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ABSTRACT 

The advantages provided by us ing  h i g h  s t r e n g t h  s t r u c t u r a l  (HSS) s t e e l s  f o r  
oEfshore c o n s t r u c t i o n  might by l i m i t e d  by t h e  f a t i g u e  r e s i s t a n c e  p r o p e r t i e s  of 
t h e  welded connec t ions .  Since f a t i g u e  c r a c k  propaga t ion  c h a r a c t e r i s t i c s  a r e  
n o t  s i g n i f i c a n t l y  d i f f e r e n t  between low and high s t r e n g t h  s t r u c t u r a l  s t e e l s ,  
t h e  b e s t  way t o  improve t h e  f a t i g u e  r e s i s t a n c e  of  welded j o i n t s  i n  HSS s t e e l s  
i s  t o  i n t r o d u c e  a l o n g e r  i n i t i a t i o n  per iod .  For t h i s  purpose,  w e  developed two 
complementary procedures :  an  improved weld procedure ,  and a g l o b a l  p o s t  weld 
improvement technique.  

The o v e r a l l  geometry of  t h e  f i l l e t  weld i s  c o n t r o l l e d  t o  o b t a i n  t h e  b e s t  s t r e s s  
flow untl ~ l ~ e  IowcsL sCrcBss co~~cmLr , lL lon  i n  Llw wcltl Loc r-cgj io~~.  k'urL11e~111o1.e 
Lhe w e l d  t o e  run  i s  done a t  t h e  beginning of t h e  welding.  This  improved 
procedure g i v e s  s m a l l e r  g l o b a l  and l o c a l  s t r e s s  c o n c e n t r a t i o n s .  l h e  second 
s t e p  t o  improve t h e  f a t i g u e  r e s i s t a n c e  of s u c h  welded j o i n t s  i s  p o s t  weld s h o t  
peening. Such a t echnique  h a s  t h e  advantage of being a "g loba l  t rea tment" ,  n o t  
o n l y  l o c a l i z e d  a t  t h e  weld t o e .  The compressive r e s i d u a l  s t r e s s  f i e l d  induced 
by s h o t  peening has  been s t u d i e d  a t  t h e  s u r f a c e  of t h e  specimen and in depth.  
B y  measuring t h e  i n i t i a l  s t r e s s  f i e l d  ( p r i o r  t o  f a t i g u e  t e s t i n g )  and t h e  
r e d i s t r i b u t i o n  of t h e s e  r e s i d u a l  s t r e s s e s  dur ing  f a t i g u e ,  optimum parameters  of 
s h o t  peening (ALMEN i n t e n s i t y ,  s h o t  d i a m e t e r ,  coverage r a t e ,  e t c )  may be 
chosen. 

Fa t igue  t e s t s  were c a r r i e d  o u t  on 30 mm t h i c k  T shape welded j o i n t s .  
Comparative r e s u l t s  between as-welded and s h o t  peened specimens show t h e  
e f f i c i e n c y  of  t h e  improved weld procedure and of  s h o t  peening i n  improving t h e  
f a t i g u e  r e s i s t a n c e  of welded s t r u c t u r e s .  

F a t i g u e  of  welded connec t ions ,  h i g h  s t r e n g t h  s t r u c t u r a l  s t e e l s  , p o s t  weld 
iciprovement t echnique ,  c rack  i n i t i a t i o n ,  r e s i d u a l  s t r e s s e s ,  shot-peening. 

INTRODUCTION 

O i l  development o f f s h o r e  poses problems which i n c r e a s e  y e a r l y  i n  importance.  



exper ience  of  o i l  companies w i t h  marine s t r u c t u r e s ,  e s p e c i a l l y  i n  t h e  d i f f i c u l t  
c o n d i t t o n s  of tlie No]-ti1 Se,l, li'is l e d  t o  new gct id ,~nce i n  t h e  prcicticciL , ~ p p r o a c l ~  
of d e s i g n ,  c o n s t r u c t i o n  and i n s p e c t i o n  oC s L r u c t u r e s  regard l  1% t h e  i a t i g u e  
problem. 

Offohore t c t ruc tures  have g e t  tlc~rr~,lr~tlh l o r  t,~c>c. 11; wl t l ~  be1 Ler c i r ~ c l  11e t~c . r  
meclianlcal properLJeb,  e b p e c i a l l y  LOW LemlierclLure t011g11nebb 111 I I O L I I  l~clbe IIICL~IL 
and welded j o i n t s .  Por s a f e t y  o t  t h e  s t r u c t u r e ,  t h e  s t e e l  must have h i g h  
r e s i s t a n c e  t o  c o l d  c rack ing  and low welding h a r d e n a b i l i t y  . Pur the  m o r e  
economic reasons  demand minimizat ion of  p re -hea t ing ,  i n c r e a s e  of  h e a t  i n p u t  i n  
welding and avoidance of p o s t  weld h e a t i n g .  

Steelmakers have l e a r n e d  how t o  produce s u c h  s t e e l s ,  b u t  t h e  advantages  
provided by u s i n g  high S t r e n g t h  S t r u c t u r a l  (MSSI s t e e l s  f o r  o f f s h o r e  
c o n s t r u c t i o n  might be l i m i t e d  by t h e  f a t i g u e  r e s i s  tclnce o t  t h e  welded 
connect ions.  It i s  now w e l l  known t h a t  f o r  convent iona l  j o i n t s ,  most of  t h e  
f a t i g u e  l i f e  cor responds  t o  c r a c k  propaga t ion  r a t h e r  t h a n  i n i t i a t i o n .  

S ince  f a t i g u e  c rack  propagation c h a r a c t e r i s i t i c s  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  between low and h i g h  s t r e n g t h  s t r u c t u r a l  s t e e l s ,  t h e  b e s t  way t o  
improve t h e  f a t i g u e  r e s i s t a n c e  of welded j o i n t s  i n  HSS s t e e l s  i s  t o  i n t r o d u c e  a  
l o n g e r  i n i t i a t i o n  per iod .  It i s  then  necessary  t o  e l i m i n a t e  t h e  s u p e r f i c i a l  
d e f e c t s  in t roduced  by welding o r  t o  a n n i h i l a t e  t h e i r  a c t i v i t y  (Haagensen, 1981; 
Bignonnet , 1983) .  

It i s  impor tan t  t o  n o t e  t h a t  i n  a c t u a l  o f f s h o r e  welded connec t ions ,  t h e  
p o t e n t i a l  i n i t i a t i o n  s i t e s  a r e  n o t  on ly  a t  t h e  weld t o e  b u t  i n  t h e  weld t o e  
reg ion .  

For  this purpose,  we developed two complementary procedures :  a n  improved weld 
procedure,  and a  g l o b a l  pos t  weld improvement t echnique .  

I n  t h i s  work, we have s t u d i e d  t h e  i n f l u e n c e  on c r a c k  i n i t i a t i o n  of  such  
improvement procedures.  I h e  specimen chosen s i m u l a t e s  t h e  h o t  spo t  of a c t u a l  
welded connect ionn.  Since c r a c k  growtti i n  tubul  a r  nodes Lnvol vcb b Lucsr; 
r e - d i s t r i b u t l o n ,  o u r  bpeclmen o lv ioubly  cmnoL sf mu1 a  t e  L I E  propdgcl Lion o i  
c racks  i n  a c t u a l  s t r u c t u r e s ,  b u t  i t  i s  r e p r e s e n t a t i v e  of t h e  c r a c k  i n i t i a t i o n  
condi t ion .  

Mate r i a l  and Specimens 

The m a t e r i a l  used i n  t h i s  s t u d y  i s  a  quencl~ed and tempered s t r u c t u r a l  s t e e l  
des igna ted  h e r e a f t e r  a s  k.460 (P rench S tandard :  AENOK). ?he  s t e e l ,  provided i n  
30 mm t h i c h  p l a t e ,  i s  quenched a f t e r  h o t  r o l l i n g  by t h e  KAC p r o c e s s  and 
tempered a t  690°C f o r  20 min. Chemical composit ion of t h e  s t e e l  i s  g iven  i n  
Table 1 and t h e  cor responding  mechanical  p r o p e r t i e s  i n  llable 2. Note tlie good 
c h a r a c t e r i s t i c s  i n  t h e  s h o r t  t r a n s v e r s e  d i r e c t i o n ,  espec j  a l l y  reduc t ion  i n  a rea .  

TABLE 1 Chemical Compositlon of  E460 S t e e l  (wt % )  
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TABLE 2 Mechanical  P r o p e r t i e s  of E460 S t e e l  - - -- --- .- -- 

Or i e n t a t i o n  and Yie ld  UTS E l o n g a t i o n  Reduc t ion  Charpy V 
1 o(.,I I i O I I  st r c n g t l ~  (Ml',i) ( X )  i n  . I ~ P < I  Energy 

(11 I I ' I )  ( ' >  - !IU*C ( - 1 )  

Long ( i u l l  p l a t e )  570 660 20 
Long ( c o r e )  460 600 2 6 
S h x t - t r a n s v e r s e  460 boo 2 3 

The specimens used f o r  F a t i g u e  t e s t s  s i m u l a t e  t h e  h o t  s p o t  r e g i o n  of  a tctbu1,xr 
c o n n e c t i o n  a s  c i r c l e d  i n  F i g .  1. Thus a  T-shape welded j o i n t  i s  used w i t h  a  
l o a d i n g  mode which e n s u r e s  l o a d  t r a n s f e r  f rom t h e  a t t a c h m e n t  t o  t h e  p l a t e  
th rough  t h e  weld a s  i n d i c a t e d  i n  F i g .  2. 

F i g .  2 .  T-shape welclt-d j o i n t  a n d  l o a d i n g  mode. A l l  d imens ions  i n  mm. 

W e l d i n g  was done i n  t h e  v e r ~ i c a l - u p  p o s i t i o n  011 one-rwter  l o n g  p l a t e s .  F u l l  
p e n e t r d t i o n  was a s s u r e d  u s i n g  a n  u l t r a s o n i c  method. From each  welded j o i n t ,  
t e n  T-shape specimens of 90 uun w i d t h  were  saw-cut and machined.  The w e l d i n g  
p a r a m e t e r s  a r e  l i s t e d  i n  Tab le  3 .  The s p e c i a l  we ld ing  p rocedure  used and t h e  
weld geometry a r e  d e t a i l e d  i n  t h e  n e x t  s e c t i o n .  
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TABLE 3 Welding Parameters for T-Shaped Specimens of E460 

Electrode Position Pre-heating I U Heat input Number of runs 

E.90.18 Dl Vertical-up 100°C (flame) 120 A 25 V 20 kJ/cm 3 5 
0 3.2 mm ( 3 G )  

Residual Stress Measurements 

For both as-welded and shot-peened specimens, the residual stresses were 
determined by X-ray diffraction. Table 4 presents the main experimental 
characteristics. 

TABLE 4 X-Rav Diffraction Conditions 

Radiation: R, Cr, A = 2.29 x, V back filter 
Diffraction: {211) Fe 
Yo angles: 5, LO, 15 20, 25, 30, 35, 40 
spot size: 1 x 20 mm' 
Detection: SOLLERS slits 

Measurements of both macro- and microstrains through the displacement and the 
broadening of the diffraction peaks allow the calculation of residual stresses 
with an accuracy of 35 MPa. 

Fatieue Tests and Crack Initiation Detection 

Fatigue rests were performed in air on an electro-servo-hydraulic machine. The 
test frequency was about 10 Hz and the load ratio was R = 0.1. The load was 
applied with hydraulic grips as shown in Fig. 2. Crack initiation is detected 
by a potential drop method using alternating current (30 A, 50 Hz). Potential 
leads are placed every 15 mm along the weld toe. This method allows the 
detection of 0.1to 0.3 mm deep cracks. 

IMPROVED WELD PROFILE 

An improved weld procedure was devised to ensure optimum quality 01 the welded 
joints regarding fatigue resistance. The characteristics of this weld 
presented in Fig. 3 can be summarized in three points: geometrical, practical 
and metallurgical. 

Geometrically, the overall shape of the weld presents as smooth a shape as 
possible around the toe (see Fig. 3) in order to improve the stress 
distribution at the weld toe and decrease the global stress concentration 
factor. 
Practically, the weld toe run is performed just after the root runs (see 
Fig. 3). This allows an accurate position of the weld toe; this run is laid 
down on the plate without the necessity of following previous runs. Experience 
has shown that this weld procedure leads to a better weld toe and that risks of 
geometrical accidents are notably reduced. This weld toe local geometry can be 
described by the toe angle O and the toe radiusp as defined in Fig. 4. The 
results obtained with 180 measurements from 9 metres of weld, J n  vertical up 
position, are given in Table 5, and compared with those of a classical weld. 
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Metallurgically, the toe run is softened by heat treatments from the filling 
runs, since the toe run is not the last one. Furthermore, the tensile residual 
stresses usually encountered at the weld toe are relieved. X-ray stress 
measurements show the elimination of residual stresses, with the improved weld 
procedure, at the weld toe. 

Fig. 3. Weld profile and weld run order. 

Fig. 4. Local geometric parameters at the weld toe. 

TABLE 5 Local Geometrical Parameters 

Procedure L o c a l  piirameLers Elc,ln St,lilri,ircl d e v f a  t l o n  ~ l l n i / m d x l  

-- -- - 

Improved P (mm) 1.7 0.6 0.513.2 
(180 measurements) 8 (deg) 3 6 8 17/69 

Conventional P (mm) 0.9 0.4 0.412 
(40 measurements) 8 (deg) 60 12 401 90 
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F i n i t e  e l emen t  c a l c u l a t i o n s  have been performed f o r  i d e a l i z e d  p r o f i l e s ,  b o t h  
c o n v e n t i o n a l  (weld l e n g t h  L = t / 4 )  and improved ( F i g .  3 ) .  These show ( F i g .  5 )  
t h e  b e t t e r  s t r e s s  d i s t r i b u t i o n  of t h e  improved p r o f i l e ,  w i t h  a  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  of 1 . 2  a g a i n s t  1 . 9  f o r  t h e  c o n v e n t i o n a l  one. 

W e l d  t o e  A Weld t o e  A 

Fig .  5. S t r e s s  c o n c e n t r a t i o n  f o r  c o n v e n t i o n a l  and improved 
weld p r o f i l e s  (HGziSre and P r o i x ,  1983) .  

Such a n  improved weld p rocedure  p r o v i d e s  g r e a t l y  improved c o n d i t i o n s  r e g a r d i n g  
f a t i g u e  r e s i s t a n c e .  Subsequent  post-weld t r e a t m e n t s  which e l i n l i n a t e  weld t o e  
d e f e c t s  ( g r i n d i n g ,  T I G  d r e s s i n g ,  e t c )  o r  i n t r o d u c e  compress ive  r e s i d u a l  
s t r e s s e s  ( s h o t  peen ing ,  e t c ) .  

F ig .  6. E f f e c t  of t h e  improved weld p r o f i l e  and s h o t  peen ing  
on t h e  f a t i g u e  r e s i s t a n c e  of  f i l l e t  weld.  
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Tn  F ig .  6 ,  t h e  f a t i g u e  r e s u l t s  o b t a i n e d  on our  specimens made w i t h  t h e  improved 
weld p rocedure ,  i n  as-welded c o n d i t i o n ,  a r e  compared wi th  r e s u l t s  o b t a i n e d  by 
Van Leeuwen, De Back and Vaessen (1981)  and Booth (1978)  r e s p e c t i v e l y  on 
+:-shape (40  mm) and c r u c i f o r m  ( 2 5  and 38  mm) j o i n t s  u s i n g  a  c o n v e n t i o n a l  
we ld ing  p rocedure .  R e s u l t s  a r e  e x p r e s s e d  i n  t e rms  o i  t h e  ex t reme  f i b r e  nominal  
s t r e s s  r a n g e  a t  t h e  weld t o e .  

The b e t t e r  r e s u l t s  o b t a i n e d  w i t h  t h e  improved weld p r o f i l e  may be a t t r i b u t e d  t o  
t h e  lower  g l o b a l  and l o c a l  s t r e s s  c o n c e n t r a t i o n ,  and lower  ( o r  a b s e n t )  r e s i d u a l  
s t r e s s e s  i n  t h e  t o e  r e g i o n .  IJe shou ld  n o t e  t h a t  t h e  i n i t i a t i o n  p e r i o d  i s  
r a t h e r  i m p o r t a n t :  40 t o  50% of t h e  t o t a l  l i f e .  

P O S T  WELD IMl'L1OVEMEN'I': SllOT PEENING 

Choice of Shot-Peening Pa ramete r s  

'To o p t i m i z e  t h e  cond i t i -ons  of s h o t  peen ing  f o r  t h e  improvement of f a t i g u e  l i f e ,  
a p r e l i m i n a r y  s t u d y  was done. I n  t h i s  s t u d y ,  t h r e e  d i f f e r e n t  s e t s  of s h o t  
peen ing  c o n d i t i o n s  l i s t e d  i n  T a b l e  6 were  used on some of t h e  welded T-shape 
specimens.  

TA131J'. 6 T e c l ~ n o l o g i c a l  P a r a m e t e r s  o i  Prel imin. l ry  Shut  Peening -- 

Code Shot  s i z e  Almen Coverage 
i n t e n s i t y  r a t e  

( X I  
MIL s t a n d a r d  + m e a n  (mm) 

( 1 )  MIL 170  0 .43  14-16 A 200 
( 2 )  MIL 330 0.84 20-22 A 2  00 
( 3 )  MTI, 550 1 . 4 0  8-10 C  200 

The d i s t r i b u t i o n  of r e s i d u a l  s t r e s s e s  induced  by s h o t  peen ing  was measured n e a r  
t h e  weld t o e .  T h i s  was ach ieved  by X-ray d i f f r a c t i o n  on t h e  s u r f a c e  and i n  
d e p t h  a f t e r  s u c c e s s i v e  e l e c t r o - p o l i s h i n g s .  Both d i s p l a c e m e n t  and b roaden ing  of 
t h e  d i f f r a c t i o n  peak were measured t o  o b t a i n  i n f o r m a t i o n  on r e s i d u a l  s t r e s s e s  
and m i c r o s t r a i n s .  

The v a r i a t i o n  w i t h  d e p t h  of r e s i d u a l  s t r e s s e s  and peak b roaden ing  a r e  shown i n  
F i g s .  7 ,  8.  Shot-peening w i t h  pa ramete r s  of  code ( 1 )  i n t r o d u c e d  r e s i d u a l  
s t r e s s e s  w i t h  a  maximum of -300 MPa a t  a b o u t  0 .15 mm d e p t h .  Below 0.25 rum, t h e  
s t r e s s  i s  below -100 MPa. Shot-peening t o  codes  ( 2 )  and ( 3 )  (20-22 A and 
8-10 C )  gave  r e s i d u a l  s t r e s s e s  of  -400 MPa t o  a  d e p t h  of 0.45 mm. D i f f r a c t i o n  
peak b roaden ing  measurements  conf i rm t h a t  t h e  a f f e c t e d  zone i s  0 .4  t o  0 . 5  mm 
deep  f o r  s h o t  peening ( 2 )  and ( 3 )  and o n l y  a b o u t  0.2 nun f o r  s h o t  peen ing  ( 1 )  
( F i g .  8 ) .  

These me,lsurernents show th ' t t  s h o t  peen ing  ( 1 )  i s  Less d e s i r a b l e  d l ~ e  t o  i t s  low 
res l r l r ra l  s t r e s s  Lcvcl and tlre sr1raL1 d T c . ~ t e d  d e p t l ~ .  S l ~ o t  peening ( 2 )  'lnd ( 3 )  
gave rough ly  t h e  same s t r e s s  d i s t r i b u t i o n .  Shot  peen ing  ( 2 )  (20-22 A ,  s h o t  
MIL 330)  was chosen  because  of i t s  s m a l l e r  s h o t  s i z e  which a l l o w s  t h e  t r e a t m e n t  
of s m a l l e r  d e f e c t s .  The minimum weld t o e  r a d i u s  measured i n  ou r  specimens,  
0 . 5  mm ( T a b l e  S ) ,  can  be t r e a t e d  by t h e  s h o t  s i z e  c o r r e s p o n d i n g  t o  c o n d i t i o n  
( 2 )  ( $mean = 0 . 8 4 ) ,  b u t  t h e  s h o t  s i z e  of c o n d i t i o n  ( 3 )  ( $mean = 1 . 4 )  i s  
i n c o m p a t i b l e  w i t h  t h i s  l o c a l  geometry.  



A. Bignonnet et al. 

Fig. 7. In-depth distribution of residual stresses induced 
by shot peening. 

1.5 

Depth  (rnm) 

Fig. 8. In-depth distribution of the diffraction peak broadening. 

Results 

The fatigue lives obtained with the shot-peened specimens (condition (2); 
20-22 A, shot: MIL 330) are given in Fig. 6 and compared with the as-welded 
conditions. The improvement of fatigue lives is remarkable, especially at high 
cycles. It is important to note that the crack initiation period corresponds 
roughly to 70% of the total life. 

Shot peening, contrary to a simple grinding or TIG dressing, has the advantage 
of being a "global" improvement technique i.e. which not: only improves the weld 
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t o e  bu t  t h e  o v e r a l l  weld.  Tl-ris i s  of impor tance  because  on a n  a c t u a l  
s t r u c t u r e ,  t h e  i n i t i a t i o n  s i t e s  i n  t u b u l a r  c o n n e c t i o n s  a r e  n o t  o n l y  a t  t h e  weld 
t o e  b u t  i n  t h e  weld t o e  r e g i o n ,  i . e .  beLween t h e  two o r  t h r e e  r u n s  above t h e  
t o e .  T h i s  i s  a l s o  t h e  s i t u a t i o n  f o r  ou r  improved weld p r o f i l e s ;  some of t h e  
specimens were broken by c r a c k s  i n i t i a l e d  a t  edges  of t h e  f i r s t  o r  t h e  second 
run  above t h e  weld t o e .  

CONCLUSIONS 

T h i s  s t u d y  shows t h e  improvement i n  f a t i g u e  l i f e  p rov ided  by an  improved weld 
p rocedure  and s h o t  peen ing  a s  a  g l o b a l  p o s t  weld improvement t e c h n i q u e .  

'Cl~e c l l d r d c l e r  is t i c s  of ou r  Improved w e l d  p rocedure  a r e  t h e  f o l l o w i n g ;  
-- a  c o n t r o l l e d  g l o b a l  geon-retrlr w i t h  a  t o e  p r o f i l e  f o l l o w i n g  a  r a d i u s  of h a l f  

of t h e  a t t a c h m e n t  t h i c k n e s s ;  
-- a  weld t o e  r u n  which i s  l a i d  down j u s t  a f t e r  t h e  r o o t  r u n s .  
Such a  weld p r o f i l e  p r e s e n t s  s e v e r a l  a d v a n t a g e s :  
- p r a c t i c a l :  b e t t e r  p r e c i s i o n  and c o n t r o l  i n  we ld ing  t o e ,  
-- g e o m e t r i c a l :  l ower  g l o b a l  and l o c a l  s t r e s s  c o n c e n t r a t i o n ,  
- m e t a l l u r g i c a l :  t e n s i l e  r e s i d u a l  s t r e s s e s  a r e  removed from t h e  weld t o e  and 

t h e  t o e  r u n s  a r e  s o f t e n e d  by t h e  subsequen t  f i l l i n g  r u n s .  
Exper i rnun t ,~ l  r c s u l l s  show ,In i n c r e a s e  i n  f ,~ t lp ,ue  l i S p  essenLi , i lLy i n  11ig11 
c y c l e  l a t i g u c .  

Shot  peen ing  was s t u d i e d  a s  a  g l o b a l  t r e a t m e n t  i n  o r d e r  t o  improve t h e  
i n i t i a t i o n  p r o p e r t i e s  and t h e  f a t i g u e  l i f e .  The c h o i c e  of t h e  b e s t  t e c h n i c a l  
p a r a m e t e r s  (Almen i n t e n s i t y  and s h o t  s i z e )  was based p r i m a r i l y  on X-ray 
measurements of t h e  s t r e s s  f j e l d  induced by s h o t  peen ing :  compress ive  s t r e s s  
i n t e n s i t y  and a f f e c t e d  depLh. As a secondary  c r i t e r i o n ,  s h o t  r a d i u s  shou ld  be 
s m a l l e r  t h a n  weld t o e  r a d i u s .  R e s u l t s  show marked improvement i n  f a t i g u e  l i f e  
of shot-peened we lds ,  e s p e c i a l l y  i n  h i g h  c y c l e  f a t i g u e .  

'The a u t h o r s  would l i k e  t o  e x p r e s s  t h e i r  g r a t i t u d e  t o  M. B a r r s r e  f o r  t e c h n i c a l  
a s s i s t a n c e  and t o  W R Tyson f o r  p r e p a r a t i o n  of t h i s  p a p e r  and r e a d i n g  t h e  
f i n a l  t r a n s c r i p t .  
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