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Abstract

Objective: In seasonally frozen regions, non-uniform frost heave of high-speed railway subgrades is
nearly unavoidable. Under long-term cyclic train loading, the deformation evolution within frost-
heave zones directly influences vehicle running quality and track service performance. Method: By
integrating a vehicle-track coupled dynamics model with a soil cumulative plastic strain prediction
model, this study develops a prediction method for evaluating subgrade frost-heave deformation
and the evolution of dynamic performance of the vehicle-track coupled system under cyclic train
loading. A case study is further conducted based on the stable frost-heave period of an actual rail-
way line. Result: The results show that the proposed method can describe the development of non-
uniform frost heave under cyclicloading from the perspective of vehicle-track-subgrade interaction,
while simultaneously capturing the evolution characteristics of the dynamic performance of the ve-
hicle-track system above the subgrade as track geometry varies. Conclusion: The long-term appli-
cation of train loads alleviates, to a certain extent, the transient wheel-rail dynamic effects and in-
terlayer contact deterioration caused by non-uniform subgrade frost heave. Therefore, cumulative
traffic loading exerts a positive influence on reducing track irregularities induced by subgrade frost
heave.
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Figure 1. Prediction framework for non-uniform frost heave evolution in subgrade under cyclic

train loading
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Figure 2. Dynamic model of the vehicle - ballastless track - subgrade coupled system subjected to subgrade

frost heave
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Figure 3. Computational flowchart of non-uniform frost heave evolution in
subgrade induced by long-term cyclic train loading

B 3. KEMESRIIZEGHIS L BEENSRKAIRT T ERTE

2.3. EREHIER T HRERKRREN TR MRS
KA Li A1 Selig 4 H VB IEFa 8 36 24 A8 BRI B A Ber e, SO P8 21 A4

A3

DOI: 10.12677/hjce.2026.1510251 202 TARTHE


https://doi.org/10.12677/hjce.2026.1510251

ot
S
48

JISEESH AR TINS5 BRI SE[20],  HARIEA T

g,=a(o,/o,)" N M
A, o, NASEAE GRS IERBIWE ST o, ALRE IBEIRRE 7T av by m NBH, 54k
ROREBIER R oG, W& 1.

Table 1. Reference values of material parameters for different soil types
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Figure 8. Evolution of non-uniform subgrade frost heave with an amplitude/wavelength of 5 mm/10
m under train loading

8. FIZETTE TIRELEIK 5 mm/10 m FIRREAE SRR L

7
— W P Ui 4= 15 % - - - 66711 % 1.0 Bllh—— 1%~ — A9i%—-— I54i%— -~ 66°1i7%---- 223
gl 223 - 586 1501 B B 9126 586 1301~~~ 2634—-— 4932---- 9126— — 19381
[--— 19381---- 39148— 57600 — — 39148—— 57600
0.5
5k
0.0
E E
o~ o~
b s
B =
2 E-10
Bk Bk
-1.5
a0k
. . . . . o5 . . . . .
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
Ik AL B /m KL /m
TR =
(a) I BT (b) AR BIUAIRZS By HE 1) RFAAT 2
7 = = >
— Wk e IS 157 %— - — 66715 4:—-— 223 Lo F[— ¥ S 4752 15454~ — 66 45— -~ 223
g |77 986- 1301 — 2634~ 4932~ 9126~ — 19381 - — 586 - 1301—-— 2634---- 4932~ — 9126~ 19381
—--- 39148— 57600 --—-- 39148—— 57600
0.5
5k
1
£ §
[ 2]
B3 &
o S
& 2 &
Bk Bk
1
0
ok
. . . . . s . . . . .
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
YRR /m TRIKALE /m

() BLIm LA AZ T (d) FR ISR S B i BT

Figure 9. Evolution of non-uniform subgrade frost heave with an amplitude/wavelength of 5 mm/20
m under train loading
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Figure 10. Cumulative deformation at subgrade locations under different initial frost heave conditions
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Figure 11. Cumulative deformation at rail surface locations under different initial frost heave conditions
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Figure 12. Effects of different initial frost heave conditions on wheel-rail vertical force under long-term train loading
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Figure 13. Effects of different initial frost heave conditions on carbody vertical acceleration under long-term train loading

B 13. KEAS 3 T A R4 96 R B TS5 20 2 o) iR FE B0 $2 01

2) AR

Pl 13 XL T P Rl 46 6 5 AN 35) 50 R K v A d R v A e ) el B AR A

SN DI A AR S A AL, 2 A 3k T A 7 i 1) 2 A 28 A P B SRR A 2k, R IR A 4
128 R A SRR BT 51 R IR AL EY IE M AR B — e RE P ISR AR SR, R AR AR i B 1) Y
SR b B I/ A R, (E 1S ZERHR BN 7E A 2R B B VA N S R . IR AR SR K 5 mm/10
m I, ZEARNE IR 0.43 m/s? BB E 0.23 m/s?, H. 1 E il s i b e i et MHEEZ R, 5
mm/20 m 5T A4 e M A %) S ekl B /0N, AN ER 0.17 my/s? B2 0.10 m/s?s

3) B - EAE N 7

14 X B T WA IKIRAE /0 Ko 5 mm/10 m 5 5 mm/20 m VRAK 4604 T, AR s AR 51

DOI: 10.12677/hjce.2026.1510251 210 +ARTHRE


https://doi.org/10.12677/hjce.2026.1510251

ot
S
48

TR O\ T 08 5 % T 2 TR R il o 7 PR AR Ak R A

B 14(a) AT AT, 4 5 mm/10 m B 2EE A1 K Tk N AR YIUR BPAZTE I 250, Bl - PR E R )
TER I B V& N R D0 HH KR 2 IR G R AiE s TEVRAK LG — e X TR P, FEfb B DR R R N, 1% X Bkt
SN b e 2 (R ) SR B X . R EIE IR B 2, EIR R B BER RN, R AR
T 38R 1 s A it o %o ot 2 R B AT SR AR AE o VRAK AR L ELAL, B - B EERES ak BIA KA, FLERRE
IEARBIAN, ZEAEH 61.77 kPa iZBBEIRE 23.31 kPa, X R EM RS AT — &R L
ARG AR I SR K BT S SO EUIE SR 3R B Ty ROk, SRR, BUIE - I RN (0 B
ERWE RIS . SZ A, 5 mm/20 m BRI ST SR A NUE - R AR AN )RR N, HAR
TERCER X IF, MRS SRS, FCBEfr # S EAT FH (AR A M FE TR AR 0P 2%

8

o
=
48 %
s
32
‘:‘g
1639
R =
L - W 0
N~ /\
= ¥7\\ \
— N\ KX
“\

-5 ” 0 5 . 0* 10
YU E /m VLR E /m
(a)-5mm/10m (b)-5mm/20m

Figure 14. Effects of different initial frost heave conditions on track-subgrade contact stress under long-term train loading
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Figure 15. Effects of different initial frost heave conditions on additional fastener force under long-term train loading
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