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Fig.1 Distribution of meteorological frozen soil observation
stations and field observation points along the

Xizang section of the Sichuan-Xizang Railway
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Fig.2 Overall architecture of the freezing depth prediction system along the Sichuan-Xizang Railway (IDW,inverse distance

weight)
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Table 1 Climate change trends of major meteorological elements at observation stations in the study area ( 1981—2020)
s AR R/ AE S 1 d o IR/ A B R AR AR AEREK R/ AP 2 R/
(C-(10a)") (C-(10a)™") (C-(10a)™") (mm - (102)7") (m-s'-(10a)™")
T 0.11 0.61% -0.01 32.18 -0.30%
e 0.18" 0.41% 0.29% 18.30 -0.25Y
s 0.28Y 0. 40V 0. 40 10. 14 -0.08"
2 0.36% 0.33Y 0.37% 2.33 -0.08
b 0.33% 0.29% 0.47% -22.53 -0. 09
B #f 0.29% 0.31% 0.38% 4.43 0.09"

1) .2) .3) 45 F R P<0.05,P<0.01 ,P<0.001.

2.2 i 40 £ )| Bk B E AR A £ SR HRHE

P A R, U SRR 1 X 2 A TR 4 000 m
A B B FRIR R /N A B0 8 DR % B R 5 DX S,
RIZLFRE AFMANFNIEA LR, KL
- HRAE-5.0 CLLE, UK R, DL F=Y
PEVR 00 3 JR R 2.0~ 3.5 m, 23 B2 008 W J Bk %
BE . IO, IR IR, F ik 2k, AT Y R R
G AU I B8 a3 A A I Y R A R R
ZV> MZ DRI

B2 T R B VU B A ik A e R RS TR
JE ) SRR AL AR, 3T 40 47 2% il - 1 4F fig KR 45 IR JiE
8. 7~45.6 cm, LA AR I R B /N o AR R e
{2 81 em, 1y BUAE 1983 4F# B 4P vl 5 4 3 e IR (.
3 em, HBLTE 2020 4R B Ak A0SR vl SR
oK HF 5 DX S e ey i R VR 4 R 2 BRAE 20 b
80 AR AW, A s i A Fie R R 45 R B2 R BRAE 20 i

10 4FAUE 9
F2 19812020 EHFRARSKUERAFERESES
fEfE

Table 2 Climatic characteristics of maximum freezing depth at

meteorological stations in the study area ( 1981—

2020)
uli -1 {H/cm I KAH/em R/ME/em
Dy 19.1 28 5
Y 11.0 16 4
PIES 10. 4 19 3
M 8.9 13 4
W 8.7 18 3
B 6 45.6 81 17

W 3 7R , 3 40 AF 1T Bk i VU B 4% o 4F it
KRG R Y /N, 2 55 10 a /s 0. 37 ~

11.55 em (BRARZHh, P<0.05) , DL B AR UM Sz K (P
<0.001), Hiyk 25 (-3.11 ecm- (10 a) ™', P<
0.001) , bk 2 3 9 5 d5c /1N o oy, AR 2 36 AT 20 a
(1981—2000 4F ) 4 fiz K VR 45 18 JiE 5t i 35 1 i 4
(3.87 cm- (10 a) ™", P<0.001) , i iff 20 4F (2001 —
2020 ) @ F B =W /> (-2.94 cm - (10 a) ™', P<

0.001) .
2.3 JIBHBELEIWRLBERLERETR
e

T SCTE R HTA A AR A A 1R 2 R il o B R
AR BB AR s 5 B AR b 455 b X
Z RS LB 1 km 43 BEA 7 A (ART 1 km,
HuTE ) -HRCLDAS 3% /)N I iff 1 X 552 i 7 i, R T 22
5 ESCH B A5 0 BT B AR, T b T SO0 5 i i A o A
I DA e TR 28 S B, b AT Rl S, P A s 0 B
T EFRHETHIZITIE, #I/E 1 kmx1 km 43 HF 5
2 m FERR V10 mE R XGE 2 m PR R AT 2 m
SRR R R s MR R e . IR R
R RS R KRB 5 1k 2008—2021 48 #F 5%
DX R 45 R 88 A, 9 B HL PP ) e L AR R R K
ST

FEUR R L TR ™ b R g8 2l 2 AR
im0 s A5 B ( Unidata’s Common Data Model,
CDM) . [ AL & AR AL 4 2 ~J 455 20 9 A 35 23 20 0,
CDM jai ] £k 4 452 20 ] T 84 i) s IR 5 A, BEBIL AR
ARAL A 7 ] 458 R A, 45 A - 45 £4 41 Ak 1 K Bl AL 2R AR
jei

1) 3 IR A1 CDM 2 36 B KRB A 2
A A B S AR A R R =2 R
Bt 2 M T 808E 9 s RS A, 45 £ 45 netCDF,
OPENDAP F1 HDF5 7£ P 1) £ 7l B 7% £ 9 4 $2 fit
APT 105 A b 2 T SCRCZH 1Y 4% 4 5 AR AR, Il Ak
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Fig.3 Changes in maximum freezing depth at meteorological stations in the study area from 1981 to 2020
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Fig.5 Comparison between predicted and observed
freezing depths at stations in the Xizang section of

the Sichuan-Xizang Railway in 2021
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Research on frost heave prediction of subgrade in the Sichuan-Xizang
Railway based on machine learning technology

Deqingzhuoga' ,Lazhen’,Ciren’ , KUANG Qiuming®

'Xizang Plateau Atmospheric Environment Research Institute/Xizang Plateau Atmospheric Environment Open Laboratory ,Lhasa 850000, China;
2 Climate Center of Xizang Autonomous Region/Xigaze National Climate Observatory ,Lhasa 850000, China;

3X’izang University , Lhasa 850000, China

* China GEO-OSVISION Weitianxin Technology Co. ,Ltd. ,Beijing 100080, China

Abstract Accurate prediction of soil freezing depth is critical for ensuring the operational safety of the Sichuan-
Tibet Railway (STR) ,as frozen soil dynamics play a significant role in subgrade deformation.This study devel-
oped a high-resolution freezing depth forecasting system for the STR,leveraging a random forest machine learning
model combined with multi-factor fusion analysis and integrated numerical meteorological predictions.The system
utilizes 11 key predictive variables—including multi-year accumulated temperature, air temperature , humidity , ele-
vation, soil composition,and real-time freezing depth—to generate 5 km-resolution gridded forecasts of freezing
depth up to 7 days in advance.Based on an extensive analysis of meteorological risk factors and 40 years ( 1980—
2021) of climate data from the Xizang region,three key findings emerged:1) The spatial distribution of frozen
soil in the Tibet section of the STR is strongly corelated with altitude.Seasonally frozen soil—characterized by
winter freezing and summer thawing—is primarily distributed above 4 000 m in regions such as Bangda Grass-
land , Guoging (Baxoi County) ,and Lajiu ( Lhorong County).These areas exhibit annual mean ground tempera-
tures below —5.0 C,with seasonal freezing depths ranging from 2.0 to 3.5 m, significantly impacting embank-
ment sections, particularly in the Bangda Grassland.2) Over the past four decades,the region has experienced a
warming and wetting climate trend,accompanied by declining wind speeds.The maximum annual freezing depth
has decreased at a rate of 0. 37—11. 55 cm per decade, with the greatest reduction at Qamdo Station and the smal-
lest at Nyingchi Station.3) The random forest-based freezing depth prediction model demonstrated high accuracy
and reliability. Validation using field measurements yielded a prediction accuracy of 96% ,a TS score of 0.96,a
3% missed detection rate ,and zero false alarms.The model achieved a R* value of 0. 74 and a RMSE (root mean

squared error) of 66.34 cm,indicating strong consistency between predicted and observed values.
Keywords Sichuan-Xizang Railway; machine learning ;freezing depth prediction model
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