FERNZ: FARRE 2026 &£ 56 % 5 8 Hi: 1924 ~ 1948

SCIENTIA SINICA Technologica

ChERE ) Atk
SCIENCE CHINAPRESS

techcn.scichina.com
CrossMark

& click for updates

R R RGN HgiR R TREBRRK
AR B

VU SR S U S I8 3R G A T T A SRR =, JAT 610031

* E-mail: wmzhai@swjtu.edu.cn

WekE H 9: 2026-04-01; 452 H #1: 2026-06-08; W28 fi % 3 H #: 2026-07-20
[ 5% [ R4 3 & s U AU REAR T H (405 52388102) HE M RIRME S H (G5 TYB2025XDXM2 I DFIEF HARF 3 & A H T 4E
BRI H S 595255115t

WE AXEHBRTEET - THLATEFREERBNWEBRARRANFFARBREYRE R 5 RRME.
EEHERBREN N FTBIY ROEM A F AL L, QIETRBEARRHNFERKR, AETNZQ
BERMA KA E. RET RB ARG FEEANTTEARN, R[S w08 AR5k
AASRRES T KBEN". HHKBARAANFELRRFTALNEAERER, 2TWERT LN ERM
BAGX T W S FEE T ERERIK, A E T —RIIREUENGREAR AN FEMEL. MENET
KRBRRAGNNFERRERNTENR, FFEFETTEEMABXREAGE TEMFEARATHIEE L
BAR. RERETHRBARANNFEAREGRERE . EARERE. EREHUBRERLRBEKE X
R AMAR R RAREHEL T ARRE A FHIRER, BRT RBARRNAFARF LA, A%k
BIRUERELRRHET LHE L.

KA

1 5%

Rt A @IS KBk, Wi TR IR
MEBEXnER BB EIE M G R R,
Fel 2B s AT IR LR EL4R T B E R AWK,
FEN G5 PBR IR S5 4 2 8] A B A AR ELA AN n
JEl, BNy R NG s 53—y i, RAR A
PR, BRI X RN AR L RORIE DL

G, KRG, A%, BREKR, #E, TRLK

JEs ORI Wil P 5% 2 IR A B, 4 BRIERAT 2%
Sl R E UM, AEER S R Gl s R
T IX SL B2 kit R 22 A Bl I8 B 4RI R IR
PR, IO RS Sh F) AW TSR T e R, I s
#ERh. SRt BRI k. A FREEREE R
GENAEIIBN I EAEFINLEL, R 20 SME I B AT
IR ISR R, A RELHICE SR ARl
Pk R Gtah kR, AAWREBHE R A, ®T

1948, doi: 10.1360/SST-2026-0102

SIRME:  BoW. S KRG R R, RS AR, P E RN HARRIE, 2026, 56: 1924-1948
Zhai W M. Railway large-scale system dynamics: theory system, engineering practice and future prospect (in Chinese). Sci Sin Tech, 2026, 56: 1924—

©2026 (HEMFE) FiEH

www.scichina.com


https://doi.org/10.1360/SST-2026-0102
http://www.scichina.com
http://techcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SST-2026-0102&amp;domain=pdf&amp;date_stamp=2026-06-26

HRE R HARE: 20260 4 5B S6 4 G 8 A

fas RSP IS R S, A RENIIE
ARABCEEAT T I 2 Aia B SRR A PR LR

BRER K RGN 12 Bl AR T R T IR ATR
JE, 25O NA =T RENRR 5L, RS RS
PERCR. A SOR 4S5 BB AR BAR . Big
B OB R e TRENISERR, JFHR AR A RS
52 FH R 5t

2 BRBRARGNAHIEAR BB RITENHE =

BB — MR BRI TIERS. N2
EE, EXEEATWRARMT: BIWEEAS
— DR R B R EE H——HUE . BREE . MR
WETE L2 X <5, b T R 2R KB A AR ELAE R &
gt BAN, IZARGUIEZ B AL IR —
IKPE BB A, RGN T 3 702 e = A 1
SRR, 2% 2R G0 A RS0 A P B 28 A 3
BEEE Rk, 15 A R B0 7]

HIMERT I, ZI AR R BR UE 24T, SR i [
A BRI R — DRI MZ 1 KRG, BT R
i A EAR N M. 1R, XA AR
R REELEE IR, A T RAZ MG ERRR, W
TRSPUEZ MERIRRE KRR, 85 58MM
A 5 MR EERIR R IG5 20 R Z A [
MERRE, AT RGNS I K shS1E
HERR, WHERGARES IR &
e AR G0 N RIS 5 B /M S/ B 2 18] R Bl A A LA
&S H DT RGN T RGN IR LI
Wi, B R G CETOIREN AT 5 PRGN 2K
R YL (/W L/ B8 8 ) IR 2l 17 A S 24 53 45 4 ) A% 6 52
M 55

Rtk Bk H R G TAR IEAE, RS R R G0 A
JEER AW SRPI AL B L Ig 4T PSR & Fhal
T R AR o< & BIAE A A X A o A
TRGN 2, ARSI, NEnrHEs
FLE YIS (A 50 7 R 48 18] i 3l 2 40 LA
MR, I RFE7 RE I AR T 18 Y R G0
b, EPE R 20 JE, AT Re g 5 HL g AR ¢
M7 ARG 5, ANVE R UL TR oA, X R ki
KRG TR AR,

S IR PN e AR 0 Y BIE R

WENBR SRES
- KA
tiﬁlﬁl%ﬁ%mﬁ
;J; 3 SIERS
R u_*u_‘-’ ;
LR ‘ﬁemﬁm’ﬁm
ZRER ‘75%
,,,,,,,,,, v e —
L= _ mx | Bt
lﬁﬁiﬂﬁ?&fﬁm
s

BYGH — k> Tl |

B 1 BB 1 KRG RS AR R &R

Figure 1 Composition and interaction relationships of railway large-
scale system dynamics.
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Figure 2 Theory system of railway large-scale system dynamics.
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Figure 3 Illustration of vehicle-track coupled dynamics model. (a) Side view; (b) end view; (c) plan view.
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Figure 4 Schematic diagram of train-track-subgrade coupled dynamics model. (a) Side view; (b) end view.
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Figure 5 Schematic diagram of train-track-bridge coupled dynamics model. (a) Side view; (b) end view.
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Figure 11

Dynamic analysis of horizontal and vertical alignment design parameters for the Beijing—Shanghai high-speed railway.

(a) Lateral car-body acceleration under different optimized alignment designs for Curve No. 154; (b) optimized design scheme for the spacing
between the spiral-to-circular transition point of the horizontal curve and the grade-change point of the vertical curve for Curve No. 161; (¢) the
Beijing—Shanghai high-speed railway after completion and opening to traffic.
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Figure 12 Key Technologies for laying ballastless tracks on the Ganjiang Grand Bridge of the Nanchang—Ganzhou high-speed railway.
(a) Determination of critical mechanical parameters for the elastic isolation buffer mat on the long-span bridge; (b) testing of deformation compatibility
between the ballastless track and the long-span bridge; (c) control standards for the mid-chord offset measured with a 60-m chord; (d) the Ganjiang

River Grand Bridge of the Nanchang—Ganzhou high-speed railway after completion and opening to traffic.
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Figure 13 Environmental vibration assessment and mitigation for the Chengdu—Kunming high-speed railway passing beneath Tianfu International
Airport. (a) Environmental vibration prediction model and assessment results; (b) installation of vibration-isolation bearings at building foundations

and their vibration-reduction effectiveness; (c) the completed Phase I project of Tianfu International Airport.

6 RRATFRE

RARGBRIZ A AW E R . EREE, &
KIBRETT AT, N2 3] P8 K BBk e P 7 ot 3 i
d, R UG R AL A AR R S R, R
WG AL B A 2 IR AR AR A R AN, T
RSB RGEEAUETHE AN WP, IR B 5 R R
SR, AT A TR ER ™ U, Xk
TRERSZeIEERIE R, B™ER, miXhts
EYRBR KRG 1 S BRI TR RS
BFIES NPT IUASH R BRI B S5, 3Ai1 5 4
FIUAIRE, ) ORBRER AR TR E RS ), 14
KRS 4= 2 RN R, Bkt AR %
% 2 e 5 R S R A8 AR AN TR

6.1 BRI ki
AT, T R I A A SEAR R T AR

W AR IR, W HARMALFA-X. VEE 1
TGV-Avelia Horizon. f%[E fJAeroLiner3000. [

TR A DI, HR R, TR RN, NEEIE,
TR, T Rk th sk R KR,
IR CAR JRIE S I H400 kmsd 2885 ARBT &, H A,
BTHI#400 km)<E 25 mE B EHCRASOTE T
28, \ETEIH TR RIS AT A% RS0, 1M 791 B fe i iEi400 km
{0 R T v 2 ekt L TR, 2027 4R
Be AN, Ve8I 32 R b R B 0 O 0 H <k
FEl 30 A 0 R S AR T T, T E R OE SR TR
TSI S AR R BRE U BT @K R
kT LRI H350 kmiZ B2 Ah, BT A H < RUR
0B E BE A it — PR T g e i, IRREH
FAF I R B X BOK R A e e R R R
380842400 kem/hFI T ATV, Ik — 542 4 2 sk
W i, 28T AR B DR 1] 1) SR 5 A A i
ZETCEE), TRk A T R R AN TR T
SREAT T iE E A F)350~400 kmFE E A A AE
ST —SBT 1 BE N S 3l g2 h) L, G S s
ITEME T e SE Rt g by Iz Bl Ra e M ) . B e
7755640 N R Bh iy 3ORN 28 B P 3L R VR R R- 22

1941



BYiH: BRI R RGN 1% B R, TS AR 5

Lo AT AR sl A A LA T R 2 Al R ek
2 B E— U 3 8 3 I ) A B TR BN
XL H R AR B A T S R A R R S AR R
H AT R SE 4 FRIE 28, T Q0] R X Le 58t 1 3
T CA R AT R A PR, A REIRAT
T AR ZRAE, 7 EERER K R GEah 122 A LT LA
ZE. WRS5HR

6.2 HRFEBKIEK

REHEREE BEARCE T FEEERE. TTH
E. REFEESEZANMMA LR, BEKGmA. Kb
HER BRI SRR U S e K (B A 5] 3
FIELL E L R AR B 30~40M) A R 2R, K4
MH . B KR PR TR s R — B IR E A
PRI RFETTIA. SR, BEAE B AR Y 2 K T AN BT
i, LR Z R sk Bz, S3EE
JIWIRER, 1 KRR Ak B A a5k, 2% 2E-
Hio. E-MEhSHEAERRKR, Wk — KP4 00,
BERE 5 RWrE . B ANPUEUE &5 IS
BRI 55— 7, 5 E AR O S8
BN IMEH RE R, FIEXEE. B, MR, B
TEZERI B 23R G R, AT 4~ S nb 25t 8 45
Sk, EIBEWIEE 24 SRR, Fra X LA
BT EM. PuE. BE. R BESTRAAEM
IR ZGi50 )12 0/, nf CLR 2R K R 4i8h 1%
BT, BRSPS E K T IS -
TE-BE RN G B 1R B G- BB R A Bl
T TR0 51 - T - R S R G B0y ) AR Y, TEIR N ZH S
WS P E IS % T & T RAE NS EAEH
AR A b, FIRIBEESHEAER . R E
BATERAENBREHRNE, W T 5 K3 Pk i 5tk
SERAITN AR AR DL S R K il o S R A AR AR s e
FAR %,

6.3 HIRMEkH

BEE N AT 3R AR BRI 58, &
JEEINeR IR RERER B L AR, TS ol . R
HBR R S i AN T Gt 3 BURE ARG I L IR 2 e S
K, FHEF G, B, 514173 5 RERE
B SR B G B e RO SN, AR R
SOBREDEAT 26T, HoP RO R, X T

1942

JE ) BE A IR A A B B K 2R G 30 0 A ML S 4 DA
BOOA LA FTREMIRPE R PERRIATY, 7ESLIE
fiti b KR OUALIR TR R R Gt ah Jr Ak ge. i,
KM I 2B NI B T E & T s
TIPSR BISME, DR — D RS <37
Ik 7= A AT REAE; XN, fE I8 E-PIE-FE RS R &
) AR R i 81 4 5 LR RS S5 A B A AR
FIPERE & BLUCHC,  32F 1M S B3 1A &R 4t dme 0 0Bk IR 8L

it %

6.4 BEIRIREG BRI

e M 5 TR, BRI B DU R K, 5 R P R I
EZLEZERINER S VDT RN 7\ U R | S o
FE HER AR ARV R P S e BEX
WAL, T RS A, BE BB e AN Wi S & Fh
SRIREGIA S, WoRE I S ™ IRk e, T 55 L. a1
7, BEE20065E U Bk I A il 42z, DL )T
WEE . 25T SRR i EE O CRE AR HERE, R
AR (1 e S Ly DR R B . v R DXk
HAMEmERE . [RFEES . R RER”
SERHIE, ikt TRER. BE4EPHRiES
SRR, A7 RER A EARAE T ZLGL. U
ENIIFARE, A2 LR EAT %
Stk REETENE KRB AT S S T AR, BR T K
RIGE /A7 il 2R 5T K T SE IS 0L R 51 R A
T-BE- LRSS R GTAN 05 A, 34 75 T 58 X
HoRE s A i S M s B AR S IR, T IR R IRk
HR R GLaN )5 B O BT Vg, 75 2 R ORIE
I 7T 2 AR (EA R T):

(1) R X R L e sl Atk se vt it 5
P, SETEM-HUER GBI, BHTTE N R A
ARISE Ll X 28 3 R D0 T A T 28 72 e v, 8 3
AT B 22 4 P R BRI die VR A v B A, F
TR ITE B /A2 il 2 X B 2R - U 5 30 0 2 L
RRIE S R TEAAL T 58, PP 52 RGBT LIRS 2E T
RHAEMIBERELE.

(2) BRRIREL T AL LM S5 K b I8 4T 22 42 7F
Aili 5 RSB, Ji SE R 4R HL e R 5 K- 51 -
B - R B A AR Y, 4258 R4S HA
W BENLYE, RN FIHT RIS L XA IR 2
Ji 9828 A A 2 BRI AR AR T Aa KUz R GEsh A AR &%



HRE R HARE: 20260 4 5B S6 4 G 8 A

SN, TSR T 58 KA BE AT %2 2 A PR
RE 4R BB A BOR SCHE.

(3) MUFEAEH] Bk BR LA S5 K Bh ) KA RAE S AT
PRV SHE. SRR T ek TR 5 R
EAVER R R, RILH AT RHE RERT LT A 5 AR
ANMEAT N, XG5 - TG - R A M R & 2 ) o
PENCEVE U P ITE 7 R N I
HES VP Al 1R AT T B 4R A SR At 4 B R EAT TR BE,
R PPHI R ARS, A AB AR N AT IT IR,
KRR R REFA AT EREMERARRRAA
HEE . M TR KRG8 12T R e Jm 2 L
PR NIV EAT TERESR G VP0G, X RHE R E P T3
g 2 R, FIREEAT 0 EERE X

(4) M FEAE F T Bk R R 43l /) M e AR
L HIHT B e e PRaVE o, 18 /™98 552 S5l
T, FIE S8R E M IR RE 2 R A S AR A
AL, A RMERERIL . SHIRBOIRE 1. 2
TR, BEW SRR S S, ST
LATHORBUY. XTI, ST B SRR TREA R
HE B 12 2R AL B SOWATL ) B AR AR, R 2 AT
FHEHE BEIR A5 G5 H BT IR BOIRAS 2500 2 TR R R A 5
R BILTIRAE; 2R)5 TR R GEZ BT I 51 %
BAIE- A K B AR ELAE R RE RS2, R 58 AT
ZEPERE VAL, T L, Bk K R GEB /1 ik S n] SR AE ] 5
st BE AT N BRI B 508 B AR M R 2 A Z AR
HEJT T R AERARAT .

7 BEE

=+, FERID TR KRG 1

B RMEEREBAFFARHER. THEFAR A EZRAXEANKRRFREFE R

B R AR S W TR, IR 19955 3R G E XA
HFFER R, 2 = HHERPFRIRER 55,
ORGSR T B K R Gish 12 R B S Bg
B, M T BER KRGS0 ) I ARREZE, IR XA
EIE=IESPVALE E o e VAN i SN 7R 5 PN )]
JIEFEME . AT DAY, Mk ST R Y T Bk
KRG IFRX - FAR g, Mg 7 eI
BRERZN J) AR R, IR T AR Rt T

PRt AE—NERTM R A1 TRE RS, Uk, /T
Bitt TRESN /1 AR FUNS, e B R B L R G LR
BAR, RS KRG 1A B ST TR A, 5%
T T 9 R B 0 RAE BNk R AR R i rh RS0
LT R GRS (MRS, 5T RG99 KL
FTREMIAL), AL SR A ST S R R G
VO, AR FUAT o] r] AU 222 FE RNk K AR 4,
WIFARFT 5 RS (1 R GO

=R, RERRIE AR, E WA E AR
FEHTT e T Bk K R Gi 8l 71 S AR R B 5 N T ¢,
JEHFE B BRI RHI 5155 [ S [ kit Ak e
W R — ROV IR ARG E 128, IR T 5
AT RS T S B, Rk TR TR S bR
AERE, A 3SR T R E BRI R, A
RHLHER) T BB K RGBS R E.

JEEACK, BURBkEIa LI il EA
B KRB RETT AR R, T HRABE A 5 th e ™
Xkt TR i SiaE R . 2R, JTHE
TS PR, R I KBk, AT
Wifs, BRER K RGN BAG, RO R R K
o Tl 4 1 22 SR B R R E REACHE TR AR
H, BTS20 .

REFR R KRBT R

R, UREEWE T EEL, @)h. F2 & KEFHABHETAITHAE .

225 3k

1 Zhai W M. Vertical vehicle-track coupled dynamics (in Chinese). Dissertation for Doctoral Degree. Chengdu: Southwest Jiaotong University,
1991 [FE2PM. ZEM-PUBTE AR & 30 707, LA 00e 0. Bl THRZl R, 1991]

2 Zhai W M. The vertical model of vehicle-track system and its coupling dynamics (in Chinese). J China Railw Soc, 1992, 14: 10-21 [ %if. %
BT ) R GG — B R R A B 0 2 R BRIE AR, 1992, 14: 10-21]

1943



BYiH: BRI R RGN 1% B R, TS AR 5

10

11

12

13

14
15

16

17

18

19

20

21

22

23

24

25

26

27

28

1944

Zhai W M, Sun X. A detailed model for investigating vertical interaction between railway vehicle and track. Vehicle Syst Dyn, 1994, 23: 603—
615

Zhai W M. Research on the theoretical system of railway large-scale system dynamics. In: Towards the 21st Century Chinese Mechanics—
Proceedings of the 9th Youth Scientists Forum of the China Association for Science and Technology (in Chinese). Beijing: Tsinghua University
Press, 1996. 286-292 [#2iM. k% KR Gesh /1= Mk RIFTS. GEm = H—t g b B ——h E R S O R 2 K ik ks
Y L bR TEHRF AR, 1996. 286-292]

Zhai W M, Wang K Y, Cai C B. Fundamentals of vehicle-track coupled dynamics. Vehicle Syst Dyn, 2009, 47: 1349-1376

Zhai W M. Vehicle-Track Coupled Dynamics: Theory and Application. Singapore: Springer, 2020

Zhai W M. Vehicle-Track Coupled Dynamics (in Chinese). 4th ed. Beijing: Science Press, 2015 [ Bi#H. ZER-HUER &30 1127, B4Rk, bR
Bl H A, 2015]

Zhai W M. Development of vehicle-track coupled dynamics theory and engineering practice (in Chinese). Chin Sci Bull, 2022, 67: 3793-3807
[, - PERE G 3) ) ER R R 5 IR SR, RhadHk, 2022, 67: 3793-3807]

Chen Y C, Zhang B J, Zhang N, et al. A condensation method for the dynamic analysis of vertical vehicle-track interaction considering vehicle
flexibility. J Vib Acoustics, 2015, 137: 041010

Olivier B, Connolly D P, Alves Costa P, et al. The effect of embankment on high speed rail ground vibrations. Int J Rail Transp, 2016, 4: 229—
246

Sadeghi J, Rabiee S, Khajehdezfuly A. Effect of rail irregularities on ride comfort of train moving over ballast-less tracks. Int J Str Stab Dyn,
2019, 19: 1950060

Ling L, Dhanasekar M, Thambiratnam D P, et al. Minimising lateral impact derailment potential at level crossings through guard rails. Int J
Mech Sci, 2016, 113: 49-60

Chen X M, Deng X Y, Xu L. A three-dimensional dynamic model for railway vehicle-track interactions. ] Comput NOnlinear Dyn, 2018, 13:
071006

Guo Y S, Yu Z J, Shi H M. Effects of rail thermal stress on the dynamic response of vehicle and track. Vehicle Syst Dyn, 2015, 53: 30-50
Pan L, Xu L, Chen X M, et al. Curved ballasted track-vehicle dynamic interaction: Effects of curve radius and track structural nonlinearity. J
Comput Nonlinear Dyn, 2021, 16: 071004

Uzzal R U A, Ahmed A K W, Rakheja S. Analysis of pitch plane railway vehicle-track interactions due to single and multiple wheel flats. Proc
Institution Mech Engineers Part F-J Rail Rapid Transit, 2009, 223: 375-390

Grossoni I, Iwnicki S, Bezin Y, et al. Dynamics of a vehicle-track coupling system at a rail joint. P I Mech Eng F-J Rai, 2015, 229: 364-374
Arvidsson T, Andersson A, Karoumi R. Train running safety on non-ballasted bridges. Int J Rail Transp, 2019, 7: 1-22

Zhang J, Gao Q, Tan S J, et al. A precise integration method for solving coupled vehicle-track dynamics with nonlinear wheel-rail contact. J
Sound Vib, 2012, 331: 47634773

Sun Y Q, Dhanasekar M. A dynamic model for the vertical interaction of the rail track and wagon system. Int J Solids Struct, 2002, 39: 1337—
1359

Ma X N, Liang B. A time-varying coupling model for dynamic analysis of high speed railway subgrade (in Chinese). J China Railw Soc, 2006,
28: 65-70 [Th27 T, B vl kB IR A M IN R R GRS B B 1 0 M. BRE AR, 2006, 28: 65-70]

Sheng X Z, Jones C J C, Petyt M. Ground vibration generated by a harmonic load acting on a railway track. J Sound Vib, 1999, 225: 3-28
Metrikine A V, Popp K. Vibration of a periodically supported beam on an elastic half-space. Eur J Mech-A Solids, 1999, 18: 679-701
Galvin P, Romero A, Dominguez J. Fully three-dimensional analysis of high-speed train-track-soil-structure dynamic interaction. J Sound Vib,
2010, 329: 5147-5163

Chen M, Sun Y, Zhai W M. High efficient dynamic analysis of vehicle-track-subgrade vertical interaction based on Green function method.
Vehicle Syst Dyn, 2020, 58: 1076-1100

Xu L. Train-Track-Substructure Dynamic Interaction: Theoretical Models and Numerical Algorithms (in Chinese). Beijing: China Railway
Publishing House, 2021 [#&7%%. ¥ 4=-SiE-FEmh &2 T BAE R SRR 5 HUE 5%, dbat: R EPOE HARtE, 2021]

Xu L, Zhao Y S, Li Z, et al. Three-dimensional vehicle-ballasted track-subgrade interaction: Model construction and numerical analysis. Appl
Math Model, 2020, 86: 424445

XuL, YuZ W, Shi C. A matrix coupled model for vehicle-slab track-subgrade interactions at 3-D space. Soil Dyn Earthquake Eng, 2020, 128:


https://doi.org/10.1080/00423119308969544
https://doi.org/10.1080/00423110802621561
https://doi.org/10.1115/1.4029947
https://doi.org/10.1080/23248378.2016.1220844
https://doi.org/10.1142/S0219455419500603
https://doi.org/10.1016/j.ijmecsci.2016.04.011
https://doi.org/10.1016/j.ijmecsci.2016.04.011
https://doi.org/10.1115/1.4040254
https://doi.org/10.1080/00423114.2014.973420
https://doi.org/10.1115/1.4050953
https://doi.org/10.1115/1.4050953
https://doi.org/10.1243/09544097JRRT250
https://doi.org/10.1243/09544097JRRT250
https://doi.org/10.1080/23248378.2018.1503975
https://doi.org/10.1016/j.jsv.2012.05.033
https://doi.org/10.1016/j.jsv.2012.05.033
https://doi.org/10.1016/S0020-7683(01)00224-4
https://doi.org/10.1006/jsvi.1999.2232
https://doi.org/10.1016/S0997-7538(99)00141-2
https://doi.org/10.1016/j.jsv.2010.06.016
https://doi.org/10.1080/00423114.2019.1607403
https://doi.org/10.1016/j.apm.2020.05.007
https://doi.org/10.1016/j.apm.2020.05.007
https://doi.org/10.1016/j.soildyn.2019.105894

PEBE: BRI 2026 4 56 % A8

29
30

31

32

33

34

35

36

37

38

39

40

41
42

43

44

45

46

47

48

49

50

51

52
53

54

105894

LiZ, Xu L, Wang W D. A method for vehicle-track-soil interaction analysis considering soil deformation. Archiv Civ Mech Eng, 2022, 22: 210
Cai X P, Zhang Q, Wang Q Y, et al. Effects of the subgrade differential arch on damage characteristics of CRTS III slab track and vehicle
dynamic response. Construction Building Mater, 2022, 327: 126982

Chen M, Sun Y, Zhu S Y, et al. Dynamic performance comparison of different types of ballastless tracks using vehicle-track-subgrade coupled
dynamics model. Eng Struct, 2021, 249: 113390

Chu K H, Garg V K, Wiriyachai A. Dynamic interaction of railway train and bridges. Vehicle Syst Dyn, 1980, 9: 207-236

Yang Y B, Yau J D. Vehicle-bridge interaction element for dynamic analysis. J Struct Eng, 1997, 123: 1512-1518

Xia H, Xu Y L, Chan T H T. Dynamic interaction of long suspension bridges with running trains. J Sound Vib, 2000, 237: 263-280

Zhai W M, Cai C B. Train/track/bridge dynamic interactions: Simulation and applications. Vehicle Syst Dyn, 2002, 37: 653-665

Zhai W M, Cai C B, Wang K Y. Numerical simulation and field experiment of high-speed train-track-bridge system dynamics. Veh Syst Dyn,
2004, 41(Suppl): 677-686

Cai C B. Theoretical and applied research on coupled vibration of high-speed railway vehicle-track-bridge systems (in Chinese). Dissertation for
Doctoral Degree. Chengdu: Southwest Jiaotong University, 2004 [#£ b5, 1= 88k 2% 41) 25 - 2R 6 -4 A S IR S BEG S N I 7. 18 24 18
3C. FRAR: VR SCIE K, 2004]

Zhai W M, Xia H. Theory and Engineering Application of Train-Track-Bridge Dynamic Interaction (in Chinese). Beijing: Science Press, 2011
VRGN, 2R, SIZE-HUE-HrE) I EAE G 5 TN . b5 Rlasdiksat, 2011]

Zhai W M, Xia H, Cai C B, et al. High-speed train-track-bridge dynamic interactions—Part I: theoretical model and numerical simulation. Int J
Rail Transp, 2013, 1: 3-24

Zhai W M, Wang S L, Zhang N, et al. High-speed train-track-bridge dynamic interactions—Part II: experimental validation and engineering
application. Int J Rail Transp, 2013, 1: 25-41

Zhai W M, Han Z L, Chen Z W, et al. Train-track-bridge dynamic interaction: A state-of-the-art review. Vehicle Syst Dyn, 2019, 57: 984-1027
Chen Z W, Zhai W M. Theoretical method of determining pier settlement limit value for China’s high-speed railway bridges considering
complete factors. Eng Struct, 2020, 209: 109998

Montenegro P A, Carvalho H, Ortega M, et al. Impact of the train-track-bridge system characteristics in the runnability of high-speed trains
against crosswinds—Part I: Running safety. J Wind Eng Industrial AeroDyn, 2022, 224: 104974

Montenegro P A, Ribeiro D, Ortega M, et al. Impact of the train-track-bridge system characteristics in the runnability of high-speed trains
against crosswinds—~Part II: Riding comfort. ] Wind Eng Industrial AeroDyn, 2022, 224: 104987

Yu Z W, Mao J F. A stochastic dynamic model of train-track-bridge coupled system based on probability density evolution method. Appl Math
Model, 2018, 59: 205-232

Xu L, Zhai W M, Li Z L. A coupled model for train-track-bridge stochastic analysis with consideration of spatial variation and temporal
evolution. Appl Math Model, 2018, 63: 709-731

He QL,LiSH, Yang Y, et al. A novel modelling method for heavy-haul train-track-long-span bridge interaction considering an improved track-
bridge relationship. Mech Syst Signal Processing, 2024, 220: 111691

Zhai Z H, Cai C B, Zhu S Y. Implementation of Timoshenko curved beam into train-track-bridge dynamics modelling. Int J] Mech Sci, 2023,
247: 108158

Gong W, Zhu Z H, Liu Y, et al. Running safety assessment of a train traversing a three-tower cable-stayed bridge under spatially varying ground
motion. Rail Eng Sci, 2020, 28: 184-198

LiRY,He QL, Zhu S Y, et al. A new methodology for pre-camber design of a long-span bridge considering dynamic train load and complex
environmental effects. Eng Struct, 2024, 302: 117349

LiRY,He Q L, Wang X T, et al. An improved chord measurement method for determining track irregularity thresholds on long-span high-
speed railway bridges. Mech Syst Signal Processing, 2025, 229: 112510

Ling L, Dhanasekar M, Wang K Y, et al. Collision derailments on bridges containing ballastless slab tracks. Eng Fail Anal, 2019, 105: 869—882
Zhang X A, Zhang X Y, Yang J J, et al. Noise reduction mechanism of high-speed railway box-girder bridges installed with MTMDs on top
plate. Railw Eng Sci, 2024, 32: 518-532

Gou HY, Gao H, Ban X L, et al. Vibration energy transmission in high-speed train-track-bridge coupled systems. Eng Struct, 2023, 297: 117019

1945


https://doi.org/10.1007/s43452-022-00518-1
https://doi.org/10.1016/j.conbuildmat.2022.126982
https://doi.org/10.1016/j.engstruct.2021.113390
https://doi.org/10.1080/00423118008968623
https://doi.org/10.1061/(ASCE)0733-9445(1997)123:11(1512)
https://doi.org/10.1006/jsvi.2000.3027
https://doi.org/10.1080/00423114.2002.11666270
https://doi.org/10.1080/23248378.2013.791498
https://doi.org/10.1080/23248378.2013.791498
https://doi.org/10.1080/23248378.2013.791497
https://doi.org/10.1080/00423114.2019.1605085
https://doi.org/10.1016/j.engstruct.2019.109998
https://doi.org/10.1016/j.jweia.2022.104974
https://doi.org/10.1016/j.jweia.2022.104987
https://doi.org/10.1016/j.apm.2018.01.038
https://doi.org/10.1016/j.apm.2018.01.038
https://doi.org/10.1016/j.apm.2018.07.001
https://doi.org/10.1016/j.ymssp.2024.111691
https://doi.org/10.1016/j.ijmecsci.2023.108158
https://doi.org/10.1007/s40534-020-00209-8
https://doi.org/10.1016/j.engstruct.2023.117349
https://doi.org/10.1016/j.ymssp.2025.112510
https://doi.org/10.1016/j.engfailanal.2019.07.042
https://doi.org/10.1007/s40534-024-00339-3
https://doi.org/10.1016/j.engstruct.2023.117019

BYiH: BRI R RGN 1% B R, TS AR 5

55

56

57

58

59

60

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

1946

Gao L, Jiang H W. Study on model updating of vehicle-track-bridge spatial coupling system in high-speed railway based on multi-objective
optimization (in Chinese). China Railw Sci, 2022, 43: 50-57 [i5%, Z2A3C. 25T 2 H AR LA0 0 s Bk ik 22 -5 - R A R
EIERTE. R EPGERNE, 2022, 43: 50-57]

Zhai W M. Two simple fast integration methods for large-scale dynamic problems in engineering. Int J] Numer Meth Engng, 1996, 39: 4199—
4214

Xu L, Zhai W M, Zhu S Y, et al. An efficient method for train-track-substructure dynamic interaction analysis by implicit-explicit integration
and multi-time-step solution. Rail Eng Sci, 2023, 31: 20-36

He C, Zhou S H, Guo P J, et al. A three-dimensional semi-analytical method for calculating vibrations from a moving load on a periodic jointed
tunnel. Comput Geotechnics, 2019, 114: 103150

Zhou S H, Zhang X H, Di H G, et al. Metro train-track-tunnel-soil vertical dynamic interactions—Semi-analytical approach. Vehicle Syst Dyn,
2018, 56: 19451968

Yang JJ,Zhu S Y, Li Q Y, et al. A spatial train-track-tunnel coupled dynamics model for assessing influences of curved railway line on circular
tunnel vibrations. Appl Math Model, 2025, 140: 115892

Xu L, Zhai W M. Vehicle-track-tunnel dynamic interaction: A finite/infinite element modelling method. Rail Eng Sci, 2021, 29: 109-126
Zhang J F, Zhu Z X, Zhu X Y, et al. Study on the influence of uneven settlement and small curve radius on metro train running safety and riding
comfort. Structures, 2023, 51: 1806-1820

Xiao P, Peng L M, Li R, et al. Research on vehicle-rail-tunnel coupling model and influence factors of dynamic response of bottom structure of
heavy-haul railway tunnel (in Chinese). J Railw Sci Eng, 2022, 19: 3737-3745 [ 4, #5574, 2550, 4%, B kIR B 42 - IR A0 A R A 7 i
FRES KB S WA L R R AE. SRAE RS TR A, 2022, 19: 3737-3745]

Zhai W M, Cai C B. Effect of locomotive vibrations on pantograph-catenary system dynamics. Vehicle Syst Dyn, 1998, 29: 47-58

Seo J H, Sugiyama H, Shabana A A. Three-dimensional large deformation analysis of the multibody pantograph/catenary systems. NOnlinear
Dyn, 2005, 42: 199-215

Pombo J, Ambrosio J. Environmental and track perturbations on multiple pantograph interaction with catenaries in high-speed trains. Comput
Struct, 2013, 124: 88-101

Yao Y M, Zou D, Zhou N, et al. A study on the mechanism of vehicle body vibration affecting the dynamic interaction in the pantograph-
catenary system. Vehicle Syst Dyn, 2021, 59: 1335-1354

Song Y, Wang Z W, Liu Z G, et al. A spatial coupling model to study dynamic performance of pantograph-catenary with vehicle-track
excitation. Mech Syst Signal Processing, 2021, 151: 107336

Xu Y, Liu Z D, Stichel S, et al. A comparative study on the influence of typical track failures on high-speed pantograph-catenary interaction
dynamics. Vehicle Syst Dyn, 2024, 62: 2883-2911

Yang J Z, Bi H Q, Zhai W M. Dynamic analysis of train in cross-winds with the arbitrary Lagrangian-Eulerian method (in Chinese). China
Railw Soc, 2009, 31: 120124 [}75 &, Y, B, 5T ALEJS R 5 ZERE XS sh 112420 0. 838 244%, 2009, 31: 120-124]

Zhai W M, Yang J Z, Li Z, et al. Dynamics of high-speed train in crosswinds based on an air-train-track interaction model. Wind Struct, 2015,
20: 143-168

Zhang L, Zhang J Y, Li T, et al. Unsteady aerodynamic characteristics and safety of high-speed trains under crosswinds (in Chinese). J] Mech
Eng, 2016, 52: 124-135 [3K5%, fk4bll, Z5H, 56 BT Sl 42 10 3E 8 0 Sl Ret R . HUR CAR 44, 2016, 52: 124-135]

Li Y L, Xiang H'Y, Qiang S Z. Review on coupling vibration of wind-vehicle-bridge systems (in Chinese). China J Highw Transp, 2018, 31 :24—
37 (AR, EEEER, st R-F0 - MR R GRS RNIT FE Gk, P IE A BR 244K, 2018, 31 :24-37]

Li Y L, Qiang S Z, Liao H L. Dynamic interaction of wind-vehicle-bridge system. In: Proceedings of the Eleventh International Conference on
Wind Engineering. Lubbock: Texas Tech University, Wind Engineering Research Center, 2003

LiY L, Qiang S Z, Liao H L. 3-D coupled vibration of wind-vehicle-bridge system (in Chinese). China Civ Eng J, 2005: 61-64, 70 [Z=7K /R, 54
T, BUGR. R-ZE-Hr KRR RIS RETE T, LA TRE2R, 2005: 61-64, 70]

He X H, Shi K, Wu T. An efficient analysis framework for high-speed train-bridge coupled vibration under non-stationary winds. Structure
Infrastructure Eng, 2020, 16: 1326-1346

Liu D J, Li X Z, Mei F L, et al. Effect of vertical vortex-induced vibration of bridge on railway vehicle’s running performance. Vehicle Syst
Dyn, 2023, 61: 1432-1447


https://doi.org/10.1002/(SICI)1097-0207(19961230)39:24%3c4199::AID-NME39%3e3.0.CO;2-Y
https://doi.org/10.1007/s40534-022-00277-y
https://doi.org/10.1016/j.compgeo.2019.103150
https://doi.org/10.1080/00423114.2018.1444182
https://doi.org/10.1016/j.apm.2024.115892
https://doi.org/10.1007/s40534-021-00238-x
https://doi.org/10.1016/j.istruc.2023.03.094
https://doi.org/10.1080/00423119808969551
https://doi.org/10.1007/s11071-005-2789-9
https://doi.org/10.1007/s11071-005-2789-9
https://doi.org/10.1016/j.compstruc.2013.01.015
https://doi.org/10.1016/j.compstruc.2013.01.015
https://doi.org/10.1080/00423114.2020.1752922
https://doi.org/10.1016/j.ymssp.2020.107336
https://doi.org/10.1080/00423114.2024.2305295
https://doi.org/10.12989/was.2015.20.2.143
https://doi.org/10.3901/JME.2016.06.124
https://doi.org/10.3901/JME.2016.06.124
https://doi.org/10.1080/15732479.2019.1704800
https://doi.org/10.1080/15732479.2019.1704800
https://doi.org/10.1080/00423114.2022.2084120
https://doi.org/10.1080/00423114.2022.2084120

PEBE: BRI 2026 4 56 % A8

78

79

80

81

82

83

84

85

86

87

88

89
90

91

92

93

94

95

96

97

98

99

100

101
102

Liu G, Chen S Y, Wang K P. Study on coupling vibration of vehicle-bridge-wind-wave-current system of rail-cum-road sea bridge (in Chinese).
China Civ Eng J, 2019, 52: 72-87 [Xl&, Wk BA, ERM, 5. B AWML - - RURB M G IRENAT L. EAR TR, 2019, 52: 72—
87]

LiYL,HuP, XuY L, etal. Wind loads on a moving vehicle-bridge deck system by wind-tunnel model test. Wind Struct, 2014, 19: 145-167
Yan N J, Chen X Z, Li Y L. Assessment of overturning risk of high-speed trains in strong crosswinds using spectral analysis approach. J] Wind
Eng Industrial AeroDyn, 2018, 174: 103-118

Tian H Q. Train Aerodynamics (in Chinese). Beijing: China Railway Publishing House, 2007 [ £Ljift. 5 =255 8h /12, Abat: m E8kiE ik
#t, 2007]

LiN X, Li T, Zhang J Y. Study on the influence of tunnel opening partition walls on the pressure wave characteristics and mitigation effects
during train passage. Tunnelling Underground Space Tech, 2026, 172: 107577

LiPH, LiZ L, Han Z L, et al. Running safety evaluation of high-speed train subject to the impact of floating ice collision on bridge piers. Proc
Institution Mech Engineers Part F-J Rail Rapid Transit, 2022, 236: 220-233

Sheng X Z. A review on modelling ground vibrations generated by underground trains. Int J Rail Transp, 2019, 7: 241-261

Kouroussis G, Connolly D P, Verlinden O. Railway-induced ground vibrations—A review of vehicle effects. Int J Rail Transp, 2014, 2: 69-110
Bian X C, Jiang H G, Chang C, et al. Track and ground vibrations generated by high-speed train running on ballastless railway with excitation of
vertical track irregularities. Soil Dyn Earthquake Eng, 2015, 76: 29-43

Sheng X, Jones C J C, Thompson D J. Modelling ground vibration from railways using wavenumber finite- and boundary-element methods.
Proc R Soc A, 2005, 461: 20432070

Degrande G, Clouteau D, Othman R, et al. A numerical model for ground-borne vibrations from underground railway traffic based on a periodic
finite element-boundary element formulation. J Sound Vib, 2006, 293: 645-666

Nelson J T. Prediction of ground vibration from trains using seismic reflectivity methods for a porous soil. J Sound Vib, 2000, 231: 727-737
Sanayei M, Kayiparambil P A, Moore J A, et al. Measurement and prediction of train-induced vibrations in a full-scale building. Eng Struct,
2014, 77: 119-128

Feng Q S, Wang Z Y, Zhang Y X. Application for dynamic sub-structuring method in the analysis of building vibration caused by metro train (in
Chinese). Noise Vib Control, 2017, 37: 136-141 [ #HF, £ X, sKMA. FE T TEMNER I B I 28T 1 i @ SRS, 7S
LiRzhiah, 2017, 37: 136-141]

Zou C, Li X M, He C, et al. An efficient method for estimating building dynamic response due to train operations in tunnel considering
transmission path from source to receiver. Comput Struct, 2024, 305: 107555

Yang JJ, Zhu S Y, Xu L, et al. A 3D train-track-tunnel-soil coupled dynamics model based on semi-analytical cylindrical layer element. Comput
Geotechnics, 2025, 179: 106966

El Kacimi A, Woodward P K, Laghrouche O, et al. Time domain 3D finite element modelling of train-induced vibration at high speed. Comput
Struct, 2013, 118: 66-73

Olivier B, Verlinden O, Kouroussis G. A vehicle/track/soil model using co-simulation between multibody dynamics and finite element analysis.
Int J Rail Transp, 2020, 8: 135-158

Kouroussis G, Verlinden O, Conti C. Ground propagation of vibrations from railway vehicles using a finite/infinite-element model of the soil.
Proc Institution Mech Engineers Part F-J Rail Rapid Transit, 2009, 223: 405413

Yang J J, Zhu S 'Y, Zhai W M, et al. Prediction and mitigation of train-induced vibrations of large-scale building constructed on subway tunnel.
Sci Total Environ, 2019, 668: 485-499

QuS, Yang J J, Zhu S Y, et al. A hybrid methodology for predicting train-induced vibration on sensitive equipment in far-field buildings. Transp
Geotechnics, 2021, 31: 100682

Zhai W M. Optimum matching design between railway vehicles and tracks: Principle, method and engineering practice (in Chinese). China
Railway Sci, 2006, 27: 60-65 [FBEH. VL2520 450 5 & M i A UL e SR B . vk e TAE Sk, b E B R, 2006, 27: 60-65]

Zhai W M, Gao J M, Liu P F, et al. Reducing rail side wear on heavy-haul railway curves based on wheel-rail dynamic interaction. Vehicle Syst
Dyn, 2014, 52: 440-454

Wang T T, Yang L, Wang Y, et al. Research on aerodynamic drag reduction for 400 km/h high-speed trains. Adv Wind Eng, 2025, 2: 100056
Zhao Y M, Ma W B, Cheng A J, et al. High-Speed Railway Tunnel Aerodynamic Effects (in Chinese). Beijing: China Railway Publishing

1947


https://doi.org/10.12989/was.2014.19.2.145
https://doi.org/10.1016/j.jweia.2017.12.024
https://doi.org/10.1016/j.jweia.2017.12.024
https://doi.org/10.1016/j.tust.2026.107577
https://doi.org/10.1177/09544097211010001
https://doi.org/10.1177/09544097211010001
https://doi.org/10.1080/23248378.2019.1591312
https://doi.org/10.1080/23248378.2014.897791
https://doi.org/10.1016/j.soildyn.2015.02.009
https://doi.org/10.1098/rspa.2005.1450
https://doi.org/10.1016/j.jsv.2005.12.023
https://doi.org/10.1006/jsvi.1999.2558
https://doi.org/10.1016/j.engstruct.2014.07.033
https://doi.org/10.1016/j.compstruc.2024.107555
https://doi.org/10.1016/j.compgeo.2024.106966
https://doi.org/10.1016/j.compgeo.2024.106966
https://doi.org/10.1016/j.compstruc.2012.07.011
https://doi.org/10.1016/j.compstruc.2012.07.011
https://doi.org/10.1080/23248378.2019.1642152
https://doi.org/10.1243/09544097JRRT253
https://doi.org/10.1016/j.scitotenv.2019.02.397
https://doi.org/10.1016/j.trgeo.2021.100682
https://doi.org/10.1016/j.trgeo.2021.100682
https://doi.org/10.1080/00423114.2014.906633
https://doi.org/10.1080/00423114.2014.906633
https://doi.org/10.1016/j.awe.2025.100056

BYiH: BRI R RGN 1% B R, TS AR 5

House, 2012 [ B, D, B2, & Wi gk b R0, Jbat: B E8E tiitt, 2012]

103 LiY L, YuJS, Zhang M J, et al. Wind characteristics of a bridge site and wind-resistance key technology in complex mountains (in Chinese).
Sci Sin Tech, 2021, 51: 530-542 [Z5/K ik, MiGF 5, sk 814, 45, (L XMR MRk X JRURR I R e X ORERBOR. R ERFS: HRBLEE, 2021, 51:
530-542]

104 Zhang J, Tian Y B, Liu S Y, et al. A novel multidisciplinary hierarchical collaborative optimization of the high-speed pantograph considering
the uncertainty of joint clearances. Eng Optimization, 2025, 57: 3007-3036

105 ZhuS'Y, Wang J W, Cai C B, et al. Development of a vibration attenuation track at low frequencies for urban rail transit. Comput-Aided Civil
Infrastructure Eng, 2017, 32: 713-726

106 Zhai W M, Stichel S, Ling L. Train-track coupled dynamics problems in heavy-haul rail transportation. Vehicle Syst Dyn, 2025, 63: 11871240

Railway large-scale system dynamics: theory system, engineering
practice and future prospect

ZHAI WanMing

State Key Laboratory of Rail Transit Vehicle System, Southwest Jiaotong University, Chengdu 610031, China

This article reviews the academic rationale of the railway large-scale system dynamics firstly proposed by the author in the 1990s, as
well as its formation background and development sequence. On the basis of a comprehensive review of various dynamic problems
involved in the field of railway dynamics, a theoretical system of railway large-scale system dynamics was established, including four
core levels and over ten branch directions. Two fundamental principles for the dynamics modeling of a large-scale railway system
were proposed: the problem-oriented principle of parsimonious modeling and the principle of zonal modeling and stepwise solution
for the large-scale system. Based on the modeling principles, this paper comprehensively discusses the dynamics modeling methods
and their development status at all levels and in all branch directions established in the theory system of railway large-scale system
dynamics, and presents a series of representative basic models of railway large-scale system dynamics. Application of the theory and
model of the railway large-scale system dynamics in engineering is briefly introduced, with illustrative examples demonstrating their
remarkable practical effectiveness in addressing major scientific and technological challenges in national key railway projects.
Finally, the broad applications of railway large-scale system dynamics in the future development of railways with higher-speed, with
greater load capacity, and with more complex operating environment are prospected. This research clearly structures the knowledge
system of modern railway dynamics, establishes a new research paradigm for railway large-scale system dynamics, and provides
advanced theoretical support for the high-quality development of railway modernization.
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