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ABSTRACT

Experim ental and finite elem ent study o f the behaviour o f structural 
m em bers to com bined tension and torsion loadings

By
Nuri M. Zarroug B.Sc.Eng. M.Sc

This research work is concerned with the determination of elastic-plastic deformation 

behaviour of structural members to combined tension-torsion loadings. Three aspects 

of the work were examined. In the first, an adaptive control system is developed for 

performing combined tension and torsion tests on solid and thin-walled tubular 

specimens by using systems supplied by National Instruments to control the axial 

and torsion loads on the specimen through data acquisition boards. The LabView 

software in conjunction with data acquisition board, servo-controllers and servo

motors form the adaptive control system for the torque-tension machine. The second 

aspect was to carry out experimental investigations, where solid steel rods (structural 

steel) were subjected to non-proportional combined tension-torsion loading paths. In 

these loading paths, initial elastic tension followed by torsion, holding corresponding 

axial displacement constant and initial elastic torsion followed by tension, keeping 

the corresponding angle of twist constant, were examined. The experimental 

programme also considered the non-proportional combined tension-torsion loading 

of thin walled steel tubes. It has been observed experimentally that, when the rod is 

initially subjected to an axial load keeping the corresponding axial displacement 

constant and then followed by subsequently application of the torque the rod behaves 

as if its axial load carrying capacity decreases without affecting its torque carrying 

ability. Similarly when the rod is initially subjected to a torque, keeping its 

corresponding angle of twist constant, and then followed by subsequently application 

of the axial load the rod behaves as if its torque carrying capacity is reduced without 

affecting its axial load carrying ability.

The third aspect was devoted to the finite element analysis. The finite element 

analysis package ANSYS (version 5.7) was used for the analysis of the combined 

tension-torsion loadings of the steel rods. The geometry of the steel rod was supplied



to the Ansys package and meshed The preconditioning conjugate gradient (PCG) 

and the spare direct solver were used to solve all the combination of loads 

Experimental results obtained were compared with computed values from the finite 

element analysis and are presented Reasonably good agreement is obtained between 

the experimental and computed stresses and displacements This work has direct 

bearing on the relaxation of tightening torques or axial loads as experienced by 

critical engineering components, such as couplings, bolted joints, rotating shafts, and 

steel structures that are subjected to similar types of combined loadings It is also 

hoped that the information generated in this research work will guide the designer 

towards the use of more realistic materials and achieve better design
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U Virtual displacement
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CHAPTER ONE

INTRO DUCTIO N

1.1 JUSTIFICATION FOR THE W ORK

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

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

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

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

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

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

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

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

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

s a f e  s t r u c t u r e s  [ 1 ]  W i t h  m o r e  a t t e n t i o n  h a v i n g  b e e n  m a d e  o n  t h e  w e i g h t  s a v i n g  i n  

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

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

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

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

d o e s  n o t  o c c u r  u n d e r  s e r v i c e  l o a d i n g  a s  u s u a l l y  s t r u c t u r a l  e le m e n t s  a r e  d e s ig n e d  s o  

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

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

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

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

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

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

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

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

1



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

b e e n  f o u n d  F o r  a  s o l i d  c i r c u l a r  r o d  c a r r y i n g  c o m b i n a t i o n s  o f  a x i a l  l o a d  a n d  t o r q u e ,  

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

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

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

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

a x i a l  l o a d  a n d  / o r  t o r q u e  i s  f u r t h e r  a p p l i e d ,  p l a s t i c  f l o w  s t a r t s  i n  t h e  m a t e r i a l  T h e  

l i n e a r  e l a s t i c  t o r s i o n  t h e o r y  s t i p u la t e s  t h a t  t h e  m a x i m u m  s h e a r  s t r e s s  o c c u r s  a t  t h e  

o u t e r  f i b r e  o f  t h e  m a t e r i a l  [ 2 ]  T h e r e  a r e  l i m i t e d  e x p e r i m e n t a l  w o r k s  r e g a r d i n g  t h e  

b i a x i a l  ( c o m b i n e d )  l o a d i n g  o f  s o l i d  r o d ,  w h i c h  h a v e  b e e n  s u b je c t e d  t o  c o m b i n e d  

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

r e s p o n s e  o f  t h e  m a t e r i a l  F o r  s i m p l i c i t y ,  i n  m o s t  e x i s t i n g  r e s e a r c h  w o r k s ,  t h i n - w a l l e d  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

o f  t h e  t i g h t e n i n g  i n v o l v e d  a n d  i n t o  t h e  b o l t  i t s e l f  [ 3 ]  D u r i n g  t h e  f a s t e n i n g  p r o c e s s ,  a
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f a s t e n e r  i s  s u b je c t e d  t o  t o r s i o n  a s  w e l l  a s  a x i a l  s t r e s s  S u b s e q u e n t l y ,  w h e n  t h e  j o i n t  is  

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

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

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

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

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

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

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

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

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

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

s p e c im e n

I n  t h i s  r e s e a r c h  p r o g r a m m e ,  t h e  s p e c im e n  i s  s u b je c t e d  t o  v a r i o u s  c o m p l e x  n o n -  

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

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

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

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

1.2 FINITE ELEM ENT ANALYSIS

F i n i t e  e l e m e n t  a n a l y s i s  ( F E A )  i s  a  c o m p u t e r  b a s e d  n u m e r i c a l  t e c h n i q u e  f o r  

c a l c u l a t i n g  t h e  s t r e n g t h  a n d  b e h a v i o u r  o f  e n g i n e e r i n g  s t r u c t u r e s  [ 4 ]  I t  c a n  b e  u s e d  t o  

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

p h e n o m e n a  W i t h  t h e  a d v a n c e s  i n  c o m p u t e r  t e c h n o l o g y  a n d  C A D  s y s t e m s ,  c o m p l e x  

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

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

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

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

p r o p e r t i e s  ( s u c h  a s  y o u n g ’ s  M o d u l u s  a n d  P o i s s o n ’ s  r a t i o  i n  l i n e a r  e l a s t i c  a n d  

i s o t r o p i c  p r o b l e m s )  a n d  t h e  g o v e r n i n g  r e l a t i o n s h i p s  a r e  c o n s id e r e d  o v e r  t h e s e
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e le m e n t s  a n d  e x p r e s s e d  i n  t e r m s  o f  s t r a i n  a n d  s t r e s s  a t  e l e m e n t  c o r n e r s  T h e  

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

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

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

j o i n e d  i n t o  a n  e x t r e m e l y  l a r g e  s e t  o f  e q u a t i o n s  S o l u t i o n  o f  t h e s e  e q u a t i o n s  g i v e s  t h e  

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

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

c o m m e r c i a l  f i n i t e  e l e m e n t  a n a l y s i s  c o d e s  i n  t h e  e a r l y  1 9 6 0 ’ s , l i n e a r  s t a t i c  a n a l y s i s  

w a s  a v a i l a b l e  t o  t h e  a n a l y s t s  w h o  c o u l d  j u s t i f y  t h e  e x p e n s e  T h e  f i n i t e  e l e m e n t  

m e t h o d  w a s  i n t r o d u c e d  t o  t h e  p l a s t i c i t y  p r o b l e m s  i n  t h e  l a t e  1 9 6 0 ’ s  w h e n  a n  e l a s t i c -  

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

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

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

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

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

d i f f e r e n t  s t r e n g t h s  a n d  w e a k n e s s e s  A b a q u s ,  M a r c ,  A n s y s ,  S a p  a n d  M S C / N a s t r a n  a r e  

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

I n  t h i s  r e s e a r c h  w o r k  t h e  c o m m e r c i a l  f i n i t e  e l e m e n t  p a c k a g e  A N S Y S  [ 5 ]  ( v e r s i o n  

5  7 )  w a s  u s e d  f o r  t h e  a n a l y s i s  o f  t h e  c o m b i n e d  t e n s i o n - t o r s i o n  l o a d i n g s  o f  t h e  s t e e l  

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

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

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

w a s  c a r r i e d  o u t  i n  t w o  s te p s  I n  t h e  f i r s t  s t e p ,  a n  i n i t i a l  a x i a l  l o a d  o r  i n i t i a l  t o r q u e  w a s  

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

y i e l d  t o r q u e  o r  a p p l y i n g  t h e  a x i a l  l o a d  b e y o n d  t h e  y i e l d  l o a d  T h e  p r e c o n d i t i o n i n g  

c o n ju g a t e  g r a d i e n t  s o l v e r  ( P C G )  a n d  t h e  s p a r e  d i r e c t  s o l v e r  w e r e  u s e d  t o  s o l v e  a l l  t h e  

c o m b i n a t i o n  o f  l o a d s

1 3  AIM S OF THE STUDY

I n  t h i s  r e s e a r c h  w o r k ,  t h e  m a in  o b j e c t i v e s  c a n  b e  s u m m a r i s e d  i n  f o u r  s e c t i o n s  a s  

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

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

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

d a t a  a c q u i s i t i o n  b o a r d s  T h e  L a b V i e w  s o f t w a r e  i n  c o n j u n c t i o n  w i t h  d a t a  

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

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

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

s e r v o - c o n t r o l l e d  i n s t r u m e n t e d  t o r q u e - t e n s i o n  m a c h in e  t o  d e t e r m in e  t h e  

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

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

c o n d i t i o n s

•  T h e  t h i r d  i s  t o  u s e  t h e  f i n i t e  e l e m e n t  a n a l y s i s  p a c k a g e  A N S Y S  ( v e r s i o n  5  7 )  

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

a n d  t u b e s

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

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

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

h a s  b e e n  a d o p t e d

1.4 M ETHOD OF APPROACH

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

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

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

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

I n s t r u m e n t s  T h e  L a b  V i e w  s o f t w a r e  i s  u s e d  t o  c o n t r o l  t h e  a x i a l  a n d  t o r s i o n  l o a d s  o n  

t h e  s p e c im e n  t h r o u g h  d a t a  a c q u i s i t i o n  b o a r d s

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

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

t e n s i o n  m a c h i n e  F o u r  d i f f e r e n t  m o d e s  o f  l o a d i n g  t h e  r o d s  w e r e  c o n s id e r e d
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( I )  I n i t i a l  t o r q u e ,  w i t h i n  t h e  e l a s t i c  r a n g e ,  w a s  a p p l i e d  a n d  t h e n ,  h o l d i n g  i t s  

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

t h e  u n i a x i a l  y i e l d  l o a d

( II)  P r o c e d u r e  ( 1)  w a s  r e p e a t e d  e x c e p t  t h e  i n i t i a l  t o r q u e  a p p l i e d  m a in t a i n e d  c o n s t a n t  

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

( III )  I n i t i a l  a x i a l  l o a d  w i t h i n  t h e  e l a s t i c  r a n g e  w a s  a p p l i e d  a n d  t h e n ,  h o l d i n g  i t s  

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

y i e l d  t o r q u e

( i v )  P r o c e d u r e  ( 111)  w a s  r e p e a t e d  e x c e p t  t h e  i n i t i a l  a x i a l  l o a d  m a i n t a i n e d  c o n s t a n t  

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

T h e  e x p e r i m e n t a l  p r o g r a m m e  a l s o  c o n s id e r e d  t h e  c o m b i n e d  t e n s i o n - t o r s i o n  l o a d i n g  

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

( F E A ) ,  w h e r e  t h e  f i n i t e  e l e m e n t  a n a l y s i s  p a c k a g e  A N S Y S  ( v e r s i o n  5  7 )  w a s  u s e d  t o  

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

w a s  m o d e l l e d  t o  b e  c o n s i s t e n t  w i t h  t h e  s p e c im e n  u s e d  i n  t h e  e x p e r i m e n t s  T h e  

l o a d i n g  m e t h o d  u s e d  i n  t h e  f i n i t e  e l e m e n t  a n a l y s i s  ( F E A )  w a s  i d e n t i c a l  t o  t h a t  u s e d  

i n  t h e  e x p e r i m e n t s  T h e  p r e c o n d i t i o n e d  c o n ju g a t e  g r a d i e n t  s o l v e r  ( P C G )  a n d  t h e  

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

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

a n a l y s i s  r e s u l t s

1 5 OVERVIEW  OF THESIS

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

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

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

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

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

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

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

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

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

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

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

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

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

7



Figure 11 The method of approach used in the present study



CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

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

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

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

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

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

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

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

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

s t i p u la t e s  t h a t  t h e  m a x i m u m  s h e a r  s t r e s s  o c c u r s  a t  t h e  o u t e r  f i b e r  o f  t h e  m a t e r i a l .  M o s t  o f  

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

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

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

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

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

2.2 Historical back ground of combined loading in the elastic-plastic region

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

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

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

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

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

A m o n g  t h e  i n v e s t i g a t o r s  w h o  h a v e  s t u d i e d  t h e s e  c o n d i t i o n s  N a d a i ,  [ 6 ]  w h o  o u t l i n e d  

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

s t e e l ,  g la s s  a n d  b r a s s  w e r e  r e p o r t e d  i n  r e f e r e n c e  [ 6 ]

L o d e  [ 7 ]  c a r r i e d  o u t  t h e  m o s t  d e t a i l e d  e x p e r i m e n t a l  i n v e s t i g a t i o n s  u n d e r  c o m b i n e d  

s t r e s s e s  i n  t h e  e l a s t i c - p l a s t i c  r a n g e  a s  m e n t i o n e d  b y  M e n d e l s o n  [ l ] T h i s  r e s e a r c h  

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

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

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

s e n s i t i v e  m e t h o d  o f  d i f f e r e n t i a t i n g  b e t w e e n  T r e s c a  a n d  V o n  M i s e s  c r i t e r i a ,  a n d  u s e d  

a  p a r a m e t e r  c a l l e d  “ L o d e ’ s  s t r e s s  p a r a m e t e r ”  t o  a c c o u n t  f o r  t h e  i n f l u e n c e  o f  t h e  

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

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

m e n t i o n e d  b y  H i l l  [ 8 ] ,  t o  i n v e s t i g a t e  t h e  v a l i d i t y  o f  t h e  L e v y - M i s e s  s t r e s s - s t r a in  

r e l a t i o n s

G u e s t  c a r r i e d  o u t  t e s t s  w i t h  t h i n  t u b e s  o f  s t e e l ,  i r o n ,  a n d  c o p p e r  a c c o r d i n g  t o  [ 8 ]  

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

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

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

i n v e s t i g a t e d  w a s  e x p r e s s e d  b y  a  l i n e a r  e q u a t i o n  c o n n e c t i n g  o x - a 1 a n d  o ,] + a ,3

( a ]>cr2 >(73) w h e r e  , cr2 a n d  c x3 a r e  p r i n c i p a l  s t r e s s e s

E x p e r i m e n t a l  i n v e s t i g a t i o n s  h a v e  b e e n  c a r r i e d  o u t  b y  H o h e n e m s e r  [ 9 ]  t o  v e r i f y  t h e  

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

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

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

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

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

e l a s t i c  m o d u l u s

T o  v e r i f y  d i f f e r e n t  y i e l d  c r i t e r i a ,  T a y l o r  a n d  Q u i n n e y  [ 1 0 ]  p e r f o r m e d  e x p e r i m e n t s  i n  

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

f l o w  o c c u r r e d  T h e  a x i a l  l o a d  w a s  h e ld  c o n s t a n t  w h i l e  t h e  t o r q u e  w a s  i n c r e a s e d ,  s o  

t h a t  s t r e s s  r a t i o  w e r e  n o t  c o n s t a n t  T h e  t o r q u e  t w i s t  o r  t o r q u e  e x t e n s i o n  d i a g r a m s  

w e r e  e x t r a p o la t e d  b a c k  t o  z e r o  t w i s t  o r  z e r o  e x t e n s i o n  t o  e s t a b l i s h  a p p r o x i m a t e l y ,  b u t  

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

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

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

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

d e v i a t i o n  f r o m  t h e  V o n - M i s e s  y i e l d  c r i t e r i o n  w a s  r e a l

M o r r i s o n  a n d  S h e p h e r d  [ 1 1 ]  u s e d  t h i n - t u b e s  o f  5  p e r c e n t  s t e e l  a n d  11 p e r c e n t  

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

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

t h o s e  c a l c u l a t e d  b y  P r a n d t l e - R e u s s  a n d  H e n c k y  s t r e s s - s t r a in  r e la t i o n s  T h e  e l a s t i c  

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

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

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

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

H i l l  a n d  S i e b e l  [ 1 2 ]  s t r a i n e d  s t e e l  b a r s  o f  c i r c u l a r  c r o s s  s e c t i o n  i n  c o m b i n e d  b e n d i n g  

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

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

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

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

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

A  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  i n v e s t i g a t i o n  w a s  c a r r i e d  o u t  b y  M e g u i d  e t  a l  [ 1 3 ,  

1 4 ]  u n d e r  c o m b i n e d  t e n s i o n  a n d  t o r s i o n  l o a d i n g  f o r  e l a s t i c - p e r f e c t l y  p l a s t i c  a n d  

w o r k  h a r d e n i n g  m a t e r i a l s ,  I n  r e f e r e n c e  [ 1 4 ]  t h e  b e h a v i o u r  o f  a  c i r c u l a r  b a r  o f  e l a s t i c -  

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

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

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

N a g h d i  a n d  R o w l e y  [ 1 5 ]  c a r r i e d  o n  t h e i r  t e s t s  w i t h  t e n  t a b u l a r  2 4 S - T 4  a l u m i n i u m  

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

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

d e t e r m in a t i o n  o f  t h e  i n i t i a l  s h e a r  m o d u l u s  w h e n  t w i s t e d  b e g a n  T h e  e x p e r i m e n t a l  

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

P r a g e r  a n d  H o d g e s  [ 1 6 ]  a n d  G a y d o n  [ 1 7 ]  d e t e r m in e d  e x p l i c i t  e x p r e s s i o n s  f o r  t h e  

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

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

w i t h  P o i s s o n 's  r a t i o  ( v = 0  5 )  i n  b o t h  c a s e s ,  i  e  t h e y  d i d  n o t  t a k e  t h e  e f f e c t  o f  e l a s t i c  

c o m p r e s s i b i l i t y

G a y d o n  c o n s id e r e d  v a r i o u s  c o m b i n a t i o n s  o f  t w i s t  a n d  e x t e n s i o n  T h e  R e u s s  

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

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

S v e d  a n d  B r o o k s  [ 1 8 ]  i n v e s t i g a t e d  t h e  b e h a v i o u r  o f  a  r o u n d  b a r  s u b je c t e d  t o  a x i a l  

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

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

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

A  m e t h o d  f o r  t h e  a n a l y s i s  o f  a  r o u n d  b a r  s u b je c t e d  t o  c o m b i n e d  a x i a l  l o a d  a n d  t o r q u e  

i n  t h e  e l a s t o - p l a s t i c  r a n g e  w a s  p r e s e n t e d  b y  B r o o k s  [ 1 9 ]  R a m b e r g - O s g o o d  c u r v e s  

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

P r a n d t l e - R e u s s  i n c r e m e n t a l  s t r e s s  - s t r a i n  l a w s  a n d  t h e  v o n - M i s e s  y i e l d  c r i t e r i o n  T h e  

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

n e g l i g i b l e  f o r  a l l  p r a c t i c a l  p u r p o s e s
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E x p e r i m e n t a l  i n v e s t i g a t i o n s  h a v e  b e e n  c a r r i e d  o u t  b y  A l l  a n d  H a s h m i  [ 2 0 ]  t o  

d e t e r m in e  t h e  e l a s t i c - p l a s t i c  r e s p o n s e  o f  a  c i r c u l a r  r o d  s u b je c t e d  t o  c o m b i n e d  t o r q u e  

a n d  t e n s i o n  S p e c im e n s  w e r e  i n i t i a l l y  l o a d e d  e i t h e r  b y  t o r q u e  o r  b y  a x i a l  l o a d  w i t h i n  

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

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

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

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

r e a c h e d  t h e  u n i -  a x i a l  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 s a n g a r a k i s  e t  a l  [ 2 1 ]  l o a d e d  A l u m i n a  f i b e r - r e i n f o r c e d  a l u m i n i u m  c o m p o s i t e  i n  

c o m b i n e d  t e n s i o n - t o r s i o n  T h e  t e s t s  w e r e  c o n d u c t e d  i n  a  M T S  s e r v o h y d r a u l i c  

m a c h i n e  T h e  e x p e r i m e n t a l  r e s u l t s  i n d i c a t e d  t h a t  t h e  s u p e r - i m p o s i t i o n  o f  a  0  0 0 2 5  

s h e a r  s t r a i n  r e d u c e d  t h e  t e n s i l e  s t r a i n  t o  f a i l u r e  b y  6 7  p e r c e n t  S i m i l a r l y ,  

s u p e r p o s i t i o n  o f  a  0  0 0 0 7  t e n s i l e  s t r a i n  r e d u c e d  t h e  s h e a r  s t r a i n  t o  f a i l u r e  b y  8 1  

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

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

R e e s  [ 2 2 ]  e x a m i n e d  t h e  f l o w  a n d  f r a c t u r e  b e h a v i o u r  o f  p a r t i c u l a t e  r e i n f o r c e d  2 1 2 4  

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

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

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

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

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

M a g u i d  [ 2 3 ]  s u b je c t e d  t h i n - w a l l e d  t u b u l a r  s p e c im e n s  o f  a n n e a le d  m e d i u m  c a r b o n  

s t e e l  ( E n 8 )  t o  c o m b i n e d  t e n s i o n - t o r s i o n  a t  r o o m  t e m p e r a t u r e  u s i n g  a  c l o s e d - l o o p  

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

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

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

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

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

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

T h e  k i n e m a t i c s  a n d  s t r e s s  a n a ly s e s  o f  t h e  t e n s i o n - t o r s i o n  t e s t  o f  a  t h i n - w a l l e d  t u b e  a t  

f i n i t e  s t r a i n  w e r e  d i s c u s s e d  b y  M c M e e k i n g  [ 2 4 ]  T h e  r e l a t i o n s h i p s  b e t w e e n  

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

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

c o n s t i t u t i v e  a s s u m p t i o n s  A l s o  t h e  v a l i d i t y  o f  t h e  P r a n d t l e - R e u s s  e q u a t i o n s  f o r  

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

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

b y  N a r a y a n a s w a m y  a n d  S a m a n t a  [ 2 5 ]  T h e  t e n s i o n - t o r s i o n  e x p e r i m e n t s  w e r e  o f  t w o  

t y p e s  F i r s t  t h e  b a r s  w e r e  i n i t i a l l y  p u l l e d  a t  d i f f e r e n t  l e v e l  o f  a x i a l  s t r a in s  i n  t h e  

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

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

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

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

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

r e v e r s e  o r d e r

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

i n v e s t i g a t e d  b y  S c h m i d t ,  a s  m e n t i o n e d  b y  H i l l  [ 8 ] ,  w h o  s i m u l t a n e o u s l y  t w i s t e d  a n d  

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

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

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

h a r d e n i n g  f u n c t i o n  T oct =  f  ( y o c f)  e x p r e s s e s  t h e  b e h a v i o u r  o f  a  d u c t i l e  m e t a l  u n d e r  

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

C o r r e a  e t  a l  [ 2 6 ]  c a r r i e d  o u t  e x p e r i m e n t a l  i n v e s t i g a t i o n s  o n  C u - Z n  b r a s s  s a m p le s  

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

p e r f o r m e d  t e n s i o n - t o r s i o n ,  t o r s i o n - t e n s i o n  a n d  t e n s i o n - t o r s i o n - t e n s i o n  M o n o t o n i e  

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

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

c u r v e s  T h e  i n f l u e n c e  o f  s t r a i n  p a t h  c h a n g e s  o n  t h e  f l o w  b e h a v i o u r  o f  C u - Z n  b r a s s  

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

c a r b o n  s t e e l  i n  r e f e r e n c e  [ 2 7 ]

W e i  J i a n g  [ 2 8 , 2 9 ]  i n v e s t i g a t e d  t h e  e l a s t i c - p l a s t i c  r e s p o n s e  o f  t h i n - w a l l e d  t u b e s  

s u b je c t e d  t o  c o m b i n e d  a x i a l  a n d  t o r s i o n a l  l o a d s  T h e  k i n e m a t i c  h a r d e n i n g  m o d e l  w a s  

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

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

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

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

b y  J i a n g  a n d  W u  [ 3 0 ]  a s  m e n t i o n e d  a b o v e ,  w h e r e  t h i n - w a l l e d  t u b e s  s u b je c t e d  t o  

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

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

p r e s e n t e d  o n  t a n t a l u m ,  t a n t a l u m  a l l o y  w i t h  2  5 %  t u n g s t e n ,  a n d  A e r M e t l O O  s t e e l  b y  

K h a n  a n d  L i a n g  [ 3 1 ]  T h e  t o r s i o n a l  t e s t  w a s  p e r f o r m e d  f i r s t  w i t h  f r e e - e n d  c o n d i t i o n  

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

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

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

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

T o  i n v e s t i g a t e  y i e l d  s u r f a c e s  a n d  s t r e s s - s t r a i n  r e l a t i o n s h i p s  D a n e s h i  a n d  H a w k y a r d  

[ 3 2 ]  u s e d  a  t e n s i o n - t o r s i o n  m a c h i n e  i n  w h i c h  a l u m i n i u m  a n d  C o p p e r  s p e c im e n s  w e r e  

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

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

c u r v e s  i n  s i m p l e  t e n s i o n  a n d  p u r e  s h e a r  w e r e  o b t a i n e d  a t  T = 2 9 2 K  a n d  T = 7 8 K  T h e
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r e p o r t  c o n c l u d e d  t h a t  a t  7 8 K  t h e  i n i t i a l  y i e l d  s u r f a c e  o b e y s  t h e  v o n - M i s e s  y i e l d  

c r i t e r i o n

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

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

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

i n v e s t i g a t i o n s  t o  o b t a i n  t h e  i n i t i a l  y i e l d  l o c u s  w e r e  c a r r i e d  o u t  b y  M e g u i d  e t  a l  [ 3 3 ]  

T h i n  t u b u l a r  s p e c im e n s  o f  a n n e a le d  m i l d  s t e e l  ( E n 8 )  w e r e  t e s t e d  u n d e r  c o m b i n e d  

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

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

P h i l l i p s  e t  a l  [ 3 4 - 3 8 ]  c a r r i e d  o u t  t h e  f i r s t  e x p e r i m e n t s  o n  p u r e  a l u m i n i u m  T h e y  

s u b je c t e d  t h e  s p e c im e n s  o f  a l u m i n i u m  1 1 0 0 -0  s p e c im e n s  t o  p r e - s t r e s s i n g  i n  t e n s i o n ,  

i n  t o r s i o n ,  a n d  i n  c o m b i n e d  t e n s i o n  a n d  t o r s i o n  T h e y  o b s e r v e d  t h a t  t h e  s u b s e q u e n t  

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

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

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

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

N a g h d i  e t  a l  [ 3 9 ]  i n v e s t i g a t e d  t h e  s u b s e q u e n t  y i e l d  s u r f a c e  b y  c a r r y i n g  o u t  t e n s i o n -  

t o r s i o n  t e s t s  u s i n g  t u b u l a r  s p e c im e n s  o f  2 4 S - T - 4  a l u m i n i u m  a l l o y  T h e  s h a p e s  o f  t h e  

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

a x i a l  s t r e s s  a n d  s h e a r  s t r e s s  p l a n e  I t  i s  o b s e r v e d  t h a t  t h e  i n i t i a l  a s  w e l l  a s  s u b s e q u e n t  

y i e l d  s u r f a c e s  w e r e  c o n v e x  B a u s c h in g e r  e f f e c t  a n d  a  l a c k  o f  c r o s s  e f f e c t  w e r e  a ls o  

o b s e r v e d

T e n s i o n - t o r s i o n  t e s t s  w e r e  c a r r i e d  o u t  b y  M a i r  a n d  P u g h  [ 4 0 ]  o n  t h i n - w a l l e d  c o p p e r  

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

s t r a i n e d  i n  t o r s i o n  Y i e l d  w a s  d e f i n e d  b y  t h e  L o d e  e x t r a p o la t i o n  t e c h n i q u e  T h e  y i e l d  

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

d i s t o r t i o n

i
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M o r e t o n  e t  a l  [ 4 1 ]  c o n d u c t e d  e x p e r i m e n t a l  i n v e s t i g a t i o n s  w h e r e  t h i n - w a l l e d  t u b u l a r  

s p e c im e n s  w e r e  s u b je c t e d  t o  c o m b i n a t i o n  o f  i n t e r n a l  p r e s s u r e ,  a x i a l  l o a d  a n d  t o r s i o n  

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

T h e  i n i t i a l  a n d  s u b s e q u e n t  y i e l d  s u r f a c e s  o f  a n n e a le d  A I S S  t y p e  3 0 4  s t a in le s s  s t e e l  

h a v e  b e e n  e x p e r i m e n t a l l y  d e t e r m in e d  b y  H a n  a n d  Y e h  [ 4 2 ]  i n  t h e  a x i a l - t o r s i o n a l  

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

a n d  a  p r o p o r t i o n a l  a x i a l - t o r s i o n a l  p a t h  E a c h  p a t h  i n c l u d e d  l o a d i n g ,  u n l o a d i n g ,  

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

E x p e r i m e n t a l  i n v e s t i g a t i o n s  b y  D a n e s h i  a n d  H a w k y a r d  [ 4 3 ]  a r e  m a d e  i n t o  y i e l d  

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

a n d  7 8 K  b y  t e n s i o n - t o r s i o n  t e s t i n g  o f  t u b u l a r  s p e c im e n s  I n i t i a l  a n d  s u b s e q u e n t  y i e l d  

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

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

c o n s id e r e d  T h e  e x p e r i m e n t a l  r e s u l t s  v e r i f i e d  t h e  M i s e s  y i e l d  c r i t e r i o n

P h i l l i p s  a n d  L u  [ 4 4 ]  r e p o r t e d  t h e  r e s u l t s  o f  t w o  t e n s i o n - t o r s i o n  e x p e r i m e n t s  w i t h  a n  

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

s p e c im e n s  T h e  f i r s t  o f  t h e s e  e x p e r i m e n t s  w a s  w i t h  t h e  l o a d i n g  b e in g  c o n t r o l l e d  

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

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

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

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

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

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

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

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

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

n e a r  t h e  l o a d i n g  s u r f a c e
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T h e  p l a s t i c  d e f o r m a t i o n  o f  t h i n - w a l l e d  t u b e s  o f  a l u m i n i u m  a l l o y  5 0 5 6  w e r e  

e x a m i n e d  i n  d e t a i l  b y  O h a s h i  a n d  o t h e r s  [ 4 5 ]  f o r  v a r i o u s  p r o p o r t i o n a l  c o m b i n e d  

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

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

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

m a t e r i a l

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

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

s p e c im e n s  o f  m i t i a l l y - i s o t r o p i c  m i l d  s t e e l  w a s  p e r f o r m e d  b y  O h a s h i  a n d  T o k u d a  [ 4 6 ]  

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

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

I k e g a m i  a n d  N n t s u  [ 4 7 ]  e x p e r i m e n t a l l y  i n v e s t i g a t e d  t h e  p l a s t i c  d e f o r m a t i o n  o f  

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

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

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

N i t t s u  e t  a l  [ 4 8 ]  i n v e s t i g a t e d  t h e  p l a s t i c  b e h a v i o u r  o f  S 2 5 C  m i l d  s t e e l  a t  r o o m  

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

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

c o n d i t i o n  o f  t h e  m a t e r i a l  o b e y e d  T r e s c a ’ s l a w

K h a n  a n d  W a n g  [ 4 9 ]  p r e s e n t e d  e x p e r i m e n t a l  d a t a  f r o m  c o m b i n e d  t e n s i o n - t o r s i o n  

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

p a r t i a l  u n l o a d i n g ,  a n d  t h e n  l o a d i n g  i n  a  d i f f e r e n t  d i r e c t i o n  S p e c i a l  a t t e n t i o n  is  

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

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

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

1 8 0 °  a n d  9 0 °  c h a n g e s  i n  l o a d i n g  p a t h s  i n  t h e  t e n s i o n - t o r s i o n  l o a d i n g  s p a c e  F r o m  t h e  

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

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

K h a n  a n d  P a r i k h  [ 5 0 ]  s u b je c t e d  t h i n - w a l l e d  t u b e s  o f  a n n e a le d  p o l y c r y s t a l l i n e  c o p p e r  

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

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

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

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

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

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

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

i n  b e t t e r  a g r e e m e n t  w i t h  B e l l ' s  i n c r e m e n t a l  t h e o r y  o f  p l a s t i c i t y  a s  c o m p a r e d  t o  

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

K r e m p l  a n d  B o r d o n a r o  [ 5 1 ]  s u b je c t e d  t a b u l a r  s p e c im e n  o f  c o m m e r c i a l  N y l o n  6 6  t o  

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

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

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

s u b s e q u e n t l y  h e ld  c o n s t a n t  w h i l e  t h e  t u b e  w a s  t w i s t e d  F o r  t h e  o t h e r  s p e c im e n  

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

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

c o r r e s p o n d i n g  t o  t h e  s t r a i n  t h a t  i s  k e p t  c o n s t a n t  d r o p s  a s  t h e  o t h e r  a x i s  is  b e in g  

l o a d e d  T h e r e  i s  c o n s id e r a b l e  i n t e r a c t i o n  b e t w e e n  a x i a l  a n d  s h e a r  b e h a v i o u r  T h e  

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

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

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

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

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

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

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

r e l i a b i l i t y  o f  t h e  f a s t e n e r s  a n d  t h e i r  j o i n t s  E x p e r i m e n t a l  i n v e s t i g a t i o n s  o f  t h e  

b e h a v i o u r  o f  b o l t e d  j o i n t s  (1 e  s o l i d  b a r s )  i n  t h e  e l a s t i c  a n d  p l a s t i c  r e g i o n  h a v e  b e e n  

c a r r i e d  o u t  b y  M a r u y a m a  a n d  N a k a g a w a  [ 5 2 ]  T h e  d i r e c t  t e n s i o n  t e s t  o f  t h e  b o l t  

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

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

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

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

r e d u c e d  t o  z e r o ,  t h i s  d o n e  b y  u n t i g h t e n i n g  t h e  b o l t  b y  a  f e w  d e g r e e s  T h e n  t h e  a x i a l  

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

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

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

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

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

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

w o r k i n g  l o a d s

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

t i g h t e n i n g  p r o c e s s  w e r e  i n v e s t i g a t e d  b y  G a r d i n e r  [ 5 3 ]  T h i s  r e l a t i o n s h i p  is  g o v e r n e d  

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

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

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

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

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

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

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

H a r i r i  [ 5 4 ]  c a r r i e d  o u t  e x p e r i m e n t a l  i n v e s t i g a t i o n s  t o  d e t e r m in e  t h e  r e s p o n s e  o f  

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

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

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

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

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

b y  T s u j i  a n d  M a r u y a m a  [ 5 5 , 5 6 ]  A  n e w  e s t i m a t i o n  m e t h o d  f o r  t h e  i n t e r a c t i o n  c u r v e  

o f  t h e  t h r e a d e d  p o r t i o n  i s  p r o p o s e d  b a s e d  o n  t h e  f l o w  t h e o r y  [ 5 5 ]  T h e y  d e v e l o p e d  a  

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

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

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

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

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

p o i n t s  w a s  i n v e s t i g a t e d  b y  C h a p m a n  e t  a l  [ 5 7 ]  A  s e r ie s  o f  b o l t s  w e r e  t i g h t e n e d  t o  

t h e i r  t o r q u e - t e n s io n  y i e l d  p o i n t s  w i t h  t h e  S P S  j o i n t  c o n t r o l  s y s t e m ,  a n d  t h e n  e x t e r n a l  

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

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

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

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

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

2 3 Finite Element Simulation Studies

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

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

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

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

( F E A )  o f  s t r u c t u r e s  p l a y s  a n  i n c r e a s i n g l y  i m p o r t a n t  r o l e  i n  e n g i n e e r i n g  p r a c t i c e  I n  

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

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

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

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

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

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

s i m u l a t i o n s  o f  a  s t a n d a r d  s h e e t  t e n s i l e  t e s t  b y  M e n e z e s  e t  a l  [ 5 8 ]  T h e  f i n i t e  e l e m e n t  

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

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

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

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

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

e l e m e n t  c o d e  u s e d

T s u k a h a r a  a n d  l u n g  [ 5 9 ]  s h o w e d  t h a t  t h e  f i n i t e  e l e m e n t  m e t h o d  ( F E M )  c a n  b e  u s e d  

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

t e n s i l e  t e s t  T o  s i m u l a t e  t h i s  p h e n o m e n o n ,  t h e  f i n i t e  e l e m e n t  c o d e  A b a q u s  v e r s i o n  5  6  

h a s  b e e n  u s e d

D u m o u l i n  e t  a l  [ 6 0 ]  d e t e r m in e d  t h e  e q u i v a l e n t  s t r e s s - e q u i v a l e n t  s t r a i n  r e l a t i o n s h i p ,  

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

e x t e n s o m e t e r  a r e  u s e d  f o r  s t r a i n  m e a s u r e m e n t s  T h e n  t h i s  e q u i v a l e n t  s t r e s s -  

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

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

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

t r a n s v e r s a l  n e c k i n g

P i e t r z y k  [ 6 1 ]  r e v i e w e d  a p p l i c a t i o n s  o f  t h e  r i g i d - p l a s t i c  f i n i t e  e l e m e n t  a p p r o a c h  t o  t h e  

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

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

p r o b l e m s

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

c o p p e r  s a m p le s  d u r i n g  t o r s i o n a l  d e f o r m a t i o n  h a v e  b e e n  c a r r i e d  o u t  b y  K i m  [ 6 2 ]  

u s i n g  t h e  c o m m e r c i a l  f i n i t e  e l e m e n t  c o d e ,  A b a q u s  I n  a n o t h e r  s t u d y  b y  K i m  [ 6 3 ]  a n d  

K i m  e t  a l  [ 6 4 ] ,  t h e  r e s u l t s  o f  t h e  e l a s t o - p l a s t i c  f i n i t e  e l e m e n t  a n a l y s i s  o f  t h e  p l a s t i c  

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

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

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

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

S a v a i d i s  e t  a l  [ 6 5 , 6 6 ]  p e r f o r m e d  a n  e l a s t i c - p l a s t i c  f i n i t e  e l e m e n t  a n a l y s i s  f o r  a  

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

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

c r i t e r i o n  a n d  t h e  k i n e m a t i c  h a r d e n i n g  r u l e  o f  P r a g e r / Z i e g l e r  T h e  f i n i t e  e l e m e n t  c o d e  

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

t e n s i o n / t o r s i o n  l o a d i n g  i n  r e f e r e n c e  [ 6 6 ]

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

i n v e s t i g a t e d  b y  P i d a p a r t i  e t  a l  [ 6 7 ]  t o  e s t i m a t e  t h e  i n t e r f a c e  s t r e s s e s  F i n i t e  e l e m e n t  

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

l o a d i n g  u s i n g  t h e  f i n i t e  e l e m e n t  a n a l y s i s  p a c k a g e  A N S Y S  T h e  d e f o r m a t i o n s  a n d  

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

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

t h e  l i t e r a t u r e
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CHAPTER THREE

EXPERIM ENTAL SET UP  

3 1  INTRODUCTION

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

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

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

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

e v a l u a t i o n  h a d  n o t  b e e n  a l w a y s  p o s s ib l e  A s  t h e  t h e o r i e s  h a v e  in c r e a s e d  i n  

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

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

d e t e r m in e d  t o  a  h i g h  d e g r e e  o f  a c c u r a c y

P r e v i o u s  w o r k e r s ,  u t i l i z i n g  h y d r a u l i c  a n d  m e c h a n i c a l  s y s t e m s ,  h a v e  u s e d  v a r i o u s  

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

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

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

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

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

c o n d i t i o n s

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

a n d  d a t a  a c q u i s i t i o n  d e v ic e s  F o u r  t r a n s d u c e r s  w e r e  u s e d  t o  m e a s u r e  t h e  a x i a l  l o a d ,  

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

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

d i s p l a y  A  c l o s e d  l o o p  i s  c r e a t e d  w i t h  L a b  v i e w ,  a s  t h e  p r o g r a m m e  t a k e s  a c t i o n  

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

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

i n  f i g u r e  3  1
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T h e  s e r v o - c o n t r o l l e d  i n s t r u m e n t e d  t o r q u e - t e n s io n  m a c h i n e  i s  c a p a b le  o f  a p p l y i n g  

c o m b i n e d  l o a d s  (1 e  , t o r q u e  a n d  t e n s i o n )  u n d e r  c o n t r o l l e d  c o n d i t i o n s  T h e  m a c h i n e  

w a s  d e s ig n e d  t o  c a r r y  a  m a x i m u m  t e n s i l e  l o a d  o f  1 0 0  k N  a n d  a  t o r q u e  o f  2 0 0  N m  

T h e  s t i f f n e s s  o f  t h e  m a c h i n e  i s  a p p r o x i m a t e l y  4 1  5 k N / m m  T h e  o v e r a l l  l e n g t h ,  w i d t h  

a n d  h e i g h t  o f  t h e  m a c h i n e  a r e  0  4 8 m ,  1 0 0 m  a n d  1 9 6 m  r e s p e c t i v e l y  T h e  m a in  

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

l o a d i n g  ( t o r q u e  a n d / o r  t e n s i o n )  a c c o r d i n g  t o  a  s p e c i f i c  l o a d  p r o g r a m m e  I t  f a c i l i t a t e s  

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

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

a n a lo g u e  o r  d i g i t a l  ( f r o m  a  P  C  )  I t  i s  c a p a b le  o f  m a i n t a i n i n g  d i f f e r e n t  s t r a i n  r a t e s  f o r  

b o t h  t y p e s  o f  l o a d i n g  F i g u r e s  3  2  a n d  3  3  s h o w  t h e  d e t a i l s  o f  t h e  m a c h i n e  T h e  

s p e c i f i c a t i o n s  o f  t h e  m a c h i n e  a r e  s h o w n  i n  t a b l e  3  1 i n  d e t a i l

3 2 TORQUE-TENSION MACHINE

T a b l e -  3  1 T h e  s p e c i f i c a t i o n s  o f  t h e  t o r q u e - t e n s i o n  m a c h i n e

A x i s  1 ( F o r  t e n s i o n ) A x i s  2  ( F o r  t o r q u e )

C a p a c i t y

F o r c e  r a t i n g lO O k N  u p  t o  

4 8 m m / m i n

2 0 0 N m  u p  t o  3 0 ° / s e c

L o a d  r a n g e ( u s i n g

a n a lo g u e

c o m m a n d )

3 k N  t o  lO O k N

2 N m  t o  2 0 0 N m

C r o s s - h e a d  s p e e d  

r a n g e

0  5 6 m m  t o  4 8 m m / m i n

D r i v e  s h a f t ’ s 

r o t a t i o n a l  s p e e d  

r a n g e

0  1 5 °  t o  3 0 ° / s e c

C r o s s  -  h e a d  

a l i g n m e n t

0  5 m m  t h r o u g h o u t  f u l l  

t r a v e l

( n o  l o a d  c o n d i t i o n )

C r o s s - h e a d  t r a v e l 4 6 0 c m

T e s t i n g  s p a c e 4 2 0 c m
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3 2 1 MAIN COM PONENTS OF THE MACHINE

3.2.2 Ball Screw

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

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

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

T h e s e  s c r e w s  e x p e r i e n c e  o n l y  c o m p r e s s i v e  f o r c e s

3.2.3 Guide Rod

T w o  s t e e l  s h a f t s  w e r e  c h o s e n  a s  g u id e  r o d s  W h e n  t o r q u e  i s  a p p l i e d  t o  t h e  t e s t  

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

a l s o  e x p e r i e n c e  t h e  s a m e  t o r q u e  f r o m  t h e  r e s u l t i n g  t w i s t i n g  m o m e n t  T h u s  t h e  g u id e  

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

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

3 2.4 Cross-Head

T h e  c r o s s - h e a d  w a s  u s e d  t o  a p p l y  t h e  a x i a l  l o a d  t o  t h e  s p e c im e n  I t  c a n  a t t a i n  l i n e a r  

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

3.2 5 Shafts

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

f o l l o w s

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

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

3  T o r q u e - t e n s i o n  s h a f t ,  t h i s  s h a f t  t r a n s m i t s  t h e  t o r q u e  a n d  t h e  a x i a l  l o a d  a p p l i e d  t o  

t h e  s p e c im e n

T o r s i o n  s h a f t ,  t h i s  s h a f t  i s  a b le  t o  r o t a t e  f r e e l y  a b o u t  i t s  v e r t i c a l  a x i s  a n d  h e lp s  t o  

t r a n s m i t  t o r q u e  f r o m  t h e  l o w e r  p o r t i o n  o f  t h e  m a c h i n e  t o  t h e  u p p e r  p o r t i o n s
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T w o  s t e e l  h o ld e r s  t o  f i x  t h e  s p e c im e n  i n  t h e  m a c h i n e ,  a n d  t o  t r a n s m i t  t h e  n e c e s s a r y  

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

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

I) G npper

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

II) Square Drive

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

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

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

m e c h a n i s m

III) Pre-Load Unit

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

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

3 2 7 Drive System

T h e  t o r q u e - t e n s io n  m a c h i n e  i s  o p e r a t e d  b y  t w o  s e p a r a t e  d r i v e  s y s t e m s  T w o ”  M o o g ”  

b r u s h le s s  s e r v o  m o t o r s  o f  d i f f e r e n t  t o r q u e  c a p a c i t y  a n d  t w o  “ C a r l  B o c k w o l d t ”  h e l i c a l  

g e a r  o f  d i f f e r e n t  s p e e d  r a t i o  D r i v e  s y s t e m - 1 p r o v i d e s  t h e  n e c e s s a r y  a x i a l  l o a d ,  w h i l e  

d r i v e  s y s t e m - 2  p r o v i d e s  t h e  n e c e s s a r y  t o r q u e  a p p l i e d  t o  t h e  s p e c im e n  F i g u r e  3  4  

s h o w s  t h e  s c h e m a t i c  d i a g r a m  o f  a  M o o g  b r u s h le s s  d r i v e  s y s t e m

3 2 6 Specimen Holding Devices

i) Drive System-1

D r i v e  s y s t e m - 1 u s e d  t o  a p p l y  t h e  a x i a l  l o a d ,  w h i c h  c o n s is t s  t h e  f o l l o w i n g  p a r t s
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Motor-1

T h i s  i s  a ’ M o o g  D 3 1 5 - L 1 5  t y p e  b r u s h le s s  A c  s e r v o -  m o t o r  F i g u r e  3  5  s h o w s  t h e  

s c h e m a t i c  d i a g r a m  o f  a  M o o g  b r u s h le s s  s e r v o  m o t o r  T h e  m o t o r  h a s  a  c o n t i n u o u s  

s t a l l  t o r q u e  c a p a c i t y  o f  8  I N m  a n d  n o m i n a l  s p e e d  o f  3 0 0 0 r p m  T h e  c h a r a c t e r i s t i c  

c u r v e  o f  t h i s  m o t o r  i s  s h o w n  i n  f i g u r e  3  6  T h e  m o t o r  s u p p l i e s  t h e  n e c e s s a r y  t o r q u e ,  

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

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

Gear Box-1

I s  a  “ C a r l  B o c k w e l d t ”  t h r e e  s t a g e ,  C B 5 9 - N F 8 0  t y p e ,  h e l i c a l  g e a r  b o x  I t s  g e a r  r a t i o  i s  

2 9 5  8  a n d  t h e  g e a r  b o x  h a s  a  m a x i m u m  p e r m i s s i b l e  o u t p u t  t o r q u e  a t  r a t e d  p o w e r  o f  

1 2 0 0 N m  I t s  m a x i m u m  p e r m i s s i b l e  i n p u t  s p e e d  i s  4 0 0 0 r p m  T h e  m o t o r  a n d  g e a r b o x  

a r e  a s s e m b le d  t o g e t h e r  t o  f o r m  t h e  M G A  u m t - 1

Timing Pulleys and Belts

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

o f  e a c h  p u l l e y  i s  4 0  T w o  p u l l e y s  w e r e  k e y e d  t o  t h e  s h a f t  o f  g e a r  b o x - 1 ,  a n d  o n e  

p u l l e y  t o  e a c h  b a l l  s c r e w  F i g u r e s  3  2  a n d  3  3  s h o w  t h e  p o s i t i o n s  o f  t h e  p u l l e y s  i n  

g e a r  b o x - 1  a n d  i n  t h e  b a l l  s c r e w s  A  p o l y u r e t h a n e  “ B a n d o ”  t y p e  t i m i n g  b e l t  i s  m a t e d  

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

b a l l  s c r e w s  T h e s e  b e l t s  a r e  c a p a b le  o f  t r a n s m i t t i n g  a p p r o x i m a t e l y  3 0 k W  w i t h  a n  

e f f i c i e n c y  o f  9 8 %  w i t h  n o  s l i p  o r  b a c k  l a s h  T h e s e  b e l t s  a r e  o i l  r e s is t a n c e ,  t h e i r  s p e e d  

c a n  b e  i n c r e a s e d  u p  t o  8 0 m / s  a n d  t h e  n u m b e r  o f  t e e t h  o n  e a c h  i s  1 2 1  E a c h  b e l t  w a s  

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

11) Drive System-2

D r i v e  s y s t e m - 2  p r o v i d e s  t h e  n e c e s s a r y  t o r q u e  a p p l i e d  t o  t h e  s p e c im e n ,  i t  c o n s is t s  o f  

t h e  f o l l o w i n g  p a r t s
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Motor-2

A  “ M o o g  "  b r u s h le s s  A C  s e r v o -  m o t o r  o f  t y p e s  “ D 4 1 3 - L 1 0  T h i s  m o t o r  w a s  

a s s e m b le d  w i t h  g e a r  b o x - 2  t o  f o r m  t h e  M G A  u n i t - 2 .  T h e  c o n t i n u o u s  s t a l l  t o r q u e  

c a p a c i t y  o f  t h e  m o t o r  i s  2 . 7 N m  a n d  n o m i n a l  s p e e d  o f  4 9 0 0 r p m .  I t s  c o n t i n u o u s  s t a l l  

c u r r e n t  c a p a c i t y  i s  6 . 7 a m p .  T h e  m o t o r ’ s c h a r a c t e r i s t i c  c u r v e  ( t o r q u e  V s  s p e e d )  is  

s h o w n  i n  f i g u r e  3 . 7 .  T h i s  m o t o r  a p p l i e s  t o r q u e  t o  t h e  s p e c im e n  t h r o u g h  g e a r  b o x - 2 .

Gear Box-2

T h i s  i s  a  “ C a r l  B o c k  W o l d t ”  t h r e e  s t a g e ,  h e l i c a l  g e a r b o x  o f  t y p e  “ C B 2 9 - N F - 6 3  “ . I t  

w a s  a s s e m b le d  w i t h  m o t o r - 2  t o  f o r m  t h e  M G A  u n i t - 2 .  T o r q u e  f r o m  m o t o r - 2  is  

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

a n d  a  n u m b e r  o f  a u x i l i a r y  p a r t s .  I t s  g e a r  r a t i o  i s  1 5 0 . 7  a n d  h a s  m a x i m u m  p e r m i s s i b l e  

o u t p u t  t o r q u e  a t  r a t e d  p o w e r  o f  3 0 0 N m  a n d  i n p u t  s p e e d  o f  4 0 0 0 r p m .

Spur Gear

A  p a i r  o f  c a s e  o f  h a r d e n e d  s t e e l  s p u r  g e a r s  o f  M O D 3 . 0  a n d  P C D  2 8 2  m m  w a s  u s e d  

t o  t r a n s m i t  t o r q u e  f r o m  t h e  g e a r  b o x  t o  t h e  t o r s i o n  s h a f t  o f  t h e  m a c h i n e .  T h e i r  

m a x i m u m  p o w e r  c a r r y i n g  c a p a c i t y  i s  6 2 k W  a t  lO O O r p m .  O n e  s p u r  g e a r  w a s  k e y e d  t o  

t h e  o u t p u t  s h a f t  o f  t h e  g e a r b o x  a n d  t h e  o t h e r  t o  t h e  e n d  o f  t h e  t o r s i o n  s h a f t .  T o r q u e  

f r o m  t h e  M G A  u n i t - 2  i s  t r a n s m i t t e d  t o  t h e  t o r s i o n  s h a f t  v i a  t h i s  p a i r  o f  g e a r s ,  a n d  

f r o m  t h e r e  t o  t h e  s q u a r e  d r i v e  a n d  t h e n  t o  t h e  t o r q u e - t e n s io n  s h a f t ,  a n d  e v e n t u a l l y  t o  

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

3.2.8 Control System

T w o  i d e n t i c a l  “ M o o g  T 1 6 1 - 0 0 3  “  b r u s h le s s  m o t o r  c o n t r o l l e r s  t o g e t h e r  w i t h  p o w e r  

s u p p l y ,  w e r e  u s e d  t o  c o n t r o l  t h e  l o a d  a n d  t o r q u e  m o t o r s .  C o n t r o l l e r - 1 o p e r a t e s  t h e  

l a r g e r  m o t o r - g e a r  a s s e m b l y  a n d  c o n t r o l s  t h e  d i f f e r e n t  l e v e l s  o f  a x i a l  l o a d  a n d  l i n e a r
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m o v e m e n t  o f  t h e  c r o s s - h e a d .  T h e  c o n t r o l l e r - 2  d r i v e s  t h e  s m a l l e r  m o t o r - g e a r  

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

s p e c im e n .  T h e s e  c o n t r o l l e r s  a r e  c o n t r o l l e d  b y  a  1 6  b i t - m i c r o p r o c e s s o r ,  a n d  p r o v i d e  

f u l l  v e l o c i t y  s e r v o  l o o p  c l o s u r e  w i t h  s u b o r d i n a t e  m o t o r  c u r r e n t  c o n t r o l .  F i g u r e  3 . 8  

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

c o n n e c t o r  n  6 , s h o w n  i n  f i g u r e  3 . 9 ,  s u p p l i e s  p o w e r  t o  t h e  m o t o r s .  P i n  4 ,  5 ,  6  a n d  7  

a r e  u s e d .  T h e  I / O  c o n n e c t o r / / 5  f a c i l i t a t e s  t h e  r e a d i n g  o f  v a r i o u s  I / O  p a r a m e t e r s  o f  

t h e  m o t o r s .  T h e  i n p u t  s i g n a l s  ( ±  l O v )  o f  t h e  c o n t r o l l e r s  i s  s u p p l i e d  t o  p i n  1 9 .  A t  t h e  

f r o n t  o f  t h e  c o n t r o l l e r s ,  t h e r e  a r e  t h r e e  s t a t u s  L E D ’ s t o  d i a g n o s e  w h e t h e r  d i f f e r e n t  

s y s t e m  a n d  i n p u t  l i m i t s  a r e  s a t i s f a c t o r y .  P o r t  X 6  c a n  b e  u s e d  t o  c o n t r o l  v a r i o u s  

i n p u t / o u t p u t  c o m m a n d  s ig n a l s  b y  m e a n s  o f  a  d i g i t a l  l i n k  f r o m  a  c o m p u t e r .  A x e s  

e n a b le  i n p u t  v o l t a g e  o f  e a c h  c o n t r o l l e r  i s  1 5 V D C

i) Controller-1

C o n t r o l l e r - 1 w a s  u s e d  t o  c o n t r o l  m o t o r - 1. D i f f e r e n t  l e v e l s  o f  o u t p u t  t o r q u e  f r o m  

m o t o r - 1 a r e  e v e n t u a l l y  c o n v e r t e d  t o  a x i a l  l o a d  v i a  g e a r  b o x - 1 .  R o t a t i o n a l  s p e e d  o f  

t h e  m o t o r  i s  c o n v e r t e d  t o  l i n e a r  v e r t i c a l  m o t i o n  o f  t h e  c r o s s - h e a d .  C o n t r o l  t o r q u e  

r o t a t i o n a l  s p e e d  o f  m o t o r - 1 , b y  c o n t r o l l e r - 1 m e a n s  c o n t r o l  o f  a x i a l  l o a d ,  a p p l i e d  t o  

t h e  s p e c im e n ,  a n d  t h e  v e r t i c a l  l i n e a r  m o v e m e n t  o f  t h e  c r o s s - h e a d .  C l o c k w i s e  r o t a t i o n  

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

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

ii) Controller-2

I t  i s  u s e d  t o  c o n t r o l  m o t o r - 2  a n d  h e n c e  M G  A  u n i t - 2 .  D i f f e r e n t  l e v e l s  o f  o u t p u t  t o r q u e  

f r o m  m o t o r - 2  a r e  e v e n t u a l l y  t r a n s m i t t e d  t o  t h e  s p e c im e n ,  a s  p u r e  t o r q u e ,  v i a  i t s  

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

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

c l o c k w i s e  a n d  c o u n t e r  c l o c k w i s e  r o t a t i o n  o f  m o t o r -2  m e a n s  t h e  c o n t r o l  o f  

c o u n t e r c l o c k w i s e  a n d  c l o c k w i s e  r o t a t i o n  o f  t h e  s p e c im e n  r e s p e c t i v e l y .
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in) Interface Connector

A t  t h e  f r o n t  p a n e l  o f  e a c h  c o n t r o l l e r  t h e r e  i s  a  c o n n e c t o r  ( X 6 )  w h i c h  i s  u s e d  f o r  

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

m a n u f a c t u r e d  t o  i n t e r f a c e  w i t h  a  c o m p u t e r  v i a  a n  R S 2 3 2  s e r ia l  l i n k

i v )  Power Supply Unit

O n e  M o o g  m o t o r - c o n t r o l l e r  p o w e r  s u p p l y  u n i t  t y p e  ( 1 6 0 - 0 0 3 )  i s  u s e d  t o  s u p p l y  t h e  

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

h a s  a  c o n t i n u o u s  p o w e r  s u p p l y  c a p a c i t y  o f  1 5 k W  N o m i n a l  i n p u t  v o l t a g e  is  

2 3 0 V A C ,  4 4 - 6 6 H z  I t  c a n  s u p p l y  p o w e r  u p  t o  s i x  c o n t r o l l e r s  a n d  i t  h a s  a n  i n t e g r a t e d  

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

t h e r e f o r e  a v o id s  a n  u n a c c e p t a b l e  in c r e a s e  i n  t h e  D C  v o l t a g e  A t  t h e  b a c k  p a n e l ,  t h e r e  

a r e  s e v e r a l  i n p u t / o u t p u t  c o n n e c t o r s  i n c l u d i n g  A C  p o w e r  c o n n e c t o r  ( X 3 ) ,  e x t e r n a l  

b l e e d  r e s i s t o r  c o n n e c t o r  ( X 4 ) ,  p o w e r  s u p p l y  s i g n a l  a n d  I / O  c o n n e c t o r  ( X 5 ) ,  s e r ia l  

i n t e r f a c e  c o n n e c t o r  ( X 6 ) ,  D C  b u s  c o n n e c t o r  ( X 7 )  a n d  f a n  c o n n e c t o r  ( X 9 )  I n  t h e  l o w  

v o l t a g e  p o w e r  a n d  s t a t u s  c o n n e c t o r ’ X 5 ,  t h e r e  a r e  a  n u m b e r  c e n t r a l i z e d  p o w e r  

s u p p l i e s  s u c h  a s  + 1 5 V D C - 2 A  l i n e ,  - 1 5 V D C - 2 A  l i n e ,  + 5 V D C - 7  5 A  l i n e ,  e t c  t o  

s u p p l y  p o w e r  t o  o t h e r  e x t e r n a l  d e v ic e s  i f  n e c e s s a r y  T h e  + 1 5 V D C - 2 A  l i n e  ( p i n 9 )  w a s  

u t i l i z e d  t o  p o w e r  t h e  h a r d w a r e  o f  t h e  m o t o r s  T h e  5 V D C  l i n e  ( p i n 8 )  w a s  u s e d  f o r  

d i g i t a l  i n p u t  s i g n a l s

3.2 9 Connections

T h e  f o l l o w i n g  a d d i t i o n a l  c o n n e c t i o n s ,  b e s id e s  t h e  b u i l t  i n  c o n n e c t i o n s  i n  e a c h  d e v i c e ,  

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

i) Power Supply

T h e  m a m  2 2 0 V A C  i n p u t  i s  f e d  i n t o  t h e  p o w e r  s u p p l y  v i a  i t s  b a c k  p l a n e  c o n n e c t o r  

( X 3 )  V a r i o u s  o u t p u t s  f r o m  t h e  b a c k  p l a n e  c o n n e c t o r  ( X 5 )  w e r e  s e t  u p  f o r  t h e
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f o l l o w i n g  p u r p o s e s  T h e  + 5 V D C  o u t p u t  f r o m  p i n  8  a n d  d i g i t a l  g r o u n d  c o n n e c t i o n  

f r o m  p i n  12  a r e  u s e d  a s  a  s i g n a l  d i g i t a l  i n p u t  s i g n a l s  t o  s e le c t  d i f f e r e n t  m o d e s  o f  

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

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

c o n n e c t e d  t o  f o u r  “  t w o  w a y  “  s w i t c h e s  t o  s u p p l y  e i t h e r  5  o r  z e r o  v o l t a g e  t o  p i n  3  a n d  

p m  6  o f  e a c h  X / / 7  c o n n e c t o r  T h e  + 1 5 V D C  f r o m  p i n  9  w a s  u s e d  t o  m a k e  t h e  

m o t o r ’ s  h a r d w a r e  “  e n a b le  “  b y  t w o  ‘ o n e  w a y  ‘ O N / O F  s w i t c h e s  E n a b l i n g  o f  t h e  

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

o f  t h e  M o t o r  A n  a n a lo g u e  g r o u n d  c o n n e c t i o n  f r o m  p i n  1 1  w a s  u s e d  a s  t h e  n e g a t i v e  

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

p o w e r  s u p p l y ,  c o n t r o l l e r s  a n d  m o t o r s ,  i s  s h o w n  i n  f i g u r e  3  1 0

11) Controllers

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

u n i t  “  1 6 0 - 0 0 3  “ P o w e r  c o n n e c t o r  X j u  4  o f  e a c h  c o n t r o l l e r  w a s  c o n n e c t e d  w i t h  t h e  “  8 

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

P i n  N o  I n p u t  r e f e r e n c e  W i r e  c o l o u r

4  P E  G r e e n / Y e l l o w

5  W  B r o w n

6  V  B l u e

7  U  B l a c k

A  r e s o l v e r  c o n n e c t o r  X / i  6  o f  e a c h  c o n t r o l l e r  w a s  c o n n e c t e d  w i t h  t h e  “ 1 2  p o l e  s i g n a l  

m a t i n g  c o n n e c t o r  “ o f  t h e  m o t o r s
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Figure 3 10 Circuit diagram among the controllers and the motors
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3.2.10 DATA ACQUISITION SYSTEM

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

t h e  s p e c im e n  T h e  o u t p u t s  f r o m  t h e s e  t r a n s d u c e r s  a r e  r e a d  b y  c o m m o n “ R D P ”  

a m p l i f i e r  M o d u l e  6 0 0  T h e  d e v ic e s  u s e d  f o r  d a t a  a c q u i s i t i o n  f r o m  t h e  m a c h i n e  a r e  a s  

f o l l o w s

I) Axial Load Cell

A  d o n u t  s h a p e d ,  1 3 3  5 k N  c a p a c i t y ,  c o m p r e s s i o n  t y p e  l o a d  c e l l  u s e d  t o  m e a s u r e  t h e  

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

e x c i t a t i o n  v o l t a g e  i s  1 0  0  V D C  a n d  f u l l  s c a le  n o n - l i n e a r i t y  is  ± 0  5 %  T h e  o u t p u t  f o r  

f u l l  s c a le  d e f l e c t i o n  f o r  a  1 0  V D C  e x c i t a t i o n  i s  2 8  9 4 5 m v ,  r e s p o n s e  o f  t h i s  l o a d  c e l l  

is  0  2 1 6 8 1 m v / k N

Connection

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

R E D  ( + )  E x c i t a t i o n

B L A C K  ( - )  E x c i t a t i o n

G R E E N  ( - )  O u t p u t

W h i t e  ( + )  O u t p u t

II) Torque Load Cell

T o  m e a s u r e  t h e  t o r q u e  a p p l i e d  t o  t h e  s p e c im e n  a  “ N o r b a r ”  r o t a r y  t y p e  t o r q u e  

t r a n s d u c e r  o f  5 0 0 N m  c a p a c i t y  w a s  u s e d  I t  i s  a  s t r a i n  g a u g e d  t o r s i o n  b a r  m a d e  f r o m  

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

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

i n  b o t h  d i r e c t i o n s ,  l  e , c l o c k w i s e  a n d  c o u n t e r  c l o c k w i s e  d i r e c t i o n s  T h e  m a x i m u m
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b r id g e  e x c i t a t i o n  v o l t a g e  o f  t h i s  l o a d  c e l l  i s  1 0 V  a n d  h a s  b e e n  c a l i b r a t e d  u p  t o  

2 0 0 N m .  I t s  o u t p u t  f o r  a  f u l l  s c a le  d e f l e c t i o n  i s  8 . 1 7 m v ,  i . e . ,  0 . 0 4 0 8 m v / N m  t o r q u e  

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

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

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

s h a f t .

Connection

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

P i n  n o .  C o n n e c t i o n  t o

F  E x c i t a t i o n  + v e

D  E x c i t a t i o n  - v e

A  S i g n a l  ( + )

B  S i g n a l  ( - )

iii) Angular Position Transducer

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

s p e c im e n .  I t  is  a  D . C / D . C  a n g u l a r  p o s i t i o n  t r a n s d u c e r .  I t  i s  b a s i c a l l y  a  t r a n s f o r m e r  i n  

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

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

r e a d in g  i s  3 3 m v / d e g r e e  r o t a t i o n  o f  i t s  s h a f t  f o r  a  1 0 V D C  i n p u t .  T h i s  t r a n s d u c e r  c a n  

r o t a t e  3 6 0  d e g r e e s  m e c h a n i c a l  a n g le  c o n t i n u o u s l y .  I t s  e f f e c t i v e  e l e c t r i c a l  a n g le  i s  3 0 0  

d e g r e e s ,  a n d  t h e  r e s id u a l  v o l t a g e  i s  m a x i m u m  a t  z e r o  d e g r e e  a r c  a n d  i t s  v a l u e  is  

5 0 m v ,  i . e . ,  o u t p u t  v o l t a g e  i s  l i n e a r  f r o m 5 0 m v  u p  t o  9 9 5 m v .  T h e  t r a n s d u c e r  s h a f t  is  

s c r e w e d  i n  t o  a  s m a l l  h o le  o n  t h e  e n d  o f  t h e  t o r s i o n  s h a f t  a n d  e x p e r ie n c e s  t h e  s a m e
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a n g le  o f  t w i s t  a s  t h e  t o r s i o n  s h a f t  T h e  o u t p u t  i s  d e t e r m in e d  b y  t h e  p o s i t i o n  o f  t h e  

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

o u t p u t t e d  i n  v o l t s  F i g u r e  3  1 1  s h o w s  t h e  c h a r a c t e r i s t i c  c u r v e  o f  t h e  a n g le  m e a s u r i n g  

t r a n s d u c e r  T h e  r e s id u a l  v o l t a g e  i s  m a x i m u m  a t  z e r o  d e g r e e  a r c  a n d  i t s  v a l u e  is  

5 0 m v ,  i  e  , o u t p u t  v o l t a g e  i s  l i n e a r  f r o m  5 0 m v  u p  t o  9 9 5 m v  ( 3 3 m v / d e g  X  3 0 0  d e g  +  

5 0 m v  =  9 9 5 m v )  O u t p u t  i n c r e a s e s  f o r  c l o c k w i s e  r o t a t i o n  o f  t h e  s h a f t  T h e  m a x i m u m  

n o n  l i n e a r i t y  i s  ±  0  5 %  o f  f u l l  s c a le

Connection

P i n  c o l o u r C o n n e c t i o n

R E D

B L C K

B R O W N

B L U E

E x c i t a t i o n  ( + v e )  

E x c i t a t i o n  ( - v e )  

S i g n a l  ( + )

S i g n a l  ( - )

111) Linear Variable Displacement Transducer (LVDT)

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

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

L  V  D  T  i s  p o s i t i o n e d  o n  t h e  f r a m e  o f  t h e  t e n s i o n - t o r q u e  m a c h in e ,  b e f o r e  c o n d u c t i n g  

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

d e c r e a s e s

3.2.11 M odular Am plifier

T h e  R D P  M o d u l e  6 0 0  i s  a n  E u r o c a r d  b a s e d  s y s t e m  a n d  p r o v i d e s  c o n d i t i o n i n g  f o r  a  

n u m b e r  o f  D i f f e r e n t  t r a n s d u c e r s  t y p e s  i n c l u d i n g  s t r a i n  g a u g e  t r a n s d u c e r ,  L V D T ,  

s t r a i n  g a u g e ,  v o l t a g e  a n d  c u r r e n t  i n p u t s  a n d  l i n e a r i s a t i o n  f o r  R D P  n o n - c o n t a c t  

i n d u c t i v e  s e n s o r s  T h e  f r o n t  p a n e l  c o n t r o l s  i n c l u d e  f i n e  g a in ,  z e r o  a n d  e x c i t a t i o n  w i t h
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C l o c k w i s e  r o t a t i o n  

 ►

F i g u r e  3  11 T h e  o u t p u t  c h a r a c t e r i s t i c  c u r v e  o f  t h e  a n g le  m e a s u r i n g  t r a n s d u c e r

46



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

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

i n  f i g u r e  3  1 2

i) Module 611

T h e  R D P  6 1 1  s t r a i n  g a u g e  s i g n a l  c o n d i t i o n i n g  a m p l i f i e r  m o d u l e  i s  p a r t  o f  t h e  

m o d u l a r  6 0 0  s y s t e m  I t  i s  d e s ig n e d  f o r  u s e  w i t h  s t r a i n  g a u g e  a n d  D C  t y p e  

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

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

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

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

11) Module 621

T h e  R D P  6 2 1  L V D T  a m p l i f i e r  i s  a  d u a l  c h a n n e l  a m p l i f i e r  f o r  t h e  u s e  w i t h  L V D T  

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

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

a n d  4 - 2 m A ,  a  b r o a d  r a n g e  o f  a d ju s t m e n t s  e n s u r e s  t h a t  t h e  v o l t a g e  a n d  4 - 2 0 m A  

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

m) M odule 628

T h e  R D P  6 2 8  s t r a i n  g a u g e  s i g n a l - c o n d i t i o n i n g  a m p l i f i e r  p r o v i d e s  p r e c i s i o n  

a m p l i f i c a t i o n  a n d  c a l i b r a t i o n  o f  s t r a i n  g a u g e s  o u t p u t s  T h e  R D P  m o d u l e  6 2 8  i s  p a r t  

o f  t h e  m o d u l a r  6 0 0  s y s t e m  a n d  t h e  m o d u l e  i s  d e s ig n e d  t o  w o r k  w i t h  q u a r t e r ,  h a l f  a n d  

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

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

i v )  M odule 631

T h e  R D P  6 3 1  m o d u l e  p r o v i d e s  p o w e r  t o  t h e  m o d u l a r  6 0 0  s y s t e m  b u s s e s  e n a b l i n g  t h e  

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

m o d u l e  6 3 1  i s  v i a  a  s t a n d a r d  a  c  l e a d ,  w h i c h  p l u g s  i n t o  t h e  b a c k  o f  t h e  m o d u l a r  6 0 0  

s y s t e m  h o u s i n g
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Figure 3 12 Typical Modular 600 System
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3 3 LABVIEW PROGRAMME

L a b  V i e w  b y  N a t i o n a l  I n s t r u m e n t s  [ 6 9 ]  i s  a n  a d v a n c e d  g e n e r a l  p u r p o s e  p r o g r a m m i n g  

t o o l  f o r  d a t a  a c q u i s i t i o n ,  a n a l y s i s  a n d  i n s t r u m e n t  c o n t r o l  L a b V i e w  ( a n  a c r o n y m  

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

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

w a r e  s u c h  a s  I E E E  4 8 8  ( G P I B ) ,  P X I ,  R S 2 3 2 ,  a n d  p l u g - i n  d a t a  a c q u i s i t i o n  c a r d s  A  

p r o g r a m  i n  L a b V i e w  i s  c a l l e d  a  V I  ( v i r t u a l  i n s t r u m e n t )  a n d  c o n s is t s  o f  t w o  w i n d o w s ,  

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

( G U I )  o f  t h e  v i r t u a l  i n s t r u m e n t  I t  c o n t a i n s  c o n t r o l  i t e m s  s u c h  a s  k n o b s ,  b u t t o n s ,  

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

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

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

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

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

t h e  o u t p u t  w h i c h  c r e a t e d  o n  t h e  f r o n t  p a n e l  L a b V i e w  h a s  t h r e e  p a le t t e  s e ts ,  t o o l s  

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

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

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

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

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

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

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

t r a n s d u c e r s  ( a x i a l  l o a d  c e l l ,  t o r q u e  l o a d  c e l l ,  a n g u l a r  p o s i t i o n  t r a n s d u c e r ,  a n d  

L V D T )  O n e  o f  t h e  t w o  s e r v o  m o t o r s  w a s  u s e d  f o r  t h e  m o v e m e n t  o f  t h e  c r o s s - h e a d  

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

t o  a p p l y  t o r q u e  t o  t h e  s p e c im e n  T h e s e  t r a n s d u c e r s  p r o d u c e d  m i l l i - v o l t  r e a d in g s ,  

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

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

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

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

I )  K e e p in g  t h e  a x i a l  l o a d  c o n s t a n t ,  w h i l e  i n c r e a s i n g  t o r q u e

II)  K e e p i n g  t h e  a x i a l  d i s p l a c e m e n t  c o n s t a n t ,  w h i l e  i n c r e a s i n g  t o r q u e

III)  K e e p in g  t h e  a n g l e  o f  t w i s t  c o n s t a n t ,  w h i l e  i n c r e a s i n g  a x i a l  l o a d

i v )  K e e p in g  t h e  t o r q u e  c o n s t a n t ,  w h i l e  i n c r e a s i n g  a x i a l  l o a d

T h e  f r o n t  p a n e l  a n d  b l o c k  d i a g r a m  f o r  e a c h  l o a d i n g  p a t h  a r e  s h o w n  i n  f i g u r e s  3  1 3 ,  

t h r o u g h  3  2 0  r e s p e c t i v e l y

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

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

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

t o  a d ju s t  t h e  p o s i t i o n  o f  t h e  g n p p e r s  t o  i n s e r t  a n d  r e m o v e  t h e  s p e c im e n ,  a n d  a n  o n / o f f  

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

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

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

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

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

t w i s t  A  w h i l e  l o o p  i s  u s e d  t o  e n c lo s e  a l l  t h e  o b je c t s  i n  t h e  b l o c k  d i a g r a m  T h e  w h i l e  

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

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

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

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

s e q u e n c e  s t r u c t u r e ,  a  c a s e  s t r u c t u r e  w a s  e n t e r e d  A  c a s e  s t r u c t u r e  h a s  t w o  o r  m o r e  

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

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

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

w a s  u s e d  f o r  s w i t c h i n g  b e t w e e n  m a c h i n e  s e t  u p  a n d  t e s t  p r o g r a m m e ,  w h i c h  a r e
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Figure 3.13 The front panel for constant axial load test

Figure 3.14 The block diagram for constant axial load test
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Constant Axial Displacement Test

F i g u r e  3 . 1 5  T h e  f r o n t  p a n e l  f o r  c o n s t a n t  a x i a l  d i s p l a c e m e n t  t e s t

Figure 3.16 The block diagram for constant axial displacement

52



Machine SetLp

Load-volts Torque-volts L

0.0 0.0

« g p
50^ ^ ^ 5G

-10.0 10.0 -10.0 10.0

f ™ ~ \ 3k«» 1
Run/Hold Reset Run/Hold Reset

¿  OFF ^ &  OFF

Constant Angular Twist

Test

Axial Displacement-mm

Torque-Nm

Angle of Twist-degrees

50.0- lo .oo 200.0- (d . o o

« . o - 175.0-

1S0.0-
30.0- 125.0-

20.0- 100.0-

75.0-
10.0-

50.0-

oo

25.0-

-10.0- 1 1 -10.0-
0 100 11 100

At^e of Twist (deg)

S535— ]

40.0- lo.oo 360.0; lo.oo

30.0- 300.0-

250.0-

Torque (volts) Load
20.0-

200.0-

-5.0. .5.0 ¿ J  

£ » □

1 
1 

o 
o

 
o 

o

150.0-

100.0- 

50.0-
-10.0 10.0

-10.0-
0 100 1

■ ■ ■
)

1
199

F i g u r e  3 . 1 7  T h e  f r o n t  p a n e l  f o r  c o n s t a n t  a n g le  o f  t w i s t  t e s t

Figure 3.18 The block diagram for constant angle of twist test
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Figure 3.20 The block diagram for constant torque test
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s e p a r a t e l y  b u i l t  i n  t h e  t w o  c a s e s  I f  t h e  t e s t  s w i t c h  i s  o n  i n  t h e  f r o n t  p a n e l ,  t h e  c o n t r o l  

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

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

i n s t r u m e n t  i n p u t / o u t p u t  V I ,  d a t a  a c q u i s i t i o n  o p e r a t i o n s ,  f i l e  i n p u t / o u t p u t  V I ,  a n d  

a r i t h m e t i c  o p e r a t io n s

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

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

t o r q u e  T w o  c a s e  s t r u c t u r e s  a r e  u s e d  f o r  e a c h  m o t o r  F i r s t  c a s e  s t r u c t u r e  b e c o m e s  0  

o r  1 d e p e n d i n g  o n  t h e  p o s i t i o n  o f  t h e  s w i t c h  T h e  a n a lo g u e  o u t p u t  d a t a  a c q u i s i t i o n  V I  

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

A n a l o g u e  i n p u t  V I ’ s  a r e  p l a c e d  i n  t h e  f r a m e  t o  r e a d  t h e  i n p u t  s i g n a l s  f r o m  t h e  

t r a n s d u c e r s  E a c h  t r a n s d u c e r  i s  a s s ig n e d  a  c h a n n e l  a n d  a l l  u s e s  d e v i c e 2  T h e  s i g n a l  

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

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

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

a s s ig n e d  c h a n n e ls  f o r  e a c h  t r a n s d u c e r  a r e  s h o w n  i n  t a b l e  3  2

T a b l e -  3  2  t h e  a s s ig n e d  c h a n n e ls  f o r  e a c h  t r a n s d u c e r

T r a n s d u c e r C h a n n e l  n u m b e r G r a d i e n t

A x i a l  l o a d 0 1 2  5 3 1 3

A x i a l  d i s p l a c e m e n t 2 1 7 1

T o r q u e 3 2 3  4 2

A n g l e  o f  t w i s t 1 3 0

S t r a i n 4 D e p e n d s  o n  t h e  s c a l i n g  

f a c t o r  o f  t h e  m o d u l a r  

a m p l i f i e r

3 2.3 DAQ Device

T w o  d a t a  a c q u i s i t i o n  d e v ic e s  A T - A O -6  a n d  A T - M I O - 1 6 E  w e r e  u s e d  t o  s e n d  t h e  

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

c h a n n e ls  o n  t h e  d e v ic e s  D e v i c e  1 i s  u s e d  f o r  l o a d  m o t o r  a n d  d e v i c e 2  f o r  t o r q u e  

m o t o r
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l) Device-1

T h e  A T - A O -6  i s  a  h i g h  p e r f o r m a n c e  a n a lo g u e  o u t p u t  a n d  d i g i t a l  I / O  b o a r d  f o r  t h e  

P C  I t  i s  a  v e r s i o n  w i t h  s i x  a n a lo g u e  o u t p u t  c h a n n e ls  a n d  h a s  s i x  d o u b l e - b u f f e r e d ,  

m u l t i p l y i n g  1 2 - b i t  D A C ’ s u m - p o l a r  a n d  b i - p o l a r  v o l t a g e  o u t p u t  I t s  v o l t a g e  o u t p u t  

r a n g e s  f r o m  0 - ±  1 0 V  T h e  A T - A O - 6  i s  d e s ig n e d  f o r  a p p l i c a t i o n s  s u c h  a s  a u t o m a t i o n  

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

I t  i s  i n t e r f a c e d  t o  t h e  n a t i o n a l  i n s t r u m e n t  R T S I  b u s  W i t h  t h i s  b u s ,  N a t i o n a l  

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

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

c o n t r o l  s i g n a l s  t o  t h e  A T - A O - 6  T h e  b l o c k  d i a g r a m  a n d  I / O  c o n n e c t o r  p i n  

a s s ig n m e n t  o f  t h e  b o a r d  i s  s h o w n  i n  f i g u r e s  3  2 1  a n d  3  2 2

n) Device-2

T h e  A T - M I O - 1 6 E  is  a  h i g h - p e r f o r m a n c e  m u l t i  f u n c t i o n  a n a lo g u e ,  d i g i t a l  a n d  t i m i n g  

I / O  b o a r d s  f o r  t h e  P C  A T  a n d  c o m p a t i b l e  c o m p u t e r s  I t  f e a t u r e s  1 2 - b i t  a n d  1 6 - b i t  

A D C ’ s  w i t h  1 6  a n d  6 4  a n a lo g u e  i n p u t s ,  1 2  D A C ’ s  w i t h  v o l t a g e  o u t p u t s ,  8  a n d  3 2  

l i n e s  o f  T T L - c o m p a t i b l e  d i g i t a l  I / O  a n d  t w o  2 4 - b i t  c o u n t e r / t i m e r s  f o r  t i m i n g  I / O  T h e  

b o a r d  i s  e a s i l y  c o n f i g u r e d  a n d  c a l i b r a t e d  u s i n g  s o f t w a r e  a s  t h e  b o a r d  h a s  n o  D I P  

s w i t c h e s ,  j u m p e r s  o r  p o t e n t i o m e t e r s  T h e  A T - M I O E  b o a r d  i s  c o m p l e t e l y  s o f t w a r e  

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

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

c o n f i g u r a t i o n  i n c l u d e s  s e t t i n g  t h e  b a s e  I / O  a d d r e s s ,  D M A  c h a n n e ls ,  a n d  i n t e r u p t  

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

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

b o a r d  h a s  t w o  i n p u t  p o l a r i t i e s ,  u n i p o l a r  a n d  b i  p o l a r ,  t h e  u n i - p o l a r  i n p u t  r a n g e  o f  ( 0 -  

1 0 V )  a n d  a  b i p o l a r  i n p u t  r a n g e  o f  ( - 5 V t o + 5 V )  T h e  a n a l o g u e  o u t p u t  c h a n n e l s  w e r e  

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

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

3  2 3  a n d  3  2 4

56



Figure 3 21 B lock  Diagram o f D ev ice  1 A T -A O -6



1 V O U T O  1 V e l o c i t y  ( F ) 2 I O U T O

3 E X T R E F

0

4 R G N D 0

5 V O U T 1  - --------  T o r q u e  ( T ) 6 I O U T 1

7 A G N D O 8 A G N D 1

9 V O U T 2 10 I O U T 2

11 E X T R E F

2

12 R G N D 2

1 3 V O U T 3 1 4 I O U T 3

1 5 A G N D 2 1 6 A G N D 3

1 7 V O U T 4 1 8 I O U T 4

1 9 E X T R E F

4

2 0 R G N D 4

21 V O U T 5 2 2 I O U T 5

2 3 A G N D 4 2 4 A G N D 5

2 5 V O U T 6 2 6 I O U T 6

2 7 E X T R E F

6

2 8 R G N D 6

2 9 V O U T 7 3 0 I O U T 7

3 1 A G N D 6 3 2 A G N D 7

3 3 V O U T 8 3 4 I O U T 8

3 5 E X T R E F

8

3 6 R G N D 8

3 7 V O U T 9 3 8 I O U T 9

3 9 A G N D 8 4 0 A D I O O

4 1 A D I O l 4 2 A D I 0 2

4 3 A D I 0 3 4 4 B D I 0 4

4 5 B D I 0 5 4 6 B D I 0 6

4 7 B D I 0 7 4 8 E X T U P

D T

4 9 D G N D 5 0 + 5 V

F i g u r e  3  2 2  A T - A O - 6  D A Q  d e v i c e  1
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3.4 CALBRATION OF THE TEST MACHINE

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

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

c r a n e  e l e c t r o n i c  d i g i t a l  t o r q u e  w r e n c h  T h e  L V D T  w a s  c a l i b r a t e d  u s i n g  I n s t r o n  

m a c h i n e ,  w h i l e  t h e  a n g u l a r  t r a n s d u c e r  w a s  c a l i b r a t e d  u s i n g  3 6 0  m a r k i n g  a r o u n d  t h e  

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

3 2

3 4 1  Calibration of the Axial Load Cell

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

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

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

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

a s s ig n e d  t o  f o r c e  w h i c h  i s  c h a n n e l  0  O n  t h e  f r o n t  p a n e l  o f  t h e  p r o g r a m m e  t h e  i n p u t  

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

a m p l i f i e r  m o d u l e  3  b a n d  o n  t h e  R D P  m o d u l a r  6 0 0  w a s  r e m o v e d  f r o m  t h e  a m p l i f i e r  

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

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

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

I n c r e a s i n g  l o a d s  o f  5  k N  w e r e  a p p l i e d  t o  t h e  l o a d  c e l l  o n  t h e  I n s t r o n  m a c h i n e ,  t h e  

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

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

M i c r o s o f t  E x c e l  a n d  t h e  d a t a  g r a p h e d  t o  f i n d  t h e  s lo p e  o f  t h e  b e s t  f i t  l i n e  T h e  

c a l i b r a t i o n  c u r v e  i s  s h o w n  m  f i g u r e  3  2 5  w h i c h  s h o w s  a  l i n e a r  r e l a t i o n s h i p  b e t w e e n  

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

1 2  5 3 k N / V

3.4.2 Calibration of the Torque Load Cell

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

f r o m  t h e  t o r q u e  b a r  a n d  t h e  o u t p u t  v o l t a g e  f r o m  t h e  t r a n s d u c e r  o n  t h e  f r o n t  p a n e l
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The bottom gripper was removed from the torque-tension machine and replaced with 

a plate attachment, and then the digital torque wrench was screwed to the plate until 

a light fit was achieved The Labview program ‘calibration’ was set up to read the 

signal coming in to the analogue input channel assigned to torque which is channel 3 

The input data on the front panel of the program was represented on a graph and a 

digital indicator gave precise readings On the RDP modular 600 amplifier module 4 

board was removed from the amplifier to change the input range to the amplifier, this 

was accomplished by turning on the appropriate gain switches The input signal was 

zeroed against the zero axis on the graph by adjusting the zero screw on the amplifier 

on the appropriate channel Increasing torque of lONm was applied to the torque- 

tension shaft on the machine using the torque velocity voltage control The torque 

applied from the torque bar and the output voltage from the transducer on the front 

panel was recorded for each torque These recorded values were entered in to 

Microsoft Excel and the data graphed to find the slope of the best fit line Figure 3 26 

shows the calibration curve The inverse of this slope gave a scaling factor for torque 

is 23 42Nm/V

3.4.3 Calibration of the LVDT

This calibration was carried out to find the relationship between the precise axial 

displacement and the input voltage from the digital indicator on the front panel At 

first the LVDT was placed in the Instron machine set up with the flat heads, the 

labview program ‘calibration’ was set up to read the signals coming in to the 

analogue input channel assigned to LVDT which is channel 2 The input data on the 

front panel of the program was represented on a graph and a digital indicator gave 

precise readings To change the input range to the amplifier, the RDP modular 600 

amplifier module 1 board was removed from the amplifier, this was accomplished by

turning on the appropriate gam switches The input signal was zeroed against the 

zero axis on the graph by adjusting the zero screw on the amplifier on the appropriate 

channel Increasing axial displacement of 2 and then 1mm were applied to the LVDT 

on the Instron machine using the pluge depth gauge The axial displacement and the 

input voltage from the digital indicator on the front panel was recorded for each
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displacement These recorded values were entered in to Microsoft Excel and the data 

graphed to find the best fit line Figure 3 27 shows the calibration curve The inverse 

of this slope gave the scaling factor for the LVDT is 1 7 Imm/V

3 4 4 Calibration of the Angular Position Transducer

This calibration was carried out to find the relationship between the analogue 

command (0-10V) applied to the front panel of the Lab view program and the 

resulting angle 360 degree markings were placed around the bottom gnpper shaft 

and an indicator was created using a hole in the shaft The labview program 

‘calibration’ was set up to read the signals coming in to the analogue input channel 

assigned to the angle of twist which is channel 1 The input data on the front panel of 

the program was represented on a graph and a digital indicator gave precise readings 

The board was removed from the amplifier (RDP modular 600) to change the input 

range to the amplifier, this was accomplished by turning on the appropriate gain The 

input signal was zeroed against the zero axis on the graph by adjusting the ‘zero 

screw’ on the amplifier on the appropriate channel Torque velocity voltage was 

applied from the front panel of the Labview program to rotate the bottom gripper 

clockwise, using the run/hold switch on the front panel, the angle was recorded

against the input voltages read on the graph for each angle These recorded values

were entered in to Microsoft Excel Figure 3 28 shows the calibration curve when the 

shift rotated in a clockwise direction The inverse of this slope gave the scaling factor 

for the angle of twist as 30 deg/V

3 5 SPECIMEN SELECTION AND INSTRUMENTATION

3.5,1 Test Materials and Specimen Design

The material used for the specimen was structural steel (BS970) The chemical

composition (in percentage) of the steel was as given in table 3 3 as supplied

i
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Figure 3,2?  LVOI calibration curve
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Table 3 3 Chemical composition of the steel solid rod

Component l~C Mn P Si S

Weight % 0 36-0 44 0 60-0 90 0 05 0 10-0 40 0 05

A solid bar was used as the test specimen to avoid the complex relationships among 

the tightening torque, friction coefficient and pre-load, which results in case of a bolt 

Except for the two extended end heads, the specimen had a circular cross-section 

throughout Details of the specimen are shown in figure 3 29 The specimen was 

designed according to ASTM standardised form (ASTM E8) for a ductile-metal 

tension-test specimen To apply the tensile load and torque, either simultaneously or 

individually, the ends of the specimen were designed in such away that when the 

torque was applied, the straight faces prevented the specimen from rotation, and 

when the tensile loads were applied, the 7 8mm deep heads held the specimen m the 

slots of the gnppers

In the present experimental investigations thin-walled tubes were also tested under 

combined tension-torsion loading The specimens were cold finished seamless 

pressure tubes (BS3602 parti, CFS 360), and with 6 8mm outside diameter, 5mm 

inside diameter and 60mm in length The chemical composition of the tube (in 

percentage) was as given in table 3 4 Details of the thin-walled tube specimen are 

shown in figure 3 30 The specially designed head to fit with the thin-walled tube is 

shown in figure 3 31

Table 3 4 Chemical composition of the thin-walled tube

Component C Si Mn S P

Weight % 0 17 0 35 0 40-0 80 0 045 0 045
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3.5.2 Specimen Instrumentation

In the present experimental investigations, three types of strain gauges were used to 

measure the axial and shear strains of the loaded specimen All these gauges were 

purchased from the ‘Measurements Group UK Ltd’ The strain gauge, type CER-06- 

250UN-350, was used to measure the axial strain during the um-axial loading of the 

specimen Types EA-06-125TM-120 and CEA-06-UV-350 were used during 

combined loadings The details of these three different types of strain gauges are 

shown in figure 3 32

3 5 3 Strain Gauge Attachment

The strain gauges are attached to the specimen to obtain the strain information of the 

specimen under different loading The strain gauges are balanced properly for 

resistance and the output voltage is supplied to the modular amplifier for further 

amplification and then to the Labview system In order to obtain the best results from 

strain gauges, it is important to prepare the gauge and the surface of the specimen to 

which the gauge to be attached To prepare the surface of the specimen, an area 

larger than the installation was smoothed with a fine grade emey paper to provide a 

sound bonding surface Then the area was degreased with a solvent cleaner Finally 

the surface of the specimen was neutralised with a ‘M-prep Neutraliser-5’ Lint free 

cloth was used for this operation After preparing the specimen surface, a short 

length of adhesive tape was placed over the entire length of the gauge tabs Then the 

back of the gauge and the specimen surface were coated with a thin layer of 

‘270schnellkle bstoff adhesive The strain gauge was placed in its desired location 

and reasonable pressure was applied over the whole length of the gauge for 

approximately one minute Then the connecting wires were soldered to each strain 

gauge element

3 6 EXPERIMENTAL PROGRAMME

The experimental programmes were performed on an instrumented mechanical 

torque-tension machine at normal environmental conditions (room temperature)
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Strain gauge type CEA-06-250-UN-350

ID

Strain gauge type CEA-06-2UV-350

Strain gauge typeEA-06-125TM-120 

Figure 3 32 Different types of strain gauges used



Number of preliminary tests, such as, um-axial tensile tests and pure torsion tests 

were carried out to determine the characteristics (um-axial yield load and yield 

torque) of the material investigated The axial load is measured by the axial load cell, 

and the axial displacement is measured by the linear velocity displacement 

transducer The torque and the angle of twist are measured by the torque load cell 

and the angle measuring device The signals from the transducers are fed to the 

modular amplifier where they amplified and then fed to Labview The signals from 

the amplifier, in volts, are scaled and shown in digital indicators on the front panel 

and stored in Microsoft Excel files for further analysis Four different types of non- 

proportional combined tension-torsion loading paths are carried out as mentioned 

above

3.6.1 TENSION FOLLOWED BY TORSION 

Axial Displacement Held Constant

In this load test, the specimen was subjected to initially applied tensile load, and then 

its corresponding axial displacement was kept constant This was achieved by setting 

the load motor hold mode to keep the axial displacement constant, then the torque 

motor was enabled to apply the torque gradually at constant strain rate till the 

specimen fails The same procedure of the above test was repeated for different 

levels of initial axial load for solid steel rod and thin-walled specimens

Axial Load Held Constant

An EA-06-125-TM-120 type axial strain gauge is attached with the specimen to 

measure the axial strain Then the specimen was subjected to an initial axial load 

within the elastic range, maintaining the axial load constant through out the test This 

was achieved by enabling the load motor to run till the present axial load was 

reached, then the torque motor was enabled to apply the torque gradually till the 

specimen failed During the application of the initial axial load, the specimen was 

extended at quasi-statically at a nominally constant axial strain rate of 8 33 x 10 ̂ s -1
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This test was repeated for different levels of initial axial load, and for the solid steel 

rod specimens only The effect of the strain rate is negligible

3.6 2 TORSION FOLLOWED BY TENSION 

Angle of Twist Held Constant

In this type of loading path, the specimen was subjected to an initial torque within 

the elastic range of the material, and then the corresponding angle of twist was held 

constant throughout the test While keeping the angle of twist constant, an axial load 

was gradually applied until failure of the specimen To achieve this, the torque motor 

was switched to ‘hold’ mode, and the load motor was enabled to apply the axial load 

The load motor was kept running until failure of the specimen The same procedure 

was repeated for different levels of initial torque (1 e , with different values of angle 

of twist) This test was carried out for both the solid steel rod and thin-walled tube 

steel specimens

Torque Maintained Constant

Before this test was carried out a “ CEA-06-062UV-350” type shear strain gauge 

was attached to the specimen After set up, the specimen was subjected to an initial 

torque within the elastic range of the material The applied initial torque, rather than 

the angle of twist, was maintained constant throughout the test and the axial load was 

then applied gradually till the specimen failed During the application of the axial 

load the specimen was extended at the same strain rate as previously, where as 

during the torque application the specimen was twisted at a shear strain rate of 

1 34xlO _3s _1 The same test procedure was repeated for different levels of initial 

torque
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Plate 3.4The two identical “Moog TI61-003” brushless motor controllers
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CHAPTER FOUR

ANALYSIS OF EXPERIMENTAL RESULTS AND 
DISCUSSION

4.1 INTRODUCTION

This chapter details the analysis and discussion of the experimental results carried out 

according to the experimental programme mentioned in section 3 5 of chapter three 

Two tension tests and two pure torsion tests were carried out on virgin specimens 

under the same loading conditions to determine the characteristics (l e um -axial 

yield load and yield torque) of the material investigated After the determination of 

the yield axial load and yield torque, various combinations of these loads were used 

for the combined load tests Combined tension-torsion tests are carried out at normal 

room temperature in a number of different loading path details which are given 

below Four different types of loading paths were investigated as follows

• Initial axial load of known level, within the elastic range was applied to the 

specimen and subsequent application of a torque, maintaining the axial load 

constant throughout the test, until the failure of specimen

• Initial torque of known level, within the elastic range was applied to the 

specimen, and then, the axial load was gradually increased until the failure of 

the specimen The torque was maintained constant while the axial load 

increased

• The specimen was subjected to an initial extension and subsequent application 

of torsion, maintaining the initial extension constant throughout the 

experiment
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• The specimen was subjected to a twist of an initial angle and subsequent 

application of axial load, maintaining the initial angle of twist constant until 

the failure of the specimen 

During the tensile loading the specimen was extended quasi-statically at a nominally 

constant axial strain rate, while during the torque loading the specimen was twisted at 

a constant shear strain rate The experimental investigations were conducted on 

structural steel, as it is the most commonly used material in the engineering 

industries

4.2 Preliminary Tests 

4 2 1  Uni-Axial Tensile Tests

The uni-axial tensile tests were carried out on two separate specimens to determine 

the necessary mechanical properties of the mild steel (En8) The yield strength of the 

specimen was measured at 0 2% offset The average axial yield load was equal to 

30 5kN Figure 4 1 shows the Um -axial tensile load versus axial strain curve The 

axial stress versus axial strain curve is depicted in figure 4 2, and the yield stress 

calculated for the corresponding yield load was 607N/mm2 (MPa) The modulus of 

elasticity was calculated from the slope of the straight line from the origin to the 

proportional limit of the stress-strain diagram The average value of the modulus of 

elasticity was 210 GPa

4 2 2 Pure Torsion Tests

Two pure torsion tests were carried out on two separate specimens In torsion test, 

unlike the tension test where the stress is uniformly distributed across the section of 

the specimen, there is a stress gradient across the cross- section and hence at the end 

of elastic range yielding commences at the outer fibers first while the core is still 

elastic With continued application of torque in to the plastic range, more and more of 

the cross-section yields until the entire cross-section becomes plastic Figure 4 3 

shows the torque-shear strain diagram for the steel specimen The yield torque was 

measured at the proportional limit whose value was equal to 36 2Nm and its
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Shear strain (micro-strain)

Figure 4 3 Torqus versus shear strain curve



corresponding yield shear stress was equal to 360MPa The mechanical properties of 

the steel investigated are given in table 4 1

Table 4 1 Mechanical properties of the steel

Modulus of

elasticity

(GPa)

Modulus of 

rigidity (GPa)

Tensile yield 

load (kN)

Yield torque 

(Nm)

Tensile yield 

stress (MPa)

Shear yield

stress

(MPa)

210 80 30 5 36 2 607 360

4.3 COMBINED LOADING OF SOLID ROD

4 3 1  TENSION FOLLOWED BY TORSION

Axial Displacement Held Constant

In the first type of loading, the specimen was subjected to an initial axial load within 

the elastic range and then, keeping its corresponding axial displacement constant, the 

torque was applied gradually at a nominal constant twist rate till the specimen failed 

This procedure was repeated for four different initial normalised axial loads, F (F/Fy) 

equal to 1 0, 0 75, 0 50 and 0 25

For this type of loading the variation in the normalized axial load F with the 

subsequently applied normalized torque T, for different levels of initially applied 

loads, is depicted in figure 4 4 It is observed from this figure that as the torque is 

increased gradually, the initially applied axial load remains constant for a certain 

level of torque It then decreases marginally until the combined axial load and torque 

produces von Mises yield condition It is seen from the figure when the rod is 

subjected to a higher initial axial load and then torque is applied, the axial load starts 

to decrease at a greater rate at the initial stage of loading and tends to drop rapidly 

after about 1 2 times the yield torque On comparison of the four different initial axial 

load cases, when the initial axial load is smaller, the subsequent torque holding
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capacity of the rod is extended up to 1 3 times the yield torque after which yielding 

occurs rapidly The rod sustains larger torque because of the non-linear, inelastic 

behaviour across the cross section in shear This increases the torque carrying 

behaviour of the rod From the yield criteria for combined loading according to von 

Mises, the material starts yielding at lower torque when the initially applied axial load 

is increased This follows the yield criteria <72 + 3 r2 = Y2, where a  is the axial stress 

T is the shear stress and Y is the axial yield stress After reaching the yield plateau the 

combined stresses in the rod follows the yield plateau as shown in figure 4 4 The 

normalized torque exceeds unity due to the strain hardening property of the material

Figures 4 5-4 8 are plotted as normalised shear strain versus normalised axial load 

and torque curves for different initially applied axial loads corresponding to 1 0, 0 75, 

0 5 and 0 25 of the yield axial load These figures show the variation of initially 

applied normalised axial load and subsequently applied torque with the shear strain It 

is revealed from these curves that for the subsequent twisting of the rod, the increase 

in the shear stress due to the increase in the torque is developed faster than the 

decrease in the axial load and the corresponding axial stress It can be seen also from 

these figures that even the material yields due to the combined loading well before 

the applied torque reaches its yield torque, all the torque curves behave almost the 

same When the yielding starts, the axial load carrying ability is reduced, with the 

increasing torque, without affecting its torque carrying ability, the initially applied 

axial load decreases continuously with the subsequent applied torque, in the 

beginning rapidly and then slowly but nearly at a constant rate, because of the 

combined loading the yielding commences in the outer layer first and with 

subsequently applied torque the plastic zone starts to spread on the core of the rod 

with more reduction in its ability to sustain the initially applied axial load

Axial Load Maintained Constant

In this loading case, the rod is subjected to an initial axial load within the elastic 

range of the material followed by the application of the torque, keeping the axial load 

constant This procedure was repeated for four different levels of initial axial load 

corresponding to 1 0, 0 75, 0 50 and 0 25 of the yield axial load To observe the effect
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Normalised shear strain

Figure 4 5 Normalised shear strain uersus normalised axial load and torque curve ( F= YL)



Normalised sh ear strain

Figure 4*6 Normalised shear strain versus normalised axial load and torque curves ( F=75% Y L )



Normalised sh ear strain

Figure 4 7 Normalised shear strain versus normalised axial load and torque curves ( F=50% YL )



Normalised shear strain

Figure 4 8 Normalised shear strain versus normalised axial load and torque curves ( F= 25% YL )
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of the initially applied axial load on the strength of the solid rod with the 

subsequently applied torque, the test results are plotted in terms of normalised axial 

strain versus normalised shear strain as shown in figure 4 9 The results show that as 

the torque is gradually increased, the shear strain as well as the axial strain increased 

to maintain the initially applied axial load constant The figure also reveals that the 

rate of increase in the axial strain is significantly higher for the higher initial axial 

load compared to that for lower initial axial load, for a given increase in the shear 

strain and hence shear stress

4.3.2 TORSION FOLLOWED BY TENSION 

Angle of Twist Held Constant

In this type of loading, the rod was subjected to an initial torque within the elastic 

range and then, holding its corresponding angle of twist constant, the axial load was 

gradually applied till the failure of the rod This procedure was repeated for four 

different initial normalised torques, T (TITY) equal to 1 0, 0 75, 0 5 and 0 25

The variation of the initially applied normalised torque with the subsequent 

application of the normalised axial load is depicted in figure 4 10 The figure shows 

that the initially applied torque remains constant until the applied axial load reaches a 

value which when combined with the torque causes the material to yield Thereafter 

for any increase in the axial load, the torque reduces rapidly till the axial load reaches 

a maximum of about 1 05 times the yield axial load At this stage any attempt to 

increase the axial load causes the onset of plastic instability and necking The axial 

load decreases rapidly at a constant torque until the rod fails resembling brittle 

fracture The results plotted in terms of normalised shear stress and axial stress give a 

clearer indication of when plastic yielding commences under combined tension and 

torsion loadings These results shown in figure 4 11 indicate that the rod subjected to 

higher initial torque followed by increasing axial load, yields plastically at an earlier 

stage than the rod subjected to a lower initial torque This is due to the fact that the 

combined stress level meets the von Mises yield plateau at an early stage and takes a 

diversion due to strain hardening of the material until necking starts The combined 

stress in the rod with the lower initial torque meets the yield plateau drawn using
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Figure 4*11 N ormalised axial stress versus norma lised shear stress (constant angle of twist)



maximum stresses just prior to the onset of necking The combined stress levels in all 

the cases do not follow the yield plateau drawn with the values of initial yield stresses 

in tension and torsion due to the strain hardening behaviour of the material 

Normalised axial strain versus normalised torque and axial load curves are plotted as 

depicted in figures 4 12-4 15 for different levels of initial torques corresponding to 

1 0, 0 90, 0 50 and 0 25 percent of the yield torque These figures show that the 

initially applied torque carrying ability is reduced at a slower rate than the rate of the 

increase in axial load due to subsequently applied axial load It can be seen from 

these figures that the rods have yielded due to combined loading, well before the 

subsequently applied load reaches its yield load, all the axial load curves follow the 

profile of uniaxial tensile load curve When the yielding starts, the torque carrying 

ability reduced, with the increasing subsequently applied axial load, without affecting 

its axial load carrying ability From these figures it is also shown that, when the 

material yields due to combined loading, at the beginning the initially applied torque 

decreases at a faster rate with the increase in the axial load As the axial load reaches 

about the um-axial tensile strength, the torque decreases much slowly This is due to 

when the axial load becomes equal to its ultimate load, necking starts, and after that 

the axial load begins to decrease and as the decrease in axial load no longer satisfies 

the yield criteria, the torque stops decreasing and becomes nearly constant

Torque Maintained Constant

In this loading path, the specimen was subjected to an initial torque within the elastic 

range of the material and then the initial torque was maintained constant, and 

subsequently an increasing axial load was applied The same procedure was repeated 

for four different initial torques, T = 1 0, 0 75, 0 5 and 0 25 The normalised axial 

strain and shear strains are plotted as shown in figure 4 16 The figure shows that 

with increasing axial strain, due to the increase in the axial load, the shear strain 

increases to maintain the initially applied torque This increase in shear strain is much 

higher for higher initially applied torque values As the axial load and hence the axial 

strain increases, the outer layers of the specimen begin to yield and to maintain the 

torque constant the shear strain increases Furthermore, initially the engineering shear 

strain remains constant for a given torque But as the axial load and hence the axial
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Norm alised axial strain

Figure 4.12 Normalised axial strain versus normalised torque and load curve( T=YT )



N orm alised axial strain

Figure 4 13 Normalised axial strain versus normalised torque and load curve (1=90% YT )



Norma li se d a xia I st ra in

Figure 4*14 Normalised axial strain versus normalised torque and load curve ( T =50% YT )
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Figure 4,15 (formalised axial strain versus normalised torque and load curve ( T= 25% VT )
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Figure 416 Normalised axial strain versus normalised shear strain (torque maintained constant)



strain increases, the outer layer begins to yield and as the torque carrying ability 

reduces to maintain the initially applied torque constant, the shear strain begins to 

increase rapidly

4 3 3 DETERMINATION OF YIELD POINTS

The magnitude of the combined stresses when the material yielded due to combined 

loading were determined for two types of the loading paths In the first loading path, 

where the axial displacement maintained constant, the experimental results shown in 

figure 4 4 are replotted in terms of axial and shear stresses and are shown in figure 

4 17 The shear stress, from the corresponding torque reading, was calculated 

according to the following procedure When a rod is subjected to pure torsion it 

becomes plastic initially at the outermost fibre Further application of the stress 

increases the size of the plastic annulus and moves towards the axis of the rod 

Theoretically, at any time of the torsion testing, there exists an elastic core until 

failure of the rod The using of the shear stress formula when the rod is twisted 

beyond yield point becomes irrelevant due to the presence of the elastic and plastic 

sections In this research work the shear stress values beyond the yield point was 

computed by graphical interpolation method The shear stress-shear strain curve is 

initially plotted using elastic formula A few points on the curve are picked at regular 

intervals A graph is drawn to represent half the rod specimen The x-axis is taken as 

the radius of the rod and ordinates as shear stress The yield stress and shear stress 

corresponding to the first point are plotted at the outer radius of the rod The 

deviation in the stress-strain curve between yield point and first point in the graph is 

exactly traced on the rod graph The intersection of this curve and the outer fibre of 

the rod will give the actual shear stress in the rod The reduction in the elastic-plastic 

shear stress compared to the elastic stress will be less in the first point and increases 

with every other point The slope of the elastic-plastic curve, depending on the strain 

hardening property of the material, becomes saturated at a certain inclination

In the second loading path, where the angle of twist is maintained constant, the 

experimental results shown in figure 4 10 are replotted in terms of axial and shear
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stresses and are shown in figure 4 18 The shear stress was calculated similarly as 

mentioned in the first loading path

The three dashed lines are the Mises yield loci based on the post yield flow stress of 

the steel rod specimen while the solid line is the initial yield locus based on the proof 

stress as shown in figures 4 17 and 4 18 It can be seen from these figures that most of 

the experimental points of the combined loading are in the domain of these yield loci 

which are based on the post yield flow stress It can be also seen that few points 

remain outside these domains which may be due to the fact that von Mises yield 

criteria is not in its own the governing factor of the material response in the plastic 

region, as the behaviour of the material is strongly dependent on the loading path in 

the plastic region The figures also reveal that most of the experimental points are 

lying beyond the initial yield locus due to the strain hardening of the material

The following procedure was adopted to determine the combined stress of the steel 

rod specimen when yielding started In figure 4 18 the initially applied shear stress 

remains unchanged until the axial stress reaches a certain value when plastic yielding 

starts, hence the axial stresses, which correspond to the initiation of the decrease of 

the shear stresses, were determined from the figure These axial stresses and the 

initial value of the shear stresses were normalised and plotted as shown in figure 4 19 

The upper solid line in figure 4 19 is von Mises’ criteria while the lower one is 

Tresca’s criteria The von Mises'and Tresca’s curves were drawn according to the 

equations ¿r2 + 3 r 2 = Y 2 and <r2+ 4 r 2 = Y 2 respectively It is observed from this 

figure that most of the experimental points inclined towards the Mises’ ellipse 

Therefore it can be concluded that the results confirm the general thought that the 

Mises’ yield criteria is best yield criteria for metals

4 4 COMBINED LOADING OF THIN-WALLED TUBES

4.4.1 TORSION FOLLOWED BY TENSION 

Angle of Twist Maintained Constant

The uniaxial tensile and pure torsion tests were carried out on thin-walled tube 

specimens Two tension tests were carried out on virgin specimens under the same
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loading conditions and the proof axial stress at 0 2 percent offset The uniaxial tensile 

load versus the axial strain curve of the thin-walled tube is shown in figure 4 20 The 

corresponding axial yield load was averaged to be 5 2 kN Two pure torsion tests 

were carried out on virgin specimens under the same loading conditions and the proof 

yield torque was averaged to be 8 8 Nm, figure 4 21 shows the torque-shear strain 

curve for the thin-wall tube used in this investigation The mechanical properties of 

the thin-walled tubes are given in table 4 2

Table 4 2 Mechanical properties of the thin-walled tube

Modulus of

elasticity

(GPa)

Modulus of 

rigidity (GPa)

Tensile yield 

load (kN)

Yield torque 

(Nm)

Tensile yield 

stress (MPa)

Shear yield

stress

(MPa)

210 73 52 88 311 7 2014

In this loading mode the tube was subjected to an initial torque and then, holding its 

corresponding angle of twist constant, the axial load was gradually increased beyond 

the uniaxial tensile load of the tube This procedure was repeated for four different 

initial torques equal to 1 0, 0 75, 0 50, and 0 25 of the yield torque 

Figure 4 22 shows the variation of the initially applied normalised torque with the 

subsequent application of the normalised axial load, for different levels of initially 

applied torque The figure reveals that the magnitude of the initially applied torque 

remains constant until the gradually applied axial load reaches a specific value which 

when combined with the torque causes the material to yield As the axial load 

increase the torque begins to decrease rapidly and reaches to almost nil and the axial 

load reaches to about 1 01 times the yield axial load Thereafter any increase in the 

axial load causes the onset of plastic instability and necking of the specimen The 

experimental results are plotted in terms of shear stress and axial stress as depicted in 

figure 4 23 It appears from the figure that the specimen subjected to high initial
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torque followed by application of the axial load yields plastically at an early stage 

than the specimen subjected to lower initial torque, this is due to the fact that the 

combined stress level meets the von Mises yield plateau at an early stage 

Furthermore it also observed from the figure that most of the experimental points lie 

beyond the initial yield locus due to the strain hardening of the material

The comparison of the thin-walled tube’s result with the solid rod result for this type 

of loading is shown m figure 4 25 It can be seen from the figure that the rate of 

decrease of the torque with the increase in the axial strain is much faster in the thin- 

walled tube than the solid rod, because the distribution of the shear stress in the tube 

is linear and is non linear in the solid rod The figure reveals that, in the thin-walled 

tube, the residual torque left within the tube is much less than the solid rod It can be 

concluded that for a thin-walled tube, the sustainability of the initially applied torque 

will be reduced to almost ml due the subsequent application of the axial load

4.4 2 TENSION FOLLOWED BY TORSION 

Axial Displacement Held Constant

In the second loading path, the tube was subjected to an initial axial load and then, 

holding its corresponding axial displacement constant, the torque was gradually 

increased quasi-statically beyond the yield torque This procedure was repeated for 

three different initial axial loads equal to 50, 75 and 100 percent of the yield axial 

load The experimental points for this type of loading have been plotted in terms of 

normalised axial load and normalised torque for different levels of initially applied 

axial loads and are presented in figure 4 24 It can be seen from the figure that as the 

torque increased gradually, the initially applied axial load remains unchanged for a 

certain level of torque and then it starts to decrease slowly until the von Mises yield 

condition produced by the combined axial load and torque After that the axial load in 

the specimen decreases rapidly as the load carrying capability is drastically reduced 

When the specimen is subjected to a higher initial axial load and then the torque is 

applied gradually, the initially applied axial load begins to decrease at a greater rate at 

the initial stage of loading and tends to drop rapidly at 0 65 times the yield torque 

When the initial axial load is smaller, the subsequent holding capacity of the
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Figure 4 24 Normalised torque versus normalised axial load (axial displacement constant)
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Figure 4 25 Comparison of thin-walled tube's results with solid rod (angle of twist constant)



specimen is extended to 0 88 times the yield torque after which yielding occurs 

rapidly All the curves have exceeded the yield torque and moved towards the 

maximum torque the specimen can carry

The comparison of the thin-walled tube and solid rod results are depicted in figure 

4 26 The figure shows the reduction in the sustainability of the normalised axial load 

with the increase in the applied normalised shear strain It is observed from the figure 

that the axial load decreases very rapidly with the shear strain in the thin-walled tube 

compared to the solid rod
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Plate 4.1-Fracture mode of the solid rod specimen
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CHAPTER FIVE

FINITE ELEMENT ANALYSIS 

5 1 INTRODUCTION

This chapter is divided into two sections First section is devoted to the basic 

theoretical outline of the numerical methods used to solve the combined tension- 

torsion loading of steel rods The second section details the modelling, loading and 

boundary conditions used to simulate the problem The results from the simulations 

are presented and analysed

5 2 The Finite Element Method

The finite element method (FEM) is a numerical procedure that can be applied to 

obtain solutions to a variety of problems in engineering, steady transient, linear or 

non-linear problems in stress analysis, heat transfer, fluid flow and electro- 

magenatics problems A basic theoretical outline of the method presented in this 

section is drawing mostly from reference [75] In any finite element analysis, the 

basic steps consists of the following

0 Descretization The problem is divided into a number of finite subdomains

each of simple geometry Each subdomain called element has a number of 

nodal points, the locations in space of which are given in co-rdinates relative 

to a set of globale axes The shape of each element is defined in terms of 

these co-ordinates by interpolation or shape function 

11) Assume a variation of unknown An interpolation function is proposed for

the variation of the unknown (l e displacement, temperature etc depending 

on the analysis) inside each element in terms of values at the nodes These 

interpolation functions in many cases are the same as the shape functions 

used to describe the element shape
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in) Finite element response matrices For each element, coefficient matrices 

which describe the response characteristics of the element are determined

i v ) Assemble the element matrices The stiffness matrices of the individual 

elements are combined to determine the stiffness matrix for the entire 

problem domain This forms a matrix equation defining the behaviour of the 

entire solution domain

v) Application of boundary conditions Some of the nodal unknowns must be 

restrained in order to solve the problem

vi) Solve the system of equations The primary nodal unknowns are determined 

by solving a set of equations In most problems the number of equations is 

very large, thus special solution techniques are employed After solution the 

values of the dependant variables at all the nodes of the domain are 

unknown

vn) Determine other variables Using the nodal values and interpolation 

functions, other parameters such as stresses and strains are determined

5 2 1  General Theory

There are many methods available for determing the governing equations of 

equilibrium for finite element method One of these methods is the use of the 

principle virtual displacements (which is also called the principle of virtual work) to 

express the equilibrium of the body This principle states that the equilibrium of the 

body requires that for any compatible, small virtual displacements which satisfy the 

essential boundary conditions imposed on the body, the total internal virtual work is 

equal to the total external virtual work For a three dimensional body with body 

forces f6, surface traction and concentrated forces F1 resulting in virtual 

displacement U, virtual stress a  and virtual strain e , the principle can be stated as

J { c f  {(J }dv = J { v } r  { fB}dv+j{u}T[ f s }ds+j{u}r F' ( 1 )

V V S I

where,
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{^} “  [ £xx £ y y  £zz Yxx 7 y y  T t z  ]

{i/}r = [U  V W ] U , V  and W are displacements in global

directions

{ f BJ = [ f x  fy f z  ] superscript B indicates body 

{ f s J = [  fx fy f z  1 superscript S indicates surface

{f 1J ~ [ F lx Fy F lz ] superscript I indicates points

In the finite element analysis the problem domain is approximated as an assemblage 

of discrete finite elements with the elements being interconnected at nodal points on 

the element boundaries The displacements measured within each element are 

assumed to be a function of the displacements at the nodal points Therefore, for 

element m,

U {m) (X,Y,Z ) = H {m) (X,Y,Z ) U (2)

where is the displacement interpolation matrix or shape function for element m
A

and U is a vector of the three global displacements U t , Vt and Wt at all nodal points,

including those at the supports of the element assemblage, 1 e , U is a vector of 

dimension 3N

Using the assumption on the displacements within each finite element, as expressed 

in equation (2), equilibrium equations that correspond to the nodal point 

displacements of the assembly of finite elements can be derived from equations ( 1) 

and (2)

i p
,(m)T M

V( m) »> V(m)
)T ) E F

« S(m)
S(m)T lT f l

(3)
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within the assumption on the displacements in equation (2) the corresponding 

element strains can be evaluated as

e (m) ( X,Y,Z) =B(m) ( X ,Y,Z) (4)

where

B ^  is the strain-displacement matrix for element m The rows of B ^  are obtained 

by appropriately differentiating and combining rows of matrix 

The stress withm a finite element are related to the element strains and the element 

initial stresses by

a (m) = D M  £ (m) + a lM  ( 5 )

where

is the matrix relating strain to stress of element m and <J1̂  is the element 

initial stresses C ̂  is essentially a matrix which contains the material behaviour of 

the element and can vary from element to element, substituting equations (2),(5) in to 

equation (3) for the element displacements, strains and stresses,

U £  ^B{m)TD {m)B{m)dV
'» V(m)

( h i ) U = U

£  f B{m)dV
'» V{m)

(m)

^  j H S(m)T jrS(m)d s ("

k m S{m)

^  j B lm)T<7,md V i'")
m V( m)

+ F

(6)

where H 5̂  is the surface displacement interpolation matrix for element m, and is 

obtained from the volume displacement interpolation matrix in equation (2) by 

substituting the element surface coordinates and F is a vector of the externally 

applied forces to the nodes of the finite element assembly It may be noted that ith

component in F is the concentrated nodal force, which corresponds to lth
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A

displacement component in U In equation (6) the nodal point displacement vector,

U , is out side the summation sign as it is independent of the element considered To 

obtain the equations for the unknown nodal point displacements from equation (6), 

virtual displacement theorem can be used by imposing unit virtual displacements in

turn at all displacement components This leads to U T- 1 (where I is identity matrix ) 

and denoting nodal point displacement by U , the equilibrium equation of the element 

assemblage corresponding to the nodal point displacements are 

K U  = R (7)

The global stiffness matrix K is given by

K= Y ,  $H (m)Tf B{m)d V (m) (8)
m V( m)

The load vector R= RB + Rs -  K, + Rc

Where RB is the effect of the element body forces,

r b = Y ,  f B(m)d V [m) (9)
™ V{m)

Rs is the effect of the element surface forces,

R s = Z  ¡ H s{m)Tf s{m)d S M  (10)
5(m)

R} is the effect of the element initial stresses,

r , = Y j ¡B {mira ,{m)d V {m) (11)
V( m)

and Rc = F ( i e the concentrated loads )

It can be noted that the summation of the element volume integrals in equation (8) 

expresses the direct addition of the element stiffness matrices to obtain the 

stiffness matrix of the total element assemblage In the same way, the assemblage 

body force vector RB is calculated by directly adding the element body force vectors

R <j3m\ R s ,Rj andRc are similarly obtained Equation (7) is a statement of the static 

equilibrium of the finite element mesh In equilibrium consideration, applied forces 

may vary with time, in which case the displacements also vary with time and 

equation (7) is a statement of equilibrium for any specific point in time However, if 

in actuality the loads are applied rapidly, inertia forces need to be considered, i e , a 

truly dynamic problem needs to be solved Using d'Alembert’s principle, the element
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inertia forces may be included as part of the body forces In such case equation (9) 

becomes

r b = Y .  \ H [m)T\ f B(m) -  p {m)H (m)u ] d V (m) (12)
™ V( m)

where f B no longer includes inertia forces, U lists the nodal point accelerations and

p w is the mass density of element m In this case, the equilibrium equations are

M U + K U = R  (13)

where R and U are time independent The matrix M is the mass matrix of the 

structure and is given by

M = Z  \ p [m)H {m)TH [n)d V (m) (14)
m V{m)

In actually measured dynamic response of structures it is observed that energy is 

dissipated during vibration, which in vibration analysis is usually taken account of by 

introducing velocity-dependent damping forces as additional contributions to the 

body forces, equation ( 12) becomes as follows

\ H (n)r\ f B(m) - p (m)H (m)U - K (m)H (m)u ] d V (m) (15)
« V(m)

where U is a vector of the nodal point velocities and is the damping property 

parameter of element m In this case, the equilibrium equations are 

MU + CU + KU = R (16)

where C is the damping matrix of the structure and can be written as

c  = £  j K im)H {m)Td V im) (17)
™ V(m)

In the above formulation it is assumed that the displacements of the finite element 

assemblage are small that the material is linearly elastic and that the boundary 

conditions remains unchanged during the application of loads The above 

assumptions have entered the equilibrium equation in the following forms

(I) the fact that the displacements must be small have entered into the 

evaluation of the stiffness matrix K and load vector R, because all 

integrations have been performed over the original volume of the finite 

elements

(II) The strain-displacement matrix B of each element was assumed to be 

constant and independent of element displacements
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(in) The assumption of a linear elastic material is implied in the use of a 

constant stress-strain matrix D 

( i v )  The unchanged boundary conditions is implied by keeping constant 

constraint relations for the complete response 

The above observations point to the different types of non-linearity that may arise 

in finite element analysis

• Non-linearity due to large displacements, large rotations, but small 

strains

• Non-linearity due to large displacements, large rotations and large strains

• Material non-linearity

5.2.2 Solution Methodology

The basic problem in a general non-linear analysis is to find the state of equilibrium 

of a body corresponding to the applied loads Assuming that the externally applied 

loads are described as a function of time, the equilibrium conditions of a system of 

finite elements representing the body under consideration can be expressed as

'R - lF = 0 (18)

where *R lists the externally applied nodal point forces in the configuration at time t 

and the vector lF  lists the nodal point forces that correspond to the element stresses 

in this configuration Hence'/? a n d 'F  can be expressed respectively as

'R^Rb+'Rs+'Rc 0 9 )
and

lF = Y d ' a {m),d V {m) (20)
m tV

where in general large deformation analysis the stresses as well as the volume of 

the body at time t are unknown

The equation (18) must express the equilibrium of the system in the current 

deformed geometry taking due account of all non-linearities Considering the 

solution of the non-linearity response, it is recognised that the equilibrium equation 

(18) must be satisfied throughout the complete history of load application
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There are three basic choices which must be made for the solution of the large 

deformation problems,

(I) the type of mesh

(I I ) how the deformation is measured, and how the stresses are measured 

When these choices are made the solution process is effectively carried out using 

step by step incremental analysis The basic approach in an incremental step by step 

solution is to assume that the solution for the discrete time t is known and that the 

solution for discrete time t + Atis required, where A ns a suitably chosen time 

increment Therefore, considering equation (18) at tim ei + A t , it can be written as

where F is the increment in nodal point forces corresponding to the increment of 

element displacements and stresses from time t to time t + At This vector can be 

approximated using a tangent stiffness matrix lK  which corresponds to the 

geometric and material conditions at time t

where U is a vector of incremental nodal point displacements Substituting 

equations (23) and (22) into equation (21),

and solving for U, an approximation to the displacements at time i + Afcan be 

calculated,

The exact displacement at time t + At are those that correspond to the applied loads 

i+AtR Qnjy an approximation to these displacements is calculated by equation (24) 

Having evaluated an approximation to the displacements corresponding to time 

t + At,  an approximation to the stresses and corresponding nodal point forces at 

time t-\-At can be obtained, and then proceeded to the next time increment 

calculations However, because of the assumption in equation (24), such a solution 

may be subjected to very significant errors and, depending on the time or load step

(21)

since the solution is known at time t + A t , then

t+At f —lf  -|- f (22)

F = K U (23)

KU=t+AtR - F (24)

t+AtU=!U + U (25)
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sizes used, may indeed be unstable In practice, it is therefore necessary to iterate 

until the solution of equation (21) is obtained to sufficient accuracy A different 

solution procedure is adopted for the solution of equation (24), depending on the 

type of the problem The Newton-Raphson iterative procedure along with Gauss 

elimination method or other suitable method for the solution of the system of 

equations are employed for the static non-linear problems

5 3 The Finite Element Analysis Package ANSYS

ANSYS is a general purpose finite element analysis package It can simulate 

problems in area of structural mechanics, electromagnetic, heat transfer, fluid 

dynamics, acoustics and coupled problems In structural analysis it has the capacity 

to analyse static or dynamic linear and non-linear problems The simulations carried 

out in this research work are non-linear

5.3.1 Solution Procedures

This section will outline the theoretical methods for the analysis drawing 

particularly from reference [77] The Newton-Raphson method is a numerical 

method used by Ansys for iterative solution of the equilibrium equations presented 

in 5 2 Wave front solver or conjugate gradient solvers are used for the solution of 

the system of equations at each iteration In this method an iterative solution is 

sought for equation (21) by defining the out of balance load vector A a s ,

(26)

where vector restoring load vector

corresponding to the element internal loads

AR(,-]) by the virtual displacement principle is related as

(27)

and

k +i}=kM AM,} (28)
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k l  and {F,-} are both evaluated based on the values given by{wj The

subscripts in the above equations refer to the iteration number The restoring load

tolerance, that is the final converged solution would be in equilibrium In non-linear 

analysis, the solution process requires the load applied in increments and 

performing the Newton-Raphson iteration at each load increment The incremental 

time is automatically determined by number of factors such as number of 

equilibrium iteration needed, time point at which element will have a change of 

status, allowable plastic strain increment etc Convergence’s is attained when 

vector norm

default The vector norm used in the analysis is the square root of the sum of the 

squares (SRSS) value of the terms expressed as,

5.3.2 Large Strain Theory

The theory of large strain of ansys is used for elastic-plastic elements Let the 

position vector of a body in the deformed and undeformed state are represented by

vector {p|"r } would be equal to the applied load vector {f 0} or be within a small

(29)

eR is tolerance (default = 0001) and Rref is reference values which is [[{Ffl}]] by

(31)

The deformation gradient is defined as [f ]= applied to equation (18) would

give

(33)

where [/] is the identity matrix
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The deformation gradient [f ] includes the volume change, the rotation and the shape 

change of the deforming body [f ] can be separated in to a rotation and the shape

(34)

where [.R] = rotation matrix and[i/] = right stretch (shape change) matrix

(35)

Computationally, the evaluation of equation (35) is performed by one of the two 

methods using incremental approximation

where At and {p (} are the eigen value and eigen vector for the ith principle stretch 

increment of the incremental stretch matrix [A£/J

This method is employed by large strain solid elements For standard solid and shell 

elements an approximate method is used by evaluating the deformation gradient at 

the midpoint configuration

(36)

with

[ A f J = I n  [A f/J (37)

where [AUn ] is the increment of the stretch matrix computed from the incremental

deformation gradient,

(38)

(39)

where [ f J  i s  the deformation gradient at the current time step and [Fn_{] is at the

previous time step

Two methods are employed for evaluating equation (37), method 1 is

l a * . ] = (40)
i = l

lA^n] — IX / 2] [^1/2] (41)

and
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[Ae„] = [Bll2\{Aun} (42)

where, [AmJ is the displacement increment over the time step and [BV2 \ is the strain 

displacement matrix evaluated at the midpoint geometry

The computed strain increment can be then added to the previous strain {A f^  } to 

obtain the current total logarithmic strain

[Af„] = k _ ,} +  {A<?„} (43)

The strain is then used in the stress updating procedure in the stress-strain 

relationship matrix The element matrices and load vectors are derived using an 

update Lagrangian formulation The equilibrium equation of this form is 

[JTJAh, = { F ^ } - { F r ]  (44)

where { f “""} is the applied force vector and { f^ }  i s  the force obtained from 

Newton-Raphson current trial solution 

The target matrix [Kt ] has the form

[K,]= J [B ,f [D,] [B jdV  (45)

integrated over the element volume \Bt ] is the strain displacement matrix in terms of 

current geometry and [D( ] is the current stress-strain matrix The Newton-Raphson 

restoring force,

K r = (46)

where { (rjis  the current Cauchi stress

In this work, only the isotropic hardening model was used This model uses von 

Mises yield criteria and associated flow rule The equivalent stress is given by

<*e =

.  1/2
(47)

where {s} is the derivative stress W hence is equal to the current stress<j z , then the 

material is assumed to yield The yield criterion is,

F = a 7 = 0 (48)
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For work hardening, a z is a function of the amount of plastic work done For 

isotropic hardening crz is the equivalent stress corresponding to equivalent plastic 

strain in um-axial stress-strain curve

5.3.3 Elasto-Plastic Behaviour

Material non-linearities occur when the stress is a non-linear function of the strain 

The relationship is also path dependent, that is, the stress depends on the strain 

history as well as the strain itself The general theory for elasto-plastic analysis 

provides the user with three main elements the yield criterion, the flow rule and the 

hardening rule The yield criterion determines the stress level at which yielding is 

initiated The flow rule determines the direction of plastic straining (1 e which 

direction the plastic strain flows) relative to x, y, z axes Finally, the hardening rule 

describes the changes the yield surface undergoes with progressive yielding, so that 

the various states of stress for subsequent yielding can be established For an 

assumed perfectly plastic material the yield surface does not change during plastic 

deformation and therefore the initial yield condition remains the same However, for 

a material experiencing strain hardening, plastic deformation is generally 

accompanied by changes in the yield surface Two hardening rules are available and 

these are isotropic (work) hardening and kinematic hardening

5 3 4 Material Model

ANSYS has an extensive library of material models available to the user [84] In this 

research work a bilinear isotropic hardening plasticity model was used for all 

simulations

5.4 Modelling 

5 4.1 Solid Steel Rod

In any finite element simulation, the most important step is the idealisation and 

modelling of the deforming body Good modelling of the deforming body is of most
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importance to obtain an accurate solution. Simulations were carried out for a solid 

steel rod of 8.0mm diameter and 60.0mm length. The geometry of the rod was

Table 5.1 Material data used for material model (Solid Rod)

Young’s Modulus, E 210 GPa

Tangent Modulus, 1.785 GPa

Poisson’s Ratio, v 0.30

Yield Strength, a Y 0.607 GPa

modelled to be consistent with the specimen used in the experiment. The elements 

used in the model are three dimensional, 20-node structural solid elements (solid95). 

A three dimensional structural surface effect element (surf 154) is used to apply the 

torsion loading to the model. Figure 5.1 shows the finite element model of the rod 

used in the analysis. The model consists of 576 elements and the total amount of 

nodes in the model is 2777. The material properties used for the model were obtained 

from the experimental results and are shown in table 5.1.

Figure 5.1 Finite Element Model (Solid Rod)
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Strain

A bi-linear elsto-plastic material model was used for the steel rod, as illustrated in 

figure 5 2 The summary of the theories involved in a material with bi-linear 

isotropic hardening behaviour are shown in table 5 2 The basic steps characterises a 

non-linear elasto-plastic analysis are shown in a brief flow chart in figure 5 5

Table 5 2 Summary of the theories involved in a material with bi-linear isotropic 

Hardening behaviour

Figure 5 2 Material model used for the rod

Material

option

Yield

criteria

Flow rule Hardening

rule

Material

response

Bi-linear

isotropic

hardening

von Mises Associative 

(Prandtle-Reuss 

equs)

Isotropic Bi-linear

I
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5.4.2 Thin-Walled Tube

Simulations were carried out for a steel thin-walled tube of 6.80mm outer diameter, 

5.0mm inner diameter and 60.0mm length. The geometry of the thin-walled tube was 

modelled to be consistent with the specimen used in the experiments. The elements 

used in the model are three dimensional, 20-node structural solid elements (Solid95). 

A 3-dimensional structure surface effect element (Surf 154) is used to apply the 

torsion loading to the model. The finite element model of the thin-walled tube is 

shown in figure 5.3. The model consists of 432 elements and the total amount of 

nodes in the model is 2340. The material properties used for the model are obtained 

from experimental results and are shown in table 5.3. A bi-linear elasto-plastic 

material model was used for the thin-walled tube, as illustrated in figure 5.4.

Figure 5.3 Finite element model (Thin-walled Tube)
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Table 5 3 Material used for material model (thin-walled tube)

Young’s Modulus, E 210 GPa

Tangent Modulus, E r 2 1106 GPa

Poisson’s Ratio, v 0 30

Yield Strength, <7V 0 3117 GPa

Figure 5 4 Material model used for tube 

5.5 Boundary Conditions, Loading and Solution

The boundary condition was modelled by constraining all the degrees of freedom of

the nodes at one end of the model and the load was applied at the other end The
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> Load Step 1

Yield Criterion

Incremental Procedure 
and repeated Iterations

Figure 5 5 The basic steps of a non-linear, elasto-plastic analysis
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loading method used in the finite element analysis was identical to that used in the 

experiments The model (solid rod) was subjected to combined tension-torsion 

loading in four different loading paths In the first loading path, the model was 

subjected to initial elastic torque of different values corresponding to 25, 50, 75, and 

100 percent of the yield torque, followed by the application of the axial load, beyond 

the yield load, keeping the corresponding angle of twist constant In the second 

loading path, the same procedure was repeated except the torque, rather than the 

angle of twist, was maintained constant An initial elastic axial load was applied to 

the model, followed by application of the torque, beyond the yield torque, keeping 

the corresponding axial displacement constant in the third loading path This 

procedure was repeated for different initial axial load corresponding to 25, 50, 75, 

and 100 percent of the yield axial load In the fourth loading path, the same 

procedure was repeated as in the third loading path except the axial load, rather than 

axial displacement, was maintained constant The finite element analysis for each 

loading path was performed in two load steps In the first load step, an initial axial 

load or initial torque was applied to the end of the model The second load step 

consists of applying the torque beyond the yield torque or applying the axial load 

beyond the yield load

In the case of the thin-walled tube, the model was subjected to combined tension and 

torsion in two different loading paths The model, in the first loading path, was 

subjected to initial elastic torque and then, keeping the angle of twist constant, 

followed by application of the axial load beyond the yield load In the second loading 

path, the model was subjected to initial axial load and then, holding the axial 

displacement constant, followed by application of the torque beyond the yield torque 

The same procedure for the two loading paths was repeated for different initial 

values of axial load and torque corresponding to 25, 50, 75 and 100 percent of the 

yield axial load and torque All analyses were performed using the commercial finite 

element code ANSYS (version 5 7)
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5.6 Results and Analysis 
5 61  Torsion followed by Tension, Solid Rod 

Angle of Twist Held Constant

In this loading path, an initial torque was applied to the model as the first load step 

and then, holding the corresponding angle of twist constant, the axial load was 

applied in the subsequent load steps The axial load was applied to the model in 

increments, therefore, the total axial load was applied gradually This procedure was 

repeated for four different levels of initial elastic torque corresponding to 31%, 50%, 

75% and 100% of the yield torque The results plotted in terms of axial stress and 

shear stress at the outer surface is depicted in figure 5 6 It can be seen from this 

figure that for loading of the model under investigation the value of the initially 

applied torque remains constant until the combined stress state reaches a specific 

value As the axial load increases, the outer layer of the model starts to yield and the 

torque begins to decrease in a specific manner which is governed by the yield 

criterion The figure indicates that the higher initial torque applied to the model 

followed by increasing axial load, the model yields at an earlier stage than the model 

subjected to a lower initial torque It also can be seen from the figure that, the higher 

the magnitudes of the initially applied torque, the greater is the rate of decrease in 

the torque carrying ability with the gradually applied axial load

Figures 5 7 to 5 10 show the angular displacement and the distribution of shear 

stress in the deformed solid rod at 25%, 50%, 75% and 100% of the yield torque 

after applying the axial load

Torque held Constant

In this type of loading, the model was subjected to an initial torque as the first load 

step and then the axial load was applied in the subsequent load steps The axial load 

was applied to the model in increments, therefore, the total axial load was applied 

gradually This procedure was repeated for four different levels of initial elastic 

torque corresponding to 25 percent, 50 percent, 75 percent and 100 percent of the 

yield torque Figure 5 11 shows the plot of axial strain versus shear strain for
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different initial torques The figure reveals that, initially the shear strain remains 

constant for a given torque The axial strain increase due to increase in the axial load 

when the combined axial stress and shear stress reaches the yield stress, the outer 

layer begins to yield and to maintain the initially applied torque constant, the shear 

strain begins to increase

The results plotted in terms of the axial stress and shear stress in figure 5 12 show 

that the magnitude of the shear stress remains unchanged until the combined stress 

state reaches a specific value As the axial stress increases, beyond the von Mises 

yield locus the shear stress begins to decrease in a specific manner, which is 

governed by the yield criterion Beyond the von Mises yield locus the model 

undergoes strain hardening and when the combined stress state reaches the maximum 

yield plateau the model of the rod starts to show an unstable deformation pattern

Figures 5 13 to 5 16 show the angular displacement and the distribution of shear 

stress in the deformed solid rod at 29%, 57%, 75% and 92% of the yield torque after 

the application of the axial load

5 6.2 Tension followed by Torsion, Solid Rod 

Axial Displacement Held Constant

For this type of loading, an initial axial load was applied to the model as the first load 

step and then, holding the corresponding axial displacement constant, a torque was 

applied in the subsequent load steps The torque was applied to the model in 

increments, therefore, the total torque was applied gradually This procedure was 

repeated for four different initial axial loads, P (P/Py) = 1 0, 0 75, 0 50 and 0 25 The 

axial stress versus the shear stress at the outer surface was plotted and presented in 

figure 5 17 it was observed from the figure that as the shear stress increases due to 

the increase in the torque, the axial stress initially remains unchanged as long as the 

combined stress does not reach a critical value When the combined stress in the 

mode] reaches the von Mises yield stress, the axial stress decreases and the combined 

stresses follows the yield plateau as shown in figure 5 17 It was also observed from
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Figure 5.13 Deformation of the Rod after applying axial load (constant torque)
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Angular Displacement

Figure 5.14 Deformation of the Rod after applying axial load (constant torque)
(T= 57%YT)
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Figure 5.15 Deformation of the Rod after applying axial load (constant torque)
(T= 75%YT)
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Figure 5.16 Deformation of the Rod after applying axial load (constant torque)
(T=92%)
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the figure that when the model was subjected to higher initial axial load, the axial 

stress starts to decrease at greater rate at the initial stage of loading and tends to drop 

rapidly

Figure 5 18 to 5 21 show the axial displacement and the distribution of axial stress of 

the deformed solid rod at 25%, 50%, 75% and 100% of the yield load after the 

application of the torque

Axial Load Maintained Constant

In the fourth loading case where an initial axial load was applied to the model as first 

load step, and then a torque was applied in the subsequent load steps The torque was 

applied in increments, therefore, the total torque was applied gradually The shear 

strain versus the axial strain was plotted as shown in figure 5 22 It was observed 

from this figure that the axial strain remains unchanged for a given axial load up to 

the combined yield stress As the shear strain increases due to increase in the torque 

beyond the combined yield stress, the axial strain starts to increase as the model 

reaches a plastic state on the outer layer the initially applied axial load is carried by 

the inner elastic core and the outer layer which reached plastic instability, this causes 

an increase in the axial strain The rate of increase in the axial strain is significantly 

higher for the higher initial axial load This procedure was repeated for four different 

levels of initial elastic axial load, as illustrated in figure 5 22 The results shown in 

5 23 shows that as the shear stress increases due to the increase in the torque, the 

axial stress initially remains constant for a certain level of torque When the 

combined axial stress and shear stress reaches von Mises stress, the axial stress 

decrease and the combined stresses increase in the strain hardening range As the 

combined stresses reach a critical value the combined stresses follow the maximum 

yield plateau as shown in figure 5 23

Figures 5 24 to 5 27 show the axial displacement and the distribution of axial stress 

in the deformed solid rod at 25%, 50%, 75% and 90% of the yield load after the 

application of the torque
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Figure 5 .18  D eform ation  o f  the R od after applying torque (constant axial d isp lacem ent)
(F=  25% Y L)
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Distribution of axial load

Figure 5 .19  D eform ation  o f  the Rod after applying torque (constant axial d isp lacem ent)
(F=  50%  Y L )
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Figure 5.21 D eform ation  o f  the R od after applying torque (constant axial d isp lacem ent)
(F=  100% YL)
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Figure 5.24 Deformation of the Rod after applying torque (constant load)
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Figure 5.25 Deformation of the Rod after applying torque (constant load)
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Figure 5.26 Deformation of the Rod after applying torque (constant load)
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Figure 5.27 Deformation of the Rod after applying torque (constant load)
(F=90%YL)
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5.6.3 Torsion followed by Tension, Tube 

Angle of Twist Constant

In the first type of loading, the model was subjected to an initial torque as the first 

load step and then, holding its corresponding angle of twist constant, the axial load 

was applied in the subsequent load steps However the axial load was applied to the 

model in increments, therefore the total axial load was applied gradually Figure 5 28 

shows that the magnitude of the initially applied torque remains constant until the 

combined stress reaches a critical value As the axial stress increases due to the 

increase in the axial load the shear stress starts to decrease in a specific manner 

which is governed by the yield criteria It is seen from figure 5 28 that when the 

initially applied torque is nearly close to the yield torque, the torque and hence the 

shear stress begins to decrease as soon as the axial load is applied The shear stress 

initially decreases at slower rate and as the axial stress increases further due to the 

increase in the axial load the shear stress decreases at faster rate When the axial load 

reaches nearly the yield load the torque and hence the shear stress decreases and 

reduces to almost zero

Figures 5 29 to 5 31 show the angular displacement and the distribution of shear 

stress m the deformed tube at 25%, 50% and 75% of the yield torque after the 

application of the axial load

5.6.4 Tension followed by Torsion, Tube 

Axial Displacement constant

For the second type of loading, an initial axial load was applied to the model as first 

load step and then, keeping its corresponding axial displacement constant, the torque 

was applied to the model in subsequent load steps The torque was applied to the 

model in increments, therefore, the total torque was applied gradually This 

procedure was repeated for four different initial axial loads, F = 0 94, 0 77, 0 48 and 

0 24 The axial stress versus the shear stress for different levels of initially applied 

axial load was plotted and presented in figure 5 32 This figure shows that there is no 

reduction in the initially applied axial load and hence no reduction in the
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Figure 5.30 Deformation of the Tube after applying axial load (constant angle of twist)
(T= 50% YT)
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corresponding axial stress as long as the combined stress does not reach a critical 

value The axial stress starts to decrease due to the decrease in the axial load when 

the combined stress in the model becomes equal to a specific value, as dictated by 

the yield criteria, and the material exhibits a reduced ability to sustain the initially 

applied axial load with the subsequently applied torque It also can be seen from the 

figure that when the initially applied axial load is nearly equal to its yield load (about 

94% of the yield load) the axial load and hence the axial stress begins to decrease 

rapidly with the increase of torque

Figures 5 33 to 5 36 show the axial displacement and the distribution of axial stress 

in the deformed tube at 25%, 50%, 75% and 100% of the yield load after the 

application of the torque
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Figure 5 .33  D eform ation  o f  the Tube after applying torque (constant axial d isp lacem ent)
(F =  25% Y L)
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Distribution of axial stress

Figure 5 .3 6  D eform ation  o f  the T ube after applying torque (constant axial d isp lacem ent)
(F= 100%YL)
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CHAPTER SIX

VERIFICATION OF FINITE ELEMENT RESULTS 

61  INTRODUCTION

Finite element analysis (FEA) of structures plays an increasingly important role in 

engineering practice, as it is relatively inexpensive and time efficient compared with 

physical experiments Therefore, finite element analysis is more economical than 

physical experiments, provided that the finite element model (FEM) is accurate 

Hence, it is necessary to verify the finite element with experimental results This 

chapter details the comparison of experimental results with the finite element 

analysis results

6.2 VERIFICATION OF FEA PREDICTION

6.2.1 Tension followed by Torsion, Solid Rod

Axial Displacement Maintained Constant

In the first type of loading, where the model was subjected to initial axial load and 

then the torque was applied gradually keeping the initial axial displacement constant, 

the experimental and the finite element analysis results have been plotted in terms of 

shear and axial stresses and are presented in figure 6 1 The solid lines shown in the 

figure represent the plots of the finite element analysis results for the above- 

mentioned type of loading It is apparent from the figure that, the finite element 

simulation results agree well with the experimental results up to a value just over the 

combined yield curve There after the finite element results show drops in the 

combined axial and shear stresses The differences between the finite element and 

experimental results is due to the inability of the existing elastic-plastic material 

model used in Ansys to describe the mechanical behaviour of the material used in 

the experimental investigations
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Axial Load Constant

The experimental points for this type of loading have been reploted in terms of axial 

stress and shear stress and are presented in figure 6 2 The solid lines shown m the 

figure present the finite element analysis The figure reveals that the finite element 

simulation results agree well With the experimental results up to a value just over the 

combined yield curve There after the finite element results show a drop in the 

combined axial stress and sheaf stress The differences between the finite element 

and experimental results is due to the inability of the existing elastic-plastic material 

model used in Ansys to describe the mechanical behaviour of the material used in the 

experimental investigations

6.2.2 Torsion followed by pension, Solid Rod 

Angle of Twist Held Constant

The experimental and the finite element analysis results for this type of loading have 

been plotted in terms of th$ axial stress and the shear stress and are presented in 

figure 6 3 The solid lines shpwn in the figure represent the plots of the finite element 

analysis results for the abovp mentioned type of loading The figure reveals that the 

finite element analysis results are reasonably in good agreement with the 

experimental results It is observed from the figure that, when the initial torque is 

equ«jl to 31% and 50% of the yield torque the finite element analysis results lie 

reasonably close to experimental results It is also observed from the figure that for 

higher initial torque the ratp of decrease of shear stress in the finite element analysis 

is relatively high compare^ to the experimental results This is due to inability of the 

existing elastic-plastic material model used in Ansys to describe the mechanical 

behaviour of the material used in the experimental investigations

Torque Held Constant

The experimental results are plotted alongside those from the finite element analysis 

for this type of combined loading in terms of the axial stress and shear stress and are
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presented m figure 6 4 The solid lines shown in the figure present the plots of the 

finite element analysis results It can be seen from the figure that the finite element 

results are in good agreement with the experimental results up to a value just over the 

combined yield curve After that the finite element results show a drop in the 

combined axial and shear stresses This difference is due to the inability of the 

existing elastic-plastic material model used in Ansys to describe the mechanical 

behaviour of the material used in the experimental investigations

6.2.3 Tension followed by Torsion, Tube 

Axial Displacement Constant

In this type of loading, the experimental and the finite element analysis results have 

been plotted in terms of the axial stress and shear stress and are presented in figure 

6 5 The solid lines shown m the figure represent the plots of the finite element 

analysis results It is apparent from the figure that, the finite element analysis results 

are reasonably in good agreement with the experimental results up to a value just 

over the combined yield curve The figure reveals that the experimental points 

decrease relatively slowly, when the combined stress state reaches the plastic yield 

stress compared to the finite element analysis results This is due to the inability of 

the existing elastic-plastic material model used in Ansys to describe the mechanical 

behaviour of the material used in the experimental investigations

6 2 4 Torsion followed by Tension, Tube 

Angle of Twist Constant

The experimental and the finite element analysis results, for this type of loading, 

have been plotted in terms of the axial stress and shear stress and are presented in 

figure 6 6 The solid lines shown in the figure present the finite element analysis 

results for the above mentioned type of loading The figure reveals that the finite 

element analysis results are in good agreement with the experimental results up to a 

value just over the combined yield curve There after the finite element results show 

a drop in the combined axial and shear stresses The difference between the 

experimental and finite element analysis results is due to the inability of the existing
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elastic-plastic material model used in Ansys to describe the mechanical behaviour of 

the material used in the experimental investigations
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CHAPTER SEVEN

CONCLUSIONS

71 INTRODUCTION

This chapter gives a brief summary of the concluding remarks arising from the 

present research work It also highlights the contribution arising from this thesis and 

the recommendations for further work

7 2 GENERAL CONCLUSIONS

The main conclusions resulting from the experimental investigation and the finite 

element analysis are summarised below

7.2*1 Experimental Investigation

• In the first type of loading, where the axial displacement held constant, the 

initially applied axial load begins to decrease with the subsequently applied 

torque when the combined stress reaches a critical value which is governed 

by the yield criteria With the increase in the torque the axial load carrying 

capacity reduced without in any way compromising its torque carrying 

ability

• Similarly, in the second type of loading, where the angle of twist held 

constant, the torque carrying capacity of the specimen drops rapidly once the 

yield load is reached When the initially applied torque is closer to the yield 

torque, the maximum axial load that can be applied to the specimen decreases 

significantly After the specimen becomes fully plastic, even without any 

increase in the axial load the axial stress and the shear stress increases rapidly 

as necking commences and the specimen fails rapidly
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• In the case of the thin-walled tube, where the initial angle of twist kept 

constant, the rate of decrease of the torque is much faster than those of the 

solid rods The residual torque left within the tube is much less than the solid 

rod and the sustainability of the initially applied torque is reduced to almost 

zero due to subsequent application of the axial load

• In the second loading path, where the tube was subjected to an initial axial 

load and then, holding its corresponding axial displacement constant, the 

torque was gradually increased until the specimen failed The rate of decrease 

in the initially applied axial load was much faster than those of the solid rods

7.2.2 Finite Element Analysis

• In this case, where the model was initially subjected to a torque and then, 

keeping the corresponding angle of twist constant, the axial load applied in 

the subsequent load steps The initially applied torque decreases as the axial 

load increases according to the yield criteria The higher the magnitude of the 

initially applied torque, the greater is the rate of decrease in the torque 

carrying ability with the gradually applied axial load

• For the this case, where an initial axial load was applied to the model as the 

first load step and then, keeping its initial axial displacement constant, the 

torque was applied in the subsequent load steps The axial load carrying 

ability of the model drops rapidly once the yield load is reached When the 

model was subjected to high initial axial load, the axial stress starts to 

decrease at greater rate

• When the thin-walled tube model was subjected to an initial torque as the first 

load step and then, keeping the angle of twist constant, the axial load was 

applied in the subsequent load steps the ability of the model, when yielding 

starts, to sustain the initially applied torque decreased with the subsequently 

applied axial load without affecting its axial load carrying ability
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• Similarly, when the tube was subjected to an initial axial load as the first load 

step and then, keeping its initial axial displacement constant, the torque was 

applied in the subsequent load steps, when yielding starts, the axial load 

carrying ability of the tube decreased with the subsequently applied torque

7 2 3 Comparison of Experimental Results with the FEA Results

• For the combined loading of the solid rod, the finite element analysis results 

are reasonably in good agreement with the experimental results for the four 

types of loading used Similarly, for the combined loading of the thin-walled 

tubes the results of the finite element analysis agree well with experimental 

results

7 3 THESIS CONTRIBUTION

In the course of this research, it is believed that the following contributions have

been made in the general area of the research topic

• Development of a novel adaptive control system for the Tension-Torque 

machine

• The specimen can sustain combined axial and torsion loads well beyond the 

von Mises yield curve

• The subsequent loading of the specimen becomes dominant to describe the 

elasto-plastic behaviour of the specimen

• Development of finite element methodology for predicting the effect of the 

combined tension and torsion loading conditions on the failure loads of the 

experimental specimens

7 4 RECOMMENDATION FOR FURTHER WORK

• The non-proportional combined loading tests carried out in this research work 

can be conducted after annealing the specimen and at different strain rates
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• The non-proportional combined loading tests can be conducted on threaded 

rod

• In a similar manner the proportional combined loading tests can be conducted 

and compared with finite element analysis code

• The micro-structure of the fractured specimens can be observed and studied

• Mild steel (En8) was used for all experimental investigations and simulations 

in this work Different materials including composite material can be used
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APPENDIX 1

1 1  Theory of Plasticity

The theory of plasticity is the branch of mechanics that deals with the calculation of 

stresses and strains in a body permanently deformed by a set of applied forces The 

theory is based on certain materials experimental observations on the macroscopic 

behaviour of metals in uniform status of combined stresses The observed results are 

then idealised into a mathematical formulation to describe the behaviour of metals 

under complex stresses Un like elastic solids, in which the state of strain depends 

only on the final state of stress, the deformation that occurs in a plastic solid is 

determined by the complete history of the loading The plasticity theory is, therefore, 

essentially incremental in nature, the final distortion of the solid being obtained as 

the sum total of the incremental distortion following the strain path Theory of 

plasticity is concerned with the prediction of the maximum load that can be applied 

to the body without causing any excessive yielding Situation in which elastic and 

plastic strains are comparable in magnitude arise in a number of important structural 

problems when the loading is continued beyond the elastic limit Structural designs 

based on the estimation of collapse loads are more economical than elastic design, 

since the plastic method takes full advantage of the available ductility of the material 

The following assumptions are made regarding the behaviour of plastic solids in the 

theory

i The material is assumed to be isotropic and remains so throughout the

deformation

li The theory assumes that the onset of plastic yield takes place sharply, either

from zero strain (rigid plastic material) or from an elastic strain (elastic- 

plastic material), that is because of the complex nature of the stress-strain 

curve

in It is assumed that the yield stress is independent of the direction of

straining, that is there is no Bauschinger effect and the current yield stress 

depends only up on the total strain up to the point considered
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iv The plastic stress-strain relations are used only when all of the material has

reached to yield Localised yielding or gradual transition from elastic to 

plastic behaviour may lead to plastic theory being adopted while most of 

the material remains elastic

v The period of time for which the load is applied can be ignored as long as

the rate of straining is not considered to affect the yield stress 

characteristics

vi The laws of plasticity are such that the strains occurring at any point are

related to the current stresses at that point Logarithmic or natural strains 

are considered in the plasticity theory The logarithmic and conventional 

strains are almost equal for small strains but diverge for large strains

1 2 Theories of Yielding

The problem of designing a pressure vessel, rotating disc or some component 

containing a two or three principal stress system so that the material remains elastic, 

1 e no yielding, when under full load is rather more complex One could adopt a trial 

and error method of building a component and testing it to find when the 

deformations were no longer proportional to the applied load, but this obviously be 

very uneconomical It is therefore essential to find some criterion based on stresses, 

or strains, or perhaps strain energy in the complex system which can be related to the 

simple axial conditions If a theoretical criterion can be established which agrees 

with complex material behaviour, it is then only necessary to establish 

experimentally the yield point in a simple tension or compression test 

A number of theoretical criteria for yielding have been proposed over the past 

century, each seeking to obtain adequate correlation between estimated component 

life and that actually achieved under service load conditions for both brittle and 

ductile material applications The five main theories are

* The maximum principal stress theory, often attributed to Rankine, states 

that yielding will occur in a material under complex stress when <7, 

attains a value equal to the yield stress <rY, in a simple tension test on 

the same material It gives good prediction for brittle materials
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■ The maximum principal strain theory, accredited to saint-Venant, 

postulated that yielding commenced when the maximum principal strain 

(tensile),^ , was equivalent to the strain corresponding to the yield 

stress in simple tension This theory fits experimental data on brittle 

materials better than those on ductile materials

■ The maximum shear stress theory is usually coupled with the names of 

Guest and Tresca The assumption in this theory is that yielding is 

dependent on the maximum shear stress in the material reaching a 

critical value It is suitable for ductile materials

■ The total strain energy, as proposed by Beltrami, and also attributed to 

Haigh, is based on critical value of the total strain energy stored in the 

material, and this is a product of stress and strain This theory gives 

fairly good results for ductile materials but is seldom used in preference 

to the theory below

■ The shear or distortion strain energy theory has received considerable 

verification in practice and is widely regarded as the most reliable basis 

for design, particularly when dealing with ductile material This theory 

was also independently established by Maxwell, von Mises and 

Hencky, and is nowadays generally referred to as the Mises criterion 

This theory states that failure occurs when the maximum shear strain 

energy component in the complex stress system is equal to that at the 

yield point in the tensile test,

where Y is the yield stress in tension For biaxial case, it becomes

( - o xo 1 - t - c r 22 - Y 2

For two dimensional normal and shear stresses it becomes

If an element is subjected to tensile load and torque ( 1  e when <rv = 0 ) ,  the above

1 e

or a ?  +  a \  +  a ]  -  { a xo 1 +  < j2c r 3 +  ) -  Y 2

equation reduces to (1)
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In the above theories it has been assumed that the properties of the material in 

tension and compression are similar For the same type of loading Tresca’s criteria 

provides the following relation

1 3 Elastic-Plastic Stress-Stram Relations

1.3.1 The Elastic Stress-Strain Relations

The complete stress-strain relations describe the elastic and plastic deformation of a 

material The basic stress-strain relations in the elastic range are described below 

where the effects of time and temperature are not considered It is assumed that the 

material is isotropic and the Bauschinger effect is negligible It should be noted that 

the shearing strains, Yxy^Y}Ẑ Yu are the shear components of the strain tensor and

therefore have values equal to half the corresponding values of engineering shear 

strain For an isotropic material, the elastic stress-strain relations are usually written 

in the form

where E is Young’s modulus, l/Poisson’s ratio and G the modulus of rigidity 

If am is the hydrostatic stress and em the corresponding volumetric strain, then the 

above mentioned equations can be written in the form

(2)

Eex = a x-v((Ty +(Tt ) 

E f ,  - v ( a z + a x) 

E e ^ ^ - v ^ + a , ) (3)

(4)
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' — _ L  
* 2 G

where 3 o m = <j x + a y + a z The terms (<jx - a m) y ( a ^ - a m) m d  (a z - a m) are

reduced or deviatone components and are generally written in the form a x The

complete elastic stress-strain relations may therefore written, when using an obvious 

double suffix notation, as

the delta symbol, 8 l}, is equal to unity when 1 = j and to zero when 1 

1 3.2 Plastic Stress-Strain Relations

When a metal is deformed under continuously increasing stress, it is first strained 

elastically, the stress-strain relationship under combined stress being expressed by 

the equations of theory of elasticity With increasing stress, the material yields and 

permanent plastic flow occurs The total strain under load is then a combination of an 

elastic and a plastic component When the stress is released the elastic component 

disappears and the material is left with the permanent plastic strain Unless previous 

working has been severe the microscopic elastic behaviour of a metal can only 

slightly be affected by distortion of lattice During unloading, elastic recovery is 

limited by the plastic yielding of favourably oriented grains

In the elastic range the strains are uniquely determined by the stresses, that is to say 

for a given set of stresses the strains can be computed directly using Hook’s law 

without any regard to as to how this stress state was attained whereas in the plastic 

range the strains are in general not uniquely determined by the stresses but depend on 

the whole history of loading or how the stress state was reached Plastic stress-strain 

relations are considered to be governed by the “incremental” or “flow” type of

, (1 ~ 2 v)
2 G E

(5)
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theory, as opposed to the “total” or “instant” type of theory which is sufficient to 

describe the elastic stress-strain

If a circular steel specimen is strained in uniaxial tension beyond the initial yield to 

some point C as shown in figure 1, where CDE defines the subsequent yield curve,

Figure 1 Effect of loading path on plastic strains

then the plastic strains are

e; = e”

e ; = e ; = - ± e "

If the specimen is now unloaded to the point B and then a shear stress is applied 

increasing from B to D on the new yield locus, the plastic strains will still be as given 

above Now if the specimen is first stressed in shear to the point E on the new yield 

locus and then, by any other path inside EDC, such as EGD, is stressed to the point 

D, the plastic strains would be

£ p = y p and £ p = £ p = £ p = £ p = £ p = 0.n /  v \ ^xz u

which is obviously completely unrelated to the previous strain state Thus even 

though the same stress state at D exist for both loading paths, and therefore the 

elastic strain states are the same, the plastic strain states are different Because of the 

above mentioned dependence of the plastic strains on the loading path, the 

differentials or increments of plastic strain throughout the loading history is 

computed and then the total strain is obtained by integration or summation
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1 4  Elastic-Plastic Torsion

When a gradually increasing torque T is applied to a circular shaft of uniform 

diameter D, the strain is entirely elastic until the shear stress at the outer surface 

reaches the yield stress in shear The shear stress and strain vary linearly with radius 

in the elastic regime so that, as the outermost fibres take on a permanent set, the rest 

of the cross-section will still be elastic As the torque continues to increase more and 

more the cross-section becomes plastic, the elastic-plastic interface being a 

concentric circle of decreasing diameter

The elastic stress distribution across the prismatic bar of circular cross-section is 

expressed by

G r0*,e = —  (6)

and the value of the maximum shear stress is given by

GaO
T'zdmax ~  ^ (')

The stress distribution for a non-strain-hardening a strain-hardening material are 

shown schematically in figure2 The total torque transmitted by a non-strain- 

hardening bar is given by

r=c r=a

T =  J T 02m-2dr+  JT} 2/rr2dr (8)
r=0 r=c

The first term on the right side of the above equation is the torque transmitted by the 

elastic core, where the shear stress varies linearly with r the second term is the 

torque transmitted by the plastic annulus, where the shear stress is constant and 

independent of r The elastic-plastic boundary occurs at r = c integration of equation 

(8) provides

_ tvcaG 6  | 2 m \  | 2mc2r %
2L 3 3

Compatibility at the elastic-plastic boundary requires that

T . - S *  (10)

Combining equation (4) and (5) and rearranging gives

2 ;za3r
T = 1 —

4

i '  N3
d o
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Thus when the entire section becomes plastic c=0 and the above equation is 

converted to

2 m 3r„
(12)

where Tp is the torque required to make the bar fully plastic In the elastic-plastic 

and fully plastic regimes, the shear stress at the surface of the bar i s r v The shear 

strain at the surface of the bar is y = a &/ L for all regimes

For a strain-hardenmg material, the torque according to Nadai [ ] is given by

a

T = j t2 n r 2dr (13)
0

Where the subscripts on the shear stress are dropped Changing the variable from r to 

ogives

/ a

T = f
T2?ry2d y

(14)
o

Differentiating the above equation with respect to B] gives

d { T 9 f )  = 2 t f ( y a) y2ad y a (15)

At the specimen surface t a = f ( y a) and ya = a 6 l Thus substituting these values 

into equation (15)

d (T0,3) = 2xTaa 30?d0t

or d <J0'X) 3 — = LKT 8, a
d e , 0 1

(16)

Expanding the above equation gives

—  0?+3T0? = 2 7 t t y 9 2 
d d  1 ' " 1

1
or

2 m
3T + 0,

dT
dOi

(17)

the first term on the right side of equation (17) is the torque due to the maximum 

yield shear stress of Ta in a fully plastic non-strain-hardening material, whereas the 

second term is a correction for strain hardening These terms can be readily derived 

from the torque-twist curve as shown in figure3, where

8



d T  B C

dd, CD

0, = CD

so that r„ = - ± T {3l*A + BC}
l m

(18)

The shear strain at the surface is given by ya =aOx Thus, the shear stress versus

shear strain curve can be deduced by drawing tangents to the torque versus the angle 

of twist per unit length curve

1.5 The Levy-M ises and Prandtl-Reuss Equations

The general three-dimensional equations relating the increments of total strain to the 

stress deviations were given independently by levy and von Mises These equations 

are

The proportionality factor is written as dk  to indicate that incremental strains are 

being related to finite stresses dk  is an instantaneous non-negative constant of 

proportionality which may vary throughout a straining programme In these 

equations the total strain increments are assumed to be equal to the plastic strain 

increments, the elastic strains being ignored These equations can be applied to

problems of large plastic flow and can not be used in the elastic-plastic range

The generalised equations to include both elastic and plastic components of strain are 

due to Prandtl and Reuss, and known as Prandtl-Reuss equations Reuss assumed that 

the plastic strain increment at any instant of loading is proportional to the 

instantaneous stress deviation and the shear stresses, that is

dex _ d£y _ d£z _ dysz _ dy^ _ dv
(19)

depx _ de% _ depz _ dypK _ dyr _ d y \  _ ^ (20)
Ox

or del; = a vdX (21)

9



The total strain increment is the sum of the elastic and plastic strain increment Thus,

d£„ = d e ;+ d e 't

From equations (5) and (21) 

de o' dA + g  d(jo 2G E „ (22)

Since plastic straining causes no changes of plastic volume, the condition of 

incompressibility, in terms of the principal or normal strains can be written as

(23)

If the principal stress directions are considered, equation (20) gives,

d e \  + d£ 2 + d£i ~ d£x + d£l  + d£; = 0

de,p -  dep _ de[ -  de% _ da{  -  dcrp _ .
-------------- —---------------—----------------- — uA

<7 i 0 \ cr2 <yj

With the help of equation (23), equation (20) can be rewritten in terms of the actual 

stresses as

d e p = - d A  
x 3

d e p = - d A  
y 3

d e p = —dA 
‘ 3

a x - ^ ( a } + a z)

a  — ( a x +cr,) 
‘ 2 ’

d r l  =dATy 

d y ^ = d A T ^

Thus equation (22) consists of three equations of the type 

d e x = j d A[ 0- r - ^ ( c r ) + a z)] + [dax - v ( d c r y +d<Jz) \ / E (24)

and three of the type

d y n = T^dÀ + d r ^  I2G (25)

Finally, it is seen from equation (22) that the volumetric and deviatone strain 

increments can be separated for the total strain increment Thus equation (22) can be 

rewritten as

d€tJ =<JIJdA + d a lJ/2G  (26)
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d e ^ - j - d a »  (27)

How ever Hill [ ] has shown that for a material which strain hardens isotropically, 

d k  of equation (26) can be replaced by 3 d a f 2 a H  , where a  is the equivalent 

stress and H  is the slope of equivalent stress equivalent strain curve Thus equation 

(26) becomes

dexj = 3<JtJd a /2 ~g H  + d o l} / 2G (28)

l - 2 v
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Stress Plastic work-hardenmg
Stress

Figure 2 Stress distributions for a non-strain-hardening 

and a strain-hardening material

Torque (T)

Figure 3 Torque versus angle of twist/unit length curve
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