TR MAFEHHEAR

5558 4 5 1 4] Vol. 58 No. 1
2026 4% 1 J] ADVANCED ENGINEERING SCIENCES Jan. 2026
[=]p 8 m]
u8] AV Al F
KLERNF e
_"'%;'F"' K

DOI:10.12454/j.jsuese.202500048

E s
AR H 1)

PR T B E LR E AT R FUNARE
FRF R, R

(LWL RS AR TARZEBE, Wil A 31002352, Wi LAa TARSS 45 B I U K BB Y B AR 200 %, Wil At 3100235
3OWIRI B TR B, WiV B 310015)

W FE R, AL L AR IR R o R A TR, U AR AR O g, SRS o L AR B, X A
V7 U TR AT R TR A0 A A A0 e AR FR 0 B 7 AR , X e AR 8 I B ) S i R R A 5 B 0 5
VARV 15 S N S S | (U B R RN U B S i DR S TR AS NI AT = S5 i 2 S AWl U W S VR Bl
2o A TR B 12 AT IR A 3 4 AT FROCEE R, V120 R TR S 2 (e IR IR T ik
PN 2> AR AT AT T AR, A3b 1 AR T S 2 I W it 0 B 70 B s R AL  F R 4 SR - 1)
JE SRR 71 RS B AE— DI S, 25 AR TR SRR T 0.80 I, Y 38 370 % i S it 45 TR S92 B8 O S A in bk,
171724 AR S R 3 0.80 B, 2 750 B A8 5 1A i s 52 P8 PO 0 TR i 52 5 2 ) 348 8 377 o 3 8 it A 3 1 it 2 )
TN B, SR, 224 B R 5 P2 K 3] 1 Smun/h 2 5, B 4 A6 TR 9 32 8 E— 88 o, ki X 8 J38 37 10 % il 2 ) £ T HA
FHIE W A SCER T — R RS B T 235X, P At sty T A A A b K 23 SRR i Bt A% ANt /K 47 _E T
AR, N2 e WU i S TR EEAS S UCE BT RE 1 B 1RSSR

SRHRIR): P B 5 0T KA 5 Sl AP R E TN 5 380 R S T B TN 5 s S 5 AR e 38

FE 5325 TU443 XHEkFRERS : A

UTAFER , DRI TR 5 A A LA 5 s 3 100 30 1 e %
B35 ) A L 9 A k™ HE L) I AR TR R AR K B
Ui B B GR  AS WTmJ , H 28 9 3 1) kAR i R
50 L RF SR BT AR S B T A5 T, AR TR A Ak 3
S BB 5 D8 A DU AT LA R LUK T S 3
B AEA BR M  —Jh, EIFE  (R ALK
i 7)) FE 8 58 - AAHT BT 58 2 Ty ThT A HE A S BT, 2
S I P v MR R N B A B R T B T R
RS 55—y, K AE Y B S BOE
FLBK 338 %, Al A (AT 3 1 35 vy i A8 AR T
B SRR E MR IR

Liao %M F R W, MR i 2205 + 2 W T e
14 - PAHs S AR, RSSO T 5€ 4RIl 2K, i
Az TEFLBRK TR T, % 1 3RS 5 7 HE AN RS S B
ELAEATAEBUKRIE OO Wi B ol R R

Yris HHEA:2025 - 01 -22 18RI HHR:2025 - 03 — 22

NEHRE:2096-3246(2026)01-0068-12

B JE L ARRY MR AR BT, AN 2 5 A iR B ALK
A& MR TR — B P AR X FAR BT, A
Jim )y B R A 258 T R, A 27 A TE LB
IKCFE Y 24 00 e 8 s b KNS B A R 5
7T ALK AT TR 1) TR AL 4R T, A5 135 1
PR R A IR B SE AR S e, AN Y
LR ) 58 4 AL, AE ALK R B2 7 A, kil
W3 A AL I AR AR, S BOk AR E
BEARRT o 2 1 BTa | 300k 2 W i R SPHARS S22 3 J R
I8/ 55 R KL B TR TS 0 R TR AR
FERE R 25 F N 3 AR P I/ AL UK TR 1 5 007 4
P, S0 AT T 39 4 A 88 7 O 3 A U, Xof T 4 /R e
TRV R RT3 S A N AE AL I 28 S B A A
FUHIT, AR 222738 AN TR #f1 B Xk - A B2 3 i 3
5o A BURIT R T 800 & IR T o A A ik T

4% 4 ke H #A:2025 — 04 — 28

E S B WA A RFAI 4 B H (LMS25E080006) ; X A SRRl £ I 4351 H (52378467 s WivT A4 K A B BIHHE shit-X) Corig A

A1) (2024R403C097)

TEZB B FHREF(1988—), 55, RI##Z, Wit . WF5¢ Uy 1) - 3838 55 + T /% . E-mail : kangyuwang@zjut.edu.cn

* BIEIEE LR, BI#PZ , E-mail : wangecq@hzcu.edu.cn.

https://jsuese.scu.edu.cn




513

FRET A BER AR T AR L G R 1AL T A 69

10, VE T 822D Green— Ampt #5780 S Ly, 4fE S
— T BT B pR AR, B FE ER AR H A AR
5 3T B AR, Liao Z M gt v TR I T 5
R AR 1) R RN 58 R F IR B3 R A0
B3, B3 A R A RS, IR B4 )5 0+ Ak
FEAM AN S SEPR I, B RN R T AR NS R R
FI LI ANE DL i gl 205 AU AR
ENME LR B 58 AR, T80T 25 R 5000 &
BB ZE FEAH Fb B A R iR 22 o R (A 0 3 T 3 5
i B, I R AR XA )2 i R o el
AU LR e, A R TR M LR B A - AR 0
S JB R4y A B o A8 B B L 1, Gallage!™ Fil
Wang! V4523 511K FAL [T AS A MPM AR5 3 SEEP/W
L5 SLOPE/W #RAF X} i1 38 + 1AVR 3 1) % e 5 43 A f
1T THL, R X S T fE— e PR R L e IR T 4
SR W3 A AR AT 5 43 A B (EAEASEADL 8 W o
R PR S S R AR A SR R R
PR E T T S e 1K W N < 31 5 S ) B
i AR E K A BT A B IR AR A g0 25 3R
HH, Bt B2 T (AT 22, TR NS A BT T 2242
[ 8 A/ N VA 3 e = /N O 1 e = 0 L
X—REE R w4 n T HARRE S E i, 1
H A A R A0 4 RN e A e o A =X

B X B WF R AR N A2 T T T B R RN
M BRI RS A R A BROTEL R IR =
DA 6 AR TR R A 7 6 i o [T, Sy T R A T IR
TR A A 1R 2 25 S i o AR T A X YR AT S T
W2 QAR KA e S B 232X, DA 7 438 1 4
B, it — 20 e i 3 R AR % A S R e
FEhth, Bl 82T A e vEPEAL 5 0 T e

1 FERNSEEIRIE &K ERU

1.1 FERAERE

MR AB AT LRI A (LA,
ASCWH] T 1 4 AR B R R B TR TR A
BRI 0+ F12 AR RRE BRI
Lt A , JLAS0R ) i 4 M 5 45 4 28 R A A
v s 3 06 A B B 9T 45 SR R A & Rk 1 K
USRI 7 AR B ) ARME I K 55 T 4
A B AT 2% AR RO T, R R AR HE K R
F IR T B AL R, AR SOk BORD 4 R i 5
X IR 14 R R R R
PRI 52 77 37 B SRR BT A, 55 100 em, 4% 40 em.
Q1R 2 R AN TR 43 0 6 15 10 em JE Bk A
J2 TR R A 2 R 2 2

50 o © 00
ﬁ‘/’JT‘EJK ©9 90" 0 450
o0 0% o

7RSS

BRAUR %0 8% %000 | wm phpt Ak RS

1 14EEEREREREREE

Fig.1 Schematic diagram of one-dimensional soil column

test model device
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Fig. 2 Particle size distribution of sandy soil
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Tab.1 Classification table of short term rainfall levels
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Fig. 3 Schematic diagram of 3D finite element model
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Fig. 4 Soil-water characteristic curve
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Tab.2 Parameters of soil hydraulic and mechanics model
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Fig. 6 Schematic diagram of moisture field migration
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Prediction Model of Moisture Field Migration in Subgrade Soil Under Rainfall Conditions
WANG Kangyu"*, YE Jiahuan', WANG Chengquan3*
(1.School of Civil Engineering, Zhejiang University of Technology, Hangzhou 310023, China;
2.Zhejiang Key Laboratory of Civil Engineering Structures & Disaster Prevention and Mitigation Technology, Hangzhou 310023, China;
3.Department of Civil Engineering, Hangzhou City University, Hangzhou 310015, China)
Abstract:
Objective The increasing incidence of rainfall-induced embankment landslides corresponds with the recent rise in extreme rainfall events. During
precipitation, moisture field migration occurs within unsaturated embankment soils, which modifies matric suction distribution and soil strength
characteristics, threatening embankment stability. Accurately characterizing the spatiotemporal distribution pattern of the water content field and
predicting its moisture field migration mechanism is a key prerequisite for advancing slope stability evaluation methods and optimizing geologi-
cal disaster prevention strategies. Although current research extensively documents macroscopic principles governing moisture field movement,
the prediction equation of the moisture field in soil remains scarce and inadequately validated. Prevailing analytical models predominantly as-
sume complete soil saturation behind wetting fronts, but actual field conditions contradict this premise, which influences model accuracy. There-
fore, the moisture field migration prediction model is proposed to reveal the migration pattern of the soil moisture field and provide a theoretical
basis for improving slope instability warning methods.
Methods Firstly, using a self-developed one-dimensional soil column test system, typical embankment filling sand was selected as the research
material, and an unsaturated soil column structure was constructed through layered compaction. The test adopted the rainfall intensity control
method, with 35 mm/h as the benchmark rainfall intensity, and simulated rainfall conditions using an axial uniform spraying system. Moisture
sensors were installed along the depth of the soil column to monitor the dynamic response characteristics of the volumetric moisture content of
different soil layers in real time to accurately and continuously capture the moisture migration process. Secondly, using COMSOL finite element soft-
ware, the modified Cambridge model, unsaturated empirical formulas, and the VG model were introduced to establish one-dimensional soil column
models, and the numerical model was validated using the test results. The variation law of the moisture field was preliminarily revealed through both the
model test and numerical simulation. Thirdly, based on the indoor test and simulation results, the main influencing factors of the soil dynamic equilib-
rium saturation degree were analyzed, and a prediction formula for the soil dynamic equilibrium saturation degree was proposed and validated through
the numerical simulation model. Then, based on the assumption of a homogeneous soil model, the quantitative relationship between the rainfall volume
and rainwater retention in soil was analyzed, the soil dynamic equilibrium saturation prediction formula was introduced, and the prediction formula for
the dynamic equilibrium saturation of unsaturated soil was established and verified through indoor tests and numerical simulations. In addition, the quan-
titative relationship between rainfall volume and the amount of rainwater required to achieve full soil saturation, as well as the prediction formula for
groundwater level rise, was established, and the feasibility of these prediction formulas was verified through experiments and numerical models. Finally,
based on the above formulas, the effects of wet front migration and groundwater level rise under different compaction degrees (0.75, 0.80, 0.85, and
0.90) and rainfall intensities (5, 10, 15, 20, 25, 30, and 35 mm/s) were discussed, and the migration pattern of the unsaturated soil moisture field under
different rainfall intensities was revealed, providing an important theoretical basis for embankment landslide warning.
Results and Discussions 1) The results of the model tests and numerical simulations showed that the changes in soil volumetric water content un-
der rainfall exhibit five distinct stages, namely the initial stage, the first growth stage, the dynamic equilibrium stage, the second growth stage,
and the complete saturation stage. Among them, the first growth stage occurs due to the influence of rainfall on the soil, during which the wetting
front migrates from the soil surface to the bottom and causes a gradual increase in soil volumetric moisture content from top to bottom. After the
wetting front passes through the soil, the volumetric water content enters the dynamic equilibrium stage. As the groundwater level rises from be-
low, the volumetric water content enters the second growth stage, and eventually, all soil reaches the fully saturated stage. 2) The feasibility of the
dynamic equilibrium saturation prediction formula, the wetting front migration prediction formula, and the groundwater level fluctuation predic-
tion formula for unsaturated soil under rainfall conditions was double verified through indoor tests and numerical simulations. The results showed

that the maximum error between the dynamic equilibrium saturation prediction formula and the simulation was 4%, the maximum error between
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the wetting front migration prediction formula and both the simulation and test was 8.5%, and the maximum error between the groundwater level
fluctuation prediction formula and both the simulation and test was 8.5%. The trend of the humidity field change curve calculated by these formu-
las was consistent with the experimental and numerical simulation results. Therefore, these formulas better predicted the migration behavior of
the soil moisture field and were suitable for studying unsaturated soil moisture field migration. 3) The unit pore volume, soil permeability, and
soil compaction degree of unsaturated soil showed a clear inverse relationship. The reduction in unit pore volume accelerates the migration of the
unsaturated soil moisture field, whereas the decrease in soil permeability slows the migration speed of the moisture field. When the soil compac-
tion degree is less than or equal to 0.80, the migration of the humidity field is mainly controlled by the unit pore volume, and the migration speed
increases with increasing compaction degree. When the soil compaction degree exceeds 0.80, the migration of the moisture field is mainly con-
trolled by soil permeability, and the migration speed decreases with a higher compaction degree. 4) The migration speed of the unsaturated soil
moisture field showed a positive correlation with rainfall intensity, indicating that the migration speed increases as rainfall intensity increases.
However, as rainfall intensity continues to increase, its rising effect on the migration speed of the humidity field gradually weakens. 5) At any
given moment, the influence of soil compaction and rainfall intensity on the migration of the humidity field remains consistent and does not
change with longer rainfall duration.

Conclusions The study demonstrates that the dynamic equilibrium saturation prediction formula, wetting front migration prediction formula, and
groundwater level fluctuation prediction formula effectively predict soil moisture field migration. In addition, the effects of soil compaction degree and
rainfall intensity on moisture field migration are clarified. The findings are expected to provide a theoretical basis for improving slope instability warn-
ing methods and enhancing the capacity for slope stability assessment and disaster prevention.

Key words: moist front; groundwater level; dynamic equilibrium saturation prediction; humidity field migration prediction; compaction degree;

rainfall intensity
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