2AHE oETo| p-HIH wetldlME flst
Hn32|d "Hzhgel HE

Application of Ordinary Kriging Interpolation Method for p-Adaptive
Finite Element Analysis of 2-D Cracked Plates
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Abstract

This paper comprises two specific objectives. The first is to examine the applicability of ordinary kriging interpolation(OK) to
the p-adaptivity of the finite element method that is based on variogram modeling. The second objective is to present the adaptive
procedure by the hierarchical p-refinement in conjunction with a posteriori error estimator using the modified S.PR.
(superconvergent patch recovery) method. The ordinary kriging method that is one of weighted interpolation techniques is applied
to obtain the estimated exact solution from the stress data at the Gauss points. The weight factor is determined by experimental
and theoretical variograms for interpolation of stress data apart from the conventional interpolation methods that use an equal
weight factor. In the p-refinement, the analytical domain has to be refined automatically to obtain an acceptable level of accuracy
by increasing the p-level non-uniformly or selectively. To verify the performance of the modified S.P.R. method, the new error
estimator based on limit value has been proposed. The validity of the proposed approach has been tested with the help of some
benchmark problems of linear elastic fracture mechanics such as a centrally cracked panel, a single edged crack, and a double
edged crack.

Keywords . ordinary kriging interpolation, modified S.P.R. method, limit value approach, adaptive p-refinement,
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2|2 22 (Ordinary Kriging Interpolation)
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T3 A Ze7] B g &3k B4R ATEA
FoHe HAEM EHTASZSAHMVUE: minimum var-
iance unbiased estimator) ¥x FAME EHTFAZA|
(BLUE: best linear unbiased estimator)zt A% =] gl
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, , , : 2— - . . “ < ., . ..
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o= Cov(z;, 2,) (5)
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AtH(Stein, 1999: #HFZ, 2002).
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4. &8 S.P.R.E1 p-A= MES

AYZEQ A 7Ha posteriori error estimation)Z thi3
o2 AMEEI ' WAL B (recovery technique)
9 3l 2¥ HAFHEF(S.P.R.:. superconvergent
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A71A,

Z ¥ smoothed stress field by projection

ZF: computed stress at Gauss points by non-uni-
form prefinement
[D] - constitutive matrix

Q ' mesh domain

aeeg, SYHHCE AMdEE e Al 2, 'e &
PP E 53 F4 Z* 9 pversion FFLAPoR
AR ANE FEE Z P Aoz vehiim 2 (13)3 2
th 9714, z* & A58 S84 (continuous stress field)
s e, 7P 249 847 Eddoly 24
Hell M= 7H¢2 x—?-ﬁ.—xé oA Alxkd A (discrete)$] #ko]
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3 A g Fof ANk REA AR A
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d (x,, vy, $Eze A4 94X & Jehle HAxa
x,, y,2 W SEE dFo] JhEskAl En (34,
2003: %34, 2006).

2 )= B2 (x 9 (14)
A7, ke TR HERE N, A, Zi(x, 9 A
S 9 ks A eSSl o AT 44
H $H#L von-Mises §H o2 RIS F3aldHy
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a2 Aol &)@ PIRE | 5| S okl 43t 2ok,

171 = [ (2" D) 2k )" (15)
aFER, oixEe) e WEES e 2o 3
ofgiet,
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o ~
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SESol7} % 51‘—:‘ , 84 s At &
7l = & (asymptotlc range)d| EA 9t} 4
44 (asymptotic convergence)ﬂ p-version #3QAH

(a

e B8 AA WFR] (exact strain energy)oﬂ
IWHE g dEsH gt olF 534 (limit value) 2t 8t
™ Babuska® #4148 (extrapolation)oll <& 4AHgE
dtt. AREsF 2R3 Aadn JzaEE FEF e
pversion 88499 FHEE&(convergence rate)< 2
(17)3 Zo| Babuska® 942l (inverse theorem) & AMHE-
gtod A<k ®F lvh(Babuska, 1991)
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AN, g g FBA a4 AR 3
shsk FEMaIG] 3 oluixigte] 2AKIe @it 2elz, ,
E5EEole AR, pob g AR A5} pdS) s
Eot A BAY Joolth WA, 34 RS 1 g
S ZHA (DA ZAT FAFRY A5E A5 p2,
p1sh p7h 912 @, A (1)L A3 w5 8 4= A
AL % A0k 19 2 ol ofa) Babuska® oli% 2
& SAPHNS AdstBabuska, 1991 $BA,
2003).

UL—U,

LOg . Logﬁti
UamUpoy A, (18)
Uk — N,_

Log_(LJLpr_ Log™}=*
Uex_ Up‘Q 4

A7, g, U Us BERTF AT popl
o p29 wje] Akl AR E ey, (e 5"
A gke] &l (estimated exact strain energy)Z vieh
Ao, N N, N, E AREse] mE Aol
oh Z2BE, A (19)9 Zo] A2 g oA se Al
ettt A¢A Aes ZFN 7A oY dAE ARHEA
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5. SHEAT A
7P EAPA (virtual crack extension method)S T
g A& o EHe °1]‘:W Fro]l TEAATS 93 2
83 A e FE8| AP ode Ayl dojdrt
= Mdel o8l S HEke] A, 53 FAY SHEYAS
g Axtsle Hdhgoltt. & 1% 29 ¥2 7t at+daE X
st 1Y 39] AOABYEY AuA7} WEHe vl
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o7, 1995).
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(energy release rate)el2} s, FAAAH (crack driving
force)olet @tk TER T LHEE AUAE R=dWda
2 EANH1 FEA%EH (crack resistance force)olel F2
o PR EEHE TEAC] 7t g+ deE RAAE W9
A AU EERS ALttt Oﬂﬂﬂ YWEE Ge 4
(22)2 Aatsled] e TEET o8 w M A] Fhol
o, U TER} g+ da?t HNE W AFUA Ghol
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19

o o] A& &l ANE W gp= FWHCE 1) <02
2 788t Woo, 1998). 4 (21)3 4 (22) & Ar&std
FAY SEAFE AHT 4 A Ert
C= _du_ U =U (22)
da da
AL E=(opening mode) K& B4 A (23)7 2] 3

IHY  F(a/b)E
tor) E= FAY
intensity factor)o]™, 2t 7% tisix o
CRACK HANDBOOK®! At=|Ach(&92.1993; 1=t
1995).

BoJol| w2 2 A S (correction fac-
2-#A A (non-dimensional stress

A945e]

K;= CoV ﬂa-F(—%) (23)
X 2 ZS7GE ofst FA SHETAH T AE 4
Z4a9A(Central Crack)

_ . 2b _ma :
F(al/b) = o 10 oy Irwin
_ a a 2 a 3
Fla/)=1+0.128(4)-0.288(*%) +1.555(-%) Brown
—\ Za
F(alb)= 2 Feddersen
1
Fafb)= 2a\% Dixon
1-(%%)
H 3 Yool ot FXIY SHECHAS AXA
FAFEH(Double Edged Crack)
_‘/ 2b ., _ma .
Fla/b)= g an oy Irwin
_ a a\? a\°
Fla/t)=1+0.203(4 ) -1.197(4) +1.930(4 )  Brown
F(alb)= , \
— — 91(alb)° Benthem
l_l
b
s za\,| 2b _xa
F(alb)=(140.122 cos 24 )| 28 tan 22 Tada




S ae e L
E 4 QUL CfE DAY SASUAS A st 27 59 2% 69 AFAES vme) B FAAD
7L (Single Edged Crack) 5 249 plevelE H2AFHA 7128 & A Ls w4
v)&] Frae]7ld 93k o A 2L x14e 2
Fla/b) =1.12_0.231(%)_10.55(%)2 of w3 HAE el 23t plevelo] A F2& 259 p-
21728 a0 3[4 1 Brown Hi7E o)A eS¢ & ok E 59l 29 59 O
7(5) ra.0(f) 69 HAFATE ARSI AR S e FYRER] FAY
F(afb)=0.265(1=a/0)" + 5= o Tada SHENATUS o/ p(TEE0/BRY F)E 0.1414 0.92
AN AZIEA e Bt FA SHEUATE TP
Flalt) = 5 an 5 SI3h HITARPYE AHeSdon, & HIED 2719 o
O.752-f—2.02(a/b)+0.37(1—sinJm—25 ’ Paris g W AL £ 49 g,— 10 %2 2FeT &
05 3 5¢] w}x|2 gl p=8(all meshes) 8% Ao p=82
THANA R4S FYF Ao Fugo s 71539
2 7o = 5 A Al
6. x50 oA ot} a8 75 BH 7|29 AFAEC] A AT LSM
2 OKell 913 #HF H34 Azl 23 frakas dAighsol
6.1 AL WL ZoFAT 34 A eat 5% v SEI A= E Srsty 9SS &
& Utk o] 2R 1% 69 Al g FHFAwol 2
A} S e 4 aIER(CCP; centrally cracked pan- ¥ 59 "V\Xﬂ"— o) 3 2RE AFATA IS BY A=
el 7158 ge] 18 4ol BAlslol ik g Avgete  ATrEel ele) Aslel A A & 5 A Sl 43
1/4 Hoo] g7)e] aigtoz muEgom ASA p ot F2A g oF HFATL oln] FAd S A
T RS 59 2% 4o Are 77 5ok o 6o g, o) Fl $RA oFA= AL R A} 5L H AR
S 1L 2 21 O o} 2 o)
a3 59 ASE T FH2AFIOLSM: least square F 2ROl We AS @ At
I REe = a7

method) 22, 2% 6& 3 7#28)7 (OK: ordinary kriging) £ 62 2R o/p=05d AAFE} BrelAe] o

o olg) HE3E &5
FH ZE=aduelA HFE
2 FYPHA =20

Z'E AMegn. pAE AEse A
g g 75E At Akge

A=A}, o] W 27]AE (initial mesh)
8/ 24 BF plevel=1% AN & AFEct 78R
9] go], E3 gEAele 47 2 4, 2 b, 2 o2 VYERIOH,
Bb=2. 6=1.0. E=2x10% 81 y=0.32% A&

3 pAlE AR ARG WA Ee] A eat Wi va
& venlioitt. AaAlgyH ZtAeA S AHste p-AlE
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No. of Least Square Method Ordinary Kriging
Iteration NDF %) NDF U%)
1 23 31.83 23 30.75
2 49 22.29 49 20.65
3 66 20.94 79 19.17
4 83 18.37 104 17.06
5 113 16.93 135 14.56
6 140 16.04 - -
7 168 15.44 - -
8 203 13.79 - -
9 215 13.78 - -
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No. of Least Square Method Ordinary Kriging

Iteration |  NDF no(%) NDF nq(%)
1 23 14.52 23 16.37
2 62 12.57 55 11.50
3 83 11.97 67 8.83
4 95 11.37 99 4.21
5 124 10.88 120 3.52
6 144 10.73 130 3.05
7 185 10.28 - -
8 213 9.93 - -
9 223 9.89 - -
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No. of | Least Square Method Ordinary Kriging

Tteration | NDF 1 (%) NDF (%)
1 23 28.45 23 29.65
2 62 20.41 55 22.14
3 83 19.03 67 20.93
4 95 16.21 99 18.31
5 124 13.59 120 16.99
6 144 11.67 130 14.56
7 185 10.11 - -
8 213 8.93 - -
9 223 8.92 - -
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Iteration | NDF (%) NDF 3 (%)

1 28 48.66 28 50.37

2 47 38.66 57 40.99
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4 105 31.64 109 34.59

5 144 26.54 127 32.24

6 193 22.93 137 14.56

7 242 20.00 - -
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9 315 17.67 - -

10 321 17.67 - -
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