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ABSTRACT

This study aims to investigate research trends and propose future directions for applying Digital Twin technology to bridge maintenance.
A comprehensive review of domestic and international literature was conducted using keywords such as “Digital Twin” and “main-
tenance”, categorizing studies into maturity models, maintenance strategies, and bridge maintenance applications. The analysis revealed
that most studies focus on condition-based and predictive maintenance, leveraging key technologies such as finite element models and
sensor data. However, research on prescriptive maintenance strategies and the development of Level 5 Digital Twin systems for bridge
maintenance remains insufficient. This study highlights the necessity for a multidisciplinary approach and a service-oriented perspective
to advance the optimization and automation of bridge maintenance using Digital Twin technology, providing a roadmap for future
development.
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Table 1. Digital twin maturity model (Kim et al., 2020)

Maturity

level Designation Requirements and Features
Level 1 L.O(.)k-ahk.e * A reality visualized through 2D or 3D modeling
digital twin
* Installed and fixed during construction, with a virtually permanent communication connection except
Static during reconstruction
Level 2 .. . . . . .
digital twin ~ * Operates without behavior and role models but applies process logic
* Real-time monitoring and partial automation control
+ Contains an operational model of the physical object, enabling simulations by altering input variables
* Allows for reproduction and root cause analysis of issues that have occurred in the physical object
Level 3 Dynamic using log data
digital twin  * The physical object and digital twin interact through synchronization via data links, enabling
action-reaction interactions. Human intervention and decision-making may be required, particularly
when the system’s stability and reliability cannot be guaranteed.
* A federated operational model connecting heterogeneous domains through digital twins
* Coordination, synchronization, and interaction between digital twins, requiring human intervention
for operational execution
Level 4 Interactive  * Enables action-reaction interactions through synchronization with a data interface bus between digital
digital twin twins, but human intervention through managerial confirmation and decision-making may be
required in the final execution stage
* The interface bus functions as a data flow channel for the integration of digital twins throughout the
entire life-cycle of the physical twin
Level 5 Autonomous ¢ Real-time, integrated, autonomous/automatic synchronization and operation between the physical

digital twin twin and digital twin, as well as among multiple digital twins (without human intervention)




Review of Digital Twin Research Trends for Bridge Maintenance * 55

2.2 FAl2E| 2=t

XS QL 2] UAE HA] 932 Hol Clet 7 AL AFRsH AR A Y] Sigo] Zarolol she, Hug
A2 7152 HOI5RE ] Glo] AFe] TeAkgS uhgse Zlo] 19 Z 5t Boje et al., 2020). 0] wet o] ol A

L AT B 71E A A e E9) 73] fA)ge] A 47 ek BAYs) B i) gk
A e AT 4] A2 Holel A B A7 SaEoigiTh AU BHIS ] 7HE FRRS AT A A E o]

r
nT

o Aaleh @A) 2. AE] B 7E 2 7EIRom A Aol ofS 7he] Bdela u g Aol 4uage] Halw]
of Fic. olo] wet §AjTe] ek HejAE A R HEe] $Lor] AR WS H(Reactive) ATE],

(Preventive) -F-A1 2], Al 7|9 Condition-based) 7-A132], cll&2(Predictive) -F-A1 2], Z%2(Prescriptive) -4]32]
o] sHA| 9] A 2] HZFo] AJA|%| 3L Itk Errandonea et al., 2020; Gordon et al., 2020).

T2 fA] e 2RO ARS RIE9F S T 7h S, /o] ZRiE ol & Fae mIAA] o2 o aleEr}. 2|43t
1208 HHS Ry, ARt AH| A Fo] oy wint Wrieh At i3 2217} o |FIRIT: o= A E ¢
AR [ AR AR 1, 2, 380 = A5 ] o2 ksl il o]t -fA ] Aol A-8%|11 Qlrt. oA
TR YREA 0 & AR71A] ol Sro] 2 fA ] HMEho 2 AuA FThE HiR]olo] AR, A1 A v-8-S Eo]
£ A ZHE Ik o] Aol fA1T 52 ARdel AlSlsta A4 A 7HEe 2 Qb 9 ARdS 7t
S, @7 A ite] et 24 5] thg-ohs Za @7 THISCE, 2007). AEI7 9 -FA1 0= 2O S AT o R
S2]517] §1a]] |2 Q] ZALES 4=36l= o]t Kim et al., 2016). 1ol thallA] T
2} o] fAlke Aeko] EieHA -85 QloH o AFHIE 57 mefstal 4145] o 2
T AA7EA] HFE o] AHZ I8 Rl EE s AAR A5 B 28 B8] ot dul B AR et T2 Eulo| = A
wof gt dlS4] FAIEE e Al Eol FAFE AN 258 2 TRt tlofB et 218 ] tloBE Ao 24 tivd Al
AE0)/dH] HStE ok RS &Sk o5 -5l n|e] HiStE o Soh=tl| AR th(Liu et al., 2018). |5 2El &=
Solli= B2t A 71ROl ARE i QLA QIFAlE S Rt OlS BEE v ok floH E27|uh RS AL5of oA
tﬂo]ﬂ = g"g“o]? A B TRt AR -G9S ekl A5 AohE dlE5eto = -84

S 28 I
Slal FA|HG TEA|AS A Slel=t] F24 0] tH Ansari et al., 2019; Jeon et al., 2024). ©] Z=FO]

M)

W

m
S
I
=)
N,
=}
0
—>'Ju."l‘
O
o

ro,
i;
>
it
o?.i
A
e

= AP diel b AlShE e Tl A g A Jg AT E St AReecis ol A
= gae) Heke 519 Weke] Ade BE Belely G hE 71 Be 4] 4] AAE a7 9l ol B
o] gA|a] HM2ke] TAI= Fig, 13} go] EEH 4= 9tk
Prescriptive
Predictive
Condition-based (
Preventive : ; 1 Analysis of
P ! Data-driven ; | maintenance
Reactive mmmmmm ey | Asset | + or : - proccelss
Routine 1 . i | . 1 ! model-driven ! : an
' H ' di I | | ] LS . !
Maintenance Mau;t]zrrllance + rflggitlct)lr(i)r?g ‘ analysis optimization |
without plan | | '




56 ¢ ] Korean Soc Disaster Secur Vol. 17, No. 4, December 2024

A 1 e 450] A e] ke o fAEegom 27 B S11EIeke Mot tix|g ESlo] e mel
Hlaslol B o, A4 §A0219] S EIsHs 20| Level 5 UAE £ 758 D417] $iol Boolehe A2 2
=
A

2.3 CIA | E2I 7|8tk Q22|

Az F-2o] tAE E 2] Aol AME dAlstal 424 7152 dEsh] f1et =2 7| R A dske A
A AZFE]H(Aivaliotis et al., 2019), A& 41} Alado]d 2
A B8 4= 9l vl S-S A 9 $ido] EFtTi(Ritto and Rochinha, 2021; Wang et al., 2019). 0|37 755 &2 7]
R B2 What-if AlE2|o13S &9 @léﬁﬁj of Z-g=v], E8HIJo] A7 52 750l BRI Aol maleld

25 A8l 5SSk W E 12 E T Booyse et al., 2020; Chakraborty and Adhikari, 2021). ©]2{¢F T 2|€

E917% el 27 13- §A0RE 915 TAY B 7 B Aol E EelE 1 glon] 1 dep} cherst v
ol AEEIElo] Lheha ik 4508 B9 % e BREA 7Lt AlRk] 11 A7 Aol 5 167)] Tl

E%ﬂ%ﬂ. fAjHel T @77} B1R1FIGL0 P Table 261 1 thgo] HRlHIglc) 7 7SS Al RS Tl
T g3t T B T E91 o] et 82 7]t aofslo] 9Lom] M 714 Akt meln-fxTe e
o ek 14201 Bl

Table 2. Literature on bridge maintenance with digital twin

Maintenance Maturity

Reference strategy level Key methodology Key contribution
Shim et al FEM with model updating and Developing a federated digital twin framework
(2019) ’ Predictive 3 automated image processing for for real-time inspection and predictive
enhanced bridge maintenance maintenance of prestressed concrete bridges
. . . Developi Iti-scale digital twin fr k
FEM with hybrid monitoring eveloping a mu 'Fl scale dlglta fwin framewor
Yu et al. . . . . to assess and predict the fatigue life of
Predictive 3 techniques for fatigue evaluation of . . .
(2022) . . cable-stayed bridges under dynamic loading
orthotropic steel bridge decks .
conditions
. .. . Introducing a statistical digital twin framework
Utilizing statistical finite element . o .
. .. . . . for infrastructure monitoring, enabling improved
Febrianto Condition- methods with Bayesian learning for . i »
3 . . . strain prediction and condition assessment by
etal. (2021) based real-time monitoring and predictive o . .
. . . combining sensor data with uncertainty-aware
strain analysis of self-sensing structures .
finite element models
Int ting digital twi d BIM with .
Tegrating digtta’ twin an W Developing a BIM-enhanced framework for
risk-based inspection models for . : .
Kaewunruen real-time risk assessment and predictive

Predictive 3 vulnerability assessment and
maintenance planning of bridges under
extreme conditions

et al. (2021) maintenance, emphasizing sustainability and

lifecycle management

Utilizing nonlinearly updated FEM and  Proposing a robust digital twin framework for

Linet al. . shake table data to assess seismic accurate seismic performance and collapse
Predictive 3 . . . .
(2021) collapse fragility of long-span assessment by integrating nonlinear model
cable-stayed bridges updating

Combining digital twin technology
Kang et al. Predictive 3 with mult%medla k@wledge systems
(2021) and machine learning to create
real-time, adaptive models

Introducing a hybrid simulation and data-driven
digital twin framework that synchronizes
real-time sensor data with predictive analytics
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Table 2. Literature on bridge maintenance with digital twin (Continued)

Maintenance Maturity

Reference
strategy level

Key methodology Key contribution

Developing a hybrid cloud-fog computing

L i loud- igital twi . .
everaging a cloud-based digital twin system for structural damage detection, enabling

D tal.  Condition- i i
ang et al ondition 3 framework integrated with deep

2022 . localizati i
( ) based learning, FEM, and ToT accurate damage localization and severity
assessment
N . Developi ional bridge digital twi
Integrating digital twin, WIM, and evelopig a réglona _r1 ge digita WI.n
.. . . . system leveraging multi-source data fusion to
Dan et al. Condition- Al-driven machine vision for real-time . . .
4 . enable safety warnings, lifecycle analysis, and
(2022) based traffic load monitoring and structural o .
intelligent transportation infrastructure
health assessment
management
Implementing a cloud-based digital Introducing a service-oriented digital twin
Giirdiir Broo  Condition- twin s.ystel'n.with %ntegrated 10T and framequ that enhances decision-makipg by
3 machine vision with LRF to enable integrating sensor networks, data analytics, and
et al. (2022) based . . . . .
real-time data acquisition, analysis, and interoperable systems for infrastructure
visualization for smart infrastructure resilience and lifecycle management
FEM, IoT, and semantic modeling for  Introducing an integrated digital twin system for
Mahmoodian . intelligent maintenance and real-time  predictive maintenance, leveraging real-time
Predictive 3 . .. . . .
etal. (2022) performance monitoring of civil sensor data and simulation to optimize
infrastructure. decision-making and reduce lifecycle costs
GIS and BIM with graph-based Introducing a GIS-BIM integrated digital twin
Gao et al. Condition- 4 algorithms and a common data framework that leverages defect modeling and
(2024) based environment for real-time monitoring,  roadmap graphs to optimize bridge operation,
drone-enabled inspection maintenance, and traffic management.
Developing a mixed reality-based Introducing an mixed reality-based digital twin

Cuong etal. Condition- 3 digital twin model integrating BIM, 3D  system for decision-making, enabling real-time

2022 based . . . .. -
( ) ase scanning, 10T, and real-time monitoring structural condition assessment and prediction
BIM, FEM, and laser scanning for Introducing a sustainable digital twin system to
Franciosi Condition- 3 interoperable and real-time bridge enhance lifecycle management, optimize
et al. (2024) based maintenance, including what-if maintenance decisions, and address software
scenario simulations. obsolescence for existing bridges.
Integrating digital twin, FEM and . .. .
. .. fiegrating cigttal twinl, an Proposing a digital twin-based NDT framework
Lai et al. Condition- surrogate models to enable NDT for .. .
3 : . that utilizes virtual sensors and surrogate
(2024) based real-time structural health monitoring . .
. . modeling to reduce maintenance costs
of suspension bridges
Developi digital twin fr k . .. .
. eve oplng 3 dighta twin amewor' Introducing a condition-based maintenance
integrating SHM data, FEM, Bayesian . . L
.. . framework that combines real-time monitoring,
Hengetal.  Condition- dynamic linear models, and deep . . .
3 . . . predictive modeling, and Al-assisted
(2024) based reinforcement learning to optimize . . o
. . . decision-making to enhance sustainability and
maintenance strategies for aging steel . .
. lifecycle management of steel bridges
bridges
Developi digital twin fr k . . .
'e\./e‘ OpIg a digria’ twin framewor Introducing an ANN-enhanced digital twin
utilizing ANN and FBG sensors to .
. .. . . prototype that integrates FBG sensor data for
Hielscher Condition- monitor strain and temperature, . .
3 . . e accurate strain prediction and structural
et al. (2023) based enabling real-time visualization and

response analysis, improving maintenance

structural health assessment of planning and long-term serviceability of bridges

post-tensioned bridges

FEM, finite element method; GIS, geographic information system; WIM, weigh-in-motion; LRF, laser range finder; NDT, non-dest-
ructive testing; FBG, fiber Bragg grating; Al, artificial intelligence; ANN, artificial neural network
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