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Abstract: Coupled heat and water transfer in frozen soil presents certain challenges for numerical computation

due to the strong coupling nature of its control equations, thereby affecting their application in engineering
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practice. Based on the principles of energy conservation, mass conservation, and the soil freezing curve, a
theoretical model for the coupled heat and water transfer in frozen soil, considering phase change effects, was
proposed. Subsequently, decoupled control equations were derived through mathematical deduction to optimize
numerical solutions. Numerical modeling of the coupled water and heat transfer process in frozen soil was
implemented through secondary development on the COMSOL platform. The measured data from the subgrade of
the Lanxin Passenger Dedicated Line were used for numerical validation, and numerical analysis was conducted
under fitted surface boundary conditions. The analysis indicates the numerical solutions of temperature and
moisture content at different depth exhibit good agreement with the measured values, thereby validating the
reliability of the decoupled theoretical model for coupled heat and water transfer in frozen soil. The soil layer has a
“peak damping” effect on the amplitude of periodic variations in temperature and moisture content, and the sine
wave curves of temperature and moisture content at different depth present certain phase lag phenomena. Among
these, temperature amplitude attenuation and phase lag are caused by energy dissipation in the heat conduction
process, while similar phenomena in moisture content curves may be due to phase changes between ice and water
altering soil permeability. The temperature contour lines near the surface are denser, while those in the deeper soil
layers are sparser. The surface layer of the roadbed is more susceptible to external temperature fluctuations.
During summer, the temperature gradually decreases from top to bottom, whereas in winter, the temperature
gradually increases from top to bottom. The moisture content in the subgrade section increases with depth,
reaching a peak near the interface between the cemented coarse-grained soil material and the fill material,
highlighting the influence of material interfaces on moisture migration, and then gradually decreases with
increasing depth. The research findings provide technical support for the construction of engineering projects such
as roadbeds in cold regions.

Keywords: cold-region subgrade; hydrothermal coupling theory; decoupling calculation; numerical analysis
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Fig.3 Measured data and fitting curve of surface water content



2025 4 PR, 45« S X e 40 B R 866 35 110 7K AR 6 i 17 R 1 43 AT - 159 -
R PRI B RN 2 AR, T X R i B %, FH + 2 X R i A AR AL 2 Hl g fE R

B Bk R 32,7 m Ak . BRI K A A B (e
Gy BT R M IR A S0 A Ak e L R Y5
AR o b gL P R T 9 2 1 iR I I R R 1) 38 i
RO, M — TR (LR R 20 m 4b ) BRER
SR AR, B E I AL Bl BRI IO a4 Ik A,
BUE IR B IR F B 30 m DL T A9 8 7K RS 37 1 2 T B AN
FKRARA Y B2 R, AT S U S T AN R i
KA T AR BUE T R AR, TR A A P U
d Pl B, R BOY ARkl B . Hif, coMSOL
V- & PDE 5 He v & K a3l B4R 48 Bh 28 (17) 5 4
RN B R SCF i B A, RN iK1 L) Neumann 31
AT R IR, AR
—n-(=cVS—aS+y)=0 (38)

3.2 YrEZE

ZEB LR AR 3 MR K S8
Z ) BB CUR Ly B A ) A0 FLORI A AT He 3% 1 ik
B IR SHOLE 2,

1 TEWHESH

Table 1 Physics parameters

. A
LleE 2} - -

ToKURALRI L OB BEMELE K IS

R/ (kgrm™) 2300 2060 1900 1000 918
R/ (KT m>K ") 920 860 1000 4180 1874
SHEF/(W-m-K") 1.51 1.41 1.00 058 222
BB R/ (ms™) 1x107 1x10*  1x10°° — —

x2 HESH
Table 2 Calculation parameters

e a, ! m 0, 0, T;
il 2 0.5 0.5 0.48 0.05 -

3.3 AR50

AR T {5 A UM A XoF L L (BT 4) T LR
TR, AN FREE T (0, 0.4, 1.0, 2.0, 4.0,
5.0 m) I 8 -5 A 40U A0 — BOPE e b, SR WA T R R 1Y
U B K FAHE B B 15 A U 3 A8 A T T AT A
i ORS BE o [R)BF, AR 5 R e WIS [) R A OR300 a5
T S A W) & A — 22 5, W R/
AR ML UREE S m oAb, FEAY A5 A0 25 B KB Y .
T 0] DL X AS [R]85 0 {5 R Y e K
I 25 (8L 1 HE B A 3R 1 il 2 1 U (1 A A, e K25 (E T LU
KB 3 °C, Bl B EE B3 0, N [R) LI A 0 I 1 1Y
2 XoF (L 20 W K /1N, ) BT 0 R R S S 1) S

JEE 52 A2 A it 22 R RH Lt B ) R 8 I RO, L
N0 B R AR 7 4 S AR o LR T S R ) e
AR LA i 2 A fe o R RE AR AT R AY

A HulEf

——0m —~+20m-—O0m ---20m
20 —— 04 m 40m ---04m 4.0 m

—4— 1.0m —+50m

- 1.0m ----- 5.0m

15
10
2 sy
=
juc] 0
-5
-10
—-15
2015-06-05 2016-06-05 2017-06-05
H 3

B4 BENEESHERNL

Fig.4 Comparison of measured and simulated temperature
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Fig.5 Comparison of measured and simulated water content
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Fig. 6 Temperature contour map at different time periods
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