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H#4570212821 :MAJOR MECHANICAL ENGINEERING
KEY WORD: FINITE ELEMENT / ADAPTIVE REMESHING TECHNIQUE / J-INTEGRAL /
DOMAIN INTEGRAL METHOD / SOLUTION MAPPING

KOBSAK POTJANANAPASIRI : ADAPTIVE FINITE ELEMENT METHOD

FOR ELASTIC-PLASTIC FRACTURE MECHANICS. THESIS ADVISOR:
PROF. PRAMOTE DECHAUMPHALI, Ph.D. 241 pp. ISBN 974-53-2366-7.

A finite element method for two-dimensional crack problems under plane stress,
plane strain and axisymmetric conditions is presented. A corresponding finite element
computer program has been developed to estimate the J-integral parameter.

The domain integral method, for which the J-integral expression has been
changed from a line-integral expression inio a domain form, is utilized as the J-integral
solution scheme. The 6-node triangular element mesh is enhanced by 9-node
degenerated elements as crack tip elements. The adaptive remeshing technique is
implemented for automatically generating small elements in the regions where large
changes in the von Mises stress gradients occur. At the same time, larger elements are
generated in the other regions where the stress is nearly uniform. Afier the new refined
mesh has been generated in a load level, a solution mapping scheme is employed to
transfer the old-mesh displacement fields onto those of the new mesh to provide good
initial fields for the new load level.

The finite element computer program was verified by calculating the J-integral of
many benchmark examples of which ihe soluiions ar¢ presented in the literature. The
results have demonstrated that the combined domain integral and finite element method
with adaptive rémeshing technique and solution mapping scheme is efficient in

determining the J-integral.
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a A

4 v
duninfailneanmdaszneunnuduvesnnuau (Stress Intensity Factor) 1% 1una

o Y] = [ a Y = Y o = 9 a a g 9 dy
ﬁ?ﬁﬁiﬂ?ilmﬂ'ﬂﬂllﬂﬂﬂﬂﬁEJUL"BQLﬁu“lNLlﬂﬂ?ﬂ']ﬁﬁﬂHTIl‘]Jllﬁ'JﬁluQTU'J‘ﬂfJ']u‘W“Ll‘ﬁﬂE]uﬂu']u
[16]

a d A a o
2.1 M unesIUNNIa

a S Aa Aa o o a sq P Yy A
‘W1i111!,G]E]iLi]?)L!“I/]ﬂial‘ﬂu‘w1513J!,GI?Ji1/]Glﬂf“]J\‘l‘]J’EJﬂﬂ31N§ulliﬂmﬂﬂﬁu1hﬂ31hlﬂu%

[

a Y o Y A a A ' 1a g ' '
lﬁijﬂa'lﬂj@85’]']ﬁ'lwjﬂqg’]ﬂﬂuﬂ'ﬁ!ﬁﬂgﬂuﬂﬂﬂﬂﬂquhluﬁf\nﬁu Iﬂﬂﬂqqul!@ﬂﬁ'l\?igﬂj'm

Q

Y v =

madegduvvianduliFuduiumsi@egluvusaradn-naraan (Elastic-Plastic

9y 1
deformation) tiuansnesuelaawaaslugali 2.1
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Stress A Nonlinear Elastic
Material

Elastic-Plastic
Material

» Strain

A = = v o J 1 1 Y o 1 = A a dgl
gﬂ‘ﬂ 2.1 s hdSeumeuanud iU sIZHINMIANUAUNLAIAINATIANINAYY

9
TuFunuvediaguuudaraan-naaantazuuudangu Tisadu

{ o 3 a o CN N 1 J 1
VULNINYNITDIVUATUNITE ﬂ'ﬂ‘l’\lﬂ’ﬂi\lﬁiJWl.!ﬁ‘i$W'JNﬂWﬂ'JHJLﬁuLLﬂZﬂWﬂ'NNLﬂgElﬂ

Q
4 Y

d' 9 [ L% a = (% 1 a K d‘ =) 1 d' o w
n1dvesingneaesriinvzmlonunulasanuuanaleszmaluieimslaseniszinsziiny
Qy . d' 1 Y a 1 b [ (] 1
¥4 (Unloading) AAANVALNUAIAIAUATIN (Yield Stress) Tﬂmﬁquwﬁﬂﬂqu”lu

4 v v A
Fuduiuns g nduuINaNULIANAD UM TUNTE Vg TnQUUDLBaIEAN-naaAnIY
niazanaInIenNUFUIMINUAIAINYeINISEATgU (Modulus of Elasticity)  taziniaa

P4
Y] o @ [ 4 1 1 [
anunseansiuluiagildaumsanuduiuisenieaanuduuazainuas on
Y =S 1 v o 1 1 Y 1 = A A dzl

ApuIuag luznNud RN IEHINMANMIALIAZAIANUAT ALY (Incremental
Form) umuaianudunazainnunsoagns (Total Form ) hldnuiaguungangu i

Y o o da v o dy =R A AAq Yo a a a 1
e IﬂEﬁ]Tﬂﬂ’J"IiJﬁ'iJWHTJ‘VILMﬂ@NﬂuuLi"ﬁ]\?lﬁEJﬂTIi]H{]TIhl"Hﬂ’U AYUUUUDAITAN-WATTANI

v
[

nqu§) Incremental Theory of Plasticity tazizennguyn 190y iaguuuganguligadui
. .« . Qﬂl} [ s 1w
nqui Deformation Theory of Plasticity Iasnguinidese ldwadninminuminnise
9 A a dgl Qa’ Al A ti? @ 1 =S @ [ 1 d? ]
anuauinatuluFunuisuidulusandu@oiuuas binamsdasenisziuluyag
[ 9
NUMIZNNTZRINUBUOIU [15, 17]
. 1 a Jd a a o 4 Y
Shih et al. [12] a%’wauﬂﬁmwwimmamaummaﬁumﬂﬂgmqwawm (Energy

Balance Law) Tagisuainaumsnisinasui (Equation of Motion) ﬁﬂﬁlﬂu@éiugﬂ

.. = —f + pii, (2.1)

L)

Tagh o, unuAmIAuAUgNT (Total Stress)

£ unuAwseIag (Body Force)
p unumanuruuy (Density)
i,  unuAINUII (Acceleration)
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< . 09/’ o '
Auaums (2.1) Meanusi u, ndesinwdidagllni1d

(csﬁui)’j = o,u,, — fu; + piiy, (2.2)
1 1 . [ 1 4 1 1 a
TunsdinAmnnunIoatiaiios (Small Strain) aumIANNENRUTTEHINAIAINATOAGNT

uaz?hmsmﬁauﬁammm@fJuLmullﬁ’ﬁqumﬁ

Tash g, unumAuATeagns (Total Strain)

1 Aﬁ' U .
u.  unummsinasual (Displacement)

4 1 1<
WAUUTANIAUYNVEIENMT (2.2) dnsodeu v latly

G U :l@ﬂ + oy, ) (2.4)

Jiig 2 i,j Jiti,j
A Y S, . =
aums (2.4) wenszatgean ledlugduaninnmi uaz j=1,2,3 1518111350390 au5N
Y A 1 9 wa a 4 9 Y I
nsgneeonuaIven Inilaglynaauian NuauINATUB UNAT AFANNAY G, =0y i

cﬁui,j = Gijéij (2.5)

o Y a a ) ' = 1 @ z:?
ﬂ'lﬁuﬂclﬁﬂ'lﬂ'l'mmiﬂﬂﬁ;ﬂ‘ﬁﬂi$ﬂ@ﬂﬂ’lﬂﬂ1ﬂ'ﬂulﬂﬁﬂﬂ@lN ) PNU

g = et ng (2.6)

Tash €  unuaAnNUATEANIINA (Mechanical Strain)

ther

£ unusANunIeAENdTeNgaNgi (Thermal Strain)

€

1 Y
a1 = v

A 1 = A 9 A 128 v Qszl
Luf]\‘l%Wﬂﬂ1ﬂ’ﬂlllﬂiEJﬂLﬂJﬁulu%NiﬂﬂqmﬁQllﬁJﬂWﬂﬁﬂth“Uu UVLAIAT ANUUTNNNT (2.5) A

sUaunde

cjiui,j = Gijégl (2.7)

= %

{ I < 1 . . '
INHNIANUIN N 114ﬂ'imﬁ’mmﬂmmummuuﬁwqu (Elastlc SOlld) mmmgﬁ'ummsa

Q

a ' v @ = ] 1 = Y
mlEluagiugﬂmmmwawmmmmaElﬂﬁml,mmmzﬂ1mmmiﬂﬂ‘1/mﬂahlmﬂu
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oW
o, = — (2.8
ij ag;ﬂ ( )

&m

[ Y
Tagl W= j c,del  uMUAMWAIIUANIATIANULLUY (Strain Energy Density)
0

unueaumy (2.8) asluaums (2.7) s ldanuduiug

oe: .
oy = M W 29)
: os: ot

I

o [ s
Tushueudenuannaiiaesazaunemuvnvesaums (2.2) ¢ la

F = j fudt (2.10)
0

t
L = [piiidt (2.11)
0

Tagh F Lmmmﬁmuu'mﬁmmﬂmﬁmq (Work Density due to Body Force)

L uRUNSINUIaT LY (Kinetic Energy Density)

[

Tunsainiagimanuvuiuasisianinduiniaauns (2.11) lami

L = %pﬁf (2.12)

INANMS (2.9-11) aums (2:2) aunsaanglldedlugii 18y

Q;; = V(2.13)
Tagil oy = ol (2.14 )
Vv =W -F+L (214 )

a A

duitnsaaums (2.13) vurlsinasla q udnlszgndnguiunveumd (Gauss’s Theorem )

Y o ¢ v
L"lﬂﬂ‘UWi]lJLLiﬂiwllﬂ

[0,02 = [@mds (2.15)
Q S
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~ P [ 3 A A 1 a d's} a
Taen m, UNUNNADTHUIHUIYENRINUNANIDDNIINAT S nasusoulsuias Q

A a 1 1 3 [ {
finsandSues O laq fifveslSines S indeuiidasnnuiy v, aanaaslugilin 2.2

~ a ~ = A a 9 A d'al <
g‘lJ‘ﬂ 2.2 ﬂi1!Wl3ﬂ’J‘]Jﬂll‘i/ll‘l]aflullﬂawnﬂmﬂuuf]\1i]1ﬂW’Jﬂ1uu€JﬂLﬂﬁﬁ)u‘ﬂﬂ’JUﬂ’ﬂﬂJLi’J Vi

Y

[ = a qu a == Y
oasimslasulaswesliina v NMmuauulsnasauguiinnaila q aunsom1dan

4 @ I
myf]uwmimﬁaummamEﬁuﬁﬂ (Reynolds Transport Theorem) 11]u

%gwdg = iq’;dQ + !wvjmjds (2.16)

NnauMs (2.13) tag (2.15) aums (2.16) annsaieu Ia 1wty

d
—j I¢+WV Jm,ds (2.17)
dt?,

4‘ ! U U d‘ \ U d' o |
erABnsImaInungnianildeseanaining (Energy Release Rate) fidwmia s 1o o
UUYDUTB8517 (Crack Front) (11099 nvonsoss1uaulason lidrevinaneiiola o

{ T { o 1 % I [ H

81(s) nuANNEIIVOUIBE3Y L, Nilviagagaminy [Aa| fdumua s gaiuainldly

a 4 9 aa A [ a &~ 9
M3 ATITHANNTULIWITeed 1 Tullymauia Wasandaglsues Q Falisesin
1A U2 X, — X, (Planar Crack) uazveusesiniianyuzasiiios lnesos31nuz

Y H
wulaegluszunulufisasminduveusesdn x, dwaaslugiin 2.3
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[

111 2.3 Jagiiisesdmindegluszuiy

9

] a o = I v ! 3 a [
wivlsuasvesiagtioontuaesdru TagaruusmiuiFuiasnianszuenian o Q.
¥ Yy v Y o A g 2 a o ¥
ADUTOUVDUIDYINIAIYLA U F(S) Lﬂuiﬁ’,ﬂ% LC IAADUNAIYIAITULTUAYINVUDUIDYI

A o v 9 1 qg./‘ Aa =P 9 a dy ~
Vj(s) NAUNUNUBUTBYITI S AN ﬁﬁ@ﬂﬂﬂﬂilﬂﬁi!m%ﬂﬂ’l Sr aama‘uﬂimmu IﬂEJ‘Vl

9 [
UmeiaeresvealSinasanmsa v, (s) dantlugudduaaslugili 2.4

A a < Y
Qﬁjl]‘ﬂ 2.4 ‘]Ji?JWIiTIiQﬂiS‘]J’OﬂLaﬂ ) IDUVVUBVIDYIN

1 Py < a A A 3 o d” £ A a dyti' 1o o o A
ﬂ’;u‘nf‘r’amJuﬂammmmaamwmmmmqu Q—Qr "’]NW’J"U’ENﬂiiJWl'iuVlthﬁiJNﬁﬂ‘UN’J
v

a o Y (=) A A o o
"UfN“lJi?JW]i‘ﬂiQﬂﬁ%‘U’E]ﬂ S—Sr Qﬂﬂ?ﬂuﬂiﬂqwhﬂﬁmﬁﬂuﬂ AN ‘Vﬂﬂﬁﬂ‘i%ﬁjﬂ@lﬁwﬂﬁ

2.17) iniudsnes Q-0 awla

d
agjgr\,,dg = [ omdS + [(o;+wv,)mdS (2.18)

S-S Sr



15

9
= v

4 [ A
Tasnatimadneveaaums (2.18) UNUBATIMINUIUYDINGIIUM U (Internal Energy)

J @ @ a [l a
WTUTNNNYIMNUTATING Inaveanasaudglsuing Q-Q WuHI S-S, vz

U

2

J @ @ ' 1A 4 1w o {
wadgateunuoas1Ns IMaveanasnur g g S, tleniA1dasmasaIuiign
1 o a 4 a <
Yaadeseanininglinins Q iesnnveusesi1uaulneendioniumii v, 15134
9 v
fuald Q. —0 wie [ -0 auiunnagums (2.18) dasmasnuiignilanidesesn

Mndagilosnnmsian Tavesweusess naaeavel 8s vzliaunin

Jp = ~lim (¢, +vy ;)mdS (2.19)

r

A s & ] a’/‘ aa a a
Weenn m; luaums (2.19) ununNMesHIINLBAINININANIBNINAIVEILTINAS
&2 aa 9 @ S & ] 3 Aa a [V QSJ‘

Q-0 FliNAnTNUAUNIND TN HINieamIn n, AlveslTnes Q. duiuaums
(] ar i a a I
(2.19) awnsoWou i lugaduiinsavuivestsuas Q. 1dilu
J. = tim (¢, +v ;)ndS (2.20)

-0
Sp

'
= o

a a o A A A 9 [ Y ] Y <

Wﬁnﬁﬂ!’]iz‘]_l‘]_lWﬂﬂﬂ"lﬂal@ 8 ﬂ!ﬂﬁi’)u‘ﬂhl‘ﬂW§ﬂﬂJﬂUm@Uﬁ@ﬂﬁTﬁVWﬂlL‘Viu\i S AYYAITNLT
Y D, ¢ ¢ 5 . v
1AEINUVBVIOET1Y v, (s) 1ANIINTZIWOUNTINGIAS (Taylor’s Series) 1214

ANUFIUT [18]

dugg o ON O i AU, (221
dt 8t aXI 8X2 aX3

[

< Ou, o < A o do ao A 1o A4
Tash S uNUBAIIMII) a8 03UBINTINADUAINTUNYIINITLUVNAARINNDYIAVNFIN

a . 4 : v £du, o 4 4 o do
Ao 1, nudasludunisnouniil S unudnsInIslaguuilasvesmanasuaIngang
t

Ao A A Ay < Y o ¥ aa v
VIMNITSUUNNARINNIAADUNAIYAITNLTI vV "l,ﬂWii’Jllﬂ‘]J‘]_IﬂTEﬁﬂfJiTJ Gluﬂﬁillﬂ"llﬂﬂﬁﬂﬂiTJ

wuTameldaniugogda (Steady State Crack Growth) WIlMA U IBVRITNMS (2.21)

= "W -4

HANMAUFUIFITAIIWHNIINIINEATNIINTIAAOUAINR WM UUTR VI INVEUT08317

D.

= @ ) 1 S T W @ Yy A a 9 4
PYINUNAIINYITNITRYTIIIAN ] ISUAUNTINU IﬂEJ“VI’JUhJLm’J‘VI‘]JiL’JmGIJE]‘UiE]fJiYJﬁ’HJWi]L!

9 A ' P Y} 9 A A a ]
AANYVDITUNT (2.21) aCUMUINANNIUUTANNATUGIWUINUBINNNUINUYDUTOYI

d' d‘ [ ~ (% o 1 d! [ [ 1 =~ = 1 9
15112811 a9U8IN15IARDUA UNIUA VAU UIFIUUTAUATINUAIANUATIAIL LA NI

£

@

P o A o yad A , A
priuaasiuaums (2.21) werhmnldhuinuvensess nawisoanglaunie

U = —u,v, (2.22)

1
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k4
furiuaums (2.14n) ansowen g @il

®; = —oyu, v, (2.23)

d @ >

4 { A _ o 1 3 o
ATLRERNTIAR! S, uag S, NN V; antlugud auiunnaums (2.14 v) tag (2.23) 13

U

ansaeuaums (2.20) lalvdluy

Jo = limf H,v,dS (224)
S
A [ A v A0 v Y @ s A 9 [ a’j A 9
m’eNmmm’mguazmimaaum’mm"lumng@uum‘nmnmmam@ﬂsn AU u I' >0
Aa A P 9 @ ] A [ A1 g J o Y
mmmmwwwmEJTU’eNﬂmmwumuummmmmmq%umlﬂuqu&m“lw ij Tuaums

(2.24) angilaunio
H, = (W+L)3, —o,u,, (2.25)

{ % o A ¢ o 1
Tagh  H, unumusos luduilo i nnainasanueing g

<3 J I3
Sy unuasolnAesAad (Kronecker Delta)

a a d @ J a o 1 { wa a Iy v A
Tuaneniimusatiuisinsammegiagdanguninuauianguugil hidunuiamaes
£4

{ o 1< J A o 4 . .
m3znszinuiaglunuunes o tindu (Elastic Solid under Quasistatic Isotherm — al

Q

9
o

Conditions) dafuaums (2.25) annsaenlnilunsdiil 1ailu
P, = W8, —o,u;, (2.26)

{ o @ o v .
Tasn P, UNUNUFOT TNUANNAIUBangUYo e @aLeY (Eshelby’s Elastic

Energy-Momentum Tensor)

- ; . Aall ; ' -
Asagln 2.3 mnsidmuald v, :% Tagil |Aa| unuvinaiveusesidyla

] 4 a 1 a
FIGAVUTN Lo bag 1, ununnneimsiayInveiuelseds naeszgzmsaylagaga
Y 1
v 1 v =)

1 [ A 9 a 1
aiuamanungnlaaildesesnnniagiiesninvensesinuaula Sl(s) Tugivevses

1 L, daaaslugili 2.3 gawmdu

J|Aa| = |Aallim Jh P.1dS (2.27)

Tae  J  unusmasnuignilaatldesoensiningmasaeninensoss
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o £ g J o A

4 1 a Jd Aa a 1 [ { o [
Lﬁ’f)‘ﬁ']ﬂ'IWWHJL@I@3L%’(’JL!“I/]ﬂﬁﬁ“]Nﬂﬁﬂﬂ?Wﬁ\i\ﬂl&ﬂQﬂﬂaﬂﬂﬁﬂﬂﬂ@ﬂfﬂWﬂﬂﬂQﬁﬂHL‘Huﬂ s 1a 9

9
=

Y 1 [ 1
vuveusesdMAviuiisesd IMNNTY J(s) aums (2.27) swsodoueglugy v 1din

Jaa) = [3(s)3l(s)ds (2.28)

L(I

4 1
X A

81(s) UNUAINNVENVDLI DT NN VVUNG WM UIVUVOVTO85 1Y s TasliA NI
Sl(s) = |Aall, (s)v,(s) (2.29)
~ . ' oA o ] o )
Tagh v, (s) UnuNAMOINHINUIBAININNIYELTREI 111 IUsEUIDT0EI 1N

nnaumMs (2.27-29) wldanuduiusierind J (s) deenmsoi ldssgnd 19 lusition

35 W ludodmuaae liifly

[ 3(s)1e(s)v, (s)ds = lim of P,1,dS (230)

L

o [ aa 1 a J a a o 1 A
ﬁ'ﬁ’i“i°U‘l]mﬁﬁﬂﬂ%ﬁﬂﬁﬂﬂﬂmm&’ﬁiﬂﬂ@]i'iE]“]JLLﬂ’L! AN WRDTROUNNTavUAIAINAADA

Y
ANMNEVOUITBE3 1A HANMT (2.30) ansneuaglugl

lim f P,1,dS

L0 J

il ] L (s)v, (5)ds

2.31)

9
Tagaumsnaruaangoii 1 lsmmnala luszuufinaninla o

a ¢é a a o a A
2.2 indimesnduinsalugUduiitnsauulamy

1 a J a a o a 4 L3 4
Tumsrinmsimesauinsanieszbends W ludeamudvinaums (2.30)
[ Y ]
w50 (2.31) Widmngndeuiuliaunsai ldTasheiesonaumseglugimsduiinga
a < Y o q¥ a s YY A < v
VUAIMIINTZUBNIAN 9 50UVRUTBE3 1 I AwuaR 1ddesivinadnunaulids 91n
MARUIN ¥ 151NV INVT AV VTes 1nAIANMAULazAIAAS salia ud1ge1TuA
4 v J . . . . o

eenaduImeniiuives HRR (Hutchinson-Rice-Rosengren Singularity) M lviwamae
1 Y J = Ay v =~ ax J a I a @ Qg:
Mmanudutazanunioa lMonszdonds I ludedmudimanuianaings daiy

4 o a, S a 4 4 .
o ldmsdnudieszitonds W ludwawualinnwgndesnniu Shih et al. [12] 3914
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A

Ty A A

dl d‘ 9o 1 a Jd Aa a W = d! =)
Wasugumsnlsmuianmsidwesnounniadelvuaeil Wasanaums (2.27) uveu

Tvisioglugll

J = lim 4 P,lLdS (2.32)

5101 2.5 5masrumiusenveusesin

4

a A o Y J A 1w J a Ao
Wosangln 2.5 masimvualvnnges g daumnunnees I, vurd S, Uaudlugud
a aa 3 @ 4 a A a
VURNT S2 UNANNNANNVINABDT m, VUKD S+ Hay S_ Llﬁ$11ﬂﬂ,ﬂ 9 Gluﬂﬁmmammu
= 1 J s & ] 09/’ A Aa 1
aums (2.32) awnsodeuluilugilnnees g, uaznnmesnilaniiednIninanioon

naifSinasaan S, lailu

J = —[ﬁijjqudS %uf  1udS (2.33)
ST

S, +S_
Tagil t, =mgc, wnumANUAUNTI (Surface Traction)

4 4 Y 4
1J:ixqﬂwqyf]umaumm%’muwwmﬂmqﬁjmmwmﬁumﬁ (2.33) wld

T =-] (ijqk),jdV + | u;,qdS (234)

Vr S, +S_

uNUENMT (2.26) adlunaiusamediuynvesaums (2.34) 1a

_I(ijqk),jdv - J‘(G'i i,kw 8jk)qk,jdV + I(Gl]’i i,kw Sjk)’j qde (2.35)

Vr Vr Vr
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y
AszENId RaeId U NTeY NS (2.35) 14

o.. .U +G”ui,j,k_Wk)qde (236)

J-(Gjiui,k_wsjk)’j qde = I( ji,j Yk i

Vi Vi

4 4 ra 4
NNAUNT (2.1) WINUTANINATUV VDI TUNS (2.36) e laiNsuInaveInNRBY

ansodon 1@ iy

SRR —fu,, (2.37)

o v v S 1
TuiueuRedInuAVauMs (2.5) WIUNABININUNUBIAUNT (2.36) dsnveuaglugll

Ol = O (2:38)

1 A 1 @ 1 v Aw =)
INTUNIT (2.8) ﬂ1®11!|Wu‘ﬁ‘ll@ﬂﬂWWﬁNWuﬂ’ﬂmﬂgElﬂﬂuuluul‘ﬁEl‘]JﬂiJWﬂﬂﬂ1ﬂﬁ13JT§ﬂ!"UElu

vyl

W, = Gijsﬁfk + Zﬁ (2.39)

k explicit

4 a 3 { va @ . 1 1
walgamouesaums (2.39) inadulunsaingaaniiavesiag (Material Property) 31l

4
%

AR v
ANNVUBYNT

Aumdsuunnann vadmualisnnunisaisuduilosnngurgiauaa
Tuaums (2.6) Iauminu

e — k@3, (2.40)

SU

v td ]
Tagi «  unumdulss@nimsversaailosnnaniuguiigil (Coefficient of Thermal
Expansion)

® unumauugungll (Temperature)

Y
AUUNNANNS (2.6) uag (2.40) aums (2.39) aunsooulni 1@l unsdiinuauinves

N

[

A A d
Jaguamnaniy
W, = o, —x0,;0, (2.41)

unuaumMs (2.35-38) uag (2.41) asluaums (2.34) wld

S, +S_

J = J-[(uﬁ W 8jk>qk,j+(KGii®,k_fiui,k)qk:|dv - I tu; , q,dS (2.42)

Vi
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& [} ~ [ I Y v = ad S A 4 I a A
cmafﬂugﬂ‘ﬂmmzﬂ‘umﬁﬂszqﬂ@%ﬂmznJﬂmﬁ"lw"l,uﬁL’e)amumwamﬂumiaumﬂwuu
a dy Aa o w 1 =& 1 a a a < 9 [ o
YSmasuagiurInaa1Inanns (2.32) deedlugimsdunnsauuanan 9 iggud
o o o
50UVUTBYS unuauns (2.42) asluguns (2.30) v ldagumsanuduiusves

1 a J a a o Y <3|
ANITIUHNDTLIDUNNTANINUDUI0Y31 J (S) 19)u

.[J(s)lk (s)vi(s)ds = J (2.43)

Le

dwmsuilyisesinaeliauazaumaiseunau mmnidmesnsuiniazisinsinasa

4

4
ANE1IVO VI3 ALTUIINENMNT (2.43) 22 lannuduius

7 J
N LJ'lk(s)vk(s)ds

(2.44)

Tas J umaaueaasluaums (2.42)

a ¢ a a v o o aa
2.2.1 Winimesduiinsadnsuilarinaasiin

an

AnsansesinuuusEudmsuilaymaesianiununtaninunur i nan ey
1 9 v 9
YOUT0851IHIINAIDGATNANIUHUTYDIFUITUUALUNUNINADINAIDGUUTZUTIVBITUIIY

= Y @ o o z dycu A
TﬂﬂﬂJﬁ’ﬂEJiTJ’JN@]'WnHNGlﬂ 9 ﬂmmu‘ﬂaﬁamuizumumuaﬂﬂugﬂ‘m 2.6

~ a 4 9 o (% Aan
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P4 9

9 [ an 1w 3 1R v a [ v
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J = .[ [(Glrﬁ ik Wﬁik)qk,j + (KGii@,k - fiui,k)qk]dA

Ar
- L u,4,dC (2.45)

C +C_

= ' 2
Tagh L unumanuuuIvedyuau

] 9
109910 gy =f, =t,=q,;=q,,=06,, =06, =0 uaz L (s)v,(s)=1 duiuanaunis

(2.44) uay (2.45) a¢ ldaumsmmaiimesnauiinsaidy

J = J[(Uji W 6jk)qk,j+(3K6®,k_fiui,k)qk]dA - j tu;, qdl’ (2.46)

Ar C,+C_
A .. . H 2
Tagn i, Lk =12 UNULAUNAARTIONITDIUUTSUIVUDIFUITU
6, +0,, + O . 2 '
G = (o ;2 ) HNUAIANWAUAIRINRAS (Mean Stress)
v 4
C, C LN UFUNADIMIMIBUNNI AV AT R8T 1IN

+ =4

° 1

o Aan 9 4 1 (Y % { [
Tunsdilymaesdiaaz ldvuavewinmes q, Iaumnunisidumialatesesiuaziina
1w 7 dy A A 1 1 £ = J dy A J
MIADGUINVRUVDINUN A, VIsNNAIBETEHINNLIDIgUIDUNUN A, Tagnmes q,

A A 1 A v (% ~ 9 = Y v
Weleuegluning x,-x, awaaslugli 2.6 udrenunsndeuunu lageauns

e |€1|coseC (2.47 )
q, = |c”1|sin€)C (2.47 V)

LA 7
Tash [q] unuvinaveannmes q,
0. UNUYUNTZUINTEE31INsTIINULAY X,
a d a a o o (Y]
2.2.2 iniimesduiinsadvwsuilymaninasseunny

nasansesduuvsznudmsvilymaunassevunuilszuuunuinaniniay

[

Wiansenszuenaaalugilin 2.7



22

il /

A a L4 9 () o
?;]JVI 2.7 ﬂ1§'JLﬂ313ﬁ3@8313l&ﬂﬂ3$u1ﬂﬁ1ﬁ3U‘ijﬂluﬁWﬁﬂJ‘JJ"lﬂiﬁﬂ‘U!Lﬂu

E4
dsuilyanuiassouunuaiaalsaag luduediun iy 0 Tunnansenszuenuaz
Y Y
seed1vziay Taoon lumuasalimniy duiuaums (2.42) aunsadeusgluglduinsanuy

L A Y Y o v 3
wuntazvuduluszuuviida 1l

J = ch [(G% &2 —Wﬁj )qk,j +(chi®,k —fiui’k)qk}rdA

Ap

- n |2 u,qudC (248)

C +C_

A S

o dy Ao a A ot g T @ & Q}llﬂ/ o
VUSLWUHUAUNNR §, =1, , =1, 1A iy = —i, AU g, =q 20 uag f, =t, =0

FailRasannigamevesauns (2.48) anglaundo

[ (k0,0 +fu, )qrdA = [(3k50, —f,u,,)qrdA (2.49 n)
AT AT
j tu,,qrdC = I tu.qrdC (2.49 V)
C +C_ C +C_
d‘ ab o
Tagh y =1, z EAULDUNNANTINTEUONNITDIUUTZUI
c._+0_+0 ' o {
G = (0x +0, 99) UNUAIANUAUAININD DY

3

E4
[ 9 =1
Mﬂﬂﬁ'jﬁqm‘ﬂﬂgl‘l’ﬂ Aii =9ee> G2 =r> G =922 = o3 = Qay = 932 =0 VUTSUIVY

a ! v o J
Wsangln 2.8 v lagumaanuduiug
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~ a =] (%
'g',‘ﬂ‘ﬂ 2.8 wamuaLan ¢ VDNINYTNNINTIDULUNY
q, = q,co0s0 (2.50 )

q; = q,sin0 (2.50 V)

v
Y J [ 4 o Y 1w
AITUAIOYWUS q, , 118Z qy4 dZeTRA I Tamny

q, —(q, cos0)

Gy = lim =2 a0 251 ")
~ . 0—(-q,sinB) q
q&3 = léilz)l W = T (251 6]])

o = o dy Y v o d a di Y I
1u1/nummmﬂuuuizumuﬂz‘lﬂmmﬁuwu‘ﬁmmmmﬂ%mmmmmﬂu

Gll 012 013 Grr cTrz Gr@ cYrr cer O
021 022 023 = Gzr GZZ 029 = cyrz cyzz O (252)
G317, O3 03 o © Opz 0 Ogo 0 0 o

wldwniusnmediunvesaums (248) aunsodsueglugy v 1ad

j (Gﬁui,k - W8jk)qk,jrdA = J. [(Gﬁyuy,r - WSBr)qr,Br + (cseeu},3 - W)qr}dA (2.53)

Ar Ar

Tushueudenuiuaums (2.50v) uag (2.51v) 3l

u, = lim 0—(—u,sin®)

. u
= - (254
-0 0—(—r6) r (2349
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Y

] 4 Y
ieaninamdansases ivuegiuagy 6 dariu 1 (s)v, (s)=1 hl#

Ilk (s)vi(s)ds = 2mR (2.55)

AuiuNANMT (2.44) (2.48-490) (2.53) (2.54) ua (2.55) a1

J = RLE[ [(Gw . fiﬁr)qr’[5 + (31{6@r — fyuy’r)qr]rdA

C A

u, 1
* %1(0%7‘ qudA "R _[ t,u,.q,rdC (2.56)

C C,+C_

Tagh y, B = 1, z AANINUAUNTANIINTZVBNAIAAL TN 2.7

[y 9y o 3 1w % { o ]
GlUﬂﬁﬁ‘]JinWﬁiJﬂJW]5‘5@‘1]!“111%5llﬂGUHTWU’EJ\H'JﬂMfJi i fJﬂH“VHﬂ‘Uﬂﬁ\?‘ﬁ@]ﬂl?‘il&\?ﬂﬂWﬂi@ﬂ
A 1 '

¥ Ao 7 A A & s & 4
I1ASHAUNNUAUINVDUUDINUN AT VUENUADYITEVINHUIDIFUIUVUNUN AT Tag

U

4 A A 1 =N [ A 9 = Y v
nNAes q, mam&u@giuwnﬂ -2 muﬁm“lugﬂw 2.7 ummmmmammu%mmei

gl .57 ")
0 (2.57 )

q.
q,

Y o v a d a . a o
2.3 1991NAVDINIFTININD IO UNNTA

9

9
o U a 4 a a o 9 (% v B2
ﬁfj’aﬁ]mﬂiums”l%ﬁmmmmwnmmmmauwﬂiaumzﬁu%ﬂmmmﬁuumm

U Q

a

Amnniwesnduiniadlfiiwenanuguuswesauuanuduiuinalatesesing
Y a Y S o Y Y A = ~ o Yy Aa &
laesuie 1 lumanuan a dudiemsaldaulailenSoudfsuduauuanuauihnady

A A a 4 [ . . a o
ehuTnatlassesin e nauImeniuiues HRR (HRR Singularity) tna31nn13u1

4 S @ Yy & g s Y 1w A =
mwwwa}umﬂ6uamamafﬁﬂqﬂﬂmmmmucmﬂuwaummmqauummszﬂzmmgmiﬁu

U 1 J v qs;l v J ' a
1nlaesessnr ﬁmﬁ’ﬁqqua AetiuaIeNWUsYe1 HRR 4 liamisnesuisauiuaiiy

{ a -4 4 o 4 09.:’
wunnavsulnanindatssesdnla tlosnnwamasauinenWusvod HRR v 1801003

a o = Y . A = A a d? A A 9 I~
AATIEHUVUANNATIAUDY (Small Strain) vyaiznANuATsANNAIUITINYa185083 10U

a

o w .« . . [ Qs: a { [ a .
uuudna (Finite Strain) AsuuTHanduINenusyes HRR ﬁa‘n‘ﬁwaqq (J-Dominance

[

Zone) vzanadivuia lnainiusnaisinnumieadinalioninaganusnulalesesin

U

=

(Finite Def ormation Zone)  adueaslugii 2.9 Gadlvuialsznudosdeaumvos
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1 a 4 4 v Ay { . . .
Amsimesszogmamaoudutlanlaiesesin 9, (Crack Tip Opening Displacem ent)

Fatgmaadaalugdi 2.10

Finite deformation zone

Z

J-dominance zone

{ a { v J Aa A a { o w
3191 2.9 vSnanaueniUTYee HRR 1aninagitazusnanainunigaiinail

a a A a Y
@ﬂﬁWﬁgQﬂUi!’Jﬂ!ﬂﬁTﬂi@ﬂiﬂ

Crack tip

{ a 1 a J 4 v ay !
511 2.10 dewvesAmsilmesszezmandoudutlailaresesin 5,

lunsainwaraan lauduuia lilvajuiniin (Contained Plasticity Condition) WaN13
o a Jd a o ] 1 a ~ v J
Murualeseifonds W ludedmud lanaasdmiiunusnafauieniusves HRR §
answageiglivinalvgniuinanaianunisaiinaiioninagenuinulaisiesin
Aoudaun Tunsdiiwardan Tsulivuralng (Large Scale Yielding Condition) uSnaf
4 AaAa A d? v o A o w Y
Auuenu5ued HRR HanTwagaazsiuiuanyazyodn1ssNnnigiinununiewey
Qy 1 1 . 13 . v
Fuauitmaeeg (Uncracked Ligament) 1uiluniszanuAud (Tension) 3o Tumudan
(Bending) Tas Shih and German [19] lasmsilSeueunamsmiuinainnuduiszoy
1 9 9 =\ an g a d A ~ @ o Ay v
a19 9 1ntaresesnalessdeuds W ludedwudnlSouReuiuranssiuiui ldan
t g v 7 {1 a d A A o v o [
dums (n.17) suduagumsauieniiuiues HRR fAnmsilnesnouiniafernudimsy

Y
a Jd v . '
suanumeldnszanuduaaas Tumudadaa 311nmMsnaasd Shih and German wu1lunsal
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d' a =\ 1 o [ Qy 9 P = 1 Y Qy d‘

Awanraan Tyulvualvgy SmsuFuNUglANTZANMALAT AIAINNINVBIFUIUN
A 1 9 =\ 1 d' 1 9 d‘ .

MaeogazAsalvIANINNI1 200]/c, Taeh o, unuaInuAungansIn (Yield Stress)

9 =\ 1 o [ Qy 9 o o AA A A
HAZADINIUIANINNIN 25 J/GO Fvisuruaumelanise Tuwuaaa lunsanusnunauIl

]
v Aa A =

v d Aaa A =\ < 1 a A = o Aa
PNNUTYDI HRR HONTNAGINUVHIAANNINUTLIUNAIAITNATIAIINANDNTWAGINUITLIN

Yaresesdnaanuduniunisuaniin (Fracture Toughness)  41a91nn15naasan
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W13 w3 (Two Parameter Characterization of Crack Tip Fields) e l¥aunsadsuen
Y A a 9 Y a A d?
mm‘;uuiwmﬁummmmmenmﬂmﬂiaﬂin"l@iuummmnmm [20, 21, 22, 23] Tu

Ao w Aa 4 < T a S a a o {
asmseviniiduanTa Omori etal. [13]  lauaasliifiunsmimnsiiiweswduninianla

v A
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al. 39 1@ uauensilnes -iT ntegral eldlumsimsgriiosininaulaneldaoius
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andganudmsvilymaunadouniasgiua q saudasldsiuiimsines T -integral
o 9 a Y 9 = 0. Q. .A 9 Y] 1 a 4

aunsorhunldlumsdnsigiiesd nisiaudulanmeldanuzegdumuninsdaesi

Aa a o X [ < T a 4 a 1

dunnia’ld uenvnil Newman et al. [14] dauaasliiiuimidmesyuilandatesesd
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a d Y Y = Ay d a d
ﬂ153!ﬂ'§13‘I"iﬂﬂ.lu“rﬂ§ﬂﬂ'iTJﬂﬁﬂiglﬂﬂﬂﬁﬁvlwuluﬂ!ﬂmiluﬂ

L4

a o 9 9 = ax 4 a o 3 A a
lumsinsizvilymsesdnatessdeonds W ludeawuativezisunnmsinsig
[ ' 1 Aa . . -

anuAuuazmsidogUvosvowdsdangu lusadu (Nonlinear Elastic Solid) neldnguj
mig?m';;ﬂgmuwmﬁﬁﬂ (Deformation Theory of Plasticity) %95unaveIA1ANUAToAN

a a9 9 a a n’dy o a o 09.:} Y
mannauugurgid lde Tagludneiinusioziimsinnzdnilymanuduuas

= 4 a 4 9
anuasoaluszuny uazilymaunassouunu Tagauns W ludedmwudszgnasienn

. 9 o 4 o a o o a3 ay 1
myaqmmﬁau (Principle of Virtual Work) Lﬁavnmmmﬁzwﬂtymmnauué’ammi
d‘ o A 1 J o o Y o 1 a 4
inapuAINgaden1s  (Nodal Displacements) azgminnldlumsmiuiamammsiimes

aunNnsane

v o d v i =\ U Y
3.1 ANNAHNUEITHINNAINNNATSALAZAIN NN

o @ 4 1 1 1 a
ﬂ’Nil’ﬁﬂJ‘WLl‘ﬁ5g‘ﬂ'31\1ﬂ"Iﬂ'JWJJLﬂ%EJﬂLLagﬂ1ﬂ’JHJ!,f?])ueluﬂﬁ%%iLaEJ’N]HJLL‘Ll’JLLﬂu

(Uniaxial Loading) vesiaghiinganssuiun Ramberg-Osgood emnsaudaslageannis

g a[zJ I 3.)

80 GO 60 80

E = % (3.2)
€

Taofi o, unumaLRUAYaa N (Yield Stress)
Lmummmm%ﬂﬁﬁmmm (Yield Strain)

a Lmufhmﬁmm%’aﬂ (A Material Constant or Yield Offset)
N unumeniasvesnnuasea (Strain Hardening Exponent)

1 U a Q‘ U 4 =a - -
K unumduilszanimsveeauiesnnauiugurgi (Coefficient of Thermal
Expansion)
unusaugun)i (Temperature)

E  unumasiuesmsdangu (Modulus of Elasticity)
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9 = = a v o 1 1 9 1 = ~
fﬂfﬂmﬂE]H;]ﬂWiLﬁfJ?j‘]JLL‘]J‘]JW@Tﬁﬂﬂ ANVUFAUNUTIETHINATIANUAULALATINITUIATYIANTIY

J = A a =) 1 J -
ANNUIATIAITHBINNA NN DsUag U aunsmueres (Tensor Notation)

&5

g =& +eb + g (3.3)
e 1-2v 1+v
Sij = (3—E)Gkk8ij + (?jsu (34)
or SN P4 n_lg (35)
2B IS |
her
g = KO (3.6)
3
Ooff & ES"—S” (37)

TaoR & unuaaNuAIeagns (Total Strain)

e unumnnuAseagavdy (Elastic Strain)

e’ unumanunIganaiaan (Plastic Strain)
mu@hmmm?aﬂén&’ugﬁmmﬂﬁumqmmﬁ (Thermal Strain)
(o Lmufhmmw’fqu% (Total Stress)

S, unusmanuAuARene3n (Deviatoric Stress)

5. unumiAseuianesAam (Kronecker Delta)

o, unumanuaulseanswa (Effective Stress)

Y 1 4 - ’ -
v unumoanadiuildess (Poisson’s Ratio)
[ @ o 1 1 a a a U 1w
Tﬂﬂﬂmmuwu‘ﬁiz‘mnmﬂ’mlLﬁ’uqmuazﬂmmﬁ’mﬁﬂmsﬂﬁmmmu
G, = 0%; t+ S (3.8)

]

C_ 1 ' H :
Tagh G = 3% unuamanuduaImnmae (Mean Stress)

1 a A (R A4 a [
ﬂ”lﬂ?ﬁJl?%}l!ﬂigﬁ‘ﬂ‘ﬁWaﬁnJ"ﬁﬂW11&%’1]1ﬂf"l’ﬂﬁ\lﬁuwu‘ﬁiuﬂf’ﬁ/]NLafJ'NITJJLLl.!’JLLﬂuEUf’N'JﬁﬂLLU‘]J

Ramberg-Osgood aserunis [24]
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T2
(o) +zamfe] - () o

2
e, = Eeijeij (3.10)
Tagh e, unumANUAIEAlsza@nswa (Effective Strain)
e, UnuUMANMATEAANENDIN (Deviatoric Strain)
ANUAUIUTTEMINAININAS IAGNT LA ILAS UAAIONDI LA UIND
g =85, + e, (3.11)
/. A\
& = SV 17 (3.12)
2
4 1 ' o 4 .
Tao € = 38 MR LInTERdmINmaY (Mean Strain)
Vi LNUAINIINAT BAIRBUN1IAINITY (Engineering Shear Strain)

nnmsunuaums (3.4) (3.5 waz (3.6) asluaums (3.3) wldanuduiusvesn

anun3oagnsiiu

g = (%Eﬁ)ckkaﬁ + (“?Vjsij + g%@—jls, + k@3, (313
FaamnsosaglnildedlugUanndugnd 1ddu

o, = 3(LLZV)(EKK—31<®)8ij ¥ %z—:(ﬁu—%skk%j (3.14)

Meuduns (3.8) Auauns (3.14) uagunuaums (3.11) ’c?”m%’uﬁ"mmm%ﬂqm%%llﬁ’

E
2
S, = g%eu (3.16)

aums (3.8) awnsadioulmilugnavinvesnnmesanudu laiiu
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{c} = {5} + {8} (3.17)

a

{ 4
Tagh (o} ununnmesaNuAUgNG
9 [
G} ununnmesanuAuAIINmaY

G
4 Y aa a
{S}  ununnmesanuAuARENeTn

o g d? [ a T I [y 9
Iﬂﬂﬁﬂym$ﬂlﬂﬂlﬂlﬂlﬁﬂiﬁ1@ 9 %zmuﬂmmWum‘i']tym:]uﬂuﬂmummmmuimzum

anuazoa luszuunselymauinassouunu

3.1.1 dananuaulusziny (Plane Stress Condition)

o o Y =
AUy uluse s 6, =0, =0, = Vs =Y =0 AUNT (3.14)
v J [ v o v J
awsaouedlugidnnmesanuduasdums (3.17)  luglanuduiusszuinannaes

Y = Y 3
mmmmmzmmmism”lmﬂu

o) = [Efe—c.) (3.18)
{sl = [Gl{e} - [H{e} (3.19)
Taotmuale

{0} = |on op o] (3.20n)
{5} =[5 5 0] (3.20%)
/Y9 R 12297 (3.208)
{e} = len. &2 ¥uo) (3.204)
{e,) = |x® x© 0] (3.209)
[G] = bE 1—+BB 1_+BB 8 (3.207)

(1-2v)(1+2p) 0 0 05+p
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" o
_ PE
[H] = (1-2v)(1+2p) 8 ' g (5207
BE _ °]
E] = (1—2v)(1+2p) ; L g (3.20%)
2(1-2v )| o,
B = E( = j(? (3.20a1)
eg = ﬂ(:I--’_B—l—ﬁz) 811+822)2 — S&né»
3 (1+2p) 3
v/, 4x©
o ez

{ J a
Tagn  {e} ununMMeIANATIAGND

a

. .
{e,} ununnABIANUIATIAILO NG U

U

Tunsdiflgmanuduluszmnunnnueiealszansnaodousgluziluosiinaunion

Aa o aa 9 d? T 1 a gy [ g a 4
VUAAATOIRA (£, €5, V5, ) UANZVUDIAUMBUHYIA I8 AvTUATAY [G], [H] uas
E2 Ed

=2 1A dy [ 1 = A o an = 1 ay
[E] m"l,mwﬂwuﬂummmmiﬂﬂuuWﬂmmmmmmm NUUNUAQUTHUAIY

e

3.1.2 faywinnuasaasziny (Plane Strain Condition)

A5 Dilayniaunsea lUTZINDF. Gy = Gpy = €45 = Yay = V5 =0 @NM3 (3.14)
= 1 o 9 @ [ @ o U 4
aunsaesuadlugnnmesanuaudaums (3.17) lugdanuduiusssninannaes

anuAuLazaai oa ldily
o) = [Elfe-] 21
18 = [Glie) (3:22)
Auald

{G}T = Lcll G2 GlZJ (3.23n)
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5y = |5 5 0] (3.23)
{8)" = [Su S» S (3.230)
{e}' = len 2 M) (3.234)
{e,} = [15k© 150 0 (3.23)
2 -1 0
[G] = E[EJ 5|12/ (3.239)
Q.8
0 0 15
e [t
B /10 1\ 'AND 3.23
] 3(1=2v) (3:237)
000
4 1
e, = ‘9‘(8121"'8;2_811822) + §Y122 (3.23%)

]
= 1

Tunsalilgmianuniealuszuvainnuasealszaninaiioonoglugivosnn

[

) a o an 9 ld?' (R U a gy 09; a 4 =
ANMAI eAuUNNAdelaudlvy iiuediudguvgiinle auiuwasng [G]uaz [E] 34
dg’ (] 1 = Ao aa 1 09)1 o 9 9 A 9 a o 9
ﬂluﬂgﬂﬂﬂ"lﬂ’lnllﬂﬁﬂﬂUuWﬂﬂﬁ'@\‘m@Wﬂuu‘VIflﬁﬂ'ﬁﬁi'Nﬁllﬂ']iLW’E)GlGIfGluﬂWS”JLﬂi1$‘VWHllﬂ

Hennilymanuduluszuinun

3.1.3 ilymasnasseuunu (Axisymmetric Condition)

SmTuTymnaNInTIOUINIG Oy =6,y =Ty =7, =0 Tums (3.14) Mo
] J @ v o ' 4
Weuogluginnmesanuduasaums (3.17) Tugdanuduiusszniannmesanudu

nazansea i
{o} = [El{e-=.} (3.24)
{S} = [G]{e} (3.25)
fmuald

{G}T = Lcll G2 O Gssj (3.260n)
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() =15 5 0 5] (3.26%)
{s)" =[Sy S» S» Si (3.260)
{ef = len &2 Yo &) (3.2649)
{e,) = |x® x© 0 KO (3.269)
2 -1 0 -1
2 IS -1
6] = E(Z_J 0 0 15 0 (3.262)
— W 1 =—p—
1101
g/f a4 1\ 0\ 1
B = 3.26
=) 3(1-2v)[0 0 0 0 (3.267)
== 0\
4 1
e, = 5(8121+8§2+8§3—811822_822833_833811) + §Y122 (3.26:)

o

Ly 1 a [ Jd o
TunsaiflymauuassouunUAINNUNTEA &, TUNANIITOULAUIEHANNAURUTAUTZ S

A’ 4 v A @
inaouad luuISANAIa NS

(3.27)

] u
33 r
Tasn U unuMIZEZAADUA IUNANIIA LU AL

rounuszezne i saliannunuauInag

IS dy 9 @ = = A a 4
lunsdiaunassouunuiizadienunsailymanuniealuszuviomaing [G] uay [E]
Fl

= LK 1 =~ Aa o aa 1 qg/} (7 qﬂ/} A 9 a 4 9 Y
WwIHDY ummmmiemmmﬂﬂﬁmmmmumuufmmi‘vﬂﬂflumi’gmswmzaﬁﬂmm

anilymianuAuluszuiumnn

do d
3.2 Wanvumsdszanamelieamiua

a a o'dy 9 a 4 a o a o )
Glu'J‘VIEﬂuWU‘ﬁuGlGD'Lﬂ?ILNH@]ﬁ@Q%H@iUﬂWﬁNa’GQ‘ﬂﬂJ‘HW Tageamuanlalesosin

(Crack Tip Element) Lﬂu”lechwmm?ﬂcﬁaﬁmuﬁ(Isoparametric Element) sy
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d‘ d‘ 9 1 . d‘ 1 3 9 d! [ d‘
mviaguwnigane (Lagrange Family) Nyaaesiaaugavesniumilagnguinswiunlaiy

9
1 t%

9 - [ A Y] Y I a 1 W A a =\ & o Y
i’l’)fJi']'JIﬂfJ‘ﬂﬂﬂ@’ﬂ‘ﬂ\?ﬁ']l]ENﬁ'li.l']if]Lﬂa@uﬁ?qﬂlﬂu@ﬁﬁgﬁﬂﬂuluﬂlﬂﬂﬂ']ﬁlﬂ'ﬂgﬂ“]ﬁ“l/nclﬁNa

Q

J = Ay v LY v A Y IS 1 £ Y @
ﬁlaﬂﬂ']ﬂfl'llllﬂiﬂﬂ%llﬂllﬂiWurllligElggnllllu'Jjﬁlﬁnﬂﬂfﬂfﬁ@ﬂi'lj rily = gegeananany
r

[

HaagveIAIANATsANUS AU aes0sd Nd M D TagRTingAnssuLUDNaaAnaNysal

q

. A a A a 4 3 a a
(Perfectly  Plastic) [6] yazhedmuanusnuduzdule Tewsuuasndodmuduuy

AURATUNNYAAD

a d
3.2.1 wamunmvagnigane (9-node Rectangular Element)

a g a 4 | { 1w {
loTwwrsunas nseamwudnyuiimasunyaaenaaaslugili 3.1 Usznoudieya

9 1
Ao (Node) Mavuaidigalasudazgaazisznonlidredanls linsuadalunsdidgm

Y
a o 2 a

S A = A v A 1 1 1 dy Y 1
VOILUNNUATANUATYALTUAUIUDIVINYUHHNUU mmJi"l,amimmmam"lmm AIYUN NN

U G

A o A ] Y
Lmzizﬂzlﬂaﬁluﬁﬂﬂﬂﬂ@mﬂu@m

(-11)  (01) (11)

4 2 4 7 3
y n,
T—’X 8 6 (—1,0) 8¢ 9 I—» *6 (1,0)
(0.0) &
! 5 , =35

(—1, —l) (0,—1) (l, —1)
5141 3.1 leTamwesndedmuduuudmasuinadedsniuedwudnlassesin

[ a a dyc:,‘ [ . . :
dnpazmsdszananeluednuasiaiiuuuududuaes (Quadratic Interpolation) 4
ANUANITUTIEHINNRA X — Y taviidasssurd (Natural Coordinates) &—m 1130

= Y9
HlEJ‘L!Lm‘L!llﬂﬂ’JEJﬁiJﬂTi

x(& m) = | N]{x} (3.28n)
y(& n) = [N|{y} (3.28v)
IN| =|N, N, N, N, Ny Ny N, N, N,]| (3.29n)
T = [% X, X, X, Xy Xg X, X (3.29%)
W= Y Vs Ve Vs Ye Vi Vel (3.297)
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{ J o - - 1 -
Tagn N, unuilsnsumsdszunamely (Interpolation Function) vesyade i
X, unuminne luuuuny X 1099060 i

y,  unuminie luuuiunu y 1099060 i

TaeilsndFumsdszmnanelugaiiousglusiiinasssumnatisuiiy [25]

Ni(5m) = +5e(L-gn(t-n)
N, () = = gE(L4E)n(-n)
Ny(&m) = +5e(Legn(en)
NJ(& ) =~ E(L-&n(i+ )
N (€ n) = —%(1—?)11(1—11) (3.30)
Ne(& n) = +;&(1+§)(1—n2)
N, (& m) = +—;~(1—g2)n(1+n)
Ni(& 1) = —SE-g)(1-n’)
No(&m) = (1=&°){a=m’)
Tawfnual¥nsnssarsvesdauls lims i q melueasndindaaums
®(& n) = | N]{®} (3.31)
(@' = [®, 0 ©, O, Oy O, O, D] (3.32)

Tagh @, unumvesdwls linswala q fyade i

d Y .
3.2.2 mamummm’&ﬂuﬁnﬁﬂda (6-node Triangular Element)

gmisuleTymsuuasndiedmuduuuaumasunnyadeduanslugyli 3.2
dnvazmstsznamelueamuduziunuusuduaes anuduiusszneiia X —y fu
AAATTTUMA & —n uavdnbuemInszaevesdludls linswala 9 vwedmudaunse
Weuunuladeaunis (3.28n), (3.28v) uaz (3.31) mm"wﬁuiﬂmﬂﬁ'ﬂuﬂ"mmi;miammﬁﬁ

13 1
9001 U1INYAND
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(0,0) (050) (L0)

A a Jd a J = 1
311 3.2 Tolwmisuuas ndeanuatuuauasuingasne

TaslsnFumstszmnaneluduiioueglusdinasssumatiauii [26]

N (&m) = (1-&-n)(1-28-2n)

N, (& n) = &(2&6-1)

Ns(& n) = n(2n-1)

N,(&mn) = 4&(1-¢-n) (3.33)
Ng(& n) = 4&n

Ng(& n) = 4n(l-&-n)

3.3 aumsinludedmus

mﬂmyf]qmmﬁau (Principle of Virtual Work) Crisfield [27] MuRfiaN

A v A = ' g1 Y o
srezndoudnaleudneuedluginaguueannmosan q laaeauns

8V = [{o}'s{efdn ~[{T} s{u}ds~ [{F} s{u}d (3.34)
Q S Q
Tﬂﬂﬁ SV unusnanuaiiou (Virtual Work)
dQ unumsauntsauulsuing
dS  unumIsunTaURuAAn
3{u} ununnaes mMsmasuduailon (Virtual Displacement Vector)

o7l
——

m

——

—|

=5 =7
0

4 = . .
UNUININDTANUAT IALAT D1 (Virtual Strain Vector)

4 {a .
UNUNAADS ANUAUAINA (Surface Traction VVector)

4 o
LNUNKB3LL33I0E (Body Force Vector)
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Tagnnmesag o SrwaziBeadad
st = U Z TNTs 3.35n
w - ) - (W @38
{1} = = [N]{T} (3.35%)

ify = {:} = [NJif} (3:350)

Mo n . T ) e
S{ul’ = [8u, &v, Su, dv, - du, dv, | (3.36%)
(W=l T\ Ty, T, =T, T, (3.36)
=t £, £, f, « £, f (3.364)

Tasn U unuawumMsnaouduatou iy X
v unudgmumsmasuataiou iy

Y = Aa
UNUAINANVAUAINA TUUIAY X

Y R Aa
UNUAWNANMAUAAY Iy v
unuauns$Iag Ty X
fo unuawuusdiag lunuaunu y
du, unummsmdeudTiou UMY X 199AD |

dv, unummsnaeuAaNeU LAY Y N9AAD |

T, unumanududsinaluuauny x fyade i
T, unumnnusuRiA iy y flyane i
f. unumnseSanluiuny x igaee i
f;  umuamseiaglumuaunu x flyane i

A
N unuiiaugedeiaiuALUD AU

a 4 OBJ} . a a
Llﬂulﬂﬂlﬂ@{ﬂ'ﬂiﬂﬁjuﬁﬂﬁﬁ?ﬂﬂﬁﬂ?ﬂﬂlﬂ\inﬂm@ﬁﬂ'NiJL?S{L!ﬁ\‘]ﬂ'lﬂ!,ﬂaﬂl!ﬁgﬂ'ﬂ‘n!ﬁjuﬂﬁﬂﬂﬂﬁﬂ

a

Mnaums (3.17) v ldaumsnuaiowiy

8V = [(5})'8{e}da + [(s}'8{e}da ~ [{T} s{ujds - [{F}'s{Tjd (3.37)

Q S Q
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J 1 v W J a 4 v o d 1 1
L'Jﬂlﬂ’f)iﬂ'ﬂillﬂgﬂﬂﬁ"liﬂiﬂl%ﬂu’f)gnluz1Jﬂ'J']iJﬁlIWH‘ﬁ,ﬁ814'31\1!&@]3ﬂ“]fﬂ')"liJﬁ'iJWll‘ﬁﬁg‘W'JNﬂW

4 v v J 4 v A 1 [
ﬂ?TNLﬂ?ﬂﬂLlﬁgizﬂ&ﬂa@uﬂﬂ ﬂunﬂmaﬁmmsmﬁaumﬁqm@%’mﬁums

tej = [BJ{yj

(3.38)

= Y = a J JY = = [ dy
°luﬂimﬂmmmmmuuazmmmi8@1u53uwu LUATNHFUASLIINEDIATUUUHUINYASIDYAAIU

au
OX
€
{8} 2 811 / QV_
y22 ay
12 a_u Q
oy OX]
N, o N, N,
OX OX OX
B8] = o oN, 0 oN, 0
9% oy
ON, ON; N, ©oN, oN,
| oy Ox .oy OX oy
dmSuilymauunassouunuazId [28]
au
OX
e Q
&2 oy
te) =
Y12 8_U+@
€13 oy OX
u
r
_% 0 oN, 0 ON,
OX OX OX
0 N, 0 N, 0
(8] - oy oy
ON, ON, ON, ON, ON,
oy ox oy ox oy
Ny N N,
L r r r

(3.39n)

N, (3.397)

oN
oX |

(3.400n)

oN
oy
oN
OX

(3.40)
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W =1lu v, u, v, - u, v, | (3.41)

Tagfi [B] UL NFANLF LT 52T BAA ST ozIAA O U
(Strain-Displacement Matrix)
{u} Lmunﬂma{ﬂmﬂﬁauﬁﬂﬂ@ia (Nodal Displacement Vector)
u. unummsadeuda lunuauny x ﬁgﬂﬁi’a [

v, unummsndeudd lununu y igeae i

TuihueaRerfunnnesaNunTsaEloua I nweuumu 1dily
8{e} = [B]o{u} (3.42)
unuaums (3.35n) uag (3.42) adluaums (3.37) v Ideumsnuaiiondly

8V = j "[B]ds{u} + [{s} [B]dQs{u}

Q

- [{T} [N]dss{u} ~ [{F}'[N]dos{u} (3.43)

S

A J - . 1 A A g J A ' A @
nanzangad (Equilibrium State) AaaieuaziAniluguduaziion1nAINsAa U2

P T VY o o i ~ P ¢/ A 1w
!ﬁmﬂumﬂﬂ@a!ﬂuﬂflﬂ 9 ﬂulﬂ ﬂ\iuuﬁuﬂ'ﬁllwuluﬂlﬂalmu@]ﬂﬁﬂ'ngﬁllﬂaﬂ’ﬂgllﬂ']!fﬂ']ﬂll

BT T ) {0} (3.44)
[P} = j [B] {5}d0 (3.45n)
(P = T[B]T {s}da (3.45%)
o) = [INT frjs a0
Py = f [N] {f}do (3.459)

T A vol I s A 1 9 as/' A
fagNn F UNUIHAAINIABTIUBDNIVINATIAITULAUAIRININGY
dev s A 1 Y ad a
F } Lmuiwamaﬂmaimmmﬂﬂmmmmﬂnamiﬂ
trac s A 1 Y =X Aa
F } LmuiwamaﬂmaiLummﬂmmmmumwm

& A 1 o
Fe¥! unuTnaanmaediiioannausiiag
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¢ A U c?/’ {
nnaums (3.18), (3.21), (3.24) ua (3.38) TvaannmesiilomnmaNuAUAIRINNmaY
= [ = o Y aszl o o Y =)
aunsadeueglugiidernu lansuadmsvilymanuduiazanuaioaluszuny uag

HamaunassouunuIdiiu

{F} = J[8] [E][BlO{u} - i[B]T[E]{So}dQ (3.46)

Q

o [ s A 1 Y aa a ] =\ (] ~ A @ 9
mm‘uTwamaﬂmasmmﬂ1ﬂmmmmum’mmiﬂilzllummimsuauagiugﬂwmuauﬂuklﬂ

Wanua Taglunsaiflymanuduluszuiuinaums (3.19) uaz (3.38) 1218
{F} = [[B] [G][BHQ{u} = [[B] [H]{s,}d (3.47n)

dwmsvilymanunisalussunurazilymanuniassouunuannaums (3.22), (3.25) uag

(3.38) vz 14

{F=} = [[B] [c][BlQ{u) (3.47v)

Q

unueug (3.35v) aaluaums (3.450) 92 18 Ivnaannmesifiesnnaanuduaeinnilu

{Fr=l — [[NT[N]ds{T} (3.48)

8

TuihueuRednumuanns (3.35a) asluaums (3.459) 3= 1d Tvaannmesiiloannuss

@

AYUAUNIND

(F) = [[N][N]daif} (3.49)

Q

Rnaums (3.209), (3.239) waz (3.263) ANNFUITUEsZHIaNNABS AANUIAS sALian

a 1 a = nm 9 o
QmﬁgﬂllﬂgﬂTﬁHTNQﬂ!ﬁ{]MﬁTN15ﬂlmﬂu1ﬁﬂllﬂlﬂu
{e,} = {x}O (3.50)
~ d o a [ A 9
TﬂEJ‘VI {K} Llfﬂ"L!l'JﬂL@]’E]fl'ﬁiJﬂigﬁﬂﬁﬂ'lieUfl'lfm'Jlu@\‘lfl]'lﬂﬂ'J'liJﬁ’f]"L!
= vy
ﬂimmmmﬂmmm

{K}T = I_K K 0_| (3.51n)
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= =
nsalAUAs oA TusZUIY

——
A
J
_‘
I

|1.5x 15k 0] (3.51%)
NIAAVUINTIDUUNY

k)" =|x k 0 x] (3.517)
Nnaums (3.31) uag (3.32) mmmma?wmumﬁﬁumqmwgﬁ"lﬁlﬂu

@ = [N |{e} (3.52)

e} =le, 6 - o] (3.53)

. , y/
Tagh  {©} ununN@eIRUNYINIAAD

©, UNUAQUNUYNNIAND |

v o d 1 o
unuaums (3.52) asluauns (3.50) az ldaumsanuauiiussyviannmesmanunson

A a 1 an p
Lu’i)ﬂmﬂ’qmﬁgmmzmqmﬁﬂmflﬂﬂﬂmﬂu

QU q

{e.} = {x}[NJ{©} (3.54)

3.4 mnah

4 S a S 4 1 1 a
iiesaneauns W luddwuananzaugad (3.44) eglugilvosszuneaums 1
- . Y 3 L A, o :’ 4
idu (Nonlinear System of Equations) aa1iuis199dea1)szgnd 15smsiduioninamay
A o Y 1 Jd ax o gld' FY a a o’dyd as o :I a
N lnszuvaumsed luanizayqad 3maniisnly luaneinusine 50 sig UL
1 4
du-111du (Newton-Raphson lteration Scheme) [27] c?@ﬁ%’mﬁumﬂmiﬂizmﬂmgﬂﬁaJ

méaes (Taylor’s Series) Wansanaumsan1eauaad (3.44) c?aﬁmuimﬂugﬂ
{g} _ {F"O'} + {Fdev} _ {Ftrac} _ {Fbody} — {0} (355)

Tasf {g} ununnmes A liaugavenss (Out of Balance Force Vector)

o A & Y} Y} ' A o A Y =2 Aa
ﬂjllﬂﬁaﬁﬁgﬂ\iﬁuﬂmﬂ\iﬁmﬂ'lﬁﬂ'IUU‘L!lIﬁgﬂ@UUlﬂﬂjﬂ ANABDUAND Qﬂ!ﬁﬂuﬂ AITUIAUAINANT
¥ s

@ { 1 1w a 3 < { ]
uazuseingyaae Tasminaidulsoaszinuailunamasigndoadinnaesaaim i
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s g @ 4 4 - S y
ﬁNﬂaﬂﬂJ@ﬂLLiﬂ%%ﬁﬂ%ﬂuﬂu& ‘].Ii%fgﬂﬂf]igﬂihl‘l’l&ﬁ@i@“ﬂﬂﬁﬂﬁ\i (1St Order Taylor S

Series) 1nuaums (3.55) v Idaums lmigadioueglugihnuesesiiy

g = Biu, + Bipe, - Biar - B (3.56)
au 00 CITR T

m n P q

TN A unuUEaa1aYeIa o aseserIam Iniuazm

d' U Y a Aa =1 [y o o [ 1 = Aa A [
L“L!ENiﬂﬂﬂ'lﬂ’,]'lmﬂu‘ﬂig’ﬁﬂ‘ﬁNm\lﬂ’ﬂuﬁilwu‘ﬁTﬂﬂ@]i\iﬂ’ﬂﬂWﬂ’NMﬂiﬂﬂﬂigﬁﬂﬁWﬁﬂ\‘mﬁ@\ﬂu

aums (3.9) asiuainauns (3.20a), (3.23%) tag (3.26%) 3¢ ldoasiaruvesninnuau

£ ] [ 9
Uszd@ntwaneninnunisntlssaniralinndusgnuainisinaouaifiganoals uonaIniin

Q

lunsaiflymanuduluszmumeasidiutidsiuegiuaigunginyaaodnaie A9y
aums (3.56) ansansgagenn laiu
aFVO| 6Fdev aFVOI
Ag, = ——Au, AU, + ——AQ,
ou,, ou, 00,
aF_dev aF_trac aF_body
+ £ 0@, — SLAT - T af, (3.57)
00, oT, .

nnaums (3.35v), (3.35a) uaz (3.360) oannanuduiussvrinIvaannaes

[
= 1

A Y K AAa I Y =K aAa 1 I Aa 9 ] = [V
(HBINANTULAUAINAIUASATAITUIAUAINAINIAABAIN ) WUBUUIFUTY FURSINY

a
'
[ =

v o d v s A @ 1 1 1 @ ag;l
ﬂ’J’lﬂJﬁ‘TiJ‘W‘Ll‘ﬁi3143'NI‘Viaﬂl’)ﬂm@ﬂﬁﬂ\i%1ﬂ$L§\1’J§§]QLLﬁ$ﬂnﬁﬂ?@]ﬂ‘ﬂﬂﬂ@]ﬁ]@]’lﬂ ] AUUTAUNT

] a

(3.57) annsaen i Ididly

vol dev vol
Agi _ al:l Aum aF' AUm aFI A®n
aum 8um a®n
dev
N aFI A@n . AFitrac _ AFibOdy (358ﬂ)

n

Faennsomousgluginming Iaiiu

- [ o [ o

— (AR} — (AR (3.58%)
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{ vol 7 < < A v o {
= a [ o 1 % =S
Iﬂﬂ‘ﬂ P LUNULUATNEAINULUVUNIITUNTLIUDIVINAIAITUAUAIRINIAAY

u

dev '
{ P :| Lmumﬁ?ﬂcfﬂmmmﬁuﬂ?ﬂﬁ’uﬁmﬁ'mmﬂmmmgﬁ’uﬁﬁwa?ﬂ
u

9 4 4 9
lumsmwamasvesauns (3.58) 1uazdlsyneuarsiuneuassiuaen lasluduaouusn
wihmsmnamas lagdszinavesmidulssaszanmsunuainmes {Ag) = {0} asly

aums (3.58v) ¥4 lauvnanudrlanmanasisvesadnssaseiadesun o uaa

1" W a ~ 9 4 do v A £ I ~ Y
NﬁﬁlﬁflsllﬂﬁﬂW]3LLTJ5f‘]ﬁﬁ$ﬂ1ﬂﬂ1ﬂﬁﬂﬂ15@1§ﬂiﬂlﬂmaﬂﬁ uﬂ‘].l‘i/lﬂuﬂ’ﬂSLﬂuWﬁlﬂaﬂVI[’lﬂaLﬂﬂﬂ

9

[ ~ 9 a = 3’ \ = «
Auramasunse laeenduaunsvinamas lugs9iin Incremental Solution Scheme

Y
v o

4 Y
farfuaums (3.58v) ansaonlalmilutuaeuiiiy

F;Hagu} (Auj = (AR & {aFes)

8F"°' 6Fdev
R [ o) H s } 0] @99

@ [ 4 a J ) 1 a { 1 J
Tagdaydnual [ | wuedauaindgadianlasldmdnlssasziigadodis 9 11n

Y

A01ULATIATIEH (Analysis State) ﬂ'auwﬁﬂﬁﬁwal,aaﬂﬁasﬂuﬁnnzﬁnﬂaué’a
(Converged Solution) “lwf?u@auﬁ'a"hJﬂzﬁl%"ﬁ%miﬁ1«1'?nﬁaﬂ§'uﬂqqNamaﬂﬁllﬁ"lwf?uﬂ@u
wsnlfishgan e augadaemsiiliaunisansdunad (3.55) faudlndgudlfinndiga
T@EJFJﬂﬂsﬁyumumiwmamaﬂ”lwﬁaafr’h Iterative Solution Scheme 7a31laun1s (3.58%)

Toglugilwiilu

R el

aFVOI 6Fdev trac trac
{a@ }[ 20 } i{m} T
_ {Fbody}i+1 + {FbOUY}i (360)

H H v Y
Tagn i unumssoanmangagilegiiu

. o = o o0 I o
1+1 LL‘WL!ﬂWiﬂ11J’)m‘1/]ﬂ'li‘ﬂ'l°]ﬂﬂi\‘]ﬂﬂulﬂ
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= A = 1 1

4 a a 4 Y 1 a a 1 Y]
Lﬁ@ﬂ%WﬂiuﬂﬂJﬁﬂu’JﬂEﬂuwu‘ﬁﬁ AIYQUNHY mmmgﬁ’ummmuazmgmmamﬂmmq 9

q Ll
' ' )
AY 1 A o A

I @ a a Rl 09)1 (% QBJ} ] o
WuaudsoasengmnanIuenIsInIIZHA g ]l MIYUA aatiulugren s uauns

QU

A

(3.60) azanzilaumae

b = 18+ || 5| 2w @50
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qgj 1 A A o Y a S v 9 A 1 v
VINUUNININN C;, Cy,..., C4 ‘1/]‘1/1']114?]1?]’313JW§]W§1@ e 3Jﬂ1uﬁ]ﬂﬂﬁﬂ1ﬂﬁlﬂﬁﬂ1ﬂ'lﬂléwu‘ﬁ

VOIMANUHANIANIUAUAIAINAN ) AIFUNT

— =0, 1=12..6 (3.123)

unuaums (3.121) asluaums (3.122) udwnuasluaumssuouae ¢

<

D [C et FEMFCE +EEMFCN =T, | =0 (3.124n)
=
%[Cl Co&r + Catly €46 +CeEm +Ceni =7, & = 0 (3.124%)
=
> € +Co8 #Cm, +C,E +cEm 60’ ~5 Jn, = 0 (3.124n)
=
%[Cl C&# Colly +C,E7 +CEm, +Cen; — 7, J&F = 0 (3.1249)
=
%[Cl Ca&s 4 Catly +Cu& + Ce&ym; + Cenf — %, &, = O (3.1249)
> €1 +Co& e, +6.& +CEm +Con) 7, [n° = 0 (3.124)
=
Feamnsodoulifoglugthuainaifii
[PIic} = [Ql{x ou (3.125)
daru
e} = [PI"[Ql{x) (3.126)

Taofasndg [P] uay [Q] fwazBoadail



v
A v a I v 1
IﬂﬂWﬂﬂﬁiﬁN‘BWﬁﬂlﬂﬂﬂﬂlﬂWﬁ‘ﬂﬂ 7 JANINY

9
E.)II
E.uu
Sv
Sv
E.)VI
E.)VII

[P]

1 g M &.2 &m; niz
&.2 &n &.3 iizﬂi imiz
N noogm Emtoow
= & gn gl
Sym. gn; Emy
I n
11 1]
g S Svi
n, U My
ol SR e,
EMr SuMy EviMvi
B T1|2 T1|2| Tﬁ/ll
0.333333333333333 g = 0.333333333333333
0.101286507323456 g, = 0.101286507323456
0.797426985353087 &y = 0.101286507323456
0.101286507323456 &y = 0.797426985353087
0.470142064105115 & = 0.470142064105115
0.059715871789770 &y = 0.470142064105115
0.470142064105115 & = 0.059715871789770

o v a = { 1 Y
TuihueuRernununsaleamudmrasn19eaede I

1 E.>1 M, gf
1 2 v g
KT [ E T

1 & ms ‘tog

Y
TagNNATITNIIAVDIYAADN 6 JANANNIND

g =0
& =1
& =0
& = 05
& = 05

& =0

&My
&My

E6MNs

m =
N, =
Ny =
Ny =
Ns =
Me =

Lo
P

MNe

O O oFr oo

o1 o1

60

(3.127n)

(3.127%)

(3.128)

(3.129)

(3.130)



61

4 1 Av a 4 1 09/’ a o 1
Iﬂﬂlﬁﬂlmuﬂ'lWﬂﬂ‘ﬁﬁ'i‘lJ%"lﬂﬂlfJ\iﬂﬂLﬂ?ﬁl!aZﬂﬂﬁ@ﬂ\‘]ﬁhﬂﬁﬁﬁlumﬁiﬂCWIN 9 L!élﬂﬁwllﬁ}

Cs C
Cs C
16 C16 C15 (3131)
Cph C
Cy C
Cy C

Taeh

= -0.692307692307643
= 1.974392460120280
= 0.143444958189243
= 0.256376770648841
= -0.412675727419964
= 0.177514792899405
= 0.098125809310777
= 0.156266015552072
= -0.282297406943914
1.034562386814788

= = = =
JJ: JIG rﬁ &) w N =

Ny
ol

O 0 0 o0 o0 0 0 .0 0.0
(2}
|

~
3

o o ¢ o/ o J ' { J 4
Tunsaidrangamdnin 3 9a anuduiusszuigsnnuduiyaaetagand
fesnadiouoglugiuaing Idasaunis (3.106) aumsauINA A UUURNASTTNNATIHTY
a 4 A 1 - - &~ ) o w
auamuvasuaINgade (Linear Shape Function) salimsnszaievesilandusniigs

5uﬁuwﬁmugmf (Complete 1% Degree Polynomial) awnsaideuunu ldasaums
(& m) = ¢ +CE+cm (3.132)

4 o Jd 1 o o 1 { o ogj 1 {
ilosnndiuaugamdhnus wausaei aeiuamei ¢, ¢;, ¢, 1o IR IeM szl

a da Ao dy
quNII Tﬂ‘c’lli]ﬂiﬂ“]fﬁN ] UAPNU

1§ n
[R] = |1 & m, (3.133n)
1 &y M

{C}T = e ¢ Cf (3.133%)



62

1§ m
[s]= |5 = ™ (3.1330)
1 & M
Tﬂaﬁﬁﬂﬁﬁwwﬁﬂmqmmﬁﬁﬂ 3 ﬂﬂﬁ1ﬁ§ﬂlﬂalnuﬁﬁ1mﬁéEJiJﬁfhﬁQﬁy
& =% n, =%
&, =§ m =% (3.134)
S % Ny = %

4 1 Aaw a 4 1 3 a Jda
IﬂﬂlﬁﬂlmuﬂTWﬂﬂ‘ﬁ‘i33J°]5W]61]f]Qi]ﬂlfﬂ’m!ﬁ$i}ﬂ@l@‘ﬂ\‘l‘ﬁllﬂaﬂumﬁ3ﬂG]SGIN 9 L!é,’Jﬁ]Zhlﬁl

s e
X s\
[TR] = % 2 N (3.135)
322244 4
Bl 2
|2 2

d d o v o d LY
3.6 aumsllludeanuadimiudnnaummniimeswduinsalugilanm

1 a .. = 7 oY =\ an 4 a O’ng ) 9
MImaImsmesounnianlesziious I ludedmuaiuaimisoiilalae
nlasuaums (2.46) uaz (2.56) Iiteglugdaums il ludedmud Iaglunsaiilyminnudu

= Y
Llagﬂﬂlllﬂiﬂﬂ{luizuTUﬁ]%Ulﬂ

95 Bl o s feBra )

elements
in A"

-2 fwsp {ti %q ,}IJI} (3.136)

element
edges on
cr+C”

9 U o/ 9
ﬁ'TVii‘]_lﬂiﬂl‘]_]ﬂJuWWﬁ‘JJiJ"lﬁiiﬁJ‘Uuﬂuﬂgllﬂ



63

in A"

ou.
S5 Y 2ws, ot (3137)
j

element - p
edges on
Cc*+C™

{ o Sa a'ws,
Tagh NG unuswavgamanlslumsoudinga
a 4 5 o
[J] unuenladmaTnd (Jacobian Matrix)
oy @ { v @ a A g A s
w, unnhmtinhaeandesnumisuinauuiiuiivesgamai p

5 o A o A= A
WSp LLﬂuuWWUﬂﬁﬁ@@ﬂéj@Qﬂ‘]Jﬂ'liﬂuﬂlﬂi@@]'luléfjuallﬂﬂﬂﬂlﬂ'lﬁﬁ p
r Llﬂuﬁgﬂgﬂlﬂuuu’ﬁlﬂﬁftﬂﬂllﬂuﬁlllﬂﬁi

r Lmuﬁ%ﬂgﬂWQGluLLu’JgﬁflﬂWﬂLLﬂuﬁNNWﬁiﬁﬁﬂﬁWﬂi@EJ%}TJ

1 [~ 9 o AAw oA Y o a a tﬂy A
ﬂflu’NLa‘U‘]Jﬂﬂ'] { }p ITANANUIUNNNAVDIYALNIANTDANADINUNITOUNINTALVUNUN
Tamuuazaduingesin
A 9 o 1 1 9 Aa I 1
Luﬂﬂﬂ1ﬂ1Hﬂ1iﬁi"I\‘]ﬁ'llﬂTiﬂ'Nllﬁllﬁ]aEJLST!L‘]_NﬂTﬂUTNLﬂHQ’ﬂﬁ@ﬂﬂLﬂuwaﬂﬁﬂﬂJ@QﬂW
vy :‘/ A U Y aa A & o d 1 A A 9 dy Y
mmmummﬂmaEJuazmmmmum’mmmﬂ%ﬂumimmmwwmq 9 Vllﬂfl')ﬂl@ﬂutiflslf
v
o d a a 4 Yy Jo v @ o
i]'lu’)ui}l@LﬂTﬁﬁluﬂ'liﬁlu‘ﬂlﬂi@]’ﬁllﬂ15ﬂ’)'lllﬁllﬂaﬂhlillﬂ"lﬂuﬂ\?uuiuﬂ'liﬂTH’JﬂH’H
' a J a a o = 1 o < A A 9y o ' 9 09-1,
ﬂ'l‘W1i'lllmE]5ﬁ]ﬂu‘ﬂﬂimi1‘"1]QﬁnﬂiﬂuﬂQﬂ'\iﬂ']ﬂ?ﬂ!ﬂ'ﬁ]ﬂlﬂuWi]uT]LﬂEJ'JEU’ENﬂ‘]Jﬂ'Iﬂ’J'IﬂJLﬂL!GN
A A A 9 @ 1 Y aa a S A Y @ 1 Y KR Aa
ATNRAY NIUNNYIUVDINUATIAITUAUALIYNDINUASWIUNINYIUVDINUATAITUIAUANINHITDY
I
il [9]

NG| yvolumetric RNG | deviatoric
WP WP

N z Z terms 1 Z terms

all p=1 p=1
elements
in A"

-2 terms

all p=1
element
edges on
cr+C

NG| crack face
w, (3.138)

Taglunsaiilymanudunazanunsealuszuinagla



64

olumetric I _
volumetric\ || 20Uy s |9, 5,599 4 K (3.139n)
terms X, ') ox, OX;
deviatoric ( eu. _
= ||, 2w, [P g Mgy (3.139%)
terms L ox, 0X; X
crack face i :
{ } _ t.%q}m (3.1397)
i i
terms i OX;

[Vommet”c [[ ——WS] qJ+3KC_Y&—®qi}[Lj|J|
terms 0X; OX; r,
[ o%— }(%}M (3.140n)

deviatoric
terms

4 Ks by ql}(%]m (3.140v)

crack face .
= |t Lig [ Z | (3.1400)
terms OX; T,
Tgi
W =W +¥ (3.1410)
W = 3(1_2V)62 (3.141%)
S B
1 1 n+l
k) O (L P (3.141n)
3L E n+1 G,

A o 0’3 ~ 9 Aa A P 9 Y] U 9
Tagh VNG UNUITUIUZALNT Navuan 19 lunsaunnsanItNNeIYeIn UAIN LAY
o 4
MANININAY
4
DNG unusmiugamidng nuailFumsduiinsanninnedestumanuiy

ag a
ALIINDIN



65
o o’z ~Aq Y a a S A Y [ 1 )
CNG LWIuEl]TLl'Jui]ﬂLﬂ']ﬁﬂ\iﬁilﬂﬂslslfaluﬂ'ﬁﬂuﬂlﬂﬁ@lwﬂu‘l/l!ﬂﬂ')‘llf]ﬁﬂﬂﬂ’]ﬂ')’]ilmu

2 Aa 9
PANNHITOYII

o 1 a d Aa Aa o 9 =\ ad d A :fus:
TumsdunuamnnidwesaounnialuglTawudesziton s W ludedwuaiiy
9 o @ 1 J dy A ~Aq Y a a
13192ADIMHUAANHULNIINIZNBVRIAMINGOT ¢, asuuiui lawunldlumsouninia
1 a S a a o . Y 9 1 4

Wmmsiieeswduinia Shih et al. [10] lanaaesldmsnszaisvesnrinmes q,
[ 1 9 1 1 a o a a [ { 9/0911 1 1 [ o

ANBAZA1Y q udamuNaImITmesnaunnTan ladu ivanaeduuinin Taolu

a (dy 9 v [ L4 9 (% A a a
NOUNUTHIZ IFANHULNITNTZIIVDIANINADS q, ®YNU 3 LL”]J‘]Jﬂ’E]LLU‘]JTJiWﬂJﬂﬁ1u

)

[

A o A P N R Y =
magyInIe LL‘U‘Uﬂilﬂﬂ"luﬂﬂﬂﬁﬂllﬁmm‘ﬂﬂi']1]ﬂﬂ"luﬁlﬁﬁﬂﬂﬂuﬂTﬂﬁuﬁﬂﬂiugﬂﬂ 3.3

QD

(2

(n) Medduziilniegrudmasuiaia

(v) HasFuginsroguaenan



66

(n) WedduzUdniegmadmaouiuii

A [ 4 A X a a o’dy
71U 3.3 AAMAZMINTZBVRIINNDT ¢, N 1FIUINATNUT

nawes g, Mnszneveamudansadouliegluzilaums W ludednud 18y
oy n
al(& n) = 2Nig; (3.142)
i=1

{ 1 4 { 1 -
Tasf @, UNUAVUIAYDIINNDS [, NYAAD i

3.7 wnayy

J ¢ a oA a 7 2 o v o
Tuundiaums I ludwanudnlslumsinsgisessnlusuaudmsuilymanuy
AUTZUID ANATEATTUILLAsT Y MAUNIATT O LA UFINAUDIAININAT BAITUAY

a

A v a o2 9 3 a o v o o o v A ¢
il nguvgil Idgniszabgrundeunuuasndanuduiussninmanuduigand
1 o [ a o dl 1 a (d‘ Y d‘ d‘ Y 1
uazyafed M uPANUAT INMINNYARBIazIeaN A NUes 05 1D TIHAsIA A0
es;’ 1 a J a a o A ll J a o
nndugumMImmNleesnauinia ldgnilasulieglugdvesaums I ludofuud Tay
] o IS J A A 9 Y Y 3 A Y aa a
uismsmanesnuwetiang q MgadesiuanuduamINmas A TuALANeNeTNIAz
9 Aa a o a o [ v oa/l a 1
ANUIANAINAIT8312 atiamsUSuvinaeawud lnsda Tulianfeununatiansnienea
A v ] 1 [ a o 1 1 A o
HAIMAoTZEzMINAOUAIIN InsemvIenoumsUsuvnaeamua llg Tnseaienninsg

Ysvvwnaeamududa ldgnesuteluumnae



unn 4

a (%) a J [ A
mﬂuﬂﬂﬁ‘]J’i‘]Jsllu‘Iﬂ!ﬂﬂ!?»li!ﬂiﬂﬂﬂﬂiﬂ&lﬂ!!ﬁ%ﬂﬁd”lﬂ‘ﬂﬂﬂﬂﬁ!ﬂﬂﬂ

a o 9 =\ an d A 13 a 4 =1 1

”lums’amiwwﬂﬂumm’Jﬂizmfm’J‘ﬁ“l‘vl"l,lmLaamumummmmmamumzuwam

1 o 9 a A A 3 o 1 Y o a YA

ANULVUYITIVUDINDLRNAY Tﬂamﬂmaamuwmmmaﬂmmuumﬁ]zmwaiwmmuﬂﬂn
9 '

anugnAsaInduluvazifedduszeznar lumssiuiunaeaIuniionus Ve UnT 04

a ¢ Sy ) 2 9 A g o 1 = oa o A
AoNNIMeS (Ram) ndedldunduainliane mend lvilymidenanistimsiteunaians

9
=

USvvnaveuedwud lagoa Tudau1¥smdusztouds I ludedmud Taslumaiia

D.

a 4 @ v g o
yaveeamuaazgnl itz aumudnuuzmnsz neivesnamasii linamash

Yt o 1o & Y Yy a 2o A~ o a %
llﬂllﬂ’ﬂmmuEJTI@]EJVliliﬂL“IJuW’NGl,”]ﬂ@miJu@]iﬂuﬁulﬂﬂ LSJ@?Jﬂﬁ‘]Ji‘]JGUH1ﬂLE)aLiJu¢]Nﬁmﬁﬂ

v
[ 1

4 [ 1 [y a 4 T . ]

msnasuAINgadonaumMsUitvnaeamudIzgnaIenea (Mapping) asunlulasaniiie
[ @ a J o Y o A @ 1 o A

(Mesh) Tninaimsdsusnaeauuaildmsmuanmszaumszan 9 amnsoaniu
1 A 9 () A 1A [ A 9 3 @ [ a 4
GI’E'JLuf]\‘lulﬂhlﬂTﬂElhlllﬂ’ENLSMGl?TiJ1/]i$ﬂ‘Ui‘ﬂi3L‘iiJG]‘L!‘lqﬂﬂiﬂﬁﬁﬂﬂWiﬂiU%uWﬂL@amuﬁ Iﬂﬂ
dy dy a = [ ~ 9 @ a 4 1
!uﬁ)ﬁfluﬂﬂuﬂgﬂ‘ﬁﬂﬁlﬂﬁﬂﬁﬂﬂTi‘ﬂGlﬁlﬂ‘LlﬂTi1J'i°]JﬂluWﬂLﬂﬁLNu@lLlﬁ%ﬂWiﬂWUﬂ@ﬂWﬁmﬁﬁlﬁnﬂ

Taganden1ung Inseaaig lyi

a Ly [3 (v}
4.1 matamsdSuvinapamualagonluia

4 J 1 a 1 = A
1NDYNIUVDANLADT [25] AIANUAANAIA (Error) YBIHARAIAIANUIATIANTD

1 a 7 v o a 4 I~ _ {
manudulueamudla g wulsdusvvnaveueawud h il O(h'”1 “‘) Tagh p unu

@ [ @

v o o Jo Aq ¥ a a&’f 4 1
auavveslantumsdszmnaunelunlyslueamuaiiy I m UNUBDUAVUDIDYWHTUDIAN

9
o A a a J

A 9 a J = A a Jd o A X
szgzmsnaeudaNlFlumsieuainiuinsoa eI amuuaRaruan 1¥luIneinus

@ dyrj v W : 1 =S a 9 o o o
v v UauAYaed (Quadratic Element) #aza1nuA3engnieIuaIgeyiusoual

=

] 9
wuwmizﬂgmimﬁauﬁa AIUHAIANUAANDIAUOINAINAIVDIATANIIAT IALAZAINIY
Iy a 4 v v a J 2 2 4 J 1
Wi luweamuaudsiunuvave s Uy O(h ) FIVINDUNTUUDIUNULABINTIAINY
a ::?d [ [ 1 o d v I 1 = 1 9 9 (% oaj
Wﬂwa'lﬂuﬂfﬂgu‘l]ﬁWuﬂiJﬂTl’)“LgW‘l!‘ﬁ’f)l!ﬂﬂﬁ’f)\‘l‘ll’f)ﬂﬂ?ﬂ’)ﬁﬂﬂiﬂﬂllﬁ$ﬂ1ﬂ’31ﬂlﬂuﬂ?ﬂ ANUU

[ a o a o (Y 2R o o a o
ﬂﬁﬂﬂﬁﬂl@ﬂmﬂuﬂﬂ”li‘]_li‘]_lEULlW]LfJaL?J'LWIIﬂEJE’]@]I‘Lmﬁi]$‘VITﬂ”lil]iUmuWﬂ!ﬂﬁLNu@]iﬁ!ﬁﬂluiﬂ

v Jdou o =\

< a H [ [ { a o [
anluysnafivinavesneyiusoududesveswamasiisgeuaz i ldeamuavinalvglu

q

Usnavuiavesdeyiussududesuesnamasind1dannsilylumssiuiaauia

s W

E4
YoIAPYNUTOUAUdoIaINTneT U1 IdAl Wnsaiine x-y uaziing X-Y la o duaaq



68

{ 1 v Jdo o % ll JU Aaw @
Tugii 4.1 MeyiusouduaesveIHamay @ Fulsusglugdvesilantunng x-y tieunu

wia X-Y ﬁ'"llﬂiﬂ“l’i"lul{g{fMﬂﬁiJﬂﬁ

L X S a_x[ach§+ a%pa_y}
oxX’ ox 0X*  0X| ox® 0X oxdy 0X

L@y | G‘y[ﬁqué‘x o’® oy

oy 0X*  0X|oxoy oX oy’ 0X

o’d 8282X+8x P x acpay
oY’ ox oY’ | oY |eoy 0x0y 0Y
+6£82y+6y P ox acpay
oy 0Y> oY 6x6‘y8Y oy’ oY

OO0 0P x +6‘X6<I>6X 0’'® oy
OXoY . ox oXaY =~ oX| ox® 0Y  Oxdy Y

}(41
}(41

2 2
oD oy Gy{ad) Ox acpay}@l

8y 0XoY  0X

/v

7UN 4.1 Wife x-y wagiida X-Y
a o a o v o Jdou o
Tagnna x-y tazing X-Y Janudunusnuaaaqums

XcosO—Ysin0O

>4
Il

Y cosO+ Xsin® (4.2

<
Il

k4
Y 1 v %

9y J
mui]z“lﬂmmgwu‘ﬁmm Wi x-y Meununng X-Y mifu

X os0 XL gin0 (43
X oY

oxdy oY  6y° OY

n)

(4.2n)



69

gﬁX = sin 0 % = cosO (4.3 V)
0°x o’y
el 0 X 0 (4.39)

unuaums (4.3) asluaums (4.1) a2 18

2 2 2 2
8‘13 = c—aesqz3 29+26(D sin@cos@+a?sin29 (4.4n)
oX OX OXOy oy
2 2 2 2
Odz - S—]—aqj ng—220® sin6c056+aq2)00829 (4.4 v)
oY ox
2 2 2 2
0D %P q; /f1 ? 0cos0 + - (cosze—sin2 6) (4.49)
OXOY & By W

LY

1 A 1 o' - ~ 7 a o d‘
APIFAYIDAINITAVND YN UTDUAVADIVDINAURAYNYUNUNNA XuagY nyy 0 1a il

ansan ldan
2 2 74 2
9 aqz =2 6d2)_8d2> sin@cos@+2a®(cosze—sinze) =0 (4.5n)
00\ oX 15).4 oy
2 2 7t 72
O0D) _ o[ T2 O G 0c0s0— 222 (cos?0=sin6) = 0 (4.5%)
20| oY ox oy o

aums (4.5) ewnsniagdlminnmsdszgnd 1¥aumsas Inaudia 1aiu

o’
RY (46
1 (azcb achj

tan20 =

2 ax2_6y2

Y I [ A Voo v Jdo o =} @
Auns (4.6)  waadliiuNAIgIgAnIonIRIgAYe IO YNNI UALADIVBINAIRATIN BN
9 v
wna X uag Y %zmwﬁuﬁgu 0 ANABINULAZINAUMT (4.5) 1y (4.4) dai s maun

A A "o v Jdo o ~ v Aw A 09/’ ' v J
NATGIFANTDAIATAVUDIDYNUTOUAUTDIVDINAURAUNIUNUNNA XninyY UUMOUNUTD

2

[

1] = O~ 4 £ A ] [ 1 9 o
DUAVTDI fﬂwJﬂ'IL‘]JuﬂufJLﬁ'iJ@“lNLﬁuﬂuﬂﬂﬁﬁﬂﬂ'li?ﬂﬂ?ﬂ'Nll!,f"lualulluﬁllﬂuﬂaﬂ

(Principal Stress) Tuimnasmaniveiia (Solid Mechanics) srauaaslugiii 4.2



~ =l =\ 1 9 [ v Jou o = [ A v ]
?J‘]J‘Vl 4.2 L‘]JﬁEJ‘]_IL‘V]EJ‘]JﬂTﬂ’ﬂumuﬂﬂ@lgwuﬁ@uﬂﬂﬁﬂxﬁlﬂﬁWamﬁﬂlﬂﬂﬂﬂﬂlLﬂuWﬂﬂ@N g

Y 03.:} o = [ =~ v W o’llﬂ/d
ﬂ\juuslu‘ﬂ'lu@\uﬂEJ'JﬂULﬁ’Iﬁ'uJ'ﬁﬂlmeuajJﬂ']ﬁﬂ’ﬂllﬁilwugﬁ Al

GRORNGR o*d
o | oxdy x w
oO’D ' o |
oxdy Oy’ oY?
1 4 2 2
MOUNUTOUAVADI — 1AL
X

= Tuaums (4.4 n) uag (4.4v) aansadagdlmildon
m3tlszgnalFaunsns Inaia e

o’d  O*D

) T AT 2 2 2

0 ch _ Ox Oy + l 0 q;_@ qz) c0s20 + I sin20 (4.8 n)
X 2 2{ ox? oy OXx0y

azq>+azq>

2 < ~N~Aa 2 2 2
Nz _n0x” 0oy _laqj-a? c0s26 — P inog (4.8%)
oY 2 2\ ox* oy dx0y

ﬁmﬁmmmwﬂﬁﬁﬂﬁ'wmﬁmﬂmmmﬁumi (4.8) uazgﬂ‘ﬁ 4.3 Fwaaerums (4.6) Glugﬂ
AumasIYIIN aums (4.8) eansoon vl Iailu

o O NG ()
o*d ox> " oy*

— = + R (49
X 2

70



71

oD o'
o*® o oy’
el - R (4.9 )
oY 2
2 2 2
- HOP 0P 20+ 2L in2e 4.9 )
2\ ox X0y
R o*d
0x0y
20

1{o'® '@
2 aXZ ayz

1 2 (] @ v :
31U 4.3 aums (4.6) sagmidsueglugianuduiusvesaumaouyunin

[ 09.: 1 A o [ d @ [ ﬁzq) 82(1) =\ 1 1
AT UAIGITANTOAIAIAAVDIDYIUTOUATAD v uag P ansoveuaglugil
w1z gy
R ONMNGR(Y
& oy | Ifed o) (oY
AT = ———+ [ — = (4.10)
2 4l ox> oy oxdy

4

A a o 9 9 o a a o’dy 1 I A a A
ieannanuan lslumsunywluinetinusiiseoniludeslszianaseamuan
& 3 a ! { 1 { : @ { a
UaresesinFuiluenwudaagumyadendiumingngumsununlatesosn laewd
4 1 dy = Y] 1 9 [ a & 9 I a 4
wuAaIlIziseadlegseulalesessnd aanmeawudnlateseginziueamud
A oA (= = o a o a a 4 % dy 9
awmasynyaaod limsagunasle o duedawud Tuinodwusaiviiaz 19
v Jdo o 1 Y a . 2L A 1w ' Y
DUNUTOUAVTDIVOIMANUAUIDUNTLY T (von Mises Stress)  HINAUNINUAINNUAY
A a . o a J
Uszansma (Effective Stress) Tumsmimuaauiavestedmua Mnauns (a.17) Tu

1 a Y] I
MAKUIN A MANUAUIoUTTdazulsFufUTzozmannlatesees il

2
oo, I r

o, = m,(iJm ) @.11)



72
[ 09/’ 1 v Jdo o l 9 a = [ 9
ﬂ\iL!uﬂTﬂHWU‘ﬁ’ﬂuﬂUﬁ’ﬂﬂ‘UﬂﬂﬂWﬂﬂWNLﬂU'J’l’]u‘JJﬁ!“lfﬁL“VIEJ‘]JﬂU'§$ﬂgﬂTQﬁ]TﬂﬂaTﬂﬁ’ﬂ‘c’JiTﬁ]&Lﬂi

[ YY) 9 I
AUNUTaN19INatesoas1uilu

2n+3

o’c 1)+
9% L 2" @12
S [j (4.12)

Y
[ Y

1 @ o W 1 9 a = 9 1 o oA
ATUNNANMT (4.12) A1BYIUTOUAVADIVBIAIANNAUIBULTIFAISUAUVIFRUUAN
a 9 o Y a dy =1 a A [ &’f a s 9 a
mnmﬂmaiamn‘nﬂﬂumnmmzummmmwamqwqw muumamuﬂwﬁlﬂumnm
dy 9 = 3 A A = =3 o a L a A [ oa/,
uﬂ%@]ﬂﬂi]‘l]‘lﬂﬂLﬁﬂﬂq@iﬁuﬂmﬂlﬂiﬂ‘ULﬂﬂ‘Uﬂﬂ!@ﬁmu@lﬁlu‘ﬂﬁL?ﬂ!@ﬂﬂ]ﬂﬂﬂﬂ]ﬂﬁ? muuclumﬁ
[ a (oa/’ a a 4 { 1 % 1o a
ﬂﬁ‘]JGU‘L!']ﬂL’E]ﬁlﬂuﬂﬂﬂﬁﬂﬂlﬁ"ﬁww%15‘&11&%‘1/“8LﬂalﬂJu@ﬁn\llﬁaﬂﬂﬁﬂﬂﬂﬁﬂfﬁﬂﬂQﬂﬂﬁ]'lﬂl'ﬂa
= ~ 9 1 Y 1 09;1 o Y a oA 9 I Aa
Lllu(ﬂﬁLﬂﬁﬂﬂJLﬂTﬂﬂ@ﬂﬁﬂUﬂﬁ?ﬂiﬂEJiTJWnu‘L!IﬂfJﬂTWuﬂ{’h’iLﬂﬁlﬂu@]ﬂﬂﬁTﬂi@ﬂﬁTﬁLﬂumﬁ
S A 3 A A Y o 1 v Jdo o 1 Y a o k4
UaANNIHIANINGA LW@GlWﬂ?ﬁﬂWu'Jﬂ!ﬂT@L!WU‘E Llﬂ‘]JfTi’Néll@\‘lﬂ?ﬂ'J”IﬂJml!'J’ﬂuiJ?ﬂ%ﬁTnllﬂ
1 -4 1 a { 1 [ . ;&
Motz lfmmnmzmuessnamasanuaueuldadiyaaonan (Main Node) duiluga

]
1 A

AoNyuveuRAUATIMAsU N AseLaz 1FMIszanamnnud s uliaauueaud

IS a o @ a J | 1 1 ! 1 qa.z‘
Wusvyszunusudud s U amUA T AsNE NG 1AoAIANUAUNYARDNIEINDL

lannmnNuAUNYAABHANUDN AN UATTIIHAINNNYARDAI TN
O(x, y) = NO, + N,0, + N,®, (4.12)
{ 1 I v a J VoA,
Tae N, unumilsndumitizanuneluedmuavesganed i

o o a 4 a Y P Aa 4 9 1
fﬂ‘l’ii‘]_ll’f)amug}’d"lllmEIEJllﬁ”llli]ﬂﬁ’rﬂ‘l/\lQﬂGIleﬂ"liﬂﬁ$3J”I‘Euﬂ1811&!@@‘1LﬂJu@]ﬁuﬂiﬂﬁflﬂIﬂﬂﬂﬂ

MAANNFNAUT
N (%y) = a, + bx+cy (4.13)
Taufi
a, =(X,y, —=X3y,)/2A, © b, =(y,=¥;)/2A, © ¢ =(x;—X,)/2A, (4.14n)
a,=(xy, - X,¥;)/2A, b,=(y;—y,)/2A, c,=(X,—X;)/2A, (4.14%)
a,=(Xy,—X,¥)/2A, b,=(y,-vy,)/2A, c,=(x,-X,)/2A, (4.149)

Y

A A A a I A A [
uae Ae ﬂawummmamuwwmmﬂﬂwmwnﬂ‘u



73

1
A, = E|X1(Y2 —Y)+X,(y; —y) +X(y, - Y2)| (4.15)

iieenniladFumstszainameluedmuddwaasluaums (4.13) dunvuszunuwsaduy
wldis higinsomseuiussuduassld lasasa Futulumameeng o VoA
(4.9) maa“lmﬂauwu oUA 1Jﬁ’e’NuuﬁmﬁﬂﬁﬂﬂIﬂﬂ‘ﬂNﬂﬂu [16] Tﬂmiumﬂmﬁmm

v Jdo o [ a
DUNWUD u@ﬂﬁu\iﬂl@\‘]wa!ﬂaﬂlﬁﬂUﬂUL!ﬂu X Uagy ‘]Jul’f)alﬂu@slﬂ 9 llﬂlfﬂu

0P, = aN‘CI) + N, D, + N, D, (4.16n)
15).4 [6).4 [6).4 15).4
oD ON, ON ON,

< = DY + =@y

: - D, (4.16v)
oy oy oy oy

z:‘? o 1Y a o d' 1 U d' Y N, g = o’té o Y d‘ d‘ 1 ]
mﬁmsmaamumﬁmmafmﬁmg@maﬂm”lmzmmummamummm Wﬂ"l‘ﬂvlﬂﬂi]ﬂ@]@i?ll
9

a o 1 1 I &Y 7 3 o v v a d
VBIUDALNUAN N 9 ﬁm”lmmﬂu @N‘Lll!!,'315\1&}6\1‘anﬂﬁ1’i1ﬂ1@1§WHTJﬁ‘UHL®ﬁLNH@]@N 9 LLé}’J

o A 1 a o Y
‘Vnﬂ”l'ima8ﬂ1ﬂﬂﬂ@l@33ﬂ1ﬂ81%ﬁﬂﬂ1§

e = (4.17)

Tagh U, u,mufhmﬁsmrawhmuuﬁmauﬁﬁmafﬁim@iai
j U_ o a 2 = . g ()
Ul unusanuduieuicsainnde i vousamuan j saiyade i ifugadesou

o a o’w L g 1
m !,mumu’am’aamuﬂmwuﬂﬁﬁqﬂﬁa 1 Lﬂuwmmu

A ~ @ a JY ' .
E‘IJ‘VI 44 NI1ITYIAIVDIUDALNUAADNITDUIAND 1



74

o T 1 1 Y [ : : 1 L2 g 1 1 a
@10819%U HaImAUDIAIBYRUT O U IITINYAde i G’?ﬁLﬂuﬂqﬂmimmamamuﬁmwm 6

( acbej
+
X Js (4.18)

[

v Jdo : { 1 o 3 3
LﬂJi’)‘VI1ﬂ"lﬁmﬁﬂﬂ"l‘i/n‘i/l\ﬂﬂmuuﬁ?ﬁﬁ] Ulﬂﬂﬁ’)kl‘l/‘lﬂ‘ﬁ@ﬂ ‘]J‘Viﬁ\iﬁi}ﬂ@]@ﬂ?%ﬂjﬂmuﬂ"lﬂuulﬁT
4

a d { 1
wamudawaaslugln 4.4 aunsamia ldan

(Mbej (8®ej
— + +
od,  \ ox ) ox /),

ox 6

P ﬁuﬁwmsmm@uwuﬁ@mmf@ﬂﬂammiﬂi gnamslszanamuusznuFadudinun

o v W

pyuTou wum"lﬂmﬂmimaﬂuu@mamfmﬂmﬂu

oD oD, oD oD
—(x, =N+— +N,— + N 3 (4.19 f
8x( y) 15).4 > ox ’ ( )
GE(X’ y) = N, 63 NZ& N, 00, (4.19 V)
oy oy oy
AR ARG ﬁ ﬂ‘lJ‘I/]Z‘TENmEJUﬂULLﬂu X uagy il
, K . _
0 CID26 / ON, 0O, [’ ON, 0D, A ON, 0D, (4.20n)
Ox Ox —0ox oX  OXx O0xX O0Xx
, — _ _
0D,  ON, 0P, / ON, 0D, . ON, 0D, (4.200)

&y* 9y &y Oy dy dy oy

€

OX0y oy OX oy 0x oy Ox
Q. ON, 00, N ON, 00, N ON, 0D, (4.20m)
OxX Oy ox Oy ox 0y

O'd, _ ON, 00, . N, oD, LN oD,

§ ' v dou W % o <
%']ﬂﬁ'llﬂ']iﬁ (4.13) ﬂW@HWU‘ﬁ@uﬂU‘HﬁQ‘UﬂQWQﬂ‘?ﬂlﬂﬁ‘]Jﬁw\l"lﬂ!ﬂ']f]aluﬁ]%ﬁﬂ'llﬂu

N _ b, (4.21)
ox
N _ c, (4.21v)
oy

Aiuaums (4.16) uay (4.20) ﬁ”IEJTiﬂlﬂ]EJI.!E’JEJGlui‘]JGEJ”IN”IEﬂm‘]Ju



75

axe = b,®, + b,®, + b,D, (4.22n)
8(;(;6 =c®d + c,®, + ¢, 0, (4.22%)
, _ _ _
0 qz = b, o0, + b2_5®2 + b, 09, (4.22n)
ox 0x 0x [8)4
, _ _ _
0 qze = CI& + c, %, + ¢, 09, (4.229)
0y 0y ay 0y
0'D, oD, oD, oD,
== Tt C, -
Ox0y ox [6).4 ox
= blﬁ + b, o b, 99, (4.229)

+
ay oy ay

l
1A 1 1

oa/' o > 1 9 A < Y1 v Jdou o ~
nnduwihmsmasanaanesuad q laeldaumsn (4.17) nvz ldmeyusoududouiion

o = 4 1 1 oy v v Ay Y <} Y
AULAY X uaz  y NYARDAIN 9 unusiayiusouauaesi laasluaunis (4.9) nez ldan

Q

= 1

9 v 9 ] ] v
WIzINIEImNuAaz yade NInuaLL e dena iz asidvmamniigaie 14imua
a o o Y
VAL ANUA Iagimua I

0°®,

oX?

o’D,
oY?

5

Jo7= max[

} (4.23)

B m v Jdou o

4 4 o a [ Y
NDUNITUUBINYLADTLIINTIUIAIANUAANAIAICTUNUTOUAD YN UTOUAVTDILASUYUIN

a Jd v
YDUDUNUAAITUNIT

o) |- ML) h (22) o)

]( — )+ O(h’) 424)

+
N | —
(@)
\%;LG

o9 (x—x,) uaz (y-y;) wlsdudvvmnavesedmud h duiuezla
O(h’) — ih’ (4.25)

o 1 a 1 a d 1 { [ QaJJ o a
ﬂWWuﬂﬁlﬁ}ﬂTﬂ?TlINﬂWﬁ"lﬂﬁluLL@]ﬁ%LﬂﬁLNUﬁﬁﬂ?ﬂﬁﬁ ANUULTTITTINITOATUIVUUIAUDNLDA

miuanlFeuieiulungazusnavesilymIdluhuesferfusvaums (4.25) flu



76

Ah* = A h’ = constant (4.26)

max " min

{ a s & A { o
Tagh  h_ unuvievesedwuananiganivualaed 1y

q

Ao unuvavesnIzasnlannga lu Tamuil

max q )

4.2 msmanennamas

d' Y o o a 1 9)4'! [ = [ [
o limamunaeunsosuiuas ll ldnarszauniszlanmseruilandamsdsuvuia
a 4 o & 9 [ 1 A o A oA 9 1 1
auasuudeserdonisaieneanamasnmasudngaao 1aain Inseaiiensu
(% a 4 1 [l [] [ (9 a J 1

msdsvvinaeawuag lassmneglvunaimsidsvvuaeamud Taglunmsaeneana

Q' 1 1 3 ] 1 1 a L [ 1
MAgIZITUINMININGAaRNINAUY Insimv1eluiaguueamualaluTasemviemn

3 91 A 1 s o a J a o'dy A
i]1ﬂuu%8Gl%ﬂi"llf]QW’ﬁmaEJ“I/]i]ﬂGlE]LlﬁgﬂQﬂ%llﬂﬁ‘ﬂi$u1mﬂ1€lslu!ﬂﬁLNUG]"U?NL’E]QLMH@]ML‘W’E]

4 H
A Y 1 1T A

1 1 Ay v Y 1 1 1 a a J @
"LJWTI’E]ﬂﬂWWﬁmﬁEI‘VIUlﬂllﬂhlﬂﬂ*ﬂqﬂﬂﬂﬂujﬂi\‘]ﬁ1%1ﬁlslﬂu Taaluanednusatuil lauusganen

Q

A

9 ° ' < ' A ) WA 9 T A A 4 A
ApuiiMItigneanamageanuaeidiufe yadendaigsosinuazyaneNuSNIUBIUYTD
A 19 [ o’/’ 1 =\ = v 1 dy
yaden ludeunuTasruaeumsaeneanamasiisivazidoansae 117
Y v
TUADULINVBINIDENDANAIRABIZITHIINNITHINYAdB U TATIMIE DY
a ' 1 1 a 1 ] 1A g9 1 1 {
wamud lalulasemaien 29] Wnsagede p 1a 9 vedlassaieluin lilygasen
v . &, &4 4 2 Y A e 4 '
Yagse83d Tasyade p toguuiunaumasula q Servdluedmuadumasynnyane
A a s P Y 1 ! v d‘ﬁ/ & a 4 v A
nioamuAdasuigaas lulasanveminaIy q ¥V ueAUAYNYUNITINAUN

Uaesosinawaaslugilin 4.5

a 4 { 1 a A
(1) RANUATWINAGUNNIAND (v) amuanaesesin

§ 1 1 ] a o ] 1
311 4.5 gadovedlasenviglvy p uueawudlulasamuien

Q



71

dy A A l & a 1 v 9y 9 A A a
NUNT U INYDY A1> @, A FIUNAVINYAND p NUATUATIVINNNADVDITINLHAYN LAS
Y

A A ~ ° ] 1A Ja Il . o
WHUHNT WYY Ae ﬁ’]iﬂﬁﬂﬂ1u3ﬂ!llﬂﬂ’]ﬂﬂ’]ﬂlﬂﬂii]uuum (Determmant) ANTUNIT

box

A= %e tHl X, y,| = 0-5{X2Y3_X3Y2+(Y2_Y3)Xp+(X3_Xz)yp} (4.27 n)
I 3xy;
R

A, :%e til x; y;| = 0'5{X3YI_XIY3+(Y3_YI)Xp+(X]_X3)Yp} (427 v)
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Estimation Scheme [15]

. Adaptive FE

0.2 0.4 0.6 0.8 1.0 1.2
Load (kN)

(n)

Estimation Scheme [15]

. Adaptive FE

0.1 0.2 0.3 0.4 0.5
Load (kN)

(v)
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A NON-LINEAR ELASTIC FINITE ELEMENT CRACK ANALYSIS PROGRAM
FOR TWO-DIMENSIONAL PLANE PROBLEMS AND AXISYMMETRIC CASE

*

*

*kk

This program computes a parameter, J-integral for Ramberg-0Osgood
material behavior including thermal strains, crack face tractions

and body forces. The solver used is a full-matrix Crout factorisation
in which a system matrix is seperated into L, U, and transversed L
matrices. This program must be compiled on Microsoft Developer Studio

only.

Kobsak Potjananapasiri

Date:29/AUGUST/2005

ok X ok ok % X o ¥

The values declared in the parameter statement below should be assigned

according

to the size of the problem.

* X

eXeXeXeNeNeNoNeNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoRoN ]

MXPOI
MXELE
MXDOM
MXEDOM
MXCTE
MXCFNODE

MXNAME
MXMAT
MXSTATE
MXFI1G

SCALE
SCALEmap

maximum number of
maximum number of
maximum number of
maximum number of
maximum number of
maximum number of
domain(odd number
maximum number of
maximum number of
maximum number of

file names.

nodes in your model.

elements.

J-integrated domains.

elements in the last integrated domain.
crack tip elements.

ox X X %

crack face nodes on the largest integrated*

only).

input file names used in this model.
materials used in this model.
analysis states.

maximum significant numbers of analysis state increment for

scaling factor for output results.
scaling factor for mapping results.

ook ok X % ok X X%

IMPLICIT R
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER

DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENS1ON
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION

EAL*8 (A-H,0-Z)

(P1 = 3.1415926535897932384626433832795_8)

(SCALE=1._8,SCALEmap=

1. 8)

(MXPO1=3500,MXELE=1650, MXEDOM=1200 , MXDOM=6)

(MXSTATE=30,MXCTE=50,

(MXMAT=5, MXF1G=6)

ROR (MXDOM, 4)

STSM(MXPO1*2,MXPO1*2)

MXCFNODE=201 , MXNAME=40)

QFI(MXPO1*2) , QEX(MXPO1*2)
PIVOT(MXPO1*2) , GM(MXPO1*2)
FIMECH(MXPOI*2)., FITHER(MXPO1*2)
FIBODY (MXPO1*2), FISURF(MXPO1*%2)
DFITHER(MXPO1*2) , DF 1BODY (MXPO1*2)
QFINC(MXPOI*2) ,QINC(MXPOI1*2)
BDFF(MXPOI*2) , TEMPF(MXPOI)

BDF(MXPO1*2,MXSTATE),

TEMP(MXPOI ,MXSTATE)

ForcFAC(MXSTATE) , Di spFAC(MXSTATE)
TempFAC(MXSTATE) , BodyFAC(MXSTATE)
ForcFACp(MXSTATE) , DiSpFACP(MXSTATE)
TempFACP (MXSTATE) , BodyFACp (MXSTATE)
PROP(MXMAT, 7) , PROPp (MXMAT , 7)
CTQFI(4),CTQEX(4) ,FDQFI(4) , FDQEX(4)
COORD(MXPOI ,2) , COORDp(MXPOI , 2)
PT(MXPO1*2) ,PTp(MXPO1*2)
SXX(MXPOI), SXXp (MXPO1)
SXY(MXPOI1) , SXYp(MXPO1)
SYY(MXPOI),SYYp(MXPOI)
SVM(MXPOL) , SVMp (MXPO1)
RTHETA(MXCTE*2+1) ,RTHETAp (MXCTE*2+1)

159



160

DIMENSION AJdom(MXDOM) ,AJFace (MXDOM) , AJint(MXDOM)
DIMENSION ErrJ(MXDOM) , ErrAvJ(MXDOM)

INTEGER 1BC(MXPO1*2)

INTEGER 1FACEN(2,MXCFNODE ,MXDOM) , NFACEN(2, MXDOM)

INTEGER IFACEE(2, (MXCFNODE-1)/2,MXDOM)

INTEGER NEIND(MXDOM) , 1EIND(MXEDOM, MXDOM)

INTEGER INTMAT9(MXELE,9), INTMAT9p(MXELE,9), INTMAT (MXELE, 6)
INTEGER IETIP(MXELE), IETIPp(MXELE), IEMAT(MXELE)

INTEGER ICTEBN(MXCTE*2+1), ICTEBNp(MXCTE*2+1)

INTEGER ICTN(MXCTE*2+1), ICTNp(MXCTE*2+1)

INTEGER 10CTE(MXCTE), 10CTEp(MXCTE)

CHARACTER(30) NAME (MXNAME)
CHARACTER(MXFIG) INCstr,LINCstr, INCRESstr

Input file name index.

INAME = 1 IFirst input file name.

Adaptive number index.

IADAPT = O IMesh in this input file is not the adaptive remeshing one.

OO0

Print the title and description of the program on screen.

15

WRITEC*,15)

FORMAT (" .
*===",/," A NON-LINEAR ELASTIC FINITE ELEMENT CRACK ",
*ANALYSES PROGRAM®,/,* FOR TWO-DIMENSIONAL PLANE PROBLEMS®,
* AND AXISYMMETRIC CASE",/," .,

*,7/,1X,"This program -,
“computes the parameter J-integral for-®,/,1X,
"Ramberg-0sgood material behavior including thermal®,/,1X,
"strains, crack face tractions and body forces.",2/,37X,
"Kobsak Potjananapasiri®,/," -,

. 9

ok X ok ok % %X o

Read input data from the Ffirst input file.

OO0

220

CALL INPUT(CANGLE ,MXNAME ,MXPOI ,MXELE ,MXDOM,MXEDOM ,MXCTE,
MXCFNODE , NAME, INAME, IPLANE ,NODEK10l1d,NPOIN,
COORD,NELEM, INTMAT9, IBC,QFI ,NDOM,ROR,NEIND,
IEIND, IFACEN, IFACEE ,NFACEN,NFACE, IFACE, IETIP,
PROP, TEMPF,BDfF,NODEK1new, ICTEBN, ICTN,NCTN,
RTHETA, 10CTE ,NCTELE, ICFLOAD,NSTATE ,MXSTATE,
ForcFAC,DispFAC, TempFAC,BodyFAC, ICTETRAN,

INTMAT ,NPOINold,CTQFI ,FDQFI , INOADAPT ,XSHIFT,
ITERTY,BETOK, IDOMTY, IREDSEL , THETAO, 1EMAT,
MXMAT ,NMAT , IRTemp, IRBody)

Number of degrees of freedom.

NDF = 2

Number of equations after crack tip element transformation.

NEQ = NPOIN*NDF

In case of axisymmetric problem, then edit new X coordinates.

IF(IPLANE.EQ.3) THEN

DO 220 IP = 1, NPOIN

COORD(IP;1) = COORD(IP,1) - XSHIFT

CONTINUE

ENDIF

ook Xk ok % X o %

Resume analysis if required.

OO0

IRESUME = O

INCstart = 1

CALL GETSTRING(NSTATE-1,LINCstr,MXFIG)

L1 = LEN_TRIM(NAME(INAME))

L4 = LEN_TRIM(LINCstr)

OPEN(UNIT=18, FILE=NAME(INAME)(1:L1)//"_"//LINCstr(1:L4)//" .res",
* ERR=3005, STATUS="0LD")

CLOSE(UNIT=18 ,STATUS="KEEP")

GOTO 3300

3005 WRITE(*,3010)
3010 FORMAT(/,* THE PROGRAM HAS DETECTED THAT ALL THE ANALYZES USING®

," THIS®,/," INPUT FILE HAS NOT COMPLETED YET",/,
/," WHAT DO YOU WANT TO DO NEXT ?°¢,
/," 1 = RESUME ANALYSIS FROM THE PREVIOUS INCREMENT",
/," 0 = START NEW ANALYSIS FROM THE 1ST INCREMENT")
READ(*,*,ERR=3005) IRESUME
IFC(IRESUME.EQ.1) THEN

* ok X %



3030 WRITE(*,3020)
3020 FORMAT(/," PLEASE ENTER THE INCREMENT NUMBER OF THE PREVIOUS®,
*

3300

250

265

255

" ANALYSIS:"™)
READ(*,*,ERR=3030) INCRES
INCstart = INCRES + 1
CALL GETSTRING(INCRES, INCRESstr ,MXFIG)
L5 = LEN_TRIM(INCRESstr)
OPEN(UNIT=19, FILE=NAME(INAME)(1:L1)//"_~//INCRESstr(1:L5)//" .res"

* , ERR=3030, STATUS="0OLD")

ENDIF

Store iterative solution type for use again after solution mapping.
ITERTYp = ITERTY

Set total nodal displacement and out of balance force vector according to
analysis state.

IFCIRESUME.NE.1) THEN

DO 250 IEQ = 1, NEQ

PT(IEQ) = 0._8

GM(IEQ) = 0._8

CONTINUE

ELSE

DO 255 1EQ = 1, NEQ

READ(19,*) I, PT(I), GM(CI)

IFCI.NE.IEQ) WRITE(*,265) IEQ

FORMAT(/," EQUATION NO. ®,15," IN RESUMED FILE IS MISSING®)
IF(1.NE.IEQ) GOTO 3030

CONTINUE

CLOSE(UNIT=19 ,STATUS="KEEP®)

ENDIF

Begin loop through all increments.

(@] [eNeXe]

DO 1000 INC = INCstart, NSTATE-1
Print increment number that is being solved.
WRITE(*,270) INC, IADAPT

270 FORMAT(/," INCREMENT NUMBER =*,13,

*

/. ADAPTIVE NUMBER =",13)
Print input file name that is being solved.
L1 = LEN_TRIM(NAMECINAME))
WRITE(*,™*)
WRITEC*,*)"INPUT FILE = [*,NAMECINAME)(1:L1),".dat]"
Print number of nodes, elements and equations being solved.
WRITE(*,261) NPOIN, NELEM, NEQ

261 FORMAT( " THE FINITE ELEMENT MODEL CONSISTS OF®,

* /., NUMBER OF NODES =",15,
* /. NUMBER OF ELEMENTS =",15,
* /." NUMBER OF EQUATIONS =",15)
C Set total and incremental load and displacement vectors ,and set body
C force vector at present and next analysis state.
DO 280 IEQ = 1, NEQ
IF(IBC(IEQ).EQ.0) THEN INodal force is known.
QEX(IEQ) = QFICIEQ)*ForcFAC(INC+1)
QINC(IEQ) = QFI(1EQ)*(ForcFAC(INC+1)-ForcFAC(INC)) + GM(IEQ)
ELSE INodal displacement is known.
QEX(IEQ) = QFI(IEQ)*DispFAC(INC+1)
QINC(IEQ) = QFI(1EQ)*(DispFAC(INC+1)-DispFAC(CINC)) + GM(IEQ)
ENDIF
BDF(IEQ, INC) = BDFfF(1EQ)*BodyFAC(INC)
BDF(IEQ, INC+1) = BDFF(I1EQ)*BodyFAC(INC+1)
280 CONTINUE
C Set total temperature vector at present and next analysis state.
DO 285 IN = 1, NPOIN
TEMP(IN, INC) = TEMPF(IN)*TempFAC(INC)
TEMP(IN, INC+1) = TEMPF(IN)*TempFAC(CINC+1)
285 CONTINUE
C Set contributions of total nodal forces for transforming nodal crack face
C forces to nodal crack face tractions.
IF(ICFLOAD.EQ.1) THEN
DO 286 ICFACE = 1, NFACE
IF(NFACE.EQ.2) IFACE = ICFACE
CTQEX(2*IFACE-1) = CTQFI(2*IFACE-1)*ForcFAC(INC+1)
CTQEX(2*IFACE) = CTQF1(2*1FACE)*ForcFAC(INC+1)
FDQEX(2*IFACE-1) = FDQFI(2*IFACE-1)*ForcFAC(INC+1)
FDQEX(2*IFACE) = FDQFI(2*IFACE)*ForcFAC(INC+1)
286 CONTINUE
ENDIF
C
C Compute system tangent stiffness matrix, incremental thermal and body
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force vectors (in the incremental part).

I1MOD 1, compute all load vectors.

2, compute tangent stiffness matrix and incremental load vectors.
3, compute both load vectors and tangent stiffness matrix.

O0O0O0O0O0

IMOD = 2 IIncremental part.
WRITE(*,290)
290 FORMAT(/ " *** ESTABLISHING ELEMENT TANGENT",
® STIFFNESS MATRICES AND®,
* /" ASSEMBLING THEM FOR SYSTEM®,
* ® TANGENT STIFFNESS MATRIX®)
CALL LST(NPOIN,MXPOI ,NELEM,MXELE, INC,MXSTATE, IPLANE,
NDF,P1, IMOD, INTMAT9, IETIP,COORD,PT, TEMP,BDF,
* STSM,DFITHER,DFIBODY,FIMECH,FITHER,FIBODY,
* PROP, IREDSEL , 1EMAT ,MXMAT, IRTemp, 1RBody)
C Sum all incremental load vectors.
DO 300 1EQ = 1, NEQ
IF(IBC(IEQ).EQ.0) THEN
QFINC(IEQ) = QINC(IEQ) + DFITHER(IEQ) + DFIBODY(IEQ)
ELSE
QFINC(IEQ) = QINC(IEQ)
ENDIF
300 CONTINUE

Apply boundary conditions.

OO0

WRITE(*,310)
310 FORMAT(" *** APPLYING BOUNDARY CONDITIONS®)
CALL APPLYBC(NEQ, IBC,STSM,QFINC,MXPOI)

Change the system tangent stiffness matrix to multiplication of L, U and
transveresed L matrices.

OO0

WRITE(*,320)
320 FORMAT(" *** APPLYING CROUT FACTORISATION®)
CALL CROUT(STSM,PIVOT,NEQ,MXPOI)

Solve a set of simultaneous equations.

OO0

WRITEC*,330)
330 FORMAT(" *** SOLVING A SET OF SIMULTANEOUS EQUATIONS®)
CALL SOLVE(NEQ,STSM,PIVOT,QFINC,MXPOI)

Obtain new total displacement predictors.

OO0

DO 340 IEQ = 1, NEQ
IF(IBC(IEQ).EQ.0) THEN
PT(1EQ) = PT(IEQ) + QFINC(IEQ)
ELSE
PT(IEQ) = QEX(IEQ)
ENDIF
340 CONTINUE
C Change iterative solution type back after solution mapping.
ITERTY = ITERTYp
IREMESH = O
9000 CONTINUE IThis 9000 CONTINUE line is from mapping solution scheme.

Iterates solutions to equilibrium.

OO0

WRITEC*,331)
331 FORMAT(" *** ITERATING SOLUTIONS (TO. EQUILIBRIUM®)
CALL ITER(PT,BETOK,QEX, IBC,STSM, ITERTY,GM,NPOIN,MXPOI ,

* MXELE,COORD, INTMAT9,PI1VOT ,NDF,NELEM, IETIP,
* TEMP ,MXSTATE, INC, IPLANE,PI ,BDf,PROP,FISURF,
* BET, ICFLOAD, IREDSEL, IREMESH,BAS, IEMAT , MXMAT,
* IRTemp, IRBody)

c

C Compute nodal stresses.

C

WRITE(*,332)
332 FORMAT(/," *** COMPUTING NODAL STRESSES")
CALL GAUSSNODE(IPLANE,NDF,NPOIN,MXPOI , INC,MXSTATE,NELEM,
MXELE, IETIP, INTMAT9, COORD, PT, TEMP, SXX, SYY,
SXY, SVM, PROP, MXCTE , ICTN,NCTN, SIGXXMAX,
SIGYYMAX, SIGXYMAX, SIGVMMAX , IREDSEL , IEMAT,
MXMAT)

* ok % %
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C Compute J-integral from domain integral method.

WRITE(*,333)
333 FORMAT(" *** COMPUTING J-INTEGRAL")
CALL CJINT(IPLANE,NDF,NDOM,MXDOM, MXEDOM,NEIND, IEIND,

* MXCFNODE, IFACEN, IFACEE ,NFACEN,NFACE, IFACE,
* NPOIN,MXPOI, INC,MXSTATE ,MXELE, IETIP, INTMATO,
* COORD, PT, TEMP,BDf,NODEK1new, CANGLE,ROR,PI,
* PROP ,AJddom,AJface,AJint,FISURF,CTQEX, FDQEX,
* ICFLOAD, IDOMTY, IREDSEL , IEMAT , MXMAT)
C
C Print output results for showing in Tecplot.
c
CALL GETSTRING(INC, INCstr ,MXFIG)
L1 = LEN_TRIM(NAME(INAME))
L3 = LEN_TRIM(INCstr)
C Open Tecplot®s output Ffile.
OPEN(UNIT=16, FILE=NAMECINAME)(1:L1)//"_"//INCstr(1:L3)//" .plt~,
* STATUS="REPLACE")
C Write deformed model and nodal stresses.

WRITE(16,5190)

5190 FORMAT("VARIABLES = "X-CO™,'"Y-CO",""SXX","SYY",""SXY",""SVM"")
WRITE(16,5200) NPOIN, NELEM

5200 FORMAT("ZONE N=",16,", E=",16,", F=FEPOINT, ET=QUADRILATERAL")
DO 5210 IP = 1, NPOIN
Xnew = COORD(IP,1) + SCALE*PT(2*IP-1)
Ynew = COORD(IP,2) + SCALE*PT(2*IP)
IF(IPLANE.EQ.-3) Xnew = Xnew + XSHIFT
WRITE(16,5220) Xnew, Ynew,SXX(IP),SYY(IP),SXY(IP),SVM(IP)

5220 FORMAT(6E16.8)

5210 CONTINUE

C Write nodal connectivities for each element type.

DO 5230 IE = 1, NELEM
IFCIETIP(IE) .EQ.1)THEN
WRITE(16,5240) (INTMATO(CIE,J),J=1,4)
ELSE
WRITE(16,5240) (INTMAT9(IE,J),J=1,3), INTMATI(IE,3)
ENDIF

5240 FORMAT(416)

5230 CONTINUE

C Close this output file.

CLOSE(UNIT=16 ,STATUS="KEEP™)

Print resuming file.

OO0

_OPEN(UNIT=20, FILE=NAVECINANE)(1:L1)//"_*//INCStr(1:L3)//" .res",
STATUS="REPLACE™)
DO 3500 I1EQ =1, NEQ
WRITE(20,*) 1EQ, PT(IEQ), GM(IEQ)
3500 CONTINUE
CLOSE(UNIT=20 ,STATUS="KEEP")

C
C Print results on output file for adaptive remeshing in FEMESH v2.1.152
C

WRITEC,*)
VRITECS,*)"OUTPUT FILE = [7,
NAME (INAME) (1:L1)/7"_*//INCstr(1:L3)//" _out™,"]"

C Open output file.
OPEN(UNIT=8, FILE=NAMECINAME) (1:L1)//"_*//INCstr(1:L3)//" .out®,
% STATUS="REPLACE")

C Write titles of each result.

WRITE(8,4092)

4092 FORMAT(2X *NODE*",15X, "U",15X, "V*,13X, "Sxx",13X, "Syy"
,13X, "Sxy*",13X, Svm ,15X, H')

C Transform new crack tip nodal quantltles to the old one for showing and
C refining in 6-node element mesh of FEMESH v2.1.

DO 4000 IP = 1, NPOINold

IF(ICTETRAN.EQ.1 _AND. IP._EQ.NODEK1lold) THEN

WRITE(8,4100) IP,PT(NODEK1new*2-1),PT(NODEK1new*2),

* SIGXXMAX , SIGYYMAX, SIGXYMAX , SIGVMMAX,0._8
ELSE
_VRITE(8,4100) IP,PT(IP*2-1),PT(IP*2),SXX(IP),SYY(IP),SXY(IP),
SVM(IP),0._8
ENDIF

4100 FORMAT(16,7E16.8)
4000 CONTINUE
C Compute average J-integral.



4120

4140

4145

4090

4110

C

4130
4500

4150

Avgd = 0._8
DO 4120 IDOM = 1, NDOM
Avgd = AvgJd + AJint(I1DOM)
CONTINUE
AvgJd = AvgJ/NDOM
Compute relative error between two adjacent domains.
Errd(1) = 0._8
DO 4140 IDOM = 2, NDOM
ErrJ(1DOM) = DABS((AJint(I1DOM)-AJint(IDOM-1))/AJint(1DOM)*100._8)
CONTINUE
Compute relative errors compared with average J-integral.
DO 4145 IDOM = 1, NDOM
ErrAvVJ(1DOM) DABS((AJint(1DOM)-AvgJ)/AvgJ*100._8)
CONTINUE
Write increment number and adaptive remeshing number.
WRITE(8,4090) INC, IADAPT
FORMAT(/," INCREMENT NUMBER  =%,13,3X, "ADAPTIVE NUMBER  =",13)
Print convergence factor and the title of J-integral result.
WRITE(8,*) "CONVERGENCE FACTOR =",BET
WRITE(*,4110)
WRITE(8,4110)
FORMAT(/ 1X, '[DOMAIN] ,3X, "[J-INTEGRAL] ",
3X, "[ER. from pDOM]*",3X,"[ER. from AVG]*")
Print J-integral and relative error on each integrated domain.
DO 4500 IDOM = 1, NDOM
WRITE(*,4130) IDOM, AJint(IDOM), ErrJ(IDOM), ErrAvVJ(IDOM)
WRITE(8,4130) IDOM, AJint(IDOM), ErrJ(IDOM), ErrAVJ(IDOM)
FORMAT(2X,13,3X,E16.8,2(1X,E16.8))
CONTINUE
Print average J-integral.
WRITE(*,4150) AvgJ
WRITE(8,4150) AvgJ
FORMAT (1X, " [AVERAGE J-INTEGRAL] =",E16.8)
Close output file.
CLOSE(UNIT=8, STATUS="KEEP")

OO0

Print average J-integral results

4091

4151

OPEN(UNIT=17, FILE=NAME(INAME)(1:L1)//".Jint", STATUS="REPLACE")
WRITE(L7,4091) INC, IADAPT

FORMAT(/," INCREMENT NUMBER ~ =",13,3X,"ADAPTIVE NUMBER =",13)
WRITE(L7,4151) AvgJ

FORMAT(1X, " [AVERAGE J-INTEGRAL]  =",E16.8)

OO0

Map displacement solutions from previous mesh to the new refined one.

10
334

*
*

IFCINOADAPT.NE.1) THEN !Your model needs to be refined at some increments.
WRITE(*,334)
FORMAT(/," DO YOU WANT TO READ NEW REFINED MESH INPUT FILE",
" FOR THIS INCREMENT 2%,

/," 1 =YES",

/," 0 = NO™)
READ(*,*,ERR=10) IREMESH
IF(IREMESH.EQ.1) THEN

IADAPT = IADAPT + 1

OO0

Store old mesh input and output necessary variables for mapping labeled
after as "p" which means "from previous mesh®.

IPLANEp IPLANE

CANGLEp CANGLE
ICTETRANp = ICTETRAN
ICFLOADp = ICFLOAD

NFACEp NFACE

XSHIFTp XSHIFT

NPOINp NPOIN

NELEMp NELEM

NCTNp NCTN

NCTELEp NCTELE

NMATp NMAT

NSTATEp NSTATE

THETAOp THETAO

NODEK1oldP = NODEKlold

NODEK1newP = NODEKlnew

Store crack tip element index and nodal connectivites.

DO 1010 IE = 1, NELEM
IETIPP(IE) = IETIP(IE)
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1010

1020

1025

1030

1031

1032
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DO 1010 IN =1, 9

INTMATOp(IE, IN) = INTMATO(IE, IN)
CONTINUE
Store nodal stresses, coordinates and displacements.
DO 1020 IP = 1, NPOIN

SXXp(IP) = SXX(IP)

SXYp(IP) = SXY(IP)

SYYp(IP) SYY(IP)

SVMp(IP) = SVM(IP)

PTp(2*1P-1) = PT(2*IP-1)

PTp(2*1P) = PT(2*IP)

COORDp(IP,1) = COORD(IP,1)

COORDp(IP,2) = COORD(IP,2)
CONTINUE
Store all crack tip element ordered in C.W. direction.
DO 1025 1 1, NCTELE

10CTEp(I) 10CTE(I)
CONTINUE
Store all crack tip nodes, crack tip element boundary nodes
and their relative angles w.r.t. the 1st one.
DO 1030 I = 1, NCTN

ICTNp(D) = ICTNCI)

ICTEBNp(1) = ICTEBN(I)

RTHETAp(1) = RTHETA(I)
CONTINUE
Store all material properties.
NPROP = 7

IF(IPLANE.EQ.3) NPROP = 6
DO 1031 IMAT = 1, NMAT
DO 1031 IPROP = 1, NPROP
PROPp(IMAT, IPROP) = PROP(IMAT, IPROP)
CONTINUE
Store factors at each analysis state.
DO 1032 ISTATE 1, NSTATE
ForcFACp(ISTATE) ForcFAC(ISTATE)
DispFACp(ISTATE) DispFAC(ISTATE)
TempFACp(ISTATE) = TempFAC(ISTATE)
BodyFACp(ISTATE) BodyFAC(ISTATE)
CONTINUE
Store new crack tip boundary conditions.
IBCCTXp = IBC(2*NODEK1new-1)
IBCCTYp = IBC(2*NODEK1new)

I nn

Read new refined mesh input file.

OO0

ook X % ok % X o %

372

CALL INPUT(CANGLE ,MXNAME ,MXPOI ,MXELE ,MXDOM,MXEDOM,MXCTE,
MXCFNODE , NAME , INAME+1 , IPLANE ,NODEK1old,NPOIN,
COORD,NELEM, INTMAT9, IBC,QFI ,NDOM,ROR,NEIND,
IEIND, IFACEN, IFACEE ,NFACEN,NFACE, IFACE, IETIP,
PROP , TEMPF, BDfF,NODEK1new, ICTEBN, ICTN,NCTN,
RTHETA, 10CTE,NCTELE, ICFLOAD,NSTATE ,MXSTATE,
ForcFAC,DispFAC, TempFAC,BodyFAC, ICTETRAN,

INTMAT ,NPOINold,CTQFI ,FDQFI, INOADAPT ,XSHIFT,
ITERTY,BETOK, IDOMTY, IREDSEL , THETAO, IEMAT,
MXMAT ,NMAT, IRTemp, IRBody)

Set new number of equations for new refined mesh input data.

NEQ = NPOIN*NDF

In case of axisymmetric problem, then edit new X coordinates.

IF(IPLANE.EQ.3) THEN

DO 372 1P = 1, NPOIN

COORD(IP,1) = COORD(IP,1) = XSHIFT
CONTINUE
ENDIF

Check consistency between two input files.

OO0

370

371

Check problem case.

IF(IPLANEp.NE. IPLANE) THEN

WRITE(*,370)

FORMAT(/," PROBLEM CASE OF THE NEW INPUT FILE*"
," IS NOT EQUAL WITH THAT OF THE PREVIOUS ONE®)

ENDIF

Check axis of rotation.

IF(IPLANEp.EQ.3 _AND. XSHIFTp.NE.XSHIFT) THEN

WRITE(*,371)

FORMAT(/," AXIS OF ROTATION OF BOTH INPUT FILES*®
," DO NOT PASS THE SAME POINT®)



375

380

385

390

353

356

354

357

359

361

362

363

358

364

365

* ok % %
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ENDIF
Check crack angle.
IF(CANGLEp.NE.CANGLE) THEN
WRITE(*,375)
FORMAT(/," CRACK ANGLE OF THE NEW INPUT FILE*
" 1S NOT EQUAL WITH THAT OF THE PREVIOUS ONE®")
ENDIF
Check crack tip element type.
IF(ICTETRANp.NE. ICTETRAN) THEN
WRITE(*,380)
FORMAT(/," THE CRACK TIP ELEMENT TYPE OF BOTH INPUT FILES”
," ARE NOT EQUAL™)
ENDIF
Check crack face traction.
IF(ICFLOADp.NE. ICFLOAD) THEN
WRITE(*,385)
FORMAT(/," THE CRACK FACE TRACTION OF BOTH INPUT FILES*®
," ARE NOT CONSISTENCY")
ENDIF
Check number of crack faces.
IF(NFACEp.NE_NFACE) THEN
WRITE(*,390)
FORMAT(/," NUMBER OF CRACK FACES OF BOTH INPUT FILES*
," ARE NOT EQUAL™)
ENDIF
Check material properties.
IF(NMAT .NE_NMATp) WRITE(*,353) NMATp, NMAT
FORMAT(/," NUMBER OF MATERIALS IN PREVIOUS INPUT FILE =7,13,
/. NUMBER OF MATERIALS IN THIS NEW MESH FILE =7,13,
/., PLEASE MAKE THEM EQUAL®)
Check material properties.
NPROP = 7
IF(IPLANE.EQ-3) NPROP = 6
DO 354 IMAT = 1, NMAT
DO 354 IPROP = 1, NPROP
IF(PROP(IMAT, IPROP) -NE.PROPp CIMAT, IPROP)) THEN
WRITE(*,356) IPROP, IMAT
FORMAT(/," PROPERTY NUMBER®,13," OF MATERIAL NUMBER",13,
" 1S NOT EQUAL WITH THAT OF THE PREVIOUS INPUT FILE")
ENDIF
CONTINUE
Check number of analysis states.
IF(NSTATE.NE_NSTATEp) WRITE(*,357) NSTATEp, NSTATE
FORMAT(/," NUMBER OF ANALYSIS STATES IN PREVIOUS INPUT FILE ="
.13,
/." NUMBER OF ANALYSIS STATES IN THIS NEW MESH FILE ="
, 135
/.," PLEASE MAKE THEM EQUAL™)
Check factors at each analysis state.
DO 358 ISTATE = 1, NSTATE
IF(ForcFAC(ISTATE) -NE.ForcFACp(ISTATE)) WRITE(*,359) ISTATE
IF(DispFAC(ISTATE) -NE.DispFACp(ISTATE)) WRITE(*,361) ISTATE
IF(TempFAC(ISTATE) -NE. TempFACp(I1STATE)) WRITE(*,362) ISTATE
IF(BodyFAC(ISTATE) .NE.BodyFACp(ISTATE)) WRITE(*,363) ISTATE
FORMAT(/, " LOAD FACTOR AT ANALYSIS STATE NUMBER®, 13,
" 1S NOT EQUAL -WITH THAT OF THE PREVIOUS INPUT FILE")
FORMAT(/," DISPLACEMENT FACTOR AT ANALYSIS STATE NUMBER®, 13,
" 1S NOT EQUAL WITH THAT OF THE PREVIOUS INPUT FILE")
FORMAT(/, " TEMPERATURE. FACTOR AT ANALYSIS. STATE NUMBER",13,
" IS NOT EQUAL WITH THAT OF THE PREVIOUS INPUT FILE")
FORMAT(/, " BODY FORCE FACTOR AT ANALYSIS STATE NUMBER®, I3,
" 1S NOT EQUAL WITH THAT OF THE PREVIOUS INPUT FILE")
CONTINUE
Check crack tip coordinates and B.C.s.
IF(COORD(NODEK1new, 1) .NE.COORDp(NODEK1newP,1) .OR.
COORD(NODEK1new,2) .NE.COORDp(NODEK1newP,2)) WRITE(*,364)
FORMAT(/," CRACK TIP COORDINATES OF TWO MODELS MUST BE EQUAL™)
IF(1BC(2*NODEK1new-1) .NE. IBCCTXp
.OR. 1BC(2*NODEK1new) .NE.IBCCTYp) WRITE(*,365)
FORMAT(/," CRACK TIP B.C.s OF TWO MODELS MUST BE EQUAL®)

OO0

Print increment number that is being solved.

351

WRITE(*,351) INC, IADAPT

FORMAT(/," INCREMENT NUMBER =%,13,
/., ADAPTIVE NUMBER =",13)

Print file name that is being solved.



L2 = LEN_TRIM(NAME(INAME+1))
WRITEC,™)
WRITEC*,*)"INPUT FILE = [*,NAMECINAME+1)(1:L2),".dat]"

C Print number of nodes and elements being solved on screen.
WRITE(*,352) NPOIN, NELEM, NEQ
352 FORMAT( * THE FINITE ELEMENT MODEL CONSISTS OF-,
* /," NUMBER OF NODES =",15,
* /. NUMBER OF ELEMENTS =",15,
* /." NUMBER OF EQUATIONS =",15)
C
C Set total load and displacement vector ,and set body and temperature
C force vector at present and next state for this new input file.
c
DO 1040 1EQ = 1, NEQ
IF(IBC(IEQ).EQ.0) THEN INodal force is known.
QEX(IEQ) = ForcFACCINC+1)*QFI(IEQ)
ELSE INodal displacement is known.
QEX(IEQ) = DispFAC(INC+1)*QFI(IEQ)
ENDIF
BDF(IEQ, INC) = BodyFAC(INC)*BDFF(1EQ)
BDF(IEQ, INC+1) = BodyFACCINC+1)*BDFF(IEQ)
1040  CONTINUE
DO 1045 IN = 1, NPOIN
TEMP(IN, INC) = TempFACCINC)*TEMPF(IN)
TEMP(IN, INC+1) = TempFAC(INC+1)*TEMPF(IN)
1045  CONTINUE
C Set contributions of total nodal forces for transforming nodal crack
C face forces to nodal crack face tractions.
IF(ICFLOAD.EQ.1) THEN
DO 1050 ICFACE = 1, NFACE
IF(NFACE.EQ-2) IFACE = ICFACE
CTQEX(2*IFACE-1) = CTQFI(2*IFACE-1)*ForcFAC(INC+1)
CTQEX(2*1FACE) = CTQFI(2*1FACE)*ForcFAC(CINC+1)
FDQEX(2*IFACE-1) = FDQFI(2*I1FACE-1)*ForcFAC(CINC+1)
FDQEX(2*IFACE) = FDQFI(2*IFACE)*ForcFAC(INC+1)
1050 CONTINUE
ENDIF
C Compute tangent stiffness matrix for this new model
ITERTY = 1
C
C Map all nodal displacements from the old mesh into the new refined one.
c
CALL MAPPING(MXPOI ,MXELE ,MXCTE,NDF, IBC,QEX,NPOIN,NELEMp,
* PT,PTp,COORD, COORDp, INTMAT9p, IETIPp, ICTN,
* ICTNp,NCTN,RTHETA,RTHETAp, SXX, SXXp, SXY, SXYp,
* SYY,SYYp,SVM,SVMp, 10CTEp ,,NCTELEp, ICTETRAN,
* THETAOp, ICTEBNp)
C
C Print results after mapping for showing in Tecplot.
C
WRITE(*,*) NAME(CINAME)
L1 = LEN_TRIM(NAME(INAME))
WRITEC(*,*) NAME(INAME+1)
L2 = LEN. TRIM(NAME(INAME+1))
WRITEC*, ™)
WRITEC*,*) "MAPPING FILE = [*,
* NAMECINAME) (1:L1)//"_to_"//NAME(INAME+1) (1:L2),
* "oplt]”
C Open Tecplot®s mapping file.
OPEN(UNIT=17,
* FILE=NAME(CINAME) (1:L1)/7" to_"//NAME(CINAME+1) (1:L2)//
* " _plt" ,STATUS="REPLACE")
C Write deformed model and nodal stresses after mapping.
WRITE(17,5190)
WRITE(17,5200) NPOIN, NELEM
DO 6210 IP = 1, NPOIN
Xnew = COORD(IP,1) + SCALEmap*PT(2*1P-1)
Ynew = COORD(IP,2) + SCALEmap*PT(2*1P)
IF(IPLANE.EQ.3) Xnew = Xnew + XSHIFT
WRITE(17,5220) Xnew,Ynew,SXX(IP),SYY(IP),SXY(IP),SVM(IP)
6210  CONTINUE
C Write nodal connectivities according to element type.

DO 6230 IE = 1, NELEM

IFCIETIP(IE) .EQ. 1) THEN

WRITE(L7,5240) (INTMATO(IE,J),J=1,4)

ELSE

WRITE(L7,5240) (INTMATO(IE,J),J=1,3), INTMATO(IE,3)
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ENDIF
6230  CONTINUE
C Close this Tecplot®s mapping file.
CLOSE(UNIT=17, STATUS="KEEP")
C Change input file name.
INAME = INAME + 1
WRITE(*,*)
C Iterate new mesh solution to equilibrium.
GOTO 9000
ELSE
IADAPT = O
ENDIF
ENDIF
C End each
1000 CONTINUE

increment.

THE END OF MAIN PROGRAM

SUBROUTINES USED IN THIS PROGRAM.

1. SUBROUTINE
SUBROUT INE
SUBROUT INE
SUBROUTINE
SUBROUT INE
SUBROUTINE
SUBROUTINE
SUBROUT INE
SUBROUTINE
SUBROUT INE
SUBROUT INE
SUBROUTINE
SUBROUTINE
SUBROUT INE
SUBROUT INE
SUBROUTINE
SUBROUTINE
SUBROUT INE
SUBROUTINE
SUBROUTINE
SUBROUT INE
SUBROUT INE
SUBROUTINE
SUBROUTINE
SUBROUTINE
SUBROUT INE

INPUT
CRACKFACE
CENTER
FTHETA
XYLOCAL
LST
VOLUMETRIC
DEVIATORIC
BJ9
GVALUE
FINDSTRSS
ASSEMBLE
APPLYBC
CROUT
SOLVE
ITER
GAUSSNODE
VOLSTRESS
DEVSTRESS
TRMAT
CJINT
CJVOL
CJIDEV
CJIFACE
GETSTRING
MAPPING

SUBROUTINE TemBDTFUNC

eXeNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNON @]

SUBROUTINE INPUT(CANGLE, MXNAME ,MXPOI ,MXELE ,MXDOM, MXEDOM,MXCTE,
MXCFNODE, NAME, INAME, 1PLANE ,NODEK101d,NPOIN,
COORD,NELEM, INTMAT9, IBC,QFI ,NDOM,ROR,NEIND,
IEIND, IFACEN, IFACEE ,NFACEN,NFACE, IFACE, IETIP,
PROP, TEMPF ,BDfF ,NODEK1new, 1CTEBN, LCTN,NCTN,
RTHETA, 10CTE ,NCTELE, ICFLOAD,NSTATE ,MXSTATE,
ForcFAC,DispFAC,TempFAC,BodyFAC, ICTETRAN,
INTMAT ,NPOINold,CTQFI ,FDQFI, INOADAPT ,XSHIFT,
ITERTY,BETOK, IDOMTY, IREDSEL , THETAO, 1EMAT,
MXMAT ,NMAT , IRTemp, IRBody)

ook % % F ok X % ok

THIS SUBROUTINE READS THE INPUT FILE AND GENERATES ALL ADDITIONAL DATA
NECESSARY FOR ANALYZING MODEL.

ICASE = 1, SINGLE EDGE CRACKED PANEL (SECP) WITH TO = 1 AND
T(X) = TO*[125+400*X-100X*X]*2.

AXIALLY CRACKED CYLINDER (ACC) WITH TO = 0.25, Ri =
T(r) = TO*[250+800*(r-Ri)-200(r-Ri)**2].
CIRCUMFERENTIALLY CRACKED CYLINDER (CCC) WITH TO = 1, Ri =
AND T(r) = TO*[125+100*(r-Ri)-6.25(r-Ri)**2].

4, CENTER CRACKED PANEL (CCP) WITH TO = 1 AND T(X) = TO*[100X*X].
DISC ROTATING WITH A CENTRIFUGAL FORCE, OMEGA = 0.25,

BDFFX = 10*OMEGA*OMEGA*X, AND BDFFY = 10*OMEGA*OMEGA*Y .

ICASE

1
N

20, AND

I1CASE

1
w

80,

ICASE
ICASE

[eXeNoNoNoNoNoNoNoNoNoNON o)



PARAMETER (ICASETemp=3, ICASEBDf=5)

IMPLICIT REAL*8(A-H,0-Z)

DIMENSION COORD(MXPOI,2),ROR(MXDOM, 4)

DIMENSION QFI(MXPOI1*2) ,PROP(MXMAT,7)

DIMENSION BDFF(MXPOI*2), TEMPF(MXPO1)

DIMENSION RTHETA(MXCTE*2+1)

DIMENSION ForcFAC(MXSTATE) ,DispFAC(MXSTATE)
DIMENSION TempFAC(MXSTATE) ,BodyFAC(MXSTATE)
DIMENSION ANVALTemp(6),ANVALBDFX(6) ,ANVALBDFY (6)
DIMENSION CTQFI(4),FDQFI(4),Xp(3).Yp(3)

INTEGER INTMAT(MXELE,6), INTMATO(MXELE,9)

INTEGER IETIP(MXELE), IEMAT(MXELE) , IBC(MXPO1*2)
INTEGER 1FACEN(2,MXCFNODE ,MXDOM) , NFACEN(2, MXDOM)
INTEGER IFACEE(2, (MXCFNODE-1)/2, MXDOM)

INTEGER NEIND(MXDOM) , 1EIND(MXEDOM, MXDOM)

INTEGER ICTEBN(MXCTE*2+1), ICTN(MXCTE*2+1)
INTEGER 10CTE(MXCTE)

CHARACTER*30 NAME(MXNAME) , TEXT, XORY

OO0

Read input data from the input file.

GOTO 8

Close this input file after finding an error before open it again.

CLOSE(UNIT=7 , STATUS="KEEP®)

WRITE(*,*)

WRITEC*,*)"11I1YOUR INPUT FILE HAS AN ERROR, *
WRITEC*,*)" PLEASE CORRECT 1T BEFORE PROCEEDING!II*®
CONTINUE

Read input file name.

WRITE(*,15)

FORMAT(/, " PLEASE ENTER THE INPUT FILE NAME:*)
READ(*, " (A)", ERR=5) NAME(INAME)

L1 = LEN_TRIM(NAME(CINAME))

Open input file.

OPEN(UNIT=7 , FILE=NAME(INAME)(1:L1)//" .dat®, STATUS="0OLD")

OO0

PART 1: Input file notes.

READ(7,*,ERR=9) NLINE
DO 2 ILINE = 1, NLINE
READ(7,*,ERR=9) TEXT
CONTINUE

OO0

PART 2: The need for adaptive remeshing and problem case.

READ(7,*,ERR=9) TEXT
IREDSEL = O
READ(7,*,ERR=9) INOADAPT, IPLANE,

(IREDSEL, I=1, IPLANE,3), (XSHIFT,I1=3,IPLANE,1)

[eNeNe]

PART 3: How large the model is ?

10

40

READ(7,*,ERR=9) TEXT

READ(7,*,ERR=9) NPOIN, NELEM, NPBC
IF(NPOIN.GT.MXPOI) WRITE(*,10) NPOIN

FORMAT(/," PLEASE. INCREASE THE PARAMETER. MXPOL.TO. ",
IF(NPOIN.GT .MXPOI) STOP

IF(NELEM.GT .MXELE) WRITE(*,40) NELEM

FORMAT(/," PLEASE INCREASE THE PARAMETER MXELE TO -,
IF(NELEM.GT.MXELE) STOP

Store number of nodes before element transforming.
NPOINold = NPOIN

Degrees of freedom on a node (u,Vv).

NDF = 2

Number of equations in 6-node element mesh.

NEQ = NPOIN*NDF

15)

15)

OO0

PART 4: lterative type and convergence tolerance factor.

READ(7,*,ERR=9) TEXT
READ(7,*,ERR=9) ITERTY, BETOK

OO0

PART 5: Description of the crack in your FEM model.

169



11

170

READ(7,*,ERR=9) TEXT

READ(7,*,ERR=9) NODEK1lold, CANGLE, ICTETRAN, ICFLOAD, NFACE
IF(ICFLOAD.EQ.1) THEN

READ(7,*,ERR=9) TEXT

DO 11 I = 1, NFACE

READ(7,*,ERR=9) IFACE, CTQFI(2*IFACE-1), CTQFI(2*IFACE)
* , FDQFI(2*IFACE-1), FDQFI(2*IFACE)
CONTINUE

ENDIF

PART 6: Domain type, number of domain integrals and its characteristic
length.

OO0

123

122

124

121

120

READ(7,*,ERR=9) TEXT

READ(7,*,ERR=9) IDOMTY, NDOM

IF(IDOMTY.NE.1 .AND. IDOMTY.NE.2 .AND. IDOMTY.NE.3) WRITEC*,123)
FORMAT(/," INCORRECT DOMAIN TYPE 1%)

IF(NDOM_GT .MXDOM) WRITE(*,122) NDOM

FORMAT(/," PLEASE INCREASE THE PARAMETER MXDOM TO *, 15)
IF(NDOM.GT .MXDOM) STOP

READ(7,*,ERR=9) TEXT

DO 124 ID = 1, NDOM

IFC(IDOMTY .NE.3) THEN

READ(7,*,ERR=9) ROR(ID,1)

ELSE

READ(7,*,ERR=9) (ROR(ID,1),1=1,4)

ENDIF

CONTINUE

IFC(IDOMTY .NE.3) THEN

DO 120 ID = 1, NDOM

IF(ROR(ID,1).LE.0._8) WRITE(C*,121) ID

IF(ID.GE.2 _AND. ROR(ID,1).LE.ROR(ID-1,1)) WRITE(*,121) ID
FORMAT(/," CHARACTERISTIC LENGTH OF DOMAIN NO. *,15," IS WRONG",
* /." FOR THIS DOMAIN TYPE, IT MUST BE POSITIVE RANGING",
* /. FROM MINIMUM TO MAXIMUM®)

CONTINUE

ENDIF

PART 7: Analysis states and its corresponding factors.

OO0

38

37

39

READ(7,*,ERR=9) TEXT

READ(7,*,ERR=9) NSTATE

IF(NSTATE.GT.MXSTATE) WRITE(*,38) NSTATE

FORMAT(/," PLEASE INCREASE THE PARAMETER MXSTATE TO ", 15)
IF(NSTATE.GT .MXSTATE) STOP

READ(7,*,ERR=9) TEXT

DO 37 ISTATE = 1, NSTATE

READ(7,*,ERR=9) ForcFAC(ISTATE), DispFAC(ISTATE),

* TempFAC(ISTATE), BodyFAC(ISTATE)
CONTINUE
IF(ForcFAC(1) .NE.O. 8 .OR. DispFAC(1).NE.O. 8 _OR.

*  TempFAC(1).NE.O._8 .OR. BodyFAC(1).NE.O._8) WRITE(*,39)
FORMAT(/," AT THE 1ST ANALYSIS STATE ALL FACTORS MUST BE ZEROS")
IF(ForcFAC(1).NE.O._8 _OR. DispFAC(1).NE.O. 8 .OR.

*  TempFAC(1).NE.0. 8 _OR. BodyFAC(1).NE.O. 8) STOP

PART 8: Number of materials and their properties.

[eXeNoNeNoNoNoNeNO NN

PROP (1)
PROP(2)
PROP(3)
PROP(4)
PROP(5)
PROP(6)
PROP(7)

ELAS
PR
YSTRSS
AHARD
ALPHA
COTHR
THICK

Young®s modulus.

Poisson®s ratio.

yield stress.

strain hardening exponent.

yield offset.

coeficient of thermal expansion.
thinkness.

115

READ(7,*,ERR=9) TEXT

READ(7,*,ERR=9) NMAT

IF(NMAT .GT.MXMAT) WRITEC*,115) NMAT
FORMAT(/," PLEASE INCREASE THE PARAMETER MXMAT TO ", 15)
IF(NMAT .GT.MXMAT) STOP

READ(7,*,ERR=9) TEXT

DO 116 IMAT = 1, NMAT

IF(IPLANE.EQ.3) THEN

READ(7,*,ERR=9) (PROP(IMAT, IPROP), IPROP=1,6)
ELSE

READ(7,*,ERR=9) (PROP(IMAT, IPROP), IPROP=1,7)



ENDIF
116 CONTINUE

PART 9: Nodal

coordinates.

OO0

READ(7,*,ERR=9) TEXT
DO 20 IP = 1, NPOIN
READ(7,*,ERR=9) I, COORD(I,1), COORD(I,2)

20 CONTINUE

OO0

PART 10: Nodal connectivity and material code for each element..

READ(7,*,ERR=9) TEXT
DO 50 IE = 1, NELEM

READ(7,*,ERR=9) I, (INTMAT(1,J),J=1,6),

IF(IE.NE.1) WRITE(*,60) IE

60 FORMAT(/," ELEMENT NO.

IF(IE.NE_1) STO

IFCIEMAT(1) .GT.NMAT .OR.
65 FORMAT(/," ELEMENT NO.
IFCIEMAT(1) .GT.NMAT _OR.

50 CONTINUE

P

IEMAT(I)
*,15,° IN DATA FILE IS MISSING")
IEMAT(1).LT.1) WRITE(*,65) |

*,15," HAS WRONG MATERIAL CODE")
IEMAT(1).LT.1) STOP

PART 11: BC-s.

[eXeNoNoNoRoNoNoNoNe!

1BC(1)
1BC(1)
1BC(D)
QFI(I)
QFI(I)
QFI(D)

+1, constraint displacement to zero.
0, free (external force is known, possibly zero).
-1, displacement is prescribed (to be
0. (displacement is zero)
fixed nodal force 5
fixed displacement(to be increment),

increment).
if IBC(I)
if IBC(I)
it IBC(I)

+1

-1

DO 70 1EQ = 1, NEQ

IBC(IEQ) = O
QFI(IEQ) = 0._8
70 CONTINUE

READ(7,*,ERR=9) TEXT
DO 80 IPBC = 1, NPBC
READ(7,*,ERR=9) I, IBC(2*1-1), IBC(2*1), QFI(2*I-1), QFI(2*1)

80 CONTINUE

DO 100 INODE = 1, NPOIN
DO 100 IDF = 1, NDF
IEQ = (INODE-1)*2 + IDF

IF(IDF.EQ.1) XorY

Ve

IF(IDF_EQ.2) XorY = "Y*
_AND. IBC(IEQ).NE.O .AND. IBC(IEQ).NE.-1)

IF(IBC(IEQ) . NE.

IF(I1BC(IEQ) -EQ.

100 CONTINUE

-

WRITEC*,110) INODE, XorY
1 .AND. QFI(IEQ).NE.O._ 8) WRITE(*,110) INODE, XorY
IF(IBC(IEQ) .EQ-=1 _AND. QFI(IEQ).EQ.0._8) WRITE(*,110) INODE, XorY

110 FORMAT(" 11B.C. AT NODE",I5," IN ", A1," DIRECTION IS INCORECT")

PART 12: Nodal temperatures and body forces.

O0O00O0O0O0O0

IRTemp, IRBody
IRTemp, IRBody
IRTemp, IRBody

+1, read them through this input fTile.

0, set them all to zeros.

-1, set them according to equations by creating them in

the subroutine TemBDfFUNC by yourself.

READ(7,*,ERR=9)
READ(7,*,ERR=9)
IF(IRTemp.EQ.1

READ(7,*,ERR=9)

TEXT
IRTemp, [1RBody

_OR. IRBody.EQ.1) THEN

TEXT

DO 160 IP = 1, NPOIN
IF(IRTemp.EQ.1 .OR. IRBody.EQ.1)

*READ(7,*,ERR=9) IN,

IF(IRTemp.EQ.1 .OR. IRBody.NE.1)
*READ(7,*,ERR=9) IN, TEMPF(IN)
IF(IRTemp.NE.1 .OR. IRBody.EQ.1)
*READ(7,*,ERR=9) IN, BDFF(2*IN-1), BDFF(2*IN)
IF(IP.NE.IN) WRITE(*,170) IP
170 FORMAT(/," TEMPERATURE OR BODY FORCES AT NODE NO. *,15,
* * 1S MISSING®)
IF(IP.NE.IN) STOP

160 CONTINUE
ENDIF

In case of IRTemp = 0

TEMPF(IN), BDFfF(2*IN-1), BDFfF(2*IN)
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165

175

166

167

IF(IRTemp.EQ.0) THEN
DO 165 I = 1, NPOIN
TEMPF(I) = 0._8
CONTINUE

ENDIF

In case of IRBody = 0
IF(IRBody.EQ.0) THEN
DO 175 1 = 1, NPOIN
BDFF(2*1-1) = 0._8
BDFF(2*1) 0._8
CONTINUE

ENDIF

In case of IRTemp = -1

IF(IRTemp.EQ.-1) THEN
ICASE = ICASETemp

DO 166 INODE = 1, NPOIN

X = COORD(INODE,1)
Y = COORD(INODE,2)

CALL TemBDFFUNC(ICASE,X,Y,TEMP,BDFFX,BDTFY)

TEMPF(INODE) = TEMP
CONTINUE
ENDIF

In case of IRBody = -1

IF(IRBody.EQ.-1) THEN
ICASE = ICASEBDF

DO 167 INODE = 1, NPOIN

X = COORD(INODE,1)
Y = COORD(INODE,2)

CALL TemBDFFUNC(ICASE,X, Y, TEMP,BDFFX,BDFFY)
BDFFX
BDFEY

BDFF(2* INODE-1)
BDFF(2* INODE)
CONTINUE

ENDIF

Close this input file.
CLOSE(UNIT=7 , STATUS="KEEP®)

OO0

Find elements and number of elements In each integrated domain.

180

DO 180 ID
NEIND(1D)
CONTINUE
DO 190 IE
DO 200 ID = 1, NDOM
DO 210 IN = 1, 3

NODE = INTMATCIE, IN)

1, NDOM
0

1, NELEM

DX = COORD(NODE,1)-COORD(NODEK1lold,1)
DY = COORD(NODE,2)-COORD(NODEK1old,?2)
ISquare domain.

AR = MAX(DABS(DX),DABS(DY))/ROR(ID,1)

IFCIDOMTY.EQ.1) THEN
ENDIF
IFCIDOMTY.EQ.2) THEN
ENDIF

IFC(IDOMTY .EQ-3) THEN
IF(DX.LE.O._8) THEN

IF(ROR(ID,1).GT.0._8) THEN

AX = -DX/ROR(ID, 1)
ELSE

AX = -1..8

ENDIF
ELSE

IF(ROR(ID,3).GT.0._8) THEN

AX = DX/ROR(ID,3)
ELSE

AX = -1. 8

ENDIF
ENDIF

IF(DY.LE.O._8) THEN

IF(ROR(ID,4).GT.0._8) THEN

AY = -DY/ROR(ID,4)
ELSE

AY = -1. 8

ENDIF
ELSE

ICircular domain.
AR = DSQRT(DX*DX+DY*DY)/ROR(ID,1)

IRectangular domain.
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210

195

200
190

206

205

173

IF(ROR(ID,2).GT.0._8) THEN
AY = DY/ROR(ID,2)
ELSE
AY = -1._8
ENDIF
ENDIF
AR = MAX(AX,AY)
ENDIF
Protect round-off error from transforming FLOAT to EXPONENTIAL number.
IF(AR.GT.1.000000000010000_8) GOTO 200
CONTINUE
DO 195 IDHE 1D, NDOM
NEIND(IDHE) = NEIND(IDHE) + 1
IEIND(NEIND(IDHE), IDHE) = IE !Element"s number in each integrated domain.
CONTINUE
GOTO 190
CONTINUE
CONTINUE
Check whether number of elements in each integrated domain exceed the
maximum.
DO 205 ID = 1, NDOM
IF(NEIND(ID) .GT.MXEDOM) WRITE(*,206) NEIND(CID)
FORMAT(/," PLEASE INCREASE THE PARAMETER MXEDOM TO ", 15)
IF(NEIND(ID) .GT.MXEDOM) STOP
CONTINUE

OO0

Find crack face nodes and elements on each integrated domain and transform
all crack tip elements to 9-node rectangular collapsed elements.

215

140

CALL CRACKFACE(NPOIN,MXPOI,COORD,NELEM,MXELE , INTMAT,NDOM,
MXDOM, ROR ,NODEK1old ,MXCTE ,MXCFNODE, IFACEN,
I1FACEE ,NFACEN,NFACE, IFACE, INTMATO, IETIP,
NCTELE, ICTEBN, IOCTE, ICTETRAN, ICFLOAD, CANGLE,
1DOMTY)

Set number of crack tip element boundary nodes.

NCTEBN = 2*NCTELE + 1

Set new nodes® coordinates, body forces and temperatures.

IF(ICTETRAN.EQ.1) THEN

For new crack tip nodes, set all gquantities as the old crack tip ones.

DO 215 IP = NPOIN + 1, NPOIN + 2*NCTELE

COORD(IP,1) COORD(NODEK1o0ld,1)

COORD(IP,2) COORD(NODEK1okd,2)

TEMPF(IP) TEMPF(NODEK1o1d)

BDFF(IP*2-1) = BDFF(NODEK1old*2-1)

BDFF(1P*2) BDFF(NODEK101d*2)

CONTINUE

For new 9th nodes of 9-node rectangular crack tip elements.

DO 218 IE = 1, NCTELE

NPOIN + 2*NCTELE + IE

COORD(INTMAT9(IOCTE(IE),5),1)

COORD(INTMATO(IOCTE(IE),5),2)

COORD(INTMAT9(IOCTE(IE),6),1)

COORD(INTMATO(IOCTE(IE),6),2)

COORD(INTMATO(IOCTE(IE),7),1)

COORD(INTMAT9(IOCTE(IE),7),2)

COORD(INTMAT9(IOCTE(IE),8),1)

COORD(INTMAT9(IOCTE(IE),8),2)

(XT*Y5-X5*Y7)*(X8-X6) - (X8*Y6-X6*Y8)*(X7-X5)

(Y8-YB)*(X7-X5) - (Y7-Y5)*(X8-X6)

(X8*Y6-X6*Y8)*(Y7-Y5) - (X7*Y5=X5*Y7)*(Y8-Y6)

(X8-X6)*(Y7-Y5) - (X7-X5)*(Y8-Y6)

COORD(IP,1) = upX9/beX9

COORD(IP,2) = upY9/beY9

Set X and Y coordinates of the 9th node of colapsed crack tip elements.

X = COORD(IP,1)

Y = COORD(IP,2)

DO 140 I =1, 3

Xp(1) = COORD(INTMAT(IOCTE(IE),1),1)

Yp(1) = COORD(INTMAT(IOCTE(IE),1),2)

CONTINUE

Calculate each area for computing area coordinates.

Atot = 0.5_8*( Xp(2)*Yp(R)-Xp(R)*Yp(2)+
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* (YP(2)-Yp(3))*Xp(1)+(Xp(3)-Xp(2))*Yp(1) )
Al = 0.5_8*( Xp(2)*Yp(3)-Xp(3)*Yp(2)+

* (YP(2)-Yp(3))*X+(Xp(3)-Xp(2))™*Y )

A2 = 0.5_8*( Xp(3)*Yp(L)-Xp(1)*Yp(3)+

* (P -Yp(L)*X+(Xp(1)-Xp(3))*Y )



A3 = 0.5_8*( Xp(L)*Yp(2)-Xp(2)*Yp(1)+

* Yp(1)-Yp(2))*X+(Xp(2)-Xp(1))™*Y )
Compute area coordinates of the 9th node.

AL1 = Al/Atot

AL2 = A2/Atot

AL3 = A3/Atot

Compute interpolation functions of triangular crack tip elements.

AN1 = 2. _8*AL1*AL1-AL1
AN2 = 2._8*AL2*AL2-AL2
AN3 = 2._8*AL3*AL3-AL3
AN4 = 4. 8*AL1*AL2
AN5 = 4. _8*AL2*AL3
AN6 = 4._8*AL3*AL1

In case of IRTemp = +1,

Get approximate quantities from triangular element
IF(IRTemp.EQ.1) THEN

DO 220 IN =1, 6

INODE = INTMAT(IOCTE(CIE), IN)

ANVALTemp(IN) = TEMPF(INODE)

220 CONTINUE
TEMPF(IP) = AN1*ANVALTemp(1) + AN2*ANVALTemp(2) +
* AN3*ANVALTemp(3) + AN4*ANVALTemp(4) +
* ANS*ANVALTemp(5) + ANB6*ANVALTemp(6)
ENDIF
In case of IRBody = +1,
Get approximate quantities from triangular element
IF(IRBody.EQ.1) THEN
DO 221 IN =1, 6
INODE = INTMAT(CIOCTECIE), IN)
ANVALBDFX(IN) = BDFF(INODE*2-1)
ANVALBDFY(IN) = BDFF(INODE*2)
221 CONTINUE
BDFF(IP*2-1) = AN1*ANVALBDFX(1) + AN2*ANVALBD¥X(2)
* AN3*ANVALBDTX(3) + AN4*ANVALBDFX(4)
* ANS*ANVALBDTX(5) + AN6*ANVALBDFX(6)
BDFF(1P*2) = AN1*ANVALBDFY(1) + AN2*ANVALBDFY(2)
* AN3*ANVALBDFY(3) + AN4*ANVALBDTY(4)
* ANS*ANVALBDFY (5) + ANG6*ANVALBDTY(6)
ENDIF
In case of IRTemp = O,
Set 9th nodal temperatures to zeros.
IF(IRTemp.EQ.0) THEN
TEMPF(IP) = 0._8
ENDIF
In case of IRBody = O,
Set 9th nodal body forces to zeros.
IF(IRBody.EQ.0) THEN
BDFF(IP*2-1) = 0._8
BDFF(1P*2) =0._8
ENDIF
In case of IRTemp = -1,
Set 9th nodal temperatures according to equation.
IF(IRTemp.EQ.-1) THEN
X = COORD(IP,1)
Y = COORD(IP,2)
ICASE = ICASETemp
CALL TemBDFFUNC(ICASE,X,Y,TEMP,BDFFX,BDFFY)
TEMPF(IP) = TEMP
ENDIF
In case of IRBody = -1,
Set 9th nodal body forces according to equation.
IF(IRBody.EQ.-1) THEN
X"= COORD(IP,1)
Y = COORD(IP,2)
ICASE = ICASEBDF
CALL TemBDFFUNC(ICASE,X,Y,TEMP,BDFFX,BDFFY)
BDFF(2*1P-1) = BDfFX
BDFF(2*1P) = BDfFY
ENDIF
End each 9th node.
218 CONTINUE

Set their B.C.s free and have zero nodal forces.
DO 219 IP = NPOIN+1, NPOIN+3*NCTELE

IBC(1P*2-1)
IBC(1P*2)
QFI(IP*2-1)
QFI(IP*2)

o n
[eNeoNeoNe)

0 @

before transformation.

before transformation.

+ +

+ o+
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175

219 CONTINUE

ENDIF
C Store old crack tip node B.C.s and its corresponding known values.
IBCKX = IBC(NODEK1lold*2-1)
IBCKY = IBC(NODEK1old*2)
QFIKX = QFI(NODEKlold*2-1)

QFIKY = QFI(NODEK1old*2)
IF(IBCKX.EQ.-1 .OR. IBCKY.EQ.-1) WRITE(*,216)
216 FORMAT(/," THE CRACK TIP NODE DISPLACEMENTS CANNOT BE PRESCRIBED",
* * TO BE INCREMENT*)
IF(IBCKX.EQ.-1 .OR. IBCKY.EQ.-1) STOP
IF(NFACE.EQ.1 _AND. IBCKX.EQ.O _AND. IBCKY.EQ.0) WRITE(*,217)
217 FORMAT(/," YOU ARE TAKING ADVANTAGE OF MODEL SYMMETRY"®,
* /. BOTH CRACK TIP NODE B.C.s CANNOT BE FREE")
IF(NFACE.EQ.1 .AND. IBCKX.EQ.O .AND. IBCKY.EQ.0) STOP

C Transform only fixed displacement B.C.s of the old crack tip node to the
C new equivalent 6-node element crack tip node of 9-node collapsed crack tip
C elements.
IF(ICTETRAN.EQ.1) THEN
IF(NFACE.EQ-2) THEN
NODEK1new = NPOIN + NCTELE
ELSE
IF(IFACE.EQ.1) THEN IModel has only C.W. face.
NODEK1new = NPOIN + 2*NCTELE
ELSE IModel has only C.C.W. face.
NODEK1new = NODEK1lold
ENDIF
ENDIF
C In X direction.
IF(IBCKX.EQ.1) THEN
IBC(2*NODEK1new-1) = 1
QFI1 (2*NODEK1new-1) = 0._8
ELSE
IBC(2*NODEK1new-1) = 0
QF1 (2*NODEK1new-1) = 0._8
ENDIF
C In Y direction.
IF(IBCKY.EQ-1) THEN
IBC(2*NODEK1new) = 1
QF1 (2*NODEK1new) = 0._8
ELSE
IBC(2*NODEK1new) = O
QFI (2*NODEK1new) = 0._8
ENDIF
ELSE INo crack tip element transformation.
NODEK1new = NODEKlold
ENDIF
C
C Edit 9-node crack tip nodal forces
C *Remember that this program read only the input file containing only
C 6-node element mesh input data and will automatically transform these
C data to the mixed 6 and 9-node elemet mesh data (only 9-node elements as
C crack tip elements), but this process cannot automatically generate
C correct nodal forces at the tip because after crack tip element
C transformation there are several crack tip nodes located at the same
C position. Therefore user must manually input these nodal loads at crack
C tip nodes ,but for very small crack tip elements these nodal loads can be
C approximately negligible.
C
IFCICFLOAD.EQ-1 .AND. ICTETRAN.EQ-1) THEN
C Edit loads on the crack tip node of the C.W. crack face.
IF(NFACE.EQ.2 .OR. IFACE.EQ.1) THEN
QF1 (2*NODEK1lold-1) = CTQFI(1)
QF 1 (2*NODEK1old) = CTQFI1(2)
IBC(2*NODEK1lold-1) = 0O
I1BC(2*NODEK1old) =0
ENDIF
C Edit loads on the crack tip node of the C.C.W. crack face.
IF(NFACE.EQ-2 .OR. IFACE.EQ.2) THEN
QF 1 (2*(NPOIN+2*NCTELE)-1) = CTQFI(3)
QF1(2*(NPOIN+2*NCTELE)) = CTQFI(4)
IBC(2*(NPOIN+2*NCTELE)-1) = O
IBC(2*(NPOIN+2*NCTELE)) =0
ENDIF
ENDIF
C Change old crack tip node B.C.s free only for C_.W. crack face.

IF(ICFLOAD.NE.1 .AND. ICTETRAN.EQ.1
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* _AND. (NFACE.EQ.2 .OR. IFACE.EQ.1)) THEN
QF 1 (2*NODEK1old-1) = 0._8
QFI (2*NODEK1old) = 0._8
IBC(2*NODEK1old-1) = 0
I1BC(2*NODEK1old) =0
ENDIF
C Set number of crack tip nodes and their corresponding nodal numbers.
IF(ICTETRAN.EQ.1) THEN
NCTN = 2*NCTELE + 1
ICTN(1) = NODEKlold
DO 250 IC = 2, NCTN
ICTNCIC) = NPOIN + IC - 1
250 CONTINUE
ELSE
NCTN = 1
ICTN(1) = NODEKlold
ENDIF
C Find the angle formed by X axis, old crack tip node and the 1st crack tip
C element boundary node.
DX = COORD(ICTEBN(1),1) - COORD(NODEKlold,1)
DY = COORD(ICTEBN(1),2) - COORD(NODEKlold,2)
CALL FTHETA(DX,DY,THETAO)
C Find angle of each crack tip element boundary node with respect to the 1st
C crack tip element boundary node one.
RTHETA(1) = 0._8
DO 260 I = 2, NCTEBN
DX = COORD(ICTEBN(I),1) - COORD(NODEK1old,1)
DY = COORD(ICTEBN(I),2) - COORD(NODEK1old,2)
CALL XYLOCAL(DX,DY,DXL,DYL,THETAO)
CALL FTHETA(DXL,DYL,THETA)
RTHETA(1) = THETA
260 CONTINUE
C Show crack tip element boundary nodes and their relative angles.
WRITE(*,320)
320 FORMAT(/," CRACK TIP ELEMENT BOUNDARY NODES AND®,
* " THEIR RELATIVE ANGLES®)
WRITE(*,330)
330 FORMAT(4X, "NO.",4X, *NODE*",8X, "RELATIVE ANGLE®)
DO 340 I = 1, NCTEBN
WRITE(*,350) I, ICTEBN(1), RTHETA(I)
350 FORMAT(2X,14,4X,15,4X,E21.16)
340 CONTINUE
C Edit new number of nodes after crack tip element transformation.
IF(ICTETRAN.EQ.1) THEN
NPOIN = NPOIN+3*NCTELE
IF(NPOIN_GT.MXPOI) WRITE(*,10) NPOIN
IF(NPOIN.GT.MXPOL) STOP
ENDIF
C
RETURN
END
C
SUBROUTINE CRACKFACE(NPOIN,MXPOT,COORD,NELEM,MXELE, INTMAT ,NDOM,
* MXDOM, ROR ,NODEK1old ,MXCTE ,MXCFNODE, IFACEN,
* IFACEE,NFACEN,NFACE, IFACE, INTMAT9, IETIP,
* NCTELE, ICTEBN, I0OCTE, ICTETRAN, ICFLOAD,CANGLE,
= 1DOMTY)
C
C THIS SUBROUTINE SEARCHES CRACK FACE NODES AND ELEMENTS WITHIN EACH
C INTEGRATED DOMAIN AND CREATES CRACK TIP ELEMENT INDEX AND NEW NODAL
C CONNECTIVITY FOR MIXED 6 AND 9-NODE ELEMENT MESH.
C

OO0

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION ROR(MXDOM,4) ,COORD(MXPOI ,2)

INTEGER ICWCFN(MXCFNODE) , I CCWCFN(MXCFNODE)

INTEGER 1FACEN(2,MXCFNODE , MXDOM) , NFACEN (2, MXDOM)
INTEGER I0CTE(MXCTE), IETIP(MXELE)

INTEGER 1CWCFE((MXCFNODE-1)72) , ICCWCFE((MXCFNODE-1)/2)
INTEGER IFACEE(2, (MXCFNODE-1)72,MXDOM)

INTEGER INTMAT(MXELE,6), INTMAT9(MXELE,9)

INTEGER ICTEBN(MXCTE*2+1)

Search 1st and 2nd C.W. and C.C.W. crack face nodes which are middle and
corner nodes respectively in 6-node element mesh. The clockwise and
counter clockwise crack face is defined below. The C.W. and C.C.W. nodes
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are the nodes on that corresponding face.

*_Kk_%* * * * * * * * *

ook ok _k ok _x_x _*x _* < - 2nd C.W. crack face node

\ E
C.W. crack face * <-- 1st C.W. crack face node
\
crack growth direction ----> * <-- crack tip node
/
C.C.W. crack face * <-- 1st C.C.W. crack face node
/ B

Foook Kk ko x Kk _ Kk _ % _* < 2nd C.C.W. crack face node
IN B /\ B /\ B /\ B /\

I \7/ \7/ \ 7/ \ 7/ \

*_Kk_* * * * * * * * *

Note: E
B

C.W. crack face elements
C.C.W. crack face elements

Set the crack tip node in 6-node element mesh as a center node of
surrounding crack tip elements to find the other four nodes

(1st and 2nd C.W. and C.C.W. crack face nodes) on the crack faces.
NODEC = NODEKlold

CALL CENTER(NODEC,NODEK1old,NELEM,MXELE, INTMAT ,MXCTE, ICWELEM,
* NODECW , MNODECW, ICCWELEM , NODECCW , MNODECCW,, 10CTE ,NEHCN)

Set number of elements having this center node in common as number of
crack tip elements.

NCTELE = NEHCN

Store these corner and middle crack face nodes.

NODECW1ST = MNODECW
NODECW2ND = NODECW
IELEMCW1ST = I1CWELEM
NODECCW1ST = MNODECCW
NODECCW2ND = NODECCW
IELEMCCW1ST = ICCWELEM

In case of no information of what crack face the model has, Search it by
using available information-
IF(NFACE.NE.2 _AND. ICFLOAD.NE.1) THEN

VX = COORD(NODECW2ND,1) - COORD(NODEK1old,1)
VY = COORD(NODECW2ND,2) - COORD(NODEK1old,2)
QX = DCOSD(CANGLE)
QY = DSIND(CANGLE)

DOT = VX*QX + VY*QY
IF(DOT.GT.0._8) THEN

IFACE = 2
ELSE

IFACE = 1
ENDIF
ENDIF

O0O0O000

Transform all 6-node triangular crack tip elements into 9-node collapsed
rectangular elements and create crack tip element index, new nodal
connectivity and number of nodes:

[eNeNe]

90

100

110

DO 90 IE = 1, NELEM
DO 90 IN = 1; 9
INTMATO(IE,IN) = O
CONTINUE

Create new nodal connectivity for mixed 6-node and 9-node element mesh.

DO 100 IE = 1, NELEM

DO 100 IN = 1, 6
INTMATO(CIE, IN) = INTMAT(IE, IN)
CONTINUE

Set all elements as 6-node elements through the crack tip element index.

IETIP(IE) = 0, 6-node element.

IETIP(IE) = 1, 9-node crack tip element.
DO 110 IE = 1, NELEM

IETIP(IE) = O

CONTINUE

IFC(ICTETRAN.EQ.1) THEN
Add 2 new nodes in each old 6-node crack tip element and create new nodal
connectivity for these crack tip elements, also find crack tip element

177
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boundary nodes which are nodes on the outer ring of crack tip elements.
*Note: IOCTE(l) are crack tip element®s numbers ordered in C.W. direction
where I0CTE(1l) is the 1st crack tip element®"s number on the C.W.
crack face.
DO 120 1 = 1, NCTELE
IEM = IOCTE(I)
NADD = NPOIN + (1-1)*2
DO 130 Il =1, 3
IFCINTMATCIEM, I'1) _.EQ.NODEK1old) THEN
IF(1.EQ.1) THEN
INTMATO(IEM, 11) = NODEKlold
Find the first crack tip element boundary node.
11 =11+ 2
IF(11.6GT.3) 11 =11 - 3
ICTEBN(1) = INTMAT(IEM,11)

ELSE
INTMATO(IEM, 1) = NADD
ENDIF
Find next (middle) crack tip element boundary node.
12 =11 + 4

IF(11.EQ.3) 12 = 4
ICTEBN(1*2) = INTMAT(CIEM, 12)
Find next (corner) crack tip element boundary node.
13=11+1
IF(11.EQ.3) 13 =1
ICTEBN(1*2+1) = INTMATCIEM, 13)
Arrange new middle nodes of new nodal connectivity
INTMATO(IEM,4+11) = NADD + 1
DO 140 11l = 4+11+1, 8
INTMATO(IEM, II1) = INTMATCIEM, 111-2)
140 CONTINUE
Arrange new corner nodes of new nodal connectivity
INTMATO(IEM,1+11) = NADD + 2
DO 150 111 = 1+11+1, 4, 1
INTMATO(CIEM, 111) = INTMATCIEM, 111-1)
150 CONTINUE
GOTO 160
ELSE
INTMATO(IEM, I1)
INTMATO(IEM, 4+11)
ENDIF
130 CONTINUE
Set this element as crack tip element.
160 IETIP(IEM) = 1
120 CONTINUE
Add a new node (9th node of 9-node quadrilateral crack tip element) on
each crack tip element nodal connectivity.
DO 125 I = 1, NCTELE
INTMATO(IOCTE(1),9) = NPOIN + 2*NCTELE + I
125 CONTINUE
ENDIF

INTMATCIEM, 11)
INTMATCIEM, 3+11)

Find crack face nodes and elements in each integrated domain.

OO0

IF(ICFLOAD.EQ.1) THEN
DO 9000 IDOM = 1, NDOM

OO0

In C.W. crack face.

IF( NFACE_.EQ-2 .OR. 1FACE.EQ.1 ) THEN
Set 1st and 2nd node and 1st element of C.W. crack face.

NCWCFN = 2

ICWCFE(1) = IELEMCW1ST
ICWCFEN(1) = NODECW1ST
ICWCFN(2) = NODECW2ND

DO 230 IH = 1, (MXCFNODE-1)/2-1

NODEC = ICWCFEN(IH*2)

CALL CENTER(NODEC,NODEK1old,NELEM,MXELE, INTMAT ,MXCTE, ICWELEM,
* NODECW , MNODECW ,, ICCWELEM , NODECCW,, MNODECCW , 10CTE , NEHCN)

DCWX COORD(NODECW, 1)-COORD(NODEK10ld, 1)
DCWY = COORD(NODECW,2)-COORD(NODEK1lold,2)
IF(IDOMTY.EQ.1) THEN !Square domain.

ACWR = MAX(DABS(DCWX) ,DABS(DCWY))/ROR(IDOM, 1)
ENDIF

IF(IDOMTY.EQ.2) THEN ICircular domain.
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ACWR = DSQRT(DCWX*DCWX+DCWY*DCWY)/ROR(IDOM, 1)
ENDIF

IF(IDOMTY.EQ.3) THEN !Rectangular domain.
IF(DCWX.LE.O._8) THEN
IF(ROR(IDOM,1).GT.0._8) THEN
ACWX = -DCWX/ROR(IDOM, 1)
ELSE
ACWX = -1._8
ENDIF
ELSE
IF(ROR(IDOM,3).GT.0._8) THEN
ACWX = DCWX/ROR(IDOM,3)
ELSE
ACWX = -1._8
ENDIF
ENDIF

IF(DCWY .LE.O._8) THEN
IF(ROR(IDOM,4).GT.0._8) THEN
ACWY = -DCWY/ROR(IDOM,4)
ELSE
ACWY = -1. 8
ENDIF

ELSE
IF(ROR(IDOM,2) .GT.0._8) THEN
ACWY = DCWY/ROR(1DOM,2)

ELSE
ACWY = -1. 8
ENDIF
ENDIF
ACWR = MAX(ACWX,ACWY)
ENDIF

Protect round-off error when transforming FLOAT to EXPONENTIAL number.
IF(ACWR.LE.1.000000000010000_8) THEN
ICWCFN(IH*2+1) = MNODECW
ICWCFN(IH*2+2) = NODECW
ICWCFE(IH+1) = ICWELEM
NCWCFN = NCWCFN + 2
IF(DABS(ACWR-1._8).LE.1.E-12) GOTO 235
ELSE
GOTO 235
ENDIF
230 CONTINUE
WRITE(*,*) "PLEASE INCREASE PARAMETER MXCFNODE*
STOP
235 CONTINUE
Arrange C.W. crack face nodes and elements according to crack face
expression of J-integral.
IFACEN(1,NCWCFN+1, IDOM) = NODEK1lold
DO 250 1 = 1, NCWCFN
IFACEN(1,1,1DOM) = ICWCFN(NCWCFN+1-1)
250 CONTINUE
DO 255 1 =1, NCWCFN/2
IFACEE(L, i, IDOM) = ICWCFE(NCWCFN/2+1-1)
255 CONTINUE
NFACEN(1, IDOM) = NCWCFN + 1
End C.W. crack face.
ENDIF

OO0

In C.C.W. crack face.

IF( NFACE.EQ.2 .OR. IFACE.EQ.2 ) THEN
Set 1st and 2nd node and 1st element of C.C.W. crack face.

NCCWCFN = 2

ICCWCFE(1) = IELEMCCW1ST
ICCWCFN(1) = NODECCW1ST
ICCWCFN(2) = NODECCW2ND

DO 240 IH = 1, (MXCFNODE-1)/2-1

NODEC = ICCWCFN(IH*2)

_CALL CENTER(NODEC,NODEK1old,NELEM, MXELE, INTMAT ,MXCTE , ICWELEM,
NODECW , MNODECW , | CCWELEM , NODECCW , MNODECCW , 10CTE , NEHCN)

DCCWX = COORD(NODECCW,1)-COORD(NODEK1lold,1)
DCCWY = COORD(NODECCW,2)-COORD(NODEK10ld,2)
IF(IDOMTY.EQ.1) THEN !Square domain.

ACCWR = MAX(DABS(DCCWX) ,DABS(DCCWY))/ROR(IDOM, 1)
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ENDIF
C
IFCIDOMTY.EQ.2) THEN ICircular domain.
ACCWR = DSQRT(DCCWX*DCCWX+DCCWY*DCCWY)/ROR(IDOM, 1)
ENDIF
C
IFCIDOMTY.EQ.3) THEN IRectangular domain.
IF(DCCWX.LE.O._8) THEN
IF(ROR(IDOM,1).GT.0._8) THEN
ACCWX = -DCCWX/ROR(IDOM, 1)
ELSE
ACCWX = -1._8
ENDIF
ELSE
IF(ROR(IDOM,3).GT.0._8) THEN
ACCWX = DCCWX/ROR(IDOM, 3)
ELSE
ACCWX = -1._8
ENDIF
ENDIF
C
IF(DCCWY.LE.O._8) THEN
IF(ROR(IDOM,4) .GT.0._8) THEN
ACCWY = -DCCWY/ROR(IDOM,4)
ELSE
ACCWY = -1._8
ENDIF
ELSE
IF(ROR(IDOM,2).GT.0._8) THEN
ACCWY = DCCWY/ROR(IDOM, 2)
ELSE
ACCWY = -1._8
ENDIF
ENDIF
ACCWR = MAX(ACCWX,ACCWY)
ENDIF
C Protect round-off error when transforming FLOAT to EXPONENTIAL number.

IF(ACCWR.LE.1.000000000010000_8) THEN

ICCWCFN(IH*2+1) = MNODECCW
ICCWCEN(IH*2+2) = NODECCW
ICCWCFE(IH+1) ~ = ICCWELEM

NCCWCFN = NCCWCFN + 2
IF(DABS(ACCWR-1._8).LE.1_.E-12) GOTO 245
ELSE
GOTO 245
ENDIF
240 CONTINUE
WRITE(*,*) "PLEASE INCREASE PARAMETER MXCFNODE*®

STOP
245 CONTINUE
C Arrange C.C.W. crack face nodes and elements according to crack face
C expression of J-integral.

IFCICTETRAN.EQ.1) THEN
IFACEN(2,1,1DOM) = NPOIN + 2*NCTELE

ELSE

IFACEN(2,1, IDOM) = NODEKlold
ENDIF

DO 280 1 = 1, NCCWCFN

LFACEN(2,1+1,1DOM) = 1CCWCFN(I)
280 CONT INUE

DO 285 I = 1; NCCWCFN/2

IFACEE(2,1,1DOM) = ICCWCFE(I)
285 CONTINUE

NFACEN(2, IDOM) = NCCWCFN + 1

C End C.C.W. crack face.
ENDIF
c
C Check whether number of crack face nodes in each integrated domain exceeds
C its maximum.
C

DO 300 ICFACE = 1, NFACE
IF(NFACE.EQ.2) IFACE = ICFACE
IF(NFACEN(IFACE, 1DOM) .GT .MXCFNODE) WRITE(*,310) NFACEN(IFACE, IDOM)
310 FORMAT(/,"PLEASE INCREASE PARAMETER MXCFNODE TO",14)
IF(NFACEN(IFACE, IDOM) .GT.MXCFNODE) STOP
300 CONTINUE
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C Show results on screen.
C
WRITE(*,™)
WRITE(*,1003) I1DOM
1003 FORMAT(® [INTEGRATED DOMAIN NUMBER *,13,%1%)
IF(NFACE.EQ.2) THEN IThe crack has two faces.
C Show C.W. crack face nodes on an integrated domain.

WRITEC*,1004) NFACEN(1, 1DOM)

1004 FORMAT(" C.W. FACE HAS",13," NODES WHICH ARE®)

WRITEC*,*) (IFACEN(Z,1,1DOM), I=1,NFACEN(1, IDOM))

C Show C.W. crack face elements on an integrated domain.
WRITE(*,1020) (NFACEN(1,IDOM)-1)/2
1020 FORMAT(" C.W. FACE HAS",13," ELEMENTS WHICH ARE")
WRITEC(*,*) (IFACEE(1,1,1DOM), I1=1, (NFACEN(1, IDOM)-1)/2)
C Show C.C.W. crack face nodes on an integrated domain.
WRITE(*,1005) NFACEN(2, 1DOM)
1005 FORMAT(" C.C.W. FACE HAS",13," NODES WHICH ARE™)
WRITEC*,*) (IFACEN(2,1,1DOM), 1=1,NFACEN(2, IDOM))
C Show C.C.W. crack face elements on an integrated domain.
WRITE(*,1030) (NFACEN(2, IDOM)-1)/2
1030 FORMAT(" C.C.W. FACE HAS",13," ELEMENTS WHICH ARE")
WRITEC(*,*) (IFACEE(2,1,1DOM), I1=1, (NFACEN(2, IDOM)-1)/2)
ELSE IThe crack has only one face.
IF(IFACE.EQ.1) THEN IThe crack has only C.W. face.
WRITE(*,1004) NFACEN(1, 1DOM)
WRITEC*,*) (IFACEN(Z,1,1DOM), 1=1,NFACEN(1, IDOM))
WRITE(*,1020) (NFACEN(1,I1DOM)-1)/2
WRITE(*,*) (IFACEE(1,1,1DOM), 1=1, (NFACEN(1,1DOM)-1)/2)
ELSE 1The crack has only C.C.W. face.
WRITE(*,1005) NFACEN(2, IDOM)
WRITE(*,*) (IFACEN(2,1,1DOM), 1=1,NFACEN(2, 1DOM))
WRITE(*,1030) (NFACEN(2,IDOM)-1)/2
WRITEC(*,*) (IFACEE(2,1,I1DOM),1=1,(NFACEN(2,1DOM)-1)/2)
ENDIF
ENDIF
C End an integrated domain.
9000 CONTINUE
ENDIF
C
RETURN
END
c
SUBROUTINE CENTER(NODEC,NODEK1old,NELEM,MXELE, INTMAT,MXCTE,
* ICWELEM,NODECW , MNODECW, I CCWELEM, NODECCW,
* MNODECCW, FOCTE ,NEHCN)
C
C THIS SUBROUTINE FINDS CRACK FACE NODES NEXT TO A SPECIFIC KNOWN CRACK FACE
C NODE CALLED THE CENTER NODE AND CRACK FACE ELEMENTS CONTAINING THESE
C NODES. IF A SPECIFIC KNOWN CRACK FACE NODE IS THE OLD CRACK TIP NODE, THE
C SUBROUTINE ALSO FINDS CRACK TIP ELEMENTS ORDERED IN CLOCKWISE DIRECTION.
C
IMPLICIT REAL*8 (A-H,0-2)
INTEGER INTMAT(MXELE,6), I10CTE(MXCTE)
INTEGER 1EHCN(MXCTE), ICPOS(MXCTE)
INTEGER ICWPOS(MXCTE) , ICWMPOS(MXCTE)
INTEGER ICCWPOS(MXCTE), ICCWMPOS(MXCTE)
INTEGER NCWNL(MXCTE),. ICWEI(MXCTE)
INTEGER NCCWNI(MXCTE), ICCWEI(MXCTE)
C Number of elements having a center node in common.
NEHCN = 0O
C Find all elements having this center node in common.
C Find C.W. and C.C.W. position of corner and middle nodes in INTMAT
DO 10 IE = 1, NELEM
DO 20 ICN =1, 3 ILoop over corner nodes.
C NODEC is the center node.
IFCINTMAT(IE, ICN) .EQ.NODEC) THEN
NEHCN = NEHCN + 1
C IEHCN(CI) is the element having this center node.
IEHCN(NEHCN) = IE
C ICPOS(I) is the position in INTMAT of this center node.
ICPOS(NEHCN) = ICN
C ICCWPOS(1) 1is the position in INTMAT of the corner node next to this
C center node in C.C.W. direction.

ICCWPOS(NEHCN) = ICN + 1
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IF(ICCWPOS(NEHCN) .GT.3) ICCWPOS(NEHCN) = 1

ICWPOS(I) is the position in INTMAT of the corner node next to
center node in C.W. direction.

I1CWPOS(NEHCN) = ICN - 1

IF(ICWPOS(NEHCN) .LT.1) ICWPOS(NEHCN) = 3

ICCWMPOS(1) is the position in INTMAT of the middle node next to
center node in C.C.W. direction.

ICCWMPOS(NEHCN) = ICN + 3

ICWMPOS(1) 1is the position in INTMAT of the middle node next to
center node in C.W. direction.

ICWMPOS(NEHCN) = ICN + 2

IF(ICWMPOS(NEHCN) .LT.4) ICWMPOS(NEHCN) = 6

GOTO 10

ENDIF

CONTINUE

CONTINUE

this

this

this

OO0

Find intersection between each element that has this center node.

DO 40 1E = 1, NEHCN

NCWNI(1) is number of C.W. corner node intersections of IEHCN(l) element

with elements that have this center node in common.
NCWNI(IE) =0

ICWEI(I) is the element that intersects above C.W. corner node.

ICWEI(IE) =0

NCCWNI(l) is number of C.C.W. corner node intersections of IEHCN(1) element

with elements that have this center node in common.
NCCWNI(IE) = 0

ICCWEI(l) is the element that intersects above C.C.W. corner node.

ICCWEI(IE) = O
DO 50 [ICHECK = 1, NEHCN
IFCINTMAT(IEHCNCIE) , ICWPOS(IE)) - EQ.

* INTMAT(IEHCN(ICHECK) , ICCWPOS(ICHECK))) THEN

NCWNI(IE) = NCWNICIE) + 1
ICWEI(IE) = IEHCN(CICHECK)
GOTO 50

ENDIF

IFCINTMAT(IEHCN(IE) , 1CCWPOS(IE)) - EQ-

*  INTMAT(IEHCN(ICHECK) , ICWPOS(ICHECK))) THEN

50
40

NCCWNI(IE) = NCCWNI(IE) + 1
ICCWEI(IE) = IEHCN(ICHECK)
GOTO 50

ENDIF

CONTINUE

CONTINUE

Find C.W. and C.C.W. crack face elements and nodes.

OO0

60

DO 60 IE = 1, NEHCN

IF(NCWNI(IE).EQ.O) THEN INo intersection, so this is the edge element.

ICWELEM is the C.W. edge element.

ICWELEM = I1EHCN(IE)

IF(NODEC.EQ.NODEK1old) THEN

IOCTE(I) is the crack tip elements ordered in C.W. direction.
I0CTE(L) = IEHCN(IE)

I0CTE(2) = ICCWEI(IE)

ENDIF
MNODECW is the middle node of the above C.W. edge element.
MNODECW =. INTMATCIEHCN(IE) , ICWMPOS(IE))
NODECW is the corner node of the above C.W. edge element.
NODECW = INTMAT(IEHCN(IE), ICWPOS(IE))
ENDIF

IF(NCCWNI(IE).EQ.0) THEN INo intersection, so this is the edge element.

ICCWELEM is the C.C.W. edge element.

ICCWELEM = I1EHCN(IE)

MNODECCW is the middle node of the above C.C.W. edge element.
MNODECCW = INTMAT(IEHCN(IE), ICCWMPOS(IE))

NODECCW is the corner node of the above C.C.W. edge element.
NODECCW = INTMAT(CIEHCN(CIE), ICCWPOS(IE))

ENDIF

CONTINUE

OO0

Arrange remaining crack tip elements in clockwise order.

IF(NODEC.EQ.NODEK1old) THEN
DO 70 1B = 3, NEHCN
DO 80 IC = 1, NEHCN
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IF(I0CTE(IB-1) .EQ. IEHCN(IC)) THEN
10CTE(IB) = ICCWEI(IC)

GOTO 70

ENDIF

80 CONTINUE
70 CONTINUE

ENDIF

RETURN
END

SUBROUTINE FTHETA(DX,DY,THETA)

OO0

THIS SUBROUTINE COMPUTES THE ANGLE IN (O0.- 359.9999...) DEGREES OF A POINT

WITH RESPECT TO ANY CARTESIAN COORDINATE SYSTEM.

(@]

IMPLICIT REAL*8 (A-H,0-Z)

AL = DSQRT(DX*DX+DY*DY)

THETA = DASIND(DY/AL)

2nd Quadrant.

IF(THETA.GE.O._8 .AND. DX.LE.O._8) THETA = 180. 8 - THETA
IF(THETA.LT.0._8) THEN
3rd Quadrant.
IF(DX.LE.O._8) THETA
4th Quadrant.
IF(DX.GT.0._8) THETA

ENDIF

180._8 - THETA

360._8 + THETA

RETURN
END

SUBROUTINE XYLOCAL(DX,DY,DXL,DYL, THETAO)

O0O00O0

THIS SUBROUTINE COMPUTES X*"-Y* COORDINATE DIFFERENCES OF A POINT. THE
X"-Y" CARTESIAN COORDINATE SYSTEM HAS X* AND Y" AXIS MAKING AN ANGLE OF
THETAO AND THETAO-90 DEGREES WITH RESPECT TO X AND Y AXIS RESPECTIVELY.

(@]

IMPLICIT REAL*8 (A-H,0-2)

DXL = DX*DCOSD(THETAO) + DY*DSIND(THETAO)
DYL = DX*DSIND(THETAO) - DY*DCOSD(THETAO)
RETURN

END

SUBROUTINE LST(NPOIN,MXPOI ,NELEM,MXELE, INC,MXSTATE, IPLANE,

* NDF,PI, IMOD, INTMAT9, IETIP,COORD,PT, TEMP,BDT,
* STSM, DFITHER,DFIBODY , FIMECH, FITHER, FIBODY,
* PROP, IREDSEL, 1EMAT ,MXMAT, IRTemp, IRBody)

THIS SUBROUTINE COMPUTES TANGENT STIFFNESS MATRIX, INTERNAL, THERMAL AND

BODY FORCE VECTORS ,AND INCREMENTAL THERMAL AND BODY FORCE. VECTORS.

OO0

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION PROP(MXMAT,7)

DIMENSION COORD(MXPOI,2)

DIMENSION PT(MXPOI1*2)

DIMENSION TEMP(MXPOI ,MXSTATE)

DIMENSION BDF(MXPOI*2,MXSTATE)

DIMENSION STSM(MXPOI*2,MXPOI*2) , SKM(MXPO1*2,MXPO1*2)
DIMENSION FIMECH(MXPOI1*2),FITHER(MXPO1*2) ,DF ITHER(MXPO1*2)
DIMENSION FIBODY(MXPO1*2) ,DFIBODY(MXPO1*2)

INTEGER INTMATO(MXELE,9), IETIP(MXELE) , IEMAT(MXELE)

Set number of equations.
NEQ = NPOIN*NDF

OO0

Compute matrices with lower number of Gauss®s points.

CALL VOLUMETRIC(NPOIN,MXPOI ,NELEM,MXELE, INC,MXSTATE, IPLANE,

183
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* NDF,PI, IMOD, INTMAT9, IETIP,COORD, PT, TEMP,
STSM,DFITHER, FITHER, PROP, IREDSEL , IEMAT,
* MXMAT , IRTemp , SKM)

*

OO0

Compute matrices with higher number of Gauss®s points.

380

CALL DEVIATORIC(NPOIN,MXPOI ,NELEM,MXELE, INC,MXSTATE, IPLANE,
* NDF,P1, IMOD, INTMAT9, IETIP,COORD,PT,TEMP,
* BDf,STSM,DFITHER,DFIBODY,FITHER, FIBODY,
* PROP, 1EMAT ,MXMAT, IRTemp, IRBody , SKM)

Compute mechanical force vector.

IF(IMOD.NE.2) THEN

DO 380 1 1, NEQ

FIMECH(1) = 0._8

DO 380 J 1, NEQ

FIMECH(1) = FIMECH(I) + SKM(1,J)*PT(J)

CONTINUE

ENDIF

RETURN
END

SUBROUTINE VOLUMETRIC(NPOIN,MXPOI ,NELEM,MXELE, INC,MXSTATE, IPLANE,
* NDF,PI , IMOD, INTMAT9, IETIP,COORD, PT, TEMP,

* STSMv,DFIvolT,FIvolT,PROP, IREDSEL , IEMAT,

* MXMAT , IRTemp , SKMv)

OO0

THIS SUBROUTINE COMPUTES MATRICES AND VECTORS CORRESPONDING TO VOLUMETRIC
STRESS VECTORS BY USING LOWER NUMBER OF GAUSS*S POINTS.

OO0

299

298

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION COORD(MXPOI ,2)

DIMENSION X(9),Y(9).XG(9),YG(9),Ws(9)

DIMENSION BMAT(4,9*2),DNDA(9),DNDB(9),AJ(2,2),AJI(2,2)
DIMENSION PT(MXPO1*2),EDISP(9*2)

DIMENSION EMAT(4,4),DMAT(4,4),CVEC(4) ,AVEC(4)
DIMENSION STSMv(MXPOI*2,MXPO1*2) ,ETSMv(9*2,9%*2)
DIMENSION SKMv(MXPOI*2,MXPO1*2) , EKMv(9*2,9*2)
DIMENSION EKBG(9*2,9%*2)

DIMENSION STRAIN(4),THETA(4)

DIMENSION TEMP(MXPOI ,MXSTATE) ,ETEMP(9) ,DETEMP(9)
DIMENSION FIvolT(MXPOI*2),DFIvol T(MXPO1*2)
DIMENSION EFIvolT(9*2),DEFIvolT(9*2)

DIMENSION PROP(MXMAT,7)

INTEGER INTMATO(MXELE,9), IETIP(MXELE), IEMAT(MXELE)

Number of equations.

NEQ = NPOIN*NDF

Set element matrix dimensions for analyzed problem.
IF(IPLANE.EQ.3) THEN

NDIM = 4 IAxisymmetric case.

ELSE

NDIM = 3. IPlane stress or plane strain case.

ENDIF

Set consistent analysis state.

1MOD 1 ,compute load vectors.

2 ,compute tangent stiffness matrix and incremental load vectors.
3 ,compute both load vectors and tangent stiffness matrix.
IF(IMOD.EQ.2) IPOS = INC IIncremental part.
IFCIMOD.NE.2) IPOS = INC + 1 Ilterative part.

Set initial system tangent stiffness matrix to zero.
IF(IMOD.NE.1) THEN

DO 299 1 1, NEQ

DO 299 J 1, NEQ

STSMv(l,J) = 0._8

CONTINUE

ENDIF

Set initial system stiffness matrix to zero.
IF(IMOD.NE.2) THEN

DO 298 1 1, NEQ

DO 298 J 1, NEQ

SKMv(l,J) = 0._8

CONTINUE

ENDIF

Set initial system load vectors to zero.
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IF(IMOD.EQ.2) THEN

DO 297 1 =1, NEQ
DFIvolT(l) = 0._8 IIncremental thermal force vector.
297 CONTINUE
ELSE
DO 296 1 = 1, NEQ
FlvolT(1) = 0._8 IThermal force vector.
296 CONTINUE
ENDIF
C
C Loop over all elements.
C
DO 5000 IE = 1, NELEM
C Read material properties of each element.
ELAS = PROP(IEMAT(IE),1)
PR = PROP(IEMAT(IE),2)
YSTRSS = PROP(IEMAT(IE),3)
AHARD = PROP(IEMAT(IE),4)
ALPHA = PROP(IEMAT(IE),5)
COTHR = PROP(IEMAT(IE),6)
IF(IPLANE.NE.3) THICK = PROP(IEMAT(IE),7)
C 9-node rectangular crack tip element.
IFQIETIP(IE) .EQ.1) THEN
NN = 9 INumber of nodes.
NDOF = NDF*NN INumber of element degrees of freedom.
C Set number of Gauss®s points, its coordinates and weights.
IF(IREDSEL.NE.1) THEN
NG = 9
XG(1) = -DSQRT(3._8)/DSQRT(5._8)
XG(2) = XG(1)
XG(3) = XG(1)
XG(4) = 0.8
XG(5) = XG(4)
XG(6) = XG(4)
XG(7) = -XG(1)
XG(8) = XG(7)
XG(9) = XG(7)
C
YG(1) = XG(1)
YG(2) = XG(4)
YG(3) = XG(7)
YG(4) = XG(1)
YG(5) = XG(4)
YG(6) = XG(7)
YG(7) = XG(1)
YG(8) = XG(4)
YG(9) = XG(7)
C
WG(1) = 25..87/81._8
WG(2) = 40._8/81._8
WG(3) = WG(1)
WG(4) = WG(2)
WG(5) = 64..8/81._8
WG(6) = WG(2)
WG(7) = WG(1)
WG(8) = WG(2)
WG(9) = We(1)
ELSE
NG =4
XG(1) = -1..8/DSQRT(3._8)
XG(2) = -1..8/DSQRT(3._8)
XG(3) = 1._8/DSQRT(3._8)
XG(4) = 1._8/DSQRT(3._8)
C
YG(1) = -1._8/DSQRT(3._8)
YG(2) = 1._8/DSQRT(3._8)
YG(3) = -1._8/DSQRT(3._8)
YG(4) = 1. _8/DSQRT(3._8)
C
WG(1) = 1.8
WG(2) = 1._8
We(3) = 1.8
WG(4) = 1._.8
ENDIF
C 6-node triangular element.

ELSE
NN =

6

INumber of nodes.



NDOF = ND
Set numbe
IF(IREDSE
NG =
XG(1)
XG(2)
XG(3)
XG(4)
XG(5)
XG(6)
XG(7)

YG(1)
YG(2)
YG(3)
YG(4)
YG(5)
YG(6)
YG(7)

WG (1)
WG(2)
WG(3)
WG (4)
WG(5)
WG(6)
WG (7)

WG (1)
WG(2)
WG(3)
WG(4)
WG(5)
WG(6)
WG(7)
ELSE
NG

XG(1)
XG(2)
XG(3)

YG(1)
YG(2)
YG(3)

WG (1)
WG (2)
WG (3)

WG(1)
WG (2)
WG(3)
ENDIF
ENDIF
Create ele
DO 100 I =
11
D)
Y()
ETEMP(1)
DETEMP(1)
EDISP(2*1-
EDISP(2*1)
100 CONTINUE

F*NN INumber of element degrees of freedom.

r of Gauss®s points, its coordinates and weights.

L.NE.1) THEN
7

1. 8/3. 8
0.101286507323456_8
0.797426985353087_8
XG(2)

0.470142064105115_8
0.059715871789770_8
XG(5)

XG(1)
XG(2)
XG(2)
XG(3)
XG(5)
XG(5)
XG(6)

0.225_8
0.125939180544827_8
WG(2)
WG (2)
0.132394152788506_8
WG (5)
WG (5)

WG(1)/2. 8
WG(2)/2._8
WG(3)/2. 8
WG(4)/2. 8
WG(5)/2. 8
WG(6)/2. 8
WG(7)/2. 8

._8/6.
. 8/3.
. 8/6.

PNPFP®

._8/6.
._8/6.
. 8/3.

N R

1..8/3.
1._8/3.
1.°8/3.
WG(1)/2._8
WG (2)72. 8
WG(3)/2._8

mant nodal displacement and temperature vector:
1, NN

INTMATO(IE, 1)

COORD(I,1)

COORD(11,2)

TEMP(I1, IPOS)

TEMP(IL, INC+1) = TEMP(II,INC)

PT(2*11-1)

PTC2*11)

D

Set initial element tangent stiffness matrix to zero.
IF(IMOD.NE.1) THEN

DO 300 |
DO 300 J
ETSMv(1,J)
300 CONTINUE
ENDIF

1, NDOF
1, NDOF
0.8

Set initial element stiffness matrix to zero.
IF(IMOD.NE.2) THEN

DO 301 1

DO 301 J

EKMv(1,J)
301 CONTINUE

1, NDOF
1, NDOF
0.8

186
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ENDIF
C Set initial element thermal load vector to zero.
IF(IMOD.NE.2 .AND. IRTemp.NE.OQ) THEN
DO 303 1 = 1, NDOF
EFIvolT(l) = 0._8
303 CONTINUE
ENDIF
C Set initial element incremental thermal load vector to zero.
IF(IMOD.EQ.2 .AND. IRTemp.NE.O) THEN
DO 304 I =1, NDOF
DEFlvolIT(l) = 0._8
304 CONTINUE
ENDIF
C
C Loop over each Gauss"s point on an element.
C
DO 336 K = 1, NG
C Compute strain-displacement matrix.
A = XG(K)
B = YG(K)
CALL BJ9(X,Y,A,B,BMAT,EKBG,AJ,AJl ,DETJAC,DNDA,DNDB,
* NN,NDF, IPLANE)
C Compute temperature and temperature increment at a Gauss"s point.
IF(IRTemp.NE.Q) THEN
CALL GVALUE(A,B,ETEMP,T,NN)
CALL GVALUE(A,B,DETEMP,DT,NN)
ELSE
T =0._8
DT = 0._8
ENDIF
C Compute radius from the axis of rotation of a Gauss®s point.
IF(IPLANE.EQ.3) THEN
CALL GVALUE(A,B,X,R,NN)
ENDIF
C Set initial strain vector to zero.
DO 331 1 =1, NDIM
STRAIN(1) = 0._8
331 CONTINUE
C Compute strain vector.
DO 332 1 =1, NDIM
DO 332 J = 1, NDOF
STRAIN(I) = STRAIN(I) + BMAT(I,J)*EDISP(J)
332 CONTINUE
C Set coefficient of thermal expansion vector.
IF(IPLANE.EQ.1) THEN !Plane stress case.
THETA(1) = COTHR
THETA(2) = COTHR
THETA(3) = 0._8
ENDIF
IF(IPLANE.EQ.2) THEN [I[Plane strain case.
THETA(1) = 1.5 8*COTHR
THETA(2) = 1.5 _8*COTHR
THETA(3) = 0.0_8
ENDIF
IF(IPLANE.EQ.3) THEN [IAxisymmetric case.
THETA(1) = COTHR
THETA(2) = COTHR
THETA(3) = 0._8
THETA(4) = COTHR
ENDIF
C
C Find effective stress.
C

CALL FINDSTRSS(EFSTRSS,STRAIN,YSTRSS,AHARD,ALPHA,PR,
* ELAS,AMOD,EFRATIO, IPLANE,T,COTHR,BETA)

Plane stress case.

eXoNoNoNoNoNoNoNONoNON @]

{STRESSvol} = [EMAT]{ STRAIN-STRAINO }

1. 1. 0.1
[EMAT] = BETA*ELAS/(1.-2_.*PR)/(1.+2.*BETA)*[ 1. 1. 0. ]
[ 0. 0. o0.1]

BETA = 2./3.*(1.-2.*PR)*EFRATIO/ELAS

EFRATIO = EFSTRSS/EFSTRAN
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IF(IPLANE.EQ.1) THEN

[eXeXoNoNoNoNoNoNe]

eXeNeNoNoNoNoNoNONe]

EMAT(1,1) = BETA*ELAS/(1._8-2. 8*PR)/(1._8+2. 8*BETA)
EMAT(1,2) = EMAT(1,1)
EMAT(1,3) = 0._8
EMAT(2,1) = EMAT(1,1)
EMAT(2,2) = EMAT(1,1)
EMAT(2,3) = 0._8
EMAT(3,1) = 0._8
EMAT(3,2) = 0. 8
EMAT(3,3) = 0._8
DMAT(1,1) = 0.5.8
DMAT(1,2) = DMAT(1,1)
DMAT(1,3) = 0. 8
DMAT(2,1) = DMAT(1,1)
DMAT(2,2) = DMAT(1,1)
DMAT(2,3) = 0._8
DMAT(3,1) = 0._8
DMAT(3,2) = 0._8
DMAT(3,3) = 0._8
CVEC(1) = ( 1.00_8+BETA+BETA*BETA )*STRAIN(1) +
* ( 0.50_8-BETA-BETA*BETA )*STRAIN(2) - 1.5 8*COTHR*T
CVEC(2) = ( 0.50_8-BETA-BETA*BETA )*STRAIN(1) +
* ( 1.00_8+BETA+BETA*BETA )*STRAIN(2) - 1.5 8*COTHR*T
CVEC(3) = ( 0.25 8+BETA+BETA*BETA )*STRAIN(3)
AVEC(1) = ( STRAIN(1L)+STRAIN(2) )*0.5 8 - COTHR*T
AVEC(2) = AVEC(1)
AVEC(3) = 0._8
ENDIF
Plane strain case.
{STRESSvol} = [EMAT]{ STRAIN-STRAINO }
1. 1. 0. 1]
[EMAT] = ELAS/(3.*(1.-2.*PR))*[ 1. 1. 0. ]
E=0=—ma0 . 1]
IF(IPLANE.EQ.2) THEN
EMAT(1,1) = ELAS/( 3._8*(1._8-2. 8*PR) )
EMAT(1,2) = EMAT(1,1)
EMAT(1,3) = 0._
EMAT(2,1) = EMAT(1,1)
EMAT(2,2) = EMAT(1,1)
EMAT(2,3) = 0. 8
EMAT(3,1) = 0.8
EMAT(3,2) = 0. 8
EMAT(3,3) = 0._8
CVEC(1) = 2.0_8*STRAIN(1) - STRAIN(2)
CVEC(2) = 2.0_8*STRAIN(2) - STRAIN(1)
CVEC(3) = 1.5_8*STRAIN(3)
ENDIF
Axisymmetric case.
{STRESSvol} = [EMAT]{ STRAIN-STRAINO }
[ 1. 1. 0. 1.1]
[EMAT] = ELAS/(3.*(1.-2.*PR))*[ 1. 1. 0. 1. ]
[ 0. 0. 0. 0.1]
[ 1. 1. 0. 1.1]

IF(IPLANE.EQ.3) THEN

EMAT(1,1) = ELAS/( 3. _8*(1._8-2. 8*PR) )
EMAT(1,2) = EMAT(1,1)

EMAT(1,3) = 0._8

EMAT(1,4) = EMAT(1,1)

EMAT(2,1) = EMAT(1,1)

EMAT(2,2) = EMAT(1,1)

EMAT(2,3) = 0._8

EMAT(2.4) = EMAT(1,1)

EMAT(3,1) = 0._8

EMAT(3,2) = 0._8



EMAT(3,3) = 0._8
EMAT(3,4) = 0._8
EMAT(4,1) = EMAT(1,1)
EMAT(4,2) = EMAT(1,1)
EMAT(4,3) = 0._8
EMAT(4,4) = EMAT(1,1)
C
CVEC(1) = 2.0_8*STRAIN(1) - STRAIN(2) - STRAIN(4)
CVEC(2) = 2.0_8*STRAIN(2) - STRAIN(4) - STRAIN(1)
CVEC(3) = 1.5 _8*STRAIN(3)
CVEC(4) = 2.0_8*STRAIN(4) - STRAIN(1) - STRAIN(2)
ENDIF
c
C Compute element tangent stiffness matrix.
C
IF(IMOD.NE.1) THEN
DO 330 I = 1, NDOF
DO 330 J = 1, NDOF
DO 330 L = 1, NDIM
DO 330 M = 1, NDIM
C Plane stress case.
IF(IPLANE.EQ.1) THEN
BELOW1 = STRAIN(1)*STRAIN(1) + 2._8*STRAIN(1)*STRAIN(2) +
* STRAIN(2)*STRAIN(2) -
* 4. _8*COTHR*T*( STRAIN(1)+STRAIN(2)-COTHR*T )
BELOW2 = 1._8 + 27._8*AMOD/ELAS*(1._8-2._8*PR)*BELOW1/
* (1._8+2._8*BETA)**3._8
COTANG = 36._8*AMOD/(1. 8+2. 8*BETA)**4. 8/BELOW2
ETSMv(1,Jd) = ETSMv(l,Jd) + WG(K)*BMAT(L,1)*( EMAT(L,M)+
* COTANG*AVEC(L)*CVEC(M) )*BMAT(M,J)*DETIAC*THICK
ENDIF
C Plane strain case.
IF(IPLANE.EQ.2) THEN
ETSMv(1,J) = ETSMv(l,J) +
* WG(K)*BMAT (L, 1)*EMAT (L ,M)*BMAT(M,J)*DETJAC*THICK
ENDIF
C Axisymmetric case.
IF(IPLANE.EQ.3) THEN
ETSMv(1,J) = ETSMv(l1,J) +
* WG(K)*BMAT (L, 1)*EMAT (L ,M)*BMAT(M,J)*DETJAC*2._8*PI1*R
ENDIF
330 CONTINUE
ENDIF
C
C Compute element stiffness matrix.
c
IF(IMOD.NE.2) THEN
DO 360 1 = 1, NDOF
DO 360 J = 1, NDOF
DO 360 L = 1, NDIM
DO 360 M = 1, NDIM
IF(IPLANE.EQ.3) THEN
EKMv(l,J) = EKMv(I,J) +
* WG (K)*BMAT (L, 1D *EMAT (L ,M)*BMAT(M, J)*DETJAC*2._8*PI*R
ELSE
EKMv(l,J) = EKMv(l,J) +
* WG(K)*BMAT (L, I)*EMAT (L ,M)*BMAT(M,J)*DETJAC*THICK
ENDIF
360.CONTINUE
ENDIF
C
C Compute element thermal force vector.
C

IF(IRTemp.NE.0) THEN
IF(IMOD.NE.2) THEN

DO 335 1 = 1, NDOF
DO 335 L = 1, NDIM
DO 335 M = 1, NDIM

IF(IPLANE.EQ.3) THEN
EFIvolT(1) = EFIvoIT(1) + WG(K)*BMAT(L, I)*EMAT(L,M)*THETA(M)*T*

* DETJAC*2. 8*PI*R

ELSE

EFIvoIT(1) = EFIvolT(l) + WG(K)*BMAT(L, I)*EMAT(L,M)*THETA(M)*T*
* DETJAC*THICK

ENDIF

335 CONTINUE

189
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C Compute element incremental thermal force vector.
C

ELSE

DO 365 1 = 1, NDOF

DO 365 L = 1, NDIM

DO 365 M = 1, NDIM
C Plane stress case.

IF(IPLANE.EQ.1) THEN
BELOWL = STRAIN(1)*STRAIN(L) + 2. 8*STRAIN(L)*STRAIN(2) +

* STRAIN(2)*STRAIN(2) -
* 4. _8*COTHR*T*( STRAIN(1)+STRAIN(2)-COTHR*T )
BELOW2 = 1._8 + 27._8*AMOD/ELAS*(1._8-2._8*PR)*BELOW1/
* (1._8+2._8*BETA)**3._8
COTHER = 54._8*AMOD*( STRAIN(1)+STRAIN(2)-2._8*COTHR*T )*COTHR/
* (1._8+2. _8*BETA)**4._8/BELOW2
DEF1volT(1) = DEFlvolT(l) +
* WG(K)*BMAT(L, 1)*( EMAT(L,M)*THETA(M)+
* DMAT (L ,M)*(STRAIN(M)-THETA(M)*T)*COTHER )*DT*
* DETJAC*THICK
ENDIF
C Plane strain case.

IF(IPLANE.EQ.2) THEN
DEFIvoIT(1) = DEFIvolT(l) +
* WG (K)*BMAT(L , 1) *EMAT (L, M)*THETA(M)*DT*DETJAC*THICK
ENDIF
C Axisymmetric case.
IF(IPLANE.EQ.3) THEN
DEFIVolT(1) = DEFlvolT(l) + WG(K)*BMAT(L, 1)*EMAT(L,M)*THETA(M)*
* DT*DETJAC*2. 8*PI*R

ENDIF
365 CONTINUE
ENDIF
ENDIF
C End each Gauss®s point.
336 CONTINUE
C
C Assemble element matrices and vectors to the system matrices and vectors.
C
C Form system tangent stiffness matrix.
IF(IMOD.NE.1) THEN
CALL ASSMBLE(IE, INTMAT9,ETSMv, STSMv,MXPOI ,MXELE ,NN,NDF)
ENDIF
C Form system stiffness matrix.
IF(IMOD.NE.2) THEN
CALL ASSMBLE(IE, INTMAT9, EKMv, SKMv ,MXPOI ,MXELE ,NN,NDF)
ENDIF
C Form system (incremental) thermal force vector.
IF(IRTemp.NE.Q)THEN
DO 351 1 =1, NN
DO 351 ID = 1, NDF
INODE = INTMATO(IE,I)
IEQ = (INODE-1)*NDF + ID
IEE = (1-1)*NDF +ID
IF(IMOD.NE.2) THEN 1Thermal force vector.
FIvolT(1IEQ) = FIvolT(IEQ) "+ EFIvolT(IEE)
ELSE I'Incremental thermal force vector.
DFIvolT(1EQ) = DFIvolT(IEQ) + DEFIvoIT(IEE)
ENDIF
351 CONTINUE
ENDIF
C End each element.
5000 CONTINUE
C
RETURN
END
C

SUBROUTINE DEVIATORIC(NPOIN,MXPOI ,NELEM,MXELE, INC,MXSTATE, IPLANE,

* NDF,P1, IMOD, INTMAT9, IETIP,COORD,PT, TEMP,
* BDF,STSMd,DFldevT,DFIBODY,FldevT,FIBODY,
* PROP, 1EMAT ,MXMAT, IRTemp, IRBody, SKMd)

THIS SUBROUTINE COMPUTES ALL MATRICES AND VECTORS CORRESPONDING TO
DEVIATORIC STRESSES AND BODY FORCEES BY USING HIGHER NUMBER OF GAUSS*"S
POINTS.

O0O00O0
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[eXe]

297

302

307
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IMPLICIT REAL*8 (A-H,0-2)
DIMENSION COORD(MXPOI ,2)

DIMENSION X(9),Y(9),XG(9),YG(9),WG(9)

DIMENSION BMAT(4,9*2),DNDA(9),DNDB(9),AJ(2,2),AJ1(2,2)
DIMENSION PT(MXPO1*2),EDISP(9*2)

DIMENSION GMAT(4,4),PMAT(4,4) ,HMAT(4,4) ,DMAT(4,4) ,CVEC(4) ,AVEC(4)
DIMENSION STSMd(MXPOI*2,MXPO1*2) ,ETSMd(9*2,9*2)

DIMENSION SKMd(MXPOI*2,MXPOI1*2) ,EKMd(9*2,9*2)

DIMENSION SKB(MXPOI*2,MXPOI*2),EKB(9*2,9*2) ,EKBG(9*2,9*2)
DIMENSION STRAIN(4),THETA(4)

DIMENSION TEMP(MXPOI ,MXSTATE) ,ETEMP(9) ,DETEMP(9)
DIMENSION BDF(MXPOI1*2,MXSTATE)

DIMENSION FldevT(MXPO1*2),DFI1devT(MXPOI1*2)

DIMENSION FIBODY(MXPOI1*2),DFIBODY(MXPOI1*2)

DIMENSION EFIdevT(9*2),DEF1devT(9*2)

DIMENSION PROP(MXMAT,7)

INTEGER INTMAT9(MXELE,9), IETIP(MXELE), IEMAT(MXELE)

Number of equations.

NEQ = NPOIN*NDF

Set element matrix dimensions for analyzed problem.

IF(IPLANE.EQ.3) THEN

NDIM = 4 IAxisymmetric case.

ELSE

NDIM = 3 !Plane stress or plane strain case.

ENDIF

Set consistent analysis state.

IMOD = 1 ,compute load vectors.

2 ,compute tangent stiffness matrix and incremental load vector.
= 3 ,compute both load vectors and tangent stiffness matrix.
IFCIMOD.EQ.2) IPOS = INC Lincremental part.

IF(IMOD.NE.2) IPOS = INC + 1 I!lterative part.

Set initial system body force stiffness matrix to zero (This matrix used
in both incremental and iterative solution part.

IF(IRBody.NE.O) THEN

DO 297 1 1, NEQ

DO 297 J 1, NEQ

SKB(l1,J) = 0._8

CONTINUE

ENDIF

Set initial system load vectors to zeros.

IF(IMOD.EQ-2) THEN

DO 302 1 1, NEQ

DFIBODY (1) 0._8 !Incremental body force vector.

CONTINUE
ELSE

DO 307 1
FI1BODY(I)
CONTINUE
ENDIF

1, NEQ
0._8 !1Body force vector.

OO0

Loop over all elements.

DO 5000 1E = 1, NELEM

Read material properties of each element.

ELAS = PROP(IEMAT(IE),1)

PR PROP(IEMAT(IE),2)

YSTRSS = PROP(IEMAT(IE),3)

AHARD PROP(IEMATCIE) ,4)

ALPHA PROP(CIEMAT(IE),5)

COTHR PROP(IEMAT(IE),6)

IF(IPLANE.NE.3) THICK = PROP(IEMAT(IE),7)

9-node rectangular crack tip element.

IF(IETIP(IE) -EQ.1) THEN

NN = 9 INumber of nodes.

NG 9 INumber of Gauss"s points.

NDOF NDF*NN INumber of element degrees of freedom.
X coordinate at each Gauss®"s point for this element.

XG(1) = -DSQRT(3._8)/DSQRT(5._8)
XG(2) = XG(1)
XG(3) = XG(1)
XG(4) = 0. 8
XG(5) = XG(4)
XG(6) = XG(4)
XG(7) = -XG(1)
XG(8) = XG(7)
XG(9) = XG(7)



100

300

Y coordinate at each Gauss®s point.

YG(1) = XG(1)

YG(2) = XG(4)

YG(3) = XG(7)

YG(4) = XG(1)

YG(5) = XG(4)

YG(6) = XG(7)

YG(7) = XG(1)

YG(8) = XG(4)

YG(9) = XG(7)

Weight at each Gauss®"s point.

WG(1) = 25. 8/81. 8

WG(2) = 40. 8/81. 8

WG(3) = WG(1)

WG(4) = WG(2)

WG(5) = 64. 8/81. 8

WG(6) = WG(2)

WG(7) = WG(1)

WG(8) = WG(2)

WG(9) = WG(1)

ELSE

6-node triangular element.

NN = 6 INumber of nodes.
NG = 7 INumber of Gauss®s points.
NDOF = NDF*NN INumber of element degrees of freedom.
X coordinate at each Gauss®s point for this element.
XG(1) = 1..8/3. 8

XG(2) = 0.101286507323456_8

XG(3) = 0.797426985353087_8

XG(4) = XG(2)

XG(5) = 0.470142064105115_8

XG(6) = 0.059715871789770_8

XG(7) = XG(5)

Y coordinate at each Gauss®s point for this element.
YG(1) = XG(1)

YG(2) = XG(2)

YG(3) = XG(2)

YG(4) = XG(3)

YG(5) = XG(5)

YG(6) = XG(5)

YG(7) = XG(6)

Weight at each Gauss®"s point:

WG(1) = 0.225_8

WG(2) = 0.125939180544827_8

WG(3) = WG(2)

WG(4) = WG(2)

WG(5) = 0.132394152788506_8

WG(6) = WG(5)

WG(7) = WG(5)

Area of triangle must be devided by two.
WG(1) = Wwe(1)/2._8

WG(2) = WG(2)/2._8

WG(3) = WG(3)7/2._8

WG(4) = We(4)/2._8

WG(5) = We()72._8

WG(6) = WG(6)/2. 8

WG(7) = WG(7)/2._8

ENDIF

Create elemant nodal displacement and temperature vectors.

DO 100 I = 1; NN
1 INTMATO(IE, 1)

XD = COORD(II,1)

Y(nD = COORD(11,2)

ETEMP(1) = TEMP(II, IPOS)

DETEMP(1) = TEMP(II,INC+1) - TEMP(II,INC)
EDISP(2*1-1) = PT(2*11-1)

EDISP(2*1) = PT(2*11)

CONTINUE

Set initial element tangent stiffness matrix to zero.
IF(IMOD.NE.1) THEN

DO 300 1 = 1, NDOF
DO 300 J = 1, NDOF
ETSMA(1,J) = 0._8
CONT INUE

ENDIF

Set initial element stiffness matrix to zero.
IF(IMOD.NE.2) THEN

192



DO 301 I = 1, NDOF
DO 301 J = 1, NDOF
EKMd(1,J) = 0._8
301 CONTINUE
ENDIF
C Set initial element body force stiffness matrix to zero.
IF(IRBody .NE.0) THEN
DO 305 I = 1, NDOF
DO 305 J = 1, NDOF
EKB(I1,J) = 0._8
305 CONTINUE
ENDIF
C Set initial element thermal load vector to zero.
IFCIMOD.NE.2 .AND. IRTemp.NE.O) THEN
DO 303 1 = 1, NDOF
EFldevT(l) = 0._8
303 CONTINUE
ENDIF
C Set initial element incremental thermal load vector to zero.
IF(IMOD.EQ.2 _AND. IRTemp.NE.O) THEN
DO 304 1 = 1, NDOF
DEFIdevT(l) = 0._8
304 CONTINUE
ENDIF
C
C Loop over each Gauss®s point on an element.
C
DO 336 K = 1, NG
C Compute strain-displacement matrix.
A = XG(K)
B = YG(K)
CALL BJ9(X,Y,A,B,BMAT,EKBG,AJ,AJl ,DETJAC,DNDA,DNDB,
* NN, NDF, IPLANE)
C Compute temperature and temperature increment at a Gauss®s point.
IF(IRTemp.NE.0) THEN
CALL GVALUE(A,B,ETEMP,T,NN)
CALL GVALUE(A,B,DETEMP,DT,NN)
ELSE
T =0._8
DT = 0._8
ENDIF
C Compute radius from the axis of rotation of a Gauss®s point.
IF(IPLANE.EQ.3) THEN
CALL GVALUE(A,B,X,R,NN)
ENDIF
C Set initial strain vector to zero.
DO 331 1 = 1, NDIM
STRAIN(1) = 0. 8
331 CONTINUE
C Compute strain vector.
DO 332 I =1, NDIM
DO 332 J = 1, NDOF
STRAIN(I) = STRAIN(I) + BMAT(I,J)*EDISP(J)
332 CONTINUE
C Set coefficient of thermal expansion vector.
IF(IPLANE_.EQ:-1) THEN [!Plane stress case.
THETA(1) = COTHR
THETA(2) = COTHR
THETA(3) = 0..8
ENDIF
C
C Find effective stress.
C
CALL FINDSTRSS(EFSTRSS,STRAIN,YSTRSS,AHARD,ALPHA,PR,
* ELAS,AMOD,EFRATIO, IPLANE, T,COTHR,BETA)
C
C Plane stress case.
C
C {STRESSdev} = [GMAT]{STRAIN} - [HVMAT]{STRAINO}
C
C [ 1.+BETA -BETA 0. 1
C [GMAT] = BETA*ELAS/(1.-2.*PR)/(1.+2.*BETA)*[ -BETA 1.+BETA O. 1
C [ O. 0. 0.5+BETA ]
C
C [ 1. 0. 0. 1
C [HMAT] = BETA*ELAS/(1.-2.*PR)/(1.+2.*BETA)*[ O. 1. 0. 1
C [ O. 0. 0. 1
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BETA = 2./3.*(1.-2.*PR)*EFRATIO/ELAS

EFRATIO = EFSTRSS/EFSTRAN

O0O0O0O0O0

IF(IPLANE.EQ.1) THEN

COND = BETA*ELAS/(1. 8-2. 8*PR)/(1l. 8+2. 8*BETA)

GMAT(1,1)
GMAT(1,2)
GMAT(1,3)
GMAT(2,1)
GMAT(2,2)
GMAT(2,3)
GMAT(3,1)
GMAT(3.2)
GMAT(3.,3)

PMAT(1,1)
PMAT(1,2)
PMAT(1,3)
PMAT(2,1)
PMAT(2,2)
PMAT(2,3)
PMAT(3,1)
PMAT(3,2)
PMAT(3,3)

HMAT(1,1)
HMAT(1,2)
HMAT(1,3)
HMAT(2,1)
HMAT(2,2)
HMAT(2,3)
HMAT(3,1)
HMAT(3,2)
HMAT(3,3)

DMAT(1,1)
DMAT(1,2)
DMAT(1,3)
DMAT(2,1)
DMAT(2,2)
DMAT(2,3)
DMAT(3,1)
DMAT(3,2)
DMAT(3,3)

CVEC(1)

*

CVEC(2)
*

CVEC(3)

AVEC(1)
*

AN/ laYaYeaYaYe)

AVEC(2)

AVEC(3)
ENDIF

COND
~COND
0. 8
GMAT
GMAT
0. 8
0.°8
COND
0.50_8+BETA+BETA*BETA

-BETA-BETA*BETA

(1.2)
.1

0. 8
PMAT
PMAT
0. 8
0.°8
0.°8
0.25

o
=

OOOO%OOOO
> |
000000 = 0O

| 11

o owm

*(1. _8+BETA)
*BETA

.2
D

*(0.5_8+BETA)

_8+BETA+BETA*BETA

t.D

1,1)

O oo

OOOOEOOOO
OZE”O
00 00 00 CON 00 00 00 0O

.50_
.00_
.25_

ORrOO0OR

o

.50_

0.50_
0.25_

.00_8+BETA+BETA*BETA )*STRAIN(1)
.50_8-BETA-BETA*BETA )*STRAIN(2)
8-BETA-BETA*BETA )*STRAIN(1) +

8+BETA+BETA*BETA )*STRAIN(2)
8+BETA+BETA*BETA )*STRAIN(3)

8+BETA+BETA*BETA )*STRAIN(1)
“BETA-BETA*BETA )*STRAIN(2)
-BETA-BETA*BETA )*STRAIN(1)
8+BETA+BETA*BETA )*STRAIN(2)
8+BETA+BETA*BETA )*STRAIN(3)

1.5 _8*COTHR*T

1.5_8*COTHR*T

Plane strain case.

eNoNoNoRoNoNoNoNe!

{STRESSdev} = [GMAT]{STRAIN}

[ 2.
[GMAT] = 2./9.*EFRATIO*[ -1. 2.
[ o.

-1.

OO
b el b

0.

IFCIPLANE.
GMAT(1,1)
GMAT(1,2)
GMAT(1,3)
GMAT(2,1)
GMAT(2,2)
GMAT(2,3)
GMAT(3,1)
GMAT(3,2)

EQ.2) THEN

2.8
-2.°8
0.8
GMAT
GMAT

/9. 8*EFRATIO*2. 8
/9. 8*EFRATIO

(1.2)
@.n



GMAT(3,3) = 2. 8/9. S8*EFRATIO*1.5 8

C
CVEC(1) = 2.0_8*STRAIN(1)-STRAIN(2)
CVEC(2) = 2.0_8*STRAIN(2)-STRAIN(1)
CVEC(3) = 1.5_8*STRAIN(3)
ENDIF
C
C Axisymmetric case.
C
c {STRESSdev} = [GMAT]{STRAIN}
C
C 2. -1. 0. -1.1]
C [GMAT] = 2./9.*EFRATIO*[ -1. 2. 0. -1. 1]
C [ 0. 0. 1.5 0.]
C [ -1. -1. O. 2. 1]
C
IF(IPLANE.EQ.3) THEN
GMAT(1,1) = 2._8/9._8*EFRATIO*2._8
GMAT(1,2) = -2._8/9._8*EFRATIO
GMAT(1,3) = 0._8
GMAT(1,4) = GMAT(1.2)
GMAT(2,1) = GMAT(1,2)
GMAT(2,2) = GMAT(1,1)
GMAT(2,3) = 0._8
GMAT(2,4) = GMAT(1,2)
GMAT(3,1) = GMAT(1,3)
GMAT(3,2) = GMAT(2,3)
GMAT(3,3) = 2._8/9. 8*EFRATIO*1.5 8
GMAT(3,4) = 0._8
GMAT(4,1) = GMAT(1,4)
GMAT(4,2) = GMAT(2,4)
GMAT(4,3) = GMAT(3.4)
GMAT(4,4) = GMAT(1,1)
C
CVEC(1) = 2.0_8*STRAIN(1)-STRAIN(2)-STRAIN(4)
CVEC(2) = 2.0_8*STRAIN(2)-STRAIN(4)-STRAIN(1)
CVEC(3) = 1.5_8*STRAIN(3)
CVEC(4) = 2.0_8*STRAIN(4)-STRAIN(1)-STRAIN(2)
ENDIF
C
C Compute element body force stiffness matrix.
c
IF(IRBody.NE.O) THEN
DO 330 I = 1, NDOF
DO 330 J = 1, NDOF
IF(IPLANE.EQ.3) THEN
EKB(1,J) = EKB(H,J3) + WG(K)*EKBG(I,J)*DETJAC*2._8*PI1*R
ELSE
EKB(1,J) = EKB(1,J) + WG(K)*EKBG(I,J)*DETJAC*THICK
ENDIF
330 CONTINUE
ENDIF
C
C Compute element tangent stiffness matrix.
C
IF(IMOD.NE.1) THEN
DO 350 I = 1, NDOF
DO 350 J = 1, NDOF
DO 350 L= 1, NDIM
DO 350 M = 1, NDIM
C Plane stress case.
IF(IPLANE.EQ.1) THEN
BELOW1 = STRAIN(1)*STRAIN(1) + 2._8*STRAIN(1)*STRAIN(2) +
* STRAIN(2)*STRAIN(2) -
* 4. 8*COTHR*T*( STRAIN(1)+STRAIN(2)-COTHR*T )
BELOW2 = 1._8 + 27._8*AMOD/ELAS*(1._8-2._8*PR)*BELOW1/
* (1._8+2._8*BETA)**3._8
COTANG = 36._8*AMOD/(1._8+2._8*BETA)**4._8/BELOW2
ETSMA(1,Jd) = ETSMA(1,J) + WG(K)*BMAT(L,1)*( GMAT(L,M)+
* COTANG*(AVEC(L)-THETA(L)*T/2._8)*CVEC(M) )*
* BMAT(M,J)*DETJAC*THICK
ENDIF
C Plane strain case.

IF(IPLANE.EQ.2) THEN

ETSMA(1,J) =
* CVEC(L)*CVEC(M) )*BMAT(M,J)*DETJIAC*THICK
ENDIF

ETSMA(1,J) + WGCK)*BMAT(L, 1)*( GMAT(L,M)+AMOD*
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350

Axisymmetric case.

IF(IPLANE.EQ.3) THEN

ETSMd(1,J) = ETSMd(1,J) + WG(K)*BMAT(L,1)*( GMAT(L,M)+AMOD*
* CVEC(L)*CVEC(M) )*BMAT(M,J)*DETJAC*2._8*PI*R
ENDIF

CONTINUE

ENDIF

Compute element stiffness matrix.

OO0

355

IFCIMOD N
DO 355 1 ,
DO 355 J ,
DO 355 L , NDIM
DO 355 M , NDIM
IF(IPLANE.EQ.3)THEN
EKMd(1,J) = EKMA(I,J) +

* WG(K)*BMAT (L, 1)*GMAT (L, M)*BMAT (M, J)*DETJAC*2._8*PI1*R
ELSE
EKMd(1,J) = EKMA(1,J) +

* WG (K)*BMAT(L, 1)*GMAT (L, M)*BMAT(M, J)*DETIAC*THICK

) THEN
NDOF
NDOF

o uwmnm

.2
1
1
1
1

ENDIF
CONTINUE
ENDIF

Compute element thermal force vector.

[eNeXe]

335

IF(IMOD.NE.2 .AND. IPLANE.EQ.1 _AND. IRTemp.NE.0) THEN

DO 335 I = 1, NDOF

DO 335 L = 1, NDIM

DO 335 M = 1, NDIM

EFIdevT(1) = EFldevT(l) + WG(K)*BMAT(L, 1)*HMAT(L,M)*THETA(M)*T*
* DETJAC*THICK

CONTINUE

ENDIF

OO0

Compute element incremental thermal force vector.

(@]

340

336

IFC(IMOD.EQ.2 .AND. IPLANE.EQ.1 .AND. IRTemp.NE.O) THEN

DO 340 1 = 1, NDOF

DO 340 1, NDIM

DO 340 1, NDIM

BELOW1 = STRAIN(1)*STRAIN(1) + 2. 8*STRAIN(1)*STRAIN(2) +
* STRAIN(2)*STRAIN(2) -
* 4. 8*COTHR*T*( STRAIN(1)+STRAIN(2)-COTHR*T )

BELOW2 = 1._8 + 27._8*AMOD/ELAS*(1._8-2._8*PR)*BELOW1/
* (1._8+2._8*BETA)**3._8

COTHER = 54. 8*AMOD*( STRAIN(1)+STRAIN(2)-2. 8*COTHR*T )*COTHR/
* (1._8+2._8*BETA)**4._8/BELOW2

DEFIdevT(l) = DEFldevT(l) +
* WG(K)*BMAT(L, 1)*( HMAT(L,M)*THETA(M)+
* (PMAT(L,M)*STRAIN(M)-DMAT (L ,M)*THETA(M)*T)*COTHER )*
* DT*DETJAC*THICK

CONTINUE

ENDIF

End each Gauss®s point.

CONTINUE

=1 =
o

Assemble element matrices and vectors to the system matrices and vectors.

OO0

Form system tangent stiffness matrix.

IF(IMOD.NE.1) THEN

CALL ASSMBLE(IE, INTMAT9,ETSMd, STSMd,MXPOI ,MXELE,NN,NDF)
ENDIF

Form system stiffness matrix.

IF(IMOD.NE.2) THEN

CALL ASSMBLE(IE, INTMAT9,EKMd, SKMd ,MXPOI ,MXELE ,NN,NDF)
ENDIF

Form system body force stiffness matrix.
IF(IRBody.NE.O) THEN

CALL ASSMBLE(IE, INTMAT9,EKB, SKB,MXPOI ,MXELE,NN,NDF)
ENDIF

Form system (incremental) thermal force vector.
IF(IPLANE.EQ.1 .AND. IRTemp.NE.O) THEN

DO 351 IN = 1, NN

DO 351 ID = 1, NDF

INODE = INTMATO(IE, IN)
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1EQ (INODE-1)*NDF + ID

IEE (IN-1)*NDF +ID

IFCIMOD.NE.2) THEN IThermal force vector.
FldevT(IEQ) = FldevT(IEQ) + EFldevT(IEE)

ELSE IIncremental thermal force vector.
DFIdevT(1EQ) = DFIdevT(IEQ) + DEFldevT(IEE)
ENDIF
351 CONTINUE
ENDIF
c End each element.
5000 CONTINUE
C
C Compute system incremental body force vector and body force vector.
C
IF(IMOD.EQ-2 .AND. IRBody.-NE.O) THEN
DO 380 1 =1, NEQ
DO 380 J =1, NEQ
DFIBODY (1) = DFIBODY(1) + SKB(I,J)*(BDf(J,INC+1)-BDFf(J,INC))
380 CONTINUE
ENDIF
C
IF(IMOD.NE.2 _AND. IRBody.NE.O) THEN
DO 361 I =1, NEQ
DO 361 J = 1, NEQ
FIBODY (1) = FIBODY(1) + SKB(I,J)*BDF(J, INC+1)
361 CONTINUE
ENDIF
C
RETURN
END
c
SUBROUTINE BJ9(X,Y,A,B,BMAT,EKBG,AJ,AJl ,DETJAC,DNDA,DNDB,
* NN, NDF, IPLANE)
C
C THIS SUBROUTINE COMPUTES STRAIN-DISPLACEMENT,GAUSS"S POINT ELEMENT BODY
C FORCE STIFFNESS, JACOBIAN, INVERSE JACOBIAN"S MATRIX AND ITS DETERMINANT
C ,AND DERIVATIVES OF SHAPE FUNCTIONS.
C
IMPLICIT REAL*8 (A-H,0-2)
DIMENSION BMAT(4,9*2),X(9),Y(9)
DIMENSION DNDA(9),DNDB(9),AJ(2,2),AJI1(2,2)
DIMENSION AN(9),ANBAR(2,9*2),EKBG(9*2,9*2)
NDOF = NN*NDF
C Set matrix dimensions for this problem.
IF(IPLANE.EQ.3) THEN !Axisymmetric case.
NDIM = 4
ELSE IPlane stress or plane strain case.
NDIM = 3
ENDIF
C Find shape function values at a Gauss®s point.
SELECT CASE(NN)
C 6-node triangular element.
CASE(6)
C Shape functions at a Gauss®s point.
AN(D) = (1._8-(A+B))*(1._8-2.-8*(A+B))
AN(2) = A*(2..8*A-1..8)
AN(3) = B*(2._.8*B-1._8)
AN(4) = 4. 8*A*(1._8-(A+B))
AN(5) = 4._8*A*B
AN(6) = 4._8*B*(1._8-(A+B))
C Derivative of shape functions w.r.t. an elemental coordinate.
DNDA(1) = 4. 8*A - 3.8 + 4._8*B
DNDA(2) = 4._8*A - 1._8
DNDA(3) = 0._8
DNDA(4) = 4..8 - 8._8*A - 4._8*B
DNDA(5) = 4._8*B
DNDA(6) = -4._8*B
C Derivative of shape functions w.r.t. an elemental coordinate.

DNDB(1) = 4. 8*B - 3.8 + 4. 8*A
DNDB(2) = 0._8

DNDB(3) = 4. 8*B - 1._8

DNDB(4) = -4. 8*A

DNDB(5) = 4. 8*A

DNDB(6) = 4. 8 - 4. 8*A - 8. 8*B



80

90

100

110

120
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9-node quadrilateral crack tip element.
CASE(9)
Shape functions at a Gauss"s point.

AN(L) = A*(l._8-A)*B*(l. 8-B)/4. 8
AN(2) = -A*(1. 8+A)*B*(1l. 8-B)/4. 8
AN(3) = A*(l. 8+A)*B*(1. 8+B)/4. 8
AN(4) = -A*(1._8-A)*B*(1. 8+B)/4. 8
AN(B) = -(1._8-A*A)*B*(1._8-B)/2. 8
AN(6) = A*(1. 8+A)*(l. 8-B*B)/2. 8
AN(7) = (1. 8-A*A)*B*(1. 8+B)/2. 8
AN(8) = -A*(1._8-A)*(1l._8-B*B)/2. 8
AN(9) = (1._8-A*A)*(1._8-B*B)

Derivative of shape functions w.r.t. an elemental coordinate.

DNDA(1) = B*(1._8-B)*(l._8-2. 8*A)/4. 8
DNDA(2) = -B*(1. 8-B)*(l. 8+2. 8*A)/4. 8
DNDA(3) = B*(1. 8+B)*(l. 8+2. 8*A)/4. 8
DNDA(4) = -B*(1. 8+B)*(1. 8-2. 8*A)/4. 8
DNDA(5) = B*(1._8-B)*A

DNDA(6) = (1. 8-B*B)*(1l. 8+2. 8*A)/2. 8
DNDA(7) = -B*(1._8+B)*A

DNDA(8) = -(1. 8-B*B)*(l. 8-2. 8*A)/2. 8
DNDA(9) = -2._8*A*(1. 8-B*B)

Derivative of shape functions w.r.t. an elemental coordinate.

DNDB(1) = A*(l. 8-A)*(l. 8-2. 8*B)/4. 8
DNDB(2) = -A*(1. 8+A)*(1l. 8-2. 8*B)/4. 8
DNDB(3) = A*(l. 8+A)*(l. 8+2. 8*B)/4. 8
DNDB(4) = -A*(1. 8-A)*(1. 8+2. 8*B)/4. 8
DNDB(5) = -(1. 8-A*A)*(1. 8-2. 8*B)/2. 8
DNDB(6) = -A*(1. 8+A)*B

DNDB(7) = (1. 8-A*A)*(1. 8+2. 8*B)/2._8
DNDB(8) = A*(1. 8-A)*B

DNDB(9) = -2. 8*B*(1. 8-A*A)

Wrong number of nodes in an element.

CASE DEFAULT

WRITE(*,*) "WRONG NUMBER OF NODES IN THE ELEMENT®
STOP

END SELECT

Compute Gauss®s point radius from axis of rotation.
IF(IPLANE.EQ.3) THEN

R =0._8

DO 80 I = 1, NN

R = R + ANCD)*X(D)

CONTINUE

ENDIF

Set shape function matrix to zero.
DO 90 1 = 1, NDF

DO 90 J = 1, NDOF
ANBAR(1,J) = 0. 8

CONTINUE

Compute [ANBAR].

DO 100 I = 1, NN

ANBAR(1,2*1-1) = AN(I)
ANBAR(2,2*1) = AN(1)

CONTINUE

Set Gauss®s point element body force stiffness matrix to zero.
DO 110 1 = 1, NDOF

DO 110 J = 1, NDOF

EKBG(1,J) = 0._8

CONT INUE

[EKBG] = tran[ANBAR][ANBAR].

DO 120 I =1, NDOF

DO 120 J = 1, NDOF

DO 120 L = 1, NDF

EKBG(1,J) = EKBG(I,J) + ANBAR(L, I)*ANBAR(L,J)
CONTINUE

Set Jacobian®s matrix to zero.
AJ(1,1) = 0._8

AJ(1,2) = 0._8

AJ(2,1) = 0._8

AJ(2,2) = 0._8

Compute Jacobian®s matrix

DO 5 IN =1, NN

AJ(1,1) = AJ(1,1) + DNDACIN)*X(IN)
AJ(1,2) = AJ(1,2) + DNDACIN)*Y(IN)
AJ(2,1) = AJ(2,1) + DNDB(IN)*X(IN)
AJ(2,2) = AJ(2,2) + DNDB(IN)*Y(IN)
CONTINUE
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50

60

Compute determinant of Jacobian®s matrix.
DETJAC = AJ(1,1)*AJ(2,2) - AJ(2,1)*AJ(1,2)
Compute inverse Jacobian®s matrix.

AJI(1,1) = AJ(2,2)/DETJIAC
AJI(1,2) = -AJ(1,2)/DETIAC
AJI1(2,1) = -AJ(2,1)/DETJAC
AJI1(2,2) = AJ(1,1)/DETJAC

Set strain-displacement matrix to zero.
DO 10 1 = 1, NDIM

DO 10 J = 1, NDOF

BMAT(1,J) = 0._8

CONTINUE

Compute strain-displacement matrix.

DO 50 J = 1, NN

BMAT(1,2*J-1)
BMAT(2,2*3 )
BMAT(3,2*J3-1)
BMAT(3,2*3 )
CONTINUE
IF(IPLANE.EQ.3) THEN [!For axisymmetric case.
DO 60 J = 1, NN

BMAT(4,2*3-1) = AN(J)/R

CONTINUE

ENDIF

AJI(L,1)*DNDA(JI) + AJI(1,2)*DNDB(J)
AJ1(2,1)*DNDA(I) + AJI(2,2)*DNDB(J)
BMAT(2,2*%J )
BMAT(1,2*J-1)

RETURN
END

SUBROUTINE GVALUE(A,B,ANVAL,GVAL,NN)

OO0

THIS SUBROUTINE COMPUTES QUANTITY AT ANY POINT IN THE ELEMENT.

10

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION AN(9),ANVAL(9)

Choose which element to interpolate.
SELECT CASE(NN)

6-node triangular element.

CASE(6)

AN(L) = (1._8-(A+B))*(1l..8-2. 8*(A+B))
AN(2) = A*(2._8*A-1._8)

AN(3) = B*(2. 8*B-1. 8)

AN(4) = 4._8*A*(1l._8-(A+B))

AN(B) = 4. 8*A*B

AN(6) = 4._8*B*(1. 8-(A+B))

9-node rectangular crack tip element.

AN(1) = A*(1.-8-A)*B*(1. 8-B)/4. 8
AN(2) = -A*(1. 8+A)*B*(1. 8-B)/4. 8
AN(3) = A*(1. 8+A)*B*(1l. 8+B)/4. 8
AN(4) = -A*(1._8-A)*B*(1. 8+B)/4. 8
AN(B) = -(1._8-A*A)*B*(1. 8-B)/2. 8
AN(B) = A*(1. 8+A)*(1._8-B*B)/2. 8
AN(7) = (L. 8-A*A)*B*(1. 8+B)/2. 8
AN(8) = -A*(1._8-A)*(1. 8-B*B)/2. 8
AN(9) = (1._8-A*A)*(1._8-B*B)

Wrong number of nodes in an element.

CASE DEFAULT

WRITE(*,*) "WRONG NUMBER OF NODES IN THE ELEMENT*
STOP

END SELECT

Compute Gauss®s point value.

GVAL = 0._8

DO 10 IN = 1, NN

GVAL = GVAL + ANCIN)*ANVAL(IN)

CONTINUE

RETURN
END

SUBROUTINE FINDSTRSS(EFSTRSS,STRAIN,YSTRSS,AHARD,ALPHA,PR,
* ELAS,AMOD,EFRATIO, IPLANE, T,COTHR,BETA)

THIS SUBROUTINE COMPUTES EFFECTIVE STRESS, STRAIN AND THEIR RATIO AT A
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GAUESS®S POINT.

IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION STRAIN(4)

Set tolerance number and maximum number of iterations for computing

effective stress.

TOR = 1.E-12_8

MXITER = 150

Compute the effective strain.

IF(IPLANE.EQ.2) THEN !Plane strain case.

BEsqrt = ( 2._8*STRAIN(1)-STRAIN(2)- 0. .8 )**2. 8

+

* ( 2._8*STRAIN(2)- 0._8 -STRAIN(1) )**2._8 +
* ( 0._8  -STRAIN(1)-STRAIN(2) )**2._8
BEsqrt = BEsqrt/9._8 + STRAIN(3)*STRAIN(3)/2._8
BEsqrt = BEsqrt*2._8/3._8
EFSTRAN = DSQRT(BEsqgrt)
ENDIF

IF(IPLANE.EQ.3) THEN !Axisymmetric case.
BEsqrt = ( 2._8*STRAIN(1)-STRAIN(2)-STRAIN(4) )**2._8

+

* ( 2._8*STRAIN(2)-STRAIN(4)-STRAIN(1) )**2._8 +
* ( 2._8*STRAIN(4)-STRAIN(1)-STRAIN(2) )**2._8
BEsqrt = BEsqrt/9._8 + STRAIN(3)*STRAIN(3)/2._8

BEsqrt = BEsqrt*2._8/3. 8

EFSTRAN = DSQRT(BEsqgrt)

ENDIF

Compute effective strain per yield strain.
EFSTRANO = EFSTRAN*ELAS/YSTRSS

[eNeXe] (@]

Use Newton-Raphson iteration scheme to find the effective stress.

IF(IPLANE_NE.1) THEN !Plane strain or axisymmetric case.

IF(EFSTRANO_GT. (ALPHA+2. 8/3. 8*(1._8+PR))) THEN IPlastic state.

EFSTRSSO = (EFSTRANO/ALPHA)**(1. 8/AHARD)

ELSE IElastic state.

EFSTRSSO = 3._8/(2._8*(1._8+PR))*EFSTRANO
ENDIF

ELSE IPlane stress case.
EFSTRSSO = 0._8

ENDIF

OO0

Begin iterative loop.

(@]

C

c

DO 150 1 = 1, MXITER

IF(IPLANE.EQ.1) THEN !Plane stress case.

B = ALPHA*EFSTRSSO**(AHARD-1._8)+2. 8/3. 8*(1._8+PR)

EFRATIO = ELAS/B

BETA = 2._8/3._8*(1._8-2._8*PR)/ELAS*EFRATIO

EPS33 = (3._8*COTHR*T+(BETA-1._8)*(STRAIN(1)+STRAIN(2)))/
* (1._8+2._8*BETA)

BEsqrt = ( 2. 8*STRAIN(1)-STRAIN(2)-EPS33 )**2. 8 +
* ( 2. _8*STRAIN(2)-EPS33 -STRAIN(1) )**2. 8 +
* ( 2._8*EPS33 -STRAIN(1)-STRAIN(2) )**2._8

BEsqrt = - BEsqrt/9. 8 + STRAIN(3)*STRAIN(3)/2._8

BEsqrt = BEsqrt*2._8/3._8

EFSTRAN = DSQRT(BEsqrt)

Compute effective strain per yield strain.
EFSTRANO = EFSTRAN/YSTRSS*ELAS
ENDIF
Compute increment of effective stress per yield stress.
DEFSTRSSO = -(ALPHA*EFSTRSSO**AHARD+2. 8/3._8*(1._8+PR)*EFSTRSSO
* -EFSTRANO)/ (ALPHA*AHARD*EFSTRSSO**(AHARD-1._8)+
* 2..8/3._8*(1._8+PR))
Compute new effective stress per yield stress predictor.
EFSTRSSO = EFSTRSSO + DEFSTRSSO
Check solution convergence.
IF(DABS(DEFSTRSS0) .LE.TOR) GOTO 160
End each iteration.
150 CONTINUE
WRITE(*,155)
155 FORMAT(/," 11! CANNOT FIND EFFECTIVE STRESS WITHIN A SPECIFIED",
* /. TOLERANCE LIMIT AND NUMBER OF ITERATIONS®)
Compute effective stress.
160 EFSTRSS = EFSTRSSO*YSTRSS
Check negative effective stress.
IF(EFSTRSS.LT.0._8) WRITE(*,170)
170 FORMAT(/," *** THE EFFECTIVE STRESS IS NEGATIVE *** *)
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C Compute necessary variables for LST subroutine.
B = ALPHA*EFSTRSSO**(AHARD-1._8)+2._8/3._8*(1._8+PR)
EFRATIO = ELAS/B
BETA = 2._8/3._8*(1._8-2._8*PR)/ELAS*EFRATIO
IF(EFSTRSSO.EQ.0._8 .AND. AHARD.LT.3._8) THEN
AMOD = 0._8
ELSE
AMOD = -4._8/81._8*ALPHA*(AHARD-1._8)/(YSTRSS**2._8)*ELAS**3._8
* *EFSTRSSO**(AHARD-3._8)/(B**3._8*(AHARD*B-2._8/3._8
* *(1._8+PR)*(AHARD-1._8)))
ENDIF
C
RETURN
END
C
SUBROUTINE ASSMBLE(IE, INTMAT9,ELEMAT,SYSMAT ,MXPOI ,MXELE ,NN,NDF)
C
C THIS SUBROUTINE ASSEMBLES ELEMENT MATRICES INTO A SYSTEM MATRIX.
C
IMPLICIT REAL*8 (A-H,0-2Z)
DIMENSION SYSMAT(MXPO1*2,MXPO1*2),ELEMAT(9*2,9*2)
INTEGER INTMATO(MXELE,9)
c
DO 100 INR = 1, NN
INODER = INTMATO(IE, INR)
DO 100 IDFR = 1, NDF
C ISR = row position In a system matrix.
C IER = row position in an element matrix.
ISR = (INODER-1)*NDF + IDFR
IER = (INR -1)*NDF + IDFR
DO 200 INC = 1, NN
INODEC = INTMATO(IE, INC)
DO 200 IDFC = 1, NDF
C ISC = collumn position in a system matrix.
C IEC = collumn position in an element matrix.
ISC = (INODEC-1)*NDF + IDFC
IEC = (INC  -1)*NDF + IDFC
SYSMAT(ISR, ISC) = SYSMAT(ISR,1SC) + ELEMAT(IER, IEC)
200 CONTINUE
100 CONTINUE
C
RETURN
END
c
SUBROUTINE APPLYBC(NEQ, IBC,STSM,QFINC,MXPOI)
C
C APPLY DISPLACEMENT BOUNDARY CONDITIONS WITH CONDITION CODES OF
C 0 = free to move (force is known).
C +1 = fixed (displacement is zero).
C -1 = prescribed displacement to be increment
C (displacement is non-zero).
c
IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION STSM(MXPO1*2,MXPO1*2),QFINC(MXPO1*2)
INTEGER 1BC(MXPO1*2)
C
DO 10 1 = 1, NEQ
11 = 1BC(I)
IFCII.NE.O) STSM(I,I) = 1._8
IF(1.EQ.NEQ) GOTO 10
DO 20 J = 1+1, NEQ
JJ = IBCQI)
C Both free.
IF(11.EQ.0.AND.JJ.EQ.0) GOTO 20
C Both restraint.
IF(I1.NE.O.AND.JJ.NE.O) GOTO 25
C I restraint or prescribed.
IF(I1.NE.O) THEN
QFINC(J) = QFINC(J) - STSM(I,JI)*QFINC(I)
C J restraint or prescribed.

ELSE
QFINC(1) = QFINC(I) - STSM(I,J)*QFINC(J)
ENDIF
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25 STSM(1,J)= 0._8
20 CONTINUE
10 CONTINUE

RETURN
END

SUBROUTINE CROUT(STSM,PIVOT,NEQ,MXPOI)

THIS SUBROUTINE APPLIES CROUT®"S FACTORISATION TO CHANGE SYSTEM TANGENT
STIFFNESS MATRIX INTO THE MULTIPLICATION OF L, T AND TRANSVERSED L
MATRICES.

*The input matrix is the system tangent stiffness matrix, STSM(NEQ,NEQ).
The output matrices are the upper triangle matrix, STSM(NEQ,NEQ) and
diagonal pivots, PIVOT(NEQ) -

OO0O0O00O0O0O0O0

IMPLICIT REAL*8(A-H,0-2)
DIMENSION STSM(MXPO1*2,MXPO1*2),P1VOT(MXPO1*2)

PIVOT(1) = STSM(1,1)
DO 1 J = 2, NEQ
DO 21 =1, J-1
A = STSM(I1,J)
IF(1.EQ.1) GOTO 2
DO 3L =1, I-1
3 A=A - STSM(L,J)*STSM(L, 1)
2 STSM(1,J) = A
DO 41 =1, J-1
4 STSM(1,J) = STSM(,J)/STSM(I, 1)

pos5L =1, J-1
5 STSM(J,J) = STSM(J,J) - STSM(L,L)*STSM(L,JI)*STSM(L,J)
1 PIVOT(J) = STSM(J,Jd)
Check negative pivots.
NEG = O
DO 30 IEQ = 1, NEQ
IF(PIVOT(IEQ).LT.0. 8) NEG = NEG + 1
30 CONTINUE
IF(NEG.GT.0) WRITE(*,100) NEG
100 FORMAT(/,® *** WARNING NO. OF NEGATIVE PIVOTS = *,15)

RETURN
END

SUBROUTINE SOLVE(NEQ,STSM,PI1VOT,QFINC,MXPOI)

[eNeNe]

THIS SUBROUTINE SOLVES A SET OF SIMULTANEOUS EQUATIONS.

IMPLICIT REAL*8(A-H,0-2)
DIMENSION STSM(MXPO1*2,MXPOL1*2) ,QFINC(MXPO1*2) ,P1VOT(MXPO1*2)

Apply forward and backward Crout"s substitutions on the QFINC vector.
DO 1 J =2, NEQ !Forward substitutions.
DO2L =1, J-1
2 QFINC(J) = QFINC(I) - STSM(L,J)*QFINC(L)
1 CONTINUE
DO 3 1 = 1, NEQ IBackward substitutions.
3 QFINC(I) = QFINC(I)/PIVOT(I)
DO 4 JJ = 2, NEQ
J=NEQ + 2 - JJ

DO5L =1, J-1
5 QFINC(L) = QFINC(L) - STSM(L,J)*QFINC(J)
4 CONTINUE

RETURN

END

SUBROUTINE ITER(PT,BETOK,QEX, IBC,STSM, ITERTY,GM,NPOIN,MXPOI,
MXELE,COORD, INTMAT9,PIVOT ,NDF,NELEM, IETIP,
TEMP ,MXSTATE, INC, IPLANE,PI ,BDf,PROP,FISURF,
BET, ICFLOAD, IREDSEL, IREMESH, BAS, IEMAT , MXMAT,
IRTemp, IRBody)

ok X ok
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OO0OO0OO0O0O0O0

THIS SUBROUTINE ITERATES SOLUTIONS TO EQUILIBRIUM USING NEWTON-RAPHSON AND

MODIFIED NEWTON-RAPHSON METHOD.

*In Newton-Raphson method, the tangent stiffness matrix must be computed
at every iteration loop but in modified Newton-Raphson method only
tangent stiffness matrix computed at the incremtal solution part is used
for all remaining number of iterations.

O0O0O000

IMPLICIT REAL*8 (A-H,0-2)
DIMENSION COORD(MXPOI ,2)

DIMENSION PT(MXPO1*2),QEX(MXPOI*2) ,GM(MXPO1*2)

DIMENSION STSM(MXPOI*2,MXPO1*2) ,P1VOT(MXPO1*2)

DIMENSION TEMP(MXPOI ,MXSTATE) ,BDF(MXPO1*2,MXSTATE)

DIMENSION FIMECH(MXPO1*2) ,FITHER(MXPOI*2)

DIMENSION FIBODY(MXPO1*2) ,FISURF(MXPO1*2)

DIMENSION DFITHER(MXPO1*2),DFIBODY (MXPO1*2),PROP(MXMAT, 7)
INTEGER INTMAT9(MXELE,9), IETIP(MXELE), IEMAT(MXELE) , IBC(MXPO1*2)

SMALL is the convergence tolerance limit.
NITMAX §s maximum number of iterations.

IMOD = 1 compute all load vectors.
= 2 compute tangent stiffness matrix and incremtal load vectors.
= 3 compute both load vectors and tangent stiffness matrix.

NEQ = NPOIN*NDF

SMALL = 0.0001_8

NITMAX = 20

IMOD =1

IF(ITERTY.EQ.1) THEN

IMOD = 3

NITMAX = 10

ENDIF

OO0

Begin iteration loops.

110

120

DO 1000 ITE = 1, NITMAX
WRITEC*,110) ITE

FORMAT(/,5X, " ITERATIVE LOOP WITH ITE =",13)

CALL LST(NPOIN,MXPOI ,NELEM,MXELE, INC,MXSTATE, IPLANE,

* NDF,PI, IMOD, INTMAT9, IETIP,COORD,PT, TEMP,BDT,
* STSM,DFITHER,DFIBODY , FIMECH, FITHER,FIBODY,
* PROP, IREDSEL , 1EMAT ,MXMAT , IRTemp, IRBody)

GM(NEQ) is the out-of-balance force vector.

FISURF(NEQ) is the nodal force vector due to surface tractions.
DO 120 IEQ = 1, NEQ

IF(IBC(IEQ) .EQ.0) THEN

GM(I1EQ) = QEX(IEQ) + FITHER(IEQ) + FIBODY(IEQ) - FIMECH(IEQ)
FISURF(IEQ) = QEX(IEQ)

ELSE

GM(I1EQ) = 0.8

FISURF(IEQ) = FIMECH(IEQ) - FITHER(IEQ) - FIBODY(IEQ)

ENDIF

IF(ICFLOAD.NE.1) FISURF(IEQ) = 0. 8

CONTINUE

OO0

Check solution®s convergence.

[eNeNe]

130

140

GNORM = 0._8 IGNORM is the out-of-balance force vector norm.

DO 130 IEQ = 1, NEQ

GNORM ‘=" GNORM. + GM(1EQ)*GM(IEQ)

CONT INUE

GNORM = DSQRT(GNORM)

Set the norm from incremental part as the based norm.

IF(ITE.EQ.1 .AND. IREMESH.EQ.0) BAS = MAX(GNORM,SMALL)

BET = GNORM/BAS

Show iteration number and its corresponding convergence factor. Note that
the CON. FAC. at ITERATION NO. = O is the convergence factor computed from
the out-of-balance force vector in the incremental solution part.
WRITE(*,140) ITE-1, BET

FORMAT(5X, "ITERATION NO. =",13," CONV. FAC. =7,G13.5)

Use convergence tolerance factor as iterative stopping criteria.
IF(BET.LE.BETOK) GOTO 2000

Full Newton-Raphson method.

IF(ITERTY.EQ.1) THEN

CALL APPLYBC(NEQ, IBC,STSM,GM,MXPOI)

CALL CROUT(STSM,PIVOT,NEQ,MXPOI)

ENDIF

Modified Newton-Raphson method.
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C
C

C

c

150

1000

1010

2000

204

CALL SOLVE(NEQ,STSM,PIVOT,GM,MXPOI)

Update displacements.

DO 150 1EQ = 1, NEQ

IF(1BC(IEQ) -EQ.0) THEN

PT(1EQ) = PT(IEQ) + GM(IEQ)

ELSE

PT(IEQ) = QEX(IEQ)

ENDIF

CONTINUE

End each iteration.

CONTINUE

Solutions failed to converge over this number of iterations

and tolerance limit.

WRITE(*,1010)

FORMAT(/," *** FAILED TO CONVERGE ****,
* /," WHAT DO YOU WANT TO DO NEXT 2?2+,
* /." 1 = PROCEED",

* /," 0 = STOP™)

READ(*,*) IDECISION

IF(IDECISION.EQ.O) STOP

Solutions has converged.

CONTINUE

RETURN
END

SUBROUTINE GAUSSNODE (IPLANE,NDF,NPOIN,MXPOI, INC,MXSTATE ,NELEM,
MXELE, IETIP, INTMAT9,COORD,PT, TEMP,SI1GXX,
SIGYY,SIGXY,SIGVM,PROP ,MXCTE, ICTN,NCTN,
SIGXXMAX,SIGYYMAX, SIGXYMAX, SIGVMMAX,
IREDSEL , IEMAT ,MXMAT)

* ok X F

[eNoNeNe]

THIS SUBROUTINE COMPUTES NODAL STRESSES FROM GAUSS"S POINT VALUES AND
NODAL CHARACTERISTIC ELEMENT SIZES.

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION COORD(MXPOI,2),PT(MXPOI*2)

DIMENSION TEMP(MXPOI ,MXSTATE), PROP(MXMAT, 7)

DIMENSION SIGXX(MXPOI),SIGYY(MXPOI),SIGXY(MXPOI)

DIMENSION SI1GZZ(MXPOI),SIGVM(MXPOI)

DIMENSION SXX(MXPOI),SYY(MXPOT),SXY(MXPOL)

DIMENSION SZZ(MXPOIL), SMM(MXPOT)

INTEGER INTMATO(MXELE,9), IETIP(MXELE) , IEMAT(MXELE) , ICTN(MXCTE*2+1)

Number of equations.
NEQ = NPOIN*NDF

[eNeNe] (@]

Calculate nodal volumetric stresses.

CALL VOLSTRESS(NPOIN,MXPOI ,NELEM,MXELE, INC,MXSTATE, IPLANE,
* NDF, INTMAT9, LETIP,COORD,PT, TEMP,PROP, SMM,
* IREDSEL , 1EMAT , MXMAT)

OO0

Calculate nodal deviatoric stresses.

CALL DEVSTRESS(NPOIN,MXPOI ,NELEM,MXELE, INC,MXSTATE, IPLANE,
x NDF, INTMATO, LETIP ,COORD, PT , TEMP,PROP., SXX,
o SYY,SXY,SZZ, IEMAT ,MXMAT)

Calculate nodal total stresses.

OO0

DO 1100 1 = 1, NPOIN
SIGXX(1) = SMM(1) + SXX(I)

SIGYY(1) = SMM(I) + SYY(D)

SIGXY(1) = SXY(1)

S1GZZ(1) = SMM(1) + Szz(l)

SIGVM(1) = DSQRT( (2._8*SIGXX(1)-SIGYY(1)-SIGZZ(1))**2. 8/6. 8 +
* (2.-8*SIGYY(1)-SI1GZZ(1)-SIGXX(1))**2._8/6. 8 +
* (2. 8*S1GZZ(1)-SIGXX(1)-SIGYY(1))**2. 8/6. 8 +
* 3.78*SI1GXY(D)*SIGXY(1) )

1100 CONTINUE

OO0

Find the maximum von Mises stress of all crack tip nodes in 9-node
degenerated crack tip elements.
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SIGXXMAX
SIGYYMAX
SIGXYMAX
SIGVMMAX i
DO 1105 I = 1, NCTN

IF( DABS(SIGXXMAX) .LT. DABS(SIGXX(ICTN(1))) )
*  SIGXXMAX = SIGXX(ICTN(I))

IF( DABS(SIGYYMAX) .LT. DABS(SIGYY(ICTN(1))) )
*  SIGYYMAX = SIGYY(ICTN(I))
IF( DABS(SIGXYMAX) .LT. DABS(SIGXY(ICTN(D))) )
*  SIGXYMAX = SIGXY(ICTN(I))
IF( DABS(SIGVMMAX) .LT. DABS(SIGVM(ICTN(I))) )
*  SIGUMMAX = SIGYM(ICTN(I))
1105 CONTINUE

o u
[eNeoNoNa]
00 00 00 00

C
RETURN
END
c
SUBROUTINE VOLSTRESS(NPOIN,MXPOI ,NELEM,MXELE, INC,MXSTATE, IPLANE,
* NDF, INTMAT9, IETIP,COORD,PT, TEMP,PROP , SMM,
* IREDSEL , 1EMAT , MXMAT)
C
c THIS SUBROUTINE COMPUTES NODAL VOLUMETRIC STRESSES BY TRANSFORMING THEIR
C GAUSS™S POINT VALUES TO NODES.
C
IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION COORD(MXPOI ,2)
DIMENSION X(9).,Y(9).,XG(9),YG(9).SCGMM(9)
DIMENSION BMAT(4,9*2) ,DNDA(9),DNDB(9),AJ(2,2),AJ1(2,2)
DIMENSION PT(MXPOI1*2),EDISP(9*2) ,EKBG(9*2,9*2)
DIMENSION STRAIN(4),PROP(MXMAT,7),TR(9,9)
DIMENSION TEMP(MXPOI ,MXSTATE) ,ETEMP(9)
DIMENSION SMM(MXPOI) ,ONE(MXPOI)
INTEGER INTMATO(MXELE,9), IETIP(MXELE) , IEMAT(MXELE)
C Number of equations.
NEQ = NPOIN*NDF
C Set element matrix dimensions for analyzed problem.
IF(IPLANE.EQ.3) THEN
NDIM = 4 1Axisymmetric case-
ELSE
NDIM = 3 IPlane stress or plane strain case.
ENDIF
C Set initial nodal quantities to zero.
DO 10 1 = 1, NPOIN
SMM(1) = 0._8
ONE(I) = 0._8
10 CONTINUE
C
C Loop over all elements.
C
DO 5000 IE-= 1, NELEM
C Read material properties of each element.
ELAS = PROP(IEMAT(IE),1)
PR = PROP(IEMAT(IE),?2)
YSTRSS = PROP(IEMAT(IE),3)
AHARD . = PROP(IEMAT(CIE) ,4)
ALPHA = PROP(IEMAT(IE),5)
COTHR = = PROP(IEMAT(IE),6)

C 9-node rectangular crack tip element.
IF(IETIP(IE).EQ.1) THEN
9

NN = INumber of nodes.
NDOF = NDF*NN INumber of element degrees of freedom.
C Set number of Gauss®s points, its coordinates and weights.

IF(IREDSEL.NE.1) THEN

NG = 9

XG(1) = -DSQRT(3._8)/DSQRT(5._8)

XG(2) = XG(1)

XG(3) = XG(1)

XG(4) = 0._8

XG(5) = XG(4)

XG(6) = XG(4)

XG(7) = -XG(1)

XG(8) = XG(7)

XG(9) = XG(7)



c
YG(1) = XG(1)
YG(2) = XG(4)
YG(3) = XG(7)
YG(4) = XG(1)
YG(5) = XG(4)
YG(6) = XG(7)
YG(7) = XG(1)
YG(8) = XG(4)
YG(9) = XG(7)
ELSE
NG = 4
XG(1) = -1._8/DSQRT(3._8)
XG(2) = -1._8/DSQRT(3._8)
XG(3) = 1._8/DSQRT(3._8)
XG(4) = 1._8/DSQRT(3._8)
c
YG(1) = -1._8/DSQRT(3._8)
YG(2) = 1._8/DSQRT(3._8)
YG(3) = -1._8/DSQRT(3._8)
YG(4) = 1._8/DSQRT(3._8)
ENDIF
C 6-node triangular element.
ELSE
NN = 6 INumber of nodes.
NDOF = NDF*NN INumber of element degrees of freedom.
C Set number of Gauss®s points, its coordinates and weights.
IF(IREDSEL.NE.1) THEN
NG = 7
X6(1) = 1..8/3._8
XG(2) = 0.101286507323456_8
XG(3) = 0.797426985353087_8
XG(4) = XG(2)
XG(5) = 0.470142064105115 8
XG(6) = 0.059715871789770_8
XG(7) = XG(5)
C
YG(1) = XG(1)
YG(2) = XG(2)
YG(3) = XG(2)
YG(4) = XG(3)
YG(5) = XG(5)
YG(6) = XG(5)
YG(7) = XG(6)
ELSE
NG = 3
XG(1) = 1..8/6._8
XG(2) = 2..8/3._8
XG(3) = 1..8/6._8
C
YG(1) = 1..8/6._8
YG(2) = 1..8/6._8
YG(3) = 2..8/3._8
ENDIF
ENDIF
C Set initial Gauss®s point quantities to zeros in each element.
DO51 =1, NG
SGMM(I) = 0._8
5 CONTINUE
C Create elemant nodal displacement and temperature vector.
DO 100 I = 1, NN
! = INTMATO(IE, 1)
X(n) = COORD(IN,1)
Y(n) = COORD(I1,2)
ETEMP(I) = TEMP(11,INC+1)
EDISP(2*1-1) = PT(2*11-1)
EDISP(2*1) = PTC2*I11)
100 CONTINUE
C
C Loop over each Gauss®s point on an element.
C
DO 336 K = 1, NG
C Compute strain-displacement matrix.

*

A = XG(K)

B = YG(K)

CALL BJ9(X,Y,A,B,BMAT,EKBG,AJ,AJl,DETJAC,DNDA,DNDB,
NN, NDF, IPLANE)
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C Compute temperature at a Gauss®"s point.
CALL GVALUE(A,B,ETEMP,T,NN)
C Set initial strain vector to zero.
DO 331 1 1, NDIM
STRAIN(I) 0._8
331 CONTINUE
C Compute strain vector.
DO 332 1 1, NDIM
DO 332 J 1, NDOF
STRAIN(I) STRAIN(I) + BMAT(I,J)*EDISP(J)
332 CONTINUE
C Find effective stress.
CALL FINDSTRSS(EFSTRSS,STRAIN,YSTRSS,AHARD,ALPHA,PR,
* ELAS,AMOD,EFRATIO, IPLANE,T,COTHR,BETA)
C Plane stress case.
IF(IPLANE.EQ.1) THEN
COND = BETA*ELAS/(1._8-2._8*PR)/(1._8+2._ 8*BETA)
SGMM(K) = COND*( STRAIN(1)+STRAIN(2)-2. 8*COTHR*T )
ENDIF
C Plane strain case.
IF(IPLANE.EQ.2) THEN
SGMM(K) = ELAS/(3._8*(1._8-2. 8*PR))*
* ( STRAIN(1)+STRAIN(2)-3._8*COTHR*T )
ENDIF
C Axisymmetric case.
IF(IPLANE.EQ.3)THEN
SGMM(K) = ELAS/(3._8*(1._8-2. 8*PR))*
* ( STRAIN(2)+STRAIN(2)+STRAIN(4)-3. 8*COTHR*T )

ENDIF
C End each Gauss®s point.
336 CONTINUE

Transform all Gauss®™s point stress to nodes.

OO0

CALL TRMAT(NN,NG,TR)
C Sum all nodal stress iIn the entire model before nodal averaging.
DO 655 1 = 1, NN
Il = INTMATO(CIE,I)
DO 650 J 1, NG
SMM(IT) SMM(I1) + TR(I,J3)*SCMM(J)
650 CONTINUE
ONE(II) = ONE(CII) + 1._8
655 CONTINUE
C End each element.
5000 CONTINUE

Calculate nodal stresses.

OO0

DO 1100 I = 1, NPOIN
IF(ONE(1) .LE.O._8) WRITE(*,1200) I
1200 FORMAT(" *** WARNING *** NO CONTRIBUTION AT NODE®, 15)
IF(ONE(1).LE.O._8) STOP
SMM(I) = SMM(1)70NE(1)
1100 CONTINUE

C
RETURN
END
C
SUBROUTINE DEVSTRESS(NPOIN,MXPOI ,NELEM,MXELE, INC,MXSTATE, IPLANE,
* NDF, INTMAT9, IETIP,COORD,PT, TEMP,PROP, SXX,
* SYY,SXY,SZZ, IEMAT ,MXMAT)
C
C THIS SUBROUTINE COMPUTES NODAL DEVIATORIC STRESSES BY TRANSFORMING THEIR
C GAUSS"S POINT VALUES TO NODES.
C

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION COORD(MXPOI ,2)

DIMENSION X(9),Y(9),XG(9),YG(9)

DIMENSION ONE(MXPOT),SXX(MXPOI),SYY(MXPOI) ,SXY(MXPOI) ,SZZ(MXPOI)
DIMENSION SGXX(9),SGYY(9),SGXY(9),SGZZ(9)

DIMENSION BMAT(4,9*2),DNDA(9),DNDB(9),AJ(2,2),AJ1(2,2)

DIMENSION PT(MXPOI*2),EDISP(9*2),EKBG(9*2,9*2)

DIMENSION GMAT(4,4),HMAT(4,4),STRAIN(4),STRAINO(4)

DIMENSION TEMP(MXPOI ,MXSTATE),ETEMP(9)

DIMENSION PROP(MXMAT,7),TR(9,9)
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INTEGER INTMAT9(MXELE,9), IETIP(MXELE) , IEMAT(MXELE)

Number of equations.
NEQ = NPOIN*NDF

Set element matrix dimensions for analyzed problem.

IF(IPLANE.EQ.3) THEN

NDIM = 4 TAxisymmetric case.

ELSE

NDIM = 3 IPlane stress or plane strain case.
ENDIF

Set initial nodal quantities to zero.

DO 10 I = 1, NPOIN

SXX(I) -

Syy(n)
SXY(I)
Szz(1)
ONE(I)
CONTINUE

Loop over all elements.

OO0

DO 5000 IE = 1, NELEM
Read material properties of each element.

ELAS = PROP(IEMAT(IE),1)
PR = PROP(IEMAT(IE),2)
YSTRSS = PROP(IEMAT(IE),3)
AHARD = PROP(IEMAT(IE),4)
ALPHA = PROP(IEMAT(IE),5)
COTHR = PROP(IEMAT(IE),6)

9-node rectangular crack tip element.
IF(IETIP(IE).EQ.1) THEN
9

NN = INumber of nodes.

NG = 9 INumber of Gauss®s points.

NDOF = NDF*NN INumber of element degrees of freedom.
X coordinate at each Gauss®"s point for this element.
XG(1) = -DSQRT(3._8)/DSQRT(5._8)

XG(2) = XG(1)

XG(3) = XG(1)

XG(4) = 0._8

XG(5) = XG(4)

XG(6) = XG(4)

XG(7) = -XG(1)

XG(8) = XG(7)

XG(9) = XG(7)

Y coordinate at each Gauss®s point.
YG(1) = XG(1)

YG(2) = XG(4)

YG(3) = XG(7)

YG(4) = XG(1)

YG(5) = XG(4)

YG(6) = XG(7)

YG(7) = XG(1)

YG(8) = XG(4)

YG(9) = XG(7)

ELSE

6-node triangular element.

NN = 6 INumber of nodes.

NG = 7 INumber of Gauss®s points.

NDOF = NDE*NN INumber of element degrees of freedom.
X coordinate at each Gauss®s point for this element.
X6(1) = 1..8/3._8

XG(2) = 0.101286507323456_8

XG(3) = 0.797426985353087_8

XG(4) = XG(2)

XG(5) = 0.470142064105115_8

XG(6) = 0.059715871789770_8

XG(7) = XG(5)

Y coordinate at each Gauss®"s point for this element.
YG(1) = XG(1)

YG(2) = XG(2)

YG(3) = XG(2)

YG(4) = XG(3)

YG(5) = XG(5)

YG(6) = XG(5)

YG(7) = XG(6)

ENDIF

Set initial Gauss®s point quantities to zeros in each element.
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DO51 =1, NG
SGXX(1) = 0._8
SGYY(l) = 0._8
SGXY(l) = 0._8
Sezz(1) = 0._8
5 CONTINUE
C Create elemant nodal displacement and temperature vector.
DO 100 I = 1, NN
1 = INTMATO(IE, 1)
X = COORD(IN,1)
Y(n) = COORD(I1,2)
ETEMP(I) = TEMP(11,INC+1)
EDISP(2*1-1) = PT(2*11-1)
EDISP(2*1) = PTC2*I11)
100 CONTINUE
C
C Loop over each Gauss®s point on an element.
c
DO 336 K = 1, NG
C Compute strain-displacement matrix.
A = XG(K)
B = YG(K)
CALL BJ9(X,Y,A,B,BMAT,EKBG,AJ,AJI,DETJAC,DNDA,DNDB,
* NN, NDF, IPLANE)
C Compute temperature at a Gauss®"s point.
CALL GVALUE(A,B,ETEMP,T,NN)
C Set initial strain vector to zero.
DO 331 1 =1, NDIM
STRAIN(I) = 0._8
331 CONTINUE
C Compute strain vector.
DO 332 1 =1, NDIM
DO 332 J = 1, NDOF
STRAIN(I) = STRAINCI) + BMAT(I1,J3)*EDISP(J)
332 CONTINUE
C Set coefficient of thermal expansion vector.
IF(IPLANE.EQ.1) THEN !Plane stress case.
STRAINO(1) = COTHR*T
STRAINO(2) = COTHR*T
STRAINO(3) = 0._8
ENDIF
c
C Find effective stress.
C
CALL FINDSTRSS(EFSTRSS,STRAIN,YSTRSS,AHARD,ALPHA,PR,
* ELAS,AMOD,EFRATIO, IPLANE, T,COTHR,BETA)
c
C Plane stress case.
c
C {STRESSdev} = [GMAT]{STRAIN} - [HMAT]{STRAINO}
C
IF(IPLANE.EQ.1) THEN
COND = BETA*ELAS/(1..8-2._8*PR)/(1._8+2._8*BETA)
GMAT(1,1) = COND*(1._8+BETA)
GMAT(1,2) = -COND*BETA
GMAT(1,3) = 0._8
GMAT(2,1) = GMAT(1,2)
GMAT(2,2) = GMAT(1,1)
GMAT(2,3) = . 0._8
GMAT(3,1) = 0..8
GMAT(3,2) = 0._8
GMAT(3,3) = COND*(0.5_8+BETA)
c
HVAT(1,1) = COND
HVAT(1,2) = 0._8
HVAT(1,3) = 0._8
HVAT(2,1) = 0._8
HVAT(2,2) = HMAT(1,1)
HVMAT(2,3) = 0._8
HVAT(3,1) = 0._8
HVAT(3,2) = 0._8
HVAT(3,3) = 0._8
ENDIF
C
C Plane strain case.
C
C {STRESSdev} = [GMAT]{STRAIN}
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IF(IPLANE.EQ.2) THEN

GMAT(1,1) = 2. 8/9. S8*EFRATIO*2. 8
GMAT(1,2) = -2._8/9. 8*EFRATIO
GMAT(1,3) = 0. 8

GMAT(2,1) = GMAT(1,2)

GMAT(2,2) = GMAT(1,1)

GMAT(2,3) = 0. 8

GMAT(3,1) = 0. 8

GMAT(3,2) = 0._8

GMAT(3,3) = 2. 8/9. S8*EFRATIO*1.5 8
ENDIF

Axisymmetric case.

{STRESSdev} = [GMAT]{STRAIN}

[eEeNeoNoNe]

IF(IPLANE.EQ.3)THEN

GMAT(1,1) = 2. 8/9. S8*EFRATIO*2. 8
GMAT(1,2) = -2._8/9. S*EFRATIO
GMAT(1,3) = 0. 8

GMAT(1,4) = GMAT(1,2)

GMAT(2,1) = GMAT(L,2)

GMAT(2,2) = GMAT(1,1)

GMAT(2,3) = 0.8

GMAT(2,4) = GMAT(L,2)

GMAT(3,1) = GMAT(1,3)

GMAT(3.,2) = GMAT(2,3)

GMAT(3,3) = 2. 8/9. 8*EFRATIO*1.5 8
GMAT(3,4) = 0. 8

GMAT(4,1) = GMAT(L,4)

GMAT(4,2) = GMAT(2,4)

GMAT(4,3) = GMAT(3,4)

GMAT(4.,4) = GMAT(L,1)

ENDIF

OO0

Compute stresses at a Gauss®s point.

IFCIPLANE.EQ.1) THEN IPlane stress case.

DO 500 I = 1, NDIM
SGXX(K) = SGXX(K) + GMAT(L,1)*STRAINCI) - HMAT(1,1)*STRAINOCI)
SGYY(K) = SGYY(K) + GMAT(2, )*STRAINCI) - HMAT(2,1)*STRAINO(I)
SGXY(K) = SGXY(K) + GMAT(3,1)*STRAINCI) = HMAT(3, 1)*STRAINO(I)

500 CONTINUE
ELSE IPlane strain or axisymmetric case.

DO 550 I = 1, NDIM

SGXX(K) = SGXX(K) + GMAT(ZL, 1)*STRAINCI)

SGYY(K) = SGYY(K) + GMAT(2, 1)*STRAINCI)

SGXY(K) = SGXY(K) + GMAT(3, I)*STRAINCI)
550 CONTINUE

ENDIF

Compute deviatoric stress in z direction.
IF(IPLANE.EQ.1) THEN !Plane stress case.

EPS33 = ( 3. 8*COTHR*T+(BETA-1. 8)*(STRAIN(L)+STRAIN(2)) )/
* (1. 8+2. 8*BETA)

SGZZ(K) = 2..8/9. 8*EFRATIO*( 2. S8*EPS33-STRAIN(1)-STRAIN(2) )

ENDIF

IF(IPLANE.EQ.2) THEN IPlane strain case.
SGZZ(K) =.2..8/9.. 8*EFRATIO*( -STRAIN(1)-STRAIN(2) )
ENDIF
IF(IPLANE_EQ-3) THEN !Axisymmetric case.
SGZZ(K) = 2._8/9._8*EFRATIO*( 2._8*STRAIN(4)-STRAIN(1)-STRAIN(2) )
ENDIF
End each Gauss®s point.
336 CONTINUE

Transform all Gauss®s point stress to nodes.

OO0

CALL TRMAT(NN,NG,TR)
Sum all nodal stress in the entire model before nodal averaging.

DO 655 1 = 1, NN
11 = INTMATOCIE, 1)

DO 650 J = 1, NG

SXX(I1) = SXX(11) + TR(I,J)*SGXX(J)
SYY(ID) = SYY(D) + TR(I,JI)*SGYY(JI)
SXY(11) = SxY(11) + TR(I,J)*SGXY(I)
szz(i) = szz(11) + TR(I1,J)*SGZZ(I)
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650 CONTINUE
ONE(II) = ONE(CII) + 1._8
655 CONTINUE
C End each element.
5000 CONTINUE
C
C Calculate nodal stresses.
C
DO 1100 I = 1, NPOIN
IF(ONE(I).LE.O._8) WRITE(*,1200) 1
1200 FORMAT(® *** WARNING *** NO CONTRIBUTION AT NODE®", 15)
IF(ONE(I).LE.O._8) STOP
SXX(1) = SXX(1)/0NE(I)
SYY(1) = SYY(1)/0NE(I)
SXY(1) = SXY(1)/0ONE(I)
SZZ(1) = SZZ(1)/0NE(I)
1100 CONTINUE
C
RETURN
END
C
SUBROUTINE TRMAT(NN,NG,TR)
c
C THIS SUBROUTINE RETURNS ANY GAUSS®"S POINT-TO-NODE TRANSFORMATION MATRIX.
C
IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION TR(9,9)
c
C 9-node rectangular element with 9 Gauss®s points.
C
IF(NN.EQ.9 _AND. NG.EQ.9) THEN
C
TR(1,1) = .21869398183909500E+01_8
TR(1,2) = -.98588703846749160E+00_8
TR(1,3) = .27777777777777800E+00_8
TR(1,4) = -.98588703846749160E+00_8
TR(1,5) = .44444444444444510E+00_8
TR(1,6) = -.12522407264362050E+00_8
TR(1,7) = .27777777777777800E+00_8
TR(1,8) = -.12522407264362050E+00_8
TR(1,9) = .35282403831273010E-01_8
c
TR(2,1) = . 27777777777777840E+00_8
TR(2,2) = -.12522407264362070E+00_8
TR(2,3) = .35282403831273120E-01_8
TR(2,4) = -.98588703846749160E+00_8
TR(2,5) = .44444444444444510E+00_8
TR(2,6) = -.12522407264362050E+00_8
TR(2,7) = .21869398183909500E+01_8
TR(2,8) = -.98588703846749120E+00_8
TR(2,9) = .27777777777777790E+00_8
C
TR(3,1) = .35282403831273350E-01_8
TR(3,2) = -.12522407264362070E+00_8
TR(3,3) = .27777777777777800E+00.8
TR(3,4) = -.12522407264362050E+00_8
TR(3.5) = .44444444444444510E+00_8
TR(3,6) = -.98588703846749120E+00_8
TR(3,7) = .27777777777777800E+00_8
TR(3,8) = -.98588703846749120E+00_8
TR(3,9) = .21869398183909490E+01_8
C
TR(4,1) = .27777777777777800E+00_8
TR(4,2) = -.98588703846749160E+00_8
TR(4,3) = .21869398183909500E+01_8
TR(4,4) = -.12522407264362050E+00_8
TR(4,5) = .44444444444444510E+00_8
TR(4,6) = -.98588703846749120E+00_8
TR(4,7) = .35282403831273120E-01_8
TR(4,8) = -.12522407264362050E+00_8
TR(4,9) = .27777777777777790E+00_8
C

TR(5,1)

.13877787807814460E-15_8



TR(5,2)
TR(5,3)
TR(5,4)
TR(5.,5)
TR(5,6)
TR(5,7)
TR(5,8)
TR(5,9)

TR(6,1)
TR(6,2)
TR(6,3)
TR(6,4)
TR(6,5)
TR(6,6)
TR(6,7)
TR(6,8)
TR(6,9)

TR(7,1)
TR(7.2)
TR(7.,3)
TR(7,4)
TR(7.5)
TR(7.6)
TR(7,7)
TR(7.8)
TR(7,9)

TR(8,1)
TR(8.2)
TR(8.,3)
TR(8,4)
TR(8,5)
TR(8,6)
TR(8,7)
TR(8,8)
TR(8,9)

TR(9,1)
TR(9,2)
TR(9,3)
TR(9,4)
TR(9.,5)
TR(9,6)
TR(9,7)
TR(9,8)
TR(9,9)

GOTO 100

ENDIF

-11102230246251570E-15_8
.55511151231257830E-16_8
-14788305577012360E+01_8
.66666666666666690E+00_8
.18783610896543060E+00_8
.55511151231257830E-16_8
-55511151231257830E-16_8
.27755575615628910E-16_8

.83266726846886740E-16_8
-18783610896543080E+00_8
.11102230246251570E-15_8
.55511151231257830E-16_8
.66666666666666690E+00_8
.55511151231257830E-16_8
.16653345369377350E-15_8
.14788305577012360E+01_8
.13877787807814460E-15_8

.83266726846886740E-16_8
.11102230246251570E-15_8
-16653345369377350E-15_8
-18783610896543080E+00_8
.66666666666666690E+00_8
.14788305577012360E+01_8
.55511151231257830E-16_8
-55511151231257830E-16_8
.13877787807814460E-15_8

.27755575615628910E-16_8
-14788305577012360E+01_8
.00000000000000000E+00_8
.55511151231257830E-16_8
.66666666666666690E+00_8
-55511151231257830E-16_8
.55511151231257830E-16_8
-18783610896543060E+00_8
.27755575615628910E-16_8

.27755575615628910E-16_8
-11102230246251570E-15_8
.55511151231257830E-16_8
.55511151231257830E-16_8
-99999999999999990E+00_8
-55511151231257830E-16_8
.00000000000000000E+00_8
.55511151231257830E-16_8
.27755575615628910E-16_8

OO0

9-node rectangular element with 4 Gauss®s points.

IF(NN.EQ.9- _AND. NG.EQ.4) THEN

TR(1,1)
TR(1,2)
TR(1.3)
TR(1,4)

TR(2,1)
TR(2,2)
TR(2,3)
TR(2,4)

TR(3,1)
TR(3.2)
TR(3.3)
TR(3,4)

TR(4,1)
TR(4,2)
TR(4,3)
TR(4,4)

TR(5,1)
TR(5,2)

.18660254037844380E+01_8
-49999999999999980E+00_8
-49999999999999980E+00_8
-13397459621556130E+00.8

-49999999999999980E+00_8
-13397459621556130E+00_8
.18660254037844380E+01_8
-49999999999999980E+00_8

-13397459621556130E+00_8
-49999999999999980E+00_8
-49999999999999980E+00_8
.18660254037844380E+01_8

-49999999999999980E+00_8
.18660254037844380E+01_8
-13397459621556130E+00_8
-49999999999999980E+00_8

.68301270189221920E+00_8
-18301270189221920E+00_8

212



TR(5.,3)
TR(5,4)

TR(6,1)
TR(6,2)
TR(6,3)
TR(6,4)

TR(7,1)
TR(7.2)
TR(7.3)
TR(7.4)

TR(8,1)
TR(8.2)
TR(8.3)
TR(8,4)

TR(9,1)
TR(9,2)
TR(9,3)
TR(9,4)
GOTO 100
ENDIF

.68301270189221920E+00_8
-18301270189221920E+00_8

-18301270189221920E+00_8
-18301270189221920E+00_8
.68301270189221920E+00_8
-68301270189221920E+00_8

-18301270189221920E+00_8
.68301270189221920E+00_8
-18301270189221920E+00_8
.68301270189221920E+00_8

.68301270189221920E+00_8
.68301270189221920E+00_8
.18301270189221920E+00_8
.18301270189221920E+00_8

-25000000000000000E+00_8
-25000000000000000E+00_8
-25000000000000000E+00_8
-25000000000000000E+00_8

6-node triangular element with 7 Gauss®s points.

(@] [eNeXe]

IF(NN.EQ.6 .AND. NG.EQ.7) THEN

TR(1,1)
TR(1,2)
TR(1,3)
TR(1,4)
TR(1.5)
TR(1,6)
TR(1,7)

TR(2,1)
TR(2,2)
TR(2,3)
TR(2,4)
TR(2,5)
TR(2,6)
TR(2,7)

TR(3,1)
TR(3.,2)
TR(3.3)
TR(3,4)
TR(3,5)
TR(3.6)
TR(3,7)

TR(4,1)
TR(4,2)
TR(4,3)
TR(4,4)
TR(4,5)
TR(4,6)
TR(4,7)

TR(5,1)
TR(5,2)
TR(5.,3)
TR(5,4)
TR(5,5)
TR(5,6)
TR(5.7)

TR(6,1)
TR(6,2)
TR(6,3)
TR(6,4)
TR(6,5)
TR(6,6)
TR(6,7)
GOTO 100

.69230769230764320E+00_8
-19743924601202800E+01_8
.14344495818924320E+00_8
-14344495818922900E+00_8
.25637677064884160E+00_8
-41267572741996480E+00_8
.41267572741999300E+00_8

.69230769230768990E+00_8
.14344495818923650E+00_8
-19743924601203660E+01_8
-14344495818923960E+00_8
.41267572742002570E+00_8
.25637677064887310E+00_8
.41267572742003100E+00_8

.69230769230768410E+00_8
.14344495818920590E+00_8
.14344495818923220E+00_8
-19743924601203570E+01_8
.41267572742002700E+00_8
-41267572742000700E+00_8
.25637677064886730E+00_8

.17751479289940540E+00_8
-98125809310777970E-01_8
.98125809310778190E-01_8
-15626601555207210E+00_8
.28229740694391450E+00_8
.28229740694392030E+00.8
-10345623868147880E+01_8

.17751479289941500E+00_8
-15626601555204820E+00_8
.98125809310774580E-01_8
.98125809310770860E-01_8
-10345623868147820E+01_8
.28229740694390500E+00_8
.28229740694391580E+00_8

-17751479289939320E+00_8
-98125809310794290E-01_8
.15626601555207180E+00_8
-98125809310782410E-01_8
-28229740694390900E+00_8
-10345623868147800E+01_8
.28229740694392950E+00_8
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ENDIF

OO0

6-node triangular element with 3 Gauss®s points.

IF(NN.EQ.6 .AND. NG.EQ.3) THEN

TR(1,1) = .16666666666666665E+01_8
TR(1,2) = -.33333333333333331E+00_8
TR(1,3) = -.33333333333333331E+00_8
TR(2,1) = -.33333333333333348E+00_8
TR(2,2) = .16666666666666667E+01_8
TR(2,3) = -.33333333333333331E+00_8
TR(3,1) = -.33333333333333348E+00_8
TR(3,2) = -.33333333333333331E+00_8
TR(3,3) = .16666666666666667E+01_8
TR(4,1) = .66666666666666652E+00_8
TR(4,2) = .66666666666666674E+00_8
TR(4,3) = -.33333333333333331E+00_8
TR(5,1) = -.33333333333333348E+00_8
TR(5,2) = .66666666666666674E+00_8
TR(5,3) = .66666666666666674E+00_8
TR(6,1) = .66666666666666652E+00_8
TR(6,2) = -.33333333333333331E+00_8
TR(6,3) = .66666666666666674E+00_8
GOTO 100

ENDIF

Incorrect number of nodes or Gauss®s points.
WRITE(*,200) NN, NG

200 FORMAT(/," *** NO TRANSFORMATION MATRIX FOR THIS ELEMENT WITH",
*

/," NN = ",12," NG = ",12,% ***")

100 CONTINUE

RETURN
END

SUBROUTINE CJINT(IPLANE,NDF,NDOM, MXDOM, MXEDOM,NEIND, IEIND,
MXCFNODE, IFACEN, IFACEE,NFACEN,NFACE, IFACE,
NPOIN,MXPOL, INC,MXSTATE ,MXELE, LETIP, INTMATO,
COORD, PT, TEMP,BDT,NODEK1new, CANGLE,ROR,PI,
PROP,AJddom,AJface,Adint,FISURF,CTQEX, FDQEX,
ICFLOAD, IDOMTY , IREDSEL , IEMAT ,MXMAT)

ok % ok ¥

O0O0O0O0O0

THIS SUBROUTINE CALCULATES PARAMETER J-INTEGRAL USING DOMAIN INTEGRAL
METHOD BASED ON DELORENZI®S PAPER, "ENERGY RELEASE RATE CALCULATIONS BY
FINITE ELEMENT METHOD® AND SHIH®S PAPER, “ENERGY RELEASE RATE ALONG THREE-
DIMENTIONAL CRACK FRONT IN A THERMALLY_ STRESSED BODY*®.

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION COORD(MXPOI,2),PT(MXPO1*2),ROR(MXDOM,4)
DIMENSION TEMP(MXPOI ,MXSTATE) , BDF(MXPO1*2,MXSTATE)
DIMENSION. PROP (MXMAT., 7)., F1SURF(MXPO1*2)

DIMENSION CTQEX(4),FDQEX(4)

DIMENSION AJvol (MXDOM) , Addev(MXDOM)., AJdom(MXDOM)
DIMENSION AJface(MXDOM) ,AJint(MXDOM)

INTEGER INTMATO(MXELE,9), IETIP(MXELE), IEMAT(MXELE)
INTEGER NEIND(MXDOM) , 1EIND(MXEDOM, MXDOM)

INTEGER 1FACEN(2,MXCFNODE ,MXDOM) , NFACEN(2, MXDOM)
INTEGER IFACEE(2, (MXCFNODE-1)/2, MXDOM)

OO0

Compute J-integral parameter from volumetric stress expression.

CALL CJIVOL(IPLANE,NDF,NDOM,MXDOM,MXEDOM,NEIND, IEIND,

* NPOIN,MXPOI, INC,MXSTATE ,MXELE, IETIP, INTMAT9,
* COORD, PT, TEMP ,NODEK1new, CANGLE ,ROR,PROP ,AJdvol,
* IDOMTY , IREDSEL , IEMAT ,MXMAT)

OO0

Compute J-integral parameter from deviatoric stress expression.
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CALL CJIDEV (IPLANE,NDF ,NDOM, MXDOM ,MXEDOM ,NEIND, IEIND,
NPOIN,MXPOI, INC,MXSTATE ,MXELE, IETIP, INTMATO,
* COORD, PT, TEMP BDF,NODEK1new, CANGLE,ROR,PROP,
* AJdeV,IDOMTY,IEMAT,MXMAT)

Compute J-integral parameter from crack face expression.

10

IF(ICFLOAD.EQ.1) THEN

CALL CJIFACE(IPLANE,NDF,NDOM,MXDOM,MXCFNODE, IFACEN,
IFACEE,NFACEN, NFACE, IFACE,NPOIN,MXPOI ,
MXELE, 1IETIP, INTMAT9,COORD, PT,NODEK1new,
CANGLE,ROR,PI,PROP,AJface,FISURF,CTQEX,
FDQEX, IDOMTY , IEMAT ,MXMAT)

* ok X %

ELSE

DO 10 IDOM = 1, NDOM
AJface(IDOM) = O._8
CONTINUE

ENDIF

Compute total J-integral parameter of each integrated domain.

OO0

3001

3000

DO 3000 I1DOM
AJdom(1DOM) = AJvol(IDOM) + AJdev(1DOM)
AJint(1DOM) = AJdom(IDOM) - AJface(1DOM)
WRITE(*,3001) IDOM

FORMAT(/," DOMAIN [*,12,°1")

WRITECS,*) * J-DOMAIN *, AJdom(1DOM)
WRITEC*,*) * J-CRACK FACE =", AJface(1DOM)
WRITEC*,*) " J-INTEGRAL *, AJint(1DOM)
CONTINUE

1, NDOM

RETURN
END

SUBROUTINE CJVOL(IPLANE,NDF,NDOM, MXDOM, MXEDOM,NEIND, IEIND,
* NPOIN,MXPOI , INC,MXSTATE ,MXELE, IETIP, INTMATO,
* COORD, PT, TEMP ,NODEK1new, CANGLE ,ROR, PROP ,AJdvol ,
* IDOMTY , IREDSEL , 1EMAT , MXMAT)

THIS SUBROUTINE CALCULATES J-INTEGRAL PARAMETER ACCORDING TO VOLUMETRIC
STRESS EXPRESSION USING DOMAIN INTEGRAL METHOD.

O0O0O0

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION COORD(MXPOI,2),PT(MXPO1*2) ,ROR(MXDOM,4)
DIMENSION TEMP(MXPOT,MXSTATE), PROP(MXMAT, 7)
DIMENSION EDISP(9*2),ETEMP(9),STRAIN(4)

DIMENSION BMAT(4,9*2),EKBG(9*2,9*2)

DIMENSION AJ(2,2),AJ1(2,2),AJID(2,2)

DIMENSION EUr(9),EQ1(9),EQ2(9)

DIMENSION DNDA(9),DNDB(9),P(9,2),PJID(9,2)
DIMENSION dUdXMat(2,2);dTdXxMat(1,2)

DIMENSION QMat(2,1),dQdXMat(2,2)

DIMENSION X(9),Y(9),XG(9),YG(9),WG(9),Q(9)
DIMENSION AJvol (MXDOM)

INTEGER INTMATO(MXELE,9), IETIP(MXELE) , IEMAT(MXELE)
INTEGER NEIND(MXDOM) , 1EIND(MXEDOM, MXDOM)

Number of equations.

NEQ = NPOIN*NDF

Set matrix dimensions according to the analyzed problem.

IF(IPLANE.EQ.3) THEN !Axisymmetric case.

NDIM = 4

Rtip = COORD(NODEK1lnew,1l) !Compute crack tip radius from axis of rotation.
ELSE !Plane stress or plane strain case.

NDIM = 3

ENDIF

Compute J-integral from volumetric stress expression.

OO0

(@]

Loop over each integrated domain.

DO 100 IDOM = 1, NDOM

AJvol (IDOM) = 0._8

Loop over each element in this integrated domain.
DO 120 IED = 1, NEIND(IDOM)

Read material properties of each element.
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ELAS = PROP(IEMAT(IEIND(IED, IDOM)),1)
PR = PROP(IEMAT(IEIND(IED, IDOM)),2)
YSTRSS = PROP(IEMAT(IEIND(IED, IDOM)),3)
AHARD = PROP(IEMAT(IEIND(IED, IDOM)),4)
ALPHA = PROP(IEMAT(IEIND(IED, IDOM)),5)
COTHR = PROP(IEMAT(IEIND(IED, IDOM)),6)

9-node rectangular crack tip element.
IF(IETIP(IEIND(IED IDOM)) .EQ.1) THEN
NN = INumber of nodes.
NMN = 4 INumber of main (corner) nodes.
NDOF = NDF*NN INumber of element degrees of freedom.
Set number of Gauss®s points, its coordinates and weights.
IF(IREDSEL.NE.1) THEN
9

NG =

XG(1) = -DSQRT(3._8)/DSQRT(5._8)
XG(2) = XG(1)

XG(3) = XG(1)

XG(4) = 0._8

XG(5) = XG(4)

XG(6) = XG(4)

XG(7) = -XG(1)

XG(8) = XG(7)

XG(9) = XG(7)

YG(1) = XG(1)

YG(2) = XG(4)

YG(3) = XG(7)

YG(4) = XG(1)

YG(5) = XG(4)

YG(6) = XG(7)

YG(7) = XG(1)

YG(8) = XG(4)

YG(9) = XG(7)

WG(1) = 25..8/81._8
WG(2) = 40..8/81._8
WG(3) = WG(1)

WG(4) = We(2)

WG(5) = 64..8/81._8
WG(6) = WG(2)

WG(7) = WG(1)

WG(8) = WG(2)

WG(9) = WG(1)

ELSE

NG = 4

XG(1) = -1._8/DSQRT(3._8)
XG(2) = -1._8/DSQRT(3-_8)
XG(3) = 1._8/DSQRT(3._8)
XG(4) = 1._8/DSQRT(3._8)
YG(1) = -1._8/DSQRT(3._8)
YG(2) = 1._8/DSQRT(3._8)
YG(3) = -1._8/DSQRT(3:_8)
YG(4) = 1. _8/DSQRT(3._8)
WG(1) = 1.-8

WG(2) = 1._8

WG(3) = 1._8

WG(4) = .1..8

ENDIF

6-node triangular element.
ELSE

NN = 6 INumber of nodes.
NMN = 3 INumber of main (corner) nodes.
NDOF = NDF*NN INumber of element degrees of freedom.

Set number of Gauss®s points, its coordinates and weights.
IF(IREDSEL.NE.1) THEN

NG = 7
XG(l) = 1. 8/3. 8

XG(2) = 0.101286507323456_8
XG(3) = 0.797426985353087_8
XG(4) = XG(2)

XG(5) = 0.470142064105115_8
XG(6) = 0.059715871789770_8
XG(7) = XG(5)

YG(L) = XG(1)



YG(2) = XG(2)
YG(3) = XG(2)
YG(4) = XG(3)
YG(5) = XG(5)
YG(6) = XG(5)
YG(7) = XG(6)
WG(1) = 0.225 8
WG(2) = 0.125939180544827_8
WG(3) = WG(2)
WG(4) = WG(2)
WG(5) = 0.132394152788506_8
WG(6) = WG(5)
WG(7) = WG(5)
WG(1) = WG(1)/2. 8
WG(2) = We(2)/2. 8
WG(3) = WG(3)/2._8
WG(4) = WG(4)/2. 8
WG(5) = WG(5)/2. 8
WG(6) = WG(6)/2. 8
WG(7) = WG(7)/2. 8
ELSE
NG = 3
XG(1) = 1. 8/6. 8
X6(2) = 2. 8/3. 8
XG(3) = 1. 8/6. 8
YG(1) = 1. 8/6. 8
YG(2) = 1. 8/6. 8
YG(3) = 2. 8/3._8
WG(1) = 1. 8/3. 8
WG(2) = 1. 8/3. 8
WG(3) = 1. 8/3. 8
WG(1) = WG(1)/2. 8
WG(2) = We(2)/2._8
WG(3) = WG(3)7/2. 8
ENDIF

ENDIF

Compute the magnitude of shift function.

DO 135 1 = 1, NN

o
>
I n

INTMATO(IEIND(IED; 1DOM), 1)
COORD(I I',1)-COORD(NODEKInew, 1)
COORD(1 1, 2)-COORD(NODEK1new, 2)

IFCIDOMTY.EQ.1) THEN ISquare domain-
AR = MAX(DABS(DX) ,DABS(DY))/ROR(IDOM, 1)

ENDIF

IFCIDOMTY.EQ.2) THEN ICircular domain.
AR = DSQRT(DX*DX+DY*DY)/ROR(IDOM, 1)

ENDIF

IFCIDOMTY.EQ.3) THEN !Rectangular domain.

IF(DX.LE.O0.-8) THEN
IF(ROR(IDOM,1).GT.0._8) THEN
AX = -DX/ROR(IDOM,1)

ELSE
AX = -1. .8
ENDIF

ELSE
IF(ROR(IDOM,3).GT.0._8) THEN
AX = DX/ROR(IDOM,3)

ELSE
AX = -1._8
ENDIF

ENDIF

IF(DY.LE.O._8) THEN
IF(ROR(IDOM,4) .GT.0._8) THEN
AY = -DY/ROR(IDOM,4)

ELSE
AY = -1._8
ENDIF

ELSE
IF(ROR(IDOM,2) .GT.0._8) THEN
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AY = DY/ROR(IDOM,2)

ELSE
AY = -1._8
ENDIF
ENDIF
AR = MAX(AX,AY)
ENDIF
C
Q(1) =1..8 - AR
IF(QQ(1).LE.1.0E-12_8) Q(I) = 0._8
135 CONTINUE
C Make the magnitude of shift function zero at circular domain boundary.
IF(IDOMTY.EQ.2) THEN
DO 145 1 = 1, NMN
I2ND = I + 1
IF(1.EQ.NMN) I2ND = 1
IF(Q(1).EQ.0._8 _AND. Q(I2ND).EQ.0._8) Q(I+NMN) = 0._8
145 CONTINUE
ENDIF
C Create element nodal quantities.
DO 130 I = 1, NN
1 = INTMATOCIEIND(CIED, IDOM), I)
X = COORD(I1,1)
Y(D) = COORD(I1,2)
EQ1(I) = QCI)*DCOSD(CANGLE)
EQ2(1) = Q(I)*DSIND(CANGLE)
EUr(1) = PT(2*11-1)
ETEMP(I) = TEMP(CII, INC+1)
EDISP(2*1-1) = PT(2*11-1)
EDISP(2*1) = PTC2*I1)
130 CONTINUE
c
C Loop over each Gauss®s point on this element.
C
DO 1000 K = 1, NG
A = XG(K)
B = YG(K)
CALL BJ9(X,Y,A,B,BMAT,EKBG,AJ,AJI,DETJAC,DNDA,DNDB,
* NN,NDF, IPLANE)
C Compute all Gauss®s point quantities.
CALL GVALUE(A,B,EQ1,Q1G,NN)
CALL GVALUE(A,B,EQ2,Q2G,NN)
CALL GVALUE(A,B,ETEMP,T,NN)
C For axisymmetric case.
IF(IPLANE.EQ.3) THEN
CALL GVALUE(A,B,X,RG,NN)
CALL GVALUE(A,B,EUr,UrG,NN)
ENDIF
C Set initial strain vector to zero.
DO 200 I =1, NDIM
STRAIN(I) = 0._8
200 CONTINUE
C Compute strain vector.
DO 210 1 = 1, NDIM
DO 210 J = 1, NDOF
STRAIN(I) = STRAIN(I) + BMAT(I,J)*EDISP(J)
210 CONTINUE
C Find effective stress.
CALL FINDSTRSS(EFSTRSS, STRAIN, YSTRSS,AHARD,ALPHA PR,
B ELAS,AMOD,EFRATIO, IPLANE, T,COTHR, BETA)
C Plane stress case.
IF(IPLANE.EQ.1) THEN
COND = BETA*ELAS/(1._8-2._8*PR)/(1._8+2._8*BETA)
SGMM = COND*(STRAIN(1)+STRAIN(2)-2._8*COTHR*T)
ENDIF
C Plane strain case.
IF(IPLANE.EQ.2) THEN
SGMM = ELAS/(3._8*(1._8-2._8*PR))*
* (STRAIN(1)+STRAIN(2)-3._8*COTHR*T)
ENDIF
C Axisymmetric case.
IF(IPLANE.EQ.3)THEN
SGMM = ELAS/(3._8*(1._8-2._8*PR))*
* (STRAIN(1)+STRAIN(2)+STRAIN(4)-3._8*COTHR*T)
ENDIF
C Compute strain energy density at each Gauss®s point.

Wvol = (1.5_8-3. 8*PR)/ELAS*SGMM*SGMM
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150

170

160

180

*

Form shape function derivative matrix.

DO 140 I = 1, NN

P(1,1) = DNDA(I)

P(1,2) = DNDB(I)

CONTINUE

Form inverse Jacobian®s matrix in deLorenzi"s form.
AJID(1,1) = AJI(1,1)

AJID(1,2) = AJI(2,1)

AJID(2,1) = AJI(1,2)

AJID(2,2) = AJI(2,2)

[PJID] = [P][AJID].

DO 150 I =1, NN

DO 150 J = 1, NDF

PJID(1,J) = P(1,1)*AJID(1,Jd) + P(1,2)*AJID(2,J)
CONTINUE

Set initial matrices to zeros.

DO 160 1 = 1, NDF

DO 170 J = 1, NDF

dudxMat(1,J) = 0._8
dQdxMat(1,J) = 0. 8
CONTINUE
dTdXMat(1,1) = 0._8
CONTINUE

Compute all derivative matrices at each Gauss®s point.
DO 180 I = 1, NN
Form displacement derivative matrix.

dudxMat(l,1) = dudXMat(l,1) + EDISP(2*1-1)*PJID(I,1)
dudxMat(1,2) = dudxMat(l,2) + EDISP(2*1-1)*PJID(I,2)
dudxMat(2,1) = dudXMat(2,1) + EDISP(2*1 )*PJID(I,1)
dudxMat(2,2) = dudxMat(2,2) + EDISP(2*1 )*PJID(I,2)

Form shift function derivative matrix.

dQdxMat(l,1) = dQdXMat(l,1) + EQL(I)*PJID(I,1)
dQdxMat(1,2) = dQdxMat(d,2) + EQL(I)*PJID(I,2)
dQdxMat(2,1) = dQdXMat(2,1) + EQ2(1)*PJID(I,1)
dQdxMat(2,2) = dQdXMat(2,2) + EQ2(1)*PJID(I,2)

Form temperature derivative matrix.

dTdXMat(1,1) = dTdXMat(1,1) + ETEMPC1)*PJID(1,1)
dTdXMat(1,2) = dTdXMat(1,2) + ETEMPC1)*PJID(1,2)
CONTINUE

Form shift function matrix.

QMat(1,1) = Q1G

QMat(2,1) = Q2G
Compute J-integral in volumetric stress expression.

AJvolSUM = 0._8
DO 190 1 = 1, NDF
AJvolSUM = AJdvolSUM - Wvol*dQdXMat(l, 1)
+ 3. _8*COTHR*SGMM*dTdXMat (1, I)*QMat(l,1)
DO 190 J = 1, NDF
AJvolISUM = AJvolSUM + SGMM*dUdXMat(l,J)*dQdXMat(J, )

190 CONTINUE

C Check problem case.
IF(IPLANE.EQ.3) THEN !Axisymmetric case.
AJvol (1DOM) = AJvol (1DOM) + WG(K)*AJvolSUM*RG*DETJAC +
* WG (K)*(SGMM*UrG/RG-Wvol)*QMat(1,1)*DETJAC
ELSE IPlane stress or plane strain case:
Advol (1DOM) = AJdvol (1DOM) -+ WG(K)*AJvolSUM*DETJIAC
ENDIF
C End each Gauss®s point.
1000..CONT INUE
C End each element in the integrated domain.
120 CONTINUE
IF(IPLANE.EQ.3)THEN
Advol (1DOM) = AJdvol (IDOM)/Rtip
ENDIF
C End each integrated domain.
100 CONTINUE
C
RETURN
END
C

SUBROUTINE CJDEV(IPLANE,NDF,NDOM,MXDOM,MXEDOM,NEIND, IEIND,

* NPOIN,MXPOI, INC,MXSTATE ,MXELE, IETIP, INTMATO,
* COORD, PT, TEMP,BDf,NODEK1new, CANGLE,,ROR, PROP,
* Addev, IDOMTY , IEMAT ,MXMAT)
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[eNeXNe]

THIS SUBROUTINE CALCULATES J-INTEGRAL PARAMETER ACCORDING TO DEVIATORIC

STRESS EXPRESSION USING DOMAIN INTEGRAL METHOD.

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION COORD(MXPOI ,2),PT(MXPOI*2),ROR(MXDOM,4)
DIMENSION TEMP(MXPOI ,MXSTATE) ,BDF(MXPOI*2,MXSTATE)
DIMENSION PROP(MXMAT,7)

DIMENSION EDISP(9*2),ETEMP(9),STRAIN(4),STRAINO(4)
DIMENSION BMAT(4,9*2),EKBG(9*2,9*2)

DIMENSION AJ(2,2),AJ1(2.2).AJID(2,2)

DIMENSION EUr(9),EBDF1(9),EBDF2(9),EQL(9),EQ2(9)
DIMENSION DNDA(9),DNDB(9),P(9,2),PJID(9,2)
DIMENSION GMAT(4,4),HVMAT(4,4)

DIMENSION SMat(2,2),dUdXMat(2,2)

DIMENSION QMat(2,1),dQdXMat(2,2),fMat(2,1)
DIMENSION X(9),Y(9).XG(9),YG(9),WG(9),Q(9)
DIMENSION AJdev(MXDOM)

INTEGER INTMATO(MXELE,9), IETIP(MXELE) , IEMAT(MXELE)
INTEGER NEIND(MXDOM) , 1E IND(MXEDOM , MXDOM)

Number of equations.
NEQ = NPOIN*NDF

Set matrix dimensions according to the analyzed problem.

IF(IPLANE.EQ.3) THEN !Axisymmetric case.
NDIM = 4

Rtip = COORD(NODEK1lnew,1) !Compute crack tip radius from axis of rotation.

ELSE !Plane stress or plane strain case.
NDIM = 3
ENDIF

Compute J-integral from deviatoric stress expression.

OO0

Loop over each integrated domain.

DO 100 IDOM = 1, NDOM

Addev(IDOM) = 0._8

Loop each element in integrated domain.
DO 120 IED = 1, NEIND(CIDOM)

Read material properties of each element.
ELAS = PROP(IEMAT(IEIND(IED, IDOM)),1)

PR = PROP(IEMAT(IEINDCIED, 1DOM)),2)
YSTRSS = PROP(IEMATCIEINDCIED, IDOM)),3)
AHARD = PROP(IEMAT(IEINDCIED, IDOM)),4)
ALPHA = PROP(IEMAT(IEINDCIED, IDOM)),5)
COTHR = PROP(IEMAT(IEINDCIED, IDOM)),6)

9-node rectangular crack tip element.
IF(IETIP(IEIND(IED IDOM)) -EQ.1) THEN
NN INumber of nodes.

NG = 9 INumber of Gauss®s points.
NN = 4 INumber of main (corner) nodes.
NDOF = NDF*NN INumber of element degrees of freedom.

X coordinate at each Gauss®"s point for this element.

XG(1) = -DSQRT(3._8)/DSQRT(5._8)
XG(2) = XG(1)

XG(3) = XG(1)

XG(4) = -0._8

XG(5) = XG(4)

XG(6) = XG(4)

XG(7) = -XG(1)

XG(8) = XG(7)

XG(9) = XG(7)

Y coordinate at each Gauss®"s point for this element.
YG(1) = XG(1)

YG(2) = XG(4)

YG(3) = XG(7)

YG(4) = XG(1)

YG(5) = XG(4)

YG(6) = XG(7)

YG(7) = XG(1)

YG(8) = XG(4)

YG(9) = XG(7)
Gauss®s point weights.
WG(1) = 25..8/81._8
WG(2) = 40..8/81._8
WG(3) = We(1)

WG(4) = WG(2)

WG(5) = 64..8/81._8
WG(6) = WG(2)
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WG(7) = WG(1)

WG(8) = WG(2)

WG(9) = WG(1)

6-node triangular element.

ELSE

NN = 6 INumber of nodes.

NG = 7 INumber of Gauss®s points.

NMN = 3 INumber of main (corner) nodes.
NDOF = NDF*NN INumber of element degrees of freedom.
X coordinate at each Gauss®"s point for this element.
XG(1) = 1..8/3._8

XG(2) = 0.101286507323456_8

XG(3) = 0.797426985353087_8

XG(4) = XG(2)

XG(5) = 0.470142064105115_8

XG(6) = 0.059715871789770_8

XG(7) = XG(5)

Y coordinate at each Gauss®s point for this element.

YG(1) = XG(1)

YG(2) = XG(2)

YG(3) = XG(2)

YG(4) = XG(@3)

YG(5) = XG(5)

YG(6) = XG(5)

YG(7) = XG(6)

Gauss®s point weights.

WG(1) = 0.225_8

WG(2) = 0.125939180544827_8
WG(3) = WG(2)

WG(4) = WG(2)

WG(5) = 0.132394152788506_8
WG(6) = WG(5)

WG(7) = WG(5)

Area of a triangle must be devided by two.
WG(1) = We(1)/2. 8

WG(2) = We(2)/2. 8

WG(3) = WG(3)/2. 8

WG(4) = We(4)/2._8

WG(5) = We(5)/2._8

WG(6) = WG(6)/2._8

WG(7) = WG(7)/2._8

ENDIF

Compute the magnitude of shift function.
DO 135 1 = 1, NN

INTMATOCIEINDCIED, IDOM), I)
COORD(I1,1)-COORD(NODEK1new,1)
COORD(I1,2)-COORD(NODEK1new,2)
IF(IDOMTY.EQ-1) THEN !Square domain.

AR = MAX(DABS(DX) ,DABS(DY))/ROR(IDOM, 1)
ENDIF

o
>
1 n

IF(IDOMTY.EQ.2) THEN ICircular domain.
AR = DSQRT(DX*DX+DY*DY)/ROR(CIDOM, 1)
ENDIF

IF(IDOMTY.EQ-3) THEN !Rectangular domain.
IF(DX.LE.O._8) THEN
IF(ROR(IDOM,1).GT.0._8) THEN
AX (= -DX/ROR(IDOM,1)
ELSE
AX = -1._8
ENDIF
ELSE
IF(ROR(IDOM,3).GT.0._8) THEN
AX = DX/ROR(IDOM, 3)
ELSE
AX = -1._8
ENDIF
ENDIF

IF(DY.LE.O._8) THEN
IF(ROR(IDOM,4) .GT.0._8) THEN
AY = -DY/ROR(IDOM,4)

ELSE
AY = -1. 8
ENDIF

ELSE
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135

145

130

IF(ROR(IDOM,2) .GT.0._8) THEN
AY = DY/ROR(IDOM,2)
ELSE
AY = -1. 8
ENDIF
ENDIF
AR = MAX(AX,AY)
ENDIF

Q(l) =1..8 - AR

IF(QQ(I).LE.1.0E-12_8) Q(I) = 0._8
CONTINUE

Make the magnitude of shift function zero at circular domain boundary.
IFC(IDOMTY.EQ.2) THEN

DO 145 1 = 1, NMN

I2ND = I + 1

IFC(1.EQ.NMN) I2ND = 1

IF(Q(1).EQ.0._8 _AND. Q(I2ND).EQ.0._8) Q(I+NMN) = 0._8
CONTINUE

ENDIF

Create element nodal quantities.

DO 130 I = 1, NN

1 INTMATOCIEIND(IED, IDOM), 1)
X(n) COORD(HI, 1)

Y(D) COORD(11,2)

EQ1(I) Q(1)*DCOSD(CANGLE)

EQ2(I) QCI)*DSIND(CANGLE)

EUr (1) PT(2*11-1)

ETEMP(I) TEMP(IE, INC+1)

EBDFL1(I) BDF(2*11-1, INC+1)

EBDF2(1) BDF(2*11 ,INC+1)
EDISP(2*1-1) PT(2*11-1)

EDISP(2*1) PT(2*11)

CONTINUE

OO0

Loop over each Gauss®"s point on this element.

200

210

DO 1000 K = 1, NG

A = XG(K)

B = YG(K)

CALL BJ9(X,Y,A,B,BMAT,EKBG,AJ,AJl ,DETJAC,DNDA,DNDB,
NN,NDF, 1PLANE)

Compute all Gauss®s point quantities.

CALL GVALUE(A,B,EQ1,Q1G,NN)

CALL GVALUE(A,B,EQ2,Q2G,NN)

CALL GVALUE(A,B,ETEMP,T,NN)

CALL GVALUE(A,B,EBDf1,BDf1G,NN)

CALL GVALUE(A,B,EBDf2,BDf2G,NN)

For axisymmetric case.

IF(IPLANE.EQ.3) THEN

CALL GVALUE(A,B,X,RG,NN)

CALL GVALUE(A,B,EUr,UrG,NN)

ENDIF

Set initial strain vector to zero.

DO 200 I =1, NDIM

STRAIN(I) = 0._8

CONTINUE

Compute strain vector.

DO 210 1 1, NDIM

DO 210 J 1, NDOF

STRAIN(I) = STRAIN(I) + BMAT(I,J)*EDISP(J)

CONTINUE

Compute thermal strain vector.

IF(IPLANE.EQ.1) THEN [!Plane stress case.

STRAINO(1) COTHR*T

STRAINO(2) = COTHR*T

STRAINO(3) = 0._8

ENDIF

Find effective stress.

OO0

CALL FINDSTRSS(EFSTRSS,STRAIN,YSTRSS,AHARD,ALPHA,PR,
ELAS,AMOD,EFRATIO, IPLANE,T,COTHR,BETA)

Plane stress case.

OO0

{STRESSdev} = [GMAT]{STRAIN} - [HMAT]{STRAINO}
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IF(IPLANE.EQ.1) THEN
COND = BETA*ELAS/(1._8-2. 8*PR)/(1._8+2. 8*BETA)
GMAT(1,1) = COND*(1._8+BETA)
GMAT(1,2) = -COND*BETA
GMAT(1,3) = 0._8
GMAT(2,1) = GMAT(1,2)
GMAT(2,2) = GMAT(1,1)
GMAT(2,3) = 0._8
GMAT(3,1) = 0._8
GMAT(3,2) = 0._8
GMAT(3,3) = COND*(0.5_8+BETA)
C
HVAT(1,1) = COND
HVAT(1,2) = 0._8
HVAT(1,3) = 0._8
HVAT(2,1) = 0._8
HVAT(2,2) = HMAT(1,1)
HVAT(2,3) = 0._8
HVAT(3,1) = 0._8
HVAT(3,2) = 0._8
HVAT(3,3) = 0._8
ENDIF
C
C Plane strain case.
C
C {STRESSdev} = [GMAT]{STRAIN}
C
IF(IPLANE.EQ.2) THEN
GMAT(1,1) = 2._8/9._ 8*EFRATIO*2._8
GMAT(1,2) = -2._8/9. 8*EFRATIO
GMAT(1,3) = 0._8
GMAT(2,1) = GMAT(1,2)
GMAT(2,2) = GMAT(1,1)
GMAT(2,3) = 0._8
GMAT(3,1) = 0._8
GMAT(3,2) = 0._8
GMAT(3,3) = 2._8/9. 8*EFRATIO*1.5_8
ENDIF
C
C Axisymmetric case.
C
C {STRESSdev} = [GMAT]{STRAIN}
C
IF(IPLANE.EQ.3)THEN
GMAT(1,1) = 2. 8/9. 8*EFRATIO*2._8
GMAT(1,2) = -2. 8/9. 8*EFRATIO
GMAT(1,3) = 0._8
GMAT(1,4) = GMAT(1,2)
GMAT(2,1) = GMAT(1,2)
GMAT(2,2) = GMAT(1,1)
GMAT(2,3) = 0._8
GMAT(2,4) = GMAT(1,2)
GMAT(3,1) = GMAT(1,3)
GMAT(3,2) = GMAT(2,3)
GMAT(3,3) = 2._8/9. 8*EFRATIO*1.5_8
GMAT(3,4) = 0._8
GMAT(4,1) = GMAT(1,4)
GMAT(4,2). = -GMAT(2,4)
GMAT(4,3) = GMAT(3,4)
GMAT(4,4) = GMAT(1,1)
ENDIF
C Set stresses to be zeros before summing.
SGXX = 0._
SGYY = 0._8
SGXY = 0._8
C Compute deviatoric stresses.
IF(IPLANE.EQ.1) THEN IPlane stress case.
DO 220 1 = 1, NDIM
SGXX = SGXX + GMAT(L, ID)*STRAIN(I) - HMAT(Z, I)*STRAINO(I)
SGYY = SGYY + GMAT(2, I)*STRAIN(I) - HMAT(2, I)*STRAINO(I)
SGXY = SGXY + GMAT(3,1)*STRAIN(1) - HMAT(3,1)*STRAINO(I)
220 CONTINUE
ELSE IPlane strain or axisymmetric case.
DO 230 1 = 1, NDIM
SGXX = SGXX + GMAT(1,1)*STRAIN(I)
SGYY = SGYY + GMAT(2, I)*STRAIN(I)



C

c

SGXY = SGXY + GMAT(3, 1)*STRAIN(I)

230 CONTINUE
ENDIF

Compute deviatoric stress in z direction.
Q-3) THEN !Axisymmetric case.

IF(IPLANE.E

SGZZ = 2. 8/9. 8*EFRATIO*( 2. 8*STRAIN(4)-STRAIN(1)-STRAIN(2) )

ENDIF

Compute strain energy density at each Gauss®s point.
Wdev = (1._8+PR)/ELAS/3._8*EFSTRSS*EFSTRSS +
* AHARD/ (AHARD+1._8)*ALPHA*YSTRSS*YSTRSS/ELAS*
* (EFSTRSS/YSTRSS)**(AHARD+1._8)

Form shape function derivative matrix.

DO 140 I =
P(1,1) = DN
P(1,2) = DN

140 CONTINUE

Form inverse Jacobian®™s matrix

AJID(1,1) =
AJID(1,2)
AJID(2,1)
AJID(2,2)
[PJID] = [P
DO 150 I =
DO 150 J
PJID(I,J)
150 CONTINUE
Set initial
DO 160 I =
DO 160 J =
dudXMat(l,J
dQdXMat(l,J
160 CONTINUE

Compute all derivative matrices at each Gauss®s point.

DO 180 I =

1, NN
DA(CD)
DB(1)

AJI(1,1)
AJI1(2,1)
AJI(1,2)
AJI1(2,2)
1[AJID] .
1, NN

1, NDF

in deLorenzi"s form.

P(1,1)*AJID(1,J) + P(1,2)*AJID(2,))

matrices to zeros.

1, NDF
1, NDF

) =0.8
) =08

1, NN

Form displacement derivative matrix.

dudxMat(l,1
dudxMat(1,2
dudxMat(2,1
dudxMat(2,2

dQdxMat(l,1

)
)
)

dudxmat(l,1) + EDISP(2*1-1)*PJID(I,1)
dudxMat(d,2) + EDISP(2*1-1)*PJID(I,2)
dudXMat(2,1) + EDISP(2*1 )*PJID(I,1)

) = dudXMat(2,2) + EDISP(2*1 )*PJID(l,2)
Form shift function derivative matrix.

) = dQdxMat(l,1)

+

-
+
L

EQL(1)*PJID(I,1)
EQL(1)*PJID(I,2)
EQ2(1)*PJID(I, 1)
EQ2(1)*PJID(I,2)

ntegral in deviatoric stress expression.

AddevSUM - Wdev*dQdXMat(l, 1)

AJdevSUM - FMat(l,1)*dudxMat(l,J)*QMat(J,1)

dQdXMat(1,2) = dQdXMat(1,2)

dQdXMat(2,1) = dQdXMat(2,1)

dQdXMat(2,2) = dQdXMat(2,2)
180 CONTINUE

Form stress matrix.

SMat(1,1) = SGXX

SMat(1,2) = SGXY

SMat(2,1) = SMat(1,2)

SMat(2,2) = SGYY

Form shift function matrix.

QMat(1,1) = Q1G

QMat(2,1) = Q2G

Form body force matrix.

fMat(1,1) = BDF1G

fMat(2,1) = BDf2G

Compute J-i

AJddevSUM = 0._8

DO 190 1 = 1, NDF

AJddevSUM =

DO 190 J = 1, NDF

AJddevSUM =

DO 190 L = 1, NDF

AJddevSUM =

190 CONTINUE
Check probl
IF(IPLANE.E

AJdev(1DOM) = AJdev(IDOM) + WG(K)*AJdevSUM*RG*DETJAC +
* WG (K)*(SGZZ*UrG/RG-Wdev)*QMat(1,1)*DETJIAC
IPlane stress or plane strain case.

ELSE

AJdevSUM + SMat(l,J)*dUdXMat(J,L)*dQdxMat(L, 1)

em case.

Q.3) THEN [IAxisymmetric case.

Addev(IDOM) = AJddev(IDOM) + WG(K)*AJdevSUM*DETJAC

ENDIF

End each Gauss®s point.

1000 CONTINUE

End each element in the integrated domain.

120 CONTINUE
IF(IPLANE.E

Q.3)THEN
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(@]

100

AJddev(IDOM) = AJddev(IDOM)/Rtip
ENDIF

End each integrated domain.
CONTINUE

RETURN
END

* ok X %

SUBROUTINE CJFACE(IPLANE,NDF,NDOM,MXDOM, MXCFNODE, IFACEN,
IFACEE ,NFACEN,NFACE, IFACE,NPOIN,MXPOI,
MXELE, IETIP, INTMAT9,COORD, PT,NODEK1new,
CANGLE,ROR,PI,PROP,AJface, FISURF,CTQEX,
FDQEX, IDOMTY, IEMAT ,MXMAT)

O0O0O0

THIS SUBROUTINE CALCULATES J-INTEGRAL PARAMETER ACCORDING TO CRACK FACE

EXPRESSION.

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION COORD(MXPOI,2),PT(MXPOI*2)

DIMENSION PROP(MXMAT,7) ,ROR(MXDOM, 4)

DIMENSION X(9),Y(9).Q(9)

DIMENSION BMAT(4,9*2),EKBG(9*2,9%2)

DIMENSION AJ(2,2),AJ1(2,2),AJID(2,2)

DIMENSION EQ1(9),EQ2(9),EDISP(9*2)

DIMENSION DNDA(9),DNDB(9),P(9,2),PJID(9,2)

DIMENSION SNODE(3),ANF(3),DNDAF(3),Tx(3),Ty(3)

DIMENSION CTQEX(4),FDQEX(4)

DIMENSION dUdXMatF(2,2),QMatF(2,1), TMatF(2,1)

DIMENSION XGF(5),WGF(5)

DIMENSION ETFMat(3,3),STFMat(MXPOI*2,MXPOI*2) ,PIVOTF(MXPO1*2)
DIMENSION CFLVec(MXPO1*2),TractN(2,MXPOI*2,2) ,FISURF(MXPOI*2)
DIMENSION AJFace (MXDOM)

INTEGER INTMATO(MXELE,9), IETIP(MXELE) , 1EMAT (MXELE)

INTEGER 1FACEN(2,MXCFNODE , MXDOM) , NFACEN(2 , MXDOM)

INTEGER IFACEE(2, (MXCFNODE-1)72 , MXDOM)

INTEGER INODE(3)

Number of equations.

NEQ = NPOIN*NDF

Compute crack tip radius from axis of rotation.
IF(IPLANE.EQ.3) THEN

Rtip = COORD(NODEKlnew,1)

ENDIF

Transform crack face nodal loads to nodal crack face tractions.

*In this subroutine, nodal crack face tractions are computed from nodal
loads along crack face elements within the last integrated domain which
is the biggest one. The subroutine also requires you to input the nodal

load contributions of the farthest crack face element nodes in the
integrated domain for accurate crack face nodal load-to-traction
transformation.

(@] OO000O00O0O0O0O0O0

Number of Gauss®s points for integration over a crack face.
NGF = 5
Gauss®s point coordinates for one dimensional integration.

XGF(1) = 0.0000000000_8
XGF(2) =..0.5384693101_8
XGF(3) = -0.5384693101 8
XGF(4) = 0.9061798459 8
XGF(5) = -0.9061798459_8

Its corresponding weights.

WGF(1) = 0.5688888889 8
WGF(2) = 0.4786286705_8
WGF(3) = 0.4786286705_8
WGF(4) = 0.2369268850_8
WGF(5) = 0.2369268850_8

Loop over each crack face in the last integrated domain.

DO 2100 ICFACE = 1, NFACE

IF(NFACE.EQ.2) IFACE = ICFACE

Number of nodes on each crack face within the biggest domain.
NFNODE = NFACEN(IFACE,NDOM)

Set system crack face traction-to-load transformation matrix to be zero.

DO 2105 1 = 1, NFNODE
DO 2105 J = 1, NFNODE
STFMat(1,J) = 0._8
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c

C

2105

2120

2140

2130

2150

2110

CONTINUE

Loop over each crack face element.

DO 2110 IEF = 1, (NFNODE-3)/2+1

Set element thickness.

IF(IPLANE.NE.3) THICK = PROP(IEMAT(IFACEE(IFACE, IEF,NDOM)),7)
Find nodal numbers for this element.

INODE(1) = IFACEN(IFACE,1+2*(IEF-1),NDOM)

INODE(2) = IFACEN(IFACE,3+2*(IEF-1),NDOM)

INODE(3) = IFACEN(IFACE,2+2*(IEF-1),NDOM)

Find crack face local coordinates for each node.

SNODE(1) = 0._8

SNODE(2) = DSQRT( (COORD(INODE(2),1)-COORD(INODE(1),1))**2. 8 +
* (COORD(INODE(2),2)-COORD(INODE(1),2))**2. 8 )

SNODE(3) = DSQRT( (COORD(INODE(3),1)-COORD(INODE(1),1))**2. 8 +
* (COORD(INODE(3) ,2)-COORD(INODE(1),2))**2. 8 )

Set element crack face traction-to-load transformation matrix to zero.

DO 2120 I =1, 3
DO 2120 J =1, 3
ETFMat(l1,J) = 0. 8
CONTINUE

Loop over each Gauss®s point on a crack face element.
DO 2130 IG = 1 ,NGF

AF = XGF(IG)

ANF(1) = 0.5_8*AF*(AF-1._8)

ANF(2) = 0.5 8*AF*(AF+1. 8)

ANF(3) = 1.0_8 - AF*AF

DNDAF(1) = AF - 0.5_8

DNDAF(2) = AF + 0.5 8

DNDAF(3) = -2.0_8*AF

DETJACF = DNDAF(1)*SNODE(1) +
* DNDAF (2)*SNODE(2) + DNDAF(3)*SNODE(3)

IF(IPLANE.EQ.3) THEN T!Axisymmetric case.

RGF = ANF(1)*COORD(INODE(1),1) + ANF(2)*COORD(INODE(2),1) +
* ANF(3)*COORD(INODE(3),1)

ENDIF

Compute element crack face traction-to-load transformation matrix.
DO 2140 1 =1, 3

DO 2140 J =1, 3

IF(IPLANE.EQ.3) THEN

ETFMat(l1,J) = ETFMat(l,J) +
* WGF(1G)*ANF(1)*ANF(J)*2._8*PI1*RGF*DETJACF

ELSE

ETFMat(l,J) = ETFMat(l,J) +
* WGF(1G)*ANF(1)*ANF (J) *THICK*DETJACF

ENDIF

CONTINUE

End each crack face Gauss®"s point.

CONTINUE

Assemble element matrices into a system matrix.

DO 2150 IER = 1, 3

IF(1IER.EQ.1) IR
IF(IER.EQ.2) IR
IF(IER.EQ.3) IR
ISR = 2*(1EF-1)
DO 2150 IEC = 1, 3

1
3
2
1

+ 1o

R

IF(IEC.EQ.1) IC = 1
IF(IEC.EQ.2) IC = 3
IF(IEC.EQ.3) IC = 2
I1SC. = 2*(IEF-1) + IC

STFMat (ISR, 1SC)
CONTINUE
End each crack face element.
CONTINUE
Apply Crout®s factorization.
CALL CROUT(STFMat,PIVOTF,NFNODE,MXPOI)
Loop over nodal crack face tractions in X and Y direction.
DO 2160 1 = 1, NDF
Form crack face nodal load vector in a direction.
DO 2170 INF = 1, NFNODE
CFLVec(INF) = FISURF(2*IFACEN(IFACE, INF,NDOM)+1-2)
The farthest node on C.W. crack face in the last integrated domain.
IF(IFACE.EQ.1 _AND. INF.EQ.1) THEN
CFLVec(INF) = FDQEX(2*(IFACE-1)+1)
ENDIF
The crack tip node on C.W. crack face in the last integrated domain.
IF(IFACE.EQ.1 _AND. INF.EQ.NFNODE) THEN
CFLVec(INF) = CTQEX(2*(IFACE-1)+1)

STFMat(ISR, 1SC) + ETEMat(IER, IEC)

226



2170

2180

2160

2100

ENDIF

The farthest node on C.

C.W. crack face in the last integrated domain.

IF(IFACE.EQ.2 _AND. INF.EQ.NFNODE) THEN
CFLVec(INF) = FDQEX(2*(IFACE-1)+1)

ENDIF

The crack tip node on C.C.W. crack face in the last integrated domain.
IF(IFACE.EQ.2 _AND. INF.EQ.1) THEN
CFLVec(INF) = CTQEX(2*(IFACE-1)+1)

ENDIF
CONTINUE

Solve a set of simultaneous equations.
CALL SOLVE(NFNODE,STFMat,PIVOTF,CFLVec,MXPOI)

DO 2180 INF = 1, NFNODE

TractN(IFACE, INF, 1) = CFLVec(INF)

CONTINUE
End each direction.
CONTINUE

End each crack face in the last integrated domain.

CONTINUE

OO0

Print nodal tractions on screen.

2211

2210
2200

DO 2200 ICFACE = 1, NFACE
IF(NFACE.EQ.2) IFACE = ICFACE

WRITEC,*)

IF(IFACE.EQ.1) WRITEC*,*) "[CLOCKWISE FACE]"
IF(IFACE.EQ.2) WRITEC*,*) "[COUNTER CLOCKWISE FACE]"

WRITEC*,2211)

FORMAT(4X, *NO. " ,4X,"NODE*, 14X, "Tx",24X,"Ty")

DO 2210 INF = 1, NFNODE

WRITEC*,2212) INF, IFACEN(IFACE, INF,NDOM),
* TractN(IFACE, INF,1), TractN(IFACE, INF,2)
2212 FORMAT(2X,14,4X,15,4X ,E22.16,4X,E22.16)

CONTINUE
CONTINUE

Compute J-integral from

crack face expression.

OO0

1405

Loop over each integrated domain.

DO 1100 IDOM = 1, NDOM
AJface(IDOM) = O._8

Loop over each crack face.
DO 1200 ICFACE = 1, NFACE

IF(NFACE.EQ.2) IFACE =

1CFACE

Loop over each crack face element.
DO 1300 IEF = 1, (NFACEN(IFACE, IDOM)-3)/2+1
Set nodal number along three crack face nodes of this element.

INODE(1)

= IFACEN(IFACE,
INODE(2) = IFACEN(IFACE,
INODE(3) = IFACEN(IFACE,
Search crack face tractions at nodes on this crack face element from nodes

2*(1EF-1)+1, 1DOM)
2*(1EF-1)+3, 1DOM)
2*(1EF-1)+2, 1DOM)

on the largest integrated domain.

DO 14051 =1, 3

DO 1405 J = 1, NFACEN(IFACE,NDOM)
IF(INODE(I) -EQ. IFACEN(IFACE, J,NDOM)) THEN
Tx(1) = TractN(IFACE,J,1)

Ty(1) = TractN(IFACE,J,2)

ENDIF
CONT INUE
Find crack face element
SNODE(1) 0. 8
SNODE(2)

coordinate at each crack face nhode.

DSQRT( (COORD(INODE(2),1)-COORD(INODE(1),1))**2. 8 +

* (COORD(INODE(2) ,2)-COORD(INODE(1),2))**2. 8 )

SNODE(3)
*

Set number of nodes and

IF(IETIP(IFACEE(IFACE, IEF, IDOM)).EQ.1) THEN 19-node rectangular element.
9

NN = INumber
NMN 4 INumber
NDOF NDF*NN INumber
ELSE 16-node
NN 6 INumber
NMN 3 INumber
NDOF NDF*NN INumber
ENDIF

DSQRT( (COORD(INODE(3),1)-COORD(INODE(1),1))**2. 8 +
(COORD(INODE(3) ,2)-COORD(INODE(1),2))**2."8 )

degrees of freedom for this crack face element.

of nodes.

of main (corner) nodes.

of element degrees of freedom.
triangular element.

of nodes.

of main (corner) nodes.

of element degrees of freedom.

Compute the magnitude of shift function.

DO 135 1 = 1, NN

227



135

145

1315

*

INTMATO (IFACEE(IFACE, IEF, IDOM), 1)
COORD(I1,1)-COORD(NODEK1new,1)
COORD(I1,2)-COORD(NODEK1new,2)
IF(IDOMTY.EQ.1) THEN !Square domain.

AR = MAX(DABS(DX) ,DABS(DY))/ROR(IDOM,1)
ENDIF

o
>
i n

IF(IDOMTY.EQ.2) THEN ICircular domain.
AR = DSQRT(DX*DX+DY*DY)/ROR(IDOM, 1)
ENDIF

IF(IDOMTY.EQ.3) THEN !Rectangular domain.
IF(DX.LE.O._8) THEN
IF(ROR(IDOM,1).GT.0._8) THEN
AX = -DX/ROR(IDOM, 1)
ELSE
AX = -1._8
ENDIF
ELSE
IF(ROR(IDOM,3).GT.0._8) THEN
AX = DX/ROR(IDOM,3)
ELSE
AX = -1._8
ENDIF
ENDIF

IF(DY.LE.O._8) THEN
IF(ROR(IDOM,4) .GT.0. 8) THEN
AY = -DY/ROR(IDOM,4)

ELSE
AY = -1. 8
ENDIF

ELSE
IF(ROR(IDOM,2) .GT.0._8) THEN
AY = DY/ROR(IDOM,2)

ELSE
AY = -1._ 8
ENDIF

ENDIF

AR = MAX(AX,AY)

ENDIF

Q1) = 1.8 - AR

IF(Q(1).LE.1.0E-12_8) Q(I) = 0. 8

CONTINUE

Make the magnitude of shift function zero at circular domain boundary.
IF(IDOMTY .EQ.2) THEN

DO 145 1 = 1, NMN

I2ND = 1 + 1

IF(1.EQ.NMN) I2ND = 1

IF(Q(1).EQ.0._8 _AND. Q(I2ND).EQ.0._8) Q(I+NMN) = 0. 8

CONTINUE

ENDIF

Create element nodal temperatures, coordinates, displacements and shift
functions.

DO 1315 1 = 1, NN

1 INTMATO(IFACEE (IFACE, IEF, IDOM), 1)

O) = COORD(II,1)

Y(1) = COORD(I1,2)

EQL(I) = Q(1)*DCOSD(CANGLE)
EQ2(1) = Q(1)*DSIND(CANGLE)
EDISP(2*1-1) = PT(2*11-1)
EDISP(2*1) = PT(2*11)

CONTINUE

Loop over each Gauss"s point along a crack face element.
DO 2000 IG = 1, NGF
Shape functions and their derivatives of crack face local coordinates.

AF = XGF(IG)
ANF(1) = 0.5_8*AF*(AF-1._8)
ANF(2) = 0.5_8*AF*(AF+1._8)
ANF(3) = 1.0 8 - AF*AF
DNDAF(1) = AF - 0.5_8

DNDAF(2) = AF + 0.5_8

DNDAF(3) = -2.0_8*AF

DETJACF = DNDAF(1)*SNODE(1) +

DNDAF(2)*SNODE(2) + DNDAF(3)*SNODE(3)
IF(IPLANE.EQ.3) THEN !Axisymmetric case.

228
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RGF = ANF(1)*COORD(INODE(1),1) + ANF(2)*COORD(INODE(2),1) +
* ANF(3)*COORD(INODE(3),1)

ENDIF

Compute crack face traction matrix at a Gauss®s point.
TMatF(1,1) = ANF(1)*Tx(1) + ANF(2)*Tx(2) + ANF(3)*Tx(3)
TMatF(2,1) = ANF(1)*Ty(1) + ANF(2)*Ty(2) + ANF(3)*Ty(3)

O0O00O0O0

Find element coordinates in 2D from a Gauss®"s point on a crack face
coordinate in 1D and calculate all quantities according to this element
coordinates.

C

C

1410

1420

1450

1500

IFCIETIP(IFACEE(IFACE, IEF, IDOM)).EQ.1) THEN !9-node rectangular element.
NMN = 4 INumber of main (corner) nodes.
DO 1410 1 = 1, NMN

IF(INTMATO(IFACEE(IFACE, IEF, IDOM), 1) .EQ. INODE(1)) THEN
Crack face is the lower edge in a mapped rectangular element.
IF(1.EQ.1) THEN
A = XGF(IG)
B=-1._8
ENDIF
Crack face is the right edge in a mapped rectangular element.
IF(1.EQ.2) THEN
A= 1.8

B = XGF(IG)

ENDIF

Crack face is the upper edge in a mapped rectangular element.
IF(1.EQ.3) THEN

A = -XGF(1G)

B= 1._8

ENDIF

Crack face is the left edge in a mapped rectangular element.
IF(1.EQ.4) THEN

A=-1._8

B = -XGF(1G)

ENDIF

GOTO 1450

ENDIF

CONTINUE

ELSE 16-node triangular element.

NMN = 3 INumber of main (corner) nodes.

DO 1420 1 = 1, NMN
IFCINTMATO(IFACEE(IFACE, IEF, IDOM), 1) -EQ.INODE(1)) THEN
Crack face is the lower edge in a mapped triangular element.
IF(1.EQ.1) THEN

A = 0.5_8*(XGF(I1G)+1._8)

B =0._8

ENDIF

Crack face is the right edge in a mapped triangular element.
IF(1.EQ.2) THEN

A = 0.5_8*(1._8-XGF(IG))

B = 0.5_8*(XGF(I1G)+1._8)

ENDIF

Crack face is the left edge in a mapped triangular element.
IF(1.EQ.3) THEN

A=0._8

B = 0.5_8*(1:_8-XGF(IG))

ENDIF

GOTO 1450

ENDIF

CONT INUE

ENDIF

Exit searching coordinate loop.

CONTINUE

Compute Gauss®s point radius.

IF(IPLANE.EQ.3) THEN

CALL GVALUE(A,B,X,RGF,NN)

ENDIF

Compute strain-displacement matrix.

CALL BJ9(X,Y,A,B,BMAT,EKBG,AJ,AJl ,DETJAC,DNDA,DNDB,
* NN, NDF, IPLANE)

Form shape function derivative matrix.

DO 1500 I = 1, NN

P(l1,1) DNDA(I)

P(1.,2) DNDB(1)

CONT INUE

Form inverse Jacobian matrix according to deLorenzi®s paper.
AJID(1,1) = AJI(1,1)



1510

1520

1530

1400

2000

1300

1200

1100

230

AJID(1,2)
AJID(2,1) = AJI(1,2)

AJID(2,2) = AJI(2,2)

[PJID] = [PI1[AJID].-

DO 1510 1 1, NN

DO 1510 J 1, NDF

PJID(1,J) P(1,1)*AJID(1,J) + P(1,2)*AJID(2,J)
CONTINUE

Set displacement derivative matrix to zero.

DO 1520 I = 1, NDF

DO 1520 J = 1, NDF

dUdXMatF(1,J) = 0._8

CONTINUE

Form displacement derivative matrix.

DO 1530 I = 1, NN

dudXMatF(1,1) = dudXMatF(1,1) + EDISP(2*I1-1)*PJID(1,1)
dudXMatF(1,2) = dudXMatF(1,2) + EDISP(2*1-1)*PJID(1,2)
dudXMatF(2,1) = dudXMatF(2,1) + EDISP(2*I )*PJID(1,1)
dudXMatF(2,2) = dudXMatF(2,2) + EDISP(2*I )*PJID(1,2)
CONTINUE

Form shift function matrix.

CALL GVALUE(A,B,EQ1,GQ1,NN)

CALL GVALUE(A,B,EQ2,GQ2,NN)

QvMatF(1,1) = GQ1

QvatF(2,1) = GQ2

Compute J-integral from crack face expression.
AJfaceSUM 0..8

DO 1400 1 1, NDF

DO 1400 J 1, NDF

AJfaceSUM = AdfaceSUM + TMatF(l,1)*dUdXMatF(l,J)*QMatF(J,1)
CONTINUE

Check problem case.

IF(IPLANE.EQ.3) THEN I!Axisymmetric case.

Adface(IDOM) = AJface(IDOM) + WGF(IG)*AJfaceSUM*RGF*DETJACF
ELSE IPlane stress or plane strain case.
AJdface(IDOM) = AJface(IDOM) + WGF(1G)*AJfaceSUM*DETJIACF
ENDIF

End each crack face Gauss®s point.

CONTINUE

End each crack face element.

CONTINUE

End each crack face.

CONTINUE

IF(IPLANE.EQ.3) THEN

Adface(IDOM) = AJdface(1DOM)/Rtip

ENDIF

End each integrated domain-

CONTINUE

AJI1(2,1)

RETURN
END

SUBROUTINE GETSTRING(NUMint,NUMstr ,MXFIG)

OO0

THIS SUBROUTINE CHANGES INTEGER NUMBERS TO INTEGER STRINGS.

C

1000
*

IMPLICIT REAL*8(A-H,0-2)
INTEGER NUMint, NUMFig(MXFIG)
CHARAGTER(1) ' STRFig(MXF1G)
CHARACTER(MXFIG) NUMstr

Check whether number of figures exceed its maximum.

IF(NUMint.GE.10**MXFIG) WRITE(*,1000)

FORMAT(/," PLEASE INCREASE THE PARAMETER MXFIG IN*®
," GETSTRING SUBROUTINE®)

IF(NUMint.GE.10**MXFIG) STOP

Check number of figures.

DO 5 IFIG = MXFIG, 1, -1

IF(NUMInt.LT.10**IFIG) THEN

NFIG = IFIG

ELSE

GOTO 15

ENDIF

CONTINUE

Find string of each figure.



231

15 NUMBER = NUMint
DO 10 IFIG = NFIG, 1, -1
NUMFig(IFIG) = INT(NUMBER/10**(IFIG-1))
NUMBER = NUMBER - NUMFig(IFI1G)*10**(IF1G-1)
SELECT CASE(NUMFig(IFIG))

CASE(0)
STRFig(IFIG) = "0"
CASE(1)
STRFig(IFIG) = "1*
CASE(2)
STRFig(IFIG) = "2*
CASE(3)
STRFig(IFIG) = "3~
CASE(4)
STRFig(IFIG) = "4~
CASE(5)
STRFig(IFIG) = "5°7
CASE(6)
STRFig(IFIG) = 6"
CASE(7)
STRFig(IFIG) = "7*
CASE(8)
STRFig(IFIG) = 8"
CASE(9)
STRFig(IFIG) = "9*
END SELECT

10 CONTINUE
Combine all strings.
NUMstr = **
NUMstr(1:1) = STRFig(NFIG)
DO 20 IFIG = NFIG-1, 1, -1

LEN = LEN_TRIM(NUMstr)
NUMstr(1:LEN+1) = NUMstr(1:LEN)//STRFig(IFIG)
20 CONTINUE

RETURN
END

SUBROUTINE MAPPING(MXPOI ,MXELE , MXCTE ,NDF, IBC,QEX,NPOIN, NELEMp,
PT,PTp,COORD, COORDp, INTMATOp, IETIPp, ICTN,
ICTNp, NCTN, RTHETA, RTHETAp , SXX, SXXp, SXY, SXYp,
SYY, SYYp, SVM, SVMp, 10CTEp, NCTELEp, ICTETRAN,
THETAOp, ICTEBNp)

ok %

THIS SUBROUTINE MAPS ALL NODAL DISPLACEMETS FROM THE OLD MESH INTO THE NEW
REFINED ONE.

OO0

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION QEX(MXPO1*2),AL(3),ALmin(3),ALRec(4)
DIMENSION COORD(MXPOI,2) ,COORDp(MXPO1 ,2)
DIMENSION PT(MXPO1*2),PTp(MXPOI*2)

DIMENSION SXX(MXPOI) , SXXp(MXPO1)

DIMENSION SXY(MXPOI),SXYp(MXPOI)

DIMENSION SYY.(MXPO1),SYYp(MXPOI)

DIMENSION SVM(MXPOI),SVMp(MXPO1)

DIMENSION RTHETA(MXCTE*2+1) ,RTHETAp(MXCTE*2+1)
DIMENSION. Xp(9) , Yp(9).,EUp(9),EVp(9)

DIMENSION ESXXp(9),ESXYp(9),ESYYp(9).,ESVMp(9)
INTEGER 1BC(MXPO1*2) , INTMATOp(MXELE,9)

INTEGER IETIPp(MXELE), I0CTEp(MXCTE)

INTEGER ICTN(MXCTE*2+1), ICTNp(MXCTE*2+1) , ICTEBNp (MXCTE*2+1)

O0O0O0O0O0

Loop over all nodes in new refined mesh model except its crack tip nodes
to find what element in the old mesh model this node is on and map
displacement solutions to this new mesh node.

(@]

DO 100 IP = 1, NPOIN

Check that this node is not one of 9-node element crack tip nodes.
IF(ICTETRAN.EQ.1) THEN

DO 110 I = 1, NCTN

IF(IP.EQ.ICTN(1)) GOTO 100
110 CONTINUE
ENDIF
Find its coordinates.



OO0

130

147

140

144

232

X = COORD(IP,1)
Y = COORD(IP,2)
Search all old mesh elements.
DO 120 1Ep = 1, NELEMp
9-node rectangular crack tip element.
IFCIETIPp(IEpP).EQ.1) THEN
NMNp =
DO 130 1 = 1, NMNp
Xp(1) = COORDp(INTMAT9p(lIEp,1).,1)
Yp(1) = COORDp(INTMAT9p(IEp,1),2)
CONTINUE
Atotl = 0.5_8*( Xp(2)*Yp(3)-Xp(3)*Yp(2)+
(Yp(2)-Yp(3))*Xp(1)+(Xp(3)-Xp(2))*Yp(1) )

N

Atot2 = 0.5 _8*( Xp(3)*Yp(4)-Xp(4)*Yp(3)+
'p(3)-Yp(A))*Xp()+(Xp(4)-Xp(3))*Yp(1) )

ARecl = 0.5_8*( Xp(2)*Yp(3)-Xp(3)*Yp(2)+
Yp(2)-Yp(3))*X+(Xp(3)-Xp(2))*Y )

ARec2 = 0.5 8*( Xp(3)*Yp(4)-Xp(4)*Yp(3)+
Yp(3)-Yp(4)) *X+(Xp(4)-Xp(3))*Y )

ARec3 = 0.5_8*( Xp(1)*Yp(2)-Xp(2)*Yp(1)+
(Yp(L)-Yp(2))*X+(Xp(2)-Xp(1))*Y )

ARec4 = 0.5 8*( Xp(4)*Yp(1)-Xp(1)*Yp(4)+

Yp(D)-Yp(1))*X+(Xp(1)-Xp(4))™*Y )
Atot = Atotl + Atot2

ALRec(1l) = ARecl/Atot
ALRec(2) = ARec2/Atot
ALRec(3) = ARec3/Atot
ALRec(4) = ARec4/Atot

Compute the relative difference of the two area to check whether this
new mesh node is in the old mesh element.

DA = 0._8

DO 147 1 =1, 4
IF(ALRec(1).LT.0. 8) DA = DA + DABS(ALRec(l))

CONTINUE

6-node triangular element.

ELSE

NMNp = 3

DO 140 1 = 1, NMNp
Xp(1) = COORDp(INTMAT9p(IEp,1),1)
Yp(1) = COORDp(INTMAT9p(IEp,1),2)

CONTINUE

Atot = 0.5_8*( Xp(2)*Yp(3)-Xp(3)*Yp(2)+
(Yp(2)-Yp(3)) *Xp(1)+(Xp(3)-Xp(2))*Yp(1) )

Al = 0.5_8*( Xp(2)*Yp(3)-Xp(3)*Yp(2)+
(YP(2)-Yp(3))*X+(Xp(3)-Xp(2))*Y )
A2 = 0.5 8*(C Xp(3)*Yp(1)-Xp(L)*Yp(3)+
p(3)-Yp(1)*X+(Xp(1)-Xp(3))™*Y )
A3 = 0.5.8*( Xp(1)*Yp(2)-Xp(2)*Yp(1)+

Yp(1)-Yp(2))*X+(Xp(2)-Xp(1))™*Y )

Calculate local area coordinates for triangle.

AL(1) = Al/Atot

AL(2) = A2/Atot

AL(3) = A3/Atot

Compute  the relative difference of the two area to check whether this

new mesh node is in the old mesh element.

DA = 0.8

DO 144 1 =1, 3

IF(AL(1).LT.0._8) DA = DA + DABS(AL(I))

CONTINUE

ENDIF
In case the new mesh node is the node on its model boundary, it may not
be in the old element mesh so we have to search for the nearest element
of this new mesh node in the old mesh element and project displacement
solutions to this node.
IF(IEP.EQ.1) THEN

DAmin = DA 1Set 1st element as the nearest element.
IEmin = 1
ENDIF

Find the nearest element.

IF(DA.LE.DAmin) THEN

DAmin = DA

IEmin = IEp
IFCIETIPp(IEp) -NE.1) THEN
ALmin(1) AL(D)
ALmin(2) AL(2)
ALmin(3) AL(3)

ENDIF
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120

233

ENDIF
End searching in each element in old model.
CONTINUE

OO0

Calculate natural coordinates of this node in this nearest element of the
old mesh model and transfer displacement solutions to this new mesh node.

310

300

320

190

IFCIETIPp(IEMin) .EQ.1) THEN
NNp = 9
DX = X - COORDp(ICTNp(1),1)
DY = Y - COORDp(ICTNp(1),2)
AR DSQRT(DX*DX + DY*DY)
CALL XYLOCAL(DX,DY,DXL,DYL,THETAOp)
CALL FTHETA(DXL,DYL,THETA)
DO 300 ICEp = 1, NCTELEp
IF(IEmin.EQ. 10CTEp(ICEp)) THEN
DS = RTHETAp(2*ICEp+1) - RTHETAp(2*ICEp-1)
DP = THETA - RTHETAp(2*ICEp-1)
DXH = COORDp(ICTEBNp(2*ICEp),1) - COORDp(ICTNp(1),1)
DYH = COORDp(ICTEBNp(2*ICEp),2) - COORDp(ICTNp(1),2)
AH = DSQRT(DXH*DXH + DYH*DYH)
ABAR = AR/( 0.5 8*AH*DSQRT(1. 8 +
DTAND(DS/2. 8-DP)*DTAND(DS/2. 8-DP)) ) - 1. 8
BBAR = DTAND(DS/2._8-DP)/DTAND(DS/2._8)
DO 310 IN =1, 4
IF(ICTNp(2*I1CEp-1) .EQ. INTMAT9p(10CTEp(ICEp), IN)) THEN
IF(IN.EQ.1) THEN
= -BBAR
Bp = ABAR

IF(IN.EQ.2) THEN
Ap = -ABAR
Bp = -BBAR

IFCIN.EQ.3) THEN
Ap = BBAR
Bp = -ABAR

IF(IN.EQ.4) THEN
Ap = ABAR
Bp = BBAR
ENDIF
GOTO 320
ENDIF
CONTINUE
ENDIF
CONTINUE
ELSE
Calculate shape functions according to this point.
NNp 6
AN1 = 2._8*ALmin(1)*ALmin(1) - ALmin(1)
AN2 = 2._8*ALmin(2)*ALmin(2) - ALmin(2)
AN3 2._8*ALmin(3)*ALmin(3) - ALmin(3)
AN4 = 4_. 8*ALmin(1)*ALmin(2)
AN5 =" 4_ 8*ALmin(2)*ALmin(3)
AN6 = 4. 8*ALmin(3)*ALmin(1)
ENDIF
CONTINUE
Get nodal soluions of this nearest element.
DO 190 1 = 1, NNp
1l = INTMAT9p(IEmin, 1)
EUp(I) PTp(2*11-1)
EVp(I) PTp(2*11)
ESXXp(l1) SXXp(l1)
ESXYp(l) SXYp(ll)
ESYYp(I) SYyp(ll)
ESVMp(l) SVMp(Il)
CONTINUE
Map soluions to this new node according to an element type.
IFCIETIPp(IEmin) .EQ.1) THEN
CALL GVALUE(Ap,Bp,EUp ,GEUp ,NNp)
CALL GVALUE(Ap,Bp,EVp ,GEVp ,NNp)
CALL GVALUE(Ap,Bp.,ESXXp,GESXXp,NNp)
CALL GVALUE(Ap,Bp,ESXYp,GESXYp,NNp)
CALL GVALUE(Ap,Bp,ESYYp,GESYYp,NNp)
CALL GVALUE(Ap,Bp,ESVMp,GESVMp,NNp)
ELSE



100

GEUp =
GEVp =
GESXXp =
GESXYp =
GESYYp =
GESVMp =
ENDIF
PT(2*1P-1)
PT(2*1P)
SXX(IP)
SXY(IP)

SYY(IP)
SVM(IP)

End each node

CONTINUE

ANI*EUp(1) +
ANA*EUp(4) +
ANI*EVp(1) +
ANA*EVp(4) +
ANL*ESXXp (1)
ANA*ESXXp(4)
ANI*ESXYp (1)
AN4A*ESXYp(4)
ANI*ESYYp(1)
AN4*ESYYp(4)
ANI*ESVMp (1)
ANA*ESVMp (4)

GEUp
GEVp
GESXXp
GESXYp
GESYYp
GESVMp

AN2*EUp(2)

AN3*EUp(3) +

+
ANS*EUp(5) + ANG*EUp(6)
+

AN2*EVp(2)

AN3*EVp(3) +

ANS*EVp(5) + ANG*EVp(6)

+

+
+
+
+
+
+
+

AN2*ESXXp(2)
ANS*ESXXp(5)
AN2*ESXYp(2)
ANS*ESXYp(5)
AN2*ESYYp(2)
ANS*ESYYp(5)
AN2*ESVMp (2)
ANS*ESVMp (5)

AN3*ESXXp(3)
ANB*ESXXp(6)
AN3*ESXYp(3)
ANG*ESXYp(6)
AN3*ESYYp(3)
ANG*ESYYp(6)
AN3*ESVMp(3)
ANB*ESVMp(6)

in new model except crack tip nodes.

OO0

Map all crack

tip nodal displacements from the old mesh into the new one.

220

210

225
230

IF(ICTETRAN.EQ.1) THEN
Transfer the first crack tip node solutions.

PT(2*ICTN(1)-1)

PT(2*ICTN(L))
SXXCICTN(L))
SXY(ICTN(L))
SYY(ICTN(L))
SVM(ICTN(L))

PTp(2*1CTNp(1)-1)

PTp(2*1CTNp(1))
SXXp(ICTNp(1))
SXYp(1CTNp(1))
SYYp(ICTNp(L))
SVMp(ICTNp(L))

Transfer the last crack tip node solutions.

PT(2*ICTN(NCTN)-1)

PT(2*ICTN(NCTN))
SXX(ICTN(NCTN))
SXY(ICTN(NCTN))
SYY(ICTN(NCTN))
SYM(ICTN(NCTN))

Map all remaining crack tip nodes.

DO 200 IC =
Search in old mesh crack tip elements.

2, NCTN-1

DO 210 ICEp = 1, NCTELEp
IF(RTHETApP(2* ICEp-1) - LE .RTHETACIC) .AND.

o
]
1

RTHETA(IC) .LE.RTHETAp(2*1CEp+1)) THEN
RTHETA(IC) - RTHETAp(2*ICEp-1)

PTp(2*ICTNp(2*NCTELEp+1)-1)
PTp(2* ICTNp (2*NCTELEp+1))
SXXp(1CTNp (2*NCTELEp+1))
SXYp(1CTNp(2*NCTELEp+1))
SYYp(1CTNp(2*NCTELEp+1))
SVMp(ICTNp(2*NCTELEp+1))

DS = RTHETAp(2*ICEp+1) — RTHETAp(2*ICEp-1)

DO 220 1

IF(ICTNp(2*1CEp-1) .EQ. INTMAT9p(10CTEp(ICEpP) , IN)) THEN

IFCIN.
Ap =
Bp =
ENDIF
IFCIN-
Ap =
Bp =
ENDIF

End searching each corner position of the old mesh crack tip element.
CONTINUE

ENDIF

N=1, 4
EQ.1) THEN

EQ.2) THEN
1..8

DTAND(DP-DS/2. 8)/DTAND(DS/2._8)
.8

DTAND(DP-DS/2. 8)/DTAND(DS/2. 8)

.EQ.3) THEN
= -DTAND(DP-DS/2._8)/DTAND(DS/2._8)

1. 8

.EQ.4) THEN

-1._8

= -DTAND(DP-DS/2._8)/DTAND(DS/2._8)

End searching in each old mesh crack tip elements.

CONTINUE
WRITEC*,22

FORMAT(/," CRACK TIP NODE NO.",13," HAS NOT BEEN MAPPED®)

CONTINUE

NNp = 9

5) IC

INatural coordinates have been found.
Transfer crack tip nodal solutions.

234



240

200

235

DO 240 1 = 1, NNp
11 = INTMAT9p(IOCTEp(ICEpP), 1)
EUp(1) PTp(2*11-1)
EVp(1) PTPC2*I1 )
ESXXp(1) = SXXp(11)
ESXYp(1) = SXYp(ll)
ESYYp(1) = SYYp(ll)
ESVMp(1) = SvMp(l1)
CONTINUE

CALL GVALUE(Ap,Bp,EUp ,GEUp ,NNp)
CALL GVALUE(Ap,Bp,EVp ,GEVp ,NNp)
CALL GVALUE(Ap,Bp,ESXXp,GESXXp,NNp)
CALL GVALUE(Ap,Bp,ESXYp,GESXYp,NNp)
CALL GVALUE(Ap,Bp,ESYYp,GESYYp,NNp)
CALL GVALUE(Ap,Bp,ESVMp,GESVMp,NNp)
PT(2*ICTN(IC)-1) = GEUp
PT(2*ICTN(IC)) GEVp
SXX(ICTNCIC)) GESXXp
SXY(ICTNCIC)) GESXYp
SYY(ICTNCIC)) GESYYp
SVM(ICTN(IC)) GESVMp

End each new model crack tip node

CONTINUE

ENDIF

OO0

Change nodal displacements to the prescribed ones.

250

NEQ = NPOIN*NDF

DO 250 IEQ = 1, NEQ
IF(IBC(IEQ) .NE.0) THEN
PT(IEQ) = QEX(IEQ)
ENDIF

CONTINUE

RETURN
END

SUBROUTINE TemBDFFUNC(ICASE,X,Y,TEMP,BDFFEX,BDFFY)

OO0

THIS SUBROUTINE COMPUTES FIXED NODAL TEMPERATURE AND BODY FORCES ACCORDING
TO NODAL COORDINATES.

(@]

IMPLICIT REAL*8 (A-H,0-2)

SELECT CASE(ICASE)

CASE(1) ISingle edge crack panel, SECP.

TEMP = 125._8 + 400._8*X - 100._8*X*X

TEMP = TEMP*2._8

CASE(2) !Axially crack cylinder, ACC.

TO = 0.25_8

Ri 20._8

r DSQRT(X*X+Y*Y)

TEMP = 250._8 + 800._8*(r-Ri) - 200._8*(r-Ri)*(r-Ri)
TEMP = TEMP*TO

CASE(3) ICircumferentially crack cylinder, CCC.

Ri = 80..8

r =X

TEMP = 125. 8 + 100._8*(r-Ri) - 6.25 8*(r-Ri)*(r-Ri)
CASE(4) !Center cracked panel, CCP.

TEMP = 100._8*X*X

CASE(5) !Centrifugal force.

OMEGA = 0.25_8

BDFFX = 10._8*OMEGA*OMEGA*X

BDFFY = 10._8*OMEGA*OMEGA*Y

CASE DEFAULT INo temperature gradient and body forces.
TEMP 0._8

BDFFX
BDfFY = 0._8
END SELECT

1 n
o
[ee]

RETURN
END




236

MANHIN N

Proceeding of the 18m ME-NETT Conference
18-20 October 2004, Khon Kean

Stress Intensity Factor Calculation by the Domain Integral Method and

Adaptive FEM Remeshing Technique

Kobsak POTJANANAPASIRI, Sutthisak PHONGTHANAPANICH and Pramote DECHAUMPHAI

Department of Mechanical Engineering, Faculty of Engineering,
Chulalongkorn University, 10330, Thailand
Tel: 0-2218-6621 Fax: 0-2218-6621 E-mail: fmepdc@eng.chula.ac.th

Abstract

This paper presents a finite element method for analyzing
two-dimensional linear elastic fracture mechanics problems with
cracks presented in material bodies. Stress intensity factor is
used as the parameter to characterize the severity of the stresses
near the crack tip. The domain integral method, for which all
relevant quantities are integrated over any arbitrary element area
around the crack tip, is utilized as the stress intensity factor
solution scheme. The six-node triangular elements are placed
around the crack tip. An adaptive remeshing technique is
implemented for automatically generating small elements in the
regions with high stress gradients to improve solution accuracy.
Many benchmark problems are analyzed to demonstrate the

efficiency of the numerical solution scheme.

1. Introduction

In linear elastic material behavior, Stress Intensity Factor,
SIF, is the most widely used parameter characterizing the
intensity of stresses near a crack tip. Many numerical
procedures have been developed to estimate the SIF such as
stress and displacement matching, contour integration and virtual
crack extension [1], etc. One efficient method that has many
advantages is the energy domain integral. Originally formulated
by Shih, et. al. [2], this approach is remarkably versatile because
it can be applied to both quasistatic and dynamic problems with
elastic, plastic, or viscoplastic material responses, as well as
thermal loading. Moreover, it can numerically be employed to
efficiently calculate the other two important elastoplastic crack tip
parameters; J and T'-integral which based respectively on the
deformation and incremental theory of plasticity [3].

In this paper, the domain integral method is used to

calculate the energy release when a crack grows and convert it

to the SIF by relations between stresses and energy. Adaptive
remeshing technique and crack tip element in which mid-side
nodes near the tip displaced from its nominal positions to quarter
points [4] are also implemented to enhance the solution accuracy.
Several problems have been analyzed to demonstrate the

algorithm.

2. The energy domain integral
For stable crack growth in a two-dimensional body having a

line crack along the x, axis, the energy release per unit crack

advance is,
J= lim j(w81,—0..u.1)n,dc ™)
i i, i
I'—o
where W is the stress work density, Gij and u. are

I
components of the stress and displacement along the x; axis, n,
is the unit-vector normal to I contour and dC is the

infinitetesimal-arc length as depicted in Fig. 1.

Fig. 1. Closed contour C =C, —T+c"+c” enclosing a

simply connected region A



In the absence of thermal strain, body force and crack face

traction, Eq. (1) can be rewritten in the form,

J —J-[o” u, W81i]miq1dC 2)

where C =C, +c"+¢c” =T s the closed curve, q, is a
sufficiently smooth function in the area enclosed by C which is
unity on I' and zero on C,,

and m, is the components of

outward normal unit vector as shown in Fig. 1. By applying the

divergence theorem to (2),
J= .[[(G..u. )
ij )1
A

where A is the area enclosed by C .

2)a] oa ®

Invoking the equilibrium

equation, the domain expression for the energy release rate is,

J —”csu u, Wsﬁ]q”dA (4

|

The function q, can be interpreted as a unit translation on I in
the x, direction while keeping the material points on C, fixed.
According to the vanishing of I" around the tip, this can be

viewed as the growing of the crack.

3. Stress intensity factor
In linear elastic material response, the stress intensity factor
in opening mode can be computed from the energy release rate

by the expression [1],

K =+/JE (5)

E

where E'=E,— for plane strain and plane stress case
1-v

respectively, E is the modulus of elasticity, and V is the

Poisson’s ratio.
4. Finite element formulation for the domain integral method

For the six-node isoparametric element, the coordinates,

displacements, and a smooth function are,

X = D NeX 6)
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6
u = ZNKUiK 7)
K=1
6
6, = D NQ, ®)
K=1

where N, are the shape functions, X  are the nodal

iK

coordinates, U, are the nodal displacements and Q, are the
nodal values of the smooth function varying between 1 and 0.
Using Eq. (6) and (8) and the chain rule, the spatial gradient of

q, is,

5(11 _ZZ oN, 8nk . ©

1=1 k=1

where is the inverse Jacobian matrix.

X,
J

For 2X2 Gaussian integration, the energy release rate

expression in Eq. (4) is,

% 6u 6q1

&
§= ; ;WD G"8_x1 wo, 8x1d on,

elements
inA

where all quantities are calculated at the 4 Gauss points with w,

as their respective weights and t is the specimen thickness.

5. Crack tip elements and the smooth function

Fig. 2 shows elements and finite element mesh on the
domain used in this scheme. In this paper, the six-node rosette
elements which the mid-side nodes near a tip located on the one-
fourth of their sides from the tip are placed around the crack tip.
These element can improve. the solution because they have the

same 1/\/F singularity of displacement solutions as the exact

solution does at the tip. - The other elements out of this rosette

are standard six-node isoparametric triangular elements.

L L
>
2 2

Typical element

L 3L
— |- —p
4 4

Rosette element

Fig. 2. Finite element mesh and the .
around crack tip

elements used on integrated domain



According to Shih, et. al. [2], the simple pyramid function as
depicted in Fig. 3 is utilized as the smooth function which is unity
at the crack tip and varies to zero on the edges of the domain.
The base of this pyramid smooth fuction which coincides with the

square mesh surrounding the tip is also shown in the figure.

Fig. 3. A smooth function on integrated domain

6. Adaptive remeshing technique

The adaptive remeshing technique generates an entirely
new mesh based on the solution obtained from the previous
mesh. The technique generates small elements in the regions
with large change in the stress gradients to increase the analysis
solution accuracy. At the same time, larger elements are
generated in the other regions where the stress is nearly uniform
to reduce the computational time and the computer memory. The
adaptive remeshing procedure thus consists of two main steps:
the computation of proper element sizes and the generation of a

new mesh for the entire domain.

6.1 Element sizes

To determine proper element sizes at different locations in
the domain, the solid mechanics concept for determining the
principal stresses froma given state of stresses at a point is
employed. Because small elements must be placed in the region
where large changes in the stress gradients, such as the von
Mises stress O, occur. Thus the second derivatives of the von
Mises stress at a point with respect to global coordinates x, and
x, are needed to compute. Then the principal quantities in the

principal directions X, and X, where the cross derivatives

vanish are determined,
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0’c 0°c 0°c .

ax1 ax18x2 — (’5X12 (11)
0%c O . 0o
axﬁx2 axi 8xj

The maximum principal quantities are then used to compute the
proper element size, h,, by requiring that the error should be

uniform for all elements,

hf?\.i = hrzmr?\.max = constant (12)
0°c||0°c
where 7ui = max] 21 2
ox; | |0X;

A is the maximum principal quantity for all elements and

max
h., is the minimum element size specified by users.
6.2 Mesh regeneration

The mesh regeneration with adaptive remeshing technique
is implemented based on the Delaunay triangulation and mesh
refinement [5]. The main idea is to construct a new mesh over
the background mesh (mesh from the previous step). Therefore,
the new mesh consists of small elements in the regions with
large change in solution gradients and large elements in the other
regions where the change in solution gradients in small. The
capability of such adaptive

remeshing technique will be

demonstrated by benchmark examples.

7. Algorithm evaluation

Several examples have been used to demonstrate the
efficiency of the combined domain integral, the finite element
method, and the adaptive remeshing technique. The examples of
a single edge cracked plate, a compact tension specimen and a
center cracked plate are used to determine the stress intensity

factor in the ‘'opening mode under the plane strain condition.

7.1 The single edge cracked plate
The geometry of the single edge cracked plate and its final
adaptive mesh are shown in Fig. 4. The stress intensity factor

can be calculated from [6],
K, =FO+/Tla (13)

where F=1.12—0.230L+10.550.° —21.720.° +30.390."
and O = a/b



The final adaptive mesh consists of 444 triangles and 931 nodes.
The computed stress intensity factor from this adaptive mesh is

2.366 comparing to 2.363 from Eq. (13) with the difference of

0.127%

Fig. 4. Problem statement and the final mesh of the single edge

cracked plate.

7.2 The compact tension specimen

The geometry of the compact tension:specimen and its final
adaptive mesh are shown in Fig. 5. The final adaptive -mesh
consists of 1,396 triangles and 2,939 nodes. The stress intensity

factor can be calculated from [7],

K =P (2 + a/w)[o.ese + 4.64(a/b)—13.32(a/b)2 +
14.72(a/b)e — 5.6(a/b)“]/ tﬁ(1 — a/w)*/2 (14)
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where the thickness t=254 mm. The computed stress
intensity factor from the adaptive mesh is 28.599 comparing to

27.804 from Eq. (14) with the difference of 2.859%

P =1,000 N

<« W=51 —

58.2

—» 13.2

P =1,000 N

Fig. 5. Problem statement and the final mesh of the compact

tension specimen.

7.3 The center cracked plate

The geometry of the center cracked plate and its final
adaptive mesh are shown in Fig. 6. The plate has an initial crack
length' 2a =100 units, and the thickness t =1 unit. The stress

intensity factor for this problem was derived [8] in closed-form as,

K, =1.334G+/Ta (15)

The final adaptive mesh consists of 1,254 triangles and 2,580
nodes. The computed stress intensity factor from this adaptive
mesh is 16.7133 comparing to 16.7192 from Eq. (15) with the

difference of 0.04%



Fig. 6. Problem statement and the final mesh of the center

cracked plate.

7.4 Conclusions

Domain integral was combined with the finite element
method and the adaptive remeshing technique for analysis of
linear elastic fracture mechanics problems. The concept of the
domain integral and its smooth function for two-dimensional
geometry were explained. The finite element method using the
six-node triangular elements was described. These triangular
elements with mid-side nodes displaced from their nominal
position to a quarter point of the crack tip were employed to form
up a circular zone surrounding the crack tip for providing accurate
solution.  The solution accuracy was further enhanced by
incorporating an adaptive remeshing technique. The technique
places small elements around the crack tips and in the regions
with large change of stress gradients for solution accuracy. At

the same, larger elements are generated in the other regions to
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minimize the total number of unknowns and the computational
time.

The efficiency of the combined procedure was demonstrated
by examples for determining the stress intensity factor. These
examples demonstrate the capability of the combined adaptive
remeshing technique with domain integral method for analysis of

fracture mechanics problems effectively.
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