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Abstract: Orthotropic steel bridge deck rib-to-deck (RD) joints are susceptible to fatigue cracking under coupled
vehicle and temperature loading. To address the high computational cost of finite element analysis and the lack of
physical constraints in purely data-driven models, this study proposes a data—physics dual-driven fatigue life pre-
diction model based on a Physics-Informed Temporal Convolutional Network (PI-TCN). An RD-joint local model
containing a semi-elliptical surface crack is established using ABAQUS-FRANC3D co-simulation and the sub-
modeling technique to simulate crack propagation under coupled vehicle—temperature loading. A fatigue life da-
taset incorporating crack dimensions, equivalent load, temperature, and coupled stress ratio is subsequently con-
structed. The model employs dilated causal convolutions to extract temporal features and combines the Paris-law
residual with the supervised loss to form a joint loss function, thereby constraining the monotonicity and physical
consistency of crack propagation. The results show that PI-TCN achieves lower prediction errors than the purely
data-driven TCN model and can mitigate non-physical fluctuations, such as decreases in crack depth. In inde-
pendent tests, the model successfully tracks fatigue lives ranging from 0.5 to 2.5 million cycles. The absolute er-
rors of most samples are within 100,000 cycles, and the mean absolute percentage error of representative samples
is approximately 2.85%. The proposed method improves the accuracy and stability of fatigue life prediction for
RD joints.
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Fig. 1 Schematic diagram of Mode-I opening crack
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Fig. 2 Schematic diagram of fatigue crack growth rate curve
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Fig. 3 Causal convolution architecture of Temporal Convolutional Network (TCN)
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Fig. 4 Architecture of temporal feature extraction in the TCN

1.1

1.3 PI-TCN #3215 2 BB EFR M 4%

Yy PRAE B AP LE N 2% (Physics-Informed Neural Network, PINN)FJ4%.00 JEAR R AE PR P 25 )| it FE R 5] N
W R R T AR, (B AMY BN SRR, IR AR R HE A A . R T AN IE AR RD 71 A
P57 ALY JE TR, SR AR SE RS SRS AR TT DL SIBREURS L T e L IR BEAT N g EE A AR B
95 A A AR AL SC B, TN ARG = W3R ) A AR, 5 5y A W L 0 BORE A R DX A AN 5
PRI A R . R, ¥ Paris AW RERMAMAE MK RE, RARTHER Y — Bz L RE
JIREELIEAE

AR SR B PI-TCN W) BEAE 2N [R] AR W 28 A5 10 5 A ok LE A2 S A AN AR E 2 -0 BE AR 501 T O
SRR W 5 fon, ARANEHAME, PI-TCN IRERE T 8l IREN e 7SR 59
HALBLER ) B o sy e, HAZ OIS ENLEEAN R

R B, BB S EL E  SRES SR IR 5 7 41 o Gl BRR AR A AR R S



FIFFESEEL, 7R B S B T 57 i RA AN AT M S gz e ). B B EERS 2
H—AG S, RE PR TCRE N BB ], A REm SRR ) s S S AR A g b 2 TR B AR 2R
HRFHIE .

TEY g SRy e, B 5] N H )17 (Automatic Differentiation ) AR A 11 55 9 2 T 48 5 T g A AR
B FHERE EA B L B A E, TR TCN SR s 4R I 25 4 ALE [ 43 B AR ) 2
SRR, SRS LRI AR S

W 2 A A T AR NG IRR B S A L ST, o ) ST B A R T A 7 B R S S U o 5K R
B B B AR L, S BRI ZE R L AN

2

Lo =5 .
Lphys = ”f(j}t’ )”2 9)
L=A-L,+4, L, (10)

e Lo WEARMUE SR Ly IBEIRER K LSS y 1D 20 HINES ¢ AN 720 1 B S (e AN
PR FRIAEL s A A, 73 500 i M B R SR AN B 2 45 R IO AR B LRI RO B 1 4 i i R AR AR
i TOUT AR BB

2.PL-TCN# 0 o 25 HEZE

a) B HER
( L :;§Zi?5ﬁw
1. AKOIR S A PR "ﬁﬂg,éﬁi;Z? I a) T
a) PR 1 ﬁﬂ%/}//jy’//t/,? R4k g b HEBUK
LY X f PR B iE [ Hz HE
T % % Xen X2 Xel X+ X2 Xt - ? ' '
Yy o % P o) PIEdk
- : IS a
: i b gyt [ Gree- ) somsmenz
X x P ST i) WPy R AT d) Bk
ViR FERA l : f w2 Gu =0 L=A L, +A4, L,
L T S ’6z’ax2 s Tsup P phys

AR FERR |

& 5 HIE-HIEXEREN P1-TCN {E AR (RS2 [F]
Fig. 5 Overall architecture of the data — physics dual-driven PI-TCN model
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Fig. 6 Local model of the RD joint in the orthotropic steel bridge deck(Unit: mm)
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Tab. 2 Parameters for fatigue crack growth analysis
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1.5x10°
1.3x10°
1.2x10°
1.1x10°
9.5x10°
8.3x10°
7.0x10°
5.7x10°
4.4x10°
3.1x10°
1.9x10°

1.9x10°
1.7x10°
1.5%10°
1.4x10°
1.2x10°
1.0x10°
8.5x10°
6.7%10°
5.0x10°
3.2x10°
1.5%10°

(b) 0 "C REEHRE A B 57 WL T



Zﬁm_ 2.4x10°

2.5¢10 2.2x10°

‘ 2.0x10°

6 6

2.0¢10 | 1710
ﬁé 1.5%10°
& 0 13%10°
*® 1.5% 1.1%10°
R 5 93x10°
) 10 72%10°
s 5.2x10°

5.0"10 3.1x10°

t, =%
Q/’?y,b

(c) -20 °C AEEr A vHE - Aar 200 57 i 7 1]
9 FEIEE MBSt EEREHIES A E

Fig. 9 Fatigue response surfaces under coupled standard vehicle loads at different temperatures

= 3 NG ARA

Tab. 3 Examples of training samples

i RH/mm K& /mm WE/MPa  REE/C MENAK RSN
1 0.12 25 0.32 -20 0 1,856,255
2 0.35 45 0.48 0 0.1 542,544
3 0.25 4 0.32 20 0 858,423
4 0.3 45 0.48 -20 0.1 615,242
5 0.4 55 0.64 20 0.1 132,563
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Tab. 4 Comparison of validation-set results for different models

Rt RMSE(10%) MAE(10%) MAPE(%) R? B KR Z(10%)
BiGRU 235.62 185.45 24.53 0.8152 4153
PI-BiGRU 268.35 210.82 28.31 0.7728 360.55
TCN 98.41 75.26 12.18 0.9145 186.42
PI-TCN 14.58 9.84 3.25 0.9893 25.46
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Fig. 11 Ablation study comparison
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Tab. S Prediction errors of selected test samples

i HEE T {E REY%
1 5.30x10° 5.40x10° 1.89
2 1.22x10° 1.13x10° -7.38
3 2.22x10° 2.14x10° -3.60
4 1.70x10° 1.67x10° -1.76
5 5.10x10° 5.20x10° 1.96
6 1.95x10° 1.94x10° -0.51

3.4 HEIE SZWHRET T

ASCEHL TCN 5 PI-TCN P RS RL Rl ZR A N AR e R R2 #hZRgAT X e A0 #fr, il 13 i
R? Bt S WO R TN 5 B S TV RS RE S, BB BT 1, Ud MR RL 0 57 A7 i il AL A P A e
e AR, B 13m0, EIZRPIH, PIRMEALR) R2 ZPGE 7, BERH TON S5 MRS 3% ST RGUR
Sy TR B A R T B NI S 57 7 i L T AR 2R TSR R o BEE VNSRBI, PI-TCN A7
M ZREE R IZWIFE L) 0.96 LL L, Befhwm T4 TON AR, HihZk i shi@ g s/, X R WFE TCN i}



FPRFESR ISR 51N Paris RO e G, BARNZRI R EINARE, X957 B AL U 40L& e )
BRI, I 130) A, RS b, PI-TCN MR [FEIRE R I H ST AR R Tl e o 38 TCN AR 1
% RIERZIN 0.94~0.95, 1 PI-TCN A IIIREE R2 B3 EAEL 0.96 L, 1H] PI-TCN fEARZ Hilll 4k
MIREAR B BE R R LA A . M LS4 3R 5 TCN, PI-TCN 38 I W3R ik 22 249 SRR ] 1 4B 70 7 A g
M B A XS ) A B By, AT 45 SR B N 0 57 A R 1 ) A

A IAESNRELS KT LIE 1, PITCN BAUAMUAE N ZRR B R A R & ae s, 1M BAENNK
P BUORRE TRz ACERE . HRIRIZE T, TCN IR 2R AR 45 0 e i 2 R I 22 - IR RS S A E R 11
I P AT RFAE, T Paris € FEAIRABE— B ORIE T REY AR — . Bk, PI-TCN #AYRERE AT
AR T RD 7 5098 55 73 i PO A HERR L RS MEAN TR W] 521k

1.00
1.00 —— TCN  IlZ54ER2 —— TCN MR EER?
0.98F PI-TCN il 45 42R> 0.98 PI-TCN it 4ER>
096} 0.96 } i
5 0.94 | ’ﬂr | l 0.94 '
g 0%2r ! £ 092} ’
€090 2 090
— =g B
= 0.88} = '
0.86 } 0.88
0.84 F 0.86 F
0.82 F 0.84 }
0.80 1 L L L 1 0.82 ) 1 : f .
0 100 200 300 400 500 0 100 200 300 400 500
k5% (Epoch) %R (Epoch)
(a) R2IIZrREE 28 (b) R? M 4E Hh 2k 1K

13 TCN 5 PI-TON #&2 &) R2ghZk Xt LL
Fig. 13 Comparison of R*> curves between TCN and PI-TCN models

4 L5iL

AT ¢l R 1R A8 S PEAN R AR RD 49 fU7E 2R 40T BE AR S VR T R0 55 75t T ] R, M 7 — P dicdie
P IKE ) PI-TCN 73wk 77k, EELIRMWT:

1) 3T ABAQUS-FRANC3D Bk &7 5, HAL VA S RIS SERAEI N MR PRI B A&
IS SR 57 ey AR AR, SEIL T AR RS TOUT RD 1 ey RS 557 4 v Z Al
SEBERAE.

2) BT AR R 57 RS TR P 1 I I AR P, AR SR A TON BRER TR B A S5H, FE IR
VIR P R SR O 2R 11 [ B A 200 R D 28 B S2 M, A A 2R e A% S o Jm) 30 s 28008 20 5 K 0 57 B s AR, 7
-G ST T Re i SRR E M R AE REUIRAS 59857 7 dm () (AR 2R K &R

3) BTG RANZ ML PINN BUAH, 3 Paris EHRAE NWIBFL 7R TCN K64, 1% PI-TCN
et - RS o 2 DL R ) 2 R SR TG A R0, AT R 20 2 B R AR B By ik SR
LI IRZEALT 10 TR, R 2995 0.96, LM HAM AL B FINRE B2 SV — 80k, wAZ-IRAE S 1EH]
NN IR R 55 7 fi DU PG R RS



SE B

(1] W, EEE, §wm, & ETEMMNEMNN-UHPC A& MR RD 49 g 55 e [1] . RRACTE RS54k,
2025, 42 (2) : 54-65.
Tian Liang, Dong Yixin, Xiao Feizhi, et al. Fatigue performance analysis of RD welded joint in steel-UHPC composite bridge
deck based on structure stress method [J] . Journal of East China Jiaotong University, 2025, 42 (2) : 54-65.

(2] Widsds. F—Mr—IREMGER TR RDHERSE Rt (D] . 20 2 HCE R, 2022
Shi Xinlei. Mechanical properties of widening bridge joints under vehicle-bridge-temperature coupling[ D ]. Lanzhou: Lanzhou
Jiaotong University, 2022.

(3] MWz, MsEml, S, & B EEH FFFEIR RD 1 s 7 5 i St th i [7] . fRRASTB K540,
2023 (4) : 76-85.
Tian Liang, Xing Shouhang, Fan Lilong, et al. Comparative analysis of fatigue life calculation methods for rib-to-deck joints
in steel bridge decks under simulated wheel load [J] . Journal of East China Jiaotong University, 2023 (4) : 76-85.

(4] 5kiE%E, GEIL, xI2i%s, 55 PEAROUN 5 TR Hedn 155 57 R A e = 4itl ik (1] . E A B4R, 2018,
31 (1) : 57-66.
Zhang Qinghua, Jin Zhengkai, Liu Yiming, et al. 3-D simulation method for fatigue crack propagation in rib-to-deck welded
joints of orthotropic steel bridge deck [J] . China Journal of Highway and Transport, 2018, 31 (1) : 57-66.

(51 Hse, Myl B, S BanfgddE i T ES e i sos a8 L] . BRE TREAAR, 2024, 41 (7) & 47-55.
Tian Liang, Xing Shouhang, Fan Lilong, et al. Stress response analysis of orthotropic steel bridge deck under moving load

[J] . Journal of Railway Engineering Society, 2024, 41 (7) : 47-55.
Lo] skifge, x4, Pk, 5. F-iRFERHR S 1E R T SRR IAOR 57 % ar viAh (] . TR TR 224k, 2021, 35
(5) : 41-52.

Zhang Haiping, Liu Yang, Luo Yuan, et al. Fatigue life assessment of the steel deck of suspension bridge under vehi-
cle-temperature load coupling [J] . Journal of Hunan University of Technology, 2021, 35 (5) : 41-52.

[7] fefy, %, S, 55 HT FRANC3D 1 ABAQUS HE& 13 = 4ifi 557 Rardy™ e s i KAz dn il (1] . sl oK
R CGZERE S TRRD 5 2020, 44 (3) @ 506-512.
Xiong Xun, Yang Ying, Wang Zhou, et al. Three-dimensional fatigue crack propagation analysis and life prediction based on
co-simulation of FRANC3D and ABAQUS [J] . Journal of Wuhan University of Technology (Transportation Science &
Engineering) , 2020, 44 (3) : 506-512.

(8] Ay, =ETUR, #HAW, 5 WHFHRTR-U PR aui AR e Ly e [1] . ERZIEAEM, 2024,
41 (1) : 20-29.
Bai Wenchang, Yuan Zhouzhiyuan, Ji Bohai, et al. Study on crack initiation characteristics and propagation laws of U
rib-to-Deck Weld joint of orthotropic steel bridge decks [J] . Journal of East China Jiaotong University, 2024, 41 (1) : 20-29.

[9] Xiong Wei, Long Xiangyun, Bordas SP A, et al. The deep finite element method: a deep learning framework integrating the
physics-informed neural networks with the finite element method [J] . Computer Methods in Applied Mechanics and Engi-
neering, 2025, 436: 117681.

(101 Zaris, XI5 FTHlas I HIEZ RYEIRF I R-U XGRS gt st (1] . B TR 244k, 2025,
47 (8) : 41-49.
Xuan Yufeng, Liu Jia. Fatigue propagation life study of dual cracks at deck-U-rib joints in orthotropic steel bridge decks based
on machine learning [J] . Journal of Wuhan University of Technology, 2025, 47 (8) : 41-49.

CU1T A, 2 b o 0 A 2 A 2R Rt A B A PR 58 95 v A D70k [D] . K. KGEBETORY:, 2021,
Yu Sheng. Digital twin models of traffic flow and ambient temperature action monitoring data and fatigue evaluation methods
for highway bridges [D] . Dalian: Dalian University of Technology, 2021.

[ 12 ]Nie Lei, Wang Wei, Deng Lu, et al. ANN and LEFM-based fatigue reliability analysis and truck weight limits of steel bridges
after crack detection [J] . Sensors, 2022, 22 (4) : 1580.

[ 13 ]Zhang Zhizhuo, Zhang Mengchuang, Li Yan, et al. Vision-driven and Bayesian-enhanced YOLO-PINN hybrid framework for
crack propagation and fatigue life prediction [J] . International Journal of Fatigue, 2026, 207: 109511.

[14] & J5ME, SRS, FmasG, & MEFIARORESE 2 507 RO a1 s [1] . PEARFR, 2024, 37 (5) : 267-277.



Lu Naiwei, Dai Xinwen, Wang Honghao, et al. Experimental study on coupled propagation of multiple fatigue cracks in weld
seam of steel bridge decks [J] . China Journal of Highway and Transport, 2024, 37 (5) : 267-277.
(151 . HRREGEIR L3 S R AT AR AR AT AR A G 4 19 $ S 0mE9E [D] . Kvb: iR K2, 2021
Teng Huajun. Research on temperature field of steel box girder and thermal stress of structural details of orthotropic steel deck
[D] . Changsha: Hunan University, 2021.
[16] TLHL, 5K, TR, & IEAC PRI S0 — AL & 2 0Rr T (0] . AR ERRE R 224 CH AR
WO 5 2026, 39 (1) : 39-46.
Jiang Qi, Zhang Hui, Xu Qibo, et al. Study on the integrated coupling mechanical properties of orthotropic steel bridge deck
and pavement [J] . Journal of Shijiazhuang Tiedao University ~(Natural Science Edition) , 2026, 39 (1) : 39-46.
(171 BJ5ME, Rdimd, Edl, 55 HRERR B AT AR IO 77 RAENLY ek (V] . ABRSCEARHL, 2025, 42
(3) : 155-164.
Lu Naiwei, Yu Mengnan, Wang Kai, et al. Random propagation path of steel bridge deck fatigue crack considering wheel load
transverse distribution [J] . Journal of Highway and Transportation Research and Development, 2025, 42 (3) : 155-164.
(18] ZE4EAL, VT3, 2T TCN-Informer (KK 2 A B (0] P 5T [J] . BHARARE THE, 2026, 26 (4) @ 1549-1557.
Li Dequan, Jiang Tao. Long-and short-term multivariate time series forecasting based on TCN-informer [J] . Science Tech-
nology and Engineering, 2026, 26 (4) : 1549-1557.
(191 A%, #ELLEE, 1R4F, . 2T TCN-LSTM-Attention f7 (M2 HRET (1] . Bl2AHoR 5 TR, 2026, 26 (3) :
1259-1268.
Hao Yanjun, Dong Hongxia, Xu Ting, et al. Bridge deflection prediction based on TCN-LSTM-attention model [J] . Science
Technology and Engineering, 2026, 26 (3) : 1259-1268.
[20] ZFEHi#, miR>%, 5K, 5. T TCN-LSTM 52 A B L BOHLALIE 7 Bl (1] . R i ik K 2#4ik (3
SREBFERRD 2025, 57 (6) : 1212-1221.
Ji Ruitong, Gao Zhenxing, Zhang Lin, et al. Fatigue prediction for flight crews using TCN-LSTM with hierarchical attention
mechanism [J] . Journal of Nanjing University of Aeronautics & Astronautics (Natural Science Edition) , 2025, 57 (6) :
1212-1221.
[21] F5PKH, XIREE, 552, 45 N-UHPC A& HrHBURAT-NBOERAC IR 5717 RS Za i [1] . o
[ A H AR, 2025, 38 (11) @ 21-33.
Su Qingtian, Liu Fengyao, Shi Zhanchong, et al. Fatigue behavior of steel deck at stud-to-deck welded connections in
steel-UHPC composite bridge decks: failure mechanism and life prediction [J] . China Journal of Highway and Transport,
2025, 38 (11) : 21-33.
[22] FBTME, BRJTME, skiess, S, 25 REIRAR T AR TR -l U T A Ny s FE R Tk 50505 [0 . g K224k
CHAARIRD 5 2024, 55 (2) @ 810-821.
Xiao Xinhui, Chen Fanghuai, Zhang Haiping, et al. Calculation method of stress intensity factor for crack of rib-to-deck
double-sided welded joints in steel bridge deck considering residual stress [ J] . Journal of Central South University (Science
and Technology) , 2024, 55 (2) : 810-821.
[23] Tan Dongmei, Luo Hao, Li An, et al. Analysis of crack geometry effects on fatigue crack propagation in orthotropic steel
bridge decks based on fracture mechanics [J] . Welding in the World, 2026, 70 (5) : 1791-1809.
[24 ]Xiang Cheng, Wang Dalei, Wang Benjin, et al. Numerical simulation of root-deck crack propagation of orthotropic steel bridge
deck [J] . Structure and Infrastructure Engineering, 2022, 18 (7) : 1076-1090.

BEEE: H0984—), 5, RIEER, M4, WA, W07 m R A . IR D7 SR




   σ M


   σ T


   σ  total


    𝜎  T


    𝜎  M


  X


  W


   Y t


  X


  W


   * d


  ReLU


  O


  X


  ℱ  ( X )


  ReLU


  X+ ℱ  ( X )


   L  sup


   L  phys


   L  sup


   L  phys


  L


   y t


     y ^ t


   λ s


   λ p

