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Maintenance strategy analysis of fatigue-sensitive structure under service
life extension uncertainty
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1 School of Naval Architecture and Ocean Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China
2 China Ship Development and Design Center, Wuhan 430064, China

Abstract: [ Objectives | In order to reduce the influence of ship service life extension uncertainty and fa-
tigue risk during future service life extension, a dynamic maintenance sequence decision based on the real op-
tion analysis method is adopted. [ Methods ] The local fatigue of a high-speed ship is taken as an example.
This strategy strengthens the maintenance in the early stages of the ship's service and determines the adaptive
maintenance decision according to the requirements of service life extension in the later stages, thereby adapt-
ing to the various possibilities of service life extension in the future. [ Results ] Compared with the tradition-
al maintenance strategy, the flexible decision under real option analysis can reduce the influence of service life
extension uncertainty and effectively reduce failure risk during service life extension. [ Conclusions ] The se-
quential decision made via the real option analysis method has strong adaptability to the uncertainty of service
life extension in the future and provides a new idea for maintenance decisions.
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Table 1 Random variable of fatigue crack propagation

BEALAE B il WE AR5 A
YHEHRGR Faymm  Lognormal4)Afi 0.5 0.1
N HR{EAC/MPa Weibull 53 #i 20 0.1
IS IEIRIRHEIN,,,  Lognormal /34 1.0x 10° 0.1
W5 RHC Lognormal /31 2.3 x 10712 0.3

MEZHm Wi EE 3.0

R T 1 R B94E4E 3% N 20 15 74, &
Xob v BAE BT, XA A R AT T W AR, o
P57 ML AR % 2 3L B FH € ol 100 T3 I, 8 57 I K 3R
N 2%,

x2 HETRMELSH

Table 2 Quantitative parameters of maintenance intervention

YA T HOTR AR S % IO
m, 20 20 000
m, 40 40 000
m; 70 70 000
100 100 000
R 200 000

15 75 [EIE 77 A SR TTAR 1 i 448 P 3R 1 Rl
R B AR B R A K S AR A8 A, AR B D
ili 4 T3 LA 0 = f B o0 A, B W A A i 1~5
AE IR 73914 0.36, 0.27, 0.20, 0.13, 0.04,,

FERf E T LAk Ia] 8 HE 2 RS 8005 , B ] 38
IR A T A B 2 P AE A M Y [ e B U SR T
Y. BUAE ¢, = 12.68 4F, 1, = 20.56 4 I ¥E47 m, 4k
&+, WENE 7 4B TR . SEY ALy
BT 18 4 A& 5 Jmy B 1 5 1 182 1l FH 75
SRR A R0 0 P S 43 A, RE A8 3 A W] 1Y) SE
FEER o WAL S, — ARG E) A AR 1 9 o 2
S0 B e o A R, T R A AR R A T T T L
BB R PR AR S 1 R 38 s [R] Ry ¢, = 14.5 4F, F
— UK DR SR AT AR 8 2R ok 14 48 77 SR AT SR A



55 44 SRASAE: HE T AN AE T 9 55 453 D 45 A 14 4R A8 SR o0 B 239

o AFIEAFZOR T BT RA Ry AN 2 IS A TF SARME, 78 6 = 2571 AF I #EAT m, 4E
HETF VAR, fE = 23.65 AF I EAT my AEAE T BT HG BE 7 4RI e DUIETE 5 4R
YAEAN T BHETF 2 AR, AE £ = 2405 AR HEAT B, 2 ol 4R 4G DR SRS X D 4 Ok AR R 4 A 2
my ZE A5 T B AR R 3AEE, AR = AT AN 8 AT 9 oo iy AT, A S
24.52 AR I BEAT my AEAE T B0 AR BEAE A AR HIIE], SR 2R O 10 2% ROME R I AR T [ E
AR, TR 6 =25.16 AF W BEAT my ZEME T 00 A AR AR, 4E1B S AR 25 A K

i i
Xp=my Xy = my i LS i
RS2 9 H
n [E— i
' : .
T
t, = 12.68 4 t,=20.56 4 ! . 5
| Niak%: -2
n i 4 F?L/ﬁiﬁi
x, =R X, = m;
Y I
t,=14.5 4 t,=23.65 4
x =R X, =m,
v i
A A A A 1
t,=24.15 4F
x =R : X, =m, |
i
i L
t,=24.52 4
x =R Xy =y
* By 1!
1=25.16 4F !
=R X7 m
* i A 4
t,= 25714 i
5 10 15 20 25 30 35
IR a] 47

K7 e rRR

Fig. 7 Schematic diagram of maintenance management plan

1 (9 RGP AT AT 0T . AR ZEIE SR R B9
JRBORSE Xf 1 A K 06 A 114 B R e (R
BN 3 PR o AEAR TR Y E 73 ZORTR, R4 B9 2
16 SR T LAY AR v AR A B Y R, R
FRARNS B (B R 2,62 78 N SEWIBIAL 4 £ E 23
B AN TR B 3 A7 225K, S IO S An 1 10
iR e i E A LA B, S HETF 1 AR AL E

T A S A 5 i ]
HeF i) /4 K3 BERBEFESHR
8  YHBE TR R AR AL (t, = 5) Table 3 Economic analysis of maintenance strategy
Fig. 8 ri};jlrtlgflzairzz)h :f5§allure probability of maintenance manage- . HAETTR EHEME N R
plan (fey Hefz ~ e o KEEORE RRHE
x10*
14F 11 963.5
24F 17 857.1
R
207 m 3% 12.68/m, 20.56/m, 24 868.1 -
& .
RO 45 32 638.0
& 7.5
54F 411359
14F 23.65/m, 31457
s ) /4T .
g o o i 24.15/m 4608.9
9 YHEEIIRINAEETH (1 =>5) 1
m, 34F 1450/R 24.52/m, 6576.4 2.62

Fig. 9 Maintenance cost of maintenance management plan (¢, = 5)

Py 52 40 S0 LA W S 09 3R 335 2 16 55 W e, A i 25.16/m, 90762
B 5 A S W e, 3 S AT DL K AR Siia 25.70m, 120422




240 BOE MO B %

518 4

B, AT UL S WS ACR N JE ANELAY ;2938 77 3 4F
4 AR S AR IR, SR A 4G SR 1Y 4 A A S 38 9
R T 19 2 2 1 3wt 1) 4 A= i JEL 300 9, SO A
N0, WK EEE M IE . iR AE, ST IIAL
I AE PPl B0 A R AL, S S A0 A A 218 4 B
HR AR R IS — R R (AR o 2 2E T 3] BR
s, S AR W A A T SIS A, I, S22
B A T B9 R A A B SR ms o ol o I, 529
SR A A2 41 A8 B 19 107 PO T S 7 U BR 4
KA1 5

3 x10*

) UG -
e :
Wzl U

(=)

FIACAL T
~

[\S]

I
14E 24 34 44 54E
HEFFEIR

K10 RiEgE e s BT R s

Fig. 10 Schematic diagram of real option evaluation of flexible

maintenance strategy

BIRIZAE 73 S I3 B 1 2 12 A8 2
HARA RS, (HARL T 2R B PG 20 5 45 R 1
R R o 3 57 1R A AR R R LA — > ELAT B 1 0 5
280y e W BB ROR TSR, R T
1B F) IO 0 T 23 PR — 4k B R A Xk T
FIR 45 ¥ T L, 98¢ 57 o7 3 I 2% 7% Ok BRI B S A
ZRIEAT o EAh, T U 4B AL, AR 4B Ak
rf FU T [l S BEATLDR 25 A 2 2 A ] 21149
B IR A AR T B, S B b, ab n] DA% R 2 B 4
ERCR o JE 75 ZORATAE = 0 AN %E 1, BEAT
X P 8BRS 5 RS R I Xk S 24 4 B A
THE A5 IR 5 PSR 0 R0 R B A G, AP AE
W

5 & iF

K S AL o3 M 7 35 00 P 2 4 48 4 Bl fiE
(3 51 3t 15 X5 AP A A 14 S 7 AN 0 E A, O 4 v
S 75 U TR] F AR 45 4 1) ] SR fE . SE AU By
IEPRAL T —Fh R A% 4B A BESEE , 1T LUE W R R
F19 S0 A7 AN 0 R P, O R A 27 30 1] £ 2% 00U
S5RGBT B E AT 5 AR L, SEP A B
T3V T L2 JEAN TR B9 S 77 25K, REAE A AR LT 5
e AT R LA, A R A I DR R R

PEAGE W o SEYPIIAL T B B R4 B 05 AT
e T AR GEOL AL T ik 10 T B SR8 45 i AR
A A T LUSG R S AN 23 M 7 48 1 A e 19 5
A, U Fh 7 AT 20 7 5 9P Al, R LA 2%
AR A 5 ANl 2 P 4B A PR A 2

N T SR SE WAL o3 AT T ik AR SRR A B AR
PR 187 A A0 SR 3% P, A SC ol aod [ 5 B2t 1Y
(EOL TS B 1 7% P8 SE 75 ML 3 4 [ 2 4 A8 SR, 9
Je ARG A 73 2R B A s, 738 T S AL
IrHT R 2 AN [A) SiE 5 ORI 6 4E 1B A, X L
i U N EZR S T 8 NG S D =
H1 S IAS A7 O 125 7 2 A R0 24 S B A
T E HEAE G o SR B T AR 4RI A B
Hhfe W) 0 O S AR A 2 T T —J2 AT DA IR
S T3 AN RE R RS, A RO e AR 4B SR 1 R
PR W5 R BE A £ R 5 00 403 45 A A 7 )
[ i ] S PR RE

S % k-

(1] SRAE, Wbk i S TFH 0 N MR S5  al S P 5T B

R R [J]. b EALAREFSE, 2017, 12(5): 52-63.
WU F, HUA L. Current status and prospects of reliabil-
ity analysis of hull structures under corrosion and fa-
tigue damage[J]. Chinese Journal of Ship Research,
2017, 12(5): 52—63 (in Chinese).

21 BT U7, BUMCHE. B T ARG R 0 A A AR S T By 4 4

GedEsraT 0], Th EARARIESE, 2016, 11(3): 122-127.
MU Z F, WEI R X. Cost effectiveness assessment of
ship hull corrosion protection based on the maintenance
plan[J]. Chinese Journal of Ship Research, 2016, 11(3):
122—127 (in Chinese).

[3] LIU L, YANG D Y, FRANGOPOL D M. Probabilistic
cost-benefit analysis for service life extension of ships
[J]. Ocean Engineering, 2020, 201: 107094.

[4] ABS. Review of current practices of fracture repair pro-
cedures for ship structures. Report SSC-462.2012[R].
[S.1.]: Ship Structure Committee, 2012.

[5] R0, Wit BRI TET A S E P4l (1], T A
£, 2018, 33(1): 5-8, 16.

XU H, GAO C. Life extension assessment of structure
for aged offshore platform[J]. China Offshore Platform,
2018, 33(1): 5-8, 16 (in Chinese).

(6] WREEME, R/ Ha, BEUEHE. FPSO A& A7 55 PPA R 55 75
AR (1], WEAA T AR, 2019, 41(10): 33-39, 45.
CHENS M, CHI S Y, HUANG L W. Extension fa-
tigue assessment and fatigue life improvement for FPSO
[J]. Ship Engineering, 2019, 41(10): 33-39, 45 (in
Chinese).

[7] SOLIMAN M, FRANGOPOL D M, MONDORO A. A

probabilistic approach for optimizing inspection, monit-


http://www.ship-research.com/cn/article/doi/10.3969/j.issn.1673-3185.2017.05.007
http://www.ship-research.com/cn/article/doi/10.3969/j.issn.1673-3185.2017.05.007
http://www.ship-research.com/cn/article/doi/10.3969/j.issn.1673-3185.2016.03.020
http://www.ship-research.com/cn/article/doi/10.3969/j.issn.1673-3185.2016.03.020
http://dx.doi.org/10.1016/j.oceaneng.2020.107094

543

SRASAE: HE T AN AE T 9 55 453 D 45 A 14 4R A8 SR o0 B

241

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

I+

1141114111411/ +]]1+]] X

I+l

114114

’\I SIS

1=

oring, and maintenance actions against fatigue of critic-
al ship details[J]. Structural Safety, 2016, 60: 91-101.
GARBATOV Y, SOARES C G. Cost and reliability
based strategies for fatigue maintenance planning of
floating structures[J]. Reliability Engineering & System
Safety, 2001, 73(3): 293-301.

YANG D Y, FRANGOPOL D M. Evidence-based
framework for real-time life-cycle management of fatigue-
critical details of structures[J]. Structure and Infrastruc-
ture Engineering, 2018, 14(5): 509-522.

FRAG I, X, ZERA], 4. il TR M2 R3S
BAL R G W 4EE KM AT 5T (9] v B AT 5, 2021,
16(6): 45-51.

CHENG J D, LIU Y, LI T Y, et al. Maintenance
strategy of ship multi-state deterioration system under
reinforcement learning mode[J]. Chinese Journal of Ship
Research, 2021, 16(6): 45-51 (in Chinese).
MANDELBAUM M, BUZACOTT J. Flexibility and de-
cision making[J]. European Journal of Operational Re-
search, 1990, 44(1): 17-27.

KIM S, FRANGOPOL D M, SOLIMAN M. General-
ized probabilistic framework for optimum inspection and
maintenance planning[J]. Journal of Structural Engineer-
ing, 2013, 139(3): 435-447.

BLACK F, SCHOLES M. The pricing of options and
corporate liabilities[J]. Journal of Political Economy,
1973, 81(3): 637-654.

KNIGHT J T, COLLETTE M D, SINGER D J. Design
for flexibility: evaluating the option to extend service
life in preliminary structural design[J]. Ocean Engineer-
ing, 2015, 96: 68-78.

HINO M, HALL J W. Real options analysis of adapta-
tion to changing flood risk: structural and nonstructural
measures[J]. ASCE-ASME Journal of Risk and Uncer-
tainty in Engineering Systems, Part A:Civil Engineering,

I+ >llwlli+

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

2017, 3(3): 04017005.

GERSONIUS B, ASHLEY R, PATHIRAUA A, et al.
Climate change uncertainty: building flexibility into wa-
ter and flood risk infrastructure[J]. Climatic Change,
2013, 116(2): 411-423.

ZHANGJ, LIU Y, LU Y W, et al. Real-option analys-
is of optimum maintenance of deteriorating structures
[C]//Proceedings of the 7th International Symposium on
Life-Cycle Civil Engineering (IALCCE). Shanghai,China:
CRC Press, 2021.

ZULUAGA S, SANCHEZ-SILVA M. The value of flex-
ibility and sequential decision-making in maintenance
strategies of infrastructure systems[J]. Structural Safety,
2020, 84: 101916.

PARIS P, ERDOGAN F. A critical analysis of crack
propagation laws[J]. Journal of Fluids
1963, 85(4): 528-533.

AKPANU O, KOKO T S, AYYUB B, et al. Risk as-

sessment of aging ship hull structures in the presence of

Engineering,

corrosion and fatigue[J]. Marine Structures, 2002, 15(3):
211-231.

ZOU G, GONZALEZ A, BANISOLEIMAN K, et al.
An integrated probabilistic approach for optimum main-
tenance of fatigue-critical structural components[J]. Mar-
ine Structures, 2019, 68: 102649.

LIU Y, FRANGOPOL D M. Optimal maintenance of
life uncertainty
[C]//Proceedings of the 36th IMAC. Model Validation
and Uncertainty Quantification. Cham: Springer, 2018.

naval vessels considering service

ABS. Guide for the fatigue assessment of offshore struc-
tures[S]. 2003.

SOLIMAN S M, FRANGOPOL D M. Life-cycle man-
agement of fatigue-sensitive structures integrating in-
spection information[J]. Journal of Infrastructure
tems, 2014, 20(2): 04014001.

Sys-

>llllelle

PSR

(1 V47, 4R B0, AR 00, 45 TF BORE ol 2800 A9 A A 98 57 460 400 03 303 0 A (0], P LA F 5

2022, 17(3): 264—272.

2] B ik, X 58, 22K 2, 4. s Al o > BT LS 2 IR 1B A0 &R GE B0 i 5w (0] 0 =LA T 5T,

2021, 16(6): 45-51.

(3] #E R, B8 SO, 28 ML, B0 X R A AR B R 3l 55 45 0 B 52 ) (9], v AR AT 52, 2021, 16(6):

176—182.

(4] ks, R, AR AL . AR LAk A ol 280 Ay X6 5 DR A SR A AP 92 577 458 47 1)

2019, 14(6): 180—185.

TIRSIIRSIIRS el >lliellie

>llwlli+

>+l

>llwlli+ RIS

4

LS 7A
w

W [9]. H AR AT T,

W11 10 11411111111 11 1]

*>llieilie IISIIRSIIRS



http://dx.doi.org/10.1016/j.strusafe.2015.12.004
http://dx.doi.org/10.1080/15732479.2017.1399150
http://dx.doi.org/10.1080/15732479.2017.1399150
http://dx.doi.org/10.1080/15732479.2017.1399150
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.02129
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.02129
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.02129
http://dx.doi.org/10.1016/0377-2217(90)90310-8
http://dx.doi.org/10.1016/0377-2217(90)90310-8
http://dx.doi.org/10.1016/0377-2217(90)90310-8
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0000676
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0000676
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0000676
http://dx.doi.org/10.1086/260062
http://dx.doi.org/10.1016/j.oceaneng.2014.12.035
http://dx.doi.org/10.1016/j.oceaneng.2014.12.035
http://dx.doi.org/10.1016/j.oceaneng.2014.12.035
http://dx.doi.org/10.1061/AJRUA6.0000905
http://dx.doi.org/10.1061/AJRUA6.0000905
http://dx.doi.org/10.1061/AJRUA6.0000905
http://dx.doi.org/10.1007/s10584-012-0494-5
http://dx.doi.org/10.1016/j.strusafe.2019.101916
http://dx.doi.org/10.1016/S0951-8339(01)00030-2
http://dx.doi.org/10.1016/j.marstruc.2019.102649
http://dx.doi.org/10.1016/j.marstruc.2019.102649
http://dx.doi.org/10.1061/(ASCE)IS.1943-555X.0000169
http://dx.doi.org/10.1061/(ASCE)IS.1943-555X.0000169
http://dx.doi.org/10.1061/(ASCE)IS.1943-555X.0000169

	0 引　言
	1 实物期权分析方法
	1.1 方法概述
	1.2 评估实物期权

	2 量化不确定性模型
	2.1 疲劳损伤概率模型
	2.2 维修模型
	2.3 全生命周期费用
	2.4 延寿概率模型

	3 维修策略优化
	3.1 固定维修策略
	3.2 实物期权分析下的灵活维修策略

	4 案例分析
	5 结　语
	参考文献

