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1. Weibullffi & HREEFN

1. 1. HE®BIK

BEEOERBITBVT, VeibullZHNLELERANLSNTNSZEEELAENT
W3, FEHEOFRICHBIXMOENTS, ROLXIBELRERDTFLZENTES,

'Weibull himself argued in favor of using his distribution on the
basis that it fits numerous experimental data well and has a simple
analytic form.’” 'Today the Weibull distribution is the most popular and
widely used in reliability theory.' ( I.B.Gertsbakh (1989) [4])

Weibul137ld, ZOEDKERT—FIEIKAEDIEVWIHEAMNHNWSNTELE
Bbhan, =5 WhRBRZREDOSHET, EOLO>RBREMELTIOSZHGRD 5D
NEMENS ZEBNRDBEIMASHEIN TS, EicDGertsbakh IZkNE, ZD
HHEOERYDOLEHEIX Gnedenko (1943) [5] THdEWDH., FEDOABBDTIE, Z
DX T, WEHKFEICDWTOWeibul 153 HOWEEI (le domaine d'attraction)t
HRINTVS, |

EHEOBELIE, EOXIRHEETNVOBESMELT, Weibull3HNdD 5o s
MEVNIRIHD. COFMOMRIIINETELITRDODNTVSAREEREETE N
N, FHRRIFEEHFoLI<MS N, Z0/—BFTIE, E9G6nedenko®DiFZam 5 H%E
L J.Galambos(1978) [3] OHNAEZHEZED LD,

W DONDT 2 LIxE (ERERY) OBERKER (Thbs, BAEDIWNIE
B/AME) OA6E, Y ARELTSE (BRBE) OPEBRMOSHEL T
EoZioNd, HMEBAEEILT, MEHBEITMNIKVWKEEREREREIASTHASI,
=& ZE, W.Feller [2] ®accumulated damage ZFHTHERBE (HER7Y 2BE)
HBELELIREIATHD. LML, mdESHRAIN TS OIIEGERE (diffusion
process) THAHM 5, HHGBREOY MM ZBERNKIHKICS DD 28
TELZERLED., HBHEOWMES (path) RHZ2ED SN EIAIBELEEE
M life time THBHEZEZDENI T ETH B, TLBGREOMEBREIL, —BRICH
WWHEEICRD S ZEXRHETH2OT, MRS HEAOELMBZRA L TP
A7 70— F 2R LT 5 HMERTOHBDTH 5,



ZZT, #CZ a;r%t)w%&m ETHB. nEOWHEBEFNIEATNT,

FNLOHEREZEINEN X\, Xa, © ¢ o, X UNIRDHHRER) 75L&
min (X, X - °, X

DOHHEEZ n ZRELLEBRESHGZRDED. UL, WIETHR LD

BAOYATFLD n BEBCRKREVWEZOFROFHTHS.

Zy= min (X, X. =~ - -, Xu (1. 2. 1)
D SHEEEE

P [ Zn é X] _‘:1"" P [ Zn >X]

=1- P[ X:>x, i=1, 2, <+, n]

=1-I%, P [X,> x]
=]1—-{1—-F(x)}*®
Lizsd, IIT, F(x) & X OHHREETHS,
F (x) ToWT, ROEEEBL.
F(x) =0 for x<0
F(x) =cx®(1+ o0(1)), x1l0 (1. 2. 2)

T, ¢, d BEDEHTHS,
D& =,
n'zZ, OEBHHEROELD,
Plnv'Z,=x] =P [Z,=n"'%x] =1— {1-F (n"ix) } *
=1—{1—cn'x*(1+4+0(1) ) } "
- 1l—exp{—cx?, (n—+c)
BB, n X+HKEVWEE, n'7Z, OSHEBIL, Weibul 197 D48
l—exp {—cx? KEWIERbIoE,

Ny

1. 3. WeibullZ3 i QF 5
ZZTiX, ZEMITIT Gnedenko Ik - THLSNERKREZIBRRS,
EE MNESHOMEBERX,, X, * -, XL.00HEE2F (x) &L,
(1. 2. 1) TEHEIND Z.KkWL,
CnZat da
D n—+oo OREESHEAWeibull 4




l1—exp {—x"} if x>0
L, (x) =
0 if x<0
ERRBEDIBEH c.>0, do BDEETDEE, 1 F () & L, (x)
DRGIFICBT S E NI,

&8 ( (3], Theorem 2.4.4)
inf{x; F(x) >0}= 0 (1. 3. 1)
ETBEE, F(x) BNL, (x) OBBUIFICBTA7=0DOHE+545H81E

1lm—ng’b]_2}§L = X7 (x>0) (1. 3. 2)

TH>,

ERE  F (x) (1. 2. 2) 2&k9&E, (1. 3. 2) BHEDIID,

max (X, Xz -+, Xa) KDOWTHD, FEOEBENEDION
ZTNIXEBT 5,
1. 4. i =
§ 2@%"”“% M2 R RWHERERS ML THERT 5. ORI, E.
NNENSYWSERET S, ANHHELEEN X\, X., - -, X.O0%%2F (x) &
L, ZOF (x) & (1. 3. 1) 2¥kx9&9%, pair (i, j), i, j=1,
2, -, n, AN PBHMES EACES RN ENWS DI,

X, 0 DEE,

P [Xi<xa Xi<xa] ~F (x,) °®
ERRBZETHD. (Xi=X,=00b0LT I02DOMEEEIIHHEMIC
BSE)
#£45 (1, 2, - - -, n} PEEBCKkBEOEREZMOHLE
W 7 (k)= (i, iz <<+, Iy WTFEWLLT
Fiw (x) =P [ X1 <x, Xi:<x, -, Xiu<x]
EB<,
KD 3 DDREETGIZTHREREN X, Xo, - -, XaZ ESNENS,
El i (k) KBITAEED2HDpa i rMERBIRNVESE,
X, 10 OEE
Fiw (X2 ~F (xa) F



FEE2 i (k) ODEROpairdlMN, ERBITBH—DOpair
(is, i) DEETHEE, D2EEn (k) BH-T,
Fiw (x) =1 (k) P[Xi:<Xx, Xiu<lx] F (x) ¥7?
N ASRVASN
EE3 E.Opairdf%zEN (n) £T5E&,
N (n) =0 (n?

'i‘Egl‘! X{, Xz, T, Xn%En@Jab,
lim n F(x,) = a, 0<a<+oo,

n-stoo

A5 BRDMDEIIITHEA (x.) BBRBEL, HDIOEINTHLT

In_’iﬂi}'l (?:j) cEn P[X1<Xm X!<Xn} =0
ZRET B, ZDEE,

1nj+°131 Plmin (X, X = °°, X <Xul =1—e?
MEED D,

COEBOBAELT, Veibull3HDH5DNZETINENS ONBRTE S,
( [4] , 188-196ED)

1. 5. EBSEAIRESH
A W NIEIRRATRE T H 5 L, EEOEORIE n N U THM uNEFEL T

piEn@Op DTz H T H

U=pa% < %kp, (nfE)
LB 2EThHd. ERSHPRTY O HRITERIERESHTH S, v
ERDE RS MIC DOV TIEF L WIIERTRHDN TS OT, Weibul 143N
SRVIED TN E D MERLAR NS,

g (9], 478 &d, r=1 00L& L, (x) BERSMAEE
DHRTHDIENASNTNS, v>1 OEERDPN> TWRVNWEDITH S,

1. 6. #FEBREEBERSE
MRERER (HREBE) X, X, -, X, - KHLT
T (x) = min { n; X.>x} )
EB<., N, HERER (X} N BUDTHExZ2EETsK02E7T,



Fie,
T'(x) = min { n ; X.<x}
=935, ZDEE,

P [max{X.,, X2, ° - °, Xu}<x] =P [T (® >n]
P [ min{X,, X., - -, Xa}>x] =P [T >n]
ThHb,
1. 7.

“J(E77'7/7§@J0) ﬁﬂ@?ﬂﬁx@ﬁf’ﬁ@ﬁfﬁbi?‘ﬁ%(l/zwﬁﬁw%iﬁr}ﬁi
LB EFRE<AMSNTVS ([9]) DT, ZITREZNEZEKT S,
R'ehaREBZEMEL, ERERRER

d d
dmdzx

THEALNAHEERE (X (t) } DEERNELXDS . RxAOFERRE %
T (x) £95&E, HHEHM’ (MPEDtotal mass) NEEL T,
x4+ OEE, T (x) / (m" x) OFHOBRIIBEERSIHIIRD,
(HEE, REZROER)

1. 8. AFAIN¥RELEENH
K [0, 1) »5 [0, 1) ~DOE#
2x , 0=x<1./2

X (x) =
2x—-1 , 1/2=x<1
BEZD, NS ZhEBREFENS,
P < KM [0, 1) LO—BSMICH> TS 0¥ LITEY,
x=X"(x), X(x) =X'"(x, X(X(x)) =X (%),

X (x),
EWHERNZEZ D, 1./2F LONELKBBIUDTORAZT (k) &35,
s, T(k) = mini{n; X* (x)<1/2% .
TDOEZE,

T (k) /25" OGOk +oDBRIZ/NTA—F— 1 DRI HERS,
Ry (1])
ZDHMEDH > &—RBFIVIFEE LT, FH [6] BH 5.

COFEFBOZENS |, FHEBRRE O D6 OERRER S L5 METT IVMmIc
BRILBZDOTEHEWNERBRINS,



1. 9. BREBLHELR

I TRERTCHLBREZE ALV, BHOEDIC, 2KILTERT D.

wy (t) , we () ZRSIA—RILT 5 2&EH (Wiener process) &L,
X (t), Y (t) ZRAOHERBELTI2ROFEXEEZS.

t

x%r)=x+§aH(X(w,IWt))dm(t)

0

+ galz(X(f),Y(t))sz(t)
Y(t) =y + S a, (X (), Y(t)) dw (1)

+S dz2 (X(t), Y(t)) sz(t)

ZZREBENDHESIIEERFES EREINEHOTHD, ZOHBRRIHERYS HER
EIENTNWD,  FHUW, 0 [11] , Ikeda-Watanabe [7] , Karatzas-Shreve
(8] HrsMann, T, BHEOEZDIC, dri f tHEEBLE.
L ORRESHTRIIREICW S 51 OEEZDTIE, BOFEE—EERIZD 2D,
BAX (t), Y ()} &k

EX(H]1=E[Y(t)] =0

Elx () ?*] =x* +§ ai, dt +§ at, dt

E[Y(02]=y2%-g a3, dt + Saa dt
0 0
t

E[X(t) Y(t)]=Xy + S Ai11 821 dt + S 1248322 dt
. 0

0

PWET., ZOGAOBDEEROEITHS.
{(X (t), Y (t) } B2XkoiE@EETHD, TOINEIOT DEBAFER
54
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a _ 2 2 A
ENa p= (1,/2) i%_‘l(élaika]k) J X4

an p

x5,

(x1=X, X,=Y)

Z D 2 KICHEGRR D2 A S NOES A OYLERFE Z 8B EBEICRD 2 7201
LB Z W T EOERMS HEROMBOWMBRIELINRD s Ul kW, I TREK
HWERMD HERROEMEDORD HEEL ZEKT 3,

hiE UhS73) EBEL

t., = nh (n=1, 2, - < )

EBL, O0=t=h O &L=

XM= x + au(x » (wm () -w0))

2

Y' () = v 4+ = a.(x, ¥y) {we () —wi(0) }
CEDEBM (X' (1), Y (D}EEEL, 0=t=nh 0Lz {X {),Y )
PEmIhIE, nhSts (n+1) hedLTE

2

X' @) = x + = a @b, Y@®h) {we (£) —winh) }

k=1

2

Y () =y + = a, X(@h), Y @h) {we (£) —w(nh) }
EBL, IIOLTEZBINZEMBEIhZ20IET I REE (RENETOLE
ERETEE) EOMITIERTHZ L@ N> TS, RFEOESITNT 2 EEHE
O EBREENE OO EBEFEICIERT 52N ES PEETH 58 T NITON T
B [10] KBWT@mlTW3,

BE YYalb—rarz9za ik, {X@h),Y(h);n=1,2, - - -} ZRD3
Z&ikiBd,  wie ((nt)h) — wi(nh) ,k=1,2;0=1,2, - - - i3 MIZ/IaHERERS
TIRTEHO, S#h OERZSH KD DT, ZDOMIRERILBEERNT
RS HEROELETH 22 KEITED 9EARE O 2 EHIckD 5
ZEMNTRELRS,



Xk

(11 FiEd ERAROEBEEERAOIMH. BRIEE K E T FEE TR
a3, (1992).
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B ZO—FZ2ENVERIK, KROBHROFEIEMWE, ~ BEmiL,
BEESEOWEERBICOWVWT, ¥, £4658H 1T (199439-50." Z ZTI3,
1. 3EHICERMLIEIEDEZRITADETLIENHR L 5NTNS,



2. WHBHBOIHIERE L ERL LEHELWIR
~AHEREICEWRETE O RE -

2. 1 BULdK
BEVOEATOREHBE LRI, EFHOZ2VIREMBROTHMEEE 2
HBELUARNVICHBET L 2EEL TS, DEEEREOVNRED 2L, RBRE
-HEBLUEBEMEMERC 22 RENEBRLBEY 27 0BG /M2 ST,
DHEFEIXAMRNMCBEDINRERED VedhHd, £/, REFEIURRICEFET
LETNMEBERNIA I OABERERLEZEZETZ L, FE2AMB/MLE
BORTTHONZEHEIVL—BEZ2ZMNOBEGHEZREL, COBHE
LRVEMBLD DA MR/MEEE 2, 3 EESERMBNE a2 R/MEERD
VREOLZZASOND. ABTR. BHHUEZELI2BEDTT L EZHRIIIND
SEBOBREBHEIURZTS. 2L TEEENNMNE A MR/MEEROBRES
A, TFNVLBEEBEPLNIA—FOLAEREICHES, »23AMHICLENES
ETHBHILERT,

2. 2 BKREFEHORBELLAEZHEBEERANOHRIE

BEVOREBHBEIURIZ, RE - #EEA, BERFLBRR2EORENEAL,
ZNREVHIBTEAWMBCESIBBOBALOMEEZZRL T, B2 2 b B/ME
BETIURTLIO0VPHEBNTH S,

L»L, BAXBEELTLK2BELIAFNOE BABEREZEATED, a2
PRNMEBEOER LZT- L LTHRLELTRBERARNES NS LMD
Hb. TITHKOBREHMBIAURTE, BRVHMPBEEHRSINT 2=,

LCAVRE, BEVOSEEHELANDER, BREBRINTZYVAIORE
L. $50VREFGICESVWEBEDOEMERZEL S, REFEHZERPLEH
DHILFE->TRETHIEDBUILLLL>TER, §bb, LDEEMLA
AvTFFrvAEBRTZ L, FHTPOBEEHELKRE - HEOBY = 2 FEN
KM T2 FEBSLEBECLRS, COMER, REXL2BEHE LBECBIEICH
IBRBAZVEEY TSEBE AYELFFE LI LEDNL S,

ZxLVWEEEL XLV ERZBMICEML, %nc:ébﬁfcfﬁé-ﬁ@%ﬁm:
i, REOHRZHABLAZEHEERTORETEORBLOBHEZHS LICT

_—9__.



ZVENDD, $7—FHT, REENOEBLLHEMORELLBEHORER L
FEEEEHE P28 NBMHETHD (Fig.2.2.1 BE) . COXILBADL
LEESW, FEIAMBMEBROEMURNETHZ2ERIA NI =T LEY
ZIREL, BPLLEETIMBELHNRICLERIFCZOENEERLED .

LZAT, RENLCHELXEBEMICER Y 254, FERECH TS AT A
DEEEPHEELEZ S, Thbb, HELKEALSDZ2BREHE THS LB,
EFNLEERPNITIA—FOMERZLI> TREESRBIELZDODNZHDT
HoTRESZW,

BEZLBENOREHBIE) l
BEORSA
- EEMOBEREL T, BBROH
WIEICHSBRX [CHENEOER
- BEBEY - AAUTFURBEX
HEAEX
- SHEEME
- REGTME
E;—::giﬁ @3‘5&%1’*[ : EEEOFBNTHEOER
[BEZHE]] g gaa) &ﬁg@ﬁgﬁggg@ﬁa
(ECHSER —RECL 3 RBRLE] — THRREEHDEH 55
- RBEEAOERIE
FRELEHEDOER
REEBAAL (SRR
RE- BBEORALOBHRS
#R: BRCEIVALRENE
FHIC T < !
THREEOHBTE

Fig.2.2.1 BEHMLBEVOREFEILR

ETNWLEEPN I A SO THEEIH L TEERER>HELLT, 2R
PRAMLBEETESIhZ2EHEEI) —BREMCBESHEEEZREL, Thihl
MEfEELTaxbB/MEEHZ FEBEZOND, ChiITXD, T—EHES
PHRAVAEZBRACFHALTVWESECOY ASOMKREMB T3 28T
B2, COHEEEEAENOME A MNBNMBROREHBELITRZ 2 ITT 5,
HEEHEOBREL NIVIIFig.2.2.2 KRTEIKTI. £7, b2HERLEE
EHEZTHREFELEVNET S, CORBHBECN L TABREEORBE T/ A —



BRI TAAMENET S, 2L THEBEHEIANDEL 2 0REN
ZRAN, MESHNTHFERLT
LZHITHEGHEEZRBIEY 5.

%%ﬁiﬁzg?ﬁ@tﬁgﬁ@mm {*‘E O A b RIMEARM D T EF AL
. - . TH SN RML LI 5 A -5 kAR
kB, EHELANLEEMNZOBS D e
e thoBEME DR L ¥ \/
PHRET B EBHRIFT ST > B o)
B, ZHIZH U TIEEEMBMA = v
S TN T r—— | & =2 e |
M EFEe 22 BEEHEEE I A | Bmmmk @*@]
DIETE
MR AZBLUTHREL, »o, B Y Y
‘ TRELEIR T BB T
BYMOERAESAAS VvV FF VA (RRESE M ORBAT/ €5 A — &
502 B L ST 3 R RRT)
FEoEBRLZY, BEVEEDE
. — \
Bica-zaX bm/MEEE S C ﬁfﬂ"‘“‘{&ﬁl&ﬁ%ﬂlb&%@ﬁiﬁl
YA B, R
2. 3 MWRWAHE Fig.2.2.2 HEEBHEOHREFHE

2.3.1 A A FR/MEEEOKREIE
A MR/MEBROBREFEIUIRICKE, BURBELETHEIFRIA NI =T
LiED D B#HVS, CORETHE, BRAPSXORERI TOREFEOR
BIEEFD, ChE2BBRERCEBR T CLR IV ERLIEERBL R Y IKRE
AEENRT 5,
HOLBEPYICBVWT, HRERK t »5XOKRER ttl TTRK»2% 2 A T
(t,t+1) KK TERE S,
setL
CT(t,t+1) = = Cs (t,t+1) +Csws (2.3.1)
Jj=setl
TCT, "JRBEDS L EEHOMME,LSRD IO L ER T, C(t, t+]) IZH
MEIRKL2P2RHBREZITOHFEIANTHD, KA ¢t TRALZBRETES
KRKDEDIERTZENBTE B,
< HEEL (NO): Cs(t,t+1 ] NO)=m-Psv-Pry-Cr (2.3.2)

_11 —



- HEBE (VD) : Cs(t,t+1 | VI)=m+ {Psv-Cvi+Ppv:Crp+Pr2-Cr}  (2.3.3)
- FHMARE M) : Ci(t,t+1 | MI)=m- {Psv-Cur+Ppu-Cro+Pr3-Cr}  (2.3.4)
z 2T, |
Ce= (1-Prc) * (Cswa+ Crr) + Prc* Cer ~ (2.3.5)
Thbd, i5DEKRRIXOBED TH S,
m: BMEE D EME,
Pe1, Pro, Pra: SEIOREBZNENND, VI, MITH-o7z e L TRHBREE TIC
WM mEE R THRE,
Pov,Pou: BERBIUVHFMRETEREZRRTE HHEE,
Pre: BAMIREB RKRERZBEICHE R T 2 H,
Psv: HEZ THMBEZELC TR WS,
Cvi,Cur : —HMHLEHDOEBRBIUCHEMKBREEH,
Cro: METRRENAE2HOWBER (18HHED) ,
Cre: BIERHMOFEERER (18HEZD),
Cer: ARMBEHELZE Lz EDHEXK,
Csws : RETHBERNIIEHELLEZE ZOEK,
Cswa: MMMBIBEAZE L TABEREBBELLzZL 2DEXK,
7 BPrc UNDHEERIZ, BRICEXZTLVITEHEFTVDTCHETS (F: (2.
32025 Q3A)XNPOEFOERIEI —MIXEMI) LERZ> TS, BRIFEIH
B)DIFRICHES>DDLET D) o
RiELE 2.3 1)AOBMEEF2LOCREBBLRETELER T2 L
T2 BEFEWR, BEZITOZWVW N, BRERREZITS (VD), HHREL2T
SMUDN D3> oZMHMBEBICRERFEZERN T2, REMMBIX, BHATRER
EREILOBEDICEERDDEZEATEM TS, RLAXERES1IEL2E
DHEEEEADL, 1EE2BARGGOROEROBFIAMIZ(2.2.8) X T,
R EEBAEBAOMBIA MR (2.2 DRTHET 2 2,
setL setL

CT(t,t+2)= = Cy{t,t+t1)+ =  Cy(t+1,t42) +2Csws (2.2.6)
Jj=setl j=setl
setl
CT(t,t42)= T Cy(t, t4+2) +Csus . (2.2.7)
j=setl



(2.3.0) ROMEA 2.3 ROEE VNS FNIRER 1 E28C, 25 chrdnid
QR ES, EREAIHEEOBALERTHS. LROSECRERBLES
FHEORABBELETY, cheSREBEICEREBOET.

2.3.2 EHEMgENOME A MR/MBRORESHE
EEAHNNL LTAMRTR, | REMENOBMBRERZ5X52LCT
Do Thbst, HWMBICREL-HENRBEEREz2BA TV LI KKREFE 2R
¥ %o
Pri1,Pr2, Pra= B BB ERHE R (W% M) (2.3.8)

BRIAIA NI LETIR, MERARLREFEH (BATRZREFEBLV
RERR) 2TIK>VWTaAMZHEL, Thz2aA O/NSWIEIZHINERE/HD
ALOBEFEZERT 2. chilH L TEESERMVME A FE/MEEROR
HHE TR, 2AMEBOBCREFMAOBRBERSEHEBIREREZEX 25
&, TOREFEZBRELSBR. BEBRERUTCHERIN T 2REF
BEHODHLPOR/NIAIDBDZER, COBRBEZERERBIIEVET,

7k, BEBERRZ2.2TENEZLIK, FAEEEOBEBHATNI A —% 2HE
AEALSETEHEERFIAIORERZHN, PIA TV RS -THREPELE
ZITVWRET %,

2.3.3 EHHAEBEORENE
EEAEROREBHE T, REFELTFORELTEE, 1, 2FI34E
OREMBICRLSDhTIC, HERBEBECIZELLRATRERZIT S, 2EHE
DEHMBELORIBEDOHAICIE, Fig.2.3.1 KRT LI, FBHMEICHHE
WEERELZZJELTBE, BACEEEzHMASHMBE L LB TEIHMICH
LTREZITO LR T, REFZEREEMCEERERZTOEA L, FHR
BETOBAO2BD 22 AHICREAELTVWS, 8, WEEROHELREY
O ARMBIRTINATEBHETLD CTHEL 2,
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BOWKY, (FAREFG/ LEEFG) OREIRZ> TV,

Table 2.4.2 BT EHFZz—BLTRYT. AHBORMBIVWTNLS 100T,
HM R S KRB I AT 5 RPN R S TOBMBETRLIZLTH 5.
REBME, RECIIBHELBHNOEENEEEL TSI REHIREL
o B, FHOEBEBEEEL, REMWNO 1 BHY LD OREEEEC
PTFI#BELESE NS HBLALTHY, BEEEE, 3XCEEENDM
TARIRMEBEORTCHER TS, cCNOOREIBELT->T, HATL
Mozt DETH B, Set 4 IZOVTIX PreBRENVWDT, HEBERRIMD
BEHMESGLDL —HI/PNELBEELT WS, Table 2.4.3 BHHM OFHRESH L
MERORRATERT, BERBRZREFVEREL TO 3.

2.4.2 WRITERE

DA MR/MEBETIIRL 2HEFE%Z Table 2.4.4ICR 7. HWEMBEI 14,
CEBLUAEDLS, ILREFHRI, RERL, BERE, d30WEIHERE,
PHERTLHEOCLEZ, ARLVBREBBRIRTAEBERINL TNV S, &
MESGBILRONLIREMEBHCRETFEOZR R, BHEHEELPre 0



ngzAJ ZREBHMEBOES Y

Member | N. | N, | Weibull shape
-set years | years parameter
N N,
Set 1 36 24 4 5
Set 2 36 24 4 5
Set 3 54 3 5
Set 4 54 3 5

ag = 10.0mm, aax = 120mm

Table 2.4.2 MBIF%ZH

Condition of Member set
analysis Set 1 [ Set 2 l Set 3 l Set 4
No. of Members 100 100 100 100
Cvi (US $/member) | 50 50 50 50
Cmi (US $/member) | 200 | 200 | 200 | 200
Crp (US $/damage) | 1000 | 1000 | 1000 | 1000
Crr (US $/failure) | 10° | 10% | 105 | 10°
Ccr (US $) 108 | 10® | 10% | 108
Prc 0.001 | 0.01 | 0.01 0.1
Csws (US $) 2 x 10*%
Cswa (US $) 5 x 10°
Target failure
probability 10°% | 1075 | 1075 | 107¢
POD curve

VI: POD = 1.0 — exp{—0.025 x (2a — 10.0)}
MI: POD = 1.0 — exp{—0.10 x (2a — 10.0)}

Table 2.4.3 FHiRMLEBEBORBST

Member | Crack condition | 0.00 | 10.0 | 20.0
set (mm) | (inm) | (mm)
Set 1 Initial state 80% | 10% | 10 %
Set 2 After repair
Set 3 (Replacement | 80% | 10% | 10 %
Set 4 model)
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Table 2.4.4 nzh%&k%ﬁ@&é%@ﬁ%ﬁ%

Member | Inspection years and qualities
set 4 |8 |12116|20 |24 28
Set1 M| M|IM|M|V M|V
Set2 |—|M|V |V |V |V |V
Set3 |V M|M|V |V M|V
Set4 |—|—|— |V |V |V |V

BiclEEL WS, Fig.2.4.3
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® : Member set 1
A = I~
BEOHMBIEEFEPr, Pro, o Member set 2
Pr3Z /R MEEERESRRIZ1076 H» 1074 I ) p
0] » 4 A
52% 104 @E‘U:fi’)fiﬂéo g /,’ / > Ii: '; /A 4
.8 - ! | ; ! 1 l’
mB, Fig.2.4.3 WEEEEE 50 / it
L 1 ; i A ' '
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8 107 B A 1 j
EHEERHBME 2 2 bR/ME ,§ - / A y ' II’ /
£ : ! J i
BERBOBRBHBEOR R %2 Table m1w7 1/ ]
2.4 512" T o MRS Table / / / 1
0 L ! L T
2. 4.4 ICHART/HhEL D, B 0 10 20 30
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Table 2. 4.5 EEEHHMEZ A MNB/NMEZORBIEIIREE

Member Inspection years and qualities
set 4 6 8 19 10112114 {16 20|24 | 25| 29
Set 1 MIM|—| VI M|V M M|IM|— | M|V
Set 2 — VIV —IVIVIVIVIM| —|V|—
Set 3 M|IVIVIVIV  M|— MMV M|V
Set 4 — ===V IVIV{VI|I—IM]|—
1073 T ] i T
~ @ !Member set 1
A . Member set 2
1074
[
$q -
=
s
w 107°
o] > A
'3 10°° [
2 B i
& /
10—7i/
§ =
L 30
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1073 T T T T
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10~*
@ L
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° B . 8 b
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20 ZFHE L /2. Table 2.4.61C85
nrREFEERT. BRRETHE,

Table 2.4.6

EEMEERORENE

VRER

SUEE D fREMHEHICH L T20E O KRE Inspection years
BIEFHON TV, Fig.2.4.5 IKRETF No. of VI MI
inspections | for all the for all the
FELTHHMBEZEBAREGSIIOWL member set | member set
. 1 4.2 4.2
T, WERRERLFEHEROBEBRERT, 5 50 05
EiEWERESEE L 2D DESet 1 3 5.8 9.5
\ 4 6.7 13.0
Set 3O AT, 2> DM B O E 5 77 16.7
BEIENIDTHNENEEE ST 6 8.7 20.5
7 9.8 24.8
Wize 8 11.0 28.7
Fig.2.4.6 BRRTERE N2 BH 9 12.3 -
10 13.7 —
HFHaAAMCopr LHEREROBEKRYL, 11 15.0 —

. . . - 12 16.3 —
LR 3HECITRL ZHREHE I 3 77 —
LTHBLEDLDOTH S, 14 19.2 —

15 20.7 —

Lifetime . 16 22.2 _

Cop= t:Z‘b CT(t, t+i) 17 3.8 —

18 25.5 —

izl or 2 or 4 (2.4.1) 19 27.3 —

LRSS T A ML 20 29-0 —
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Curve (N¢,N,) years

Set 1 Set 2 Set 3 Set 4
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Curve Prc
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Wio, BBEHE I Table 2.4.4, 2.4.58 L U2. 4.6 L, Prc DB EZNENS
EHDLWIZ (/B IKEATCRBER A MEHELE, Z0ERE%Fig 2.5.2(a),
ICRT, (A TRaAMB/MERY, EEENOMNE2AMNR/MCEREDR
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X 10°T, Table 2.4.5M 9. 4X 10°5ICHERTHITLICKEL o iz,
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Set1 MIM|V M MM|IM|{M|V | M
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Set3 M|V M|V IMIVIMIM{M|V
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DEBDTH BB, LHLENRS, ThoDEEEPLRIGETEICHERERT 5 2 &35
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BHVERTE b F 7o 22RO BRI IS AN E BT 2 DR TH 2 09G4 g, ik
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9. XZESTHIBILIETRE - T B, MkaghRE-50~353) e (354)  prEsptig
T— FOxhip B89 75 L 48 U ST ER TH 5, '

10. BEEGAHOBEETRDONTHNED, AL EFEEBDTEATH S, AL,
WEHERATT SOMICEE DD, BEAERAHELHETEZ L0064 35
A—Z DRENEHTHD &, MPSHESREIG50), 35 1 — 5 OFRREEHSEE
ZRE LW ECT), EREIFS5NB,

E 0DV, HENATELIDBHEIN, B ESN, BEEEMSMNESETROSNTNS
BIEBEIET 5, D7), ERAMNIKRIEWSATEEAFT2ET IV NIEFELEL -
TWEEDEEZ NS, £IT, ALK HEFEERFBEORERNE 7 IMLICEEL
TiE, T @ Tsurui-Ishikawa EFIVEBEATEIEEL, UTIKZDOETINVORES A EERICHE
#Hd 5,

3.3 Tsurui—Ishikawa EFIVICED XESH
3.3.1 WEERMEZERTTI

FiBD & 51T, FEEAEFERE LI Markov il E 7V E U TOD Tsurui-Ishikawa € 7 /W3H ~
DR EE=BL, LOIBFHALEL, 22T, UTTEHIDEFINABHEIZVE2—L, %O
BETIVICSHT AEHEFFMMICHNS Z EET 5, TTISHN/cLIIT, THNITHERMS HE
HETIND 1 DTH-T, NEHE, ZZERBIEIIHBEZE T 5EHERERARE LA
ENBD, BEOLDNONNEEDH 5D, HBEREIZEXTHaROREHBERICE TS &%
ESHDENTHS I EICEH L, Markov EMFEICE - TERESR, HHomEssn
LEDETEHEEDTHS, UL TIE, Wowsb [FEs CREBN—FEZ JICHZET 5 &L
BT ZICHE DRI AL DD ] ZEAL, ORERHG AR ET IV TEHRERI N TN
HAHFEOHFIREE L RFBICHM L T B0 EBTH 5,

O I DBR UGHIRENZ VI ERESBVBEE2BE LT, WEBIENFET TV
HATE, - TEEEmDICTRBIIS IR B OZEEIE AK OATHREINS D ET 5,
ZOBEITE, O K D ICEEEY SRR Paris-Erdogan 12 X 5 #EREAl

da

o =C(AR) (3.1)

WKk > THERINACS) 01z, ¢ IZXHE, n IR LETHD, C, m TERENT
HbH, ZITHE, InEFERTAELT

dX AKN\™
‘E€:€<Akb> (3:2)
DET, FHTAIEETE, T2, X =a/ap W EEYTEX ag Tll-7c n ¥4 7 IVED
WRTEREE, AKo [ ISHIERFHORITTDER, ¢ ($XZERIEIIOR/NIBEIE L /o kIt
BAEEWRT S,

—HRIC, FREITSELTE, AK &

AK = \Sv/maF;(a) (3.3)

DEICHETIENTES, ST, §IEHIRIE, )\ (3 XTSRRI HAE L7ELL,
F7z Fi(a) 3ERERFAORIEIEIRTH 5 = & ICRET 3 MEHTH - T, HlZiE, B
20 OFREBEZNTN LTIE, 26 2HIEE LT, LIZLIE
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Fr(a) = {1 -0.025(= )2 + 0. 06( 2y sec( ) (3.4)

DFHENBC9), ZDoHERITa<b DABTERIL, a— b DERIZHENTIE, Fr(a) D\F#
T H5ENIFFEERD, E2ATag b THNE, Frla) HTF1IHFELL, RIBICH~NTH
SINSNERTI Fr(a) =1 EBOTELTZREL,
X (3.3) 23 (3.2) 1Tt AT HUS
B ezpox) (3.5)
F#Z L,
9(X) = {VXFr(aoX)}" (3.6)

ABONDe &IT, Zy BHEKTEALE NIz 0 ¥4 2 VE ORHIEIEEE L, —HCIEAHALE
BTH2. Tl mid—fRIC 2B EOEMEEZ TEL . & 515, HEOFHEAHCERY 3
ERIEROFRANTIE S XA RHT 272010, FHLE, ¢ % eC, ERDTHEE, Ugpbhbhid

%%;:5C@Z§g@¥) (3.7)
EFOMBEET Bo R (3.7) 120 < X < B(= bjag) DA TKIL, Lind X — B T dX/dn
BRBT B E VS BREEET S 2 LICERTRETH B,

3.3.2 Markov iE{Ll

T ITER (3.7) R LT, SHEESHENRED NEHEBEREFLS S TFIECS) Ogg £k
NBZEET B, BERERE X(n) 1L, Cp, Z, DREIBEZFLER TXAMWHIZ, — &I
Markov B & 378 S80S, O, Z OARBEREREIE, DO DOBEBRDHR TH b 5 X
FHEREFMDA —F — RTINS NEEZONBIDT, X - BTORRMICEEL DD
X(n) %2 Markov @B THEMT S Z EIZT 5,

XT, S {X = B} 3RIETHA LAKBIRERETHH 00, ORI ARICES
5HDTH->T, BINDITNFERAEINLTS I EEARETH B, ZD7d, SIS T
WM LT DA ZDEEOEAEZTIRT 2 HENEZELENH D, > T X(n) ORERRFE
ZRNBICBE LT, FEsICEBE L 723 VS D B dld e 5750 £ DIcDIEIEIHAEE
L7BEEE AT > T, R (3.7) 26, ESREMIIC 20 TH-72 LW H2EBDOT TORA n
ICBI 5 ERERE w(z,n | zo) OlET SRS HER, WbwWw bR X7z Fokker-Planck
FER

%’ILL}_ = —“ﬂ(n) {g(z)w} — “7( ) 0 dg(

+E4(n) 68 2 )

2185 EMTEBCI, 22T, B(n).y(n) & E[), K[, ] 2ENENEEE, Los s
BEETELT,

)
g(e)yw} (3.5

f(n) = eE[Cr 2] (3.9)

0
wm:%v'sz Covp 20 (3.10)

THZoh3,
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3.3.3 Fokker-Planck 5EXDR L ZEESNT
Fokker-Planck ##23( (3.8) &f#< 72dHIT, w, z %

v(y,n) = g(x)w(z,n), y= / g(:v / B(n")dn' (3.11)
K& - TENFN Y, yICEHRT 5 L, K (3.8) iZW i AL
ov
L (312)
KRB NS - T, FEAEH
Iin}) w(z,n | zo) = 6(z — zo) (3.13)
Z2ET 55K (3.8) OFE
w(z,n | zg) = !
o) B 5 1
(L [ g yan'y? (3.14)
X exp | — —%o 9(50 ) /0
2 [ y(n)an'

TEZ 5B EAMBE, 0< o< BICBIF2EBESH W(z,n | z) FIaESLT
: ¢ da’ " 7 !

A //On y(n')dn'

THZ 6ND, 7272 L[ - | AEEERAHRIEIEAEET. Jh ABIICRIGRAEA TR LT
B, BXUW(B,n | o) &Y T ILDEA n 1oFES {X = B} IS L TUELORERE 52
2o LIRS NI,

W(z,n|zo) =2

(3.15)

3.4 =& - WIEER

— W ICEEEENERINZEEY TR, BAMCEREERKL, bLLIRIRRIN
U, ZOEMAESHES 2 VIIMHIETS 2 EICk > TEBEEDER T A IS &35 2 M0
(3:60),3.61) . UL LSS5, SBOEMIIAS RFNEIHERED T8 L0, SBTIE
%%*%?%b§®§%ié%§<,ﬁ&@ﬁi%ﬂ%k%(bﬁﬁh@#ﬁ@?%%oit,
el A EBRAEERLTD, HE—EOAEIL LOEHNFELIRRTIETH S0 T,
FRBENI T X HOA XX LHITHAT B EEZ ZONAKTHHHBR), o, &
R BRI XHEOEME LTEL 0N TOABAEREL, MYXHER JUELERS
BOFHEEERAZBICANT, SHEREETICRIZT SROMBEHRTT 2, (50~654)

T, ARICIIEL OBENEZ SNB. £, LRI SHETERESHENEZ SN,
RERIL SHITE SIZ, HOH LdED SN SR I > TERETOBE &, SR
WRAE U TIRD SRS A RD 5 HHRENE L SN b, STERMBEOBAICIE, ERHIC
FEXZUIRRTEERBICE TREL TRV ONEBTHZ0T, S LS EMSBITENT -
BN EEZ SN, FE, HIEFNTHAKRMBOROSILEREOHRBIIAXNEELE
2B EPRENTN D, MBEBREEICHIINS BB, L0k S HKED FICSki LY
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RENEFZMUTECIERERTHS ). LHLANS, £0HITE, b LERENRERS
NIH/EIT, EIRUT BDO0EEDTENTITNL, SR EFNT 5 Z ENTEML,

SRAERFOMUDHTTICHEL DHFRNPHVHESH. FIAIE, REISEHZZRLTLE >
720, RARREEEEELTUESSERFERICD, WMaomicEESEELIcD, Mty
5 LI I > TENUBMESHTERHOBREIRI STENEDITTE2HEOFANEZL SoNDB, T
T, MR EET 5K GIHMIZZBRET V) BIURBHEZRNTESHORELZE
LI CHR GERMEET V) OWMEFEICOLWTHREZMA S I EET 5, Uk, HAERRE
N EIEDBNHERLMBTH HH, HARSBOFE (BEFHRELHOLSD, BHRIZESD0
H) IKE-2THFELIERL-T B JHICEALTREIERT 5,

3.5 #ELUSKEETOSMEREF VST ZEBEESmE

Tsurui-Ishikawa E7/VAEFIHA LT, #ELUSHT TOREENMMEIIONWTEZ 5, 7272
L, dLAk GEERES) Lo TERPBRINIBAICE, BEHICHEMICIDEZ
TERZFITTABDET S, £/, SHREIFEMBTELTHIVD, SO0 r S Lidd
SO LBHEZOSNTNT, EHROBRICL > TEDT ol S L3ERINTNHDET S,

T, (-1 EIEE jEBDOSBOMRE EMICRTy —IVENBRM) % ¢, ERIT I &I
T b, BEBEFICAERTZHERDH A2FRERDLIICHIAT 5. WE, j BIHDSKERIC
EFHL, THETIKEMOPEBLTLE > TWEERE F;, j BIHOSHKREE THRIEL TLR
WERE S ERT, 5 BRI -k, j BIHOSMNETING, SBmOFER, EHMICE
BNRRSNEERE D, , SEIRRINEOEREU; EThE, S BESiC 5;nD; &
S;NU; Eilazitensd, #-7T, j E B O SBEEEOWRE F;, S5;nD; S;nU; DG
NNCHBIENBED S, %4 DBEROEREREZznEN PY, PY, PV L3 5L,

PP+ PP+ PP =1 (3.16)
WAL B & Lic78 %o PY) 13 j B O S E TISHHA IR LT LE » TV ARERTH 5.
BHHRIESLAAIEEM DA ERRE LTITHOHNADTH S50, HILOIVUIMRER ISR
M LT HRRORBZER L, BEHMIITNLBEERBICEES EEZTHA I &I
L5,

EIAT, INOCOHERBITIEX ¢ OXHESKRICE > TRRETS8E0 D(z) &, ST &
U Rtk S HERBERE 4;(2), uj(z) ZHOTEETS I L0 TE 5, SREFERIL
AR, WHLUTOHRWLEHICONTELSNZSDTHSH, I TREETHEDT 11
BRI TOBEbDET B, THDB, (e), u(z) ELT

/m’C u;(z)de = /xc uj(z)dz =1 — P}J) (3.17)
0 0

AT bDEELDEFEHTH B0 & 0T, zo REBH LN LOESICHTNIZHIELER
HEND, WHYARREMETHS.,
T, j EHOSHRETHOXTEREEN 1;(c) 1

@;(z) = PYT;(x|S; 0 D;) + PY1;(a]S; 0 U;) (3.18)

LETIENTES, 2T, U(2|5;nD;) BEL 4;(2]S;NU;) 1, 2hEh, jEIEBOSK
BICEMOWREN S;ND; HB50ME SN IKHBENIFGETTCOIHREEETHS, =H
DFER S NTE R HEMITSHR T B LD EE ST, WERT0 2 HERERE u;(<|S; N D))
A ERERE g(z) TEEWMZI S I LIS, TORKEER, ZOEFLTIE, jEH
H D S#Ri#%IZE N T,
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9(2) (= 0 DBA)
wi(e) = { POg(e) + POTlS 00y G>ooma) )

152 BUEDRATT 5 & EICH B, &I TRONIMERD XBEFEM u(x) &, RIS
ZiE, j EHOSBREFICHMPICEET S EXHREOLHEETILD D, TNETIKHWELICHD
HEDT, BLAONATNTOWEBREAMEL/ICL D NERBMLEERBRREEZEZ NS, &
oFERHD PV (2|5;NU;) 18 5THIE, Bayes DEIIC & T, ERFRLES D(z) AANT,
P{i;(218; 0 U;) = {1 - D(a)}ii;(=) (3.20)

LERTEMTES, F, PY I3

PY = jcwcl)(x)ij(x)dx (3.21)

TH TS, HRR(3.19) 18k T, G(z) B uj(z) ARETS I ENTES T LI B,
—XH, (j-1) EE»S j BHOSKRE TE, TORKROEIRERETIVIIE->T, SRER
ERIEIZ .
M@:LCM%QMMH@@M (G > 0) (3.22)
DI LT B D, CHEEEEDT, KD I LTRSS 0 % 245 5 BRI
EERE LIRS I LI1ICiR 5,
(1) #iAgEeEsR
uof) = 9(2) (3.23)
(2) ZZLERR (j > 0)

() ::Jéxcqu(x, 5] @0)u;—1(0)dzo (3.24)
(3) 2 - FHER (5 > 0)

w(z) = PYg(z)+ {1~ D(x)}ii;(=)

Py = Lﬁm@%@mx }

WIS, THSOMEERGT, B ¢ % TICEMABIRT 20K H(¢) 238 L L5, 5
DSEFBIED S & 6 E O S % T DR

(3.25)

sk:fyj (So = 0) (3.26)

ZEATIE, Sy <t < Spq AWITEA L 2B 5 H) ofie PP sozi §, 2o ¢
E TOMOBIERRICMZ SIS,
H(t) = féﬁ)4-J£ (1= W(ze, t — Sk| 20)}ur(eo)dzo (3.27)

PRALY %o BT, = Sppy SEWFE, (k+1) BIEO S E coBsERr PETY 242 o
ENTE B,

PUHD - ;g$>.+.JC (1= W(ae, tes1}] zo)us(zo)dao (3.28)

H(t), P OFEICEELT, fED 1.0 1550 EH

P+ 1«-J£ *Tpr1 (20)dzo (3.29)
R, DS 0 1SR ERER (3.28) AU A AEIRED IR T X B 0 L ITEE SNz,
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3.6 EUSKBBEKRTOREE\IEETT VT 3 IEHENHE

ZITIE HohLDEDONIZTOT S LR > TEBETD, —EXEIFERINNE,
MEMEIC L > T EE XHORE, BEINRI DI DWW I ICELITHIENERINS Z
EZRE LIcET ISR 28 EHEE OFHMBEIC OV TERT 5. ZOETIVE, EBORH
EYNT B O THEIREH O 0 B2 S0 W LB VT VISEAI N T BB SETH 5.

3.6.1 B—=3(c k)T B IIERE

XT, ZOBATHESFEEZROTIIEMEZBRETNVER—THENS, FL D;, U; DEK
%, Theh, jEBOSREE CICEENRRIN, ZOMMIIEEMESNICRE, B XU,
JEE O SBE TR E THEEZII 5 2 &2, BIICHE- TORNRE, LE#RLEYT &
IKd T, ARSI INES 2 Ebbdnd, TOXILERDF T, Fj,D;, UAZEWITHE
KT, ho2EER{LTVENS, FRENOBROEREREENEN PY, FY, BY &
FTHUTH S

PY 4+ P 1 PY =1 (3.30)

WERALT B0 & ZTIRBBEEH, SELIHEBEI NI LT REOBENEZ ST
B EICEES NG,

JEIB O EBAEIBOEXHERELATNEN(2),uj(z) ELE . K, ZZTEHEIIIENRE
OIEFELMIEEHITH L TOAEZNT IO THAH, I I TIREELE, BRI P5EL
WEEH Z2EDT 1 ICEBLLTELOT, RAMVKILT 5,

jf “%()de =1 PY — piY (3.31)
0
/mcw(a:)dac— 1-pW _ py) (3.32)
7 - F D -
0

21U, 2 ERREEETH>T, TN EORES REHRRBICHET 5,
JEEOSRERICEARESNIERE M; &L, TOME: P E%e s, jEEO K

I LTSI U2 M OWFRODIES 255, SHRERIO X REREIY,(2) &
ii(z) = PPz | Uj) + PPs(a | M) (3.33)

EEENB, TIT(z | A) W JHEOSRICE > T AR 570 S R FTOSRE
BETH 5. STRMEEE MR 572725, SHOREEFENEERRT ZEMSHLE-
TLED I SITHE 57500 S, Il O SRk O 2 ERE u;(c) ER (3.33) THLSE 2 HE
D% - bDIcEEL <

uj(z) = PYi(z | Uj) (3.34)
LB T EEMB, R (3.34) DAL Bayes DEHIZL - T

PYi(x | Uy) = {1 - D(2)}ii(=) (3.35)
LRENBDT, R

ui(2) = {1 - D()}i;(x) (3.36)

—_13) —



MBS B ED0hBe 12721, D(z) i, T TN EBD, BE 2 QEREDRRLE
THB, ZITPY IR jEIBDEBRTEREIRRINDHERIIE LY

P](\f[) = Pg) - Pg—l) :/0 CD(a:)ﬂ](:c)dx | (337)

WEAIT B Z EAEELTHES 5,

fbds, (j— 1) BB & jEE O SHIME GESICR Y, — LS NBER) & ¢, ERBEEDS j
1 E O bl E TOBRIE S;(So = 0) EEEE, (j— 1) HENS jEHO K E T, =5
133t (3.14) 15 - THRE L,

Uj(z) = /:C w(z,t; | zo)uj—1(zo)dzo (j > 0) (3.38)

DITELMBT B, 95T, HISEERE w(z) 2520, K (3.36), K (3.38)I1Ck-T
RIS wj(2)(j = 0,1,2,- ) IZFRANICEIE LB 5,

PEXY, BM3cHE 7 Mss 52 (3.23)~(3.25) IS LT, BT 7L LT,
(1) wHA%pH=E

up(z) = g(z) (3-39)
(2) ZZLERESL (j > 0)
Ui(e) = Jéxczu(x,tjl 20)1j1 (20 )dao (3.40)
(3) st - HERE (j > 0)
uj(w) = {1 - D(e)}i;() (3.41)

AL % 2 EDBD B,
KIS, TN DOBEEEROCTEA ¢ & TISEMO MRS 2FEFR, 97305, HuR L SHTFIC
B BEE t X TOHL H(t) Z25HE L L Do

Sp <t < St BWA L IBT S H(t) & PP 0 §,00 5 ¢ 2 TOMICHIET 5 RHER
IS S22 D,

H(t) = P 4+ [ {1~ W(ee,t = Sil wo}ur(wo)da (3.42)
0

BSRALT B0 T ¢ = Sppa SV (k + 1) FIB O Sk ToERER PYT 2ma o L
Tx, KR THZONE,

f§F+l>::1ﬁf)+-Jé (1= W(wetesr | z0)}un(zo)deo (3.43)
kikEspex, PP —0&mahs PY + PV -1 hmard s, Lngic PP, P

HIZ RIS L CHBEINTH 5005, b — oo OB, PP B ko PF 3stic—efiici5< o &
BB,

3.6.2 HEHEOWMBREEER LIRS

3 (3.42) [ ZEBH FICHEBRMED RGO ME—EFIET 5 LWV I RMETICHIT 5, HuR U SREGE
D FTOEMOERIMEEISNB, LIAT, —fICIE, BHPICEREERHOTNI &
bH0, 2MEULOERUZIROFEETIHALHLTHH), £IT, JITRERUEEH
EEOFRAUNEEZRICANT, R U GHBEBGE T TORBMELFMY 52 FEIC DV TEREL
A 5.
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ﬁ@%%%ﬁ%;Otj@%ot&hv%ﬁTf®ﬁﬂtif@@h%%ﬂﬂm)i %m%
NDXHHAME T CERT 5 LET NI

) . 1- {1 - H(t)}] (t < OO) |
HY)(t) = { 1 (t = 00) (3.44)
THEZ ohb, LI, BHOHFMI MEAOXTHDHI L, HEDEGDDDOINKELT HHH
THb, £IAHT, BHPOERERGENERTHREELE JETNE, X A5hTH53
& 912 JIiX Poisson 4377

,uje—“
_ ;
ICPED E LT T, pl3EAPICERET 2 X HOFEERNTH - T, B, BEEHOK
BV EBEMABRICEEN A EEERBOEROFEIME p, OB TEZ oMb, 75D,

(3.45)

p=E[J]=V-py (3.46)

PRILL, py \LEEIE 7=y R— REBELT, EARESNS,
LEDERNG, J = jThoHER TH { B2 BEAFROWELIRBITKED,

PlJ =4]-P[T <t|J=j]=PlJ =4 -HU()

/ﬂe““ : )
Tl - {1-H@)Y] (t<c0)
= I i (3.47)
We
7 (t = o0)
LB, WE, ERISRIINEBHMOERSEE Q1) ERE, RUSHAEET S &I
Lo T Q) BEFITKDOND, T4bDH, ¢ < oo i LTI

=1~ exp[~pH(t)]

1D, =00 lTHLTIE, BISHC, Qo) =1bEIT 5,
PLEEEEDT, B,

Q) =YL - - )

Q@)={1_ewgﬂﬂaﬂ gi23 (3.48)

MRS5S

3.7 WEIRMESHACICEHAERENMHIRICBET EEE

I TR, WIDICAKRBBEMED T OUMRKSTE LTED & D AFHMEE LI DN
THBEICER L, 5IEROWTREDT —7ICEDE, SBRRRIMBROEZ FICHT 2EER
A B, UL, INSICET A7 —7I10i3, BEERE, HE, HEOENVEDORE, B
Bl OfRE, AEFHHEEDL 2 —< v - 77 7 ¥ —2FCHE DAEERFIEENTS
D, HOTF—F IREOBEEWMICEEGICLIENI EHH 5 Z SICERE LT 530,

£9, BEMORESHEICEIL T, K (345) THI TITB~7c k21, P oEREMR
FaDE%AN Poisson 237 L, MBODSMICHED EEZ BRI S 00, E o RIG~THEDOSFAHRICE L
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Tld, SHEEBSE E 72id 7 1 TS EE) | $e5am(368), o< amBeo) gpmmanT
Y-S

FemsE L < REMEEICET 2 b D & LTI, RS G 1z & 2 Bk isEE D T — 4,
ER(368) 12 L BEREIA R4 L DF — FENH D,

g(z) = Amz™ ! exp[-Az™] (3.49)

1EATED 2 BT A TIVAH IR I N TS,
ZRFERFENHBICELTY, ba—<V 777 ¥ —2EUNEERTE L, FEMETL
FHNCMODFHINRE I EDEBEZ L H LS H D, ERMICOMEIED SN T 5D, EHHS
DF— 3P0 BBEFETRIBFEEGICHET 2 OB it 5 G0 3Bk ek
BREOBEFREEARELE DT, SHRERAEHMBELT

D(a)=(1- =22y (@ > o) (3.50)

ARELTED, r=1,20 = 5mm £zt r = 1.5, 20 = 10mm L AHEAB T3, HIIET 3
HAHMEDTIZ

D@)=1—Q§y% (k>0, 2> 1) (3.51)

ZEE, 0.5 ZMAHREILEFUIONT, EBICIORDENISHTRES I LERLT
U5, Packman G (3K FEIERUEMA S ERIC L AT S RO X RRIHRE B L, S (368)
BEBA XS 7 DTF—56, ¢ % mm Tll-7E2HEeRELT

D(z) =1 - exp[-0.82 — 0.5] (3.52)

AT 5, F72, Berens & Hovey G723, z(mm) 2 RITHREXHOEX LTS L X,
log-logistic PR

exp(fBo + B11lnz)
D —

() 14 exp(fo + f1lnz)
DPEDEHEATAIEATRELTED, Koul BB InEROTELOF— 5 2T LT
APZIN

— RIS, BER LU SMTICEBI AEMIETEERTORETIE, /M EBORRENLDD, K
XL XA RS TREROEDOEENRKEINW ENTEREIN, BEHEICL->THELLER
5D EE NS, EEE, BREOHATSBRTEFRLTSREINSETHILIIEE2BEZIAD
W5 E, BEDOEIAED LI LEHFRENMBEPCET NENIZENIZ EBE STV,
KREBEHUTICHTREBIENDS, E0HATH(3.51) H5UER (3.53) Z2E L Tah
2HEDLDE—FETHAD,

(3.53)

3.8 HBhHhUlC

AW TRV S S ERT 7T IV O RER S LU7-%%, Tsurul & Ishikawa 12k -
TRBEXNTWBIEEEEZRE UIc</V T 73R UETIVOEROME S SRS A3 T, i
MO EEBREOEEMEITICEB LTS, ZOETIVOERAIBDODTERATH S LEA4RE
UToo IRIT, Y% ZERIOHT AEHEEIr OBmIEHAs 2RI T L2 H E LT A5
RITFERAIETE A 3 A iRy 2 2L BIREA Y BV T, Tsurui-Ishikawa & 7 /L DHEHE 278
~N, XES, XHEBRGGOTAEROICER Lz, 2O X DITKEFIINTIRSGHEEIE
IRE > T B, A OEFEEBITICHATE %, Il WREIEGIHFIKIETR
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B0, WMEOAKRAUMED L OEBREFIOAEA M OB OMEIR L FTEDOHBIRM, HRIK
PFLOAABIRE M DME A D EEMORE, X 5 ITITWH S HEN I XS EH O AR E%E
I AN TASTAMIETED [ ETH 5,
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Table 4.5.1 Results of Bayesian estimation

Estimate | Load | Group Distributipn Mean
case | case D</()\ lé)//u ‘Y"e. ?
1 1 Weibull 9 85000 3400 | 83800 | 0.89
Weibull 9 90000 3600 | 88900
1 -2 1 Weibull g 50000 | 14000 | 61400 | 0.83
2 Log-normal | 0.03} 4.8 2500 | 65600 '
3 1 Weibull 14 55000 0 | 53000 |0.88
2 Weibull 11 45000 | 14400 | 57400
1 1 Weibull 8.5 1 90000 3600 | 88500 | 0.91
Weibull 8.5 90000 | 10800 | 85700
2 2 1 Log-normal | 0.07| 4.66 | 18300 | 64000 | 0. 87
2 Lognormal | 0.05] 4.72 | 15700 | 68200
3 1 Lognormal | 0.05) 4.72 2100 | 54600 | 0.90
2 Weibull 13 55000 6600 | 59400

Unit of ﬂ, ¥, & and mean : cycles
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Fig. 4.4.1 Examples of fatigue crack initiation and propagation
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Fig. 4.4.4 Cumulative probability distribution of N
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B LT DL, SEM B Vob LT, b AEBVEAT DI ED —HE %
BH o DERATCTHRIET 2HEREZ R DWeibulldF TH 2 55 (Fig.5.2.1(a) )o

F(a)=1-exp[—7v0—(-§—0)m]

’ (1)
CSZ T m, coldENETNWeibull BIRFRE., RERHTHL, SRLUYRED
FELIDVOHBAEFHL2HE1E, EEONBTOIRNZ 6 i LT, XK T
5z 503 (Fig.5.2.1(b) )o

Fo-venl]
14

(2)

=1-exp [-(22)"]
(3)
CORFD o wDPHERRH LT HENREER L —REDDL~NEHBBET D &
WH ZEITRD, —f&ICWeibull stress EFFITN T W 5,
SBEOBE, WHASHIICHERBRESCIES R EOBBNFENNT A5 LD
PREEBEDD L TEIRRD LI 2 —HWLBERED b,
oij=g (], 6) )
ST, QR ERERERLE LEBEEECTH S, 2),3)RIC@A %2 #HH
THIZ, O RXFDowZKHDLWIEBITRATHIEDVTRTHS. Q)RDESD
HEPICN THESN 2L (H2EBE2E2LEER) Thore L, HEREA
X CTEIHEFBR B TBHREBEIEMLZVWDIDEERET 5, Q)RDILTT
e LCHEAE (B2 ITHRRE) % B\ 5 & Weibull stress o wid XD X ) 2%
5o
m

K \¢om
oy =B (‘5.‘;:) oys [ (mnVy)
(5)

T, BIZWE. oysiZBEBRICTT . nld O $ABEALIRE. f(m,n, Vo)X m,n, Vo
KEETAIERTHE, O)XNZG)RNICHEHT 5L, KITxT T 28 BHEEIRA
NDEHITE/ELN B,
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F (K )=l-exp[-B ( )(“ys) f maV,y) ]
(6)
G)RIBIEH VO RS M IWeibull 5 & 20 . FORRBEIBBEH LK
ECTHEMLZBE. B2 bE T4 26 2BHRLTWASD,
& BYETE OB MR 23 5 Ked H 1R E 13

C (Mynyvo )

Ke = —4m8 ——
¢ e O Con oys

B (7)
ZZTCm,n,Vo)ldm,n, Voll T A BB TH B, (TH)RIT. ~& FHBELT A
BECLLT—ELT 2L, WETHHOBERGEEEL L THEOBRRKIED o ys
DEBERFEICE > THRTAC LFEKL, T-0KE ABRBEBBEHY L O M
BERARDL LTOBRGRHWEELS5 2550 Th 5,

ago )m/4

5.3 BERWERPET TILOKRE
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BHEMET 72 T4 B FEOBKMSML4IB, TEHAAF4 PlEEET S
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SUBR=NVTF VA FP2BFTHTEHNA 74 FBOERZEMHEM (Steel A)
T % oSteel AlE500MP afk i 5EFI A % B & 2B I8 0 MR IR E B b 1)
¥ Ialb—bMLRBEYA Jlxﬁfﬁﬁfﬁlﬁ’ﬂ LS THLE, TNLD
P DL ZER 5. M E % Z W ZF N Table 5.3.1, 5.3.21T7R F,
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Table 5.3.1 Chemical compositions of steels tested.

Steel C Si__ Mn P S Cu

Ni Cr Mo V

Ni-Cr-Mo-V 0.24 0.06 0.03 0.005 0.009 -
SM41B  0.13 0.15 0.95 0.018 0.004 -
Steel A 0.08 0.21

3.12 1.50 0.39 0.11

1.48 0.004 0.003 030 0.30 - - -

Table 5.3.2 Mechanical properties of steels tested.

Oys Cu R.A. Oo* MS.

Steel (MPa) (MPa) (%) (MPa) *+
NiCr-Mo.V (fine) 637 763 64 2259 BL
**% (coarse) 610 740 61 1992 BL
SM41B 248 441 - 1662 F
Steel A 451590 78 2674 F

* o : Scale parameter of Weibull distribution for Weibull stress.
*#* M.S. : Micro-structure, BL : Lower bainite, F : Ferrite
##** Prior-austenite grain size, fine : 40uum, coarse : 800um
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6. Selection of the First Inspection Time based on Maximization of Amount of

Information

Summary
The results of the first inspection contain information which laboratory experiments can
hardly furnish, such as crack initiation parameters. Moreover, it is pure in a sense that it is not
infected by noise coming from previous, imperfect, inspections. In other words, it is a rich source
of information that can be analyzed by Bayesian methods. The first inspection time also heavily
influences the overall structural reliability, and therefore the overall costs as was noticed from
previous works. By optimizing an utility function, here simply regarded as mean Shannon informa-

tion, a suitable criteria for selecting the first inspection time is proposed.

6.1 Introduction

For large structures under random loadings such as aircraft, ships, offshore in-
stallations and bridges, fatigue is often the governing limit state. Under repetitive
loading, cracks initiate and grow in size reducing the strength of structures. If these
cracks are detected during inspections, the defected part is repaired or substituted,
improving the overall system reliability. Since damage accumulates and this opera-
tion is imperfect, the reliability always decreases with time.

Several papers dealing with the optimal selection of inspection intervals were pre-
sented in the literature. [13] studied the effect of periodic inspections using classic
probabilistic methods. [8] realizing that the inspection results themselves furnish
data that can be used to update the knowledge about some uncertain parameters,
applied Bayesian analysis into the problem in order to select inspection intervals. [6]
by searching minimal cost proposed the Sequential Cost Minimization Method
which is in a sense stable with respect to uncertainties. In general, however, the
methods for selecting the inspection times that use Bayesian analysis do not worry
about the events associated with the first inspection and are set based on only initial
estimates of the parameters, which are very poor. From the point of view of informa-
tion content, the first inspection is rich since it does not contain noise coming from
previous inspections, and provides data which laboratory tests can hardly furnish

such as crack initiation times under in service loading. This information could be



used to update the knowledge about uncertain parameters of a single unit, improving
reliability and costs estimates for the remaining life, or even updating uncertain pa-
rameters for future designs. In other words, the results of the first inspection can be
viewed as a result of a full scale test, and in this sense, the more information is
gathered the better, even if the optimal cost for a single unit is sacrificed.

The authors of this work try to set a special criteria to select the first inspection
interval based on maximization of the Shannon information amount.

6.2 Fatigue life and element reliability

Fatigue life can be divided into 3 phases: Crack initiation, propagation and fail-
ure. After initiation, a crack of size a is assumed to propagate according to Paris law:

(& )-cxr (—@—)m 0

dn Ko

where m, C as well as K are material constants.The stress process X(t) is supposed
to be a narrow band Gaussian process with mean X and variance 0%. Resolving for

the crack size a(t):
2

af ¢, )_[a02§m+Cy(tt)32—I‘3-(%)m]2'm (ifm=2) (2)

T m
a(t-t,)= aoexp[Cy(‘/—) (t-tc)} (ifm=2) (3)
Ko
In the formulas above, a, is the crack initiation size, t. is the crack initiation time and

y=E[N,(0)](2/2)"o,™ r(1+5‘§-) @)
where E[N+(0)] is the mean number of zero crossings from bellow of the process

X(t)-X.

In this work, two parameters are random, the crack initiation time T and the crack
propagation coefficient C whose distribution functions are dependent on § and m_, as
explained bellow. Crack initiation time T, is assumed to follow a 2 parameter
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Weibull distribution:

Fud £]8)=1 'eXP{ (&5 )] G

E[N,(0)](2v2f o,f r( L+ )

where J= 0 (6)

Q and p are the exponent and coefficient constants that appear on the S-N curve

formula:
N(AXP=Q @
The crack propagation coefficient C is supposed to follow the lognormal distribution

(In{c/m,))
fdefm, " cs, «/M p{ 257- ] ®)

where m, is the median and Sc is the standard deviation of InC.

A given element,which starts servicing at time T, can fail before or after crack initia-

tion with probabilities which can be evaluated using some approximate solutions to

the first passage problem. Making the hypothesis that the mean X and the element
ultimate strength are well apart so that crossings that lead to failure can be considered
independent, and denoting the element reliabilities before and after crack initiation

by U(t-t) and V(t-t.) respectively, it is possible to write:

X)?
U( &5, ) = [N, (0)] exp -(iog l )
ttc \2 :
V(t-t.)=exp —[ E[N+(O)]expl @%}——l— dv (10)
0 X

The element strength degradation law E(t) can be estimated by some method such as
proposed by Feddersen [4]. Here, for simplicity, if the failure mode is crack instabil-
ity, for a given crack size a(t), the ultimate stress is governed by (infinite plate solu-
tion):
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KC
E(a(t)):m | (1D

where K. is the critical stress intensity factor. If the failure mode is yielding, which is
the case for cracks smaller than a critical size, the strength is considered to be con-
stant equal to Eo (In this paper we consider only these 2 failure modes).

A crack is considered to be detected before element failure with probability given by:

D(a2)=1.0-exp[-d (a-2_ )] - (12)
where a__is the minimum detectable crack set equal to a, and d is a positive param-

eter.
6.3 Structural reliability

In order to evaluate the failure probabilities, it is necessary to model the inspec-
tion procedure and its possible outcomes. Inspections are performed at times

TI,TZ,...,T].,...,TN. It is assumed that the last inspection was performed at time Tj, and
when an element starts servicing at time T, it is considered new (no damage accumu-
lated). The probability SURV(t*,Tl,Tj) of survival till time t"‘>Tj of an element
which started servicing at T, and no crack was found at subsequent inspections at
T1+1"’Tj is given by:

_P[ANB]
- PB]

SURV(t",T,,T;) = PAIB] (13)

where A={ element does not fail till t* };

B= {no crack is found at T1+1,T1+2,...,Tj}

P[ANB] = U(t"-T) [1-Fr(t"-T) |+ f; CUET) Ve fr (T)de + (14)
J

J( 15”1 U-Ty) V{E'=) k—ﬁ1 [1-D(a(Tk~t))Jfr, (t-T;) dt

PB] = U(T}-Ty) [1-F(T-T)) |+
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5 { Ty V(T 1 [1-DalTk), (T e }

i=1
T

Next, the detection of a crack of size a at inspection at Tj, and not before, is evaluated

as
p[a; Ty, T;)= Ult. (a) - T) V(T; -t (a))

j1 ; (15)
JL {1 -He(Ty—t.(2)) Dla (T -t (a )} D(a)f,(a)

where He(.) is the Heaviside function.
In this work, it is assumed that repair costs are dependent on crack size and divided

into 3 levels. Using p[a;Tj,Tj], the expected number of to-be-repaired elements is

easily calculated. With this information, it is possible to compute the probability of
no failure as:

R(t")= leIO {SURV(t" T, T)}" (16)

where L] is the number of elements which started servicing at T], calculated using
p[a,T,T].

6.4 Selection of number of inspections and their times (cost minimization ap-
proach)

For comparison purposes, inspection planing based on cost minimization ap-
proach is also described[10].
The number of inspections N and when they should be performed are obtained by
optimizing a cost function which includes the costs due to failure, due to inspections
and maintenance.The expected overall cost, conditional to a given value of mean
crack propagation coefficient m_ and to a value of scale parameter B associated to

crack initiation time, is a function of the number of inspections performed N and of

the times when they are performed T,,...,T- These variables are to be chosen prop-

erly in order to attain minimum cost CO. Concretely:
Minimize



CO (N, T}, T,,.... Ty | m,B) = C(h+C (1-Ry,) ﬁo RM(Tn)(1+ leax+

N i-1 1
£ {CURT) T R L 7)
Subjectto 0 < T1 < T2 < TN_1 < TN <TMAX

Roverall > Rmin

where h symbolizes the structural dimensions, C,a is the initial cost, Cf' is the cost

associated with failure, C, corresponds to inspection costs, C,, is the cost of per-

forming one repair of level k (to be defined later), M(T,k) stands for the number of
cracked members of level k repaired at time T, r is the real annual interest rate,

R,,(T,) is the structural reliability at time inspection T, given that failure did not occur

till then, and finally, R.q is the reliability at time T, , ..

6.5 Inspection results and the amount of information gathered

It is of concern the probability density distribution of two uncertain parameters:
B and m_. By the knowledge of inspection results, their distributions can be updated
via Bayes methods.
The following events form the sample space for inspection results for a one element
structure:
a) A crack of size between a and a+da is found in the element.
b) No cracks are found in the element.
c) Element failed.
Although finding that the element failed before some specified time t can give some
information, in this analysis, this event is forced to correspond to information content
Zero:

Info, (system failed) = 0.0 (18)

Furthermore, the knowledge that the structure did not fail till some time t contains

some information, but it will be neglected in this analysis. In other words, the hy-

—_T7] —



pothesis that information is mainly contained in the discovery or not of cracks of

specific sizes. The main reason for making such assumption is that the computations
‘involve several time consuming multiple integral evaluations, and if some simplifi-

cation are not made, the problem becomes numerically intractable.

The information sources can be divided into 2 groups or cases. The first one corre-

sponds to the case when it is possiblé to measure cracks in all elements, that is, when

the system does not fail. The other case is when the system fails. As was already put,

the second case corresponds to null information. Now, for the first case:

The probability of finding a crack of size between a and a+da at time T1 is given by:

* Dia) £, tB) £ m,)
P1(a.T)| ﬁamc)zf —rca : dec ; (19)
cl
_In(afay) . In(a/ag)
where c¢;= T, and t=T\—¢

and the probability of not finding any cracks at time T, is given by
PZ(T1! B%mc) = (1*134%({3—{1] B)) +

[ [ oDl () el moke a, @0

Supposing that at the first inspection T, n, out of M elements are found to be cracked

with crack sizes A={a,,...,a ,}, and M-n, elements are found intact,. n,+n,=M is the
total number of elements. The likelihood given by:

. o,
Like{A,n,,Ty| B m,)= (P,(T;| B.m,))"2 igl Py(a;,T;| B.m,) 1)

Using Bayes' theorem, the posterior distribution for the parameters f§ and m, is given
by:

_ Like(A,n, T)|B.m.) fB,m,)
[ Numerator dm_ df

fB,m,) 22)

where, in this paper,
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1
(B ;B 2)fm,—m,)

is the prior probability density function.

fOB,m,) = (23)

The information gained when the first inspection is performed at time T, when the

system is up, is evaluated as:
Info, (A,n2,T,)=

f " 72 €948 m ) 1l m -£8.m ) Y m s i, 24

B
Mgy !

This is the information gained when the inspection result Res={A={a ,...,a_ },M-n }

is obtained. In order to select the first inspection time, its result has to be simulated,

and will be distributed according to an unknown pair H={  .m__ }:

Inf 0y (TII H:{ﬁ true?mctrue}} = (25)
né 0 p(n,/H) f - ] fo - Info(T},{A},n,) g,(a,H) ga(ale)..ga(anliH) da,..da,

where p(n,|H={B e Meire)) 18 the probability that n, elements are found defective,

and g (a|H) is the probability density distribution of the crack sizes given that the
element is cracked. Now, the numerical evaluation of the above formula is very time
consuming. Since the interest relies in when the first inspection should be performed
to obtain maximum information, and not in the exact value of this information, the

above formula will be consistently simplified by employing the means of n, and of

the crack sizes a at the time of first inspection T :

Infoz (Tll H:{B u'ue°mctrue}) = Inf02 ({é’a""’ﬁ}’M'n_l’Tl) (26)
The mean information is computed simply as:
Info (T,|H) = Info, (T;| H) Ry(T;)+Info, (system failed) (1-R,(T,)) (27)

6.6 Loss function used in the first inspection time criterion

The loss function is defined as the amount of information that is left unab-
sorbed, due to non-optimality in the choice for the first time inspection. Concretely,
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if the true value of the parameters f§ and m, where known, the information gathered

is maximum for a optimum time T, *and equal to:
Info{ T H=p e Me) = g (I0f0(T, H=P e (28)

Also, for a given H= } it is possible to find another time T ** for

{ﬁdesign’cmdesign
which the information gathered is optimized. The difference

L({B true’mctrue} 5{5 desi gn’mdcsi gn}) = Info(Tf[ H=B truet'mctrue) -

%

II}fO(T] *l H=B nue9mctrue) (29)

is defined as the loss function. Now, since the true set parameter is unknown, averag-
ing the loss function using their prior distribution, it becomes only function of the
design parameters: '

mey B2
v L(B dgsign’mdesign}: fm [3 L‘({ﬁ smc}’{ﬁ design’mdesign}) fB(B) fmc(m‘c) dB dmc (30)

Minimizing the above function in the variables § design and m , it is possible to

cdesign

select the best design point H={§ design*,m *1. This set is then used to fix the

cdesign
first inspection time by using eq.(28). The general procedure is shown schematically

in the rough flowcharts 6.6.1and 6.6.2
6.7 Numerical results

An application of the proposed method is shown. Suppose a 10 element struc-
ture whose main properties are shown in table 6.7.1. By cost minimization, the best

Table 6.7.1 Numerical values ( units: SI otherwise stated )

Design Life 15 years Minimum level of overall reliability 0.8
Number of structural elements 10 Mean rate of zero crossings E[N+(0)] 10

Initial crack length a 0.01 Minimum detectable crack length 15
Parameter d in prob. of crack detection 9.§ Element initial strength £0 3.7x10

Critical stress intensity factor 10,, Parameter Q in S-N curve 3.0
Parameter p in S-N curve 0.9x10° parameter m in Paris law 2.0
Parameter Ko in Paris law 32.6):195 Mean of the stress process X 0.0
Variance of the stress process X 3.0x10 ~ Parameter o in time for crack initiation 9
Parameter f in time of crack initiation 0.9 Annual interest rate (),()16
Cost of failure C1 3.0x10," 1nepection cost Ci 5.0x10

Repair cost level 1 10, Repair cost level 2 1.0x10"
Repair cost level 3 8.0x10" Level 1 range 0.15-0.5
Level 2 range 0.5-3.0 Level 3 range 3.0~
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Load general variables
such as number of elements,
mean and variance of the random
variables

l

Set the conjugate prior density
for the variables f and mc

Evaluate entropy corresponding
to the prior: entrol

time=0.0

|

First inspection time=time
I

Set optimum beta and mc values
for design

N

Evaluate average crack
size: a_mean

l

Evaluate the expected number of
cracked members : cracked

Evaluate the entropy corresponding
to set set {a_mean,cracked}: entro2

Evaluate information .content
info=entrol-entro2

Print the set {time,info}
|

time=time+time_step
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N Y (B
_/

7 time>time limit? ™\
(In the program set
equal to 15 years) -

Select optimal time
for first inspection

Flowchart 6.6.1
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A closer view to the block | Evaluate the entropy corresponding
to set set {a_mean,cracked}: entro2

Evaluate entropy entro2 is performaed by the function:

REAL entropy_post_first(a_mean,cracked)
Begin
Integrate the product In(fdp_beta_mc)*fdp_beta_mc
with respect to beta and mc;
auxiliar:=Integration result;
return auxiliar;
End;

The function fdp_beta_mc is calculated by using the following algorithm:

REAL fdp_beta_mc(a_mean,cracked)
Begin
auxiliar:=(P1"cracked)* (P2"not_cracked);
(P1 is given by formula 19)
(P2 is given by formula 20)
(not_cracked are the number of elements not found to contain cracks)
auxiliar:=auxiliar/alpha;
(alpha is a parameter used to normalize the prob. density function)
return auxiliar;
End;

Set optimum beta and mc Values)

A closer view to the block :
for design

The best values to be used in design are obtained by minimizing the
following function with respect to beta_design and mc_design:

REAL info_loss_design(beta_design,mc_design,fdp_beta_mc_true)
Begin
Integrate the product info_loss(beta,mc,beta_design,mc_design)*
fdp_beta_mc(beta,mc) with respect to beta and mc;
auxiliar:=Integration result;
(fdp_beta_mc gives the densit distr. for the true values of bea and mc)
return auxiliar;
End;

The function info_loss is given by:

REAL info_loss(beta,mc,beta_design,mc_design)
Begin
For the set {beta,mc} find the optimal amount of information (search for
all first inspection times T1);
Name the maximum information INFO1 and the optimal time TIME1,;
For the set {beta_design,mc_design} find the optimal amount of information;
Name the optimal time TIME2;
Evaluate the ammount of information gathered at time TIMEZ2 when the true
set is given by {beta,mc};
Name the result INFO3;
auxiliar:=INFO1-INFO3;
return auxiliar;
End;

Flowchart 6.6.2 —76 —
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Table 6.7.2. Inspection results

Inspection| Time | N. of repairs Reliab. {| INSp. | Time | N. of repairs Reliab.
1 ]910 %) % | 0.996 | 5 [1226|i3d) 0% | 0.997

level 2

2 | 967|143 o [ 0997 | 6 |1292]j¢) 8% | 0.998
3 |1049] ) 0w | 0.997 | 7 |1366[jel §R | 0.998
4 1143 fevetd 321 0,996 [Reliability 0.96374 COST 3213881

number of inspections and their times are set using the true values ctme=8.0x10‘8 and

B, e =0-9> which are unknown. The results are shown in figure 6.7.1 and table 6.7.2.
Note that the first inspection occurs very late in the structural life, leaving room for
setting other criteria. This tendency for late first inspections is general as can be
observed also in refs [2][5][6][8][10][11].

Changing the time when it is performed, the amount of information collected in the
first inspection, by knowing the size of the cracks, or their absence, also changes as
shown in figure 6.7.2. _ |

If the inspection occurs too early, no cracks are found. On the other hand, if it hap-

pens too late, or the structure fails, or the number of combinations of the unknown
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Fig.6.7.2 Obtainable information x time

—_—T7 —



S 1.25 4.00
— First inspection=T| & First inspection=T|
¥ 1.00 g T=9.10
g =150 g 3.00-
2 7.501 ' = =150 130
= | 2 2.00-
- 22|
= 5.00 T=9.10 £
2 250 5 1007
) o
< w
£ 0.00 ; ] 0.00 u ; a
A 0.7 1.2 1.7_7 22 050 0.75 1.00 125 1.50
Median mc (x 10 ) Scale parameter 3

Fig.6.7.3 Marginal prob. density functions

parameters to give a crack of large size is great. For both cases the amount of infor-
mation gathered is not high. Figure 6.7.3 shows the marginal posterior distributions

of the parameters f§ and m, corresponding to different times.
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The amount of information contained in the second inspection T,=9.63 that was not
contained in the first T,=9.10 is shown in figure 6.7.4 , and it becomes clear that the
first inspection can furnish almost all information about the parameters, and there-
fore deserves special attention.

Figure 6.7.5 shows the expected loss. For this case, it is noted that the set

H={B design=().7, m_ design=1.5x10‘7} corresponds to the minimum expected loss.
Now, fig. 6.7.6 shows how the amount of information collected changes with time if
this set is used back in formula (26). Readily it is observed that the best first time
inspection is T =5.0.

6.8 Conclusions

If chosen by a criterion such as minimum cost, the first time inspéction is set
relatively late. In this interval, other criteria can be used. In this paper, a criterion
based on maximum information search was proposed. Also, it became clear that the
first inspection can furnish almost all the information about uncertain parameters.
Numerical simulations indicate it is valid and can improve reliability and cost esti-

mates of structures.
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