  t h e  s u p p o r t  e l a s t i c i t y  i s  n o t  a 

s i g n i f i c a n t  f a c t o r .  



The main d i f f e r e n c e  between t h e  box and c h a n n e l  

s e c t i o n  i s  t h e  bend ing  s t i f f n e s s  o f  t h e  box is much l a r g e r  

compared t o  t h e  a x i a l  s t i f f n e s s  t h a n  i n  t h e  c h a n n e l  s e c t i o n .  

Thus t h e  a c t u a l  bending  moments a t  y i e l d  may b e  more s e n s i t i v e  

t o  t h e  e l a s t i c  d i s p l a c e m e n t s .  An a n a l y s i s  of t h e  s i m u l a t i o n  

i n d i c a t e s  t h a t  t h e  bending  moment remained  i n  t h e . h a r d e n i n g  

r e g i o n  u n t i l  abou t  2 i n c h e s  of  c r u s h ,  i . e .  p l a s t i c  r o t a t i o n s  were 

accumula t i ng  much s lower  i n  t h e  s i m u l a t i o n  t h a n  i n  t h e  t e s t .  

T h i s  i s  p r i m a r i l y  due t o  t h e  r e l a t i v e l y  s m a l l  v a l u e  o f  t h e  moment 

a t  i n i t i a l  y i e l d .  The t e s t  shows t h a t  i n  t h e  s m a l l  d e f l e c t i o n  

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

d i c t e d .  The g r e a t e r  t e s t  d i s p l a c e m e n t  i m p l i e s  a  g r e a t e r  magni- 

f i c a t i o n  o f  t h e  i n i t i a l  i m p e r f e c t i o n .  Because o f  t h e  l a r g e  

bend ing  s t i f f n e s s  t h i s  c o u l d  g i v e  a much more r a p i d  accumula t i on  

of p l a s t i c  r o t a t i o n  a t  y i e l d .  We have n o t  been  a b l e  t o  i d e n t i f y  

t h e  s o u r c e  of  t h e  r educed  s t i f f n e s s  i n  t h e  e x p e r i m e n t ,  a l t h o u g h  

r e d u c t i o n  o f  t h e o r e t i c a l  a x i a l  s t i f f n e s s  is  a  common e x p e r i n e n t a l  

p rob lem.  Whether t h i s  r e d u c t i o n  can  accoun t  f o r  t h e  d i s c r e p a n c y  

is  s p e c u l a t i v e ,  b u t  s h o u l d  be e x p l o r e d  b e f o r e  d e f i n i t i v e  con- 

c l u s i o n s  can  be  r e a c h e d .  

A comparison of  p r e d i c t e d  and e x p e r i m e n t a l  r e s u l t s  f o r  

t h e  combined l o a d  c h a n n e l  t e s t  is  shown i n  F i g .  27.  I n  t h e  

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

The o r i g i n  of  t h e  s i m u l a t i o n  was t a k e n  a t  t h e  p o i n t  t h e  o u t e r  arm 

was o b s e r v e d  l e v e l  i n  t h e  e x p e r i m e n t .  T h i s  is  n o t  e x a c t l y  c o r r e c t  

s i n c e  a t  t h i s  p o i n t  i n  t h e  exper iment  t h e  sys t em is n o t  i n  an  



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

sys tem underwent l a r g e  e l a s t i c  d e f o r i a t i o n s  b e f o r e  t h e  o n s e t  

of p l a s t i c i t y .  Y ie ld ing  d i d  n o t  occu r  u n t i l  abou t  30 i n c h e s  

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

S i m u l a t i o n  r e s u l t s  and experiment  a r e  i n  q u i t e  good 

agreement .  During t h e  n o n l i n e a r  e l a s t i c  r ange  t h e  s i m u l a t i o n  

is  t o o  s t i f f .  I t  shou ld  b e  no ted  however t h a t  o n l y  a  s i n g l e  

e lement  was used. t o  model t h e  40 i n c h  specimen.  The o n s e t  of  

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

p r e d i c t e d .  

The r e s u l t s  f o r  t h e  box combined l o a d  a r e  shown i n  

F i g .  28 .  Although t h e  i n i t i a l  and f i n a l  b e h a v i o r  compares 

f a v o r a b l y ,  t h e r e  a r e  marked d i s c r e p a n c i e s  between t h e  t e s t  and 

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

was accoun ted  f o r  i n  t h e  s i m u l a t i o n .  I t  d i d  n o t  have a  s i g n i f i c a n t  

e f f e c t  on t h e  d i s c r e p a n c y .  I t  i s  i n t e r e s t i n g  t o  n o t e ,  however, 

t h a t  i n  t h e  s i m u l a t i o n  t h e  o u t e r  arm was h o r i z o n t a l  a t  a. f o r c e  of 

50 l b s ,  compared t o  t h e  f o r c e  of  290 l b s .  obse rved  i n  t h e  e x p e r i -  

ment .  The peak l o a d  i n  t h e  t e s t  was 1400 l b s .  compared t o  G O O  l b s .  

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



The l a r g e  l oads  ob t a ined  i n  t h e  experiment appear  t o  

i n d i c a t e  a  f avo rab l e  i n t e r a c t i o n  under cornbined loacls t h a t  i s  

no t  a c c o u ~ t e d  f o r  i n  t h e  s i m u l a t i o n .  I n  some r e s p e c t s ,  however, 

t h e  t e s t  r e s u l t s  a r e  anomolous i n  t h e  sense  t h a t  t h i s  i n t e r -  

a c t i o n  appears  s i g n i f i c a n t  i n  t h e  smal l  deformation range  

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

For example t h e  l i n e a r i t y  of t h e  t e s t  r e s u l t s  i n d i c a t e  i n i t i a l  

y i e l d i n g  a t  a  load  of about 1100 l b s .  A t  t h i s  l oad  t h e  bending 

moment a t  t h e  r o o t  of t h e  c a n t i l e v e r  is 42,300 i n - l b s .  o r  55% 

g r e a t e r  than  t h e  i n i t i a l  y i e l d  moment i n  bending of 27,300 i n - l b s .  

In  f a c t  t h e  u l t i m a t e  moment i n  bending is on ly  31,100 i n - l b s .  

Thus t h e  d i sc repancy  between t h e  experiment and t h e  s i m u l a t i o n  

is no t  a s s o c i a t e d  w i t h  t h e  l o c a l  deformation theory  i t s e l f ,  

bu t  r a t h e r  w i th  t h e  i n i t i a l  y i e l d  s u r f a c e .  On t h e  b a s i s  of 

p r ev ious  exper ience  w i t h  t h e  p l a s t i c  a n a l y s i s  of beams t h i s  is 

an unexpected r e s u l t .  Thus t h e  t e s t  r e s u l t  may i n d i c a t e  a  

new phenomenon t h a t  can occur  f o r  some range of c r o s s  s e c t i o n s .  

A d e f i n i t i v e  conc lus ion ,  however, r e q u i r e s  t h e  c o l l a b o r a t i o n  

of a d d i t i o n a l  t e s t s .  













4 ., DETERMINATION OF HrNGE PARAIETERS 
AND SCALING LAMS 

4 . 1  INTRODUCTION 

I n  a d d i t i o n  t o  deve lop ing  an expe r imen ta l  d a t a  book f o r  

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

t e s t  program was des igned  t o  p r o v i d e  d a t a  f o r  t h e  e m p i r i c a l  

d e t e r m i n a t i o n  of  t h e  s c a l i n g  laws govern ing  t h e  h i n g e  para-  

m e t e r s  a s s o c i a t e d  w i t h  t h e  t h e o r y  d i s c u s s e d  i n  Vol .  1. I n  

t h e  t h e o r y  p r o p o s e d , p l . a s t i c  h inge  behav io r  is  c h a r a c t e r i z e d  

i n  e x t e n s i o n ,  b i a x i a l  bending and t o r s i o n  by f u n c t i o n s  of  t h e  

form.  

where O i s  t h e  accumulated p l a s t i c  r o t a t i o n  ( e x t e n s i o n )  and O m 

i s  t h e  v a l u e  of O co r r e spond ing  t o  t h e  maximum v a l u e  of a .  For  

WO,, i = 1 and 

a, = ( 1  - f y ) / ( l - y )  

bl = (f - l ) / ( l - ~ )  

i n  which 

y = ( 1  - kl Om) exp k1 On 

For O > Q m ,  i = 2  and 

a2 = B ) b2 = f -9  

Equa t ion  (1) is a  f u n c t i o n  o f  s i x  p a r a m e t e r s .  They a r e  

a. 
= Maximum e l a s t i c  moment ( f o r c e )  

f = r a t i o  of maximum v a l u e  of a t o  a 
0 



B = r a t i o  o f  t h e  a s y m p t o t i c  v a l u e s  o f  a f o r  l a r g e  O t o  m 

Om = v a l u e  of O a t  maximum v a l u e  of  a 

kl = ha rden ing  pa rame te r  i n  t h e -  r a n g e  O < O m  

lc2 = s o f t e n i n g  pa rame te r  i n  t h e  r a n g e  0'0, 

I t  s h o u l d  b e  n o t e d  t h a t  ( 1 )  r e d u c e s  t o  an e l a s t i c - p e r f e c t l y  

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

O m = O  , f = @ = l  

I n  t h i s  c a s e  a. i s  t h e  c o n s t a n t  y i e l d  moment. 

4 . 2  DETERtlINATION OF HINGE PARAMETERS 

These  s i x  p a r a m e t e r s  were de t e rmined  f o r  each  t e s t .  The 

p r o c e d u r e  _for bend ing  about  t h e  major  and minor p r i n c i p ' l e  

a x e s  and t o r s i o n  is a s  f o l l o w s :  

1. a. was d e f i n e d  a s  t h e  tes t  l o a d  a t  3.5' p l a s t i c  

r o t a t i o n .  T h i s  o f f s e t  v a l u e  was a r b i t r a r i l y  choosen 

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

d e f i n e d  i n  t h e  e x p e r i m e n t a l  d a t a ,  i . e .  t h e r e  i s  n o t  a  

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

from p u r e l y  e l a s t i c  t o  p l a s t i c .  

2 .  The maximum t e s t  l o a d  a f  and Om were o b t a i n e d  by 

i n s p e c t i o n .  The pa rame te r  f  = a f / a o .  

3 .  I n  g e n e r a l  t h e  e x p e r i m e n t a l  d a t a  is n o t  a  smooth c u r v e  

t o  v e r y  l a r g e  p l a s t i c  r o t a t i o n s .  The r e a s o n  is  a t  

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

is  s e l f - i n t e r f e r e n c e  o f  t h e  w a l l s  o f  t h e  c r o s s  s e c t i o n .  

A t  t h i s  p o i n t  t h e r e  is  g e n e r a l l y  an a b r u p t  change i n  

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



Thus 

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

was o b t a i n e d  by e x t r a p o l a t i n g  t h e  e x p e r i m e n t a l  d a t a  

w i t h  a  smooth c u r v e  th rough  t h i s  r e g i o n .  The 

pa rame te r  /3 = a u / a o  

4 .  The ha rden ing  pa rame te r  k,  and t h e  s o f t e n i n g  p a r a n e t e r  
I 

k2 were de t e rmined  by a  l e a s t - s q u a r e  f i t .  With 

t h e  f o u r  p a r a m e t e r s  de t e rmined  above,  kl i s  t h e  o n l y  

unknown i n  (1) f o r  p o i n t s  0<0 . Likewise  k2 is  m 

t h e  o n l y  unknown f o r  p o i n t s  O>Bm. I n  e a c h  regi.on 

we form t h e  e r r o r  measure  

where j i s  s~mmed o v e r  t h e  number of  e x p e r i m e n t a l  

p o i n t s  O , E .  i s  t h e  e x p e r i m e n t a l  l o a d ,  and a i s  
j J j 

t h e  v a l u e  o b t a i n e d  from (1).  We now minimize t h e  

e r r o r  w i t h  r e s p e c t  t o  k ,  i . e .  

.E ( E j  - a . )  d a j  = 
j=1 J - 0 

dk 

Equa t ion  4 is a  t r a n s c e n d e n t a l  e q u a t i o n  f o r  k .  I t  

was s o l v e d  by a  h a l f - i n t e r v a l  method. 

The s i x  p a r a m e t e r s  f o r  each  t e s t  a r e  summarized ir!. T a b l e  2 .  

I t  s h o u l d  be no ted  t h a t  t h e  t h e o r e t i c a l  r ange  of kl  is  - m<k <a 
1 

and f o r  k2 O< - 3 , .  Also f o r  some t e s t s ,  p r i m a r i l y  channe l  
L 



s t r o n g  a x i s  bend ing ,  no v a l u e  i s  g iven  f o r  k l .  T h i s  o c c u r s  

when t h e  c r o s s  s e c t i o n  c o l l a p s e s  f o r  very  s m a l l  v a l u e s  of  Om, 

and t h e r e  a r e  n o t  enough d a t a  p o i n t s  i n  t h e  ha rden ing  r e g i o n  

t o  employ ( 4 ) .  A s  d i s c u s s e d  below,  however, t h i s  c a s e  can b e  

v a l i d l y  approximated  by e l i m i n a t i n g  t h e  ha rden ing  r e g i o n .  

The e x p e r i m e n t a l  d a t a  f o r  t h e  a x i a l  t e s t s  is  q u a l i t a t i v e l y  

d i f f e r e n t .  Al though t h e  i n i t i a l  y i e l d  stress and t h e  u t i m a t e  

stress a r e  d i f f e r e n t ,  t h e r e  i s  no s i g n i f i c a n t  c r o s s  s e c t i o n  

c o l l a p s e .  Thus t h e  u l t i m a t e  stress o c c u r s  a t  v e r y  l a r g e  a x i a l  

s t r a i n s  t h a t  normal ly  will n o t  o c c u r  i n  combined l o a d i n g  

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

and t h e  u l t i m a t e  stress neve r  exceeds  10%. Thus i t  is reason-  

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

m a t e r i a l .  The e x p e r i m e n t a l  s t r e s s - s t r a i n  c u r v e s  were f i t  o v e r  

t h e  p l a s t i c  s t r a i n  r e g i o n  of i n t e r e s t  by t h i s  i d e a l i z a t i o n .  The 

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

summarized f 3 r  e a c h  specimen i n  T a b l e  2 .  

A l l  t h e  s t e e l  c r o s s  s e c t i o n s  were nomina l ly  t h e  same 

m a t e r i a l .  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  e x p e r i m e n t a l  y i e l d  

stress v a r i e s  from 49 ,530  t o  62,009 p s i .  The a c t u a l  e x p e r i m e n t a l  

v a l u e s  were  used  i n  t h e  d e t e r m i n a t i o n  o f  t h e  s c a l i n g  laws  below. 

The l a r g e  v a r i a b i l i t y  i n  t h e  p r o p e r t i e s  of nomina l ly  t h e  same 

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

t o  r e a l  v e h i c l e  s t r u c t u r e s  s i n c e  s i m i l a r  v a r i a t i o n s  can be  expec ted  

from v e h i c l e  t o  v e h i c l e  o r  even component t o  component. 



4.3  SCALING LAIIS 

The test  program i n c l u d e d  c r o s s  s e c t i o n  s i z e s  t h a t  span  

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

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

d e r i v e d  on t h e  b a s i s  of  d imens iona l  a n a l y s i s  and  l e a s t  s q u a r e  

f i t t i n g  t e c h n i q u e s .  F o r  bending  about  each  o f  t h e  p r i n c i p a l  

a x e s  and t o r s i o n  we c o n s i d e r  t h e  s i x  q u a n t i t i e s  uo, a * ,  uu,  Om, 

kl and k2. L e t t i n g  P d e n o t e  any one  o f  t h e  f i r s t  t h r e e  q u a n t i t i e s  

(moments hav ing  d imens ions  o f  f o r c e  x l e n g t h ) ,  we assume t h a t  

P depends  upon t h e  y i e l d  s t r e s s  a  and t h e  d imens ions  o f  t h e  
Y 

c r o s s  s e c t i o n  h ,  b ,  t where h  is t h e  h e i g h t ,  b t h e  w i d t h ,  and t 

t h e  t h i c k n e s s .  I t  t h e n  f o l l o w s  from d i m e n s i o n a l  a n a l y s i s  t h a t  

P / o  = F(X,E) ( 6 )  

where a is  t h e  y i e l d  stress times a  combina t ion  of h ,  b ,  t 

which h a s  d imens ions  o f  l e n g t h  cubed and h , ~  a r e  d i m e n s i o n l e s s  

combina t ions  o f  h ,  b ,  t .  Here a was choosen an t h e  form of  t h e  

i n i t i a l  y i e l d  moment o b t a i n e d  from e l emen ta ry  beam t h e o r y .  The 

c h o i c e  of  X and E was based  on p r e l i m i n a r y  c o r r e l a t i o n  s t u d i e s  

o f  v a r i o u s  combina t ions  o f  h ,  b ,  t w i t h  t h e  e x p e r i m e n t a l  d a t a .  

A s i m i l a r  p r o c e d u r e  is  fo l lowed  when P d e n o t e s  any o f  t h e  

l a s t  t h r e e  d i m e n s i o n l e s s  q u a n t i t i e s  e x c e p t  t h a t  i t  is now assumed 

t h a t  t h e s e  q u a n t i t i e s  may depend upon t h e  e l a s t i c  s t i f f n e s s  E .  

I t  now f o l l o w s  t h a t  

P = F(E/oy  9 A,&)  ( 7 )  

I t  was found  t h a t  t h e  ha rden ing  p a r a m e t e r s  d i d  n o t  e x h i b i t  any 

s t r o n g  c o r r e l a t i o n  w i t h  E / a  and t h u s  i t  was s u p p r e s s e d .  Fo r  
Y 



Om we assume t h a t  t h e  dependence on t h e  e l a s t i c  modulus is 

l i n e a r  g i v i n g  t h e  form 

em = ( E / o y )  F ( A , € )  ( 8 )  

From (6)  (7 )  (8)  i t  f o l l o w s  t h a t  a l l  s i x  p a r a m e t e r s  have 

t h e  f u n c t i o n a l  form 

P = A F  ( A , & )  ( 9 )  

The a c t u a l  d e f i n i t i o n  of t h e  s c a l e  f a c t o r  A i n  e a c h  c a s e  is g i v e n  

i n  T a b l e  1. The d e f i n i t i o n s  o f  h and E a r e  g i v e n  i n  T a b l e  4 .  

With ( 9 )  t h e  problem r e d u c e s  t o  d e t e r m i n i n g  t h e  f u n c t i o n  F 

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

Here t h e  d a t a  h a s  been  f i t  w i t h  a  c u b i c  p o l y n o m i a l ,  i . e .  w e  

assume 

3  .j j-i i 
F = C  C a . . h  c 

j=O i = O  1 J 

A s  i n  ( 3 )  we form t h e  e r r o r  measure  

where En a r e  t h e  e x p e r i m e n t a l  d a t a  p o i n t s .  b l inimizing t h e  

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

E q u a t i o n  (11) i s  a  s e t  o f  t e n  l i n e a r  e q u a t i o n s  i n  t h e  t e n  

unknown c o e f f i c i e n t s .  



The se t  of  c o e f f i c i e n t s  was de te rmined  f o r  each  c a s e  i n d i -  

c a t e d  i n  Tab le  3.  These v a l u e s  t o g e t h e r  w i t h  t h e  d e f i n i t i o n s  

of A . ,  A ,  E a r e  pro~ramrned i n  t h e  s i m u l a t i o n  UhlVCS-1 ( s e e  Vol.  3 ) .  

The e l a s t i c - p e r f e c t l y  p l a s t i c  approximat ion  f o r  t h e  a x i a l  be- 

h a v i o r  is  a l s o  i n c l u d e d .  Thus f o r  box and channel  s e c t i o n s  t h e  

s i m u l a t i o n  computes a , l l  neces sa ry  h inge  p r o p e r t i e s  i n t e r n a l l y  

when t h e  u s e r  s p e c i f i e s  a E ,  h ,  b ,  t .  The u s e r  a l s o  h a s  t h e  
Y '  

o p t i o n  of s p e c i f y i n g  t h e  h inge  pa rame te r s  a s  i n p u t  d a t a .  

A s  mentioned above, f o r  channel  s t r o n g  a x i s  bending t h e r e  

were n o t  enough d a t a  p o i n t s  t o  o b t a i n  k l .  I n  g e n e r a l  t h e  

c o l l a p s e  of  t h e  c r o s s  s e c t i o n  o c c u r r e d  a t  ve ry  small v a l u e s  of 

p l a s t i c  r o t a t i o n . w i t h  o n l y  s m a l l  d i f f e r e n c e s  (1-2%) between 

a, and a f .  Thus i n  t h e  s i m u l a t i o n  t h e  hardening  r e g i o n  f o r  

channel  s t r o n g  a x i s  bending is  n e g l e c t e d ,  f  is set  t o  u n i t y  

and O t o  z e r o .  m 

F i n a l l y  i t  shou ld  be no ted  t h a t  t h e  s t a t i s t i c a l  v a l i d i t y  

of t h e  above s c a l i n g  laws is  marg ina l .  Each d a t a  p o i n t  was 

de te rmined  from a  s i n g l e  t e s t .  V a r i a b i l i t y  i n  b o t h  m a t e r i a l  

p r o p e r t i e s  and d imens iona l  t o l e r a n c e s  of  nominal ly  t h e  same specimen 

i s  a t  l e a s t  10%. There  w i l l  b e  a d d i t i o n a l  s c a t t e r  i n  t h e  

expe r imen t s  themselves .  Thus we a r e  f i t t i n g  d a t a  f o r  which each  

p o i n t  i s  s u b j e c t  t o  s c a t t e r .  Consequent ly  t h e  r e s u l t i n g  s c a l i n g  

laws shou ld  be viewed a s  i n t e r p o l a t i o n  formulas  which a r e  r e l i a b l e  

( w i t h  t h e  same s c a t t e r )  f o r  i n t e r m e d i a t e  p o i n t s .  E x t r a p o l a t i o n  

o u t s i d e  t h e  r ange  of t h e  t e s t  program, however, shou ld  b e  done 

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



5 .  CONCLUSIONS 

S e v e r a l  ma.jor g o a l s  have been r e a c h e d .  Ifany c a r e f u l ,  

un i fo rm expe r imen t s  were done w i t h  s tee l  and aluminum s p e c i -  

mens. A l a r g e  bank of h i n g e  d a t a  h a s  been c r e a t e d .  E l a t e r i a l  

p r o p e r t i e s  a r e  o b t a i n a b l e  from t h e  s m a l l  s t r a i n  r e g i o n  of 

t h e  a x i a l  h inge  t e s t s .  The d a t a  bank can b e  u s e d  a s  s o u r c e  

m a t e r i a l  f o r  any f u t u r e  s i m u l a t i o n  t h e o r i e s  and computer c o d e s .  

The expe r imen t s  d i d  n o t  c l e a r  up a l l  q u e s t i o n s  about  

h i n g e  b e h a v i o r ,  of  c o u r s e .  I f  one  wished t o  d e r i v e  more 

a c c u r a t e  t h e o r i e s ,  i t  might  be  i m p o r t a n t  t o  do more tests f o r  

c h a n n e l s  i n  bending  abou t  t h e  weak a x i s ,  t o  de t e rmine  t o  what 

e x t e n t  t h e  f l a n g e s  a c t  d i f f e r e n t l y  i n  compression t h a n  i n  

t e n s i o n .  I t  would a l s o  b e  of  i n t e r e s t  t o  o b t a i n  more combined 

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

p r e s e n t  t e s t s  c e r t a i n l y  show an i n t e r a c t i o n  between bending  and 

t o r s i o n a l  h i n g i n g .  Pe rhaps  e x t e n s i o n a l  h i n g i n g  might  a l s o  have 

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

must b e  l e f t  t o  f u t u r e  s t u d y .  
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I 

:-12.621 j 19.947 : 92 
? 

L -  
I - -L--A- -L-- 
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TABLE 2. (Continued) 

STEEL TESTS 

- 
P14GE 

93  

THICWESS 
IN 

U of M CODE 

-- 

kl 
--a. 

M = A  
0 

40 1 BZ 30 30 IM 

RUN// 

20 11.875 j 94 

95 

k2 - 

6.444 

B = B  f = U  
- 

BZ 40 20 SM 

13.879 1 96 

14.737 

0 = X  
m 0 

--- 
0 x l O W 3  
Y 

31 i B Z 4 0 4 0 Q M  

. I 1 3  / 44,999 1 1.2247 

I 
42 i BZ 40 30 'M 

I 

,093 
i 

31,580 i 1.0861 

E x 

t 
,082 1 B a d t e s t .  W e l d p p l i t i m n e  

1 

0.1814 1 11.27 

0.2583 

. I 1 3  

1.74 
!, 
I 

58,030 i 1.1821 

I 1 

108 j C A 3 0  1 0 Q X i  .080 ' 51.4 ! 18.6 
1 

1 97,98, 
1 99 

i 
29 j SZ 49 40 M ,113 69,203 1 1.4747 I 

0.2642 

0.2370 1 7.09 , 22.243 

4.26 

109 ! CA 30 1 0  IM 1 . I17  
i L 

I I 

62.0 19.7 I 00,101 
t f 1 1 102 

$93,104 
1 105 1 i 

106 / CA 31) 1 5  RM 1 .084 1 5 1 . 3  1 29.8 1 
I I 

I 1 

104 i CA 39 15 UM rc;6;O7 

I 
$ 

,117 59.6 1 20.0 1 
t 20.4 105 i C A 4 0 1 5 S X /  ,093  1 5 0 . 0  I , 1 I $09, 1 111 l l C  

( 

111 ! C A 4 0 1 5 ~ i  e l 1 3  1 4 9 . 5  I 21.6 1 , i 
t 1 

1 
I 

I I I P1:it" 
17.9 115 1 C A 4 0 2 0 Q H I  .080 1 5 9 . 0  , 1 1 1 1 1 1 7  

h l j , l l 6  

1 ! 

112 j ~ ~ 4 0 2 r ) T E l I  . I 1 3  1 5 2 . 4  
1 

20.8 I 
(118,115 

i i 1 I I 123 
I I I / CA 60 20 V M !  . I 2 8  / 51.0 ! 2 0 * 4  

E s t i m a t e d v a l u e s .  
1 j i 

I I 
9 

Specimen n ' t  t e s ted ; !  t o o  
l a r g e  f o r  qi x t u r e .  
f 

I I I I I 
I 
I 

j 
1 

CA 60 33 V?I i . I 2 8  51.0 i 29.4 
I I Est imated:  v a l u e s .  Specirien n q t  t e s t e d ; '  too  
1 1 I 1 I \ i i l a r g e  I f o r  f p x t u r e .  

I 

T 

1 
27 i C X 3 0 1 0 Q X i  .080 1 1 8 , 2 9 9  /1.94RO 1 0.2165 / 0.961 i 

I 

- - 
I 1 I i 

27.637 ! 121  
\ i I 

i -- ! 
39 j C X  30 10 U ? l '  ,121 ! 27,130 11 .1223  i 1 1.653 1 -- - - 

I I I I 
: 122 

I ! 
45 : C X 3 0 1 5 8 r Y :  .084 : 20,410 11.0544 0.5534 j 0.952 j -- 1 52.509 1 123  

I I 

4 

47 ! CX 30 15 UM 1 . I 1 8  31,950 1 1.0592 i 0.4695 1 0.822 i -- 
t L ! 

1 20.029 j 124 

1 I 
I i 6 1  , CX 40 15 SM . .093 1 35,560 1 1.0348 ; 0.4640 0.91.. : -- 1 65.950 ! 125 - 

35 C x 4 0 1 5 T M ;  . I 1 3  ' 43,740 11.0146 1 0.3811 1 0 . 7 5 8  -- 1 3 3 . 8 5 3  126 
8 I I 

71 ; CX 40 20 QM .082 34,110 1 1.0149 1 0.3398 ! 0.640 -- i 70.785 I 127 
i \ I 

I I - -- - 1 ---- A-- 

-43- 



. . 

ThSL5 2 .  (Continued) 

STEEL TESTS 

I i ! 50 C Z  60 20 m1; ,128 B a d i t e s t ;  sp l i t  weld. 
I I ! i I 

i 
I i 

38 : C Z  60 30 W;  . I28  16,630 1 1.6747 0.8371 /28 .01  i 2.413 ; 14.717 / 149 
I 

I I t 

i ! 
t ! i 

I I I ! - - - - --. - 
- 50- 

- A -  -4- 
- 6 7 ,- ' 

2 2  XI CODE T'!I~~.JUESS ' o x I ' I - ~ ~  E x LC 
?L~J?~ # 1 W  Y I 

-&zz=-=-l 

73 

PAGE;' 

128 

129 

130 

. - *.. 

0.4905 CX 40 20 TM 

79 1 CX 60 30 W' ,128 

1.276 

129,050 1 1.0000 / 0.3100 / 0.597 

120,790 ] 1.0000 

.113 

-- 
77 

- - 

- - 1 44.819 

54.311 
i 

11 i CY 10 30 QM 

51,340 

0.2880 CX 60 20 VX 

17.540 

1.0592 

0.349 -- .128 

,089 
i 

3.629 1 131  

56.605 

10 / CY 10 30 UM! , 1 1 7  
5 

3,220 1 1 . 2 6 2 2  / 0.3385 

I 
4,850 

5.919 
1 

19.417 2.467 1 132 1.3460 
I 

0.4598 

23 1 CY 15 30 RMI .084 
1 

7,640 7 1.1936 
! 

7.357 

0.2814 4.089 1 133 
1 

24 / CY 1 5  30 Ui3/ ,117 1 11,480 1.1551 1 0.3833 
f t 

4.137 

3.464 1 -6.602 1 6.914 1 134 

-6.29; 



IrLUMIm,f TESTS ' . 

kl . 
--- 

-- 

- 
CI, - 

I 
?XGZ ' 

155 

31.483 / 156 
I 

. * --- 

>I = A 
0 

x 

---- 

J COD9 

k = "  0 

- 

f = G  

- 
.-- 

E 

- 
THICI ICSS  

54 BZ 30 30 VA 
1 

121 1 CA 30 10 RA 

, 

f i = B  

- -  

I 
122 BA 30 30 IU 

, 

0.2640 

62.21 20.951 
I 

. I25  1 24,170 1.1378 
4 

I 
.083 25.2 i 8.50 

I N  I Y 

157 

I 

,083 

L 

I 
I hG0,161 

1 [ 162 
P6 3,1611 

25.2 8.80 

116 ! BA 30 30 VA 

I 

13.584 1 159 

- - 

6.470 

0.2513 

0.2901 

0.1922 
I 

15.816 1 158 
L 

- - 

0.223 

2.196 

2.070 

I 

25.2 ! 8.60 117 J CA 30 10 VA 

,125 

59 i BX30 30RA .085 1 23,88r) / 1.9009 

.125 

25.2 8.80 

I 
57 i BX 30 30VA 

I 

46 / BZ 33 30RA 

_+- 
119 1 CA 40 15 RA 

I 

I 

I 

1 22.2 1 7.80 .083 
! , I 

I 

1 165 
66,167 

i 16 8 

I t 

I 69,171: 
171  118 : CA 40 1 5  VAJ . I25  22.2 1 7 . 8 0  

I 
53  1 CX 3') 10 RAI .088 1 9,560 \ 1.0076 / 0.2929 

I 

0.844 I -- 1 40.716 
{ 

5 1  ; CX 30 1 0  V A I  . I 2 8  1 13,490 1 1.0964 
: I 

1.0868 ,118 

172 

34,470 

0.2128 

.083 

; 
I 

14,360 1 1.0864 

2.124 

174 
I 

65 / c x 4 o 1 5 R ~ I  .084 j 13,140 
I 

i 1.0000 1 0.3044 
I i 

-- 

0.289 I 1 - - 
/ 17.445 1 1 7 3  

1 I I 

63  / CX 40 15 vAI  .1?1 1 22,390 ! 1.0044 1 0.3828 
I $ 

0.520 1 -- 
7 

27.804 j 175 
I 

55 [ CY 10 30 RA .092  1 1,490 / 1.2295 0.8047 1 7.765 13.218 / 7.290 1 176 

1 
49 : CY 1') 3 0 ~ ~ 1  ,130 / 2,350 1 1 . 2 3 1 5  13.631 6.090 1 4.427 / 177 1 0.4255 1 

1 

j 
I 

! 
69 1 CY 15 40 RA; .08? 1 3,490 / 1.1476 / 0.2149 4.238 / -2.897 j 5.529 / 178 

I 1 

67 1 CY 15 40 VA ,121  ' 4,980 1 1 . 2 0 5 4  0.3841 1 5.168 1 - 3 . 7 4 1  1 4 .4931  179 
I 

1 I i 
52 i C Z  30 10 RA .083 1 790 j Test aborted - p r  mature faf  l u r e .  1 i 
48 ; C Z 3 0 1 0 v ~ i  . I 2 8  : 1,054 i 2 . 0 7 0 2  ! 1 1.6433 114.49 / - 2 . 9 4 4  1 8 . 3 1 5 1  180 

I 
i I i I I 

58  : CZ 40 15 RA!  .083 j ;.,180 i Test aborted - p r  mtura f a j l u r e .  
I 

I I 1 ! 
I 1 

I 
! -1.711 I 6 . 6 5 8 ,  1 8 1  56 CZ 40 15 V A ;  ,125 ; :-,980 i 1.9798 i 1.0101 i10.85 

I i 
t I I 

4 
I I , 1 

I 1 ! 

\ I -54- 
i I 

! 
I I -- ! 



H I N G E  PA3.AI;IETER 

TABLE 3:  S C A L E  F A C T O R S  FOR S C A L I N G  LAWS 

SCALE FACTOR 

X 

1.0 

E / o y  

o t h 2  
Y 
0 tJ 
Y 

o t h 2  
Y 

9 

0 tb"  
Y 

t 2 ( h + 2 b )  
Y 

kl ' k2 

Om 

a 
0 

ct 
f 

a u 

( f=a ,  /a,) 

( B=au/ao) 

B3X 

CHANNEL 

BE!TDIMG 

T O R S  I OX 

B E N D I N G - S T R O N G  A X I S  

BENDING-WEAK A X I S  

T O R S  I ON 



LOADING 
CASE 

SECTION 
TYPE G E O I E T R I  C P A R A M E T E R S  

T A B L E  4 :  GEOXETRIC P A R A h E T E R S  FOR S C A L I N G  LATVS 

TORSION 

B E N D I N G  

CH AYNE L 
S T R O N G  AXIS b t A =  / h  E =  lh  

CIIANNEL 
WEAK A X I S  h t A =  / b  E =  

BOX 

CHANNEL 

B O X  

- 

h = (h+b)/t E = h b / t  2 

b A = -  b 
h ' E = It 

b A = -  t 
h ' E = 



7 .  APPENDIX B :  H I N G E  DATA BANK 

NOTE: In  t he  f i g u r e s  t o  fol low, a x i a l  s t r a i n  i s  
given t h e  conventional  i n t e r p r e t a t i o n  but  
displacement and r o t a t i o n  a r e  given a s  ha l f -  
displacement and ha l f - ro t a t i on .  T h i s  
d e f i n i t i o n  of hinge deformation is  the  requ i red  
form f o r  an i n t e r i o r  hinge i n  The Univers i ty  
of Michigan computer s imulat ion.  
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