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orithoi-s i:ne! izr.c1 i:ut 10 be ronstri~ed c1.s o/]icicil or ri~fi'r~clii~g the oierc's of the 
D ~ ~ p o r t ~ ? ~ t ~ r ~ f  of t l : ~  .\'(icy or tile N u f  (11  s~?roiw rit !c:r.qt,. 

in t roduct ion 
Kt~sicl~!:ll str-rbsschs t i c > \  i~lopi~cl (I,li.inq n-iiitling ,lrih (-on- 
s i i l~~r t~ (1  to 1 : I I I  i1111)ol-i ; ~ n i  f < i (  tor, ; L I I I O ~ ~ ~  o! l~c~rs .  
c > o n t r i l ) [ ~ ~ i ~ i g  L O  { I I C J  r ~ ( l l ~ ( % t i o n  in fL~t ig! : (>  l i l t ) .  T o  
; ~ l l r ~ \ i ; i ~ i ~  i i i i i  ~wn(1i1 ion. ;I i ~ ~ ~ ~ i i l i r , i l ~ l t ~  , i n ~ i ) ~ i n t  of' 

cfl'ort tltis l~ciin csc>riotl t o  in'ii)i.os c. i':~l~ric , i : io~l 1)ro- 
~ ( 2 ~ 1  L I IY>S I ) >  L 1 1 ~ 1  in [  rod i ~ o ~ i o n  o f  :rii~~ling. S I I O L  ~)vvn- 
ing, I I \ ~ J ~ * I I ~ L I I ~ ~ ~ ~ I I  i)c>c>nit~g :~n(l  ~o1114in;l iions of t l>ese 
o l~~~r : l i i ons .  A 1,110.i~ lcltigci of' r 11t~ e!'f'c>c*is r h;ir t 1 1 c w  
o!)c>ration\ II:I\,(! on L I I ~ >  1n;ignit~ldc1 < ~ r l ( I  d i ~ \ r i l ) ~ ~ t i o n  
o t' resitlr!:ll s~r-c)ssils \roulil he of' g rw  t \ , ~ l : i c l  in 111~  

flirt llc~r r i i . ~ ~ c I o ! ) ~ ~ ~ c ~ n i  o f  in>i)ro\ ( '(1 f ; ~ i ~ i c ,  I i iori I c v s l l -  

niques to  inc.rc~asc f'atig~ie lii'c-. 
A renl is t i~  dt.:clrlni~~niion of vc-sitluai stl.cisscs in 

sLr uct  ures. as iifT'oclei1 I I ~  finisiniqg ol)t-r;l i ions, re- 
(l~iires t h;it t lie ~ n e ; l s : ~ r ~ ~ t n t s  lje t a l i~ l l  clir(.c,t ly on 
tile structure or on 1;lrgc. s t ru i  turn1 clcilicn~s simu- 
lating t h e  1 ~ x 1  of thci struct~wi.  t o  l)e st:~tlit~d. T h e  
in11 mrt mc.e of large sc,nlcl cannot bc o\-~riitnl)ha- 
sized here bc>ctluse rcisiclual strcsses are t1iri;ctly 
af'fcrietl 11 y sl~t ' i~in 1t.11 sixti. 

In  addition to  rccluiring a sriirol~lc s1x>i,it1lcn size, 
;I vnlitl c1eterunin:ltion of rwii\u:il strpsses recluires 
t1i;at 1,11(1 t c c l ~ n i c ~ ~ ~ c ~ s  ant1 ~ ) r o i ~ e d i m ~ s  elnl~loyid 1)e 
i t p l ) ~ ' ~ ~ ) i k t ~  fur t l ~ f ~  c ~ n ( l i t i o n ~  t1ncc)unt ere(1. I n  
rec.enL years, a consi t ler~~l~le  ~ i m o l ~ i ~ ~ t  of restinrc.11 has 
Iwen tlirwtecl t o \ c  3rd t l i ~  ~nexiurenlent of residual 
strcsses in welclecl ljlntcis and structures I ) \ -  t lie hole- 
c11.illing methocl. This mcihoc~ 1x1s Ixrn csploitecl 
I j t ~ a u s c  of the  avai1al)ility of n 1-ariety of types and 
sizes of electric strain gngcis which proviclc for easy 
and accurate ixc~rsuren~cnt  of strain under various 
conditions. T h e  hole-clril ling met hod, somciirnes 
referred to  as tlle liole-relaxation rn~tliocl, entails 
1 ho  judicious l~laccinen t of st rain gagcJs around a 
point at \vhicl> r e s i d d  slrrlsses are t o  be cleterminecl, 
a n d  n lc~~suremen t  of l,he surface-relasa t ion strains 
~vhich result from drilling a small hole a t  the  point. 
F rom a knowlcclge of' thc. re1;ixation strains, size of 



D-DISTANCE FR3M CENTEF; OF HOLE TO TOE OF W E - D -  INCH 

Fig, 1-Experimental data w h ~ c h  formed t h e  basis for 
assi i rn i i ig  a l ~ n e a r l y  varying res~dual-st ress field 

L- - 
a x  T,) = D  

Fig. 2-Coorcliiia te system arid a s s i ~ m e d  stress distrrbcition 



Theoretical Arlalysis 

\vherc A. R.  c, 1. talicl D are c o n s i : ~ ~ ~ t s  to 1)e t.c.r?luatecl. 
I I is notcld t h,t.t tile stress t l i s t~ i i~u t ion  of ec1 1 ), wit11 
a I I - 1 .  acldecl to tlrr? eq~iation for shcar 
stress, is (leri\ ,~ t> lc  fsi)m t h e  Airy stress function 

However, rptt.ntion of the  t e rm - k x  in the nmlysis 
and appliea tion of tlre results to t lic experitnen Lnl 
cla tct g211-e extremely 11igJi v n l ~ ~ e s  for tlle strcss 
grarlicnt s c and k a n d  unre:distic values of tho  
corresponding rcsiclual stresses. Bwause the ac! ual 

where the prime antl cloill)le prime tienot t. th i ,  first 
antl second cleri~nlives, rc.spccti~~ely, n.itl1 rcispecf 
t o  2. Details for t he  tlctern~intation of t h e  coinplex 
stress functions, ant1 corrcsponc~ing sirti.;s anfl 
strain distributions for the  unpenctrntecl anil pene- 
trated plates, are given clscwhere. ' 

If  the strain c1istril)utions for the unptlnc tratccl 
and penetratccl plate arc eq)rcsseri in p o l x  coctrtli- 
nates, the  tiiffercnce in radial strain a t  each point is 
t h e  relaxation strain.  Thus ,  il a Ilolt. of gi\- tlii radius 
is clrillecl at some point 0 ,  n~liich is taken as  the 
origin of coordinates, as shown in Fig. 2, and tllc 
cllange in radial strain near the edge of thtl hole is 
11ieasurecl hy means of a strain gagc, tllr almvc 



Fig. 3-Plate-type fat igue specimen of l i / , - in .  HY-80 steel 
with ground tee- f i l le t  weld a n d  instrumentat ior l  for 
measur ing  re laxat ion strains by the  hole-dri l l ing m e t h o d  

t ion strain. is given Ily the follr~nring cclu:ttion: 

where A,  B, c, h ancl D arci t he  constants of ecl (1). 
Since there are five constants, A ,  B, c, K and D, 

to  he cleterrninecl, a l  lcnst five indel~cnclent rnca- 
surt~inents of i f , ) ,  ar? to  l ) c  macle i n  five radial 
clirections 0 .  It ~houl(1 be noted that the  first two 
terllls of cq i 9 1 rc~,rcsenl tile lmotvn exl>ression for 
thc. relaxation strain in a binsi:~l-stress field ~vherc. 
'-1. and N :ire tllc prinripll stresses. Tile next three 
to rn~s  of ucl 19 I rc.presc3nt t h e  relaxation strain cor- 
ri~sl~oncling t o  t l ~ e  linear \,arialion of thch princii~al 
stresses with y where c anti k are proportionality 
c.onst:inls which give a measure of t,he slrain 
graclicnl, a n d  the  last tcrm represents the  relaxa- 
tion strain clue t o  the  s l l c i ~  stscss D. 

Specimens 

T e n  large-scale tee-fil1t.l-welclecl, plate-type speci- 
mens f a l~ r i ca ted  fr-om l1 ,-in.-thick HY-80 s1,cel 
n.ixrp usctl in this ~\rorli. Two spcoi~nens were in 
efic.11 of t h e  as-wcltletl, ground, shot-peened, grouncl 
anti shot-l)eenetl, lii1~1 mccll;~nically pecnccl con- 

-REFERENCE GAGE 

GAGES SPACED AT 45' INTERVALS 

Fig. 4-Strair-I-gage arrangement a t  tee-f i l let weld 
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dOLE DIAMETER-INCH 

Fig. 5-Measured relaxation st ra in vs, hole diameter a t  
various strain gages 

prior to finislling by tlie res1)cc t i1.e fahric:~ tion 
procwlures. 

i b'l Foil str'iin gages, type (26-1 XIiCISOA, with a 
gage length of 0.050 in., cnrcfully ctrilientcd at ap- 
prol~ria t c loc.,~tions and protcciccl ~ i t l i  a coat  of 
was ,  usere usccl for the measurcniiint of relasation 
st rains. 

cc 1 Stritin g'lges were locatcd 0 1 1  a s-in.-cliasn 
circle c o n ~ ~ n i r i c '  it h the  clril led hole. 

I d i E t ~ c h  scit of gages was conncctecl to a Baldwin 
sn-it clling and 1,:llancing unit ;.tncl type N or Model 
120 Baldwin sir'lin indicator. 

(e) A portahli- B u s  magnetic-base drill, carefully 
aligneil 1)y nleans of centering pin in the clluck 
directly over the centcir of tlie hole, w:ls used for 
drilling. 

i f )  Drilling \\.;as accon~l~l ishet l  in increments 
using ii , ,  ') i,,, ' a n d  7,',i,-in.-clianl stmdarcl drills 
in succession n-hile a s t ream of colnlxessecl air was 
dir-ectccl to\varrls the  drill t o  bloi\r the  chips away, 
Ilicrel)y a~~o i i l ing  damagc: to thc  gages. This  

Results 

I- SHOT-PEENED AFTER GFilh:?ihiS 

HOLE DIAMETER - INCH 

Fig. 6-Measured relaxation strain vs. hole d iameter  a t  
various strain gages 
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HOLE DIAMETER - INCH 

Fig. 7-Measured relaxation strain vs. hoie d iameter  a t  
various strain gages 

Discussion 
A discussion of' t l i ~  rml~ l l s  gi\;,t.n in  'I12ll)Ie 1 is 

rn;ic{(~ ~ v i t l l  full  ~ * o g ~ l i ~ : ~ t ~ { - ( ~  o r  t l ~ e  f o i ! o r ~ i n g  limitLi- 
t ions: 

(1 , T h e  i l t rory is 11;1setl on ; I  ~ ! l , i n ~ ~ - ~ ~ r c s s  fit i l t l  
~ v l ~ i ~ ~ l ~  is ~ u r i f o r l n  lIu-o~lg11 t l l ~  d ~ i ~ ~ I , n t * s ~  o j  i l ~ c )  1 1 I ; l t i l ~  

tt 11c~re;3s i t  is t ~ s p c ~ c . l o i l  t l ~ a t  t 1 - i ~  ; I ( - t  u,il ri-4, ll.iaI-strebs 
i i c . l t l  v ; ~ r i t ~ s  t l t rougl~ t h e )  t hic.i\ness. 

b Ti l t1  tilt lor^ is ( l t ~ ~ ~ i o t w l .  for str i3~sils  ~ v i t h i s :  
[ pl;istic> r:illg(2+ ? i - ~ t ~ r c : i s  L I I ~ ~  111,15rit L ~ t l c >  of' rar1i:~I 
si rp.iscs nlt.:rsi irc.ti intlic;itc>s t I i d i  i I ~ t .  t l~ngc~nt  i : ~  
stressils a t  t he  very t d g t ~  of t l l i h  l ~o l e  xc: in 111(1 ~)l;~stic= 

- E q ~ l a t i o n  parameters--------- ; i : r i !eo!weld" :  
Cond i t i on  ot t e e - f i l l e t  w e l d  P la te  no.  A,  k s i  B ,  ks i  D, k s i  c .  ks i / i i i  k ,  ks i /111 CT . ,  1\51 r,., k si 

As-welded 53W9 -1 32 0 260 268 $3 121 

54W10 3 3 LI -1 278 240 q 3 117 

Ground 57G9 -1 2 7 -3 279 201) 8 6 9 0 

58G10 -15 21 1 169 222 33 90 

Shot peened 53 P9 - 23 2 -1 127 134 2 1 48 

54P10 - 28 0 -1 170 136 30 47 

Shot peened a f te r  gr inding 57N9 -23 -1 -2 157 135 2 5 41 

58N10 -11 2 -3 222 120 5 S 40 

Mechanical ly peened 57A PI0 - 48 -51 2 - 27 -77 - 55 -78 

57A P l l  -49 -63 7 
- 3  -110 -173 - 53 -117 

* Al l  va l i l es  ai;o\~e 80 k s i  a r e  i r i  t h e  p las t i c  range  a n d  t h e r e f o r e  represe i l t  " e q ~ i i v a l e r i t  e las t i c "  s t resses.  
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Fig. 8-Variation of radial relaxation s t ra in  with angle 
around dri l led hole 



Fig. 9-Average residual 
stresses a t  toe of  tee- 
fil let welds a s  af fected b y  
various fabrication proc- 
esses 

,4n al~l)rol)ri ,~te lllcory 11~1s 11wn tlc~\ri~lolwtl for the 
t le t  ennina tion of sirf'ac,e resiil [in1 S ~ ~ C ' S S L ~ S  over a 
lirnii i 4  :irc;l in linearly varying 1)iauicil strtiss ticlrls. 
~ ' I i i s  thcory is a150 ap])licai)le to unif'orln srress 
iielcls and I herefort. may 1)e giineral ly a p p l i ~ i .  

Tec~liniques for t he  application of the tllcory tc? 

thc  t ~ ~ ~ a s ~ ~ r e n ~ e n i  of resirlunl stresses a t  tlic toe of 
tee-fillet wc.1tls 11,ix.e bee11 clevelolxd. Holc centers 
for clrilling lu ,~>-  Ire convcnicn t ly loca tcci and 
residu:rl s t r t~ssc~s  uxrer l i~nit t 'd areas may lw readily 
cleterminetl. Prcc)autions  nus st be taitcn in in- 
te r j~re t ing results if resicluid sircsses vary tlirougll 
t lie t l~ickncss. 

F,slwrinlrnt;i! rrsults t m c l  to confirin tile appros- 
imnt  ti thror>- and thi. assu?npLion of a 1ine:lrl y vary- 
ing stross fielcl ; t t  tcc-fillet welds. T h e  alwve con- 
clusions ar/> 1~,ist.d on deteri~iinations ~n:iclc with 

,,-in.-c1i;lrn drilltd holcs tvi tli strain gages placctl 
on a ", ;i-in.-cLinl gage circle. Smaller holm m a y  
require calil>r,~tion. 

Resic l~~al  strtmws a t  the toe  of as-welded tee-fillet 
welds in 1' in.-tllick H Y - 8 0  pliite arc tensile in 
110th the t r a n s ~ c r s e  a n d  longitudinal directio~rs and 
approach the yield strength of the steel. Results 
rcportecl in T a l ~ l e  1 are higher tlmn t h e  yieltl 
s trength becmse of t h e  large strains associated with 
strcss c o n c r ~ ~ t r ~ t i o r i  in t h e  tangential direction at  


