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Liu &V R & T R B XFEM {54 3l 71 2804 K AR Motamedi 4523 11 XFEM (F 58
X G2 A [f )R A o SR 30 4% 1) S e T A EL 2 R, B 3l XFEM B9 58 BH B i )5, 5 18
Fra 4 g FLAE ABAQUS FEFF it A T 3l 7 XFEM BYTHAE, 31 T 1 7 300 7% T 240 FE 14
B, (E A BESR A% i DSIFs ; £ 5 55 451 i3 FAS & 244318 5k R KU XFEM, BP9 1 8 25 28 e
P R 58 A A AR W 244 T 5 AL T AR KA FE B R T K s F3h J1 XFEM
P ELS IR FHAFSE , #6381 XFEM B 5 J7 Tl T 8K 9 BTk, (L SCHR[ 17 ] X F DSIFs (1)
SRARATIRIE T/ 1 508 F A EAE AUk,

AT XFEM FERE , R Newmark Bl zh 77 2480k 04 7 s () Ly, 3 S 0F 58 T A2
L0048 i DSIFs [R5 2, I8 HH—Fh XFEM [ 40 PR A 4E ok ms , 45 H TR i DSIFs AYAH
HAEFRRUY 7 ¥k, a0l 2 T RS B 55 E T XFEM R DL VE B DA B e 2 a0 4 i )
DSIFs , 56 1E 1 8 1) o 0 B v SR ) A s b, ) et 26 BHARPE I X DSTFs 19 52 fik 2 AN
A Z W .

1 Y A Rock

Xof T H i 2 Bt sf ] A5 A (0 2SR AR E 18 Y | 1B 8 4 802 b i A 3 5 R A I O 58 42 28
W I, #  XFEM (9 249 B0k R B398 38 F 3 ) XFEM . 3l ) XFEM (907 B A ] 3
kN

u'(x) = ZNi(x)ui + Z N (x)[H(x) - H(x,) ]a, +

4
2N (x) X [F(x) - F(x) 10, (1)
ielp, j=1
o, 1 RoRAREh TR 45 RGN, (x) HEs i
Ab )8 AT BR TCAR (Y PREN u, SR FAT BR T 43 ® Il
TELE 5 AR N (x) B4 i R B, HOE o5
SCATLARI N, (x) AR, 37T AR [6 , 3o B % A m Heaviside
H(x) A Heaviside MU pR%K; 1)), 4 Heaviside H{iHF 45 g creck tip
RS s @, H95 Heaviside B MY 45 55 1t erriched clement
1y RBIBUHSS A G5 b! S 5 RIRWGH A OC 1) 45
SR A BT s e
ﬂ[][z] 1 }5)]"5‘( ’Xj‘ﬂ:%g&f/&ﬁﬁﬁ s Eiﬁﬁ@ﬁﬂé Fig. 1 Selection of enriched nodes
XN
F,(r,0) =4rsin(6/2),
F,(r,0) =4rcos(6/2), (2)
F,(r,0) =4rsin 0 sin(6/2),
F,(r,0) =Jrsin 0 cos(6/2),
A, r F1 0 HRRJRER AR R X TFHE5E 2T T 4 1R ] Heaviside pRECHET Tl
Al
H(x) = +1, (x—x*)-n>0, (3)
-1, (x-x")n <0,

Hor, x B x " EGESTERE FREGY S n O x " RS R AL ]
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SCHp A TTI A N T 18T UL 2 A5 S0, AN IR RE R M sZ I R S B ) A A R R
(D) G ry3h F) XFEM BINA2 R az HIE D0 JEBE, T 453380 1 XFEM (432 Be 7 72 0

M uu M ua M llb d K uu K ua K ub u fu( t)
Muu Mua Mub [a] + Kau Kua Kah al= fa(t) s (4)
Mbu Mba Mhb b Kbu Kba Kb]) b fb(t)
X
M = p(N)'NdOQ,
e
Me =M= p(N)(Ng)d,
M=M= p(N)' (N d0,
jok=1,2,3.4, (5)
M= =] p(Ne)'(Ne)de,
M =[M"1" = p(Ne) (Ny,)de,
e
M =] o) (N,
/\¢]
N=[N, N, N, N,1,
[Ni 0} . (6)
Ni: ’ l:132’3’49
0 N,
¢ =H(x) - H(x,), (7)
dlj:F/<x) _Fj(xi,)’ j:l’2’374’ (8)

p AR B 5 S0 R R AR £ 880 B S S R 0 XFEM 582 —30, W 2 WL SCHR[ 19 ],

2 (5) i 22 114 5o 4 Sk — 350 i S P4 ( comsistent mass matrix, CM) , 51£ 4 A B
oL, A3 SRR R R P A R AR TR B s I, SR, 518 G A BRI A A9 2, % T
HEERTT , BT RS ), W PR I BT AS R AL BN ) ER B, SO 2SR A B BT
SR PEAR TR R, 45 BT B (lumped mass matrix, LM) A 32784

23 [ pNNd0
j=179¢

M == (i=)), (9)
! Tdof
0 (L;é]’ icrlnf:())’
A, i, j=1,2,-,48,n, HHRTCE R, S0P 0, = 450 HAMBE i RIS RS T, HHIT

SR R RL el RERTSCHE R BE 2R ) i, ECHE AR RE 00 X (9) Bl E I AR T B
R R 6 BT Y O B ST
K Newmark U555 47 [E] R 43, B
U., =U + (1 -y)UA: +yU,, At

. i} § 10
U.,n,=U +UAt+ (% -3) UAZ +BU,, A, (10)

Xh, U, 0, 0, g o W2 OLR R RUINEE ) 4k, A ARy = 0.5, B =0.25.
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BRI PR RS 1 (o) el ul) HEISg R 20 eV u® ) B,
Song AT T TR Mg AR S AR R DSIFs AR AR ELAE AR %ﬁ/ﬁ,%%ﬂﬂﬁ‘ﬁﬁ@@ﬁ,*ﬁ
AR AKX AR

M<1,2>:j(0<1> @ v oPul) —oPels,) qu+fPu u® gdA, (11)

Jt(ll) oS 1 TR SR RS A T AR ELVE R A, 50 2 SRS A A5 0 DTk, A
DI SO RO HER N R R 242 R A
R=rh,, (12)
K, b, ARRBITTRE RS r, o A 8 SR H B TERR AT X3 A MBS g = 1, 7ERU IX 3k A
AR '5 q = 0. FEFAICATE AL E, ¢ W(EE S T XA E A 2]

q= ZN g - (13)
*BEMEFH% éﬁn DSIFs Z [AI5C R K
M =ﬁ[1<11<‘i“‘ + Ky Kyt ], (14)
Arp, K™ K™ B DSIFs, E° BREN
E (PR,
PR Ccrmm). (13)
EPEEIE E’J%Hbiﬁ DSIFs fi, B2 1) DSIFs 1] &R K
M“ P (Kt =1, K™ =0),
(16)

(12) (K?UXZO,KEUXZI),
INWAE /N hiz%ﬂﬁﬂbiﬁ—ﬁ‘%ﬁ‘ SCHR[18].

3@@%%

3.1 EH1. 8 TRKRLA TR KR 8]

WA 2 (a) Frzs , & #i 1E 2S00 S 7K V- T] 240 AR 52 3 2l 2854 2800 L BRfETH53 isf l idy RS 1
N L=10 m, h =4 m, BEHAL TP W AR ARBEESHO 39%99 B2 RIHE (181 2(b) ) ,
WKE o =5 m, MEHFMER TS E = 210 GPa, Poisson [bv =0.3, %&F p =8 000 kg/m’ . 7
¢ =0 B2, MY L ih %32 BN Z 8RN B3 Hi v J7 oy = 500 MPa BI/E . BUE TR S a2
0.001 s, I EIZEKICN At =5.0 ps..

Freund (1990) 2" 45 4 T iZ ) A p B8 M, HE T AU DSIFs 1936352

{0, t <1
Ki(1) =124, Jcl(t-m(l—z”) (17)

, t=,
1 -v 1T ¢
A, 1, =h/2¢,,¢, =5944 m/s.
B+ RAFRIE) DSIFs BRUA K, = 07y /h/2 SEATTCREANALALB] IS (8] ¢ BR LA ¢, 2047 05 4940 AL
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HANE 3, o0 2 TR — U5 R A R A v T R A 8 A (B R R A R AT L
B35 AT RS R BUE SR SR (2) o = 2.

I
—q o—ck
P ——— <|p
—q ¢ o—k
o—k
/
(a) JUAT RS FL S A (b) XFEM
(a) Geometric dimensions and boundary conditions (b) XFEM mesh
B2 &2 Ju R RS T R AR ]
Fig.2  An infinite plate with a semi-infinite crack
Lér _,_ anlytical results L.6¢ —a—anlytical results
1.4F present results (CM, r, =2) 14L present results (LM, r, =2)
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1.0
K 08
X 0.6
0.4
0.2
0
30 (7 S V- S ¥ S ¥R X
t/t,
(a) —BURHHEMT-45 (b) S FTR A 45 R
(a) Result by using consistent mass matrix (b) Result by using lumping mass matrix

B3 RN R L

Fig.3 Comparisons of analytical and numerical resulis
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AT ZE. Bl 4t terml S (11) T8 1 RS, 51 564 T ARG 2UR ] term2 S (11)
HAR 2 TRy, B ISR 00 STk, NIRRT Y AH B term ISR A S000E DTRRE /N (R

L6F o total DSIFs , L6F _._ total DSIFs

14F - term 1 G| e
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(a) BUMBERR 1(r, = 2) (b) BUMER2(r, = 4)
(a) Integration path 1 (r = 2) (b) Integration path 2 (r, = 4)
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- o- total DSIFs
SEECECEE term |
12F — term 2

(¢) BUMEAZ3 (r, = 6)

(c¢) Integration path 3 (r, = 6)
B4 RGN T DSIFs BRI L2
Fig.4 DSIFs versus time curves with different contours
BEHE AR EAE FHAR 0 b AR DX 086 DR 15 P 0 ) 52 i R84 R, S 51 ) )it AN 2% P I 30 14 B
Wk, AHELAE P AR SR B R AR 3 A R AR AR DGR, A, S5 3 IR B9 DSIFs 53 Y 5T kA

A] 2.
3.2 &2, R A HL IR
p®

tHertetd

o

p@)
(a) JUT RSE Rt A 24 (b) XFEM k&
(b) XFEM mesh

(a) Geometric dimensions and boundary conditions
B5 CcCridff
Fig.5 CCT specimen

p(®

step function

o-()

Bl 6 fir k- i) i 2k ( BrBR e %)
Fig.6  Applied load versus time (step function)
WME 5 (a) s, —PHODWIZ2LAS R (center cracked tension, CCT) {4 1 3t 32 B K for 25
p(t) (B 6)MEM, Chen™ R RAHFFE T IZMIEUFE M R fr 2/ FF DSIFs BAE Ak ita$, BT
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35F s Song and Paulino (2006) 35F_am Song and Paulino (2006)
3.0 [ —present results (CM, r,=2) 3.0 — present results (LM, r, =2
v
~
X
(a) —HBUEHFFHRZR (b) ST AL M A 45 2R
(a) Result by using consistent mass matrix (b) Result by using lumping mass matrix
7 AR SCECE R SCHRSE S (Song and Paulino!®) | 2006) 4 L4
Fig.7 Comparisons of the present numerical results and the reference solution by Song and Paulino!2°! (2006 )
3.0F _o_total DSIFs 3-0F _o—total DSIFs
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2.0f : S 201
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-15F ° g - L5F
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N b & > 1O
& 1.0 g‘ 3, 7
¢ 0.5r
_0.5 5 1 1 1 1 1 1 1 1 1 1
0 1 3 4 5
2Cyt/h

2 3
2C,t/h
(a) BUMAR 1(r, = 2)

(a) Integration path 1 (r, = 2)

(b) BN 2(r, = 4)
(b) Integration path 2 (r, = 4)

30p total DSIFs
------ term1 &
— term2 §

(c¢) BUMAE3 (r, = 6)
(c¢) Integration path 3 (r, = 6)
8 RFEBVMKIET DSIFs Ffim i g2z 4k 2k

Fig.8 DSIFs versus time curves with different contours

3R B9 RSE b =20 mm, h =40 mm , BSR4 T 10 0 AR A IR B R HL 49 x 99 )
SIPIRE (K5 (b)) , HECEKE o = 2.4 mm, MRHOBERE E = 199. 992 GPa,Poisson v =
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0.3, % p =5000 kg/m’ , PAIGHEFE C, =7. 34 mm/ s  BUE A BIRHE] R 13,62 s, B ] 2
KIBUN At = 0. 05 ps BTS2 DSIFs (UL K, = oy /ma FE47T0RALAL B iFE] ¢ 9 L)
2C,/h AT TC A ARAL B, QN 7 B, 43 5 T SR P — 500 2 6 R R b o o B A 2 1
BB A5 SCHREES S AT e, 2 5 SOk SS S & et it and , R (12) o, = 2.

K8 WA T ARBIIRAET (r, =2,4,6) DSIFs P[] 128 1k 2k A9 34545 51
Wi T 5B 1 R RLAEE, FBHR MR DSIFs B, B30 5T ERAS 7] 22005,
3.3 HfI3. MK ALK a3

ARG T B %A S AR SR S5 2 AR, Qi 9 (a) R, AREYRST b = 30 mm b =
60 mm , BRI Ak T 1 AR IR A At Bl B O 49 %99 15T AR (1 9 (b)), 8K
£ a=7.07 mm, 280 0 = 45° . FEITE RSB 20 ws, BFEEKICH Ar = 0.1 ps.

p(0)

tHEtittt

b

e |

A

p(0)

(a) JUTRSFRA A S04 (b) XFEM Ri#%
(a) Geometric dimensions and boundary conditions (b) XFEM mesh
9 EURIA LRI AR ]

Fig. 9 Rectangle plate with an inclined crack

1.6 £ —s—Song and Paulino(2006) 1.6 f —s—Song and Paulino (2006)
present results (CM, r, =2 b present results (LM, r, =2)

T ) 0 4 8§ 12 16 20

t/us t/ps
(a) —BBTRHFIRESR (b) S BT AR5 4
(a) Result by using consistent mass matrix (b) Result by using lumping mass matrix

B 10 ASCEUEM K| FISCHRES 2R (Song and Paulino!®) | 2006) 19 L%

Fig. 10  Comparisons of the present numerical results K| and the reference solution by Song and Paulino!2°!(2006)

{1011 B , 4946 HE TR IS0 B ME R TR AR 000 K, P K BRI 5 3
FRL 20 B2 ST LBt H 5 SR S A el
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0.4 —s—Song and Paulino(2006) 041 —s—Song and Paulino (2006)
0 —— present results (CM, r,=2) b present results (LM, r, =2)
-04r -0.4
i—o 8t SZ—O 8
X N
-1.2¢ -1.2
-1.6F -1.6}
[ T N S S TV R PR TR TR [ T S S S (VRS R O TR TR
t/us t/us
(a) —BBTEHFTREZR (b) ST 45 R
(a) Result by using consistent mass matrix (b) Result by using lumping mass matrix
B 11 ASCEUESR Ky FISCHkEE 5 (Song and Paulino*) | 2006) # He#i
Fig. 11 Comparisons of the present numerical results K and the reference solution by Song and Paulino/ %’ (2006)
141 _o— total DSIFs L6 _o—total DSIFs
T term1 1.4F term]
< —term2 i — term2 %
1.2
1.0F P : .
& ’&(2 1.0
- 0.8F -
X M TR x 0.8
= ) ® =
o 0.6F ! %&) 0.6
0.4F éé) 3& 0.4
0.2F 0.2
0
0k
-02 T T D T
0 4 8 12 16 20 0 4 8 12 16 20
t/us t/ps

(a) BOBEIE 1(r, = 2)
(a) Integration path 1 (r, = 2)

(b) BBt 2(r, = 4)
(b) Integration path 2 (r, = 4)

LOF . total DSIFs
14F ------ terml
— term2 IRy
1.2F C%o‘_, ‘5 ~;@é‘~
1of # R
- & .

5\4_ 0.8F Wﬁ Capang

X 0.6F &1
0.4F ;j ”%
0.2F 2 .

0 MHM%\/\J\A/\/\/WM

-0.2 L L L
0

t/us

(c¢) B IKAZ3 (r, = 6)
(c¢) Integration path 3 (r, = 6)

& 12

ANEBU B4R T JCEEARAL K B ] F) 28 Al 2k

Fig. 12 Normalized K| versus time curves with different contours

SR 02 JL 12 13 WA T ARBUNEAE T (r,=2,4,6) DSIFs Ffiif )22
e, dita s 1 RRE B RLEE.
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h2r — total DSIFs | 2 — total DSIFs i 3
------ term1 %@@M ------ term|1 6@3@ M
-1.6F —term2 -1.6F —term2 &
0 4 8 12 16 20 0 4 8 12 16 20
t/us t/us
(a) BUME1(r, =2) (b) FRIMRAE2(r, = 4)
(a) Integration path 1 (r, = 2) (b) Integration path 2 (r, = 4)
041
0
< -0.4
~
K08 ‘ ;
% 5
2F oo DSIFs &,
------ term1 %Q% M“é&
—16L ——term2 ﬁ
0 4 8 12 16 20
t/us
(c) BUFHAE3 (1, = 6)
(¢) Integration path 3 (r, = 6)
E 13 AEBUFHAR T IR Ky BT 72 i 2
Fig. 13 Normalized Ky versus time curves with different contours
ﬂ_: N
4 % e

X ¥ oMy 28k Bt ) ] AR A AR S SO AR E 1Y, BURR - T2 1) 24804 i it 4 5 i S 5 8 76 2 28
o), % 11 XFEM 24428k HE pR 5005 8R58E F. MRS XFEM ARz 48, S T 30 1 XFEM B9 S Bc )7
2, >R Newmark Fasal )72 Bk b A T () AR 43, 942 th T —Fh XFEM 5T 2 0 B 1) 48 v SR .
S ) R EAE P AR 5 AR L SR A DSIFs B AH B AR FRAR A 7 B0 fn 1 0 14 S ik,
R, A PRI ZE R R . XFEM Al DLAERAPEA R 4808 1) DSIFs , A8 St
)48 P SR PR A R, AR B IE R ) DSIFs, AH B FHAR 43 w8 30 ) B3 ik AS o]
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Evaluation on Stress Intensity Factors at the
Crack Tip Under Dynamic Loads Using
Extended Finite Element Methods

JIANG Shou-yan'*, DU Cheng-bin’
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Abstract: In the framework of the extended finite element methods (XFEM) , the extraction of
dynamic stress intensity factors ( DSIFs) for stationary cracks being subjected to dynamic loads
was detaily studied. Having constructed the approximation of dynamic XFEM, the derivation of
governing equation for dynamic XFEM was presented. The Newmark implicit algorithm was
used for time integration. Meanwhile, a mass lumping strategy for XFEM implicit dynamics was
proposed. In addition, the interaction integral method was given for evaluating DSIFs. Com-
pared with the interaction integral method for evaluating stress intensity factors ( SIFs) of
cracks under static conditions, the contribution of inertial effects was added to the interaction
integral method for evaluating DSIFs. The numerical illustrations show that the XFEM can eval-
uate accurately DSIFs and the proposed mass lumping strategy is also quite effective. To obtain

DSIFs correctly, the inertial effects on interaction integral cannot be ignored.

Key words: extended finite element methods; dynamic loads; cracks; dynamic stress intensity

factors; interaction integral



