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I\ ABSTRACT 

Mechanical  methods  c a n  b e  used t o  measure p r a c t i c a l l y  a l l  t y p e s  of r e s i d u a l  
s t r e s s e s ,  f rom n e a r  s u r f a c e  t o  d e p t h s  i n  e x c e s s  of 0.25 m e t r e .  They have been 
used f o r  much l o n g e r  and have t h u s  seen  more development  t h a n  o t h e l  Inechocis 
and,  s s  a  i u r ~ s e q u e n c e ,  t h e i r  l i m i t a t i o n s  and a p p l i c a t i o n s  a r e  more c l e a r l y  
d e f i n e d .  T h e i r  ma jo r  d i s a d v a n t a g e  i s  t h a t ,  by t h e i r  n a t u r e ,  t h e y  a r e  d e s t r u c t i v e  
a l though  t h e  amount o f  s t r u c t u r a l  damage may be i n s i g n i f i c a n t  i n  many c a s e s .  

The e s s e n c e  o f  t h e  t e c h n i q u e s  i s  t h a t  changing t h e  geometry  o f  a  s t r u c t u r e  
changes  i t s  r e s i d u a l  s t r e s s  p a t t e r n .  This  change i n  s t c e s s  c a u s e s  s t r a i n  
changes ,  which c a n  be  measured u s i n g  s t r a i n  gauges  o r  some o t h e r  d e f o r m a t i o n  
measur ing d e v i c e .  I n  p r i n c i p l e ,  i f  t h e  change i n  geometry  i s  known and t h e  
s t r a i n  measurement  i s  s u f f i c i e n t l y  comprehensive  and a c c u r a t e ,  t h e n  r e s i d u a l  
s t r e s s e s  can  a lways  be  c a l c u l a t e d .  However, due  t o  t h e  c o m p l e r i t y  o f  t h i s  
c a l c u l a t i o n  i n  i t s  g e n e r a l  form,  a l l  t h e  mechan ica l  t e c h n i q u e s  r e l y  on  making 
we l l  d e f i n e d  c h a n g e s  i n  geometry  f o r  which t h e  r e l a t i o n s h i p  between measured 
s t r a i n  and r e s i d u a l  s t r e s s  a r e  known o r  can e a s i l y  be  o b t a i n e d .  

The t e c h n i q u e s  f a l l  i n t o  two c a t e g o r i e s ,  namely t h o s e  which measu re  s u r f a c e  o r  
n e a r - s u r f a c e  s t r e s s e s ,  and t h o s e  des igned  t o  g i v e  s u b - s u r f a c e  o r  t h r o u g h - t h i c k n e s s  
s t r e s s .  

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

S e c t i o n i n g  f o r  s u r f a c e  and s u b - s u r f a c e  measurement ,  i n c l u d i n g  S a c h ' s  and B l ind  
Hole methods. 

The t r e p a n  o r  r i n g - c o r e  method.  

The c e n t r e - h o l e  method.  

The deep h o l e  t e c h n i q u e .  

NOMENCLATURE 

E  = Young's  Modulus 

t  = Tube w a l l  t h i c k n e s s  



E .  P r o c t e r  and E.  M .  Beaney 

= I n i t i a l  mean r a d i u s  of c u r v a t u r e  o f  t u b e  

= F i n a l  mean r a d i u s  of c u r v a t u r e  of t u b e  

= T a n g e n t i a l  s t r e s s  

= A x i a l  s t r e s s  

= R a d i a l  s t r e s s  

= P o i s s o n ' s  r a t i o  

= O r i g i n a l  c r o s s - s e c t i o n  a r e a  of c y l i n d e r  

= Area machined away 

= E  + V E  
t 1 

= E  + V E  
a  t 

= T a n g e n t i a l  s t r a i n  

= A x i a l  s t r a i n  

= s t r e s s  i n  x ,  y  and z d i r e c t i o n s  

= S h e a r  s t r e s s  i n  x , y  p l a n e  

= S t r e s s  on ho:s bottorrl 

= Shea r  s t r e s s  on h o l e  bot tom 

= P r i n c i p a l  s t r e s s e s  

= Angle  from E 
R 1  to O l  

R1, ER2 , E R 3  = Relaxed  s t r a i n s  

, N = C o n s t a n t s  

I K 1  = F u n c t i o n  i n  c e n t r e - h o l e  equations 

K 
2/K1 = F u n c t i o n  i n  c e n t r e - h o l e  e q u a t i o n s  

= A x i a l  s t r a i n  
a  

Ra 
= Relaxed  a x i a l  s t r a i n  

RT 
= Relaxed  t r a n s v e r s e  s t r a i n  

= Block  l o a d s  on c y l i n d e r  

= S t r a i n  x  l o 6  

INTRODUCTION 

~ c h a n i c a l  methmds can  be used t o  measure  p r a c t i c a l l y  a l l  t y p e s  o f  r e s i d u a l  
r e s s e s ,  from n e a r  s u r f a c e  t o  d e p t h s  i n  e x c e s s  o f  o n e  q u a r t e r  of a  m e t r e .  
ley have  been used  f o r  much l o n g e r  and have t h u s  s e e n  more development  t h a n  
h e r  methods a n d ,  as a  consequence ,  t h e i r  l i m i t a t i o n s  and methods o f  a p p l i c a t i o n  
e  more c l e a r l y  d e f i n e d .  T h e i r  major  d i s a d v a n t a g e  i s  t h a t ,  by t h e i r  n a t u r e ,  
ley a r e  d e s t r u c t i v e ,  a l t h o u g h  t h e  amount of s t r u c t u r a l  damage may be i n s i g n i f i c a n t  

many c a s e s .  

e  e s s e n c e  o f  t h e  t e c h n i q u e s  i s  t h a t  chang ing  t h e  geomet ry  o f  a  s t r u c t u r e  
a n g e s  i t s  r e s i d u a l  s t r e s s  p a t t e r n .  T h i s  change i n  s t r e s s  c a u s e s  s t r a i n  
a n g e s ,  which c a n  b e  measured u s i n g  s t r a i n  gauges  o r  o t h e r  d e f o r m a t i o n  measu r ing  
v i c e s .  In  p r a c t i c e  i f  t h e  change i n  geometry  i s  known and t h e  s t r a i n  measurement  

s u f f i c i e n t l y  comprehens ive  and a c c u r a t e ,  t h e n  r e s i d u a l  s t r e s s e s  can  be  
l c u l a t e d .  However, due t o  t h e  complex i ty  o f  t h i s  c a l c u l a t i o n  i n  i t s  g e n e r a l  
rm,  a l l  t h e  m e c h a n i c a l  t e c h n i q u e s  r e l y  on making w e l l  d e f i n e d  changes  i n  
ome t ry  f o r  which t h e  r e l a t i o n s h i p s  between measured s t r a i n  and r e s i d u a l  
r e s s  a r e  known o r  can  e a s i l y  be o b t a i n e d .  



Mechanical  Methods 

The t e c h n i q u e s  f a l l  i n t o  two c a t e g o r i e s ,  namely t h o s e  which measu re  s u r f a c e  o r  
n e a r  s u r f a c e  s t r e s s  and t h o s e  des igned  t o  g i v e  s u b - s u r f a c e  o r  t h r o u g h - t h i c k n e s s  
s t r e s s .  The re  a r e  t h r e e  commonly used t e c h n i q u e s  f o r  t h e  measurement  o f  n e a r  
s u r f a c e  s t r e s s  namely: 

( 1 )  Trepan o r  r i n g - c o r e  

( 2 )  C e n t r e - h o l e  d r i l l i n g  

( 3 )  S e c t i o n i n g  

The s e c t i o n i n g  method c o n s i s t s  of measur ing a  s u r f a c e  s t r a i n  w h i l s t  t h e  r e s i d u a l  
s t r e s s  i s  c o m p l e t e l y  r e l a x e d  by removing t h e  p i e c e  of m a t e r i a l  on which t h e  
s t r a i n  i s  measured.  The r e s i d u a l  s t r e s s  i s  t h e n  r e l a t e d  t o  t h e  r e l a x e d  s t r a i n  
by t h e  normal m a t e r i a l  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 .  The t r e p a n  o r  r i n g - c o r e  
method c a n  b e  used  a s  e i t h e r  a  p a r t i a l  o r  f u l l  r e l a x a t i o n  t e c h n i q u e .  I n  t h e  
f u l l  r e l a x a t i o n  c a s e  s t r e s s  i s  c a l c u l a t e d  f rom t h e  r e l a x e d  s t r a i n s  by t h e  
normal  m a t e r i a l  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 .  When used  a s  a  p a r t i a l  r e l a x a t i o n  
method a n  e m p i r i c a l  r e l a t i o n s h i p  i s  used t o  r e l a t e  s t r e s s  and s t r a i n .  The 
h o l e  d r i l l i n g  method r e l i e s  on  t h e  p a r t i a l  s t r a i n  r e l a x a t i o n  which o c c u r s  when 
a  sma l l  b l i n d  h o l e  i s  d r i l l e d  i n  t h e  c e n t r e  o f  a  s t r a i n  gauge r o s e t t e .  A 1 1  of 
t h e s e  methods a r c  v e l l  deve loped  and c a p a b i e  o t  g i v i n g  a c c u r a t e  r e s u l t s  i f  
a p p l i e d  c o r r e c t l y .  

The re  a r e  f o u r  t e c h n i q u e s  f o r  t h e  measurement o f  s u b - s u r f a c e  s t r e s s e s :  

(1) S e c t i o n i n g  

(2) Blind h o l e  d r i l l i n g  

( 3 )  Sach ' s  method 

( 4 )  Deep h o l e  d r i l l i n g  

The s e c t i o n i n g  method c o n s i s t s  o f  c u t t i n g  up t h e  s t r u c t u r e  w h i l s t  measu r ing  t h e  
r e l a x e d  s t r a i n s  on s u i t a b l e  f r e e  s u r f a c e s .  I n  g e n e r a l  i t  r e q u i r e s  t h e  s t r e s s  
f i e l d  o r  t h e  geometry  t o  b e  r e l a t i v e l y  s i m p l e  s o  t h a t  t h e  r e l a x e d  s t r a i n s  a r e  
e a s i l y  r e l a t e d  t o  r e s i d u a l  s t r e s s .  The S a c h ' s  method i s  a  p a r t i c u l a r  form o f  
s e c t i o n i n g  f o r  e v a l u a t i n g  r e s i d u a l  s t r e s s  i n  c y l i n d r i c a l  components .  The b l i n d  
h o l e  method r e l i e s  on t h e  comple t e  r e l a x a t i o n  o f  s t r e s s  a t  t h e  bot tom o f  a  h o l e  
when the  h o l e  and s u r r o u n d i n g  i s  t r epanned  o u t  o f  t h e  s t r u c t u r e .  S i n c e  t h e  
s t r e s s e s  a r e  c o m p l e t e l y  r e l a x e d  t h e  normal  m a t e r i a l  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  
h o l d ,  bu t  t h e  e f f e c t  on s t r e s s  o f  t h e  i n i t i a l  b l i n d  h o l e  i s  u n c e r t a i n  and thus  
t h e  t e c h n i q u e  h a s  d u b i o u s  a c c u r a c y .  The most comprehens ive  o f  t h e  s u b - s u r f a c e  
measurement sys t ems  i s  t h e  d e e p  h o l e  method i n  which t h e  s t r e s s e s  around a  h o l e  
c a n  be  s imply r e l a t e d  t o  changes  i n  h o l e  d imens ions  o c c u r r i n g  a s  t h e  s t r e s s e s  
a r e  r e l e a s e d  by o v e r - c o r i n g .  I n  t h e  c u r r e n t  t e c h n i q u e  a l l  changes  i n  h o l e  
d imens ion  a r e  measured which f a c i l i t a t e s  t h e  p r e d i c t i o n  of t h e  comple t e  s t r e s s  
p a t t e r n  through t h e  t h i c k n e s s  o f  t h e  s t r u c t u r e  w i t h  t h e  u s e  of o n e  h o l e .  

The f o l l o w i n g  c h a p t e r  d i s c u s s e s  t h e  fundamen ta l s  o f  each  t e c h n i q u e  a n d ,  where 
a p p r o p r i a t e ,  g i v e s  examples  and r e f e r e n c e s  t o  o t h e r  work. The c e n t r e - h o l e  
t echn ique  and t h e  deep  h o l e  t e c h n i q u e  a r e  c o v e r e d  i n  c o n s i d e r a b l e  d e t a i l ,  t h e  
fo rmer  because  i t  i s  t h e  most  w ide ly  used  mechan ica l  t e c h n i q u e  f o r  s u r f a c e  
measurement and t h e  l a t t e r  b e c a u s e  of i t s  un iqueness  f o r  measu r ing  i n  v i r t u a l l y  
any geometry  and s t r e s s  f i e l d .  

TREPAN OR RING-CORE METHOD 

The t r e p a n  method was o r i g i n a l l y  conce ived  a s  a  s i m p l e  f u l l - r e l a x a t i o n  t echn ique  
f o r  t h e  measurement of s u r f a c e  r e s i d u a l  s t r e s s e s .  The p r i n c i p l e  i n v o l v e s  
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machining an  a n n u l u s ,  i . e .  t r e p a n n i n g ,  i n t o  t h e  w a l l  of t h e  s t r u c t u r e ,  which 
e f f e c t i v e l y  i s o l a t e s  t h e  s u r f a c e  o f  t h e  i s l a n d  which i s  formed,  a s  shown i n  
F i g .  1, the reby  c a u s i n g  t h e  s t r e s s e s  t o  r e l a x .  I n  o r d e r  t o  d e t e r m i n e  t h e  
s t r e s s e s ,  t h e  r e l a x e d  s t r a i n s  on t h e  s u r f a c e  of t h e  i s l a n d  have t o  be  measured 
and c o n v e n t i o n a l  e l a s t i c  t h e o r y  used .  

The modern method i s  p robab ly  advanced from work by Gunner t  [ I ] ,  who d r i l l e d  a  
s m a l l  ho le  t o  a c t  a s  a  g u i d e  f o r  a  f l y - c u t t i n g  d e v i c e  t o  machine t h e  g roove .  
I n  t h e  c u r r e n t  p r a c t i c e  e l e c t r i c  r e s i s t a n c e  s t r a i n  gauge r o s e t t e s  a r e  f i r s t  
a t t a c h e d  t o  t h e  s t r u c t u r e  s u r f a c e  a t  t h e  p o i n t  of i n t e r e s t  and a n  a n n u l u s  
machined around t h e  r o s e t t e  by any one of a  number o f  methods .  

Wolf and Bohm [21 and F r e d d i  131 used a  s m a l l  end m i l l  mounted e c c e n t r i c a l l y  i n  
a  c u t t i n g  head t o  machine t h e  c i r c u l a r  g rooves  and had t o  d i s c o n n e c t  t h e  s t r a i n  
gauge l e a d s  d u r i n g  t h e  machining o p e r a t i o n ,  which i s  most u d e s i r a b l e .  Morland 
and  Haynes C41 used  a  ho l low c y l i n d r i c a l  c u t t i n g  t o o l  s o  t h a t  t h e  s t r a i n  gauge 
l e a d s  could  be t h r e a d e d  th rough  i t s  c e n t r e  and t h e r e b y  remain c o n n e c t e d  d u r i n g  
t h e  machining o p e r a t i o n .  The problem w i t h  t h i s  method,  and p r o b a b l y  w i t h  t h e  
s m a l l  end m i l l  method,  i s  t h a t  t h e  mach in ing  o p e r a t i o n  i n t r o d u c e s  a d d i t i o n a l  
s t r e s s .  Not o n l y  would t h i s  induced s t r e s s  r e l a t e  t o  t o o l  d e s i g n  and machining 
pa rame te r s  i t  would a l s o  depend on t h e  m a t e r i a l  b e i n g  machined.  

Bohm e t  a l .  [5] have deve loped  an  a i r - a b r a s i o n  method f o r  u se  on h a r d  and tough 
m a t e r i a l s  b u t  a  method w e l l  s u i t e d  f o r  u s e  i n  most s t r u c t u r a l  m a t e r i a l s  i s  
E l e c t r o - D i s c h a r g e  (EDM) o r  Spark E r o s i o n  mach in ing .  EDM i s  a  r e l a t i v e l y  s imp le  
method t o  a p p l y ,  i n  t h a t  t h e r e  a r e  no r o t a t i n g  p a r t s  and t h e  e l e c t r o d e s  a r e  
made from t h i n - w a l l  coppe r  t u b e  s o  t h e  s t r a i n  gauge l e a d s  can e a s i l y  be t h r e a d e d  
t h r o u g h  t h e i r  ho l low c e n t r e s .  However, t h e r e  a r e  d i s a d v a n t a g e s .  I t  i s  n e c e s s a r y  
t o  submerge t h e  p a r t  b e i n g  machined i n  a  f l u i d ,  usual ly  p a r a f f i n ,  and c o n s e q u e n t l y  
t h e  s t r a i n  gauges  r e q u i r e  p r o t e c t i o n  from t h i s  env i ronmen t .  A l s o ,  EDM c r e a t e s  
l o c a l i z e d  t e m p e r a t u r e  changes  i f  d i s c h a r g e  c u r r e n t s  a r e  n o t  c o n t r o l l e d ,  which 
c a n  i n f l u e n c e  s t r a i n  gauge behav iou r  and induce  d e t e c t a b l e  s i r e s s  changes .  

THEORETICAL CONSIDERATIONS 

A t  Berkeley Nuclear  L a b o r a t o r i e s ,  (BNL) a  f i n i t e  e l emen t  a n a l y s i s  was used  t o  
examine t h e  r e l a x a t i o n  of s t r a i n  a c r o s s  t h e  s u r f a c e  o f  t h e  t r epanned  i s l a n d  
w i t h  r e s p e c t  t o  t r e p a n n e d  d e p t h ,  i n  an  i n f i n i t e l y  t h i c k  p l a t e .  For t h e  c a s e  of 
u n i f o r m  s t r e s s  f i e l d  t h e  r e s u l t  i s  shown i n  F i g .  2 .  T h i s  shows t h a t  f o r  t o t a l  
s t r a i n  r e l a x a t i o n  a t  t h e  s u r f a c e  t h e  minimum r e q u i r e d  t r epanned  d e p t h  i s  1 . 2  
t i m e s  t h e  d i a m e t e r  o f  t h e  t r epanned  i s l a n d .  S i n c e  t h e  minimuni p r a c t i c a l  d i a m e t e r  
o f  i s l a n d  r e q u i r e d  f o r  t h e  s t r a i n  r o s e t t e  i s  1 0  m m ,  t h e  r e q u i r e d  d e p t h  must  be  
a t  l e a s t  1 2  mm. T h i s  was c o n s i d e r e d  t o  be  much t o o  deep  f o r  g e n e r a l  u se  hence 
c o n s i d e r a t i o n  was g i v e n  t o  p a r t - d e p t h  t r e p a n n i n g ,  i . e .  u s i n g  t h e  t e c h n i q u e  a s  a  
p a r t i a l  r e l a x a t i o n  method. The f i g u r e  shows t h a t  s i g n i f i c a n t  s t r a i n s  a r e  
r e l a x e d  a t  s m a l l  d e p t h s  - assuming a  10 mm i s l a n d  t h e  r e l a x a t i o n  i s  nomina l ly  
100% at 2-3 mm d e p t h .  However. t h e  s t r a i n  r e l a x a t i o n  a c r o s s  t h e  d i a m e t e r  of t h e  
i s l a n d  i s  n o t  u n i f o r m ,  t h e r e f o r e  t h e  p o s i t i o n  of t h e  r o s e t t e  r e l a t i v e  t o  t h e  
c e n t r e  of t h e  l s l a n d  becomes i m p o r t a n t  and a l s o ,  t h e  r a t e  o f  s t r a i n  r e l a x a t i o n  
w i t h  r e s p e c t  t o  d e p t h  i s  such  t h a t  t h e  machined d e p t h  i s  c r i t i c a l .  An e r r o r  o f  
0 .2  mm on dep th  can  l e a d  t o  an  e r r o r  o f  10% on s t r e s s .  

Because  of t h e s e  f a c t o r s ,  a s  w e l l  a s  t h e  p r a c t i c a l  c o n s i d e r a t i o n s ,  t h i s  t e c h n i q u e  
was g e n e r a l l y  abandoned,  a t  l e a s t  i n  t h e  U K ,  i n  f a v o u r  of t h e  c e n t r e - h o l e  
method.  

The r e s u l t s  of t h e  BNL a n a l y s i s  a r e  c o n f i r m e d  by t h e  work o f  F r e d d i  C31 and 
Bohm e t  a l e  [51. Using u n i a x i a l l y  l oaded  t e s t  spec imens ,  F redd i  i n v e s t i g a t e d  
s t r a i n  r e l a x a t i o n  w i t h  d e p t h  i n  p l a t e s  of 10 ,  14  and 1 7  mm t h i c k n e s s .  S i n c e  h e  
was conce rned  wi th  making measurements  i n  c y l i n d e r s  hav ing  t h e s e  s p e c i f i c  w a l l  
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t h i c k n e s s e s  t h e  work e n a b l e d  him t o  d e t e r m i n e  t h e  minimum d e p t h  he needed t o  
machine f o r  100% r e l a x a t i o n  i n  each  c a s e .  However, h i s  mach in ing  d e p t h  had t o  
be p r e c i s e ,  s i n c e  any ove r -mach in ing  r e s u l t e d  i n  a n  o v e r e s t i m a t e  of t h e  s t r e s s .  
He c o u l d ,  of c o u r s e ,  have machined t h r o u g h  t h e  w a l l ,  t o  t o t a l l y  i s o l a t e  t h e  
machined i s l a n d ,  and c o n s e q u e n t l y  g u a r a n t e e d  t o t a l  r e l a x a t i o n .  

Bohm e t  a l .  r e f e r  t o  measurements  i n  t u r b i n e  and g e n e r a t o r  s h a f t s  and components 
which a r e  o f  i n f i n i t e  t h i c k n e s s ,  r e l a t i v e l y  s p e a k i n g .  Using s p e c i a l l y  d e s i g n e d  
s t r a i n  r o s e t t e s  t hey  ach ieved  c o n c e n t r i c  mach in ing .  P r e l i m i n a r y  work on u n i f o r m l y  
s t r e s s e d  u n i a x i a l  t e s t  specimens gave  v a l u e s  f o r  i n f l u e n c e  c o e f f i c i e n t s  which 
r e l a t e  t h e  r e l a t e d  s t r a i n s  t o  s t r e s s  w i t h  r e s p e c t  t o  t h e  d e p t h  o f  t r e p a n .  
A l so ,  i n  s i t u a t i o n s  where  t h e  p r i n c i p a l  s t r e s s  d i r e c t i o n s  were known, a  second 
d e s i g n  o f  gauge was used  t o  i n d i c a t e  t h e  change  i n  s t r e s s  w i t h  d e p t h .  I t  was 
assumed t h a t  t h e  s t r e s s  was c o n s t a n t  t h rough  any one d e p t h  sLep ,  which i s  
p robab ly  n o t  a  s e v e r e  l i m i t a t i o n  i n  t h e i r  c a s e s .  The s t r a i n  change due  t o  
machining one  d e p t h  s t e p  was s u b t r a c t e d  from t h e  change which would h a v e  o c c u r r e d  
i n  a  un i fo rm s t r e s s  f i e l d  ( d e t e r m i n e d  f rom p r e l i m i n a r y  t e s t s )  and t h i s ,  i n  
t u r n ,  r e l a t e d  m a t h e m a t i c a l l y  t o  t h e  s t r e s s  changes .  They p o i n t  o u t  t h a t  t h e r e  
i s  a  l i m i t  on  d e p t h ,  imposed by s e n s i t i v i t y  of r e s p o n s e  of t h e  s u r f a c e  t o  
s t r e s s e s  a t  d e p t h s  below t h e  s u r f a c e .  Using a  14  mm d i a m e t e r  t r epanned  i s l a n d  
they  c l a i m  t h a t  s t r e s s  g r a d i e n t s  c a n  be  measured t o  a  d e p t h  of 5 mm. Fo r  
g r e a t e r  d e p t h s  t hey  machine o u t  t h e  f i r s t  5 mm deep  t r e p a n ,  l e a v i n g  a  f l a t - b o t t o m e d  
h o l e  25 mm d i a m e t e r ,  t h e n  i n s t a l l  a  new gauge  on t h e  bot tom of t h i s  h o l e  and 
r e p e a t  t h e  t r e p a n  p r o c e d u r e .  They do n o t  a p p e a r  t o  make any c o r r e c t i o n s  t o  
a c c o u n t  f o r  t h e  changes  i n  t h e  s t r e s s  f i e l d  due t o  t h e  machined h o l e ,  o r  t o  
c o n s i d e r  t h e  p o s s i b l e  i n f l u e n c e  o f  s t r e s s e s  i nduced  by t h e  machining.  
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HOLE DRILLING 

rhe f i r s t  r e c o r d e d  a t t e m p t s  t o  measure  r e s i d u a l  s t r e s s e s  by h o l e  d r i l l i n g  were  
, e p o r t e d  by Mathar i n  1933 [61.  Mathar  c o n s i d e r e d  t h a t  i f  a  h o l e  was d r i l l e d  
h r o u g h  a f l a t  p l a t e  t h e n  t h e  h o l e  would t a k e  up a  shape r e l a t e d  t o  t h e  e x i s t i n g  

! t r e s s  f i e l d  and t h e r e  would be an a s s o c i a t e d  s t r a i n  r e l i e f  i n  t h e  s u r r o u n d i n g  
l a t e r i a l .  Thus ,  t h e  measurement o f  t h i s  s t r a i n  r e l i e f  would a l l o w  t h e  c a l c u l a t i o n  
~ f  t h e  o r i g i n a l  s t r e s s e d  s t a t e .  He d r i l l e d  1 2  mm d i a m e t e r  h o l e s  and measured 
t r a i n  r e l a x a t i o n s  ou tward$  f rom t h e  edge o f  t h e  h o l e  u s i n g  a  1 5 7  mm gauge  
e n g t h  e x t e n s o m e t e r ,  i . e .  a d i s t a n c e  e s t i m a t e d  t o  be beyond t h e  i n f l u e n c e  of 
h e  d r i l l e d  h o l e .  T h i s  work was l i m i t e d  t o  u n i a x i a l  t e n s i l e  and c o m p r e s s i v e  
t r e s s  f i e l d s .  I n  1 9 3 6 ,  Mesmer 1 7 1  deve loped  t h e  f o r m u l a  f o r  b i a x i a l  s t r e s s e s  
f  known d i r e c t i o n  and i n  1956 ,  Campus C81 g e n e r a l i z e d  t h e  e q u a t i o n s  f o r  b i a x i a l  
t r e s s e s  o f  unknown d i r e c t i o n .  A l l  t h r e e  worke r s  assumed un i fo rm p l a n e  s t r e s s  
L s t r i b u t i o n  th rough  t h e  f u l l  p l a t e  t h i c k n e s s .  

he n e x t  s i g n i f i c a n t  s t e p  i n  h o l e  d r i l l i n g  was r e p o r t e d  by S o e t e  and Vancrombrugge 
n 1 9 5 0  [91. S t i l l  l i m i t i n g  t h e  t e c h n i q u e  t o  t h rough  h o l e s  i n  p l a t e s  t h e y  u s e d  
l e c t r i c a l  r e s i s t a n c e  s t r a i n  gauges  t o  measure  t h e  s t r a i n  r e l a x a t i o n s  l o c a l  t o  
he d r i l l e d  h o l e .  The h o l e s  were  6  mm d i a m e t e r  and t h r e e  s t r a i n  gauges  o f  8 mm 
s u g e  l e n g t h  were p o s i t i o n e d  on  a  p i t c h  c i r c l e  app rox ima te ly  10.5 mm r a d i u s  i n  
i r e c t i o n  O n ,  90' and 135 ' ,  i . e .  a 45" r o s e t t e  a r r angemen t .  Bo i t en  and Ten 
l t e  (1952)  [ l o ]  i n t r o d u c e d  f u r t h e r  improvements t o  t h e  t h e o r e t i c a l  s o l u t i o n  by 
a k i n g  t h e  wid th  and c r o s s - s e n s i t i v i t y  of t h e  s t r a i n  gauges  i n t o  a c c o u n t .  

i e  f i r s t  r e f e r e n c e  t o  " b l i n d "  h o l e  d r i l l i n g  i s  g i v e n  i n  a  paper  by Ke l sey  i n  
956 [111. Kelsey was a t t e m p t i n g  t o  measure  s t r e s s  change w i t h  d e p t h ,  which 
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w i l l  be d i s c u s s e d  i n  g r e a t e r  d e t a i l  l a t e r .  Al though h i s  d r i l l i n g  and measu r ing  
t echn iques  were s i m i l a r  t o  t h o s e  used by S o e t e  and Vancrombrugge, h e  i n t r o d u c e d  
an  e m p i r i c a l  app roach  t o  o b t a i n  s o l u t i o n s  i n  t h e  b l i n d  h o l e  a p p l i c a t i o n .  

The f i r s t  ma jo r  advance  towards  s t a n d a r d i z a t i o n  o f  t h e  t e c h n i q u e  a n d ,  a t  t h e  
same t ime ,  minimize  damage t o  t h e  components t e s t e d  was r e p o r t e d  by Rend le r  and 
Vigness  i n  1966 C121. 

By combining t h e  b l i n d  h o l e  app roach  wi th  modern s t r a i n  gauge  t e c h n o l o g y  t h e y  
r e a l i z e d  t h e  p o t e n t i a l  f o r  r e d u c i n g  h o l e  s i z e  and p roduc ing  p u r p o s e  made r e s i d u a l  
s t r e s s  r o s e t t e s .  T h e i r  work was based on 1 .6  mm and 3 . 2  mm d i a m e t e r  h o l e s  
l e a d i n g  t o  t h e  s u b s e q u e n t  i n t r o d u c t i o n  of t h e  Micro Measurements 062RE and 
125RE s e r i e s  gauges .  

I n  t h e  e a r l y  1970s  t h e  Au thor s  became i n t e r e s t e d  i n  r e s i d u a l  s t r e s s  measurement .  
A f t e r  g a i n i n g  some e x p e r i e n c e  o f  t h e  Rendler  and Vigness  method t h e y  c o n s i d e r e d  
t h a t  i t  was n o t  p o s s i b l e  t o  m a i n t a i n  t h e  r e q u i r e d  c l o s e  t o l e r a n c e  on h o l e  
d i a m e t e r s  f o r  r e p e a t e d l y  a c c u r a t e  measurements and t h e r e f o r e  a c t u a l  d r i l l e d  h o l e  
s i z e  shou ld  be  t a k e n  i n t o  a c c o u n t .  'They a l s o  r e a l i z e d  t h a t  p r e v i o u s  worke r s  
had n o t  c o n s i d e r e d  t h e  i n t r o d u c t i o n  of a d d i t i o n a l  s t r e s s e s  c a u s e d  by t h e  d r i l l i n g  
mechod. As a  r e s u l t ,  t h e y  c a r r i e d  o u t  a  f u l l  e v a l u a t i o n  o f  t h e  t e c h n i q u e  u s i n g  
. I . _  gL"  n 
L t ~ r  U L R ~  ~ e r i e s  gauges  and p u b l i s h e d  t h e i r  f i r s t  work i n  1974 .  

The p a p e r ,  by Beaney and P r o c t e r  [131, shows: 

i .  F u r t h e r  deve lopmen t .  o f  t h e  e q u a t i o n s  t o  a  more s u i t a b l e  form f o r  
c a l i b r a t i o n  and a p p l i c a t i o n .  

ii .  The u s e  o f  m e c h a n i c a l  c u t t e r s  f o r  h o l e  d r i l l i n g  ( d r i l l s ,  end m i l l s  and 
m i l l i n g  c u t t e r s )  as used  by a l l  worke r s  t o  d a t e ,  i n t r o d u c e d  a d d i t i o n a l  
s t r e s s e s  and c o n s e q u e n t l y  had s i g n i f i c a n t  i n f l u e n c e  on t h e  end r e s u l t .  

i ii.  I f  t h e  d r i l l i n g  induced  s t r e s s e s  cou ld  be  e l i m i n a t e d  t h e  a c c u r a c y  of t h e  
t e c h n i q u e ,  u s i n g  a  1 . 6  mm d i a m e t e r  h o l e  would be between 5% and LO%, 
depending on t h e  b i a x i a l  s t r e s s  r a t i o .  

Fol lowing a  r e f e r e n c e  t o  A i r - a b r a s i v e  machining i n  a  paper  by Bush and Kromer 
1141 t h e  Au thor s  c a r r i e d  o u t  machining t r i a l s  u s i n g  t h i s  t e c h n i q u e .  The r e s u l t i n g  
development  o f  a  s p e c i a l l y  d e s i g n e d  r o t a t i n g  j e t  d e v i c e  was r e p o r t e d  by Beaney 
i n  1976 C151. 

A i r - a b r a s i v e  mach in ing  was shown t o  be s t r e s s - f r e e  i n  a l l  n o r m a l l y  used  s t r u c t u r a l  
m a t e r i a l s .  T h i s  was p a r t i c u l a r l y  impor t an t  f o r  u s e  on a u s t e n i t i c  and h i g h  
a l l o y  s t e e l s ,  which had been i m p o s s i b l e  t o  i n v e s t i g a t e  by t h e  p r e v i o u s l y  used 
mechan ica l  d r i l l i n g  methods .  Of a d d i t i o n a l  impor t ance ,  b e c a u s e  t h e  d r i l l i n g  
method was s t r e s s - f r e e ,  h o l e  d i a m e t e r s  could  be i n c r e a s e d  w i t h i n  a  g i v e n  r o s e t t e ,  
l e a d i n g  t o  i n c r e a s e d  r e l a x a t i o n  of t h e  a v a i l a b l e  s t r a i n s  and c o n s e q u e n t  
improvement on a c c u r a c i e s .  Beaney recommended t h a t  f o r  t h e  062RE g a u g e ,  t h e  
h o l e  s i z e  s h o u l d  be i n c r e a s e d  t o  2 mm. 

I n c r e a s i n g  t h e  h o l e  s i z e ,  o b v i o u s l y  l ed  t o  conce rn  a b o u t  d r i l l i n g  d e p t h .  I n  
t e rms  of damage t o  t h e  s t r u c t u r e  t h e  h o l e  d e p t h  i s  t h e  i m p o r t a n t  p a r a m e t e r .  
However, i t  was shown a t  t h e  t i m e ,  and has  s i n c e  been proved f o r  o t h e r  gauge 
g e o m e t r i e s ,  t h a t  t h e  d r i l l e d  d e p t h  r e q u i r e d  f o r  maximum r e l a x a t i o n  o f  t h e  major  
s t r a i n  i s  dependen t  o n l y  on r o s e t t e  geometry ,  i . e .  i n  a  g i v e n  r o s e t t e  t h e  
optimum h o l e  d e p t h  i s  i n d e p e n d e n t  of h o l e  d i a m e t e r .  

S i n c e  1976,  t h e  CEGB d e s i g n e d  A i r - a b r a s i v e  d r i l l i n g  equipment  h a s  been wide ly  
used i n  many c o u n t r i e s .  I n  t h e  USA, a l t h o u g h  many worke r s  u s e  A i r - a b r a s i v e  
mach in ing ,  t h e y  have  t ended  t o  u s e  s t a t i o n a r y  j e t s .  I t  can o n l y  be  presumed 
t h a t  t h e s e  w o r k e r s  a r e  c o n t e n t  t o  a c c e p t  t h e  l o s s  i n  accu racy  which r e s u l t s  
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f r o m  n o n - c i r c u l a r ,  t a p e r e d  and v a r i e d  h o l e  shapes  whtch havc been shown Lo be 
p roduced  by s t a t i o n a r y  j e t  methods .  

As a n  a l t e r n a t i v e  t o  A i r - a b r a s i v e  d r i l l i n g ,  Flaman 1161 ,  i n  Canada,  h a s  deve loped  
t h e  u s e  of u l t r a - h i g h  speed d r i l l i n g .  Using s m a l l  a i r - t u r b i n e  powered mach ines ,  
n o r m a l l y  made f o r  u s e  i n  t h e  d e n t a l  i n d u s t r y ,  o f f - l o a d  d r i l l  s p e e d s  o f  t h e  
o r d e r  o f  350,000 rpm c a n  be ach ieved .  In  many o f  t h e  common s t r u c t u r a l  s t e e l s  
t h i s  has  been shown t o  be  s t r e s s - f r e e  and d r i l l s  a  t r u l y  f l a t  bot tomed h o l e  
( w h i c h  i s  n o t  q u i t e  ach ieved  by a i r - a b r a s i o n )  and c o n s e q u e n t l y  i s  advan tageous  
when i n v e s t i g a t i n g  s t r e s s  g r a d i e n t s  w i t h i n  one h o l e  d e p t h .  However, f o r  t h o s e  
m a t e r i a l s  which a r e  most  d i f f i c u l t  t o  machine,  e .g .  h i g h  manganese s t e e l s ,  
a i r - a b r a s i o n  remains  t h e  o n l y  s u c c e s s f u l  p r o c e s s .  

S i n c e  t h e  developments  of t h e  e a r l y  1970s an  i n c r e a s i n g  number o f  worke r s  have  
become invo lved  i n  r e s i d u a l  s t r e s s  measurement and many p a p e r s  a r e  a v a i l a b l e  
d i s c u s s i n g  a p p l i c a t i o n s  o f  t h e  t echn ique .  I t  i s  n o t  t h e  pu rpose  of t h i s  
p r e s e n t a t i o n  t o  d i s c u s s  a p p l i c a t i o n s  b u t  a  number i n c l u d e  a s p e c t s  of a p p l i c a t i o n ,  
o f t e n  e x t e n d i n g  i t s  u s e  t o  non-uniform s t r e s s  d i s t r i b u t i o n s .  B i r l e y  e t  a l .  
[ 1 7 1  and Owens [181 measured s t r e s s  g r a d i e n t  w i t h  d e p t h  u s i n g  A i r - a b r a s i v e  
d r i l l i n g ,  which i s  e f f e c t i v e l y  an  up -da te  of t h e  work by Kelsey 1111 and Ba thga te  
1 1 9 1 .  P r o c t e r  and M i t c h e l l  1201 c o n s i d e r e d  t h e  a p p l i c a t i o n  of t h e  s t a n d a r d  
t e c h n i q u e  t o  measure  s t r e s s  w i t h  d e p t h  i n  a  l a r g e  s t r u c t u r e .  S a n d i f e r  and 
Rowie [211 c o n s i d e r e d  t h e  e f f e c t s  of a  h o l e  d r i l l e d  o f f - c e n t r e  r e l a t i v e  t o  t h e  
r o s e t t e  and showed how c o r r e c t i o n s  can be a p p l i e d .  Bynum 1221 and S c h a j e r  [231  
o f f e r e d  e x p e r i m e n t a l  and t h e o r e t i c a l  e v a l u a t i o n s  of t h e  t e c h n i q u e ,  e f f e c t i v e l y  
c o n f i r m i n g  t h e  A u t h o r s '  work. P r o c t e r  and Beaney 1241 r e -emphas i zed  t h e  impor t ance  
of h o l e  d i ame te r  and d e p t h  i n  t h e  q u e s t  f o r  maximum a c c u r a c y .  A d d i t i o n a l l y ,  
a l t h o u g h  l i t t l e  i n f o r m a t i o n  i s  t o  be found i n  t h e  open l i t e r a t u r e ,  a s p e c t s  of 
s u r f a c e  p r e p a r a t i o n  r e c e i v e d  c o n s i d e r a b l e  a t t e n t i . o n  a n d ,  a c c o r d i n g l y ,  i s  d i s c u s s e d  
i n  a  subsequen t  s e c t i o n .  

More s t r a i n  r o s e t t e s  have been i n t r o d u c e d .  The Micro-Measurements r a n g e  o f  
r e s i d u a l  s t r e s s  r o s e t t e s  were ex tended  t o  i n c l u d e  t h e  031RE s e r i e s .  These  have 
t h e  same r e l a t i v e  geometry  a s  t h e  062RE and 125RE s e r i e s  and c o n s e q u e n t l y  
e x i s t i n g  c a l i b r a t i o n  p a r a m e t e r s  a p p l y .  They were i n t r o d u c e d  a s  a  r e s u l t  of a  
demand t o  measure  r e s i d u a l  s t r e s s e s  more l o c a l  t o  t h e  s t r u c t u r e  s u r f a c e  b u t  by 
t h e  s t a n d a r d  a p p l i c a t i o n  methods. Also t h e y  c a n  be  used  on s m a l l e r  and t h i n n e r  
components  t han  t h e i r  l a r g e r  c o u n t e r p a r t s .  TML i n  Japan  i n t r o d u c e d  a  r o s e t t e  
t o  compete  d i r e c t l y  w i t h  t h e  062RE s e r i e s .  The d i m e n s i o n a l  d i f f e r e n c e s  a r e  s o  
s m a l l  t h a t  e x i s t i n g  c a l i b r a t i o n  d a t a  i s  g e n e r a l l y  a p p l i c a b l e .  H o t t i n g e r  Baldwin 
Wess t echn ik  i n  Germany i n t r o d u c e d  a  s p e c i a l  r o s e t t e  w i t h  an  i n t e g r a l  c e n t e r i n g  
d e v i c e  f o r  u se  w i t h  a  s p e c i a l  d r i l l i n g  j i g  employed 1 . 6  mm d i a m e t e r  m i l l i n g  
c u t t e r s .  

A l l  t h e  r o s e t t e s  d i s c u s s e d  s o  Ear and a v a i l a b l e  p r i o r  t o  1983 have  t h e  same 
b a s i c  fo rma t  a s  t h a t  f i r s t  i n t r o d u c e d  by Rend le r  and v i g n e s s  i n  1966.  Work 
w i t h i n  t h e  CEGB, by t h e  Authors  and D a r b y s h i r e  [25 ]  i n d i c a t e d  t h a t  a  change 
f r o m  t h e  0" -90" -135"  f o r m a t  might  p rove  b e n e f i c i a l .  D a r b y s h i r e  h i g h l i g h t e d  
p r o b l e m s ,  found by many o t h e r  w o r k e r s ,  i n  i n v e s t i g a t i n g  s t r e s e s  a t  t h e  f u s i o n  
b o u n d a r i e s  of b u t t  we lds .  Because of t h e  s e v e r e  i n - p l a n e  s t r e s s  g r a d i e n t s  
h o l e s  could  n o t  be d r i l l e d  a t  t h e  f u s i o n  b o u n d a r i e s  u n l e s s  one gauge s e n s o r  was 
on t h e  o p p o s i t e  s i d e  of t h e  f u s i o n  l i n e  t o  t h e  o t h e r  two and t h i s  i n t r o d u c e d  
a n o m a l i e s  i n  p r e d i c t i n g ,  i n  p a r t i c u l a r ,  peak s t r e s s  p o s i t i o n s .  A l s o ,  r e s i d u a l  
s t r e s s e s  a t  t h e  t o e s  of f i l l e t  welds  o r  o t h e r  s m a l l  r a d i i  cou ld  n o t  b e  measured 
a t  t h e  r e q u i r e d  p o s i t i o n .  The obv ious  s o l u t i o n  was t o  r e - d e s i g n  t h e  r e s i d u a l  
s t r e s s  r o s e t t e  t o  have  a l l  t h r e e  s e n s o r s  w i t h i n  one  90"  q u a d r a n t .  

To d a t e ,  two m a n u f a c t u r e r s  have i n t r o d u c e d  s a t i s f a c t o r y ,  s i n g l e  q u a d r a n t  r o s e t t e s .  
Micro-Measurements have  i n t r o d u c e d  t h e  062UM s e r i e s  which h a s  t h e  same gauge 
l e n g t h  and p i t c h  c i r c l e  a s  t h e  o l d e r  062RE. U n f o r t u n a t e l y ,  i n  o r d e r  t o  f i t  t h e  
t h r e e  s e n s o r s  i n t o  t h e  s i n g l e  q u a d r a n t  t h e  s e n s o r  w i d t h  had t o  b e  r educed  and 
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t h i s  means thaL a l l  t h e  p r e v i o u s l y  e s t a h l i a h e d  c s l i b r n t l o n  d a t a  i s  no longe r  
a p p l i c a b l e .  The Authors  took t h e  view t h a t  any r e - d e s i g n  s h o u l d  t ake  advan tage  
of the  s t r e s s  f r e e  d r i l l i n g  p r o c e s s e s  now a v a i l a b l e  i n  o r d e r  t o  i n c r e a s e  o u t p u t  
s e n s i t i v i t y  wh ich ,  i n  t u r n ,  would l e a d  t o  p o t e n t i a l l y  improved a c c u r a c i e s .  
T h i s  has been a c h i e v e d  w i t h  two gauges  manufac tu red  by BLH E l e c t r o n i c s  i n  t h e  
USA. Both a r e  des igned  f o r  u se  w i t h  s t r e s s - f r e e  h o l e  d r i l l i n g  p r o c e s s e s ,  
e i t h e r  a i r - a b r a s i o n  o r  u l t r a - h i g h  speed .  The 0 3 s  gauge i s  d e s i g n e d  f o r  a  
nominal 1 . 6  mm h o l e  and t h e  04s  i s  p ropor t iona l ly  i n c r e a s e d  i n  s i z e  f o r  a  2 mm 
d i ame te r  h o l e .  When compared w i t h  t h e  o r i g i n a l l y  i n t e n d e d  1 . 6  mm d i a m e t e r  h o l e  
i n  t h e  062RF r o s e t t e s  t h e  s e n s i t i v i t y  of t h e s e  gauges  i s  i n c r e a s e d  by a f a c t o r  
of two, which i s  c l e a r l y  a  wor thwhi l e  g a i n .  

The f o l l o w i n g  s e c t i o n s  d e s c r i b e  t h e  p r i n c i p l e  of t h e  t e c h n i q u e ,  t h e  development  
and c a l i b r a t i o n  c a r r i e d  o u t  a t  Be rke ley  Nuclear  L a b o r a t o r i e s ,  and d i s c u s s e s  
o t h e r  i m p o r t a n t  a s p e c t s  such  a s  measurement of s t r e s s  g r a d i e n t  w i t h  d e p t h ,  
s u r f a c e  p r e p a r a t i o n  and e f f e c t  o f  n o n - e l a s t i c  behav iou r  a t  t h e  h o l e  edge.  

The Technique i n  P r i n c i p l e  

Suppose an i n f i n i t e  p l a n e  s h e e t  of e l a s t i c  i s o t r o p i c  m a t e r i a l  i s  s u b j e c t e d  t o  a  
s t a t e  of un i fo rm s t r e s s .  i f  a  h o i e  i s  d r i l l e d  th rough  t h e  s h e e t  t h e  r a d i a l  
s t r e s s  a t  t h e  edge  of t h e  h o l e  w i l l  r educe  t o  z e r o  a n d ,  p r o v i d e d  t h e  s t r e a s  
f i e l d  remains  e l a s t i c ,  t h e  r e - d i s t r i b u t i o n  of s t r e s s  away f rom t h e  h o l e  w i l l  be 
u n i q u e ,  a s  shown i n  F i g .  3 .  If a  s t r a i n  gauge i s  a t t a c h e d  t o  t h e  s t r e s s e d  
s h e e t ,  th i . s  w i l l  d e t e c t  a  change i n  s t r a i n  a s s o c i a t e d  w i t h  t h e  change i n  s t r e s s ,  
a s  shown by t h e  c r o s s - h a t c h i n g  i n  t h e  f i g u r e ,  and t h i s  s t r a i n  i s  r e l a t e d  t o  
t h e  t o t a l  s t r e s s  change o c c u r r i n g  a t  t h e  edge o f  t h e  h o l e .  
I n  p r a c t i c e ,  t h e  components of i n t e r e s t  a r e  u s u a l l y  t h i c k  compared w i t h  h o l e  
d i a m e t e r ,  hence  b l i n d  h o l e s  a r e  u sed .  A l so ,  s t r e s s e s  a r e  b i a x i a l  hence t h r e e -  
e l emen t  r o s e t t e s  a r e  r e q u i r e d .  P r i o r  t o  Beaney and P r o c t e r  [I31 t h e  e q u a t i o n s  
f o r  a  45" r o s e t t e  w e r e :  

a = 112  t a n - '  
' R 1  - 'RZ + ' ~ 3  

E - E  
R 1  R2 

F u r t h e r  development  o f  t h e s e  e q u a t i o n s ,  a s  p o i n t e d  o u t  by Beaney and  P r o c t e r  
1131 g i v e s :  

which has a  d i s t i n c t  advan tage  o v e r  ( 1 )  and ( 2 )  i n  t h a t  t h e  f u n c t i o n s  ( l / K l )  
and ( ~ ~ 2 1 ~ 1 )  can  he  de t e rmined  i n d e p e n d e n t l y  o f  each  o t h e r .  I n  t h e  u n i a x i a l  
c a s e :  

1 / K 1  = E ~ / E R ~ ,  i . e .  l / K 1  i s  a  s e n s i t i v i t y  f a c t o r  dependen t  o n l y  on  h o l e  d i a m e t e r ,  
and ~K21Kl  = cRT/CRa. 
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Not  only does  t h i s  s i m p l l f y  t h e  p r o c e d u r e ,  i t  a l s o  l e a d s  to  o r e a d i l y  q u a n t i f i a b l e  
t e c h n i q u e  and i s ,  t h e r e f o r e ,  worth  a d o p t i n g .  

EVALUATION OF TECHNIQUE 

T e s t  Technique 

I d e a l l y  i t  i s  r e q u i r e d  t h a t  a  r o s e t t e  i s  a t t a c h e d  t o  a  t e s t  specimen o f  s u f f i c i e n t  
w i d t h  t o  e n s u r e  t h a t  edge e f f e c t s  w i l l  n o t  i n f l u e n c e  t h e  behav iou r  l o c a l  t o  t h e  
h o l e  when t h i s  is  made, t hen  t h e  specimen loaded t o  a known s t r e s s ,  t h e  h o l e  
formed and t h e  r e l a x e d  s t r a i n s  measured.  I n  t h i s  i d e a l  c a s e  t h e  o u t p u t  of any 
o n e  gauge o f  t h e  r o s e t t e  would be  of t h e  form shown i n  F i g .  4 .  

F i g .  3 P r i n c i p l e  o f  c e n t r e - h o l e  t e c h n i q u e .  

T h e r e  a r e  two p o s s i b l e  e r r o r s  i n  t h i s  a p p r o a c h :  

i )  The t e s t  p i e c e  c a n n o t  be  g u a r a n t e e d  s t r e s s - f r e e  b e f o r e  l o a d i n g .  

i i )  Forming t h e  h o l e  may induce  mach in ing  s t r e s s e s .  

T h u s ,  t he  s t r a i n  change  which o c c u r s  a s  a  r e s u l t  o f  d r i l l i n g  t h e  h o l e  w i l l  a l s o  
i n c l u d e  t h e s e  e f f e c t s .  However, t h e  r e d u c t i o n  i n  s t r a i n  a s  a  r e s u l t  of u n l o a d i n g  
w i l l  have t h e  same s l o n e  a s  t h a t  i n  t h e  i d e a l  c a s e ,  i . e .  i t  w i l l  be  p a r a l l e l  t o  . . - - - . . - . - . . . - - - . . - - 

l i n e  B i n  t h e  f i g u r e ,  s o  t h e  d i f f e r e n c e  i n  s l o p e s  o f  t h e  load ing  and un load ing  
l i n e s  p rov ides  t h e  i n f o r m a t i o n  r e q u i r e d .  A l t e r n a t i v e l y ,  i t  may be more c o n v e n i e n t  
t o  l oad  and unload t h e  specimen b e f o r e  d r i l l i n g  t o  e s t a b l i s h  l i n e  A ,  remove t h e  
soecimen from t h e  machine t o  d r i l l  t h e  h o l e  t h e n  r e - p o s i t i o n  and r e - l o a d  t o  
e s t a b l i s h  l i n e  B. 

By d r i l l i n g  t h e  h o l e  i n  i n c r e m e n t a l  s t a g e s  and r e p e a t i n g  t h e  above p rocedure  a t  
e a c h  s t a g e ,  i t  is p o s s i b l e  t o  c o n s t r u c l  c u r v e s  a s  shown i n  F ig .  5 .  These then  
p r o v i d e  a lmos t  a l l  t h e  d a t a  r e q u i r e d  t o  a l l o w  c o m p l e t e  e v a l u a t i o n  o f  t h e  t e c h n i q u e  
and c a l i b r a t i o n  of gauge t y p e s .  
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Strain Relaxed 
Due to Hole 
Drilling 

Load - 
F i g .  4 S t r a i n  o u t p u t  on  u n i a x i a l  t e s t .  

F i g .  5  S t r a i n  r e l a x a t i o n  i n  u n i a x i a l  s t r e s s  f i e l d .  

T e s t  R e s u l t s  

Complete  c a l i b r a t i o n  d a t a  ha s  been o b t a i n e d  f o r  two t y p e s  of s t r a i n  r o s e t t e .  
The f i r s t  c a l i b r a t i - o n s  r e l a t e  t o  t h e  062RE gauges .  By m a i n t a i n i n g  t h e  h o l e / g a u g e  
d i m e n s i o n a l  r e l a t i o n s h i p s  t h e  d a t a  can  be  a p p l i e d  t o  t h e  031 RE and 1 2 5  RE 
gauges .  S e c o n d l y ,  c a l i b r a t i o n s  were c a r r i e d  o u t  on t h e  0 3 s  gauges  and t h i s  
d a t a  i s  s i m i l a r l y  a p p l i c a b l e  i n  t h e  045  s i z e .  

F i g u r e  6 shows f a m i l i e s  o f  c u r v e s  of  1 / K 1  a g a i n s t  non -d imens iona l  h o l e  d e p t h  
f o r  a p p r o p r i a t e  r a n g e s  of  h o l e  d i a m e t e r s ,  f o r  t h e  two gauge t y p e s .  Two p o i n t s  
a r e  a p p a r e n t :  

i )  Fo r  e a c h  h o l e  d i a m e t e r ,  t h e  minimum v a l u e  of  l/Kl c o i n c i d e s  w i t h  t h e  d e p t h  
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Hole depth1 hole diameter 

F i g .  6 V a r i a t i o n  of 1 / K  w i t h  h o l e  d e p t h .  1 

of  maximum s t r e s s  r e l i e f  i n  F i g .  5 .  By c o n n e c t i n g  t h e s e  minimum v a l u e  
p o i n t s ,  a s  shown by t h e  broken l i n e s ,  i t  i s  c l e a r  t h a t  t h e  r e q u i r e d  d r i l l  
d e p t h  f o r  maximum s t r a i n  r e l a x a t i o n  i s  c o n s t a n t  f o r  a  g i v e n  r o s e t t e  geometry .  

i i )  I n c r e a s i n g  h o l e  s i z e  d e c r e a s e s  I / K ~ ,  i . e .  i n c r e a s e s  s e n s i t i v i t y .  T h e r e f o r e ,  
provided t h e  d r i l l i n g  method i s  s t r e s s - f r e e ,  t h e  h o l e  d i a m e t e r  s h o u l d  be  
a s  l a r g e  as p o s s i b l e .  O b v i o u s l y ,  t h i s  shou ld  n o t  be  s o  l a r g e  a s  t o  r i s k  
damage t o  t h e  gauge s e n s o r s  o r  t o  impa i r  s t r a i n  t r a n s f e r  c a p a b i l i t i e s .  
For t h e  062 R E  s e r i e s  2 . 0  mm d i a m e t e r  h o l e  i s  i d e a l ,  and 1 . 6  mm d i a m e t e r  
fo r  t h e  03s s e r i e s .  

Comparing t h e  two s e t s  of  c u r v e s  i n  F i g .  6  shows t h e s e  a d v a n t a g e s .  For  t h e  062 
R E  gauges ,  i n c r e a s i n g  h o l e  d i a m e t e r  f rom 1 . 6  mm t o  2.0 mm d e c r e a s e s  1 1 ~ 1  f rom 
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4.4 t o  2 . 8 .  Using t h e  03s  gauge 1/K1 i s  f u r t h e r  r e d u c e d ,  t o  app rox ima te ly  
2 .0 ,  w h i l s t  r e t a i n i n g  t h e  1 .6  m m  h o l e .  

Having f i x e d  t h e  nominal h o l e  d i a m e t e r s ,  t h e  f u n c t i o n  vK2/K1 can  be i n v e s t i g a t e d  
w i t h i n  t h e  a p p r o p r i a t e  d i a m e t e r  r a n g e s .  R e s u l t s  f o r  t h e  two gauge d e s i g n s  a r e  
p l o t t e d  i n  F i g .  7 a g a i n s t  t h e  same non-d imens iona l  d e p t h  s c a l e .  These  show 
l i n e a r  behav iou r  and n e g l i g i b l e  i n f l u e n c e  from h o l e  d i a m e t e r .  At t h e  a p p r o p r i a t e  
d e p t h s ,  t h e  mean v a l u e s  a r e  0.3 and 0.33 r e s p e c t i v e l y  w i t h  a  s c a t t e r  band of 8%. 

Hole diameter mm 
1. 96  e 

0 ,4  r I. 98 O 
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F i g .  7 V a r i a t i o n  of  VK2/K1 w i t h  h o l e  d e p t h .  

F i g u r e  8 shows t h e  e f f e c t  on s t r e s s  f o r  an  e r r o r  o f  1% i n  V K z / K l .  I n  t h e  wors t  
c a s e ,  i . e .  a 1:l s t r e s s  f i e l d ,  t h e  r e s u l t i n g  e r r o r  i s  l e s s  t h a n  h a l f  t h a t  i n  
f u n c t i o n .  I t  h a s  been conf i rmed  t h a t  P o i s s o n ' s  r a t i o  v  has  n e g l i g i b l e  e f f e c t  
on t h e  f u n c t i o n .  Measurements made i n  r i g i d  p l a s t i c s  h a v i n g  v  = 0.4 and c a s t  
i r o n s  hav ing  v = 0 . 2 4  g i v e  v a l u e s  f o r  vK2/K1 w i t h i n  t h e  8% s c a t t e r  band. 
T h i s  i s  E u r t h e r  con f i rmed  by t h e  t h e o r e t i c a l  a n a l y s i s  c a r r i e d  o u t  by S c h a j e r  
( 2 3 ) .  T h e r e f o r e ,  VK2/K1 can  be g iven  a  f i x e d  v a l u e  r e l a t i n g  o n l y  t o  gauge 
t y p e ,  which s i m p l i f i e s  t h e  measurement r o u t i n e ,  i . e .  t h e  h o l e  i s  d r i l l e d  and 
t h e  s t r a i n  changes  n o t e d ,  h o l e  d i a m e t e r  i s  measured and t h e  a p p r o p r i a t e  v a l u e  
f o r  1 / ~ 1  s e l e c t e d  from a  t a b l e  o f  v a l u e s .  T h i s  i n f o r m a t i o n  i s  s u f f i c i e n t  t o  
c a l c u l a t e  t h e  s t r e s s  v a l u e s .  

F i n a l l y ,  F i g .  9 shows c u r v e s  of t h e  s e n s i t i v i t y  f a c t o r ,  1 / K 1 ,  p l o t t e d  a g a i n s t  
h o l e  d e p t h .  By f i t t i n g  e q u a t i o n s  t o  t h e s e  c u r v e s ,  r e f e r e n c e  t a b l e s  of v a l u e s  
o f  1 / K 1  a r e  produced f o r  t h e  r ange  of h o l e  s i z e s  o f  i n t e r e s t .  A d d i t i o n a l l y ,  
f o r  i n t e r e s t ,  L/Kl v a l u e s  o b t a i n e d  from t h e  th rough  h o l e  s o l u t i o n  by Bo i t en  and 
Ten Ca te  1101 a r e  shown f o r  t h e  062 R E  gauges  and f i n i t e  e l emen t  d a t a  i s  shown 
f o r  t h e  03s  gauges .  The f i r s t  con f i rms  t h e  mode o f  s t r a i n  r e l a x a t i o n  i n  b l i n d  
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F i g .  9 V a r i a t i o n  o f  1/K w i t h  h o l e  d i a m e t e r .  1 
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h o l e s  a s  shown i n  F ig .  5 i . e .  when s u f f i c i e n t  d e p t h  i s  ach ieved  i n  a  b l i n d  h o l e  
t h e  s o l u t i o n  e q u a t e s  w i th  t h a t  o f  t h e  th rough  h o l e .  F u r t h e r ,  t h e  d i f f e r e n c e  
between t h e  normal d e p t h  b l i n d  h o l e  s o l u t i o n  and t h e  th rough  h o l e  i s  a b o u t  8%. 
The second conf i rms  t h e  ag reemen t  which c a n  be  ach ieved  between f i n i t e  e l emen t  
and e m p i r i c a l l y  o b t a i n e d  c a l i b r a t i o n  d a t a .  

Accuracy o f  t h e  Technique 

The e v a l u a t i o n s  and c a l i b r a t i o n s  d i s c u s s e d  s o  f a r ,  r e l a t e  t o  t o t a l l y  e l a s t i c  
and uniform s t r e s s  f i e l d s  i n  homogeneous m a t e r i a l s .  P r o b a b l e  a c c u r a c i e s ,  c a n  
be  i n f e r r e d  i n  two ways. 

Assuming t o t a l l y  s t r e s s - f r e e  d r i l l i n g ,  r e f e r e n c e  t o  e q u a t i o n  ( 4 )  i n d i c a t e s  
p o s s i b l e  s o u r c e s  o f  e r r o r .  Any e r r o r  i n  s e l e c t i o n  of t h e  v a l u e  o f  1 /K1 w i l l  
have a  d i r e c t  e f f e c t  on s t r e s s ,  and s i n c e  t h e  f u n c t i o n  i s  dependen t  on h o l e  
d i a m e t e r  t h e  e r r o r  w i l l  r e l a t e  t o  t h e  a c c u r a c y  o f  measurement o f  t h i s  d i a m e t e r .  
With t h e  CEGB equipment  t h e  measurement  w i l l  b e  w i t h i n  !: 0.025 mm and t h e  
a s s o c i a t e d  e r r o r  w i l l  v a r y  between 1.5% and 3% depending on t h e  s t r a i n  r o s e t t e /  
h o l e  s i z e  combina t ion .  The re  w i l l  a l s o  be  an  e l r o r  i f  t h e  h o l e  i s  n o t  a l i g n e d  
c o n c e n t r i c a l l y  i n  t h e  r o s e t t e .  C l e a r l y ,  t h i s  depends  on t h e  d e g r e e  of mi sa l ignmev t  
and i t s  d i r e c t i o n  w l t h  r e s p e c t  t o  t h e  s t r e s s  f i e l d  and t h e  e l emen t s  of t h e  
s t r a i n  r o s e t t e .  The work o f  S a n d i f e r  and Bowie 1211 s u p p o r t s  t h e  Beaney and 
P r o c t e r  [ I 3 1  v i ew t h a t  i n  t h e  w o r s t  c a s e  i t  w i l l  be  s i m i l a r  t o  t h a t  r e s u l t i n g  
from ho le  d i a m e t e r  measu remen t s ,  i . e .  i t  w i l l  v a r y  between 1 .5% and 3%. The 
same v a l u e s  w i l l  a l s o ,  o b v i o u s l y ,  a p p l y  t o  h o l e  c i r c u l a r i t y  i f ,  s a y ,  s t a t i o n a r y  
n o z z l e s  a r e  u s e d  f o r  a i r - a b r a s i v e  mach in ing .  The e r r o r  due t o  vK2/K1 has  
a l r e a d y  been d i s c u s s e d  and w i l l  va ry  between 1% and 3.5% a c c o r d i n g  t o  t h e  
b i a x i a l  s t r e s s  r a t i o .  The re  t h e n  r ema ins  t h e  a c c u r a c y  of s t r a i n  measurement.  
S i n c e  t h i s  1 9  a  s t r a i g h t f o r w a r d  a p p l i c a t i o n ,  o f  s h o r t  d u r a t i o n ,  t h e  a c c u r a c i e s  
shou ld  be d e f i n e d  by gauge f a c t o r  t o l e r a n c e s  p l u s  t h e  accu racy  and r e s o l u t i o n s  
oi t h e  s r r a i n  r e c o r d i n g  i n s t r u m e n t .  Ln t h e  w o r s t  c a s e  t h e s e  s h o u l d  n o t  exceed 
a n  o v e r a l l  e r r o r  o f ,  s a y ,  2%. 

By s imple  a d d i t i o n ,  f o r  t h e  CEGB equipment  t h e  w o r s t  c a s e  e r r o r  f o r  a n  062 R E  
r o s e t t e  and 1 . 6  mm d i a m e t e r  h o l e  s h o u l d  n o t  exceed 9%. By u s i n g  a  2 mm 
d i a m e t e r  h o l e  t h i s  improves  t o  f 7.5%, which i s  f u r t h e r  r educed  by u s i n g  t h e  
0 3 s  r o s e t t e i l . 6  rnm d i a m e t e r  h o l e  c o m b i n a t i o n .  

A more d i r e c t  way o f  e s t i m a t i n g  p r o b a b l e  a c c u r a c y  and conf i rming  t h e  above 
v a l u e s  i s  t o  c o n s i d e r  t h e  e m p i r i c a l  d a t a  i n  F i g .  9 .  In  t h i s  f i g u r e ,  t h e  i n d i v i d u a l  
v a l u e s  of 1 / K l  were  c a l c u l a t e d  f rom e q u a t i o n  ( 4 ) .  For  t h e  g i v e n  f i x e d  v a l u e  o f  
v K ~ / K ~  t h e  measured s t r a i n s  and t h e  a p p l i e d  s t r e s s  were  s u b s t i t u t e d  i n  t h e  
equat ion,  and 1 / K l  c a l c u l a t e d .  T h e r e f o r e ,  t h e  s c a t t e r  of t h e  p l o t t e d  p o i n t s  
a b o u t  t h e  f i t t e d  l i n e  i s  a  t r u e  i n d i c a t i o n  o f  measurement a c c u r a c y .  For  t h e  
062 RE gauge a l l  t h e  p o i n t s  a r e  w i t h i n  + 6%, c o v e r i n g  a  r ange  of s t r e s s  f i e l d s .  
Fo r  t h e  03s g a u g e ,  i n  u n i a x i a l  s t r e s s  f i e l d s ,  t h e  p o i n t s  a r e  w i t h i n  3% 

A d d i t i o n a l  C o n s i d e r a t i o n s  

P l a s t i c  Deformat ion.  As s t a t e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  p r e d i c t e d ,  and 
p roven  e r r o r s  r e l a t e  t o  u n i f o r m  e l a s t i c  s t r e s s  f i e l d s .  However, i t  i s  w e l l  
known t h a t  mach in ing  t h e  h o l e  i n t r o d u c e s  a  d i s c o n t i n u i t y  i n  t h e  s t r u c t u r e ,  and 
t h e r e f o r e  p l a s t i c  d e f o r m a t i o n  w i l l  o c c u r  l o c a l l y  a t  some f r a c t i o n  o f  y i e l d  
s t r e s s  dependent  on t h e  s t r e s s  c o n c e n t r a t i o n  f a c t o r .  S t r e s s  c o n c e n t r a t i o n s  
l o c a l  t o  c i r c u l a r  h o l e s  a r e  w e l l  u n d e r s t o o d ,  t h e i r  maximum v a l u e s  a r e  4 ,  3  and 
2  i n  pu re  s h e a r ,  u n i a x i a l  (1 :O)  and e q u i - b i a x i a l ( 1 : l )  s t r e s s  f i e l d s  r e s p e c t i v e l y .  
T h e r e f o r e  p l a s t i c  d e f o r m a t i o n  w i l l  commence a t  t h e  edge of t h e  h o l e  a t  t ,  ) and 

y i e l d  s t r e s s  r e s p e c t i v e l y  a n d ,  p re sumab ly ,  a f f e c t  t h e  r e s u l t s  o b t a i n e d .  
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F ig .  1 0  E f f e c t  o f  p l a s t i c i t y  around h o l e .  

F i g u r e  10 shows t h e  r e s u l t s  of i n v e s t i g a t i o n s  t o  d e t e r m i n e  t h e i r  e f f e c t s .  The 
t h r e e  s t r e s s  f i e l d s  have been c o n s i d e r e d .  I n  t h e  1 : l  c a s e  f i n i t e - e l e m e n t  
a n a l y s i s  was used  t o  f i n d  t h e  e f f e c t  o f  h o l e  d i a m e t e r .  Th i s  assumes e l a s t i c /  
p e r f e c t l y  p l a s t i c  m a t e r i a l s  b e h a v i o u r ,  which a c c o u n t s  f o r  t h e  r e s u l t i n g  e r r o r s  
b e i n g  h i g h e r  t h a n  t h o s e  o b t a i n e d  by measurement  i n  r e a l  m a t e r i a l s .  

To summarize t h e  r e s u l t s :  p l a s t i c i t y  l o c a l  t o  t h e  machined h o l e  l e a d s  t o  a d d i t i o n a l  
e r r o r s  a s  s t r e s s e s  i n c r e a s e  above 60% y i e l d  s t r e s s  (50% i n  pu re  s h e a r ) .  The 
e r r o r s  r i s e  t o  abou t  9;b a t  f u l l  y i e l d .  The e r r o r s  w i l l  a lways l e a d  t o  an 
o v e r e s t i m a t e  of s t r e s s  l e v e l s  and c o n s e q u e n t l y  c o r r e c t i o n s  can  be made t o  
measured v a l u e s .  

S t r e s s  G r a d i e n t s .  S t r e s s  g r a d i e n t s  f a l l  i n t o  two c a t e g o r i e s ;  t h o s e  which occu r  
a l o n g  t h e  s u r f a c e  of measurement and t h o s e  which o c c u r  w i t h i n  t h e  d e p t h  of 
measurement .  The conce rn  t h a t  t h e  u s e r  s h o u l d  h a v e  i n  such  c a s e s  i s  governed 
by t h e  a p p l i c a t i o n  and d e g r e e  of g r a d i e n t  e x p e c t e d .  I n  g e n e r a l  s t r u c t u r a l  
work ,  s t r e s s  g r a d i e n t s  a r e  n o t  o f  major  c o n c e r n .  However, t h e r e  a r e  e x c e p t i o n s  
and i n  some c a s e s  i t  i s  d e s i r e d  t o  make d e t a i l e d  s t u d i e s .  

P robab ly  t h e  most s e v e r e  i n - p l a n e  g r a d i e n t  l i k e l y  t o  be encoun te red  i s  t h a t  
a s s o c i a t e d  w i t h  w e l d I p a r e n t  m e t a l  i n t e r f a c e s .  D a r b y s h i r e  1251 h a s  made many 
measurements  i n  t h e s e  s i t u a t i o n s .  He c o n f i r m s  t h a t  i n  c a s e s  where  t h e  s t r e s s  
r e d u c e s  e a c h  s i d e  of i t s  p e a k ,  t h e  t e c h n i q u e  measu res  t h e  a v e r a g e  s t r e s s  a c r o s s  
t h e  d imens ion  e q u a l  t o  t h e  h o l e  d i a m e t e r .  However, i n  c a s e s  where t h e  s t r e s s  
d r o p s  i n s t a n t a n e o u s l y  a t  a  bounda ry ,  t h e  o r i e n t a t i o n  of t h e  r o s e t t e  e l emen t s  
d i c t a t e  whe the r  t h e  measurement r e l a t e s  b e t t e r  t o  t h e  upper  o r  lower s t r e s s  
v a l u e .  As d i s c u s s e d  e a r l i e r  i n  t h e  c h a p t e r  tire i n t r o d u c t i o n  o f  r o s e t t e s  having 
a l l  Lliese gauge s e n s o r s  i n  onc 90"  q u a d r a n l  h a s  l a r g e l y  a l l c v i a t e c l  t.he Lypc of 
problem.  
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In -dep th  g r a d i e n t s  a r e  g e n e r a l l y  caused  by some d e l i b e r a t e  o p e r a t i o n .  Those 
induced by machining ( i n c l u d i n g  g r i n d i n g )  and sho t -peen ing  appea r  t o  be of 
g r e a t e s t  c o n c e r n .  I f  t h e s e  a r e  t o  be  measured t h e  t echn ique  r e q u i r e s  some 
d e g r e e  of m o d i f i c a t i o n .  

F i r s t ,  i t  i s  n e c e s s a r y  t o  measure  t h e  r e l a x e d  s t r a i n s  a t  chosen i n c r e m e n t s  of 
d e p t h ,  t hen  c a l c u l a t e  s t r e s s e s  a t  each  i n c r e m e n t ,  which can be a t t e m p t e d  i n  
more t h a n  one  way. Kelsey 1111 p l o t t e d  measured s t r a i n  changes  a g a i n s t  h o l e  
d e p t h  and compared t h e s e  w i t h  a  s i m i l a r  p l o t  o b t a i n e d  from a  un i fo rm s t r e s s  
f i e l d .  From t h e  d i f f e r e n c e  i n  s l o p e s  o f  t h e  two c u r v e s  he e s t i m a t e d  t h e  d i f f e r e n c e  
i n  s t r e s s e s  from t h a t  i n  t h e  un i fo rm c.ase. A l t e r n a t i v e l y ,  v a l u e s  f o r  t h e  
f u n c t i o n s  i n  equaLion ( 4 )  can  be d e t e r m i n e d ,  e m p i r i c a l l y  o r  t h e o r e t i c a l l y ,  f o r  
s p e c i f i c  i n c r e m e n t s  o f  d e p t h  and c a l c u l a t i o n s  made a c c o r d i n g l y .  U n f o r t u n a t e l y ,  
b o t h  methods  c o n t a i n  t h e  same l i m i t a t i o n s .  Both assume t h a t  t h e  s t r a i n  r e l a x e d  
due  t o  d r i l l i n g  through one inc remen t  of d e p t h  i s  r e l a t e d  t o t a l l y  t o  t h e  s t r e s s  
i n  t h a t  i n c r e m e n t .  Except  f o r  t h e  f i r s t  i n c r e m e n t ,  t h i s  i s  c l e a r l y  n o t  t h e  
c a s e .  Succeed ing  i n c r e m e n t s  w i l l  have been p a r t i a l l y  r e l a x e d  by p r e c e d i n g  
o p e r a t i o n s .  A l s o ,  t h e  r e l a x e d  s t r a i n s  a r e  s o  s m a l l  w i t h  r e s p e c t  t o  s t r e s s ,  
t h a t  s t r a i n  measurement  r e s o l u t i o n  has  a  s i g n i f i c a n t  e f f e c t  on t h e  r e s u l t .  

I n  r e c e n t  y e a r s  a  number o f  worke r s  have combined f i n i t e  e l emen t  a n a l y s i s  w i t h  
i n c r e m e n t a l  d r i l l i n g .  { S i h d j e r ,  i 2 3 3 ,  Manning ana FLaman i i b j  and Owens 1181). 
Even s o ,  t h e  a n a l y s i s  c a n  o n l y  d e a l  a c c u r a t e l y  w i t h  s p e c i f i e d  s t r e s s  f i e l d s .  
To d a t e ,  t h e r e  i s  no un ique  s o l u t i o n  f o r  t h e  g e n e r a l  c a s e  and t h e  low s e n s i t i v r t y  
o f  i n c r e m e n t a l  d r i l l i n g  c a n n o t  be a v o i d e d .  

I n  t h e  Au thor s '  e x p e r i e n c e  on s t r u c t u r a l  work,  t h e  a p p l i c a t i o n  of " i n c r e m e n t a l  
h o l e - d r i l l i n g "  h a s  n o t  g e n e r a l l y  been found  n e c e s s a r y .  F i r s t l y ,  from t h e  r e s u l t s  
o f  Kelsey [I11 and Ba thga te  [191 i t  can  be  shown t h a t  i n  a l i n e a r  s t r e s s  g r a d i e n t  
changing from amax a t  t h e  s u r f a c e  t o  z e r o  a t  f u l l  h o l e  d e p t h ,  which i s  s e v e r e ,  
t h e  t e c h n i q u e  p r e d i c t s  0 .8 a,,,,,, i . e .  i t  e f f e c t i v e l y  g i v e s  t h e  s t r e s s  a t  20% of 
h o l e  d e p t h .  Knowing t h i s  o f t e n  means t h a t  a s i n g l e  measurement i s  a l l  t h a t  i s  
n e c e s s a r y .  However, i f  more d e t a i l  of t h e  g r a d i e n t  is r e q u i r e d ,  s t a n d a r d  
measurements c o u p l e d  w i t h  l aye r - r emova l  can  be used .  Two examples  of t h i s  a r e  
g i v e n  i n  F ig .  11. 

F i g u r e  l l a  shows t h e  s t r e s s e s  r e s u l t i n g  from a  heavy m i l l i n g  o p e r a t i o n  u s i n g  a  
worn c u t t i n g  t o o l  [ 20 ] .  The f i r s t  measurement  was made a t  t h e  machined s u r f a c e  
( a f t e r  f i n a l  p r e p a r a t i o n  f o r  gauge a t t a c h m e n t ) .  Then m a t e r i a l  was removed t o  
a b o u t  h a l f  t h e  d e p t h  of t h e  machined h o l e  and t h e  second measurement made a t  an  
a d j a c e n t  p o s i t i o n .  F u r t h e r  m a t e r i a l  was removed i n  two s t a g e s  t o  a l l o w  t h e  
t h i r d  and f o u r t h  measurements  t o  be made i n  t h e  same p o s i t i o n s  a s  t h e  f i r s t  and 
s e c o n d ,  r e s p e c t i v e l y .  C o r r e c t i o n s  cou ld  have been made f o r  t h e  i n f l u e n c e  of 
s t r e s s e d  m a t e r i a l  removed, b u t  t h i s  was n o t  done i n  t h i s  c a s e .  I t  i s  c l e a r  
t h a t  f o r  a l l  p r a c t i c a l  p u r p o s e s  t h e  s t r e s s  g r a d i e n t  i s  l i n e a r  and c o n s e q u e n t l y  
t h e  f i r s t  r e s u l t  is t h e  s t r e s s  a t  20% h o l e  d e p t h ,  i . e .  a t  0.4 mm below t h e  
s u r f a c e .  

F i g u r e  lib shows s t r e s s  r e s u l t i n g  from a  s u r f a c e  g r i n d i n g  o p e r a t i o n ,  such  a s  
would be used t o  d r e s s  welds  o r  rough c a s t i n g s .  The same t e c h n i q u e  was used a s  
i n  t h e  p r e v i o u s  c a s e ,  e x c e p t  r e l a t i v e l y  s m a l l  l a y e r s  were removed between each  
measurement.  

From t h e s e  two examples ,  and many o t h e r s  can  be  c i t e d ,  i t  i s  c l e a r  t h a t  t h e  
c o m p l e x i t i e s  o f  i n c r e m e n t a l  a n a l y s i s  o n l y  need t o  be a t t e m p t e d  i n  s p e c i a l  
c i r c u m s t a n c e s .  

S u r f a c e  P r e p a r a t i o n .  Where c e n t r e - h o l e  measurements  a r e  t o  be  made i t  i s ,  
o b v i o u s l y ,  n e c e s s a r y  t o  p r e p a r e  t h e  s u r f a c e  f o r  s t r a i n  gauge bond ing .  As 
i n f e r r e d  by t h e  p r e v i o u s  d i s c u s s i o n ,  mach in ing  o p e r a t i o n s ,  p a r t i c u l a r l y  g r i n d i n g ,  
c a n  induce s i g n i f i c a n t  s t r e s s e s  which would b e  measured by t h e  t e c h n i q u e .  
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F i g .  11 Measurement of i n - d e p t h  s t r e s s  g r a d i e n t s .  

S u r f a c e  p r e p a r a t i o n ,  t h e r e f o r e ,  must be u n d e r t a k e n  w i t h  c o n s i d e r a b l e  c a r e .  
t h i s  i s  p a r t i c u l a r l y  s o  i f  l a y e r  removal  t e c h n i q u e s  a r e  b e i n g  u s e d .  

F o r  g e n e r a l  p r e p a r a t i o n ,  t h e  use  o f  s m a l l  emery -d i sc  p o l i s h e r s  h a v e  been found 
adequa te  i n  most  c a s e s .  For removing s i g n i f i c a n t  amounts of m a t e r i a l ,  h i g h  speed 
t u n g s t e n  - c a r b i d e  b u r r s ,  p rov ided  they  a r e  used w i t h  c a r e ,  a r e  s a t i s f a c t o r y  i n  
t h e  easy t o  machine m a t e r i a l s  b u t  tend t o  i nduce  s t r e s s e s  i n  s t r a i n - h a r d e n i n g  
m a t e r i a l s .  H a n d - f i l i n g  h a s  been found t o  be g e n e r a l l y  s a t i s f a c t o r y  b u t  t h i s  i s  
o f t e n  s low and d i f f i c u l t .  

As a r e s u l t  of work ing  on h i g h  manganese s t e e l s ,  which a r e  p a r t i c u l a r l y  d i f f i c u l t  
t o  machine,  t h e  A u t h o r s ,  i n  c o n j u n c t i o n  w i t h  NEI-Parsons i n  Eng land ,  have 
developed a p o r t a b l e  E lec t ro -Chemica l  Machining (ECM) d e v i c e .  Using a sodium 
n i t r a t e  e l e c t r o l y t e  and a  DC p o t e n t i a l  of 1 2 - 1 5  v o l t s ,  a r e a s  r e q u i r e d  f o r  
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gauging can  be machined a t  t he  r a t e  o f  1 mm d e p t h  i n  3 o r  4 minu te s .  T h i s  i s  
now rega rded  a s  a  g e n e r a l  purpose  t o o l .  

SECTIONING 

F u l l  R e l a x a t i o n  

S e c t i o n i n g  i s  t h e  o r i g i n a l  method of measu r ing  r e s i d u a l  s t r e s s .  As long  ago a s  
t h e  l a s t  c e n t u r y  KalakouLsky C271 used  i t  t o  measure  l o n g i t u d i n a l  s t r e s s  i n  
b a r s  and th roughou t  t h i s  c e n t u r y  i t  has  s een  s i g n i f i c a n t  development .  
Kalakoutsky used a  f u l l  r e l a x a t i o n  t e c h n i q u e  i n  t h a t ,  by c u t t i n g  t h e  b a r s  i n t o  
t h i n  s e c t i o n s ,  he assumed t h a t  t h e i r  s t r e s s e s  were  c o m p l e t e l y  r e l a x e d  and c o u l d  
t h u s  r e l a t e  t h e  o r i g i n a l  r e s i d u a l  s t r e s s  t o  t h e  r e l a x e d  s t r a i n s  u s i n g  o n l y  
t h e  m a t e r i a l  e l a s t i c  p r o p e r t i e s .  

To o b t a i n  s u r f a c e  s t r e s s  t h i s  t e c h n i q u e  i s  s t r a i g h t f o r w a r d  i n  p r i n c i p l e ,  a s  
a l l  t h a t  i s  r e q u i r e d  i s  t o  measure r e l a x e d  s t r a i n s ,  u s i n g  e i t h e r  s t r a i n  gauges  
o r  e x t e n s o m e t o r s ,  a s  t h e  p i e c e  of m a t e r i a l  on which t h e  s t r e s s  measurement i s  
r e q u i r e d  i s  c u t  from t h e  s t r u c t u r e .  I n  p r a c t i c e  t h i s  h a s  two d rawbacks ,  f i r s t l y  
i t  i s  t ime  consuming a n d ,  s e c o n d l y ,  g r e a t  c a r e  mus t  be  t a k e n  t o  e n s u r e  t h a t  no 
s t r e s s  i s  i n t r o d u c e d  by t h e  c u t t i n g  p r o c e s s e s  a s  t h e s e  w i l l  c a u s e  measurement -. e r r o r s .  l n i s  t e c h n q i u e  c a n ,  however, be used  on s t r u c t u r e s  w i t h  compLex geomet r i ec  
and by u s i n g  s u i t a b l e  s t r a i n  measur ing r o s e t t e s  c a n  b e  used i n  any s t r e s s  
f i e l d .  P r o c t e r  and M i t c h e l l  1201 g i v e  a n  example  o f  i t s  u s e  i n  a  s i t u a t i o n  
where t h e  s t a n d a r d  c e n t r e - h o l e  t echn ique  cou ld  n o t  be  used due  t o  i n a c c e s s i b i l i t y .  

F u l l  r e l a x a t i o n  by s e c t i o n i n g  i s  l i m i t e d  t o  v e r y  s i m p l e  g e o m e t r i e s  and s t r e s s  
f i e l d s  when a p p l i e d  t o  t h e  measurement of s u b - s u r f a c e  s t r e s s .  The r e a s o n  f o r  
t h i s  i s  t h a t  t h e  t o t a l  s t r a i n  r e l a x e d  by c u t t i n g  t h e  m a t e r i a l  f rom t h e  s t r u c t u r e  
canno t  u s u a l l y  be measured d i r e c t l y  o r  i n f e r r e d .  C l e a r l y  t h e  c i r c u m s t a n c e s  i n  
which measurements  can  be  t aken  on s u b - s u r f a c e  m a t e r i a l  i s  ve ry  l i m i t e d .  However, 
one a p p l i c a t i o n  i s  g i v e n  by Tebedge [ 2 8 1  who measu red  e l o n g a t i o n s  and c u r v a t u r e s  
on s l i c e s  o f  a  welded s e c t i o n ,  a s  t h e y  were  c u t  o u t  a s  shown i n  F i g .  1 2 .  By 
making t h e  a s sumpt ions  t h a t  t h e  s t r e s s e s  were  o n l y  l o n g i t u d i n a l  and c o n s t a n t  
a long  t h e  l e n g t h  of t h e  specimen he  b u i l t  up t h e  c o m p l e t e  t h r o u g h  t h i c k n e s s  
s t r e s s  p a t t e r n .  

F i g .  1 2  S e c t i o n i n g  of welded j o i s t  by Tebedge.  

Use i s  a l s o  made o f  f u l l  r e l a x a t i o n  i n  t h e  measurement  o f  hoop s t r e s s  i n  c y l i n d e r s .  
By e i t h e r  making d i a m e t r a l  measurements o r  s u r f a c e  s t r a i n  measurements  w h i l s t  
t h e  c y l i n d e r  i s  c u t  a x i a l l y  and ,  assuming a  l i n e a r  t h rough  t h i c k n e s s  s t r e s s  
g r a d i e n t ,  hoop s t r e s s  i n  t h e  c y l i n d e r  may be p r e d i c t e d .  T h i s  i s  a  p a r t i c u l a r l y  
qu ick  and e a s y  method t o  a p p l y .  An example  o f  i t s  u s e  i s  g i v e n  by Crampton 
1291 who used  i t  t o  make measurements on b r a s s  t u b i n g .  
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F i g .  1 3  Hole d r i l l i n g l ~ e c t i o n i n ~  by F e r r i l l  e t  a l .  

He c a l c u l a t e d  t h e  i n t e r n a l  c i r c u m f e r e n t i a l  s t r e s s  f rom t h e  measured r a d i i  
u s i n g :  

"--. I.-- 
L U L  vgtg l eug i i i s  of tube E wouid be b e t t e r  r e p l a c e d  by E / ( 1 - v Z )  

F e r r i l l  C301 i n v e s t i g a t e d  r e s i d u a l  s t r e s s e s  i n  t h i c k  bu t t -we lded  specimens by 
d r i l l i n g  many 6 mm d i ame te r  h o l e s  i n  f o u r  d i r e c t i o n s ,  a s  shown i n  F i g .  13 .  He 
mounted a  number of s t r a i n  gauges  a x i a l l y  i n  e a c h  h o l e  and t h e n  c u t  t h e  specimen 
i n t o  i n d i v i d u a l  p i e c e s  s o  t h a t  t h e  a x i a l  s t r a i n s  a l o n g  each  h o l e  were  r e l a x e d  
a n d  measured.  By making v a r i o u s  a s s u m p t i o n s  a b o u t  u n i f o r m i t y  and symmetry of 
t h e  s t r e s s e s  he used combina t ions  o f  t h e  measured s t r a i n s  t o  c a l c u l a t e  t h e  
s t r e s s e s  which had been r e l a x e d .  The major  d i s a d v a n t a g e ,  i n  a d d i t i o n  t o  t h e  
a s s u m p t i o n s  a b o u t  s t r e s s  symmetry and u n i f o r m i t y ,  i s  t h e  enormous amount of 
work r e q u i r e d  f o r  d r i l l i n g ,  c u t t i n g  and s t r a i n  g a u g i n g .  

B l i n d  Role  Method 

More g e n e r a l  s u b - s u r f a c e  s t r e s s  can  be  measured u s i n g  an  e x t e n s i o n  of f u l l  
r e l a x a t i o n  by s e c t i o n i n g ,  namely, t h e  b l i n d  h o l e  method. Leeman [311  d e s c r i b e d  
a  t e c h n i q u e  f o r  measu r ing  s t r e s s  i n  r o c k  c a l l e d  t h e  "Doors topper"  method whereby 
a  f l a t  bottomed h o l e  i s  f i r s t  d r i l l e d ,  t h e  b a s e  o f  t h e  h o l e  s t r a i n  gauged and 
t h e n  o v e r c o r e d ,  a s  shown i n  F i g .  1 4 ,  t o  c o m p l e t e l y  r e l a x  t h e  s t r e s s e s .  The 
t e c h n i q u e  i s  f i r m l y  e s t a b l i s h e d  i n  t h e  min ing  i n d u s t r y  and t h e r e  i s  no r e a s o n  
why t h i s  same t echn ique  shou ld  n o t  be  a p p l i e d  i n  m e t a l  s t r u c t u r e s .  S t o k e r  
(321  completed some c a l i b r a t i o n  work i n  heavy s t e e l  beams under  u n i a x i a l  t e n s i o n  
b u t  has  n o t  r e p o r t e d  any p r a c t i c a l  a p p l i c a t i o n s .  

The t e c h n i q u e  i s  n o t  q u i t e  a  f u l l  r e l a x a t i o n  method s i n c e  some of t h e  s t r e s s e s  
a r e  r e l a x e d  when t h e  i n i t i a l  b l i n d  h o l e  i s  d r i l l e d ,  b e f o r e  s t r a i n  measurements  
c a n  be made. Thus t h e  normal e l a s t i c  m a t e r i a l  e q u a t i o n s  which r e l a t e  s t r e s s  
and s t r a i n  have t o  be  m o d i f i e d .  Working i n  r o c k ,  Leeman [311 s u g g e s t s  t h a t  i f  
t h e  h o l e  i s  d r i l l e d  a l o n g  one p r i n c i p a l  s t r e s s  a x i s  and i f  t he  gauged a r e a  i s  
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F i g .  14 Measurement o f  s u b - s u r f a c e  s t r e s s  by o v e r c o r i n g .  

l e s s  than one t h i r d  o f  t h e  h o l e  bo t tom a r e a  t h e n ,  by f i r s t  u s i n g  t h e  normal  
e l a s t i c  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  t o  c a l c u l a t e  s t r e s s  on t h e  bot tom o f  t h e  
h o l e ,  t he  t r u e  r e s i d u a l  s t r e s s e s  c a n  be  c a l c u l a t e d  u s i n g  t h e  e x p e r i m e n t a l l y  
ob ta ined  e q u a t i o n s :  

These  same r e l a t i o n s h i p s  s h o u l d  h o l d  i n  m e t a l l i c  s t r u c t u r e s  a l t h o u g h  t h i s  has  
n o t  been v e r i f i e d .  By d r i l l i n g  t h r e e  h o l e s  i t  i s  p o s s i b l e  t o  r e s o l v e  p r i n c i p a l  
r e s i d u a l  s t r e s s e s .  The t h r e e  h o l e s  muat l i e  i n  one of t h e  p r i n c i p a l  s t r e s s  
p l a n e s ,  and i t  must  be assumed t h a t  t h e  s t r e s s e s  a r e  uniform i n  t h e  volume o f  
m a t e r i a l  unde r  i n v e s t i g a t i o n .  
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T h i s  t echn ique  h a s  n o t  been f u l l y  developed and has  two problem a r e a s ,  f i r s t l y  
t h e  s t r a i n  gauge a t t achmen t  and s e c o n d l y  t h e  o v e r c o r i n g .  By p r e - w i r i n g  and 
c a s t i n g  t h e  gauges  i n  epoxy r e s i n  i t  shou ld  be ~ o s s i b l e  t o  a t t a c h  gauges  on  t h e  
h o l e  bottom. Spa rk  e r o s i o n  o r  ECM appea r  t h e  most  p romis ing  methods f o r  o v e r c o r i n g  
b u t  c l e a r l y ,  w i t h  e i t h e r  method g r e a t  c a r e  must  be  t a k e n  t o  p r o t e c t  t h e  s t r a i n  
gauge  i n s t a l l a t i o n  from f l u i d  p e n e t r a t i o n  and t h e  e f f e c t  of t e m p e r a t u r e .  

P a r t i a l  R e l a x a t i o n  Methods 

T h i s  p o t e n t i a l l y  v e r y  power fu l  measurement t e c h n q i u e  c a n ,  i n  t h e o r y ,  be  used t o  
measure  s u b - s u r f a c e  s t r e s s e s  i n  s t r u c t u r e s  w i t h  complex g e o m e t r i e s .  The t e c h n i q u e  
c o n s i s t s  of measu r ing  t h e  d e f o r m a t i o n  o r  s t r a i n s  on s u r f a c e s  o f  t h e  s t r u c t u r e  
a s  t he  body of t h e  s t r u c t u r e  i s  c u t  o r  machined away. Sachs  i 3 3 1  was t h e  f i r s t  
worke r  t o  u s e  s u c h  a  method. He took advan tage  o f  t h e  s imp le  r e l a t i o n s h i p s  
which r e l a t e  t h e  measured d e f o r m a t i o n s  due  t o  r e l i e v e d  s t r e s s  when an i n t e r n a l  
o r  e x t e r n a l  l a y e r  i s  removed from a  c y l i n d r i c a l  o b j e c t  i n  which i t  can be  
assumed t h a t  t h e  s t r e s s e s  a r e  bo th  a x i a l l y  symmet r i c  and c o n s t a n t  o v e r  i t s  
a x i a l  l e n g t h .  H i s  r e l a t i o n s h i p s  a r e :  

Where t h e  p o s i t i v e  s i g n  i s  t o r  b o r i n g ,  t h e  n e g a t i v e  f o r  e x t e r n a l  m a t e r i a l  
removal .  

Us ing  t h e s e  e q u a t i o n s  and t h e  s y s t e m a t i c  removal  o f  l a y e r s  a  comple t e  t h rough  
t h i c k n e s s  s t r e s s  p r o f i l e  can  be  d e t e r m i n e d .  

P l a t e - l i k e  spec imens  have been t r e a t e d  by F r i c k  C341 i n  which,  due t o  t h e i r  
g e o m e t r i c  s i m p l i c i t y ,  i t  i s  a g a i n  r e l a t i v e l y  e a s y  t o  r e l a t e  s t r e s s  t o  r e l a x e d  
s t r a i n s  o r  c u r v a t u r e  when i n c r e m e n t a l  l a y e r s  a r e  removed. 

The most g e n e r a l i z e d  method o f  measu r ing  s t r e s s  by p a r t i a l  r e l a x a t i o n  i s  t h a t  
o f  S toke r  [ 3 2 1  who d e m o n s t r a t e s  t h a t ,  a t  l e a s t  i n  p r i n c i p l e ,  any s t r u c t u r a l  
geometry  c o n t a i n i n g  any r e s i d u a l  s t r e s s  f i e l d  c a n  be  e v a l u a t e d .  He shows, 
l a r g e l y  on m a t h e m a t i c a l  models  w i t h  v e r y  l i t t l e  e x p e r i m e n t a l  v e r i f i c a t i o n ,  
t h a t ,  u s i n g  f i n i t e  e l emen t  a n a l y s i s ,  s t r e s s  r e l a x e d  on  a  c u t  s u r f a c e  can be 
e v a l u a t e d  f rom s u f f i c i e n t  s t r a i n  gauge measurements  on f r e e  s u r f a c e s .  He found 
however ,  t h a t  i f  t h e  c u t  s u r f a c e  i s  remote  f rom t h e  s t r a i n  gauged s u r f a c e  t h e  
problem i s  i l l - c o n d i t i o n e d  and Large numbers of e n t i r e l y  d i f f e r e n t  c u t  s u r f a c e  
s t r e s s  d i s t r i b u t i o n s  can  g i v e  a l m o s t  i d e n t i c a l  s t r a i n s  a t  t h e  gauged s u r f a c e .  
To overcome t h i s  problem h e  f i x e d  s t r a i n  g a u g e s  n e a r  t h e  s u r f a c e  t o  be c u t  by 
a t t a c h i n g  them t o  t h e  bot tom o f  s u i t a b l y  p o s i t i o n e d  f l a t  bottomed h o l e s .  

G e n e r a l  Comment t o  t h e  S e c t i o n i n g  Method 

A l l  t h e s e  t e c h n i q u e s  r e q u i r e  m a t e r i a l  removal  w i t h o u t  i n t r o d u c i n g  s p u r i o u s  
s t r a i n s  due  t o  mach in ing  induced s t r e s s e s .  The o n l y  t r u l y  s t r e s s  f r e e  methods  
o f  m a t e r i a l  removal  a r e  ECM and Chemical  E t c h i n g .  The former  c a n  be  used t o  
remove l a r g e  volumes of m a t e r i a l  b u t  due t o  t h e  n e c e s s i t y  of submerging t h e  
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s t r u c t u r e  i n  s a l t  s o l u t i o n  i t  i s  d i f f i c u l t  t o  u s e .  Chemical E t c h i n g  i s  ve ry  
s low and can  on ly  p o s s i b l y  be c o n s i d e r e d  f o r  s m a l l  s t r u c t u r e s .  Thus ,  ve ry  
l i g h t  c o n v e n t i o n a l  ~mach in ing ,  f i l i n g  o r  g e n t l e  saw c u t t i n g  a r e  g e n e r a l l y  u s e d ,  
a l l  of which may i n t r o d u c e  e r r o r s  o f  unknown magni tude.  Because o f  machining 
d i f f i c u l t i e s  and hecause  t h e s e  t e c h n i q u e s  comple t e ly  d e s t r o y  t h e  s t r u c t u r e ,  a r e  
ve ry  t ime  consuming,  and r e q u i r e  g r e a t  e x p e r i m e n t a l  e x p e r t i s e ,  t hey  have l a r g e l y  
g i v e n  way t o  t h e  now h i g h l y  deve loped  p a r t i a l  r e l a x a t i o n  methods  such  a s  t h e  
c e n t r e - h o l e  method. 

DEEP HOLE METHOD 

The T e c h n i q u ~  

The deep h o l e  t e c h n i q u e ,  f i r s t  r e p o r t e d  by Beaney i n  1 9 7 8  1351,  i s ,  t o  some 
e x t e n t ,  a n  e x t e n s i o n  of t h e  F e r r i l l  L301 and Leeman [311 me thods ,  d i s c u s s e d  
b e f o r e ,  b u t  a l l  t h e  d a t a  r e q u i r e d  t o  o b t a i n  a  f u l l  through t h i c k n e s s  d i s t r i b u t i o n  
of s t r e s s  i s  o b t a i n e d  from one h o l e .  T h i s  g r e a t l y  r educes  t h e  work i n v o l v e d  
and need o n l y  l e a v ~  h o l e s  a b o u t  20 mm d i a m e t e r .  

A h o l e  i s  d r i l l e d  Lhrough t h e  s t r u c t u r e  and s u b s e q u e n t l y  o v e r c o r e d .  The o v e r c o r i n g  
r e l a x e s  t h e  body s t r e s s e s  a c t i n g  on t h e  h o l e  anrl r n n s e q u e n t l y  changes  t h e  h o l e  
shape .  By measu r ing  t h e  changes  i n  s h a p e ,  d i a m e t r a l  and a x i a l ,  a l o n g  t h e  f u l l  
l e n g t h  o f  t h e  h o l e  and w i t h  t h e  a i d  o f  f i n i t e  e l emen t  a n a l y s i s ,  a  c o m p l e t e  
d i s t r i b u t i o n  of s t r e s s  can  be  o b t a i n e d .  The p r i n c i p l e  i s  shown p i c t o r i a l l y  i n  
F i g .  15 .  

3. Relax slresses & measure 
Axial strains 

2. Measure diameters 

4 .  Re - measure diameters 

F i g .  1 5  P r i n c i p l e  o f  deep  h o l e  t echn ique .  
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A n a l y s i s  

E x p r e s s i o n s  were r e q u i r e d  t o  r e l a t e  t h e  r e l i e v e d  s t r e s s e s  on t h e  co red -ou t  
s u r f a c e  t o  t h e  measured bo re  s t r a i n s .  I n  o r d e r  t o  d e t e r m i n e  t h e  d i s t r i b u t i o n  
o f  s t r e s s  t h rough  t h e  t h i c k n e s s  of t h e  s t r u c t u r e  t h e  c y l i n d e r  was a n a l y s e d  i n  
b l o c k s .  Each b l o c k - l e n g t h  was loaded  s e p a r a t e l y  b u t  t h e  a n a l y s i s  accoun ted  
f o r  any i n f l u e n c e  from a d j a c e n t  b l o c k s .  I n i t i a l l y ,  however ,  i t  was n e c e s s a r y  
to accoun t  f o r  t h e  d i s c o n t i n u i t y  e f f e c t  of t h e  d r i l l e d  h o l e .  

T h e  a n a l y s i s  c o n s i d e r e d  a  h o l e  i n  a  p l a t e  un i fo rmly  loaded  a l o n g  one e d g e ,  a s  
shown i n  F i g .  16.  T h i s  r e s u l t e d  i n  v a l u e s  of b lock  l o a d  (W) which were  a p p l i e d  
t o  s i n g l e  b l o c k - l e n g t h s  of t h e  o v e r c o r e d  c y l i n d e r  a s  shown i n  F i g .  1 7 .  The 
deformed shape of t h e  c y l i n d e r  was o b t a i n e d  f o r  t h e  a p p l i c a t i o n  o f  W i n  t h r e e  
ways v i z :  a t  O " ,  9 0 ° ,  and a t  + 45" t o  s i m u l a t e  two d i r e c t  s t r e s s e s  and s h e a r .  
I n  a d d i t i o n  a  d i r e c t  a x i a l  s t r e s s  was inc luded  i n  t h e  a n a l y s i s .  I n  F i g .  18 a n  
example  i s  shown o f  t h e  d e f l e c t e d  s h a p e  o f  c y l i n d e r  f o r  one of t h e s e  u n i -  
d i r e c t i o n a l  l o a d s ,  and t h e  way t h i s  was ave raged  o v e r  b l o c k - l e n g t h s .  

To accoun t  f o r  e n d - e f f e c t s  t h e  comple t e  p rocedure  was r e p e a t e d ,  f o r  a p p l i c a t i o n  
o f  t h e  l o a d s  Lo a d j a c e n t  b l o c k s  i n  t u r n  s t a r t i n g  a t  one end.  End i n f l u e n c e  was 
i u u t i d  t u  be n e g l i g i b l e  & f t c r  5 b l o c k s .  

T h e  r e s u l t  of t h e  above a n a l y s e s  was a  s e r i e s  of e q u a t i o n s  which c a n  be  e x p r e s s e d  
i n  m a t r i x  form.  By i n v e r t i n g  t h e  m a t r i x  t h e  d e s i r e d  e q u a t i o n s  r e l a t i n g  t h e  
r e l i e v e d  s t r e s s e s  t o  t h e  measured b o r e  s t r a i n s  were  produced.  

This surface restrained in Prescribed deflections lor 
horizontal dinction \ which reactions were 

Unit pressure Iwd 
appiied io ihis fo 

C 

Bottom surface restrain 
h vertical directbn 

Deflections calculated at O.D. 
of over - cored cylinder 

F i g .  1 6  F i n i t e  e l emen t  a n a l y s i s  on p l a t e  w i t h  c e n t r a l  h o l e .  

P r a c t i c a l  C o n s i d e r a t i o n s  

From the  a n a l y s i s  p o i n t  of v i ew,  t h e  h o l e  and o v e r c o r e d  c y l i n d e r  d i a m e t e r s  and 
b l o c k  l e n g t h s  a r e  a r b i t r a r y .  Thus c h o i c e  of s i z e s  r e l a t e  t o  machining and 
measurement  problems w i t h  r e s p e c t  t o  t h e  q u a l i t y  and r e s o l u t i o n  of i n f o r m a t i o n .  
I f  t h e  d i a m e t e r s  of t h e  h o l e  and o v e r c o r e d  c y l i n d e r  a r e  always of t h e  same 
r a t i o ,  t h e  a n a l y s i s  i s  v a l i d  i n  a l l  c a s e s .  
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I n  welded s t r u c t u r e s  Ln p a r t i c u l a r ,  where s t r e s s e s  a r e  l i k e l y  t o  be  s u b j e c t  t o  
c o n s i d e r a b l e  g r a d i e n t s ,  t h e  method shou ld  a v e r a g e  o v e r  t h e  minimum a r e a  p o s s i b l e .  
I n  o t h e r  words ,  t h e  h o l e  and o v e r c o r e d  c y l i n d e r  d i a m e t e r s  shou ld  be  a s  s m a l l  a s  
p o s s i b l e .  C o n s i d e r a t i o n  must be g i v e n  t o  t h e  mechanics  o f  h o l e  d r i l l i n g ,  
o v e r c o r i n g  and h o l e  measurement.  Al though t h e  p r e s e n c e  of t h e  d r i l l e d  h o l e  i s  
t a k e n  i n t o  a c c o u n t  i n  t h e  a n a l y s i s ,  any s t r e s s e s  i nduced  by t h e  d r i l l i n g  o p e r a t i o n  
s h o u l d  n o t  i n f l u e n c e  t h e  s t r e s s e s  a t  t h e  o v e r c o r e d  s u r f a c e .  A l s o ,  i t  must be  
p o s s i b l e  t o  measure  t h e  ve ry  sma l l  changes  i n  h o l e  d i a m e t e r  i n  o r d e r  t o  o b t a i n  
a s a t i s f a c t o r y  r e s o l u t i o n  on s t r e s s  l e v e l s .  F u r t h e r ,  t h e  o v e r c o r i n g  t e c h n i q u e  
m u s t  n o t  be s t r e s s  i nduc ing  s i n c e  i t  i s  t h e  s t r e s s e s  a t  t h e  o v e r c o r e d  s u r f a c e  
w h i c h  a r e  b e i n g  de t e rmined .  Based l a r g e l y  on e x p e r i e n c e  of s t r a i n  measurement 
a n d  mechanical  machining problems i t  was c o n s i d e r e d  t h a t  t he  s m a l l e s t  p r a c t i c a b l e  
c y l i n d e r  s i z e  was 3.2 rnm I D ,  1 0  mm O D .  A b l o c k - l e n g t h  o f  6 .35  mm was chosen a s  
b e i n g  l e s s  t h a n  one e l a s t i c  die-away l e n g t h  f o r  t h i s  s i z e  of c y l i n d e r  and a t  
t h e  same t ime  s u f f i c i e n t  t o  produce d e t a i l e d  v a r i a t i o n s  i n  s t r e s s  on a  t h rough  
t h i c k n e s s  b a s i s .  

The  3 . 2  mm h o l e  i s  made by g u n - d r i l l i n g  which p roduces  smooth bo red  s t r a i g h t  
h o l e s .  T h i s  p r o c e s s  u s e s  a  s i n g l e  p o i n t  d r i l l i n g  t o o l ,  a s  shown i n  F i g .  19 .  
T h e  c u t t i n g  head i s  Fixed t o  a  ho l low kidney-shaped t u b e  which c a n  be  o f  
a l m o s t  any l e n g t h  and which a l l o w s  c u t t i n g  f l u i d  t o  be pumped up t h e  i n s i d e  i n  
o r d e r  t o  f o r c e  t h e  swarf back a l o n g  t h e  s p a c e  p r o v i d e d  by t h e  d e p r e s s e d  k idney  
s e c t i o n .  Depending on t h e  m a t e r i a l  b e i n g  d r i l l e d ,  t h e  d r i l l  speed  and f e e d  a r e  
o f  t h e  o r d e r  o f  3000-10,000 rpm and 0 .001  t o  0.003 inm p e r  r e v .  The s u p p l y  
p r e s s u r e  of t h e  c u t t i n g  f l u i d  i s  a b o u t  100  b a r .  

Because  t h e  o v e r c o r i n g  p rocedure  must  be s t r e s s  f r e e ,  ECM i s  u sed .  The p r i n c i p l e  
i s  shown i n  F i g .  20. The t o o l  i s  c y l i n d r i c a l ,  i n s u l a t e d  on t h e  I D  and OD 
e x c e p t  f o r  t h e  " c u t t i n g  head". The e l e c t r o l y t e  ( s o d i u m - n i t r a t e  s o l u t i o n )  i e  
pumped down t h e  i n s i d e  of t h e  t o o l  and c o l l e c t e d  from t h e  o u t s i d e .  The power 
r e q u i r e m e n t  i s  of t h e  o r d e r  of 500 amps a t  8-10 V DC. 

F i g .  19  Gun d r i l l .  

Ho le  Measurement 

I t  i s  assumed t h a t  t h e  d i r e c t i o n  of t h e  h o l e  c o i n c i d e s  w i t h  t h e  t h i r d  p r i n c i p a l  
s t r e s s .  rhus  by making t h r e e  diamelra l  measurements  and an  a x i a l  measurement ,  
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F i g .  20 Schemmatic o f  o v e r c o r i n g  p rocedure .  

t h e  fou r  s t r a i n s  a r e  o b t a i n e d  which a r e  r e q u i r e d  t o  c a l c u l a t e  t h e  t h r e e  p r i n c i p a l  
s t r e s s  v a l u e s ,  i . e .  t h e  maximum and minimum p r i n c i p a l  s t r e s s e s  amd t h e i r  d i r e c t i o n a  
normal t o  t h e  h o l e ,  and t h e  s t r e s s  i n  t h e  th rough  t h i c k n e s s  d i r e c t i o n .  For a  
r e s o l u t i o n  o f  2 - 5 M N / ~ ~  i n  a  u n i a x i a l  f i e l d ,  t h e  s t r a i n s  a r e  r e q u i r e d  t o  be  
determined t o  t h e  o r d e r  of 10-20 WE. T h i s  means t h a t  changes  on  h o l e  d i a m e t e r  
must be measured t o  t h e  o r d e r  of 0.05 mic ron .  

Diametra l  Measurements 

30 daLe, s p e c i a l  measu r ing  p robes  u s i n g  s t r a i n  gauge t e c h n i q u e s  have been made 
f o r  t he  d i a m e t r a l  measurements .  The measu r ing  h e a d ,  shown i n  F i g .  2 1 ,  u s e s  two 
s t r a i n  gauges  each  a t t a c h e d  t o  an  epoxy r e s i n  beam a s  t h e  t r a n s d u c e r .  The 
beams a r e  c a s t ,  w i t h  a  s t e e l  p i n  c l o s e  t o  t h e i r  o u t e r  s u r f a c e  t o  i n c r e a s e  
s e n s i t i v i t y  and p h y s i c a l  r e s p o n s e ,  and t h e  s t r a i n  gauges  p o s i t i c m e d  a t  t h e i r  
i n n e r  s u r f a c e  a t  t h e  c a s t i n g  s t a g e .  The two beams a r e  t hen  s t u c k  t o g e t h e r  a t  
t h e i r  ends l e a v i n g  a  s m a l l  gap  a l o n g  t h e i r  " a c t i v e "  l e n g t h .  The s t r a i n - g a u g e d  
assembly i s  mounted i n s i d e  a  t h i n - w a l l  s t e e l  h o u s i n g  which h a s  been b razed  on 
t o  a  l e n g t h  o f  hypodermic  t u b i n g  th rough  which t h e  s t r a i n  gauge l e a d s  p a s s .  
The housing i s  " b e l l e d  ou t "  a t  i t s  c e n t r e  t o  l o c a t e  on t h e  s i d e s  of t h e  h o l e .  
H a r d e n e d ' s t e e l  p i p s  a r e  f i x e d  t o  t h e  backs  of t h e  beams t o  f o l l o w  t h e  h o l e  



1 9 2  E .  P r o c t e r  and E .  M. Beaney 

Gap between beams - 2 straln gauges cast 
In araldlte beams 

2 araldiie beams 
stuck together 

Hypodermic tube 

Par1 of 3. 18 dia. ball l" 

'-eeiieci vui ivr 
lateral location 

F i g .  2 1  C o n s t r u c t i o n  of measu r ing  head.  

c o n t o u r .  As t h e  h o l e  s i z e  v a r i e s  t h e  beams d e f l e c t  a c c o r d i n g l y  and t h e  s t r a i n  
g a u g e  o u t p u t s  a r e  r e c o r d e d  on a  d a t a - l o g g e r .  

C a l i b r a t i o n  of t h e  p robes  h a s  been e f f e c t e d  by d e f l e c t i n g  them i n  a  bench 
mic romete r  and  by d rawing  them th rough  a  c y l i n d e r  e x t e r n a l l y  loaded t o  a  known 
d e f l e c t i o n .  

I n  u s e ,  t h e  p robe  i s  drawn t h r o u g h  t h e  h o l e s  by a  screwed rod mounted on a  
s p e c i a l  f r a m e  and a c t u a t e d  by a  s t e p p e r  mo to r .  The s t e p p e r  motor i s  d r i v e n  
f rom t h e  d a t a - l o g g e r  such t h a t  t h e  screwed r o d  r o t a t e s  t h rough  one r e v o l u t i o n  
a f t e r  each r e a d i n g  i s  r e c o r d e d .  Thus a r e a d i n g  i s  t a k e n  eve ry  p i t c h  o f  t h e  
t h r e a d .  On c o m p l e t i o n  of a  f u l l  l e n g t h  s c a n  o f  t h e  h o l e ,  t h e  p robe  i s  d r i v e n  
back  down t h e  h o l e  and t h e  measurement r e p e a t e d .  A f t e r  f o u r  such s c a n s  t h e  
d a t a  i s  a v e r a g e d  and i n s p e c t e d  f o r  c o n s i s t e n c y .  

The i n i t i a l  s e t s  o f  measu remen t s ,  i . e .  b e f o r e  c o r i n g  o u t ,  a r e  made by mount ing 
t h e  d r i v e r  d e v i c e  on t h e  s t r u c t u r e  s u r f a c e .  A  s p e c i a l  a d a p t o r  i s  used which 
a l l o w s  t h e  d e v i c e  and p robe  t o  b e  r o t a t e d  i n  45" s t e p s .  I n  t h i s  way, t h r e e  
s e t s  of measurements  a r e  made, i . e .  a t  O " ,  45" and 90" .  A f t e r  c o r i n g  o u t ,  t h e  
c y l i n d e r  i s  mounted i n  a  s e c o n d a r y  r i g  which a l l o w s  t h e  t h r e e  s e t s  o f  d i a m e t r a l  
measurements  t o  be r e p e a t e d .  

The computer  i s  programmed t o  u s e  t h e  ave raged  d a t a  from t h e  f o u r  s c a n s  i n  each  
p l a n e  and c a l c u l a t e  t h e  d i f f e r e n c e s  i n  t h e  d a t a  b e f o r e  and a f t e r  c o r i n g  o u t .  

Because  t h e  a n a l y s i s  i s  based on a  b l o c k  l e n g t h  o f  6.35 mm, t h e  p i t c h  of t h e  
s c r e w  t h r e a d  i s  2.12 mm. Thus t h r e e  r e a d i n g s  a r e  used t o  o b t a i n  an  a v e r a g e  
b l o c k  s t r a i n .  

A x i a l  Measurements 

A x i a l  s t r a i n  changes  a r e  [measured and r e c o r d e d  d u r i n g  t h e  o v e r c o r i n g  p r o c e s s .  
S i n c e  t h e  h o l e s  a r e  d r i l l e d  t h r o u g h  t h e  s t r u c t u r e ,  t h e  machining can  be c a r r i e d  
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o u t  f r o r  one  s i d e  nnd t h e  measurements  Frorn t h e  o t h e r .  The h o l e  i s  capped a t  
t h e  end where  machining s t a r t s  and a  rod i n s e r t e d  i n  the  h o l e  t o  t r a n s m i t  
movement between t h e  c a p  and a  h i g h  a c c u r a c y  c a p a c i t a n c e  d i s p l a c e m e n t  t r a n s d u c e r  
mounted on t h e  o t h e r  s u r f a c e .  T h i s  t r a n s d u c e r  o u t p u t  i s  r e c o r d e d  w i t h  r e s p e c t  
t o  d e p t h  o v e r c o r e d  and c o n v e r t e d  t o  a v e r a g e  s t r a i n  pe r  b l o c k - l e n g t h .  

Ca re  i s  needed wi th  t h e  c h o i c e  o f  m a t e r i a l  o f  t h e  rod i n s e r t e d  i n  t h e  h o l e  and 
w i t h  the  mach in ing  p rocedure  t o  s a f e g u a r d  a g a i n s t  e r r o r s  r e s u l t i n g  from the rma l  
changes  which can  a r i s e  d u r i n g  t h e  mach in ing  p r o c e s s .  

P r o v i n g  T r i a l s  

V e r i f i c a t i o n  o f  Theory.  Three  s e p a r a t e  a n a l y s e s  were c a r r i e d  o u t  t o  check t h e  
ma themat i c s .  F i r s t ,  an  e q u i - b i a x i a l  s t r e s s  f i e l d  i n  t h e  p l a n e  a t  r i g h t  a n g l e s  
t o  t h e  a x i s  o f  t h e  h o l e  was c o n s i d e r e d .  Bore s t r a i n s  were c a l c u l a t e d  u s i n g  
~ a m e s  e q u a t i o n s .  These s t r a i n  v a l u e s  were  f e d  i n t o  t h e  i n v e r t e d  m a t r i x  s o l u t i o n .  
The r e s u l t a n t  s t r e s s e s  a g r e e d  t o  w i t h i n  +0/-1.8% of t h e  v a l u e s  a p p l i e d .  S e c o n d l y ,  
a  f i n i t e  e l e m e n t  a n a l y s i s  o f  a t h rough  h o l e  i n  a  p l a t e  was used  t o  o b t a i n  b o r e  
s t r a i n s  i n  a  u n i a x i a l  s i t u a t i o n .  When t h e s e  were  f e d  i n t o  t h e  m a t r i x ,  v a r y i n g  
t h e  a n g l e  w i t h  r e s p e c t  t o  t h e  s t r e s s  f i e l d ,  t h e  r e s u l t i n g  maximum p r i n c i p a l  
s t r e s s e s  had e r r o r s  Less t han  +i.bi-i.4%. l ' h i r d i y ,  a  more compi i ca t ed  a n a i y s i s  
was a t t e m p t e d .  Using f i n i t e  e l e m e n t s ,  a  l a r g e  b lock  wi th  e x t e r n a l  p r e s s u r e  
l o a d i n g  was a n a l y s e d .  The a n a l y s i s  t h e n  c o n s i d e r e d  t h e  same b lock  containing a  
3 .2  mm h o l e  and t h e  d i a m e t r a l  s t r a i n s  on t h e  b o r e  of t he  h o l e  c a l c u l a t e d .  The 
b o r e  s t r a i n s  were  then  used  i n  t h e  i . nve r t ed  m a t r i x  t o  c a l c u l a t e  s t r e s s e s  which 
shou ld  a g r e e  w i t h  t h o s e  o r i g i n a l l y  a p p l i e d .  F i g u r e  22  shows t h e  i n v e r t e d  
m a t r i x  s o l u t i o n  p l o t t e d  a g a i n s t  t h e  a p p l i e d  s t r e s s  v a l u e s .  The maximum d i f f e r e n c e s  
between t h e  two s o l u t i o n s  a r e  l e s s  t h a n  4%, and some of t h i s  d i f f e r e n c e  c o u l d  
a r i s e  from t h e  c o u r s e  mesh used  i n  o r i g i n a l  c a l c u l a t i o n s .  

Principal stress 2 - 7  Principal stress 1 
ZOO / 7 

Angle to 
principal / 
stress 1 

N '* . 

thickness -mm 
Lines are principal stresses 

p Points are calculated from 
v inverted matrix. \ 

-150 a 
-20 

t 
Y, 

-b 

F i g .  2 2  Comparison of c a l c u l a t e d  s t r e s s e s .  
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Ho le  Measurement P robes .  I n  a d d i t i o n  t o  t h e  c a l i b r a t i o n s  c a r r i e d  o u t  i n  a  
bench  m i c r o m ~ t e r ,  checks  were  made by drawing t h e  p r o b e s  t h rough  a  c y l i n d e r  
w i t h  and w i t h o u t  a  known p o i n t  l o a d .  A c a l c u l a t e d  h o l e  d e f l e c t i o n  and p r o b e  
measurements  a r e  shown i n  F i g .  23.  

V Probe measurements 

rnrn along tube 

F i g .  23  D i a m e t r a l  s t r a i n  i n  d i r e c t i o n  o f  l o a d  on  t h e  b o r e  of  a p i n c h e d  t u b e .  

A d d i t i o n a l l y ,  p r o b e s  were  drawn th rough  a n  e x t e r n a l l y  p r e s s u r i z e d  c y l i n d e r  
( F i g .  2 4 )  t o  which v a r y i n g  e x t e r n a l  p r e s s u r e s  were  a p p l i e d .  I n  a l l  c a s e s  t h e  
measu remen t s  were  w i t h i n  f 8%. 

Pressure Inlet 800 Bar --- 

Fixing Screw-  

F i g .  24 E x t e r n a l l y  p r e s s u r i s e d  c y l i n d e r .  

Test Cylinder 
10 mm OD. 3.2 mrn Bore, 

F u l l  A n a l y s i s  T r i a l s .  D e s p i t e  p r o v i n g  t h e  i n d i v i d u a l  a s p e c t s  of m a t h e m a t i c a l  
a n a l y s i s  and the  measurement  e t c .  E i n a l  proof  of t h e  v a l i d i t y  o f  t h e  t e c h n i q u e  
c a n  o n l y  be demons t r a t ed  by f u l l  s c a l e  a p p l i c a t i o n s  i n  known s t r e s s  f i e l d s .  
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A t  t h e  time o f  o r i g i n a l  deve lopmen t ,  t e s t s  were  c a r r i e d  o u t  i n  a  s p e c i a l l y  c a s t  
c y l i n d r i c a l  s t e e l  b l o c k .  The b l o c k ,  200 mm d i a m e t e r ,  150 mm l o n g ,  was c a s t  i n  
a  low a l l o y  s t e e l ,  and normal ized and tempered a s  p e r  p r o d u c t i o n  r e q u i r e m e n t s .  
Res idua l  s t r e s s  l e v e l s  were ,  obviousl .y ,  unknown, b u t  i t  was assumed t h a t  symmetry 
would app ly .  E i g h t e e n  h o l e s  were g u n - d r i l l e d  th rough  t h e  b l o c k  i n  v a r i o u s  
d i r e c t i o n s .  Twelve h o l e s  were s t r a i n  gauged s u c h  t h a t  when t h e  b l o c k  was 
s e c t i o n e d  t h e  s t r e s s e s  were t o t a l l y  r e l i e v e d  and c a l c u l a t e d  f rom t h e  s t r a i n  
changes .  S i x  h o l e s  were s u b j e c t e d  t o  t h e  deep  h o l e  a n a l y s i s  t e c h n i q u e .  

'rile r e s u l t s  were encourag ing  buL, a r g u a b l y ,  d i d  n o t  p r o v i d e  c a t e g o r i c a l  proof  
o f  t h e  a c c u r a c y  of t h e  t e c h n i q u e .  The s t r a i n  g a u g e / s e c t i o n i n g  method i n d i c a t e d  
v e r y  low l e v e l s  of r e s i d u a l  s t r e s s ,  i . e .  l e s s  t h a n  20 blN/m2, and t h e  deep  h o l e  
method gave no r e s u l t  i n  e x c e s s  o f  t h i s .  

I n  subsequen t  t r i a l s ,  two r i g s  have been c o n s t r u c t e d .  The e x t e r n a l l y  p r e s s u r i z e d  
c y l i n d e r  a s  shown i n  F i g .  24  can be  used t o  a p p l y  e q u i - b i a x i a l  compress ive  
s t r e s s  and a  c o n s t a n t  moment bending d e v i c e ,  a s  shown i n  F i g .  25 t o  a p p l y  a  
l i n e a r l y  v a r y i n g  s t r e s s .  These  r i g s  a r e  showing t h a t  t h e  s t r e s s e s  c a n  be  
p r e d i c t e d  t o  w i t h i n  t 10%. Probab ly  more i m p o r t a n t ,  t hey  a r e  p r o v i n g  e x t r e m e l y  
u s e f u l  i n  h e l p i n g  t o  s o l v e  v a r i o u s  p r a c t i c a l  problems which have a r i s e n  d u r i n g  
f u l l  s c a l e  a p p l i c a t i o n s .  

Steel B e a m  
100 deep x 75 wide Test Holes 

F i g .  25 C o n s t a n t  moment r i g .  

CONCLUSIONS 

There  i s  no d o u b t  t h a t  t h e  c e n t r e - h o l e  t e c h n i q u e  is t h e  most p o p u l a r  mechan ica l  
method f o r  measu r ing  s u r f a c e  r e s i d u a l  s t r e s s e s .  T h i s  has  e v o l v e d  a s  a  r e s u l t  
of i t s  s i m p l i c i t y  of a p p l i c a t i o n ,  p o t e n t i a l  a c c u r a c y  and t h e  minimal  damage t o  
t h e  s t r u c t u r e  unde r  i n v e s t i g a t i o n .  A d d i t i o n a l l y ,  t h e  equipment  r e q u i r e d  t o  
make measurements i s  h i g h l y  p o r t a b l e  a n d ,  a c c o r d i n g l y  can  be  used  i n  many 
working e n v i r o n m e n t s ,  i . e .  on c o n s t r u c t i o n  s i t e s ,  power p l a n t s ,  f a c t o r i e s ,  e t c .  
The re  i s  a  c h o i c e  of c e n t r e - h o l e  r o s e t t e  s t r a i n  gauges  which a l l o w  a  r a n g e  of 
h o l e  d i a m e t e r s  and d e p t h s  t o  s u i t  p a r t i c u l a r  r equ i r emen t s .  Modern h o l e  d r i l l i n g  
methods ,  a i r - a b r a s i o n  and u l t r a - h i g h  speed  d r i l l i n g ,  a r e  s i m p l e  t o  a p p l y  and 
o f f e r  s t r e s s - f r e e  d r i l l i n g  i n  most m a t e r i a l s .  The s u r f a c e  p r e p a r a t i o n  r e q u i r e d  
f o r  bonding t h e  s t r a i n  r o s e t t e s  i s  s t r a i g h t f o r w a r d  p rov ided  n o n - s t r e s s  i n d u c i n g  
methods a r e  used.  C o n s i d e r a b l e  e x p e r t i s e  i s  a v a i l a b l e ,  even w i t h  t h e  most 
d i f f i c u l t  t o  machine m a t e r i a l s ,  and some g u i d e l i n e s  have been p r o v i d e d  i n  t h e  
t e x t .  

Many workers  u s e  t h e  c e n t r e - h o l e  t e c h n i q u e  t o  measu re  t h e  g r a d i e n t  of s t r e s s  
w i t h  dep th  i n t o  t h e  s t r u c t u r e .  Using i n c r e m e n t a l  d r i l l i n g  t e c h n i q u e s  t h e  
g r a d i e n t s  w i t h i n  one h o l e  d e p t h  c a n  be  p r e d i c t e d ,  b u t  t h e  a n a l y s i s  r e l i e s  on 
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a s s u m p t i o n s  which a r e  n o t  s t r i c t l y  c o r r e c t .  The Au thor s  have shown t h a t  t h e  
a p p l i c a t i o n  o f  t h e  t e c h n i q u e  i n  i t s  s t a n d a r d  form combined wi th  l a y e r - r e m o v a l  
p r o c e d u r e s ,  c a n  produce r e l i a b l e  d a t a  f o r  most s t r u c t u r a l  r e q u i r e m e n t s .  

The t r e p a n  o r  r i n g - c o r e  method has  been l a r g e l y  s u p e r s e d e d  by t h e  c e n t r e - h o l e  
t e c h n i q u e .  To o b t a i n  f u l l  r e l a x a t i o n  o f  s t r a i n  a t  t h e  s u r f a c e  t h e  d e p t h  o f  
t r e p a n  r e q u i r e d  i s  g e n e r a l l y  c o n s i d e r e d  t o o  damaging f o r  s t r u c t u r a l  a p p l i c a t i o n s ,  
t h u s  "pa r t -dep th"  t r e p a n n i n g  i s  p r a c t i s e d .  T h i s ,  however ,  r educes  t h e  t e c h n i q u e  
t o  o n e  of p a r t i a l  r e l a x a t i o n  and because  o f  t h e  g r e a t e r  problems of a p p l i c a t i o n s  
i t  i s  d i f i l c u l t  t o  s e e  any advan tage  o ~ e r  t h e  c e n t r e - h o l e  method. 

Sec t - ion ing  t e c h n i q u e s  w i l l  a lways have p o t e n t i a l  f o r  s p e c i f i c  a p p l i c a t i o n s ,  
p e r h a p s  where  t h e  geometry  r e s t r i c t s  t h e  u s e  o f  s t a n d a r d  methods. The t h e o r y  
i s  s i m p l e ,  i . e .  p rov ided  a  s t r a i n  gauge  c a n  be  a t t a c h e d  i n  t h e  r e q u i r e d  p o s i t i o n  
a n d  t h e  m a t e r i a l  t o  which i t  i s  a t t a c h e d  c a n  be i s o l a t e d  from t h e  main body,  
t h e n  the  r e s i d u a l  s t r e s s  can  be  d e t e r m i n e d .  Even f o r  s u r f a c e  measu remen t s ,  
i s o l a t i n g  t h e  a p p r o p r i a t e  volume of m a t e r i a l  c a n  be d i f f i c u l t ,  e s p e c i a l l y  when 
i t  i s  remembered t h a t  s t r e s s - f r e e  mach in ing  p r o c e s s e s  s h o u l d  be used .  I f  body 
s t r e s s e s  a r e  b e i n g  i n v e s t i g a t e d  t h e  component has  o f t e n  t o  be m o d i f i e d  i n  o r d e r  
t o  f i x  s t r a i n  gauges  i n  t h e  r e q u i r e d  p o s i t i . o n s  and t h i s ,  o f  c o u r s e ,  a f f e c t s  t h e  
a n a l y s i s  p r o c e d u r e s .  I n  r e g u l a r l y  shaped  g e o m e t r i e s  u n i q u e  
c o l u t i o n s  c a n  sometimes be  ea t ab l iu \ t t . d .  The b e s t  exampie  i s  p robab iy  t h a t  
r e l a t i n g  t o  s t r a i g h t  c y l i n d e r s  i n  which measurements  c a n  be  made on t h e  i n n e r  
o r  o u t e r  s u r f a c e  and l a y e r s  remnoved f rom t h e  o t h e r .  The measurements can  t h e n  
be r e l a t e d  t o  t h e  s t r e s s e s  i n  t h e  volume o f  m a t e r i a l  removed. Even t h i s  mus t  
a s sume  u n i f o r m i t y  of s t r e s s  i n  t h e  m a t e r i a l  removed and n o t  be a f f e c t e d  by t h e  
mach in ing  p r o c e s s e s .  A l s o ,  s e n s i t i v i t y  r e q u i r e m e n t s  r e s t r i c t  t h e  t h i c k n e s s  o f  
component which can  be  i n v e s t i g a t e d .  

F i n i t e  e l emen t  a n a l y s i s  has  c l e a r l y  i n c r e a s e d  t h e  p o t e n t i a l  of s e c t i o n i n g  f o r  
t h e  e x a m i n a t i o n  of complex g e o m e t r i e s .  The most r e c e n t  development ,  t h a t  o f  
d ~ e p  h o l e  d r i l l i n g ,  has  t h e  p o t e n t i a l  of a  s t a n d a r d i z e d  t e c h n i q u e  which c a n  b e  
used  f o r  t h e  d e t e r m i n a t i o n  o f  comple t e  t h r o u g h - t h i c k n e s s  s t r e s s  d i s t r i b u t i o n s  
i n  a n y  geomet ry .  Advanced measurement and mach in ing  t e c h n q i u e s  a r e  r e q u i r e d ,  
t h u s  c a p i t a l  o u t l a y  can be  c o n s i d e r a b l e .  However, when compared w i t h  t h e  c o a t s  
and problems of g e n e r a l  s e c t i o n i n g  t h i s  i s  n o t  n e c e s s a r i l y  a  major  c o n s i d e r a t i o n .  
F u r t h e r ,  and most  i m p o r t a n t ,  t h e  t e c h n i q u e  i s  q u a n t i f i a b l e  and has  been shown 
t o  h a v e  a  h i g h  accu racy  p o t e n t i a l .  

r h i s  paper  i s  p u b l i s h e d  by p e r m i s s i o n  o f  t h e  C e n t r a l  E l e c t r i c i t y  G e n e r a t i n g  
3 o a r d .  U K .  
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