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Application of Finite Element Analysis to Residual Stress Measurement
with Hole Drilling Method

by Takashi HONDA*

Abstract: Residual stress is the stress which exists in components and structures before application
of any service or external load. It is known that residual stresses significantly influence the structural
stability of components and structures. Therefore an accurate quantitative estimation of residual
stresses is very important and affordable techniques for measurement of residual stresses are needed.

The hole drilling method involves measuring the localized strain relieved by the drilling of a
shallow blind in stressed materials. This method is a popular and widely used technique for measuring
residual stresses because of its ease to use in many different applications, its limited damage to the
specimen, and its general reliability.

The hole drilling method has been investigated over the past sixty years. Consequently, much of
research has been incorporated into the ASTM standard E837-85. The procedure for making residual
stress from the measured strains in this standard is based on the theoretical stress distribution in
an infinite plate with a through hole in a plane stress field. Therefore this method has been used so
far in situation where the residual stress field is assumed not to vary with depth below the surface.
However the residual stress fields usually vary with depth. In such case, the error of estimated
residual stress increases if the calibration factors provided in ASTM standard are used to calculate
the residual stresses. In this study, the relieved surface strains around a blind hole location caused
by drilling in the biaxial stress field, the shear stress field and the non-uniform stress field were
calculated by finite element analysis in order to investigate the effect of the stress variation with
depth, and the analytical results were compared with experimental values.

The main results obtained in this study are as follows:

(1) Calibration factors calculated from the results of finite element analysis are in good agreement

with experimental values.

(2) The accurate surface stresses of components under linearly varying stress field with depth
can be obtained by using the relationship between the stress gradient and strains measured
by rosette gage.

(3) A procedure to estimate the varying stress field with depth is proposed, and validity of this
method is confirmed.

Keywords; Nondestructive inspection, Finite element analysis, Residual stress, Hole drilling
method
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Fig. 1  Schematic of the hole-drilling methed.
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Fig. 3  Simulation model used for strain relaxation
analyses.
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Fig. 4 The strain measured by the rosette gage for
hole-drilling method.
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Fig. 5 Change of the surface strain distribution around a hole location with drilling in the biaxial stress field.
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Fig. 6 Change of the surface strain distribution around a hole location with drilling in the shear stress field.
HARICABIZE TR ICHEIILEEORAC TADOEIL
0 T T T T T T 150 T T T T T T
20| —Gagel,2,3 | 100 | /—__—"'___
- LT — Gaget
O1 50 | PO Gage2
g 40| tlEt e I Gage3
3 -
IS e 30 g 0
S e} v £ 1
wn n -50 0
-80 c (+] & = (o))
1 =100 MPa =100 + Gl — 1OOMPa @ -
o, =100Mra o, =-100 MPa
-100 ) . . 0 . . -150 2 ) ; . . .
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 1.4

Hole depth h/H Hole depth h/H

(a) biaxial stress field
EHISH 5

Relationship between strain measured by the rosette gage and the hole depth drilled.
F—OHP RIS OBR

(b) shear stress field
AW

Fig. 7

Fig. 7 I2ZfLIcfE) 0§ A7 — VRN DENERT,
Fig. 5, 6 » 6 THRINDB LI 2, EFIWHHTIIZ
FURS A 06HEMR 5 & O A7 — P H RO BB

IFABICKAD L, 1L.OHTIHIT—EMICIE L Tw 3,
Ficxt L TRABICHE T, FEoh Fimic T
=1, 3R, FILESA0THU L THEL



LRI & B RIS WE DA RER T

- -8107
‘o
- O (Cal.const. A
= a
-6107 L A Calconst. B A
=
] a
®D 7 A
S -4107}
c 2 )
.2 ®
® 0407 L )
é 210 ™
® Open Symbol : Experiment @
© . Solid Symbol : FEM

1
0 0.2 04 06 0.8 1 1.2

Hole depth h/H

Fig. 8 Comparison of calibration factors calculated by
FEM with the experimental results.
FEM » 63K B IERE & REREDLLE

B LEDZL0D, 12HTH—EMITPER L T
Tehotz, TRHAMICHG TIERIOhTmE 45°% 7%
Fr—v 20 NIZ0TH -7,

WXL, EHENTBT V0T 0D LB IR
A %, CAWICBITLOTARAD S IFHRIFRE
 BERDLIENTESL, 22T, RIERE A B D
FILICHE ) BLERD, BEDEBRER (2) Lot
BAT-72,

Fig. 8 I[Zf#AT & EERD 5RO 72BIERE D ik % 7R
T BRIE1R% A (3, WAV & KBRMED L < —F L7
75, ERIFARER B I3 EERME IS U CHENTEDS 6%FREE /s
SWHE % 572, ZOMEIZBEDOHRESD L —F L
Twa,

42 FRH—EHBICE T3 EIFREE

WEF MO mr lEE I RIZTHELHET
B2z, —EHBIERY & 4 mEITIZO W TRRIT 24T\,
itk y— R DEfE R L 2,

—EEIEY BL 4 ElITE b, FILEOREIGH
100 MPa & 7c 5 &) EBERFGEREL, BT
iT-72, Fig. 942, —H5EED BI04 ShiFics
T3, It -y hogibeRT,

4 T ogE, FHLHEICHIIT IR 2R3 572
Bz, —HBERD ST, T 0T AOEL
BN s Twd, DD, BITERED» bRk
B ERDI2ET D, Omax = 84.7 MPa & EFEDE &
D 15%AREE /N S WED R S L2,

DL HFLETE, AN RIE S EICE
LT 2841213, FHROBHZERICHET 52 &8
TERv, UL LTict), ToRhGEs
HZEOBMZE 2RO THBITE, BEEL SEEDIGH
E2HEET LI EHTREE % B,

— 15 —
50 ; ' ' '
0
8
g 50y
g
&
-100 |
Tenstion Gaget
---=-- 4 point bending
-150

0 0.2 0.4 0.6 0.8 1 1.2

Hole depth h/H

Fig. 9 Comparison of relieved strain changes with
drilling between in uniform stress field and in
linearly varying stress field.

—Eh5IERY & 4 EBFICE B EILICHEI VT A
F—SHADEAL

150
o —@— Measurement
% """" Actual stress

125 -
%}
o
~‘,;‘; 100 |
£
g s, =100 MPa
‘5 75 S
s A

c=az+b
50 3 Il 1 1

-60 -40 -20 0 20 40 60

Stress gradient, GPa/m

Fig. 10 Relationship between maximum stress measured
and stress gradient under linearly varying stress

field.
REIFRICHBIZSHFFH T 3HEESDAELH
fi& & IeH BE D%

22T, BaohBBOTIEY (LHE) ifics
FEUTAT =N EFITL, N DE & EEBED
BR % 8% L7z, Fig. 10 i) WE & R E B0 BE4E
2R, B, WEBMORESIILHEIC 100 MPa 1
5 &) MERREHERE L,

Fig. 10 2* 5, o hiBE & BIEME ORI I3 BEMR
BROSIOZ LD B, DD, BIEE on & E
BEOREIES 0uee DEIRIL, Fig. 100512 2 % &
2L, UTORTEEINS,

do
= 0.631—
Oact Om + 63 dz (7)

Lo T, lnEE2EDORNEFEIL, () RN
B HBERNEM 2 LT, GEICELWRAGD &
NEREHET S LW TE B,



150

MPa

100 |

50

50 +

Principal stress,
o

Open symbol : Actual stress
Solid symbol :-Estimated stress

0 0.1 0.2 0.3 04 0.5
Hole depth h/H

-100

(a) Tension

—Hh5[5R Y

FERLZ MRS NIIS-RR-2000 (2001)

150

MPa

100 ¢

80

Principal stress,
o

80 ¢ Open symbol : Actual stress 1

Solid symbol : Estimated stress

-100

0 0.‘1 O.I2 013 O.'4 05
Hole depth h/H

(b) 4 point bending
4 piphly

Fig. 11 The stress distributions estimated by proposed method.
FARLAFECLZICHOHTOMERR

BEREIME, JIRY (EH) b L EEAD
TF2ZF52EH£E2L, CnL) WM THENT, &F
FURREERTAESREE LT, EFICELLHETH D
w2,

4.3 WREFRDEHIDHDHE

1) HEFRDREHPFEDHESE

ZIETRBRILZ UV TAy— PR IDAEHNT
WhEEBT 720, FILRFOVT AT -Vl %
ETHI L%, LALLdS, Fig. 9 5l 5 h
X, FHHOVT Ay -, WEFnD
IS BRI E > TRy b,

FITC, INFTHHIN T 57258 7LICfES
VDT A=V HADEAERET S & T, WEHM
DI 2 HEET B HETOWTHRET L7z,

LHFWNBITBT, WEFmZHhPET 53%
BOFEILCH) 0T A=V e(H) ZUTFORT
#zInpN,

dm:A%mﬂw@%(gth 8)

ZZT, AhH) 3FfLEIP H DEEDEE B T
HATES H72 D iTird BEAEHIC & - THE L 2K
T A, o(h) IFES h DMEICPPBI0TH 5,
A(h, H) 3B BEMERD D LI TEL WD, &
HEILES FTE nllCHE] LRSS NIER 2
T LML) L, (8) REBEEUL L-LI TR TR
LI LB,

8»;=ZA1']‘O']' 1§_7S’LSTL (9)
j=1

22T, g i3t BEOFILEI BT 2MKRUT A,
o; 13§ BEOFEILHEHITL» RIS, Ay 13 i DER
DEED FBERBOFILHFICBIT BRI T S
BKRVTATH 5, '

ZZCHRBERMITICLY Ay 2RkOTHBINE, L
TOBEMNFRRZ2MHL 2 & TELFRDIS 5/ 2k
UT BEHFTE S,

€1 A, O P ¢ g1
£2 A1 Az O C]%2
€3 . 03
= |43 Az Ass '0 - (10)
0
En nl An On

LEEDE 2 FIFERRICHERE AWIS 1B 12 B W T H AL
T5, €T RNEHWKRL, EWHTERY L

ei = Y Ai(o1;+02;5)

g=1

+ZB«L‘J‘(UL]’ + 09} cos 2¢; (11)
=1

Ll b, I, o1, 02, 3FNEFN § BHOFEIL
B3 ERARB LRI EIRS, By (&, #iTA
WIS H5Ic BT 5, FLERS i DL &0 j FHOEILE
SIZBIT BB NICHTEHKVT A, o 127 F
HOZIESIERT 2H&KERNEVOTAT—ID
ZYATH 5,
1) Xz Q) KD LHlc= by 7 24L, =7 b
ERTDHE
{e} =[Cl{s} (12)



FILERIC & 2 BRI BIE DA IRE R IR

B, SIT, e WUTARZ ML, o BIBHRZ
Fov, ClMEE~= M) 27X TH B,

T (12) RigBWT, WEMEEE {f THSH.
IR T REIC L D BRENBRAT 57020, B
i {e} 2RELETHUEM {me} TESHRILLE
BHbo COBA (12 RIFFES e TELSL B
B, B2 REC LY |{me} 2 [C) {o}|]? BERACT
% {o} KDz,

(2) BHSHHERS

S OHEET, BT THRIES I K E
WIRERIRZE L, —Eh5IED & 4 giFIic oW TiT 72,
AEMEIZIE, FEM & 53RO MMHMEIC, ELECT £lue
DEHETEERFESE L2 b 2MA L,

Fig. 11 IZHEEHEN—FIZRT, KH, BHRTIE
BER LA, —HM5EE) B4 ST, E56D
EALHEMEIRERBILTEY, HEME» SIS
SERWETDDIIRETH - 72,

L7zt T, A%BEOIRENZ #IH]4 5 FiEIZONT
BT oREND 5,

5. #&

BEISHBIEEN—D2TH b EILEICO>VT, FR
EREICLY, REFEICH—ZRNIEE L UAE—
BB OWTENT L, REF RO 4400 HIE
BleRIFTEEICOWTHFEL,

37, CNETHHSIN T kEILFOOT
AEAEFA LT, WEFRORISHEHEET 5H
BIZOWTHRE L7,

BoONLERIILUTOEBY)TH S,

(1) FILICHE) BEOTADEILE FEM IZ &Y @@ T
L, MHTRER> SBIEREC A, B 23 RDIzL 25,
FERIE L IEFIT I B L7,

(2) BIBED HITICOWT, o WE L HIEMOREGRE
fEATIC & DR, WREFEICIGHPSHT 5356
ThH, FELZERERDIPRDLNEZ EERLT,

(3) THETHHEINTWEL >2ELTOUVTAE
feh HAREBEF o A E#EST 5 FELRR
L7z,

(4) BA% L7zsha e Fikid, WEMICREIR
A LS RCHEEDOREINR LS L5 I L4 b,
ROEEZ I 2 FEEMFATH2VLENDH 5,

ZEXH

1) J. Mathar, Trans. ASME ,Vol.56, No.4, pp. 249-254
(1934).

2) .N.J. Rendler and I. Vigness, Experimental Materials,
Vol.6, No.12, pp. 577-586 (1966).

— 17 —

3) R.A. Kesley, Proc., SESA, Vol.14, No.1, pp. 181-194
(1956).

4) R.A. Bathgate, Strain, Journal of BSSM, Vol.4, No.2,
pp. 20-29 (1968).

5) S. S. Birley and A. Owens, NDT International, pp.
3-9, Feb. (1980).

6) A.A. Scaramangas, R. F. D. Porter Goff and R. H.
Leggatt, Strain, Journal of BSSM, Vol.18, No.3, pp.
88-97 (1982).

7) S. Redner and C.C. Perry, Proceedings of 7th Inter-
national Conference Experimental Stress Analisys, pp.
604-614, August (1982).

8) E. Proctor and E. M. Beaney, Experimental Tech-
niques, Vol.6, No.6, pp. 10-15 (1982).

9) A.J. Bush and F.J. Kromer, Trans. ISA, Vol.112,
No.3, pp. 249-260 (1973).

10) M.T. Flaman, Experimental Mechanics, Journal of
SESA, Vol.22, No.1, pp. 26-30 (1982).

11) S.P. Wnuk, Presented at Technical Committee for
Strain Gages, Spring Meeting of SESA, Dearborn,
Michigan, June (1981).

12) J.E. Bynum, Experimental Mechanics, Journal of
SESA, Vol.21, No.1, pp. 21-23 (1981).

13) W.R. Delameter and T.C. Mamaros, Sandia National
Laboratories Report SAND-77-8006 , p. 27 (1977).

14) A.M. Nawwar, K.Mclachlan, and J.Shewchuk, , Ex-
perimental Mechanics, Journal of SESA, Vol.16, No.6,
Pp. 226-232 (1976).

15) E.N. Wayne, Proc. 5th International Conference on
Experimental Mechanics, SESA, Brookfield Center,
CT, 06805, pp. 126-136 (1984).

16) G.S. Schajer, Journal of Engineering Materials and
Technology, Tré,ns. ASME, Vol.103, No. 2, pp. 157-
163 (1981).

17) G. S. Schajer, Trans. ASME, Vol. 110, No.4, pp.
338-343 (1988). :

18) G.S. Schajer, Trans. ASME, Vol. 110, No.4, pp.
344-349 (1988).

19) M.T. Flaman and B.H. Manning, Experimental Me-
chanics, Vol. 25, No. 9, pp. 205-207 (1985).

20) A. Niku-Lari, J. Lu and J.F. Flavenot, Experimental
Mechanics, Vol. 25, No. 6, pp. 175-185 (1985).

21) # bARE, MEEHY¥E, EBERE, pp. 50-54 (1985).

22) ASTM Standard E-837-94a.

(ER 134 1 B 22 HZH)



