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Abstract

In this paper, a new algorithm for crack propagation analysis by using extended finite element method is proposed, and a
program which can perform consecutive crack propagation analysis without mesh-dependency is developed. In this method,
the singularity and the discontinuity of the crack are efficiently modeled by using initial mesh and modified approximation
for displacement fields without refining mesh near crack tip. It enables the asymptotic stress field near crack tip and crack
surface to successfully express. The crack propagation procedure is modeled by using linear elastic fracture mechanics the-
ory. The developed method is verified by evaluating crack tip stress profile and stress intensity factors of mode I, mode II
and mixed-mode fracture problems and the results show the effectiveness and robustness for fracture problems.

Keywords : extended finite element method, crack propagation analysis, linear elastic fracture mechanics, crack growth
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º æ

� ¢^öBº º²� �Wç~ B£�� ì� ��ê*�C� &Ë� î�Ú >~�CV»� {ËF�º²»j �Ï
~� ª~~ ��WË";j �C� > ®º r�Ò¾j BB~� �¢ :ûb� ��~ WËOË" ã�¢ º;~�
��ê*�Cj >¯� > ®º >~�C*��Îj BB~&
. ���Cö ®ÚBº V�~ F�º²»öB ÒÏ>î
~ "Òæ*�>¢ ��� �� wK 5 æ*~ ®�³W" ��F�öB B�~º wKß�Wj >~'b� Î;z�
> ®º º&~ V&�>¢ ÒÏ~� {Ë�b�� êê~ º²� Ò�Wì� �¢ º²ÚöBê ÎN'b� >Ò� >
®ê� ~&b�, F;êW2Z����ö "�~� 2Z��~ ê>f ��~ ê*";j >~'b� Î;z~&
. B
BB ��ê*�C r�Ò¾f Î�I, Î�II 5 b�Î� ç�~ &�'� ��^Bö 'Ï~� wK{&ê> 5 ��
WËã�¢ º;~� �¢ ��8" jv�b�� � ;{W" ÎNWj ¦Ã~&
.
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1. B �

��bö ª�~º ��f �ÏV*7~ ��' n;W

" ÒÏWj 6²�Êº 7º� �¶� ·Ï�
. ß® ;

Ò¢ &çb�� ��b~ ãÖöº B·.V";¦V �

� &æ ;�~ �^Ö�� ª�~� ®j öò jî¢

��j *� ¦Ò*~ 7�¦* �öBê º&'� Ö�

� B�~² B
. �f ?f Ö�f .Vöº �^� ;

�æò �ÏV* 7 ·Ï~º ~7b� �~� 6N WË

~² >� Ú¶ ;ê WË� ê¯B êöº B*'� "

&~7ö ~� /³� WË� ��Úææ� ��b~ n

;W" ÒÏ>«j 6²�Êº 7º�¶� ·Ï�
. V¢

B, ��bö ª�~º ��~ �ÿ" �� �� ��b~

'Ë.Gj *~� 2Z����" >~�CV»j V>

b� �¢ .G� > ®º 
·� V»
� Bn>î
.

�7 F�º²»f æÂ >�j* Þ&® ��ÁBB>

Ú J¾ö ��� ®º ��ª¢~ &�'� >~�CV

»b� æ³'� ��¢ Û~� ®�³�~ V~�' ß

W� æ~æ pº ¢>'� ��^Bö &�Bº �C;

�W(robustness)j <b�Bê ¶£² ;{� �¢ áj
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> ®r� Ïª® Ã«>î
. ��¾ J�Î»(Galerkin

method)ö ~~� Þ�ªO;�j F; �Ê�O;�b�

;�z�ö ®ÚB º²¢ ÒÏ~� �C�*(approximating

space)j �W~æ� ��ê*�Cj *�Bº º²� �

Wç~ B£��� B�~º �6� ®
. � ^Bº 


B'b� ��*2^B¢ �C~º ãÖ ��~ WË�ê

ö V¢ æz~º V~�' ßWj º²�j Ò�W�b

�� �Cö >'�¢ �
º ©j ~��
. �� �~

� F�º²»~ ãÖ &Ë ¢>'� ��^B� �¢�

�~ WË";j �C�ö ®ÚBê �C�êö V¢ º

²�j Ò�W�¢ ~º �6� æ'>î
. b� V�~

��¢ Û~� Koh et al.(1995)ö ~~� BnB �ÿF

�º²»�¾ Bittencourt et al.(1996)� Bn� ��~

WËö V¢ º²�j ¶ÿ'b� Ò�W~º V» 6º

Saleh and Aliabadi(1998)f ?� F�º²f ãêº²¢

?� ÒÏ�b�� ��~ WËj Î;z� > ®º O»

�� Bn>Vê ~&æò, "�'b� º²� B£��

j j*® îb~æ á~� ®Ú V~�' ;ç� æz~

º ���C^Bö ®ÚBº º&~ �K� ²º>î
.

�f ?f ^B6j "�'b� ��~V *~� 1990

j& 7>¦V Zº²»~ BB" 'Ïj *� �B� �

�& ê¯>î
. Belytschko et al.(1994)ö ~~� BnB

Element Free Galerkin Method(EFG), Liu et al.(1995)

ö ~� Reproducing Kernel Particle Method(RKPM) �

b� &�>º ¢�~ Zº²�CV»
(Aluru and Li,

2001; Zhang et al., 2001; Park and Youn, 2001; Hao

et al., 2002)f .6~ ;�òj ÒÏ~� �Cj >¯~

æ� º²� B£��b�¦V ¶F�Þ > ®î
. V¢B

V�~ º²� ~�Wb� �~� 'Ïö ÚJæj ¾æÚ

î~ >~�C^B �j 
�º � ®ÚB ôf �F'

��W"¢ ¾æÚîb¾ 
B ��^B¢ �C~º� ®

ÚB F�º²»ö j� �C;�W(robustness)~ {�&

jçræº ��~� Bvç~ {�� N�� �~� V�

~ F�º²»j V>b� BBB çÏ S/Wö ç7'b�

7Ï~� ÒÏ� > ìb� �*ç~ �Ç��¾ êÖö ²

º>º jÏ� ¸
º �6j æî� ®
. ��� �F�

Zº²»f �^' ��ª¢öBº �B� ��& ê¯>

º >�, ��� ;{� �Cj º�~º 
î'� ��ª

¢~ ^Bö &�Bº 
²~ ÚJæj ��� ®
.

�f ?f ^B6b� �~� �" 
� &v>� ®º

î�Ú ��OË� ÎN'��Bê ;�� �C� &Ë�

F�º²»j V>b� �¦' ß�Wj º²Ú'b� �

*� > ®ê� V&�>¢ {Ë�b�� º²� B£�

�j ��~º O»�� �º Melenk and
"

Babuska

(1996)ö ~~� BnB �*ª�»(Partition of Unity

Method) Bvö «'� �¦' V&�>~ {Ë�¢º ;

�b� ��& ê¯>Ú z
. �¢ Û~� �*ª�»

Bvö «'� V&�>~ ¦ª' �·j �Ï~� �¦

' ß�W ^B¢ �²~ º²� Ò�W(minimal re-

mashing)òj �Ï~� �C� > ®º V»(Belytschko

and Black, 1999)�¾ Moes et al.(1999)ö ~� º²�

Ò�Wì�(without re-meshing) ��^B¢ 
� > ®

º ��f ?� F�º²»~ º²� ~�Wj ��~�

®�³�j º²�ö ç&ì� ¶F�� 
�V *� �

�(Dolbowet al., 2000; �ç^f Ç;î, 2002)& ê¯

>� ®
. �"öº Daux et al.(2000)5 Belytschko et

al.(2001)ö ~~� ª~~ ;çb� vN~º ��ræê

º²� B£�� ì� �C� > ®º V»" ª~~ 


>~ ��� ª�~º �C&çÚ~ ¶F�Ú �C� &

Ë� V»(Sukumar et al., 2000a) 5 �¢ 3Nö ^B

ö 'Ï~�¶ � ��(Sukumar et al., 2000b) �� ê

¯>î
.

� ��º �f ÿ¢� ��FçöB 
B'� ��^

B~ 'ÏWj �&z�Ò > ®ê� {ËF�º²»j

�Ï~� ��WËö V¢ æz~º V~�' ;çö &

�Bê º²� �W~ B£�� ì� ��ê*�C� &

Ë� r�Ò¾j Bn~� � ;{Wj ¦Ã~�¶ �
.

{ËF�º²»~ 'Ïj *~� ÖF {ËF�º²»~

>;B "Òæ*�> êÂ";j BF~� ��ê*�C

j *~� jº� 2Z��ê>~ Ö; 5 ��ê*~ >

~' Î;zö &� V»j B�~&b� �¢ ��F�

~ wKß�W 5 wK{&ê>ö &� �'�þ" &�

'� ��^Bö 'Ï~� BBB r�Ò¾~ ;{W"

ÎNWj ¦Ã~&
.

2. ®�³ ê��>f ß��>¢ �Ï� "Òæ*
�>~ {Ë

2.1 ��� ®�³W~ �*j *� {Ë

V�~ F�º²�CV»öB ÒÏ>î~ ;ç�>¢ �

Ï�Bº º²ÚöB ��� �� æ* 5 wKöB B�

~º ®�³Wj �*� > ì
. �º *Ú �C'�ö

&~� >�'b� ÿ¢� Bv~ ;ç�>¢ ÒÏ�b�

�~� ��" ?f �¦' ß�W~ ¶F�Ú �* 5

>'� ®&Ë~V r^�
. �¢ *~� V�öº ��

j �C~V *�B º²�j ®�³'b� �W~º O

»j �Ï~&
.

��¾, � ��öBº �*ª�»~ Bvj "*b�

~� ®�³Wj >�'b� >Ò� > ®º º&~ ;ç

�>¢ �Ï�b�� º²� B£�� ì� º²ÚöB~

®�³W �*� &Ë~ê� ~&
. º&~ ;ç�>º

��� �~� B�~º æ* 5 wK~ ®�³Wj >�

'b� >Ò� > ®ê� ���j ãê� ·Ár~ �*

8j <º ®�³ ê��>(discontinuity step function)~
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;�¢ ��
. �º >�'b� ®�³Wj �*� >

®º &Ë *�� O»b�� �â 1(a)f ?f ;�¢

<b� � 8f �â 1(b)f ?f �¦²�êöB � (1)

" ?� ;~B
.

(1)

�f ?f ®�³ ê��>º � (2)f ?� V� F�º

²»öB ÒÏ>î~ "Òæ*�>ö �*ª�»~ Bvj

"*b� º&'b� ÒÏ>Ú º²�~ ®�³� �Wö

~�~æ p� º² ÚöBê æ* 5 wK~ ®�³Wj

>Ò� > ®² B
. ß® º&{Ëö ÒÏ>º .6f

V�~ º²�ö î�Ú .6j º&~� ÒÏ~æ p�

��~ ®�³Wj >Ò� jº& ®º º²~ .6, ¯

��ö ~~� &ÛB º²~ V� .6j ÒÏ�b��

º&'� êÖï� 
Ö ·² º�>æ� ÎNW G�ö

B Ö>~
.

(2)

*~ �öB Iº �C&çÚÚ~ Î� .6��, Jº �

�� &Û~º º²~ .6j ¾æÞ
. 6� Ni(x)º V

�~ F�º²»öB ÒÏ>î~ ¢>'� ;�~ ;ç�

>��, Nj(x)H(x)º ®�³ ê��>¢ 'Ï~� ®�³

Wj �*� º&'� ;ç�>¢ ¾æÞ
. �r, º&'

� ;ç�>º 
B >~�C*��Î �*� î�Ú ;

ç�>¢ ;~~� ÒÏ~æ p� 
ò V�~ ;ç�>

¢ �Ï~� 'ª6öB ÒÏ~º &7�>~ ¦^¢ �

��~ ç~¦~ *~ö V¢ Ö;� 2b�� ¶£² �

W� > ®
.

2.2 ��F� wKß�W~ �*j *� {Ë

��F�öBº wK÷7b� �� wKß�W� B�

~�, �¢ �*~V *~� V�~ F�º²�CV»ö

Bº ��F�"æö ß�º²(singular element)¢ ÒÏ

~&
. ��¾ ß�º²~ ÒÏ �� ��F�� º²Ú

ö *~~&j ãÖöº ß�W~ >'� ®&Ë~� ß

�º²~ .6ö ��F�� *~~ê� º²�j Ò�

W�¢ ~º B£��� ®î
. V¢B � ��öBº

��F�~ wKß�Wj �*� > ®º º&'� �>

¢ BB~� �¢ �*ª�» Bvö «'~� ê«�b

�� º²ÚöBê ¶F�Ú wKß��ÿ~ >Ò¢ &

Ë~ê� ~&
. �¢ *~� ��F� "æöB B�~

º ß�Wj >'� > ®º � (3)" ?f 4B~ ß�

�>¢ ÒÏ~&
. � �>
f �¦'b� V�~ F�

º²»öB ÒÏ>î~ "Òæ*�>ö z�^B ÒÏ>

Ú æ*~ "Òö &�Bº Wªj �*~� �ª8�

wKWªö &�Bº j �*� > ®ê� BnB

©�
. �º Fleming et al.(1997)" �ç^f J'Æ

(2001)� Bn~&~ BFB EFGM(Element Free Galerkin

Method)öB ÒÏ>î~ ß��>f ÿ¢� ;�¢ �~

� ®b� F;��j Û~� ��F�~ æ*¢ ¾æÚ

º ���¢ j*® �*� > ®ê� Bn>î
.

(3)

� 4B~ ß��>º �â 2f ?� ��F�j ö6b

� ~� ;~B �¦²�êçöB ;~B �>�
.

�f ?� ;~B �>
f ��� º²~ ²G7�¦

�¦V �·~� � F�� 7�ö *~~&j ãÖ º²

ÚöB �â 3" ?f ;�¢ &æ� ®
.

� ß��>
j �Ï~� � (4)f ?� V� F�º

²»~ "Òæ*�>¢ {Ë~� º²� B£�� ì�

H x( )=
+1 for xsampling xorigin–( ) en>0⋅

1– for xsampling xorigin–( ) en<0⋅



u
h x( )= Ni

i I∈
∑ x( )di+ Nj

j J∈
∑ x( )H x( )aj=Nd+NHa

r

1/ r

g x( )= r θ/2( )sin , r θ/2( )cos , r θ θ/2( )sinsin ,
 r θ θ/2( )cossin

{
}

�â 1.���~ ®�³W �*j *� ®�³�>~ ;ç 5
;~ ²�ê (a) ���~ �*j *� ®�³�>,
(b) ®�³�>~ ;~¢ *� �¦²�ê

�â 2. ��F� ß��>;~¢ *� �¦²�ê
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��F�~ ß�Wj º² ÚöBê �*� > ®
. 6

�, {Ëö &NB �
� Îv ��F�� *~� º²

~ .6 *öBò º&'b� �J>æ� ��F�~ *

~ö V¢ �¦'b� ¶F�² {Ë� > ®
.

(4)

�VB, Iº *Ú.6j a~�, Kº *Ú.67 ��F

�� *~� º²~ .6j a�
. 6�, Ni(x)f V�~

;ç�>�� Nk(x)gl(x)º ��F�~ ß�Wj �*�

> ®ê� BnB º&'� ;ç�>�
.

2.3 ®�³;ç�>f ß�;ç�>¢ ÒÏ~� {ËB

"Òæ*�> 5 êO;�

� .öBº �öB BnB º&~ ;ç�>
j ÿ�

ö �J~� �C&çÚ Úö ª�~º ��� �� ®�

³�j º²� B£�� ì� Î;z� > ®º {ËB

"Òæ*�>¢ Bn~�¶ �
. �¢ *~� �â 4f

?� ��� ®º ¢>'� �C&çÚ¢ &;�
.

� �C&çÚö &~� º&'� {Ë� jº� .6

~ ÷�j '' Jf K¢ ~� Jº ���~ ®�³W

j �*~V *~� �öB Bn� ®�³ ê��>& '

ÏF .6b� *~ �âöB Ò';b� �*B .6�

�, Kº ��F�~ wKß�W �*j *~� ß��>

� {Ë� jº� öb� �*B .6�
. ' .6öB

º&'b� �*� jº� �¦' ßW
j �J~� �

(5)f ?� V�~ "Òæ*�>¢ {Ë� > ®
.

(5)

�VB, Iº �C&çÚ Ú~ *Ú .6��, Jf Kº '

u
h x( )= Ni

i I∈
∑ x( )di+ Nk

l=1

4

∑
k K∈
∑ x( )gl x( )bkl=Nd+Ngb

u
h x( )= Ni

i I∈
∑ x( )di+ Nj

j J∈
∑ x( )H x( )aj

+ Nk
l=1

4

∑
k K∈
∑ x( )gl x( )bkl=Nd+NHa+Ngb

�â 3.��F� wKß�W �*j *� ß��> ;ç (a) sin(θ/2), (b) cos(θ/2), (c) sinθsin(θ/2), (d) sinθcos(θ/2)r r r r

�â 4.�¦'ßW >'j *~� º&~ ;ç�>� {ËB
.6
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' ��ö ~�B &ÛB º²~ .6" ��F�� *~

� º²~ .6j a�
. 6�, Ni(x)º V� F�º²»

~ ;ç�>��, Nj(x)H(x)f Nk(x)gl(x)º �öB Þ/

B º&'� ;ç�>
�
. � (6)f "Òæ*�>~ �

ÖzB �ªj ¾æÚ� êO;�~ �«�¢ df ê �

C&çÚ Ú~ wKj Ö;� r ÒÏ~² B
.

(6)

� (5)f � (6)j 2Nö F;êW^B~ æVO;�b�¦

V Fê� £;�ö &«~� Galerkin O»ö V¢ �Ö

z~� áf �«'� êO;�~ ;�º � (7)" ?b�,

''j �W~º Wª
f � (8)-(16)f ?
.

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

� ��öB BnB "Òæ*�>º ���~ ®�³Wj

�*~V *� ®�³ ê��>f ��F�~ ß�Wj >

'~V *� ß��>¢ ÒÏ~&æò �*ª�»~ Bvö

V¢ "Òæ*�>ö º&'b� 'Ï~&bæ� .6~ Ò

V~¾ º&ÁÓB~ ";� jºì
. �º ��� WË~

º ";ö &� �Cj > ~̄z¢ê º²� B£��� ì

� ¢>'� º²�j ÒÏ� > ®rj a�
.

3. {ËF�º²»j �Ï� ��ê*�C r�Ò¾

3.1 '�'ª ;�~ vN'ªj �Ï� 2Z��ê>

Ö;

��� ��B �C&çÚ¢ &çb� BB� >~�C

*��Î~ ;{Wj ¦Ã~�¾ ��ê*�Cj >¯~

V *�Bº 2Z��~ ê>¢ >~'b� êÖ~� Ö

;~º ";� jº~
. F�º²»" ?f >~�CV

»j ÒÏ� rº ¢>'b� rJê F'ª;�~ J'ª

»j ÒÏ~� wK{&ê>¢ êÖ~º ©f ;{ê¾

ÎNW G�öB Îv &æ ^B6j Ú�~� ®
. V

¢B � ��öBº Yau et al.(1980)" Shih and Asaro

(1988)ö ~� B�B b�2ZÎ�ö &� '�'ª;�

~ vN'ªj ;�z~� wK{&ê>~ >~' Ö;j

~&b� �¢ 'Ï~V *� .Nº 
r" ?
.

1) '�'ª >ãÖ;

��F�j V&b� 'ª'�~ >ãj Ö;�b��

'�'ªö ��F º²¢ ;~�
. b� '�'ª;�

~ vN'ªj Û~� ��ê wK{&ê> �� ã�ë

ãW(path independency)� Wã~æò .Z 9f 'ª'

�j Ö;~� êÖ�*~ G�öB jÎN'��, >&

� .Z §f 'ªã�º ��F�öB B�� wKß�

Wj Ïª® >'� * > ìV r^�
. �¢ *~�

� ��öBº ��F�j ��~� ®º º²~ 9�¢

:ûb� 'ª'�j Ö;~V *� ßŴ �(characteristic

length) rd¢ � (17)" ?� ;~~&
(Dolbow, 1999).

(17)

*~ �f wKß�Wj >'~V *~� ß�V&�>¢

ÒÏ� º²~ 'Ë'�� Ïª® >'F > ®ê� Ö;

B 8�
.

2) &7�> �W

� vN'ªf '�'ª ;�� êÖ� >̄ >æ� �¢

*� 'ª'�Ú~ 1N &7�> q(x)¢ ;~�¢ �
. �

¢ *� � ��öBº 'ª'�ö ��>º .6öB ;

~B ;ç�>¢ ��~� ÒÏ�b�� êê~ &7�>

Ö;j *� êÖ� ìê� ~&
. �º ;~B 'ª'�

ö &~� 'ª>ãÚö ��B .6ö &�Bò ;ç�

>¢ 7Ï~º O»j Û~� &7�> q(x)¢ ;~~º

©j ~��
.

3) '� ÚöB~ 'ª>¯ 5 wK{&ê> Ö;

b& ��� ãÒê ãÖ ��F�ö &~� ãÒ'j

Ö;�¢ �
. �º vN'ª7 jº� q(x) 5 Î� 8


� ��F�j V&b� ;~B �¦²�ê¢ ÒÏ~�

êÖ� >º >� 
B'� êÖöBº � �¦²�ê¢


� *Ú²�ê� ²*�ÿ� ê � 8j ÒÏ~�¢ ~

V r^�
. 6� vN'ªf � (18)j �Ï~� 'ª'

�Ú~ ''~ 'ª6ö &� 8j Îv �Ö�b�� '

ªj >¯�
. �r �«'b� êÂ�Ú�¶ ~º wK

{&ê> 8f 2ZÎ�ö V¢ ��'�~ 8j '.®

F�~� º�>º 8j �� > ®
(�ç^f J'Æ,

1999).

u,i
h x( )= Ni i,

i I∈
∑ x( )di+ Nj i,

j J∈
∑ x( )H x( )aj

+ Nk i, x( )gl+Nk x( )gl i, x( ){ }bkl
l=1

4

∑
k K∈
∑

KII KIJ KIKl

KIJ
T KJJ KJKl

KIKl
T KJKl

T KKKkl

dI

aJ

bKk 
 
 
 
 

=

f I

fJ

fKk 
 
 
 
 

KII= BI
T

Ω∫ DBIdΩ

KIJ= BI
T

Ω∫ DBJHdΩ

KIKl= BI
T

Ω∫ D BKgl+NKgl i,( )dΩ l=1 … 4, ,

KJJ= BJH( )T

Ω∫ DBJH dB

KJKl= BJH( )T

Ω∫ D BKgl+NKgl i,( )dΩ l=1 … 4, ,

KKKkl= BKgk NKgk i,+( )T

Ω∫ D BKgl NKgl i,+( )dΩ k l=1 … 4, ,,

f I= NI
T

Γt
∫ tdΓ + NI

Tb Ωd
Ω∫

fJ= NIH( )T
Γt

∫ t dΓ+ NIH( )Tb Ωd
Ω∫

fKk= NKgk( )T
Γt

∫ tdΓ+ NKgk( )Tb Ωd
Ω∫ k=1 … 4, ,

rd=2.0 Areacrack tip element×
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(18)

3.2 ��ê*'~ Ö;

>~�CV»j �Ï~� ��ê*ö &� �Cj >¯

~V *�Bº ��~ ê*' Ö;j *� >~' êÖ"

'Ï� jº~
. � ��öBº ��~ ê*OËj êÖ

~V *~� �&"wK�ê��j ÒÏ~&º�, � �

�öB ��f �& hoopwK(σθθ)ö ç'� OËb� ê

*�
� &;�
. ¢>'� b�Î�~ ãÖ ��F�

"æöB wKf � (19)ö ~~� Ö;>º� �& hoop

wK~ OËf *�wK� 0� >º OËj êÖ�b��

Ö;� > ®
.

(19)

V¢B,� (19)~ σrθ�j 0� >ê� ~º ��� � (20)

" ?f 8j ��¢ �
.

(20a)

(20b)

�VB, θcº �� ê*'�
.

3.3 ��ê*ö V� �¦'ßW~ Î;z

{ËF�º²»j 'Ï~� ��ê*�Cj >¯� ã

Ööº ��~ WËö V¢ *Ú �C'�ö &� ÒêÖ

j >¯~º &� �â 5öB Ò'; 6º ö;b� �

�B .6òj &çb�� �¦' êÖò� º�B
. �

f ?f º&~ .6f ��� �� wK 5 æ*~ ®

�³W, ��F�~ wKß�W" ?f �¦' ßWj >

'~V *~� �öB B�>î~ º&'� ;ç�>�

{Ë>º .6�
.

� ��öBº ��� WË�ö V¢ �f ?� {Ë�

º�>º .6j ¶ÿ'b� ¦ï� > ®º V~�' r

�Ò¾j >~�C*��Îö ê«�b�� ��ê*�C

~ * ";j ¶ÿz� > ®î
. 6� ��ê*ö V�

ÒêÖ �� �â 5öB ��B º&~ {Ë.6¦ªöB

ò �¦'b� ��Ú ææ� V�~ F�º²»" ?�


 ��ê*�C �êî
 *Ú �C�*ö &� êÖj


� >¯�¢� jº& ì
.

3.4 {ËF�º²»j �Ï� ��ê*�C r�Ò¾

� .öB B�� ��
j 'Ï~� ��ê*�Cj

>¯~V *� >~�C r�Ò¾f �â 6" ?
. �

r�Ò¾öBº �CÖ"�¦V 2Z��~ ê>¢ Ö;

~� �¢ :ûb� ��j ê*�Î ê ��� WË�ö

V¢ �¦' ß��ÿj >'~V *~� º&~ ;ç�

>{Ë� º�>º .6j ¦ï~� �¢ '.� ;�~

I
1 2,( )

= σij
1( )∂ui

2( )

∂x1

-----------+σij
2( )∂ui

1( )

∂x1

----------- W
1 2,( )

– δ1j
∂q
∂xj

------- Ad
A∫

σrr

σθθ

σrθ 
 
 
 
 

= 1

2πr
-------------

KI(1 2/θ( )+KII 3/2( ) θ 2 θ/2( )tan–sin{ }2
sin+

KI 2/θ( ) 3/2( )–
2

cos KII θsin

1/2( ) KI θsin +KII 3 θ 1–cos( ){ } 
 
 
 
 
 
 

KI θcsin +KII 3 θc 1–cos( )=0

θc=2arc 1/4( ) KI/KII KI/KII( )2
8+±( )

 
 
 

tan

�â 5. ��WËö V� .6{Ë

�â 6. {ËF�º²»j �Ï� ��ê*�C r�Ò¾
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º&;ç�>� {Ë~º ";j ¶ÿz~&
. �¢ Û

~� ��ê*�C~ ' �ê¢ ¶ÿz� > ®îb�,

�â 6öB ²ïb� �*B ¦ª" ?� �*ª�»ö

~~� º&'� êÖ� º�>º ¦ªòj �¦'b�

ÒêÖê *Ú F;�Ê�O;�~ �� ¦ªö &Ú�b

�� ��ê* �Cö ®ÚB *Ú�C'�j &çb�

ÒêÖj >¯� jº& ìº ÎN'� �C� &Ë~ê

� ~&
.

4. >~�C.B

4.1 ��F�~ wKª� �'�þ

� ��öB BnB © ?� ¢>'� �C&çÚ& j

ò ��" ?f �¦' ßWj <� ®º �C&çÚö

&� >~�C*��Î~ ;{W ¦Ãf ¢>'� �'�

þ O»j �&� 'Ï� > ì
. �º ¢>'� �'�

þ O»j Û�Bº �¦' ßW~ ;{� >' �¦¢

2k� > ìV r^�
. V¢B � �'�þöBº Þ

G��j <º ï6~ ���� rJ^ ®º Î�Iö &

� æ*� � (21)j �Ï~&
. �'�þ O»f ÖF,

���ö V¢ Î�I~ 2Z;çj &^R > ®º ~7

� Ò~B ãÖ~ æ*8j ���¢ �Ï~� �Ò êÖ

~�,�¢ 
� �CÎ;~ ãêö 'Ï~� �Cj >¯

�b�� áÚê �CÎ; Ú¦~ wK8" ���ö V�

� (22)¢ Û~� êÖB wK8j jv~º O�b� >

¯>î
.

(21a)

(21b)

(22)

�º � ��öB Bn� ��� �JB {Ë"Òæ*�>

& ;{~
� �¢ 'Ï~� >¯B �C&çÚ Ú~ w

Kª�& ���¢ Û~� êÖB wKª�f ÿ¢� ©�

æ� � v 8~ jv¢ Û~� � ;{Wj ¦Ã� >

®V r^�
.

� >~.BöBº �â 7(a)f ?� ��^�º a��,

��F�f ²� (1.0a,1.0a)ö *~~�, �CÎ;~ &�,

^�~ ^�º '' 2a�
. wK{&ê>º 1.0b� �

Ò �;~&
. �CÖ" �â 7(b)f ?� ��F�~

ß�Wj º²� B£�� ì� º²ÚöBê ¾ >Ò�

"� ®rj {�� > ®
.

4.2 ��²*'ö V� wK{&ê> �'�þ

� ��~ ãÖöº ��ê*�Cræ¢ ��º*� ~

� ®
. V¢B ��~ ê*·çj Ö;~º "º� 2

Z���¶ 7 ~¾� wK{&ê>ö &� ¦Æ¢ >¯

~º ©� jº~
. �¢ *~� �â 8(a)f ?� 7�

ö ��� ª�~º ¦Òö &~� · ��ö 1psi(7.0Ü

10−2kgf/cm2)~ �ª�~7j ·Ï�Ê� .V��' β¢
æz�B&� ' ç�öB~ Î�I 5 Î�II wK{&ê

>¢ Ö;~&
.

�¢ *~� � �þöBº &�f ^�~ ^�& Îv

10 in� ¦Ò¢ 400B~ º²(20Ü20)� �WB º²�j

ÒÏ~� �Cj >¯~&b� ��~ ^�º 1 in� ~

&
. 6�, ¦Ò~ �V& ��~ �Vf jv~&j r

Ïª® �æ� Z�6ö &� ���f jv~&
. �

ãÖ Î�I 5 Î�II~ wK{&ê>º � (23)" ?�

��²*' β~ �>� �*B
(Dolbow, 1999).

(23a)

(23b)

�â 8(b) 5 8(c)º ��~ ²*'ö &~� êÖB '

ux=
KI

2µ
------ r

2π
------ θcos κ 1– +2 θ/2( )2

sin[ ]

uy=
KI

2µ
------ r

2π
------ θsin κ 1– +2 θ/2( )2

cos[ ]

σy=
KI

2πr
------------- θ/2( )cos 1+ θ/2( ) 3θ/2( )sinsin[ ]

KI=σ πa β2
cos

KII=σ πa β βcossin

�â 7.��F�~ wKß�W ¦Æ¢ *� �þÎ; 5 �CÖ" (a) ÞG�� �þÎ;, (b) ��F�~ wK(σy) ª�(θ = 0, r>0)
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'~ Î�ö &� wK{&ê>¢ � (23)~ ���f j

v~� ê�� ©�
. Ö"öB {�� > ®�� ��

~ ²*'� 0oöB 90oræ æz�ö V¢ � ��öB

BnB O»b� êÖB wK{&ê>8� ���f ¾

¢~�j {�� > ®
.

4.3 �Ë~7j Aº ÞG��

�â 9(a)f ?� �ãö ÞG��� �Ò~� ~��

�;>Ú ®b� ç�ö 1psi(7.0Ü10−2kgf/cm2)�V~ �

Ë~7j Aº B̂¢ �C~&
.Òòç>º êWê> E=

3Ü106 psi(42.6Ü106 kgf/cm2)�� �jÇj ν = 0.3�
.

�Cj *~� 312B~ .6b� ��Úê 275(11Ü25)

B~ º²¢ ÒÏ~&b�, {ËB ;ç�>& ÒÏB º

²ö ��Bº 8Ü8~ &ÖÊ'ª6j ÒÏ~&� ��ö

º 4Ü4 'ª6j ÒÏ~&
. �â 9(b)º ��� WË

�ö V¢ � ��¢ Û~� �CB Î�I wK{&ê>

8j ���f jv~� ê�� ©�
(Tada et al.,

1973). �f ?f ��ê* �êö ®ÚB �â 10f �

CÖ"¢ :ûb� >çOË~ wKç�¢ ê�� ©b�

��� WË�ö V¢ ��F�öB 66 z wK� ÷7

Nj {�� > ®
.

4.4 *�~7j Aº ÞG��

� >~.Bº Î�I" Î�II ç�& ÿ�ö B�~º

�â 8.��'ö V� wK{&ê> ¦Æ¢ *� �þÎ; 5 �CÖ"(�*: ) (a) ãÒ�� �þÎ;, (b) Î�I wK{&
ê>(KI), (c) Î�II wK{&ê>(KII)

psi in

�â 9.�Ë~7j Aº ÞG�� Î; 5 �CÖ"(�*:
) (a)ÞG�� Î;, (b)��WËö V� w

K{&ê>(KI)
psi in

�â 10. ��WËö V� wK(σy) ª�(�*: psi) (a) .V�ê, (b) 6�ê �C ê, (c) 11�ê �C ê, (d) 16�ê �C ê
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b�Î�ç�~ ��^B¢ &çb� �â 11(a)f ?�

~�j �;�Ê� ç�öº *�wK 1psi(7.0Ü10−2kgf/

cm2)j ·Ï�V
.;æç�ö &� ���Cj � ê �

�j ê*�Êº �Cj >¯~� ��~ WËã�¢ º

;~&
.�â 11(b)º �C «ò�êöB~ wKª�ê¢

¾æÚ� ®º� ��� b�Î�¢ FB~º *�~7ö

~� ä��B WË~� ��F�öB~ wK÷7*ç�

B��" ÿ�ö �«�êöB ��~ �ãö 
Ö � {

»wKj FB>� ®rj «{® {�� > ®
. Òò

ç>f ¦Ò~ ~>º �~ .Bf ?
.

.V ç�öB~ � ^Bö &� ���º Wilson

(1969)� B�� 8j ÒÏ~&b� � 1" ?� b�Î

�ö &�Bê jv' ;{� �¢ áj > ®rj {�

� > ®î
.

4.5 �Ë~7j Aº 7���

� >~.Bº ¦Ò~ 7�ö B�� ��� �â 12(a)

f ?� 1psi(7.0Ü10−2 kgf/cm2)~ �ËKj Aº ãÖ¢

&;~� WË� ¾&º ";j �C� ©b�B �C&

çÚ~ bW~º �~ .B
" ÿ¢~
. �â 12(b)º

.Vç�~ �CÖ"¢ ê�� ©b�� ²Ö&�W 5

��F�
öB~ wK÷7 *ç �" ?f ¢>'� .

çÖ"& ¾ ¾æ¾� ®rj {�� > ®
. 

6�, �â 13f ��~ ^�¢ Ã&�Ê�B êÖ�

wK{&ê>8j Rooke and Cartwright(1974)ö ~�

B�B ���f jv~� ê�� ©�
. �âöB r

> ®�� �Ö� > ®º ¸f ;ê¢ æî� ��ê*

�C~ >¯� &Ë�j {�� > ®
.

5. Ö �

� ��öBº V�~ F�º²»öB ÒÏ>î~ "Ò

æ*�>ö ��� <º ®�³W" ��F�~ wKß�

Wj >'� > ®º ®�³ ê��> 5 ß��>¢ �

*ª�»~ Bvö «'~� {Ë, 'Ï�b�� º²�

ö &� B£�� ì� ��ê*^B¢ �C� > ®º

r�Ò¾j Bn~&
. � ��¢ Û� �Ú'� Ö�f


r" ?
.

1.���öB B�~º wK 5 æ*~ ®�³Wf ®�

³V&�>¢ �¦'b� º&�b�� º²�~ B£

j Aæ p� Î"'b� >Ò>îb�, �¢ Û~�

V�~ F�º²»öB ®�³�j �*~V *~� º

�â 11.*�~7j Aº ÞG�� Î; 5 �CÖ"(�*: psi)
(a)ÞG�� Î;, (b)�«�C �ê~ wK(σy)~ ª�

� 1.b�Î� wK{&ê>~ JN(KI) (�* : ) (Wilson,
1969)

��� ��� JN(%)

KI 34.00 32.40 4.70

KII 4.55 4.51 0.87

psi in

�â 12.�Ë~7j Aº 7��� Î; 5 �CÖ"(�*: psi)
(a)7��� Î;, (b).V�C �ê~ wK(σy) ª�

 �â 13. ��WËö V� wK{&ê>(KI) (�*: )psi in
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²�j ®�³'b� �W�¢ ®~ B£��j ���

> ®î
.

2.��F�~ wKß�Wf V�~ ���¢ j*® Ò�

� > ®º 4B~ ß�V&�>¢ F;��~� ��

F�"æöBò �¦'b� ÒÏ�b�� V�" ?�

ß�º²¢ ê«~�¾ ^&� º²�j �W~æ p�

ê ��F�~ ß�Wj ;{® �*� > ®î
.

3.>~.BöB " > ®��, �¢Î� 5 b�Î� ç

�~ 2Z*çö &� wK{&ê>ö &� >~� �

� �Ö� > ®º ;{ê� Ö;>î
.

4.� ��¢ Û~� BnB ��ê*�C r�Ò¾f �

C";
j ¶ÿz�b�� �³'b� æz~º ®�

³�� ��B 2Z�� ^Bö &� ÎN'� �C�

&Ë~&
.

6Ò~ &

� ¢^f 2002jê ���Fê�Ò�~ æöö ~~�

��(KRF-2002-042-D00115)>îb�, �ö Ò�ö 6Ò

�ãî
.
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