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Numerical Techniques for Modeling of Ultrasonic Testing
- The Finite Difference and Finite Element Methods
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Abstract Due to the great complexity of the physical phenomena involved in most ultrasonic nondestructive testing,
the numerical method is effective in many cases of their theoretical modeling. A brief overview is provided in this
paper of the numerical methods used in modeling ultrasonic nondestructive testing, with an emphasis on the finite
difference and the finite element methods. The procedures of execution, special considerations required, and some
previous research results of the finite difference and the finite element methods are presented. with a rather extensive
list of work reported in the literature. These numerical modeling techniques for ultrasonic nondestructive testing are

expected to be more reliable and more convenient, as a result of the continuing technological development of computers.
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o024 o]itsl(discretization)® AEWAAL AN
33, o AR FRH o Fo HE Faie
Wit} o] Wie] gyHol EAH 02 A 457 Al
2hetd 19603 o= 1 g EX = CRAYS e 5
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Fig. 1 Two-dimensional elastic wave
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Aol A& W, uf = A AXY &, v) A7}
G, N AH 1A A A ZoAe] X oz WYy
E vehdct 4 (4 explicit M3 )2l Fe o)
B2 FHAd velE (L)) P G+ A A7
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EE. 4 (4)7} Fig. 19 A< thgt A3
2A 543 AL o). FYARY ol = n|
& A3 WYe oS- dekslnz, 8o oe
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#}. HI2o= Lino] #A9%e] f3AEUS -85
o JPdg OFRt AEVIH S Do Al &9
3171 = S TH21).
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2e teiR 348 e AR EEY ARz S A
o= Fdsh= 7= JEE] J1t(17,22,23).

ekt FR9 R dE ASEEAT, 4
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HQl BAE ZA slo o] AAA FAd ez walg
7} AdH e Rolt}, ol 79 vkt Azl
AR Zog Avgd ge} A3z L A n
#ReT JE F99 AP HNE 5 s AER
EZHAA do). o] EAE 23] s, Ot
Z79 E4 AAZAC] meHe] gt} o4& B9,
Clayton¥ Enquist7} 7143 &3 3 @A o] &g
H2E&58 AAZA (wave absorbing boundary
condition)e] 3L(27), & Kausel®} Tassoulas’}
AE £33 AAZA (transmitting boundary
condition)®= UtH28). 53], HZe 187 W
B B 4% AvS 2 dAREE(perfectly
matched layer)elgle 7] Ad=HAed, ol
Berenger(29)¢l <ja) A7) ttel] disf WA spdd
% Chew and Liu(30)9 23} e sl &5 Y|
2 A=

3.3. X

B AdMe gIg AR S ol gt de A
2 2Ag 2 7B 2. WA, Yamawaki (20)
7} AALE RS ol 838le] Erdte) WML E 3
g A3} Fig. 2¢9] JYelslth. &, Fig. 2(a)9) 2
o) A-FEA T HolA ARl(sine) TS5 Fele] 5234
W Po g /AT 9, /AP RY $59) AFEAAY
o] & A (ol=0) B 2L YA|A Rol=h, 2h, 3h,
-+, 6h? FEoA SAs = FHAY (A9 $2d
(AN)E Al vl a2z 2 a8 Fig. 2(b)ol
VeI TH20). Fig. 2(b)slA 7.5 psec A OIA
AlZE e R9rt FUE A Heold 4.5 psec
A9 vl A o A7 Asjoln, ojHF 2
= A4 (31)9 F DX Pt

Fig. 32 AEHEL ol43ld AE5PI4Y
(method of bicharacteristics)® A3} & Fgo
24, 378 Fa7 Fdd JAtEo] Fdol H33e
73$-9l AN A3 doe)ti(21). &, Fig. 3(a)
o} go] A2Zols} 20 BRel FYol T dolg) ¥t
o JlE ko g o] i, Hue] olgfHeo sy
B 9%oz 3 Zo] A dA HA Fu7} AAE
E ASolt). dAF 3= Z 3H/291 Al (step) BH
o FraA o AdL A &Fo| Fese] A
2oz WAYrl HAsk= Asto(loading wave)d)
PFelolm 1 Foj= gA] &Fol AAH] Ad 2P
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Fig. 2 Displacements associated with surface
wave: (a) sinusoidal excitation on free
surface, and (b) resulting horizontal
displacement (solid) and vertical
(dashed) displacements at locations
near free surface (20)

o2 At &4 & Aldo(unloading wave)<] 3
glelt}h. Fig. 3(a)dle dAlute] ddo] E& 38
3] B3 S W T E A8 shEe] X ¢ Fdol
=AAoz JeEudd. &, QA Fe A9
(loading wave)dlA 1 F3% £ TS TR €2
B2 adz Agdtan 955 LA ilse o}
gH Fog Boloy W, FIHTDNAN HAH Fut
(3% )9 33 JEE )71 A Ho] 7#E A
(crack tip)S $4o2 3= 98] Foz Ax
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g} Fig. 39 A%, dAttel Fol(unloading
wave)t o} Haeo] olejRAd] sirto] Y51 A
o AZo) A #gRe] =g Md(loading
wave)®} viR7A2 yAl B A" Aot} Fig.
3(a) B} Alzte] <zt o] Azkste] Jatute] Fojzt
Agre] Wity B} #do © J7eR @ Azt o
3ta] AA ANE £ A7l Fig. 3(b)el vept
. o] A4tg FaA gl glojA], BTl o3l U

£ 28A71A5(stress intensity factor) K,©|
A g2 A A (fracture toughness) K, o =2
& wjie), #gol TS £k ¢, = 0.48526 ¢ 22
A Aoz I, wakd, Fig. 3(b)el 2
FdlE Fig. 3(a)ol AR 3 oo x 7de] 4%
o2 Q&) A= s gEo] ¥ FAF ] gl

e 1t
il
loading wave - \\
e AN H
AN
IH z | { 0 \ ~i crack
T - o
scattered ~ /
wavi>a v Vi H
[I,CI o \\ " _rveflected wave
unloading wave monitoring points éc,
ABCD
(a)
ot crack surface
R 0.85 .

Rayleigh-wave by crack growth....
S-wave by crack growt!

P-wave by crack growth 2 monitoring points

(b)

Fig. 3 Wavefield due to reflection and diffraction of
incident P wave step from growing crack:
(@) schematic view of waves, and (b)
computed result (21)

3.4 Hat-Azx2 o

AF-22y) vdg -9 e} FIAEE ol

o s EREHIE AT, a2 AR FE
7} FAAERT FARBIER B =R ARy
o] ¥Fo] IFPAA AW}, AF-2AZy vd e o
AA)E 24 (lumped mass point)® A=) =3
o2 At wl$- 7123 B8 2dd 2A3%a
At} € B9, Harumi 5 (32-34)° oj4) 7ig€
22 FF-227 RddA= Fig. 49 Zeo] @44
2 2d3y3. O3-S desATY) ek Fig. 49
G0 ARG Fde AMH AZY 2ZYWNS F
A3, Fig. 49 2dof] ALSE A== F 7HA
ZFR7F ded, shve AR AP S Moz 443
Ay »~Z3(extensional spring)eli, = 3t
T AAE ddse A4 Ax W) g B3
dPAIF)= A8 2= (torsional spring)el
. Fig. 49 RN 2} A4e] 4% m=ph?0 =2
233, AZYPFe] A27 G vide] dx E
S 34e] gro g pa)RTh(35).

AolA AFT vhe}t o] A2 Bllo] AR
Aol 4 ()¢ Z& JHolug AF-22Y ¥ S
o] &3] A& & T/l YHE FRAREA 5
ettt AT AT A3 A x 3.28 dd v}
Zo] A9 23 uelstd 2P =, AHF
A Az AAANANY BASE AAT] A= Y
T 2l WAl AA L FARDE 468 5 Y
wetA, -2z B AE ST oA

o oo e

Fig. 4 Schematic of mass-spring lattice model
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Fig. b Modeling of crack in mass-spring lattice
model (32)

FEAEYT TL oA, BAE AHH &
zge] 2oz Yzshe EHAY 2l 71xdn
ke g Aelzt siek. 223, A4 A8l 3
oAl shtel 2 Aolio] JEdl, BF-2xy Bdd

Crack

Sinusoidal
line source
(P wave)

(a)

(b)

Fig. 8 Reflection and diffraction of plane P
wave incident on vertical crack in 45°
direction: (a) problem configuration,
and (b) computed wavefield (35)

e wjde AAHe G g 2L AFEHY A
g7} o §- itk Aot} o g Bof, A2
24 o] 83lo] #AE wd A3 A Fig. 59 2ol &
t}32]. &, o] RddNe #99 ¢F Hol M= 7
&3 glol ARFA B2 = dths Aol FAetsid
YL Tt E2E A2ZY S A (WARe £22F
AEE 002 $8)3e RAold

Ndd dag-2x7 2dg o] &3t RFHAE F
B3 5 71K dRE Fig. 6 R 79 YehAATH36).
Fig. 6(b)& Fig. 6(a)oll HSl nie} o] F2]ubake]
T WA o7t 45T 2 AT W o] hGS
AgF-~x27 2d2 A4 Aieltt. Fig. 6(b)elA
£ 8939 & B4 (pixel) S ¥ el Ao et
o] A= ot 256709 B M (gray scale)o2 E¥
& Rol, WMYI S5 Yol A A sigtA €
. Fig. 6(b)olA} B s50] el ol YA
wrt #EF FEHAN wabE del FEMDerack
tip)olA BAg ) FAYshe ReAg g ojt}, olE
H$EES Fig. 6(b)oA & 222 FAAEH, of
B2 YAEHIP), ¥AMEIHRP), WA SH(RS),

;

-

[ANA
(VAN

Sinusoidal
point source

i
|
i
i
L

(b

Fig. 7 Elastic waves generated by point
excitation on free surface: (a) problem
configuration, and (b) computed
wavefield (35)
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33 Zs(DP). A¥YsH(DS), FAH(R) B d=3
(H)elth. 5 AR A o= Fig. T(a)st 2ol 54
AfFER F AL /RS doln, 1 AXEA}
Fig. 7(b)ol Yehdslth. Fig. 7(b)8 2Felse ¥
9 2oz wxvrte F9P), IS, E4d
(R) 2 =3 H)E &3 & 4 on, <13
A £R13)9 M A &siA I

4. FeteaH
4.1. Z3utAle] Retea iy

olu] AFT vk} o], Z2FHZHAL £A1] Auii
21 & 23dA A gEdEH £ FEAANEY
(elastodynamic equation)2 24 FEHoz= 4
ZA¥ (hyperbolic) Bu|EWgdeoz BFd &
g8t e F2 FxENolY AT R=NF 2
o] e}9¥ (elliptic) ¥ ¥EA¥ (parabolic) Hrl¥
WAl #E Fat7] Ha AgHo] fivh Ykaoz
AZAY AV EEE A2 B9 E ® EEAH ) st
ol & A2 Qalse] glon, o Eald g
FAge] 8L 35S (wavenumber)st HHE
ol glv}, FAHeRE, FFad A V|8 het
g o n & 35 F k Alolelle o2 2 Ko] AY
ke AS 7|8 A o= JH(37).

kB = COMSLARNL otveesrremrmsrssermrmerrrernnentissasie s reeracnaaas s (5)

Z, Fog7) wolA k grol &% de oA AU
ARE AHEEA Yotk vlad FEY 2HE 4L
T AR, k7 AXE AAAo] w9 FFAA} @
. 28y, A7) FelAe el @A deEz 3
7t 23 g4 A, o F S°], mm 37l 2¢E 2]
93 10 MHzel 3] 2858 Atgdte A5, & 33
3 2070 =) 84F A&sfof At He B9 7
o] 0.03 mm A=e|2Z AAYL HA 1000%
1000 (23+9)) =+ 1000x1000x 1000 (33+¢) S
A Brh(38).

o7 g5 WL, A 5o A A4S EY
817) M e At o2 % v $- &A BEsloiof &
o}, o] 3 AL A&l A5AF(Jumped mass) S
ALg% explicit AIZFEEYY TY AFS A4
implicit AIZFHERE <]&3A ot Al ¢ 2
22 agty 5t Aol ABANE AfME vt
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Table 1 Comparison of total computation time
and allowable maximum frequency for
various time step size used in finite
element analysis executed on personal
computer (39)

Time step|Total computation Maximum
size 4t time frequency fipax
0.2 us 85h 0.25 MHz
0.1 ps 17 h 0.5 MHz
0.05 ps 36 h 1.0 MHz
0.025 us 78 h 2.0 MHz
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displacements calculated by finite
element analysis and by mode
superposition (39)
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Fig. 10 Two dimensional geometries with fluid/
solid interface (64)
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Fig. 11 Wavefields for problem in Fig. 10, at
(a) t=3, (b) t=4.5, (¢) t=5. (&) t=5.5
psec (without void), and (e) t=5, (f) t=

5.5 psec (with void) (64)
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