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Multi-objective maintenance decision optimization of project-level bridge
based on the idea of sustainable development

HE Qiao', LEI Jiayan',GAO Jing' , WANG Huakun',ZHANG Sujuan'*"
(1. School of Architecture and Civil Engineering, Xiamen University, Xiamen 361005, China; 2. School of
Project Management, The University of Sydney, Sydney 2037, Australia)

Abstract : [ Objective] Against the backdrop of rapid growth in the number of bridges in China and increasing maintenance
pressures,it has become increasingly crucial to propose scientific and sustainable bridge repair strategies. In alignment with the
national “dual carbon” policy, this study aims to explore bridge maintenance decision-making methods that balance economic
efficiencies with the sustainability, thus ensuring long-term bridge safety. [Methods] For the first time in bridge maintenance, the
proposed study introduces a dynamic carbon emission flow model and carbon compensation costs,and establishes a reliability-based
multi-objective maintenance decision optimization of project-level bridges. Using the NSGA- || , we obtain the dominant solutions and
Pareto front for maintenance decisions in a specific case. By applying the ideal point decision-making method, the optimal maintenance
plan is identified, hence achieving a balanced optimization of economic costs and carbon emissions. [ Results] Research results indicate
that the Pareto front analysis of composite maintenance strategies reveals a negative correlation between total maintenance costs and
dynamic carbon emissions, providing an optimal solution for bridge maintenance. In the case study, carbon compensation costs account

for 4. 23% of the total expenses,so that the impact of carbon emissions on the overall economic burden is highlighted. [ Conclusions]
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This model provides a systematic optimization pathway for the lifecycle maintenance of bridges. Then, this pathway supports the

bridge management in balancing economic costs, structural safety,and carbon emissions to enable efficient, low-carbon maintenance

decisions. This outcome not only facilitates the low-carbon transition of bridges but also actively responds to carbon reduction targets

in the context of global climate change. Consequently, theoretical support and practical guidance for the sustainable development of

transportation infrastructure are offered.
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Fig. 1 Multi-objective maintenance decision-making framework for project-level bridges
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Tab.1 Material quantities and corresponding costs of maintenance and reinforcement methods™'"”
Eg=2 WIRES TR RS AR AR a HM /O« m™?) BRHERL/ (kg » m™?)
1 R4 Ta 0 0 0 0 0
2 KSR R JEJ¥ t=6 mm 0.527 4 0.099 0 808 87.14
/M E
L=4 142 mm
3 JERE =8 mm 0.708 4 0.089 3 1244 116. 18
/M E
L=5 324 mm
4 JER¥ =10 mm 0.949 8 0.096 4 1 680 145. 23
/N
L=6 506 mm
5 JER =12 mm 1.214 9 0.095 2 2116 174. 27
e/ INKFE
L=7 688 mm
6 ERE N W IR+ EL n=2 0.462 0 0.092 5 574 97. 24
W h=200 mm
7 B =4 0.615 3 0.091 0 846 135. 48
WE h=200 mm
o WH =56 0.874 9 0.094 5 1118 173.72
e h=200 mm
0 HRE =38 1.100 5 0.093 3 1 390 211. 96
’ WE h=200 mm
10 MiGEF4eE SR REF4EAn B =4 0.210 1 0.0817 1 280 13. 20
11 EH =6 0.333 8 0.083 3 1920 19. 80
12 JZH n=8 0.452 1 0.084 5 2 560 26. 40
13 2 n=10 0.581 7 0.086 4 3 200 33. 00
14 fRAMIR ST E 1X7—15.2 mm WHH n=2 0.741 4 0.085 1 1 000 25.91
15 filEe HE =1 1.278 7 0,079 4 1500 51. 82
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Fig. 2 Cross-sectional view of the bridge(unit:cm)

2.2 BIEZATEESH

F AR T R TR R 3D, R 50
B ho =1 100 mm, FJK 58 6= 180 mm., B2 5 &
by =2 200 mum. IS EE R %A 7 45 T S 4k
HRAE/NTF 0.5 mm, SOTR8E 55 80 K 25 1 g iR 1k
FH by, = 1.0, MRAEAFREIFEAGERE, IR BLT]
= AN T = B S N L )
PLAS TGS 80 2R P s DA B e AR R 25 0 A EL R 8k
HI 2.

220

8] 12

130

110

12032

o000 00
eoeoqoo

|

B3 R I R em)
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Tab. 2 Statistical parameters of resistance random variables

*3 QAR E

Tab. 3 Chromosome code representation

A - B/ G240 Uiiits R CYNEYES
MPH 7 - 3 / 1
TREE LR £, C30 13.8 1.5012 0.2662 0.177 3 t+1 15
AR £, %% 280 1.0849 0.0780 0.0719
B R s — 2,00 0.30  0.15 T—1 1
feorr T 1
PEEAAE 2% — 1,00 0.04  0.04
HEHK, , . — o
E 2 RN ISR UN D0 R N T E |
SRCHE R AT, 4 2 RIE R R ARG L 4
ol K 5 s, ASS ] g, NSGA- 1T B sl ik 14 2
sl RBBEE N BB 2, FBER/INA 500, 248 200
4 W BT EE R E B TS S8 XMER R 0. 7, RN
ﬁf 3 0. 15. & F B2/ i AN Pareto BT fEINE 6 Fis.
=
il Ilﬁﬂl
1 -
of ( Fﬁﬂ#é*}]féﬁﬁ, Gen=1 |
~lo 10 20 30 40 50 60 70 80 90 100 EE R

oy

K4 RARWIIN 1+ T 5ERE
Fig. 4 Reliability of beam 1#

HR A 2% 6 T 205 4 W 5 B BT H 48— AR fE L 45 1
BAEFY R =G B 2 B bR W] R R N AL AE
PEREIR GO KT 3. 7. W& 4 s, 18 Jen] SR 45
FRIETF 3. 7 RYEEIE] S 30 4R, fE ¥ TFSEHER 100 4
PR A R GRS 1, D) G 1k W AR e PR A KR
PRI T AR AT SR8 ] 5 BEAIR T H AR AT 58 B2 B X A
ZRAEAT 4E A I [ B, DLOR IR A 3R Y 2 A BOIE R
AT,

2.3 BREMEBRRMEML

AATEET NSGA- 15832 gl vy DL — A Ak 8l 254k
TR TR Bk A2 BUAR B 28 5% AR S AIK R B b B 1
RAAE P ARAAY, DA I [ 5 AR A it AR & L
T A2 B bR ] S B R AR B R AR

Jmin Cu = Cp+Ces

min >, cfe, o« (147 %, (9
k=1

tSUbjGCt:B;(Z‘,) =P,
K B W3t H AR AT SE FE AR B, 2R 3. 7.

W 2 42 75 i J) B oM R A ) A 90 5 ot ) B — 1>
R, — kgL iR Ry 147 100 S ) i, Rt 2 4i s
InE R —Rh 7 %, gk 3 R

!
BARGIRE . S, RSP AR, S5ACHR
HEFBEA YR STRCHET , iZId R T SEEEA
e BRI G ARG B B e 75 R, LABRIE
AEREN BT R
!

MR TR R PR B A& MR
B AZAFIEE, Gen=Gen+1

oA

BB BEAREL

i A

K5 NSGA-T it
Fig. 5 NSGA-1l process

[ 6 775 924 Pareto HIY A TEAFAR A 2%
R AEFAT FL LA — /R85 20 T3,
U AT A6 Pareto fit i — 1 LA IR
TP 107 K. AT IR HY 7 30 ¥
Pareto WFFAIA— L5 H 510G G B S 6 0T G 1
SH R KB BT 4058 (10) , B9 R SR
XA B FIERIHE IR (10) 97 77— fL b,
LX) —
fr g
AL 70D f X SR i A BRI — e

SHX™) , (10)



1032 -+ TR 24 CHARFRE RO

2025 4F

Iteration 200:Pareto Front

fhili AT RESE | ARl 285500
o | AENE e

W R RRAME AR R 2R A
J5/ NI AN Sk

K3
% 3360} BEST =

3600 3700 3 800 3 900 4 000 4 100 4 200 4 300
B AARHE (kg )

Kl 6 18 24 mE Pk SZRCAEF Pareto BT
Fig. 6 Dominant solutions and Pareto front solutions for

maintenance decisions of beam 1 ##

AR A ; X O~ pareto BT HYEE m AR SCHECA# 5
S feim 433 pareto BUHTHES @ A BAR IR B RAE I
fe/ME. #X A DI —14E Pareto IV H 45 2 AL
FIH— A HEAS 5 A R 2L

di= [ 207 e (X — ] (1D
K o Bk A BARIAEE R AR I 0. 5;
DU = Ls £ s i A EBR AR AT AR 1 0
1A

B ik Pareto B 0 — A1k 5 1158 HRK G R
BRI 4

# 4 Pareto HiVfRRK ECHE S

Tab. 4 Euclidean distance of Pareto frontier solution

o EE}C EEJZC R
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6 0.163 0. 864 0.716 59
7 0.120 0. 945 0.729 73

311311111111111411111111111},
W H AR A B A N [ 8, a3k 5 o,

R XoF A S 48 4 T 5 B R A 43 AT 5 A IR 0B T
[ RIS 28 7 ) S0 A 300 A A S48 ) S P 2 s Tkt
(8 B bR T 5 B, 33 W i SR %) AR 46 o 31 5 ek O 1
FEFEANIEE 5 3 N W T 1 45 4 22 A MR RN mT SE PR 34 1F
G bR

HRHE e 5 T7 %8, B AR VT30 L Bl A B HE O AN 2
HEAB TN BRAS , IS B R 04— 5 G T R
AN 96 893. 36 Tt AAMHEHCR K 106 277, 12 ke,
A BRAME R AR 4 092. 48 TG, BEST fiff 42 il ) 4 &
O[] S5 s 8 i [ 45+ AR A8 U0 1] %) mT R L A )
A6 i (361 5 s T g 1) AR A8 U ] %) L 22 0 AR, SR
AR A BT R B A A AEAE T [ S .

5 ShZSBRHARBOR e/ I GRAE G n [E S
Tab. 5 Bridge maintenance strategies for minimizing

dynamic carbon emission flow

LG T [ 2 5P 5 Sl A HE R [R) 45 E 2
Bk =R 85 /N B Ao BEST, BEST X 17 B4 45 42 4
ANk (1111111111 1111111
11111111111151111111111113111
1111121111611111211111121111

44y ES YA I i iy v
29 15 3.783 9
42 3 4. 030 4
51 2 3.935 1
56 6 3.967 5
62 2 3.874 5
69 2 3.708 9
74 3 3.741 0
77 3 4.182 0
89 4 3.819 0

100 / 3.708 0

3 & it

ASCHFIFH NSGA- 11 2 HAnAbSA2:, #57 T Ll
AINMEAEAE T T R AR A0 2 25 i HE R B AR 58 H bR
PEARASERY, FKs N SE PR 22 ), R W 22 1 245 in
[ s HILFT fE  E PR B (b B, HARSS iR .

D) FEE A YAEINE KIS T  Pareto 5 A 73 A1 2
AN T AN Sh S B5HE IO 22 1) (4 SR DG, #8717 38
1 SR L A AT DA S B R P A A 4B B R 4
X BRSBTS I A8 0 [ .

2) FEZE T, BsAR 96 893. 36 JT. Hi Ak
FMERLA 4 092, 48 T0. FEARI LY 4. 23%. AT UL
A M AR 78 3 PR A& in [ 2% F P ATH SR A 1 T —



55 6 4 BUORRAE TSR BT H PR R 2 HARYEE TR + 1033 -

AT RAH. B ] 472 A e H bn B HERE B A0 B2 ik
7 0 A A A A B PR SR O T AR X — A
7R 8 8 A T S R 2 0 e A R A Dl
LA FIRHR T B2 E R R 4 ).
RWFTE RGN E SR U T — R R
FAUA T RERSHS Bk R 1 2 21 H Am Al o iy ik
. T A AL A A R B AR HE IO A B
DAL, PR F A AT LA 2855 AR S 3 il LUK 35
BRI 1, S AT RS A SRR R, X
— R A A A I A B 4P R AL T R AL
ARG A B TP GRS R ) 2 A R BT
AIVBSRHETAC A5 Wi 1o e BRUBEAE AT 5 ARl FIAR.
JEAE Pareto Hi T fiff Sy B G 446 T 18] 56 s $2 3t 1
e b AR A HAESE PRI BRSREE W R
JEFIUA BRI | i TR 18] | B R 5 LA B S 20 3 nl g
BR 1 PSR LA Y SE PR AT AT 1R, ARRBBFFE I 455
XL FEAT SRS 40 20 A AR A R, DL £
DUACZE SRAE I e b 08 ] BRAE R RIS . BESh, A BT
FALIIHT T Bl 25 B HE R IAL foe /N F1LEL 22 BF AR B /MY
TG RICIT G IR 92 H AR 4. AR T AR AT
ARG PR TR PRI, I Pareto FififT i o ik
FEAT B S PRAT KA SR, USRS A B 1 5 A
R, TR ol TR HRHOH R BT 1 A 5838 . AT
GETT T RPRHR i B Be i HEL . 20 T dE 0 A AR
FR32 B A R AT SR AR SR AT LAY R e HE T 48
TV L 00 = R 48 o [y B 4= 05 o7 A8 e HE TG 53 O
SE AN TR AT T 26 A Ak A i [E 8 R, 2L S8R B M 4
T 27 B RS A SR 2 T p 0 e R O BIE 5 55 1o .

S0k -

[1] BIEZMA M V,SCHANACK F. Collapse of steel bridges
[J]. Journal of Performance of Constructed Facilities,
2007,21(5) :398-405.

[2] LIL,MAHMOODIAN M, KHALOO A, et al. Risk-cost
optimized maintenance strategy for steel bridge subjected
to deterioration| J ]. Sustainability,2022,14(1) ;436.

[3] FRANGOPOL D M, SOLIMAN M. Life-cycle of structural
systems: recent achievements and future directions[]].
Structure and Infrastructure Engineering, 2016, 12 (1):
1-20.

[4] HAN X, YANG D Y, FRANGOPOL D M. Risk-based
life-cycle optimization of deteriorating steel bridges: inve-
stigation on the use of novel corrosion resistant steel[ ] ].
Advances in Structural Engineering,2021,24(8) :1668-1686.

[5] PG R. A2 ARG HE B9 AR 5 & R s o i ]
FHE 5108, 2024 (10) : 134-136, 139,

(6] A Jad by i 72, 45, iR TR 455 A A HE
WS BREHOR 5 TR, 2023, 23(22) : 9605-9614.

(7] PNGEae, SE A4, e 45, 25 Ik i TR R 2 AR 1Y
B BRAEAE Jn O0A D S LT . Wi R 2 i CT 3 JRO
2012,46(11):2013-2019.

[8] NEVESL A C,FRANGOPOL D M,PETCHERDCHOO A.
Probabilistic lifetime-oriented multiobjective optimization
of bridge maintenance: combination of maintenance types[ ] ].
Journal of Structural Engineering, 2006, 132 (11); 1821-
1834.

(9] hagss— NI B A IRA AL JTG/TJ22—
2008 22 A R B S AL LS. b mte A RS R
#t,2012.

[10] DONG Y. Performance assessment and design of ultra-
high performance concrete (UHPC) structures incorpo-
rating life-cycle cost and environmental impacts [ ] ].
Construction and Building Materials, 2018,167 :414-425.

[11] WHIPPLE W Jr. Principles of determining a social
discount RATE[J]. JAWRA Journal of the American
Water Resources Association, 1975,11(4) :811-819.

[12] ACKERMAN F, STANTON E A. Climate risks and
carbon prices: revising the social cost of carbon[]].
Economics, 2012,6:20120010.

[13] R H 3R ARSI A, He T AL Sk mUA B8 1Y A [F] 4540 13 2
BRAHEBORATAN L) . A2 85,2016,32(5) : 84-88.

(147 HEER, BRPT, MRS . 55, 35T NSGA- 1T R R4 £ H
FREEM I ST L) ). £AR T AR 4R, 2024 (1)
1-13.

[15] T4, thAmk, W ENE. TR AR &
Je 5 R AT (D LT, BEBTE5 A #H, 2002(4) - 2-9.

[16] Bwfe. & EH, T4 ERREE L 45 R R A
i B L) ). B TR %2442, 2002(1) :83-88.

[17] ABARZE P40, e ARAR T R ITAl o 2 A B L . v
AN TR, 2002(3) £ 31-33.

(18] &HiR . B €, ks, ZIRIREE L i fb LA 09 303 85 1 e
AL ). WiTER22 24 (T 240 - 2000(2) :46-51.

[19] BRI, 2250 ARAEM, %, TREE T B A M 1450 /7 55 1w
JETEREIREEBTFE [T ], TAlL ST, 1997(6) :15-19,58.

(AESR 2 F)



