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Abstract

With the rapid development of high-speed railways, increasing demands have been placed on track
stability and train operation safety, among which subgrade settlement has emerged as a critical factor
affecting system performance. However, existing subgrade settlement monitoring technologies gener-
ally suffer from low efficiency, high costs, and limited capability for real-time and accurate assessment.
To address these challenges, this study investigates the subgrade settlement defects of CRTS II double-
block ballastless tracks. A vertical vehicle-track-subgrade coupled dynamics model is established to
comprehensively analyze the vibration characteristics of the vehicle system under settlement condi-
tions and their evolution patterns. Based on correlation analysis, key indicators that are highly sensi-
tive to settlement responses are identified. By integrating a Convolutional Neural Network (CNN) with
a Gated Recurrent Unit (GRU), an efficient method for identifying subgrade settlement defects in bal-
lastless tracks is proposed. Experimental results show that the proposed CNN-GRU model achieves ex-
cellent performance in identifying subgrade settlement, with an accuracy of 95.56%. This study
demonstrates the effectiveness of the CNN-GRU algorithm in ballastless track subgrade settlement
identification and provides a novel technical approach for subgrade condition monitoring in high-
speed railways, offering significant theoretical and practical value.
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Figure 1. Diagram of the subgrade settlement identification process
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Figure 2. Diagram of the vehicle-track-subgrade coupling model
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Table 1. Basic parameters of vehicle, ballastless track, and subgrade

1 OEW, RfHE. BRENELSY

LIRCE 2 HUAE EAHSH HUH
AN 2.059 x 10! Pa LR Ny 33,766 kg
AP IR A 3.217 x 105 m* LA mPY ey 2400 kg
NN LEK T &= 60.64 kg BT & 1850 kg
A BB 0.65m MR 25m
e 2 e A 2.5 x 107 N/m e R 17.5m
TE PR S 2500 kg/m® AR S = 1.6545 x 106 kg/m?
TEPRAR PR 3.6 x 100 Pa A Rk B 1.314 x 103 kg/m?
TE PRAR AR I R 0.728 m — RN 2.352 x 108 N/m
SR JZ B 2500 kg/m? —HETEE 2 x 10* N-s/m
SRR SRR 2.55 x 101 Pa CREBHERIEE 0.52 x 10% N/m
SO R A R 0.588 m ZREBHHE 2.4 x 105 N-s/m
P SR NI 1.9 x 108 Pa/m R B AT 0.43m
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Table 2. Subgrade settlement condition setting

2 BEMBEILRE

T4 MRS SIS VUREIRAE
1 10 m 10 mm
2 10m 15 mm
3 10 m 20 mm
4 20m 10 mm
5 20m 15 mm
6 20m 20 mm
7 30m 10 mm
8 30m 15 mm
9 30m 20 mm
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Figure 3. Diagram of the subgrade settlement correlation analysis
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Figure 4. Diagram of the sensitivity indicator signals under different conditions
4. FEIILA THRERESE

4. CNN-GRU %%
4.1. CNN 4%

G2 (CNN) EZE AR . SRR R SRR R 2 M. A2 RDReE
AR, EAREE RS P A BT I S B AR R, SREBUR R AL IR A A AR I s AR
I B B A AT B R, RN OR B S B ARAAE s A SRR AR R e SR R e B, i
T3 REA AR S5 . CNN BURLE RIS ) 2 Z AR U 25 2, B s B IR 0 B, el 7RI 3
ORI SR BOAESEE 3R T T BRI A B . FLES Al 5 .

A )
ALz AL
HWNE O R
ERE BRE bR
Figure 5. Diagram of the CNN
[& 5. CNN 5149
BRI H B RIE X 4) .
x = f (Wi' x X (7Y +b,') (4)

DOI: 10.12677/hjce.2025.145117 1100 TARTHE


https://doi.org/10.12677/hjce.2025.145117

o

e x R |25 AR | AMRRIE: W SRR SR | 2R EE | NSRRI E R, + 12
wrrgeREREE, XUV B I-LERS T, o FoRmETG BB R SO Es.

AR JZE ) 3= T O AR S R R 4ok, A 80> TR S HON S E, T PR T SRR R
Moo TEMALRREL RS b, ARSCRA SRS,  PLOR B RHIE B A SRS B T b g A i 4. R
X IG) R

P:mv?x{A'} (5)

A DORHERAETEE, A U ORFERE R, w ORIt RS, p it Al Ja R AEAE RS o

AERR)Z SR IR FERCE R I 2> RAE ST . AR E R G E AL 2 SRR 5 SR AR
TRA S, JERAAEERE S AE R R R T X 2 E B AT A AT, A & (528
o

4.2. GRU

TG 3 G (GRU)AMY 4k 7K 1 B R4 22 ) 25 (RNIN) FRICAZ R 1, 8T8 I 5N T I WL Rk T
RNN A A7 £ AORE BETH 25 8. GRU BORZ Lo M BRI B [ 14 s B (IABERT ] AT 197
il P S5 SO0 2 RS A B LA, TSR DU TS D AR B S M AT AR RS T A E e . 8
RPN TTH B FEAE R, GRU RENSZh AR LR % Or B SRS K HUME 2, AT SE 4 i S i ] 1 o
R A . GRU I RIZ L5 H B A 6 B, RIEAN(6)~(9).

D .
; I
Figure 6. Diagram of the GRU
) 6. GRU MK £ H[E]

= O'(Wr '[hFl’Xt]) (6)
7, =c(W,-[h_.x]) @
h, = tanh (W, -[r, #h_;, x]) ®
h:(l—Zt)‘h71+Zt.ﬂ (9)

X xi A BESE: r Az 0 BV EE TR 1 hoRieiZ 88 a5t w N EE TR

DOI: 10.12677/hjce.2025.145117 1101 +ARTHRE


https://doi.org/10.12677/hjce.2025.145117

R, wy AT IR wh ARG Z A AR, o A1 tanh 23514 Sigmoid 4% B ORI X H IE V) 4 5% B8
B, AATRIFRIE R N (10)~(11).

1
G:l+e’X (10)
X _a~X
tmh:i {X (11)
e +e

4.3. CNN-GRU &&!

B FE YT P U R AR i & T I 18] 7 St s A SOR A — 4EB R 22 25 (CNIN)IEAT RFAE SR B, O Jm 8
TG IA 5T (GRUMZHE B h R 245 B B Rl CNIN Sl AL L =L, BEs A A 2 Hh il
Jay B ORI 22 (R AR A AN T 82 B S I B I A P R T AR AR AIE . S LIRS, GRU Ay — R et (i
AR 2%, I HR I AN B R TR U Sh A R TS SRS, MR TS RNN rROBR 2T SR i)
R, REW S0 bt AR L DT B B I (8] A B AR . ST CNN 5 GRU 456, BEYAENS ANl L itk
ST R Kl A A T RS AL AR TRIRPALE, AU IR T 7R R AR R R AN G REF7, IEHG 58 14
Mg P R B, AT B R U B P RS0 1) 55 T v 3R B o S e R ME R PR A T 524 . CNIN-GRU 14

IR 7 s
| :
: : GRUZ
\
| | |
| |
1§ /
i'> =) =) ) i|> | |
|
| |
| e
| WAz R || | it 2
BAR | |
| HRE ERE |
SRR

Figure 7. Diagram of the CNN-GRU
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Figure 8. Diagram of the model accuracy and loss function
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Figure 9. Diagram of the robustness test
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