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u=} QH QO |D}OwOLt 'uRNt x@ xOWOQ=w C=tOY =} w uRNt |Q}PBPwiv uOw@u}}=B
`iQ CyH "OwW|t OwOUt x=J x@ uRNt R= p=}U p=kDv= |Q=Ht w O=H}= p=}U
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"Ov=xOW |R=U|ve xv}mD `@=D =@ xm CU= |}=yxQo |xawtHt N^ w |}xrB `@=D =@
|}=yxQo |R=U|ve |O=R; C=HQO ai '|rwtat OwOLt u=tr= |O=R; C=HQO ui
x@ \w@ Qt |R=U|ve |O=R; C=HQO b�i w Ov=xOW |R=U|ve |}xrB `@=D \UwD xm

"Ov=xOW |R=U|ve lQD lwv `@=wD \UwD xm CU= |}=yxQo
Kw]U u}@ |oOWR=@ 'F� =} / w H(x) |R=U|ve `@=wD pt=W |=yu=tr= |=Q@

%O};|t CUOx@ 4 |x]@=Q R= lQD
w = n:

�
u+ � u�� = 2n: X

j2N�

Njaj+2N:pr X
k2N^

Nkb1k (4)

|xrtH \ki 'Ov=xOW |R=U|ve lQD lwv `@=wD =@ =yv; |=yxQo xm |}=yu=tr= |=Q@
|}xrB `@=D =@ =yv; |=yxQo xm |}=yu=tr= |=Q@ xm|r=L QO &CU= QF-wt 4 |xrO=at swO

"CU= QF-wt pw= |xrtH \ki 'OvwW|t |R=U|ve

<=RH= VwQ QO |m}rwQO}y CUmW uw}UqwtQi "3
xDi=}xaUwD OwOLt|m}rwQO}y CUmW |R=Ht Q=m pY= "1"3

u=mtQ}}eD =@ xvt=O "�4 pmW� CU= xOW h}YwD �c =@ |}x@r lQD l} =@ |}xvt=O
�t VN@ |wQ Q@ xOWp=ta= 11VvD w RQt R= �u VN@ |wQ Q@ xOWu}}aD V}B R=
'�5 pmW� OvwW|t xO=O u=Wv �c+ w �c� =@ lQD Kw]U "CU= xOWOwOLt RQt R=
?}DQD x@ �c� w �c+ Q@ Owta |xm} |=yQ=OQ@ w �c = �c+ [�c� xm|Qw] x@

[9]"xOQwNlQD |xvt=O |xQ=wKQ] "4 pmW

[9]"lQD QO p=}U u=} QH |xQ=wKQ] "5 pmW

R}v lQD lwv h=Q]= QO xv}mD \}=QW 'R=U|ve `@=D ẁv QO Q}}eD =@ "Ovvm|t pOt
"OwW|t sy=Qi

'OvQ}o|t Q=Qk xO=iDU= OQwt xOQwNlQD |xvt=O l} |R=U|ve |=Q@ xm |a@=wD
|ov}mD Qov=}@ xm |a@=wD w CU= lQD |oOWR=@ Qov=}@ xm |a@=D "OvDUy xwQo 2 pt=W
OQwNQ@ pLt '|}xQo |R=U|ve |=Q@ ?U=vt `@=D ẁv u}}aD |=Q@ "OvDUy lQD lwv
'Ovm `]k =Q u=tr= l} `r[ wO lQD Qo = "OwW|t XNWt =yu=tr= `q[= =@ lQD
u=tr= u; h=Q]= |=yxQo |R=U|ve CyH 9OL=w |WQB `@=D =} OL=w |}xrB `@=D R=
OQwNQ@ |x]kv w Ovm `]k =Q u=tr= `q[= R= |m} \ki lQD Qo = "OW Oy=wN xO=iDU=
|=yxQo |=Q@ 'OW=@ u=tr= pN=O lQD lwv Qo}O CQ=@a x@ =} 'OW=@ xDW=Ov |Qo}O
xJv=vJ [13]"OW Oy=wN s=Hv= 10xv}mD `@=D VwQ x@ |R=U|ve 'u=tr= u; h=Q]=
'OW=@ lQDWt lQD lwv |w=L |=yu=tr= w xOQwNlQD ,qt=m |=yu=tr= u}@ xQo l}
\UwD =yxQo |R=U|ve |xwLv '3 pmW "OW Oy=wN |R=U|ve xv}mD `@=wD \UwD

"OyO|t u=Wv |@ wN x@ =Q `@=wD
xO=iDU= H |Q=Okt wO `@=D l} R= OL=w |}xrB `@=D j} Q] R= |R=U|ve |=Q@
`@=D u}= Q=Okt 'OW=@ xDiQo Q=Qk lQD |wQ =} q=@ 'xOvwW|ve |xQo xJv=vJ "OwW|t

%�1 |x]@=Q� Ow@ Oy=wN �1 CQwYu}= Q}e QO w �1

H(x) = sign('(x)) =

8<:+1 x > 0
�1 x < 0

(1)

OwW|t s=Hv= x}vmD `@=D j} Q] R= lQD lwv |w=L u=tr= |=yxQo QO |R=U|ve
[14]%�2 |x]@=Q�

F� (r; �)=
�p

r sin �2 ;
p
r cos �2 ;

p
r sin � sin �2 ;

p
r sin � cos �2

�
(2)

"OvDUy lQD lwv x@ xO}@UJ C=YDNt QO x} w=R w `=aW � w r 'u; QO xm
3 |x]@=Q CQwYx@ xOW|ve |=yu=tr= QO |rm Cr=L QO |}=H@=H |x]@=Q

[13]%O};|t QO

uh =
X
i2N

Ni (x)

2664ui +H (x) ai
i2N�

+
4X

�=1
F�b�i

i2N^

3775 (3)

"Q=OlQD |Ov@u=tr= l} QO xOW|ve |=yxQo V}=tv "3 pmW
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QO
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O}y

CU
mW

|O
Oa

|R=
Up

Ot%�15 |x]@=Q� CU= xQo |O=R; C=HQO Q=OQ@ uh
uh = fu a b1 b2 b3 b4gT (15)

%�19 |r= 16 |=yx]@=Q� CW=O s}y=wN =yv; QO xm
Krs
ij =

Z

e

(Bri )TDBsjd
 (r; s = u; a; b) (16)

fui =
Z
�t

Nif td� +
Z

e

Nifbd
 (17)

fai =
Z
�t

NiHf td� +
Z

e

NiHf bd
 + 2
Z
�c

n:Nipd� (18)

fb�i =
Z
�t

NiF�f td� +
Z

e

NiF�fbd
 + 2
Z
�c

n
p
r:Nipd�

(� = 1; 2; 3; 4) (19)

%�23 |r= 20 |=yx]@=Q� CU= pmW `@=D jDWt T} QD=t B '16 |xrO=at QO

Bui =

2664 Ni;x 0
0 Ni;y
Ni;y Ni;x

3775 (20)

Bai =

2664 (NiH);x 0
0 (NiH);y

(NiH);y (NiH);x

3775 (21)

Bbi =
h
Bb1i Bb2i Bb3i Bb4i

i
(22)

B�i =

2664 (NiF�);x 0
0 (NiF�);y

(NiF�);y (NiF�);x

3775 (� = 1; 2; 3; 4) (23)

|m}rwQO}y CUmW 12u=t-=wD pOt "4
w lQD ZQa 'pw] u; QO xm CU= |WwQ '|m}rwQO}y CUmW pOt |R=Ux}@W
CUmW 'pmW u} QDxO=U QO |DL "O@=}|t Q}}eD u=tR CWPo =@ p=}U Q=Wi `} RwD
3 u=t-=wD QF= smCUO u; QO xm CU= xO}J}B |Ov};Qi |R=UpOt |=Q@ |m}rwQO}y
|wQ Q@ p=}U Q=Wi R= |W=v |m}v=mt pmWQ}}eD (I %OwW xDiQo Q_v QO O}=@ Ov};Qi
QO p=}U CmQL QF= QO lQD Q=WDv= �III w 'lQD QO p=}U u=} QH �II 'lQD Kw]U

"lQD

lQD R= |Qw@a p=}U u=} QH Q@ sm =L CqO=at "1"4
sm =QD p@=kQ}e 'u=Uty \}Lt l} QO lQD xm CU= u}= Q@ ZQi |oO=U Q]=Nx@
ZQi u}vJty "OwW|t QWDvt |}xLiY VvQm \}=QW CLD |]N |a=HDQ= w
|=Q@� lQD pw] QO `k=w |rLt R= |vDw}v Q}PB=vsm =QD p=}U l} \UwD lQD xm OwW|t
MQv =@ p=}U xmv}= x@ xHwD =@ "O@=}|t VQDUo |m}D=DU= x@W CQwYx@ �xv=to p=Ft
w u=tR R= |a@=D u=wvax@ lQD pw] u}}aD hOy 'OwW|t j} QRD lQD QO Q0 C@=F
u=mt w t u=tR R= |a@=D u=wvax@ p=}U Q=Wi w lQD |oOWR=@ u=R}t u}}aD u}vJty

"CU= s

w p+ Q=Wi "OwW|t p=ta= lQD Kw]U |wQ Q@p p=}U Q=Wi "OvDUy n� w n+

"OwW|t OQ=w �c� w �c+ |wQ Q@ ?}DQD x@ p�
%CWwv 8 |r= 5 |=yx]@=Q CQwYx@ u=wD|t =Q sm =L pO=aD CqO=at

r:� + fb = 0 
 QO (5)

�:n = f t �t |wQ (6)

u = �u �u |wQ (7)

�:n� = ��:n+ = p+ = �p� = p �c |wQ (8)

QwUv=D � "OvDUy lQD w |�=H@=H 'VvD RQt ?}DQD x@ �c w �u '�t '\@=wQ u}= QO
"OvDUy p=}U Q=Wi w |L]U |wQ}v '|tHL |wQ}v ?}DQD x@ p w f t 'fb w VvD
10 =} 9 |x]@=Q CQwYx@ pO=aD CqO=at |R=Ht Q=m pY= =} h}a[ sQi

%CU=
W int = W ext (9)

=}Z



� : "(u�)d
 =
Z



fb:u�d
 +
Z
�t

f t:u�d� +
Z

�+
c

p+:u+�d�

+
Z

��c

p�:u�
�
d� (10)

Q@ xm|}=Hv; R= "CU= |R=Ht u=mtQ}}eD u� w |tHL |wQ}v fb '10 |xrO=at QO
w OvDUy lJwm =yu=mtQ}}eD w =yVvQm w p = p+ = �p� lQD Kw]U |wQ
'CU= lQD Kw]U u}@ |oOWR=@ w� u; QO xm w� = u+� � u�� h} QaD =@

%CWwv |xrO=at CQwY x@ u=wD|t =Q 10 |xrO=atZ



� : " (u�)d
 =
Z



fb:u�d
 +
Z
�t

f t:u�d� +
Z

�+
c

p:w�d� (11)

"CU= |m}rwQO}y CUmW |R=Ht Q=m pY= '11 |xrO=at

xDi=}xaUwD OwOLt <=RH= Q@ sm =L CqO=at "2"3
xDUUo sDU}U l} QO 'XFEM VwQ R= xO=iDU= =@ 11 |xrO=at |R=UxDUUo =@

%OyO|t xH}Dv =Q 12 |x]@=Q '|]N pO=aD CqO=at R=
Kuh = f (12)

Cr=L wO Qy |=Q@� xQo |O=R; C=HQO Q=OQ@ uh '|DNU T} QD=t K 'u; QO xm
=@ |rm |=yQ=OQ@ w T} QD=t "CU= |HQ=N |wQ}v Q=OQ@ f w �xOW|ve w l}Uqm
f w K |=yT} QD=t "OvwW|t x@U=Lt u=tr= Qy |=yQ=OQ@ w T} QD=t uOQmsy QU

%OvwW|t h} QaD 14 w 13 |=yx]@=Q CQwYx@ e u=tr= Qy |=Q@

Ke
ij =

2664 Kuu
ij Kua

ij Kub
ij

Kau
ij Kaa

ij Kab
ij

Kbu
ij Kba

ij Kbb
ij

3775 (13)

fei =
n
fui fai fb1i fb2i fb3i fb4i

oT
(14)
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|v=O
R}O

wtL
tw

|ra
qt

|i]
Yt %CW=O s}y=wN =Q 31 |x]@=Q lQD lwv QO QiY |oOWR=@ uDiQoQ_vQO =@ w

1
12� w3 @P

@s
'i (s)

����
s=�L1;L2

= 0 (31)

T=U=Q@ "OvDUy (s = 0) xv=to x@ C@Uv lQD lwv Ca}kwt L2 w L1 'u; QO xm
%CW=O s}y=wN =Q 32 |x]@=Q |Q=muewQ |xrO=at h}a[ sQi

CijPj = fi (32)

%Ot; Ovy=wN CUOx@ 34 w 33 |=yx]@=Q R= ?}DQD x@ fi w Cij u; QO xm

Cij = 1
12�

NX
j�1

L2Z
�L1

w3 @'i
@s

@'j
@s

ds (33)

fi =
Z
L

�w
�t

'i (s) ds (34)

"OvDUy lQD |oOWR=@ w p=}U Q=Wi |xiQ]wO |oDU@=w Qov=}@ 'CqO=at u}=

nvU pmWQ}}eD w p=}U u=} QH u=t-=wD QF= "3"4
u=} QH '|a=HDQ= |xrO=at 3 u=t-=wD QF= O}=@ |m}rwQO}y CUmW |R=UpOt QO
R= Ov=CQ=@a p=}U u=} QH w |a=HDQ= CqO=at "OwW xDiQo Q_v QO lQD OWQ w p=}U

%�36 w 35 |=yx]@=Q�

Kd = f(P � �in�situ) (35)

�w
�t

= CP (36)

w lQD |oOWR=@ |x@U=Lt |=Q@ xm 'CU= u=mtQ}}eD Q=OQ@ 35 |xrO=at QO d Q}eDt
"OwW|t xO=iDU= �w

u=} QH |xrO=at QO w3 |xrtH Qw[L x@ xHwD =@ 36 w 35 u=t-=wD CqO=at
QF= R= |W=v |m}rwQO}y CUmW p�=Ut |rY= |oO}J}B "CU= |]NQ}e ,qt=m
'xr�Ut u}= pL |=Q@ "CU= lQD |oOWR=@ Q@ sm =L |xrO=at w p=}U u=} QH u=t-=wD
`} RwD xm OwW|t ZQi xrLQt Qy |=OD@= QO "CU= xOW |L=Q] Q=QmD Ov};Qi l}
|r@k |v=tR s=o QO Xr=N Q=Wi `} RwD u=ty ,qwtat xm � CU= swrat Xr=N Q=Wi
TBU "CU= xOW ZQi CN=wvm} Q=Wi `} RwD l} 'pw= |v=tR s=o |=Q@ "�CU=
OwW|t x@U=Lt xDi=}xaUwD OwOLt <=RH= R= xO=iDU= =@ lQD O=ODt= QO |oOWR=@ `} RwD
\}=QW w p@k |xrLQt QO xOt;CUOx@ ZQa R= xO=iDU= =@ 24 |xrO=at pL =@ w
x@ uO}UQ u=tR =D Ov};Qi u}= "O};|t CUOx@ O}OH p=}U `} RwD l} '26 w 25 |RQt
[5]'CU= xOW xO=iDU= 17OQ=m}B Q=QmD VwQ R= VywSB u}= QO "O@=}|t xt=O= |}=Qosy

%CU= 40 |r= 37 |=yx]@=Q CQwYx@ u; \@=wQ xm
P
k+

1
/2

= C (wk)�1
�

�wk
�tk

�
(37)

Pk+1 = (1� �)Pk + �P
k+

1
/2

(38)

dk+1 = K�1 (Pk+1 � �c) (39)

dk+1 ! wk+1 (40)

\QW =@ 13|Q=muewQ |xrO=at R= p=}U |R=UpOt |=Q@ 'Q=DWwv u}= QO
[15]%�24 |x]@=Q� CU= xOW xO=iDU=

�
�q
�

�
w
h << 1

@w(s; t)
@t

= 1
12�

@
@s

�
w3 (s; t) @P (s; t)

@s

�
(24)

'p=}U |r=oJ � 't u=tR w s |x]kv QO lQD ZQa w(s; t) 'lQD pw] h 'u; QO xm
w Q=@Da= OQwt QO |v=QoWywSB "CU= p=}U CHRr � w lQD `=iDQ= OL=w QO Q=W q

EL@ lQD pN=O QO p=}U u=} QH h}YwD |=Q@ |Q=muewQ |xrO=at |@} QkD OwOL
w OW=@ 14|}x}q p=}U u=} QH O}=@ '=yu; p}rLD w x} RHD |=v@t Q@ [17w16]"Ov=xOQm
|RQt \}=QW "OwW xDiQo Q_v QO lJwm O=a@= Q}=U =@ xU}=kt QO lQD |oOWR=@ ZQa

%R= CU= CQ=@a lQD R= |Qw@a p=}U u=} QH
%�25 |x]@=Q� CU= j} QRD MQv =@ Q@=Q@ p=}U Q=W 'xv=to pLt QO �

q (0) = Q0 (25)

&w(l) = 0 %CU= QiY Q@=Q@ lQD |oOWR=@ 'lQD lwv QO �
&q(l) = 0 %OQ=Ov OwHw |v=} QH lQD lwv QO �

%�26 |x]@=Q� s} Q=O lQD lwv QO �

w(t)@P (t)
@x

= 0; at x = 0 (26)

u=} QH |xrO=at |R=UxDUUo "2"4
u; QO xm 'OwW|t xO=iDU= OQ=Ov=DU= 15u}mQr=o VwQ R= '24 |xrO=at pL |=Q@

%OwW|t xOR ?} QkD 27 |x]@=Q CQwYx@ p=}U Xr=N Q=Wi

pi =
NX
i�1

'i(s)pi (27)

|xQo QO Xr=N Q=Wi |}xQo Q=Okt pi w i |x]kv |=Q@ pmW `@=D 'i(s) 'u; QO xm
sQi "Ow@ Oy=wN C@=F u=tr= Qy QO Q=Wi u=}O=Qo '|]N |=yu=tr= OQwt QO "CU= i

%CU= 28 |xrO=at CQwYx@ 24 |xrO=at 16h}a[Z
L

�w
�t

'i (s) ds = 1
12�

LZ
0

@
@s

�
w3 (s; t) @P

@s

�
'i (s) ds (28)

%CU= 29 |xrO=at CQwYx@ 28 |xrO=at CU=Q CtU p=QoDv=

1
12�

LZ
0

@
@s

�
w3(s; t)@P

@s

�
'i(s)ds = 1

12� w3 @P
@s

'i(s)
����s=L2

s=�L1

� 1
12�

NX
j�1

L2Z
�L1

Pjw3 @'i
@s

@'j
@s

ds (29)

%CU= Q=QkQ@ 30 |x]@=Q 'xv=to pLt QO 'xOWQmP |RQt \}=QW x@ xHwD =@
1

12� w3 @P
@s

'i (s)
����
s=0

= Q0'i (0) (30)
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QO
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O}y
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Oa
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Up

Ot'CU= u=tR R= |a@=D R}v lQD pw] w lQD pw] R= |a@=D p=}U Q=Wi pOt u}= QO
'pd '19lQLt Q=Wi "OQm u=}@ u=tR R= |a@=D u=wvax@ =Q p=}U Q=Wi u=wD|t u}=Q@=v@
43 |x]@=Q CQwYx@ 'CU= xD}tm |=HQ@ VvD R= p=}U Q=Wi p[=iD pY=L xm

%O};|t CUOx@
pd = C1t�

13 (43)

%O};|t CUOx@ 44 |x]@=Q R= C1 'u; QO xm

C1 = 1 38
�

G4�2

(1� �)4

� 16
(44)

"CU= uwU=wB C@Uv � w p=}U CHRr � '|WQ@ pwOt G 'u; QO xm
p=}U j} QRD u=tR R= |a@=D xm 'CU= lQD |xv=yO R= xrY=i u=R}t 'L 'lQD pw]

%�45 |x]@=Q� CU=
L = C2t

23 (45)

%O};|t CUOx@ 46 |x]@=Q R= C2 Q=Okt 'u; QO xm

C2 = 0 68
�

GQ3

(1� �)�h3

� 16
(46)

u} R=e; |x]kv QO |oOWR=@ x@ "CU= lQD |xLiY wO u}@ |xrY=i '|oOWR=@
R}v |oOWR=@ "Ov} wo|t xv=yO |oOWR=@ �CU= xOW R=e; x=J R= xm |mQD |=Q@� Q=WDv=

%�47 |x]@=Q� CU= p=}U j} QRD u=tR R= |a@=D
w = C3t

13 (47)

%O};|t CUOx@ 48 |x]@=Q R= C3 'u; QO xm

C3 = 1 87
�

(1� �)�Q3

Gh3

� 16
(48)

"CU= xv=to pLt QO p=}U j} QRD |@O Q w p=}U `=iDQ= h 'u; QO xm

x@ l}Uqm |m}rwQO}y CUmW |xr�Ut p}rLD "6
KGD w |OOa VwQ

l}v=mt |x}=B |}xv=}=Q |xt=vQ@ l} R= |R=UpOt s=Hv= CyH VywSB u}= QO
|=Q@ OwHwt |xt=vQ@ TBU [20]"CU= xOW xO=iDU= MXFEM s=v x@ CUmW
xOW |Q=Pos=v HF-XFEM w xOW xO=O xaUwD |m}rwQO}y CUmW |R=UpOt

"CU=
R= xO=iDU= =@ |m}rwQO}y CUmW |xr�Ut |OOa p}rLD VN@ u}= QO
xOW xU}=kt KGD 20|r}rLD pL =@ u; G}=Dv w x�=Q= HF-XFEM Q=Ri=sQv

"CU=
xDN=OQB 7 pmW QO xOWxO=O u=Wv |m}rwQO}y CUmW |xr�Ut pL x@ uwvm =
|=Q@ "CU= 1 pwOH KQW x@ xr�Ut |=yQDt=Q=B w Kr=Yt C=}YwYN "CU= xOW
pw] x@ |}x}rw= |}x@r lQD xm CU= xOW ZQi |m}rwQO}y CUmW |R=UpOt
|a@ Qt |=yu=tr= R= |ovU \}Lt XFEM |R=UpOt QO "OQ=O OwHw QDt 2 9

"CU= xOW xO=iDU= QDt 1 4 O=a@= x@ CN=wvm}

xOWxO=iDU= |x}rw= Q=Okt xm CU= u}= OQ=m}B Q=QmD VwQ |=yC}OwOLt R= |m}
Qy QO Q=QmD |=yxkrL |}=Qosy "OW=@ CUQO ?=wH x@ l}ORv O}=@ Q=QmD |xkrL QO
|@=} RQ= OQwt =yu=tr= s=tD QO xOW`} RwD Q=Wi QO =]N u}ov=}t |UQQ@ =@ 'xrLQt

%OwW|t xDWwv 41 |x]@=Q CQwYx@ |}=Qosy Q=}at u}= "OQ}o|t Q=Qk
NP
i=1

���P (n)
i � P (n�1)

i

���
NP
i=1

���P (n)
i

��� � " (41)

|xkrL QO s=i |xQo QO Q=Wi 'P (n)
i w xOWu}}aD V}B R= |Q=O=wQ '" 'u; QO xm

"CU= s=n Q=QmD
%OwW|t u}}aD 42 |x]@=Q R=|m}rwQO}yCUmW |R=Ux}@W QO|v=tR |=ys=o

Q0 =
LZ

0

�w
�t

ds (42)

18|U � u=ewOQ= lQD VQDUo Q=}at QOVvD COW?} Q[ 'xr�Ut Q=WDv=VN@ QO
[18]"OQ}o|t Q=Qk xO=iDU= OQwt |m}rwQO}y CUmW |=DU=Q u}}aD |=Q@

lQrm|O w =tUDQo |Oa@ wO |r}rLD pOt "5
|UQQ@ CyH |k}kO pLx=Q I}y '|m}rwQO}y CUmW p�=Ut |oO}J}B p}rO x@
|@} QkD pLx=Q l} '1969 p=U QO |WywSB QO "OQ=Ov OwHw pOt G}=Dv CkO
hwQat KGD pOt x@ xm 'CU= xOW x�=Q= |vDw}v p=}U =@ |Oa@ wO lQD l} |=Q@
OwW|t xDiQo Q_v QO C@=F 'lQD `=iDQ= QO lQD |oOWR=@ 'pOt u}= QO [19]"CU=

"�6 pmW�
|m}rwQO}y CUmW xm |vRNt nvU CU= xOW ZQi u}vJ 'KGD pOt QO
w |]N |a=HDQ= CQwYx@ =ypmWQ}}eD w OQou=Uty w uoty 'OyO|t MQ u; QO
Q@=Q@ lQD R= |v=mt Qy QO u=} QH MQv u}vJty "CU= |}x}q lQD QO p=}U u=} QH

"CU= xOW xDiQo Q_v QO p=}U j} QRD MQv
p@=kt QO lQD QO p=}U u=} QH '|}x}q u=} QH \}=QW QO 'KGD pOt QO
QO� Q=Wi Vy=m =@ Ctw=kt u}= u=R}t xm 'OQ=O Q=Qk p=}U CHRr R= |W=v Ctw=kt

"O@=}|t pRvD �p=}U j} QRD |x]kv R= QDQwO pY=wi

"�1989 lQrm |O w =tUDQo � KGD pOt |xQ=wKQ] "6 pmW
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"|OOa pOt w KGD pOt |=Q@ xv=to QO lQD Q=Wi "8 pmW
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"|m}rwQO}y CUmW |OOa pOt "7 pmW

"|OOa pOt w KGD pOt |xU}=kt |=Q@ |OwQw |=yxO=O "1 pwOH
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Qo}Om} Q@ 'OvDUy |]NQ}e CQwYx@ xm 36 w 35 |=yxrO=at u=t-=wD QF= uwvm =
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1. Dow Chemical
2. Kansas
3. Hugoton
4. Proppant
5. Geertsma and de Klerk
6. Perkins, Kern and Nordgren
7. discontinuum displacement analysis (DDA)
8. extended �nite element method (XFEM)
9. heaviside function
10. singular function
11. traction
12. coupled model
13. lubrication
14. laminar
15. Galerkin
16. weak form
17. picard
18. Erdogan-Sih
19. driving pressure
20. analytical solution
21. edge crack
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