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Analysis of Harmonic Wave Generation in Nonlinear Oblique
Crack Surface
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Abstract Based on the nonlinear spring model coupled with perturbation method, 2nd harmonic waves generated
by oblique incident ultrasound on nonlinear crack interface were calculated and investigated. Reflected and
transmitted waves from the interface were determined and analyzed at various angle of incidence for the cracks
with different interfacial stiffness in order to estimate the 2nd harmonic generation of incident ultrasound. It was
shown in computer simulation that the 2nd harmonic components changed much with the increase of incidence
angle in both reflected and transmitted wave, but became very small when the incident angle approached toward
90 degree. It can be concluded that the 2nd harmonic component of reflected wave has a meaningful amplitude
as much as the transmitted 2nd harmonic wave from partly closed crack.

Keywords: Nonlinear Crack Interface, 2nd Harmonic Wave, Ultrasound, Oblique Incidence, Interfacial Stiffness

.M E 5% & 18 v A Y e (micro-mechanics) =
Ayt BAA S W Ay 54 st

A 259 7S 23 ddddA Ay 21, Solodov®} Biwa, Kim & A%l AW
= 1x29E o]gate] FeY H¥ 253 7z EdomA HE AW Ads AYsta o 7=
Hlg] Adides 2 A= ZE HE Y 2 8dy A2y mdS ARgeglth dxe A
(probability of detection)S 7}A&= Aoz A Ao AW A EAY AaEAHoZRE FAH
Utk FEAHY] vEAFEde FRAEA A A J vAE AFES AT F AR Bge oA
SR v g4 Wy og O RA oo o] 9 Wk I AREACZEE AW v]A
;AL st A F 7R F Rl ARy FE AFH R M| ol nad 7h
o] $kt}. Pecorari 52 HEWH 2kt Age] I elA HAE ATS 2dEsta o]yl A

(A4 2012. 6. 25, =8Y: 2012. 8. 8, AAMTALA: 2012. 8. 10] *3F=7|EWEstn W7EZY AT
w3t 7] Fu S )etal 7] AlFSHE, T Corresponding Author:  Department of Mechatronic Engineering, Korea
University of Technology and Education, Byungchun-Myun, Chunan 330-860, Korea (E-mail: nykim@kut.ac.kr)



v 57 AAEE A A 3278 Al 45 (20129 8Y) 377

Foo14). TemR vshe AAE
SR LIS T R S
gt ek old@ Ao 3

3 79 AW 4% 9 w4
g szgom gl
=|

i
el
")

o
oZ
i
o
>

ol
o o
)
9
il

g

=Y
12
2

1‘
ox
o
oX
to
=1
o
o
rir
> re
)
M,
Og(:lg
fo N @ M ooX O rE o Borlr o4t 2 2 S

T

jaii

rlo
fr o F

o

(O

S
__)li_v‘l

[ ©
fl
[o
Y
b
>
N
)
=,
alf
2
N

©
o
ﬁmﬂj
éﬂl
EFE
UE..NXOJ
R
> o
m‘gm
m&i
= o
u
2

e )
2
o

oo
) = 7\ N

=
Kawashimal} Jhang®] <A-olA A&
27 E AES HH, 12T A4S
a3 e= s7] 93 vEs 9
AZFsodohs, el Led A 84
FWH HJedaA s
l&s ol&st7] wiol +<
o Sx8kA e,
webd 2 QrelAE olad A
W 2897} EolE MY
7 Z2-sbe] izt AES dA s
el AWAS R MUY 2xy
S3hol AR Weke YAbzte]
A T/ ubabste] 2x) azsk Al o
SERTEEY

oo Ay St
;.:0,1%
o ol
oﬁLo‘é—'ﬁEﬁ
o= o

i)

KD
rﬂ%
oy

fu

P
dlo

7

ol Jft wlo

o ox rlo

z [
T 1R
X

=

NS to MR w2 =
fr e O X Jn 2

¢

i)

ot I i
o X

2. HIME FE AT sz

23] dEHs goiste] B Fig 13} 20049}
o] Fd v4 EFNTE AR HEskal Jlen
Jrseel o8 FEAew gEHH Stk o
EEFEY F5AQ B Wge ve nAy
A o dHA gz F sEANEE)
o R FAHAE AW PR ZAY F
Ak AW A AF AR HAdE dRrew
LhrolAm Adel] Fy3 ko wol APAES
K, A% 3l digk A4S Kot 49
st doidem Arles AAR 24 W] g
Y AES 44 K, K22 7HdE 5 3l
thoolEek A 9 wAE AdAEeR AolH
= waAMe WMel(u)-H(0) A e A
o] FolRh(AH e A

00 (uy) N l(Au)z 0’ o(uy) e
ou 2 ou?

~o(uy) + K, -(Au)+K,, -(Au)* atu=u,

o(uy+Au) =o(uy) +(Au)

M

2
where, K, = Bo('a(uo) and K,, = 19 O-(?D)

u 2 ou

of wAAWA Fit 2eup HrERE A
QA W mE s @l WAk ol
ol o) Fig 314 YeRlT 3)

y Incident wave

Reflected wave

Transmitted wave

Closed crack

Fig. 1 Schematic diagram of acoustic scattering
at crack interface

Fig. 2 Close—up cross—sectional view of crack
interface under compression

A=kEP—cp)

Fig. 3 Reflection and refraction of oblique incident
wave at crack interface



378 A%

[e]

F5 g

Fig. 3014 p0% Slabghe] duA At e
(propagation vector)Z, pV), p®)= wiAlsle] Ewjel
Yopg o] ouA Ast wes, g p® pW
= Faae] Fukel AgAES 47 v
ofw oA Hut #E] pe] 913 A(superscript)
TEe REE FAtEH 2 1% 32 T A
g 28} 4= HuE AAg ddde] Hy 3
T4 F 4P 99 71 AEE (0, ) T g
e oo JAbeh, A, vk W WEE d o)
# ] (propagation vector) p2} X HEH zZ XA

sha vhest g,

i . pO— ct . - N
U (z,t) = Aje™® P(o) Y [sinfy%,+ cos6,5,
U (g,t) = A, ”( )”” [sinf,6,— cost, gy
U (g,t) = Azemz(z cpioel) [c0592i1+ sinﬁziz] )

2 iky(z » pO—c . . .
U (g,t) :A:;ezh(z POt [sin0y% + cosbyd,|

iky(z o pP—¢ . : .
UW(g,t) = A,@‘k'( P cos0,4, + sinb 3,

71N UV ab Fakel W), uWs ute
WAL Fatet A, aga U0 uWe R
sheh Gute) WS EAHS, k45 7 95
strsh 2718, a8i o Foksh Fuke] 9

of\

3. HIMY AHMe U™

=

23 7E AN FEE AKH AR W
7F EAEo|BR o] EA&KAe o3 whEoAlE
ol dllad & xxlo] dasith o =1
S AU s B8 dgGAW dske] 3
I Y] BAME FHTORA dojd F Y
[6,7]. A Fig. 39 23 ¥ AW, F z,=00°l

z, =070l A9 &3}

i

2

]_

Of

pavaS LR~ 711],:;]_51 A

1 ij
2~
ALl B2 zy,2, 4

of tiaf thEah 22 dAL2o] YT

oL
oft

(0) (1) 2) _ (3 (4)
Ty t Ty 75 =Ty +7p

(0) (1) 2) _ -3 (4)
Ty Ty tTy) =Ty 7y

1 x, direction

1 x, direction

AN &8 e 9384 me A9 W9l

2

UG o5 wEelAE $Ee wAWT. T
z, =079z, =0 0A] WAE A7} uf
2t EAE
2ka EAlE} A4 W
22 Adel A1 WEky gl ok

B A0 AE ARG ol 3 e 2

o] BN & gtk

3 4 1 12
Téz) +Téz) =K, (uy —u))+K,, (u; —u,)

:x, direction

4)
(3) “4) _ u 1 u 12 (
Ty + 7y =K —u)+ K, (' —uy)

1 x, direction
1714,

w' =u® +u®, u =u® +u® +u®

wd =ul +ul?, uh =ul” +ul” +ul?

2@ 99wl AR 2p me W e
U™el me A5 olg] ZAK(subscript) n-
wowe] Uimel g p, Wake] RS vEhdth

w5 A HE 7Pgate] Azl digk RS
Alg o) Fa0] WRorRE A3) @) 7t &
g AEES e o] EAIETHI)
7y, =id,k,[(A+2)d;" pi" + Ad" p;" Je"™
oy =id, k,uldy" p" + 2dy™ pile™
O]

A®AA 1, =k, (ep" +apf™) 2d pipy

© Fig 30 UEhd 2t shge] st wg pnel
Ty e Aielw, de wguE Uie)

YAeEe B AHRA A e B N

- 2

d™ ) .,z WEF AES YERAY.

oX,

4. BA #E AHML nxn Ll

T4 WA @RFE WAL Fdute] 1xy)
E ATHE ol &3l Ats] fEAe 4 T
AAg Ao figk ME & FEllof shed olE
Hafide w8 Al Snell's laws WA -

S Aol frmE HAdE A



v 57 AAEE A A 3278 Al 45 (20129 8Y) 379

Sz wslel ti@ A 2Ae HAgFoeA ¢ ez A0H @AM T@ RFs 4R
ST 5, B AR 1AM BAIEA (3)°l (A, 45, A5, AT 22 2T (A, Ay, Ay,
Ay S1d 2AoERE thedh 2 snelldl 409 Astete] u]AY AL AWelN dojA
B3He] dojAlch. wabssh 249hE AAsan.

sinf, sin@, sinf, sinf, sinf,

3 ¢ ¢ ¢ c (©) 5, AR 28 AHAAML mxnr Y
H(©O)F @y =004 Y A&z omNE 4 SF oA fredt AAA (9)°] Akl BAF
o8 W Aus o] i AxxA9 A4S 4 dAAHANA BAS= 22}z R A&
sto] Ao FA A T3t g} A FARE 52 Gab elols AE®)oRRE B

= owgg wabssh Fane 23 mEs YRS

a, a, a5 ay||4 b, HAFoz Yehlre Ersst. ez

ay Ay Ay Gy || A4, _ 4, b, o Matlabs ©]-&3F YAMEALZFS] wigle] wet

o @ ay a4 b FE 24 wassl 92 e 2qug.

22} mzEue] = 6] 7(41: =

A, a, a; a4, b, b Al & 294 ¢ =5

3

o Al

WA el A7)l uwhet 37}x1 s li o}oq H]
Al Ay QA A7)(E g0l A, 4, W HEL
A, A s WAL Fobet gl R Fokel 3ste) Aol FH oA
28 247 vehid Al AFRE qpf b, 0 AT 2=
= Lame constant®} F3=, AR AA, Ao R ¥
TA" AdgolthAppendix FHF). A(7)olA e
A8 sle Ay gdAEe 8 oA Tt

2
% ra
[e]

lD}(Appendix Az, a1YuR
= 7374 Al 9(specific interfacial stiffness)
£ Aosted AL FALFEA AW Adwk

W wlalmie] F7)2 AAEE o] ®id, oA S YIEss FurER i #@, 5 E—O«i %

T K, =K, =0%1 Ao WARek Fakstel A7 o o) ghe mas} wAle] Fe @ wWSetu

g ouan stk webd B wmRelAE o] mAWBAR
oAl TR MY HZRE ARFAE YRel W) go] 1Y W JFow aud 4e A9E

AW ABEL olgslel 24 1z YRS AWRAel e ASw a@m o gol 1wt

FEF 4 otk TAHL PR JARE AL F ASE ANGAe] 2 ASE Rt nxy)

shar wbabte} Fbvhel WSMEL AR Fae o WaE 2AEIY

AR} 23 nET R ow o FojArta A H

FoolE AR Ael MUt HAL 24 2 54 e a0l M B BH(—<1)

z3h Qe A718 AAsqh olgd 23 nz e

AT IR WAL SAAA, AL TR T g o) e eol 97 wAwel 44

sheb ool G A A A Ay AT B G s suo) ol gEMAY W A

st A AL o5 ol A7) AR 3 Aol ERolt}, ez A AdHe LH-wWy

s AT dApet FH Alge & A QoA mAFAel 4 =7 eht

Appendix %) oh Fdel QPR Bohd o= A% 9
a, a, a3 4, A12 fl i]}j\é%}@‘ 7—3%3}—7’— # fl:_ %j/ﬂ s
ay Gy Ay Ay Azz fz %sz(ﬂ Zﬂi?g; ?74]31;?— EE}\_T 9ij\qii = %i
P ) = . (8) ol A= olgfgt Aol B 1x2IE 2,2,

U | D B go wARy 25 Koo B9l o)

Ay Ay Ay Ay A42 f4 ° pew



380

o
r
Jo

i
o

Fundamental wave w10t 2nd Harmonic wave

T T T T
< Kin=KIn=158+8

T T T T
— S R1=K2=15e+11

Amplitude
Amplitude

o q H H | |
a 20 40 B0 80 o 20 40 6O B0

Angle(degres) Angleidegree)

Fig. 4 Variation of the fundamental and 2nd
harmonic component(4,, 4,,) in transmitted

longitudinal wave

22t azxme] F7)E ARbEITh 4 Faate]
g AuEd BE W o8 T3 Fube}
J7t SAl BAERR 2 F 2T o
o] 71&de} nxs S AXESith. Fig
© olFolA T Fdo ARE vEhd R
5o afe Vv R4y AVEsE

, 52 23 x9N A,,)e A7) WEkE

m

Ea
2 A7N(Ay) Ay Asp/ A))E AZE FEAISEL
& Ax 7] Zh(degree) S WEFWITE o] AAk
AHEE A7 el A % Fig 3t

24
"5

SRR
]

N 0

L 0w

N

ofo —-

et 2

rE

ol

ol

Anj

=

= do

u

N

52

¥

)

o
o Ty
(o}

9 o
4
HSAiii°4
i
o,
o ox

o N o
o
4=
N

-
o
£
ofr
ol
)
2o

N
N
&
A/
>
>
HoE
=2
)
o

2y
)
2 ox

[0
ol
X
20 off
5w
i

)
2
)
o U
o,

o rf nR _*% R
olr
kI

¥ rr
PN
&
N
W
X
o
2N
2L

X,
Lo
ol
o
g
rlr
=
BN
o
oX
S
-9
Y
Lo,

z

_o#
R :)

M 2 ooz df x> Ml X
M
rlo
)

0F 2 1R

X
g
oz oo
of\
<l
1o
o
o
N
r
o

i =

Fundarmertal wae x0T 2nd Harmonic wave

—&— KiI=K2=158+11

O Kirek2n=15e+9

Armnglitude

0 40 60 &0 T 20 a0 60 a0
Angle(dearas) Angleidearee)

Fig. 5 Variation of the fundamental and 2nd
harmonic component(4,, 4,,) in transmitted

transverse wave

Fundamertal wawe w100 2nd Harmonic weave

— & — KiI=K2=14e+ 11 O KirekKIn=15e+9

Armplitude

0 20 40 B0 80 0 20 40 60 80
Angleeqree) Angleide oree)

Fig. 6 Variation of the fundamental and 2nd
harmonic component(A4,, 4,,) in reflected
longitudinal wave

T ogEA e % & Uk

22 Fig. 5+ Fig 49 28 53 319

Z)esh Rk 23wz A

Fig. 504 #3e] 7|8a YRe) Fgol

Tapel vRZRA R AARZEE 0004 90°7k#] Bt

MRS W RFo] G oew Agdt ey 23k

azxske] 4715 B WAl v gl HE]

=
o,

ol
-

24 red), QIAkZe] 0dlH aFow Frte &
300 2ANA gFastrt Al 707 FhE F
000 4] E ThA] hadhE AnE welFa vk

aeBE Fig 59 %3 A5 A9t Azl

R LR EEEE

r
=
w
n
_E

N
i
m
_E



vy} 2) AALErs ] A 328 Al 45 (20124 89)

381

Fundarmertal wave wr? 2nd Harmonic veve

T T T T
+K1: :159*11 2 Kin=K2In=15e+9

Amplitude

20 40 60 a0 20 40 B0 a0
Anglefdegres) Angleegres)

Fig. 7 Variation of the fundamental and 2nd
harmonic component(4,, 4,,) in reflected
transverse wave

#e JERTE sk SR A g
90°ell A} BhAl Z o] o] TPASIAE AdE Ko
T QIR 22 arEvke) el el & A
ofel 0oollM 50°7h4] A&k F 70744 SIS
0}3}7} 90°ell A} ThA] K1e] gho] 0°] = A

S Hel T gAre] 0o W wiAbte] ]t
J+$ Eur 27 2 H%ol i %k% Mo

o

45°5 AUAA FhAste] 90094 thAl FFo] o
o] H& ZAAE et 2 1zt Ag-ol=
Hl=g HelS el AR o] 60° rkell A
Ho WEE 7T 2 Fole ZHAaske] 9000l
A gl 29 gho] 00] H ATt

Fig. 4°14 Fig. 7748 235 = o HAW 7
dol 1Ht} 22 A, FRpuke] 7 Foig AR
o) walshel BT Aol sl w9 2gol
L ETebal, v Fakste] #Algle]l BF 24}
wzsh g 27 BFAeE 2 Aol o
2RS4 F vk oA HiA Aol 1
Hoh A2 2] #deY Agole nAdd =59

Aol A FahhE ARSSHE ohdw wAbEE o]
S5, el Fsksh Gk F o= e o183
£, 272k axshe] A Gge] SHee 2 Al
b 9eS dvidith ok FabtE olgshe g
A= FITL wALE olgshi gl it
AR Ede) B gelo] A Aew ek,

229 By st 493 A FAwe v
W7ol 190 Al dlslA AL 7ol <l
s 2 L AT nxs Jrg 2A
Ak Fig 8 AAMAACl £4 R FHUFe
2 25 ST=19) Aol distel FakEd) $
o) mzst e 2718 YAZhEe] Walel ue
AR Rolth, 711 Fak geel B9 Az
S 0N 8074 WA W vehbe W
& A9 mzd o 06 FE kg ehir)
L Folli= 1 ogkol wAs] FFaske] 90°0A A
Pt 54e Yehgleh 23k axshe] P9l
0°01 4 90°7b4] JAzEE WSk ) 000l A 7
Zo] Aujgte A ARIA Bastel 90°014
[ex]

al
zerooll 7V7HIAT). o

glo] 7|®wte] 27)t wlad <)

=
23] = Felo]r] wliol YAt
2 A 3k
= AgFez g4 WA

(60 ol3olA) 23} 3
St e % 5 gk

Fig. 0t 2/ ZGTA s %3t Yool
o A Asteld] 71wk 4] A Ak
wet AEo] Frhett vhA) gl 23 1%
o] Aol W% ol vehhAw Ahg
o okt e Jlom A Thgomy w
A Fre] AEstel 23} mxel di@ 2] wWs
£ Fig. 109 Uehdigleh 71s AR Az

"M 60714 Rpad F 007kA AFol e
o% AgHomt 19 ge A 23 axvhel

Fundamental wave

x10°  2nd Harmonie wave

—E— K1=K2=10e+13

< Kin=K2n=15e+§

Armplituce

1) 20 40 B0 80
Angletdegras)

Fig. 8 Variation of the

1) 20 40 1) a0
Angle(degee)

fundamental and 2nd

harmonic component(4,, 4,,) in transmitted

longitudinal wave



382

o
r
Jo

O

Fundamental wave w 10" 2nd Harmonic wave

—a— K1=K2=10e+13 2 Kirek2n=15e+3

Amplitude
Amplitude

20 40 B0 a0 0 40 &0 80
Angle(degree) Anglefdegree)

Fig. 9 Variation of the fundamental and 2nd
harmonic component(4,, 4,,) in transmitted

transverse wave

F undamental wave wn® 2nd Harmonic wave

@ KIn=K2n=15e+9

—e— K1=K2=10e+13

Armplitude

050t

0 | H | H a H .
1) z0 40 B0 a0 a 20 40 60 a0
Angle(deqree) Angledeqree)

Fig. 10 Variation of the fundamental and 2nd
harmonic component(4,, 4,,) in reflected

longitudinal wave

Aol Gz ool A Hr) AE g2 A F
AFo] A% padtel ool 09 e A
Ao v,

Flg HAAE W Fste] W3} Fol g heh
rlest gee awﬂcﬂ 004 45o71A] 2]

el 09 e 7

rle

W% B 09 Fue) 9o0e) meo e
2 54¢ moln vk FivolE walgtolE
Foe] Aol FAUAIM 7P 2 nzart
AR F dAbte] STkl e Ak ghaetd
90&=ell A watgih. whie] upe] o= &

AYAAAE 23 A e et
el Ak 7

Fundamental wave ¥ 0% 2nd Harmanic wave

—E— K1=KZ=10e+13 C KIirEKZn=15e+3

Armplitude
Armplitude

20 40 B0 80 0 40 60 80
Angle(degree) Angle{denree)

Fig. 11 Variation of the fundamental and 2nd

harmonic component(A4,, 4,,) in reflected
transverse wave

R = =
Hola gt} F 71X BRE 9 21 1nZRIE BE
X Z zbolE YERNA ki JYAIRE

A *

$7b Andow ot o 2

Fate] ool 2k 54

2T olEd Aesh ge FAARS
AR shee] 27124 A2 5 glon TR

o] 3ol ofd FAAE7] Ao Aweli FYut
4 9th Fig. 12+ ©] A¥E oA 4 F3
F3lo] MAYEAS QAlztRe] Wl wal AL
& oItk o AN ALgE wAWAAL] A
7= %:100011:}. Fig. 129 91do] LEpd 7%
Fohg RS QAL 0014 90o74A] W BHAZ
o o QWEo] Al 19] e AGEA AL W
W 23} ;] Ao= AEo] A 09 He
a7 74 ol o]

Ae TR} 438 U
o
=]

@781A) e slwste] A7 2a mxshe] 2
7k skEA g A4S e THE e B
% sleh.

olRe Aol §HE A3} e ABS 3
7 el AR gahwe] Beisyol Ao of
o et Aol e HE uHFYe] Mot A
& w9 1R nzRE oW AP &



v 9} A ek A Al 329 Al 43 (20121 89) 383
Fundamental wave w1o®  2nd Harmonic weave Fundarmertal wawe son® 2nd Harmanic wave
1.5 T T T T 1.5 T T T T
—e— Ki=K2=15e+15 © Kin=K2n=15e+9
0.8 L Y s St S A F S R S A,
gu.a % é ,,,,,,,,,,, é
H H £ £
0.4 05f--
0.2p--- ; _____________ ol
UD ZID Ang\‘??‘ntdegrsg EE ’ EID Amgiﬂ:degreag E;D o 25 Angl?(ﬂegree) &0 ! s Ang;o(degreee?) @
Fig. 12 Variati f the fund tal d 2
g 1 ana Io,n © e fun amenla an ,nd Fig. 14 Variation of the fundamental and 2nd
harmonic component(4;, A4,,) in transmitted . .
harmonic component(A4,, 4,,) in reflected
longitudinal wave L
longitudinal wave
Fundamental vwave s w10%  2Znd Harmonic wave
[e—xmiamss) [ s isers] A& F& BT gtk v R WA} 3o
I I Agol® e dns vehire BEA:
I U SO NI O S As}A] roret
O
= = 6. E &
P A SO S P S O U N
s e (3 ZAZT DETLe| HBBA)
NS TS T o B YAzhe] etz e oA 27 nzsel
20 40 [{1] 80 20 40 1) BO
WE 3 /b 5Wd FEod 54 Aol
Fig. 13 Varlatlgn of the fundamenFaI and '2nd 90%wo] e Wi = 2oule] A wakh 7
harmonic component(A,, A,,) in transmitted ) :
o) Wape] v wels PR WAkt mE
transverse wave
g gEsta 2 nzske WA Wt
SHRAE ©) WA FUL AN | olth ma wBA Al A7) 1ur b 2
= REEol7|® &t 19Jr H| =3 Al A 8- AFolE (A 23 dEAUY A Wbk}
) EEHE YNARL A £ JASl AR R, 20 T sk Aol 24 2
237} Fig. 13¢] 1)rEWr Atk 3o A =3 = A A7IA FUTE oot FA GAR el w
o A% TR Al A5 AN T AF £ 24 nEske WakE 5 doh 2 Wi
o] A 0x2A W7t glom, 23 axute] - ol e o7 = e 2 R i ) P ¢} 1ol 7HAY
%o E AZe] 00 Atk Fuh g5 ang g A$ F ey Aust ds 2e
o AfAE 74 TAGE 9 B Anl B Afde 24 22 yes 9u AN ¥
g ol A2 ZalA EE IAR = WHElo Huts B2 WAL A = ?ﬁ}@r gato] TAF
GolA el wE BAZel o) 0 A% @ o w2 BASon A4z e s
S 7HE RS HolFa g - 2 AS 1T & AT
Abrte] Fgolw oleld dubrh deixed) aeeR AA Ak 23k 289t @9 Wl
Fig 145 A 29 2938 QARG o A Fash wabrh ddofd  wlshe nzvhs
o WEOIAE WAL Fuhe AN AuE ekl Az ghe) 9] gwel wet sl gt
oo Rs R A9 23 maw AR 4 A @ 4 Ak old W maY xe s)s
FAE B Aol Wslely et HEHS A9 oA F&EE uAY AF AT dEe B
0o oz WSk Awel s A v uet A weh A S e FAAG F, 0]
g Fgolr] wEe Wbt F Aol @ AY ALl /lEREsE YR 2719 AR h



384

3

Fojo
3
Aol BAA A

2] =
HET

ol

171 o

S

QA o)z

o) ANzl wet wAE A5el

Hel

7b Aes7] Adell=

=
=

O

AF
o
0

b

ol

<A

e

701— d

¢}

S

A Aol AaEA HL

p
L

A

o°

7HA =

O
=

%ol Fk

)

O]—/\

H]

gute] FAssl WAk

N

FATH10].

S

(K, =K, =1GN/m)& 24

il

AV fastes sigleh. ey AA

7}38]

2 F

7}

=
H

HAE TEelds T3

A

3
T

=il A

2

y
)

%0
1o
ol
A

ol

nE

CENEEIE CRUAS R

How thed of

3} @47t

o

)

of g Aol Hig 4d 2

=
=

ge dva

=N o
Hﬂﬂﬂi )
R )
Wy o X
PIRT A
— B o e oA
K\W o w
AeTLt N
TR A E N
ab‘l_ﬁl_/,mﬂz.*ﬂﬂ
w0 B o T
N m) o ok
R RS TGN
O#Ll, _WT
ROR A e
HIQ.HMWM%%
HT,ﬂlo.#q‘wLi,_ﬂmu
Bxwe N W
i%%wyﬂm
TR E DA
ERCIC )
R e i
P ERX ST
@mm%frﬁﬂ
,0340#2K29
R TN
Aﬂg:.mkﬂ
= RT T
‘uAlo‘_tU‘_ﬂMOZr!‘Ol
X o M
STxwm B
o) = 1~ W
o W T N A
mwoﬂ,m_ﬁwr‘rl;l
R Ry
Fex R
J— 3 N
WWOA#_:K%SLO_E
mwoz.#od,ﬂlwlMMﬂo
W ook XNy
FEsE M
o oE DO R
o T RT A

Ml
£y
~
o
A= =Y
="
n_mo
Ro T
= B
=
o) B°
o T
T
‘.m.,o
A= X
w
W
CUNCE
A oF
M=
X o
T RO
o ol
HJ
i)
o T

Foich.

S|

AEES

=]
gul

P7HA 2 o] 2§t s=2ell A

uh

~

A%

=

L
.

(=l A

a4 Aol

Fom o

S

o}

14 7ol

3]

Ean=4%
T=

A 7 A

gl

15 AR gk, = K, =16N/m) 2= 7HE

X

i}

wo] ohjet el

R:L:]
RN

BE=(AEAE)

©
o

701-/\6] g/{—‘é_(](ln ’[(211)

o} agRr=

i3

A3}

kst Aol

8773

|

A



vy} 2) AALErs ] A 328 Al 45 (20124 89)

385

3)

4)

= 0gd A7t ek A
A0l AR
szvhe o] walelx) ghow,

ol mwA A FAel 49

el

ol
ox,
e

i

oX.
IA
=
rlr
o
>
)
2,
=
i)
[\S)
2
k1
N
=)
=

oo (&

S

EAsg

ol
=y
e
‘
o
o%
&)
9
P

gtol] wls) wl=E 715 7t
A AAalzto] wi§- =#] gkopd A
o] HAFEALS o|&3te] TES AR
Wo] 7hd Aoz shaEd)
wAlel FA ko] 23 wETE AW B

=
o
o

Aol 3 mu= 24 gl o nzted
Yoz FAEG A FLelld ddidew

-
g wgd Ao 2AbE g

o] =i WIS ET(MEST)S 37l

Sojstae] A Yo FeEglom o]
A=Y T
k|

(1]

(2]

(4]

I. Y. Solodov, "Ultrasonics of non-linear
contacts: propagation, reflection, and NDE
applications,"  Ultrasonics, Vol. 36, pp.

383-390 (1998)

C. Pecorari and S. I. Rokhlin, "Elasto-plastic
micromechanical model for determination of
dynamic stiffness and real contact area from
ultrasonic measurements," Wear, Vol. 262, pp.
905-913 (2007)

S. Biwa,

"Stiffness evaluation of contacting surfaces by

S. Hiraiwa and E. Matsumoto,

bulk and interface waves,"
47, pp. 123-129 (2007)
S. Biwa,

"Experimental

Ultrasonics, Vol.

S. Hiraiwa and E. Matsumoto,

and theoretical study of

harmonic generation at contacting interface,"

Ultrasonics, Vol. 44, pp. 1319-1322 (2006)
[5] K. Kawashima,

imaging of

et al., "Nonlinear ultrasonic

imperfectly bonded
Ultrasonics, Vol. 44, pp. 1329-1333 (2006)

[6] N. Kim, K. Jhang and T. Lee. "Reflection

and transmission of acoustic waves

interfaces,"

across

nonlinear contact interface," Journal of the

Korean Society for Nondestructive Testing,
Vol. 28, No. 3, pp. 292-301 (2008)
[7T N. Kim and S. Yang, "Reflection and

transmission of acoustic waves across contact
interface," Journal of the Korean Society for
Nondestructive Testing, Vol. 28, No. 3, pp.
292-300 (2008)

8] F8, Axfr, "FD] nEI} WA o
B RALLNN, PRADPEFHY =2
], A224, 6%, pp. 573-577 (2009)

[9] J. D. Achenbach, "Wave
Elastic Solids," North-Holland Pub. Co. (1973)

[10] Nohyu Kim and Y. I

Estimation  of

Propagation in
Song, “Ultrasonic
Interfacial  Stiffness  for

Contacting Surfaces", International Conference

on Experimental Mechanics(ICEM), Kuala
Lumpur, Malaysia, Nov. 29-Dec.1, pp. 157-
158 (2010)

Appendix

el &
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o= Q
58

Ayiky[(A+24)cos” 6, + Asin® 6,]
+Aik,[(A+2u)cos® 6, + Asin® 4]
+Ayik,[-(A+2u)sin b, cos G, + Asin §, cos 6, ]
—Aik,[(A+2u)cos’ @, + Asin® 6,]
—A,ik,[-(A+2p)sinf, cos @, + Asinf, cosd,] =0

(A2)

=13

ar5rol el

.Ib

=7

(=

&
oo

Ayikyp[2 cos 0, sin 6,1+ Ajik, u[-2 cos 6, sin 6]
+ A ik, p[sin® 0, —cos’ 0,1 Ayik,u[2 cos 6, sin 6,]
—A,ik,ulsin* 0, —cos® 6,]=0

(A3)

e

A

(4EIYso| He-22

Ak [(A+2 ) cos” 6, +sin” 6,]
+A;ik,[(A+2u)sin 6, cos G, — Asin b, cos b, ]
=K, {4, cos 6, + A, sin 6, — 4, cos @, + 4 cos 6, — 4,sin 6, }

(A4)

H

%)

A mid}
(g

A, ptik,[2 cos 6, sin 8,1+ A, uik,[sin* 6, —cos’ 6,]
=K, {4,sin0, — 4, cos6, — 4,sin6, — 4 sin6, — 4, cos b, }

0

of igl-g2

=

(A5)

A BN ko by ky by ki HAET, WS
v, wAlgy, #dEy, 2E3ue] 945 47
YERW A, u= Lame 45 ZAISHH(Fig. 2 %
an). B3 A, A, WhAbake] Fuhel Fulel g
7o A Av|elal, A, A+ =Eve
oo} ool g V| EFae AR 3715 Y
Ebdith A (A2)-(A5)2] ¥l A& A, A4,, 4, A4,
el AesiA Pdrow mASA v 2k

a, a, a; ay||4 b
Ay Gy Ay Ay || 4, = 4, b, (A6)
Ay ay Gy ay || A b,
a, a, a; a,||4, b,

o] 7] A,

b, = —ik,[(1+2u)cos® 6, + Asin® 6,]
b, = —ik,p[2cos 6, sin 6]

(A7)
b, =—-K, cos 0,
b, =-K,sing,
a8

a,, =ik [(1+2u)cos’ 6, + Asin® 6]
a,, = ik,[—(A+2u)sin @, cos G, + Asin b, cos b, ]
, = —ik,[(A+2u)cos’ , +sin® 6]
=—ik,[(A+2u)sinf, cos @, — Asin G, cos b, ]
a,, =ik pu[-2cos 6 sinf ]
a,, = ik, ufsin’ @, —cos® 6,]
5y = —ik; 2 cos @, sin 6, ]
o4 = —ik,ufsin’ 8, —cos® 6,]
a,, =—K, cos b,
a,, =K, sin 6,
n =K, co86, ~a,;
a,, =—K,sin6,—a,
a, =K, sing,
» =K, cos6,
a, =—K,sin@, —a,,

a, =K, cos0,-a,
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U(t)

(D(1) =
O = ey

(A10)
e Ad wAbse] Ful/dstel 2Astel
TWEALE Ay Ay, Ay, A= 0183k A
(A10)AE TAE = ok 2(A10)02 A A (3)
3@z Folxd WA ddeli ol
o 42F F ool 9@ 1A e 2AGA T
P IR o DA =X P NN

0

a, a, a; ay |4, A
Ay Gy Ay Gy || Ay _ 5 (All)
a4y Ay Gy ay || Ay £

a, 4, az a,|(4, Ja

2AalnelAel Ag B4 a5 AAs)d o F

ojpor -3 Ag LS va 2
£=0
£=0

f,=K,,[4,cos8,+4,sin8,— 4, cos 6, + 4 cos§ — 4,sin 6, T
S, =K, [A4sin6,— A, cos6, — A sin6, — 4 sin6 — 4, cos &,

(A12)
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