XAY DUNG

TAPCHIBDIENTU CUABO XAY DUNG

TAP CHI XAY DWNG - elSSN 3030-4482

ng dung ban sao sé trong quan trac két cau cau: Xu hwéng nghién
ctru va trien vong twong lai

Application of digital twin in bridge monitoring: Research trends and future
respectives

» THS.NCS Lé Minh Ngoc
Trwong Dai hoc Giao thdng van tai
Email: ngoclml@utc.edu.vn

THONG TIN BAI BAO
Chuyén muc: Khoa hoc céng nghé
Ngay nhan bai: 12/3/2026

Ngay stra bai: 20/3/2026

Ngay chap nhan dang: 31/3/2026
Ngay xuéat ban Online: 20/4/2026
Tac gia lién hé:

Email: ngociml@utc.edu.vn

TOM TAT

Ung dung ban sao sb (Digital Twin) trong quan trdc ciu dang tr¢ thanh hwdng nghién
ctru quan trong nham hé tro dy béo, bao tri va quan ly ha tang dya trén dir liéu quan trac
lién tuc. Nghién clru nay thwe hién phan tich trdc lwong thuw muc déi véi 173 cong bd tir
co s& di¥ liéu Scopus giai doan 2019 - 2025 nham xac dinh xu huwéng phat trién, cac chi
dé nghién ctru chinh va mang lwéi hop tac quéc té trong linh viec nay. Qué trinh phan
tich va trwc quan héa dir liéu dwoc thwe hién bang VOSviewer, Bibliometrix (R) va
Microsoft Excel. K&t qua cho thdy sb lwong céng bd tdng nhanh tlr ndm 2023, cac chi
dé ndi bat bao gém tri tué nhan tao, hoc may, cong nghé cam bién thong minh va bao tri
dw bao. Hoa Ky, Vwong quéc Anh va Trung Quoc gilr vai tro trung tam trong mang lwéi
nghién ctru toan cau, trong khi sy tham gia cta Viét Nam con han ché. Nghién ctru cung
chi ra cac khoang trbng nhw thiéu cac ng dung thwe tién quy md 1én, téi wu vi tri cdm
bién va thach thirc trong tich hop cdng nghé vao hé théng Digital Twin.

Twr khoa: Ban sao sé; Digital Twin; quan trac két cAu cau; SHM; phan tich tréc lwong thw
muc.

ABSTRACT

The application of digital twin technology in bridge monitoring is emerging as a significant
research direction in response to the growing demand for predictive maintenance and



data-driven infrastructure management. This study conducts a bibliometric analysis of
173 publications retrieved from the Scopus database between 2019 and 2025 to identify
research development trends, thematic keyword clusters, international collaboration
networks and highly cited papers. Visualization and network analysis were performed
using VOSviewer, Bibliometrix (R) and Microsoft Excel. The findings reveal a substantial
growth in scientific output from 2023 onward, with prominent topics including artificial
intelligence, machine learning, smart sensing technologies, and predictive maintenance
strategies. Leading countries such as the United States, the United Kingdom and China
play a central role in shaping the research landscape, while Vietham has shown limited
involvement. The analysis also identifies key research gaps, including the lack of practical
implementations, suboptimal sensor placement, and challenges in integrating emerging
technologies. The study proposes potential directions to support future research and the
development of digital twin applications in bridge monitoring, particularly within the
context of developing countries.

Keywords: Digital twin; bridge monitoring; SHM; bibliometric analysis.

1. DAT VAN BE

Trong nhirfng nam gan day, nhiéu sy cb sap cau nghiém trong trén thé gi¢i va tai
Viét Nam cho thay han ché cta cac phwong phap quan trac ket céu truyén thong do thiéu
tinh lién tuc va kha ndng canh bao s&m [1]. Vi vay, quan trac strc khde két cAu (SHM -
structural health monitoring) da tré thanh xu hwéng quan trong trong quan ly ciu hién dai
[2]. Tuy nhién, cac hé théng SHM quy md I&n tao ra lwong di liéu rat 16n, gay kho khan
cho viéc lwu trlr va xt ly hiéu qua [3]. Trong bdi canh d6, ban sao kj thuat sé (DT - Digital
Twin) ndi 1én nhuw mot giai phap tiém nang, cho phép déng bd hoa thoi gian thuc gitra
cong trinh vat ly va mo hinh so théng qua viéc tich hgp cac céng nghé nhw loT, Al, BriM,
UAV, quét laser 3D va mé hinh phan t& hiru han [4]. M&c du nhiéu tiém nang, ¢ng dung
DT trong linh vwc ciu dwdng tai Viét Nam van con han ché. Do dé, nghién cru nay thyc
hién phan tich tréc lwong thuw muc cac cong bb trén Scopus nham xac dinh xu huéng
nghién ctu va dinh hwéng ap dung DT cho quan ly cau tai Viét Nam.

2. PHUONG PHAP NGHIEN clru VA THU THAP DF LIEU

Phan tich tréc lwong thuw muc duwgc Paul Otlet d& xuét tir nhivng nam 1930 va dwoc
Alan Pritchard hé thdng héa vao nam 1969. Pay la phwong phap nghién ctru dinh lwong
dwa trén di liéu thuw muc nham phan tich thong tin khoa hoc [5], nhan dién cau trdc, xu
hwdng phat trién va cac chu dé nghlen ctu ndi bat thong qua cac chi sé nhu sb lwong
4n pham, sb trich dan, tlr khda, tac gid va dong gop cla cac qudc gia. Viéc phan tich
thwong duwoc hé tro béi cac cong cu nhw VOSviewer va Bibliometrix (R) [6].

Trong nghién clru nay, phwong phap phan tich tréc lwong thuw muc duwoc siv dung
dé danh gia xu hwéng nghién ciru toan cau va xac dinh khoang trong khoa hoc trong viéc
&ng dung céng nghé dwa trén dir liéu quan trac strc khde két cau cau. Bong théi, nghién
ctru cling xem xét mang lwéi hop tac qubc té va vai tro cda Viét Nam trong linh vuwc nay.

Quy trinh nghién ctu gdbm 4 bwéc chinh:

- Buwdc 1: Xac dinh tr khoa: B6 tr khéa duwgc xay dwng dwa trén 3 truc nghién ctru
chinh:

+ Céu tric cau: Bridge.

+ Quan trac strc khde két cau: Structural health monitoring.



+ M® hinh song sinh ky thuat sé: Digital twin.

Céc tir khoa dugc két hop bang céc toan tir logic AND/OR dé xay dwng truy van
tim kiém.

- Bwde 2: Thu thap dir liéu tir co s& dir liéu Scopus:

+ Truy van tim kiém: “structural health monitoring” AND “digital twin” AND “bridge”.

+ Pham vi: Tiéu dé, tom tat va tlr khoa.

+ Thoi gian: Khdng gidi han (thu thap dén ngay 24/7/2025).

+ Loai tai liéu: Bai bdo tap chi, bai bao hoi nghi, bai tdng quan.

+ Ngdn ngir: Tiéng Anh.

Két qua thu dwoc 173 4n pham (tr nam 2019 dén nay). D liéu dwoc xuat duwdi
dang CSV dé xt ly.

- Bwére 3: Lam sach va chuan héa di liéu:
+ Loai bé cac ban ghi trung lap

+ Chuan hda tir khoa (chuyén vé chir thuweéng va hop nhét cac bién thé nhu digital
twins, digital-twin — digital twin; bridges — bridge).

-‘Bu’c'yc 4: Phan tich va triee quan héa div liéu. D@ liéu dwqg phan tich va triec quan
hoa bang VOSviewer, Bibliometrix (R) va Microsoft Excel, bao gom:

+ Mang lwéi ddng xuét hién twr khoa;
+ Mang lwéi déng trich dan;

+ Mang lu@i tac gia va quéc gia;

+ Xu huwéng cong bd theo thoi gian;
+ Cac cum chi dé nghién ctru.

Két qua phan tich dwoc trinh bay va thao luan trong Phan 3.

3. KET QUA THAO LUAN
3.1. Xu hwéng xuét ban khoa hoc

Hinh 1 minh hoa xu hwéng hang nam ve sb lwong 4n pham khoa hoc lién quan dén
tng dung cong nghé DT trong quan tric cau tr ndm 2019 dén ndm 2025. D@ lieu cho
th4y xu hwéng tdng dang ké, dac biét [a tr ndm 2023 tré di. S6 lwong 4n pham tang tir
4 bai vao nam 2019 Ién 65 bai vao nam 2024.
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Hinh 1. S6 lwong 4n phdm hang ndm

Su gia ting manh mé& nay phan anh sy quan tdm ngay cang ting trén toan cau dbi
v&i viéc tich hop cac cong nghé sb hoa (DT) vao hé théng quan trac sirc khée két cau
cau. Diéu nay phu hop véi cac xu hwéng ap dung rong rai cdong nghé trong linh ve khai
thac cong trinh cau. Sy gia tadng nhanh chdng sé lwong 4n phadm ciing cho thdy nghién
clru vé s6 hoa dang chuyén tir cac khung ly thuyét sang cac (ng dung da dang va thuc
tien hon.

3.2. Mang lwéi dong tac gia va hop tac

Trong bdi canh toan cau hoa vé khoa hoc, hop tac qudc té ngay cang tré nén quan
trong khéng chi dbi véi viéc chia sé kién thirc va div liéu ma con dé thiét l1ap cac mang
lwéi nghién ciu da nganh virng manh. Hinh 2 trinh bay mang lwéi hop tac quéc té dwa
trén di¥ liéu ddng tac gia ttr cAc 4n pham lién quan dén ng dung DT va cac céng nghé
lién nganh lién quan. Méi nat dai dién cho mét quéc gia, véi kich thwéc ndt phan anh khi
lwong dong gop, trong khi mau séc va dd day cta dworng ndi cho thiy stirc manh va sw
tap trung clua cac hop tac khoa hoc.
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Hinh 2. Mang lwéi hop tac quéc té dwa trén dir liéu ddng tac gia
Tw mang lwdi hop tac, co thé rat ra moét sd nhan xét quan trong sau:

- Céc quoc gia nhv Hoa Ky, Anh va Trung Qubc 'dong vai tro trung tam trong nghién
ctru DT, thé hién mirc do hop tac da chiéu cao va méi lién két cdng tac chét ché.

- C4c quéc gia chau Au nhw Drc, Y, Ba Lan va Hungary tham gia linh virc nay
mudn hon, trong khi cac quoc gia nhw Uc va Nhat Ban da bat dau xuat hién trong mang
lwdi nay tr nam 2023.

- Viét Nam van chwa xuat hién nhiéu trong ban d6 nghién ctru va hop tac quéc té
trong trng dung céng nghé so hoa dé giam sat co s& ha tang.



3.3. Phan tich sw xuat hién déng th&i cta tir khoa

~ Délam rd cu tric chl dé va xu hwdng phat trién trong nghién civu DT vé quan trac
cau, nghién ctru nay da tién hanh phan tich sy xuat hién dong thoi cia tlr khoa tir hai
khia canh: (i) phan cum cha de va (ii) nam xuat ban trung binh.
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Hinh 3. Mang lwdi ddng xuét hién tir khoéa dwoc t6 mau theo cum cha dé

Hinh 3 trinh bay ban db tan suét xuét hién déng thdi cda tir khoa, véi cac mau sac
thé hién cac cum chu de, tir do chi ra cac hwéng nghién ctru chinh va cac linh vuwc kién
thire trong linh vyre do.
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Hinh 4. Mang lwdi ddng xuét hién tor khéa dwoc td mau theo nam xuét ban

Hinh 4 minh hoa mang lwdi ddng xuét hién tr khéa twong tw, nhwng véi mau sac
biéu thi nam xuét hién trung binh ctia méi thuat ngir. Phan tich theo thdi gian gitp nhan
dién cac xu hwéng nghién ctu va cac chi d& méi ndi trong Iinh vue. Hai tir khda trong
tam bao gébm DT va SHM dong vai tro trung tdm két ndi nhiéu hwdng nghién ctiu gdbm 3
nhom cha dé chinh:

- Cum 1: Tri tué nhan tao va hoc may (mau dd, xu huwéng mai): Gém céac tv khoa
nhw machine learning, deep learning, artificial intelligence va predictive maintenance,
mau nhat hon trén ban dd théi gian thé hién sw xuat hién nhiéu nhixsng ndm gan day, dac
biét la ttr nam 2023, phan anh xu hwéng rng dung cac phuong phap dir liéu thdng minh
trong quan trac va bao tri cau.

- Cum 2: Giam sét két cAu va mé hinh ddng (mau xanh l& cay): Gém cac thuat ngiy



nén tdng nhw SHM, damage detection, operational modal analysis va model updating.
Day la cac hwdng nghién ctru c6t I5i tap trung vao danh gia tinh trang va phan rng dong
cta két ciu, mau sac trung tinh cho thdy mirc d6 quan tdm twong dbi 6n dinh trong giai
doan 2020 - 2023.

- Cum 3: M6 hinh héa théng tin va quan ly bdo tri (cum mau xanh nwéc bién): Gém
cac tv khoéa BIM, maintenance va bridge, phan anh xu hwong tich hgp DT véi cac hé
thong quan ly tai san ha tang nham ho trg bao tri dw doan va ra quyét dinh theo vong doi
cOng trinh.

Téng thé, Hinh 3 va Hinh 4 cho thdy su chuyén dich dang chu y tr cac phwong
phép phan tich truyén théng sang cac cdng nghé dya trén di¥ liéu nhw Al, ML/DL va bao
tri dw doan. Mac du DT va SHM van & nén tang cla linh vwe, sy ndi bat clia cac tir khoa
nhw predictive maintenance va deep learning phan anh xu hwéng phat trién manh cda
cac hé théng quan trac tich hop di liéu thei gian thwe va hd tro ra quyét dinh théng minh.

3.4. Phan tich trich dan

Phan tich trich dan déng vai trd quan trong trong viéc xac dinh cac &n pham cé anh
hwéng nhat trong mot [inh vee nghién ctru cu thé, phan anh mirc d6 quan tam va danh
gi4 ctia cong dong hoc thuat dbi véi cac déng gop khoa hoc. Trong nghién clru nay, 5 bai
bao dwoc trich dan nhiéu nhét lién quan dén &ng dung mé hinh song sinh ky thuat s
trong quan trac cau duoc théng ké trong Bang 1.

Bang 1. Top 5 bai bao dwoc trich dan nhiéu nhat

T Tén bai bao va nam xuat ban Lwot trich dan
Cloud-Based Digital Twinning for Structural Health Monitoring 171
1 Using Deep Learning (2022) [5]
A Digital Twin of Bridges for Structural Health Monitoring 117
2 | (2019) [6]
Multimedia knowledge-based bridge health monitoring using 83
3 | digital twin. (2021) [7]
Digital Twin System of Bridges Group based on Machine g2
4 | Vision Fusion Monitoring of Bridge Traffic Load (2022) [8]
5 A Digital Twin Framework for Bridges (2024) [9] 78

Phan tich trich dan cta 5 bai bao dworc trich dan nhiéu nhat cho thdy mét sb théng
tin quan trong:

- Cac bai bao dwgc trich dan nhiéu nhét, bai bao [5, 6] phan anh sy nhan manh
ngay cang tang trong nghién ctru vé trng dung tri tué nhan tao va dién toan dam may
trong giam sat strc khée cau. Day la nhirng chu dé trong tam trong nghién ctru hién nay.

- Céc bai béo c6 so luot trich dan tir 80 - 100 chi yéu tap trung vao viéc quan trac
cau bang cach str dung cong nghé DT va thj giac may tinh, minh hoa xu hwdng mai noi
vé viéc két hop cdm bién, hoc may va phan tich hinh anh dé giam sat co s& ha tang.

Pang chi y, mét s6 bai bao dwgc cong bd vao dau nam 2025 da nhan duoc sé
lwong trich dan dang [(é, Qho thay sy quan tam manh me va twre thoi twv gidi h~c_>c thu‘ét
doi v&i nhikng phét trien gan day trong linh viec nay. Bon bai bao dwoc trich dan nhiéu



nhat xuat ban nam 2025 duoc xem xét chuyén sau de xac dinh nhixtng mdi quan tam
nghién ctu méi nhat vé ng dung DT trong quan trac cau:

- Bai bao “Ung dung bé tdng tw cam bién trong hé thong quan trac két cau cau” [10]
(trich dan 11 Ian), tong quan cac tién bd trong bé tong tw cam bién va kha nang tich hop
vao hé thong quan trdc ciu, ddng thei nhan manh vai tro cia DT va BrIM trong khai thac
div liéu cdm bién cling nhw cac thach thoec vé hiéu chuén, dd bén dai han va thu thap di
liéu th&i gian thyc.

- “Phét hién vét nirt ciu tw dong tr mé hinh 3D bang UAV va thyc té do” [11] (trich
dan 9 14n) dé xuét quy trinh két hop anh UAV, do anh, Al, hoc sau va thj giac may tinh
dé phat hién vét nit trong md hinh 3D, ddng thoi xay dwng Damage Augmented Digital
Twin cho phép kiém tra cau tir xa trong méi trudng VR.

- “Phét trién nén tang ban sao ky thuat sb cong trinh cau trong méi trvdng thuwc té
40 nhap vai” [12] (8 trich dan) d& xuat mét khung DT két hop VR, AR, BIM, loT va cong
cu trd choi dién tir cho phép twong tac vai div liéu quan trdc va md phéng thei gian thuc,
dwoc minh hoa qua nghién ctru trén cau extradosed.

- “Téi wu vj tri cdm bién cho SHM: Tong quan” [13] (trich dan 4 Ian) phéan tich cac
phwong phap bbd tri cdm bién tdi wu, cho thay phan Ion mai dugc klem chrng trén mo
hinh quy mé nhé va con nhiéu thach thire khi &4p dung cho ciu thuc té.

Tém lai, ndm nghién ciru c6 anh huwéng nay déu héi tu & viéc khai thac cac cong
nghé tién tién nhw vat liéu tw cadm bién, bd tri cdm bién téi wu, loT, BIM, Al/ML va cong
nghé VR/AR nham nang cao hiéu qua DT phuc vu SHM, déng th&i chi ra nhirng khoang
trbng hoc thuat va thach thiee trién khai trong thwce tién.

4. KHOANG TRONG NGHIEN Cl*U VA BINH HUONG NGHIEN CUPU TIEP THEO

Dwa trén phan tich trac lwong thw muc, mot so khoang trdng nghién ctru va dinh hwéng
tiém nang trong (rng dung ban sao sb cho quan trac cau da dwoc xac dinh nhw sau:

- Phan b nghién ctru chwa ddng déu: Mac du mét sé qudc gia dang phat trién nhuw
Trung Quéc c6 sb lweng va chat lweng nghién cteu ndi bat trong linh viee DT cho SHM,
nhwng da sb cac qudc gia dang phat trién khac, dac biét tai Pong Nam A, bao gom Viét
Nam van c6 mirc d6 tham gia han ché do thiéu ha tang nghién ctru, div liéu thuc té va
diéu kién th&r nghiém hién trwong.

- Thiéu nghién ctru trién khai thwc té: Phan Ién cong trinh hién nay van dirng & mirc
mé phéng hodc thi nghiém trong phong thi nghiém. Cac hé théng tich hop day du gitra
SHM va DT trén nhu cau thuc té con it.

- Ti wu hda cam bién va xt ly di¥ li&u quy mé Ién: Cac phwong phap bd tri cdm
bién t&i wu chi yéu dwoc kiém chirng trén md hinh don gidn, kha nang xt ly di liéu 1&n
va hoc theo thei gian thye ctia hé théng DT con han ché.

- Thiéu nén tang mé& va khung chuén hoa: Hién con thiéu cac nén tang ma nguon mé&
va khung chuén dé chia sé dir liéu, thuat toan va quy trinh phat trién ban sao sb cho ciu.

- Tloh hop cbng nghé m&i con ,han che:~V|ec tich hop Al, hoc sau,‘th! giac may tinh
va thuc té do/tang cudng vao hé thong DT van chwa dwoc khai thac day du.

- Khia canh phap ly va chinh sach chwa r6 rang: Cac nghién ctru vé khung phap ly,
quan tri di¥ liéu, tiéu chuén ky thuat va co ché khuyén khich con han ché.



Tém lai, viéc thu hep cac khodng tréng néu trén doi hdi khdng chi nhirng tién bd vé
mat k§ thuat ma con can cac co ché chinh sach hd tro, sw hop tac mé va sy tham gia
tich cwc cla cac nén kinh té dang chuyén déi, nham khai thac téi da tiém nang cla ban
sao sb trong linh vc quan trac strc khde cong trinh cau.

5. KET LUAN VA KIEN NGHI

~ Nghién ctru nay thye hién phan tich trac lwgng thw muc dbi véi 173 cong bd quoc
te trén co s& dir liéu Scopus lién quan dén tng dung ban sao so (Digital Twin) trong quan
trac ket cau cau. Cac két qua chinh cho thay:

- 86 lwgng cong bd tang nhanh tir ndm 2023, phan anh s phat trién manh cda linh
vire trong boi canh cach mang céng nghiép 4.0.

- Hoa Ky, Vuong quéc Anh va Trung Quéc gilr vai trd trung tdm trong mang luéi
hop tac nghién clru toan cau.

- Digital Twin va Structural Health Monitoring (SHM) la cac tlr khoa cbt I6i. Cac cha
dé mai nbi gdm Al, bao tri dw bao va thj gidc may tinh, cho thay xu hwong chuyén sang
cac hé thong quan trac dwa trén dir liéu thoi gian thyec.

- Nhiéu nghién ctu tich hop cac cong nghé nhw UAV, Al, BrIM, 10T va VR/AR nham
nang cao hiéu qua quan trac va ho tro ra quyét dinh.

- Tuy nhién, van ton tai mot s6 khoang tréng nhw han ché trién khai thuc té, thach
thirc trong t6i wu hoa cam bién va tich hgp cdng nghé, ciing nhuw thiéu cac khung phap
ly va nén tang chia sé dir liéu.

T cac két qua trén, nghién ciru dé xuét:

- Thi diém hé théng ban sao s6 cho mét sb cau trong diém tai Viét Nam;

- Xay dwng mang luéi nghién ctru quéc gia va khu vuc vé quan trac cau dya trén
Digital Twin;

- Phat trién hwéng dan ky thuat va tiéu chuan thir nghiém phu hop véi didu kién
Viét Nam;

- Tang cuwdng hop tac qubc té nham nang cao nang lwc nghién ciru va (rng dung.

Nghién ctru cung cép cai nhin tong quan vé xu hwéng va dinh hwéng phat trlen cua
DT trong quan trac cau, gép phan hé tro quan ly ha tAng bén virng va chuyén dbi sb trong
linh vie giao théng.
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