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Experimental and numerical simulation analysis of the
effects of water level fluctuation on subgrade
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Abstract: To address the limitation that current studies on subgrade seepage stability often simplify fills as homogeneous
materials, this research investigated the effect of anisotropy in permeability by considering horizontal and vertical coefficients.
Firstly, laboratory tests were conducted to examine the variation of horizontal and vertical permeability coefficients of fills with
dry density. Subsequently, field tests were carried out to analyze the hydraulic response characteristics of river-side subgrade
under fluctuating water levels. Finally, numerical simulations were performed to discuss the influence of permeability

coefficient anisotropy on subgrade stability. The results indicate that the ratio of horizontal to vertical permeability coefficients
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of fill is closely correlated with dry density. During the initial stages of water level decline, significant changes in volumetric
water content and pore water pressure are observed at monitoring points within the subgrade. Neglecting permeability
coefficient anisotropy may lead to an underestimation of subgrade instability risks under declining water level conditions.
Furthermore, higher rates of water level change coupled with more pronounced permeability coefficient anisotropy in the fill
correspond to lower safety factors of the subgrade. The study result can enhance the rationality of the subgrade stability design
under water level change conditions, which provides valuable insights for the design of road subgrades in flood detention and

retention areas.
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Tab.1 Physical and mechanical properties for the subgrade fills

HiR ) c/kPa WEEEM ¢/ THE v,/ (kN/m®) LR e  MAEKEROI  FRREKEOI, LAKIEMELERE m
18 32 15.7 0.51 0.49 0.06 0.29
TR A A Rl e AUARMC,  AHHFBC, WRw /% BRw,/% SR Y W A
0. 04 2.13 0.42 28 16.3 11.7 0. 66
KB E GDS 24wl 4 A 35 B AL SEAT B FL 5 18 08 R A 2Tr — KTBIERH K, 120
WU BB Ty, B K OP 5 5 3 3 AR O T RN
AN 2 B, AT B v, WO BB Rk, 2
(Ut o 9607 ) R A G R B R B oy, B S ] s
L

16 kN/m® Ji5 i 78 fh #a #m 55 . PR, 52 R TR v g R 0 Y
A0 T T AT AR S 32 2, 1 OROK A7 78 A I B B A
RE. 5k, ML KV BIE RE by WEUE TR, JF H W3 1Y 2 5

0=13

B v, BOROKTIIRN , ORI S HEGH Bt Ve s e
KFH R B SRR LRSI B E R AA Pal(N/m?)
W 30 14 45 o) S PR RRAE 0 R 2 R SR FE 40 B2 KFL5%a5EFHMT
K5 T B 1 R 4 1 5 AR AE L SUK R A
SEH R RS 2 ELE o Fig. 2 Variations of horizontal and vertical
k. permeability coefficients with dry unit
0 :; o (L weight

2l L BEE v, BB R0 | 1. 7 IR 101, X R B8 R4 ) SRR S T
P S G, TR S TR A B R A M M 22 R ST, B B R AU T A R, X TFAIKE Y v, =
15.7 kN/m® g3+ .0 A 1. 3,

2 BIRTHERSH
2.1 HEAHEEKRE
e FRE PR WA S B R B IR IR 2SI A B A R B b I Y 2R G0 RE I fiE N T Ay T R
R R GERER N RE S5 40 I D R S R T LIS N
Jvd@)dV:D <W, (2)
A ce WIBPERN AR RV B Gd () MINFEFERLREL D NAERUNRE ;W MAN T oh %,

Fe e L BR 23 B i A6 TH 3300 A7 6 368 5 o 2 PUSEABOE SR AR ML, Bl e T7 35 A8 2 2 LA AR 5 30 5 A% A
AR 22 B . FELA 254 T A BRI S M B A3 0T i iR A 34 ol LSS B 2% S AR R Ik SRk A

KM =5 S S MIE R TT XA R AT B . BT AT B — s B AT LR R
MZZNIL{,, (3
3
v= >N, D

R WITEN A S o N 5y I B A N, I A
55 O A S — A K IR £ i T B

. :hl(y37y2)+h2(yl7y3)+h3(y27y1)

) (5

L3Ye = X2Y3 +~T3y1 X1 Y3 ﬁL.T]yz XY
. 7/11(13 _12)+h2(1'1 _1'3)+h:s(172_1'1)

z,

, (6)

T3V 7 X2Y3 +173y1 —X1Y3 +171y2 XY



140 LI S A NI i 2026 4F

tan B hilxy —x,)+h,(xy —x3) +hy (e, — ) 0
n — 1)
@ hoCyy — ) T h, (G —y0) +hy (o —y))

A vy, AT RARAR
i AL I R YRR
w;cos 0 +wv;sinf=u", (8
v,cos 0 —u;sinf=v", (€))
b0 Jyd RS AR IR S LR 2 B AR st o A3 R I S U GR
1 A T HCBRL T Y 7 7 3R g e ST DR 1 A BRL T N TR R 20 A O L R A U Sl o D) 0 AT e e SRk
(1745 3055 s Ak iy P 0 A2 2, BAR IR
M IEB T, HAE R R R

J
u—”+v‘q—o, (10)

q:_KrV(y_Ts) ’ 1D

W

Koo A s HIWHIEE ;¢ My, AKEE; p. NWETT K, 0 50 B A O E 8 R aT AR 4
Van Genutchen #3558,

[1*0((/117 (1+(a¢1’ )
A+ agp™"

12

ky, O
A RAHNE IERER= {0 A } sk k. I3RS B R R e om D OKRHIE 2 UE R R

¢ A HTE K A E )
KALTFERE SRR, R T B IEALBR AR w, 5K w, BYFEM ARG HE 1 3 4 1 0 A AR A s R e, b sy
SR T ] LLRR N
r;:CJr[(a—ua)+X(u£,—uw)]tango R (13)
Ko BRI X W R
ARG B ECN M A =57 J = AIE 5o, W R S8 FEHUN BE

NA Gy FAL )
D =2ccos gpz ’ MJFB"]JF L a4
J=1
A WEHURITTH T A, Ny HITHY TR

SR W M RGEENNREW, 5BENNRW, A, KR AR5 T .
W,=q'v , (15

W,.=7. Z<J i udA +j i vdA) (16)

g 9 A AT R v O A %EI@
PRI 7 i 2 3 O 8l o ) R 2 L TR R TR SR i 18] R AR S B LRI D7 R A R

min(D — W) , 17
MIE RGN L2 Z B0 B8 58 R B Q) AT I -
F =S _tameg 18)

C tango
R F, W REG o YT BB R ) S A
AR Matlab g il 715827 JF LN B Mosek {8k T HA XX A7) BEATR A
2.2 FERIE
4B B2k e B Ol G RIS 2. 1 W R B O g e ST RS L TR SO R 1 . MR
SRR L L R AT LB I8 RHOK 10 BRI ZH00 B 1.3 UK BT FEE 0 50 em/d, [ 3 i it 813
0 5 FELA 2753 50 i W5 AL BUK TR IR BUA K S R 22 . 0305 150 45 SR LA B0 1 — B . 0



5 2 ) VE 255 K {345 Al B B 0 1 3 5 07 204 R 141
ER RN Ui S A N N S R e 30
LB K R 5 f 7K 38 2 AR e v b 1
FUR K 3 T R D 12 bR s
PRS0 i T 00 2 "
VA 7K g i 17 A8 Ak AR Xk B SR 2 £ §

g 35 ft

3 SHOW = g

1 T X B A B B B
L R & P 9 M HERUR B T2 5 1512 —A— KRR ; —e— FUBUKEBG L, |2
R I 1 SR K A28 R R A O B —— IKBUACKFELAT 3 —— FLBUKIRPELAI 1.
Wi, S BCBCE R . K A T R RN 05 : ” - > 2?
0.25 m/d; B HEEFE H R 7 m; /K5 m)E B 1)/
BRBICE 6, % TIHER A 1.5, A B3 FLMAKEL Ak sk R et
XBHR 60=1.0.0>1.0 R ERBE Fig. 3 Results of pore water pressure and water content

FREASE M A R S A R Hr R TR
B SN =& B ST ELTTIN
HF5E DMMERR .
3.1 KES5REFEBSERY

Bl 5 AR — Ak K AL T 5 B h/H Ch Sl K AL
FhRE ) B B R 32 A R K - 5 % 1038 0 R
FEAE o moAsfb i 2k, I8l 5 a) AT, 224 3% 38 0 3% Bk i
IK A B

D H TR T B2 5 30K 5L 7= A 1 N BB
PR LBl 25 KA B BE 3G K, B B I % & R HE
VBN P R B 5 KO T e et A e D 3 P K Sk v EE AR Ak
AL, LA 4 RECE A 1) @A B i A B

DI BB R BAS ) S PR ] W CHD o B R
BF) o L 22 4 Z BN, J0 LI K T s BE AR

A 4

A EARR
Fig. 4 Bench mark model

Wf o PR TH 3R o AN 5 BB 8 AR R0 1) S P 0 S 0 R 5 BOK A T I I JRE A O R Al g% R i B R AR Y

KU
3) bifi & K-8 38 Z B0 I8N

B E AR 1) SN AL T e I g R A M 1 5 R D58 L [R] IN 22 4 R

KR DN S . i AT R 2 % R R T R /N B B i T 2B 0 AR KA ) S ke AR E TR Y

B
=,

247 k=1.27%10" m/s
221 -~ 0=1.0
- 0=15
20f =030
%18t
X
1.6}
k=127x10" m/s
1.4f 2 0=10
—* 5=15
Y e = O , , , ,
0 02 04 06 08 10 12
WH
a) KPR FE

401

3.5¢

3.0F

25}F

2.0F

1.5

k=1.27x10" m/s
A 0=1.0
—*— §=1.5
—— 0=3.0
’,=1.27x10" m/s
—a—0=1.0
—— 0=1.5
. . . 930,
0 0.2 0.4 0.6 0.8 1.0 1.2
hH
b) KA ETH

H5 %a&iHMo TiWE

Fig.5 Variation of safety factor with &



142 LI S A NI i 2026 4F

BT K A b T 2 e S R A S 1) 1 T T OF 0 AR 4R A Ry M 2y . R, S B F R

25 SRR — B B 5 b)Y e A R OB K A b T IR R BT Y R X T S R g L A K L
TH R 5 R A5 PR 35 AR A 8 K Tk 1 T R defe b R i i 3 A O AR 2E T 5 BOK A T e B g AR K
B,

F T RS T e IR 19 22 4 28 KO 0 B /N | s 2R BT ) 1.00 -
KA I 6 25 1 T ORIR by TR L K AL T B I
— BRI R M v o /H K66 R fbihZe. K
GEREW]BEE 6 WK, d/H BARL RN B 095

B it S B 98 0 2R A 1) S A 2 e S Al 2R T
HRE VT R LB S B R R AR I A, S OK A T R
& h/H R A5 7 28 RO i 3R JE AR 1) 52 o AR X
R I HHEUE BN o /H OBOR, BUR AR AR Y 14

VAT — Al TR 0 5 i/

1,=1.27x10" m/s
—A—h/H=1/7

| —=—h/H=4/7
—*—h/H="7/7

’,=1.27x10" m/s

& WH=1/7
*Eﬁjto 085 1L 1 1 1 1 1 1 1
3.2 kEEFEEE 0 05 10 15 20 25 3.0 35 40
5
P 7 Ay i I 300 34 22 4 R K it K A7 T A S R 11 AR Ak B 6 KT d/H S A

<k, HmE 7 a) A%l

DEE 5 a) iy 25 52, A K AL T B R i
(10 42 4= 22 B0 X Bt 25 7K T A W B8 %) 486 K T A 4 4 ik
AN HA YK A R R A/ H BRI 0.7 B2 4 R B0 /N FE AN B

2) 1T KA T g S 3R 3 R 86 I PR 7 A A L K S T LA K ST T AR SR 3R K s 114 42 4 R I
B U DX P HEAT N M s R RS /N T R R R R R

DM T o=1. 0(RMEE B i R B 1] [R B  AKAL T B R X 6 =3. 0 B &8 4 RECAY 52 0 38 I 3, JF
L BE KA B R B 7 388 K, AN RTS8 I 22 4 B AU 22 R g K.

Xt F KA BT B, B 7 b A 2 BRI R Rl KA T SR 0 e 4 R B BE h/H ORI R K,
FLrp KA b TR | AR B 7 2R B0 ) S M A T 1 2 A R BB R

Fig. 6 Variation of d/H with ¢ during water

level drawdown

40

22r 6=1.0 oo
- —A— AR,
—A— AL 3.6 —*2.0m/d
20k —%— 2.0 m/d —o—-1.0m/d
—o— 1.0 m/d
321
= 18F 5
N 28t
: :
1.6 2
£ Sal
30 5=30
1.4 |F—=— B AE 20l —o— IRk
—#— 2.0 m/d ’ —— 2.0 m/d
—o— 1.0 m/d A —o— 1.0m/d
12 L L L L n ) 1.6 L L L L L )
0 0.2 0.4 0.6 0.8 1.0 1.2 0 0.2 0.4 0.6 0.8 1.0 1.2
hH h/H
a) KDL TR b) KA BTt

B 7 Za R MK iR R T &

Fig. 7 Variation of safety factor with water level fluctuation rate

e 2 o5 R WERE AL AE AN [R] K A2 T B 3 25 6 7 1) U — b % 5 TR 24 T 98 BB o / H BR(EL . 4K AL R B
R REAS/NED b/ H =1/7 BF S K AL T BEHRXT d/H JL-F A=A 520, F ] 0, Y 3% 25 5300 7K 0 7K 67 45 /e
B, KL T B 3 38 5 0 4208 37 22 BI04 o) S P 0 i S e 4 T TR IR B2 e /0N . BE B KL T R BE B R, K
AV oA S A /DN IS I A 2R TR B U B R L R RO I 1 AR DB DN 0 R T 108 i R RO ) e
L TR



i TE VR 55 < K078 A o B R 2 i A 106 45 0 40 BT R 5 143

A2 ARBEKETFTHEEareyE—EE Jd/H

Tab. 2 Normalized width d /H under different water level drawdown rate

d/H
®o& h/H=1/7 h/H=4/7
6=1.0 8=3.0 6=1.0 8=3.0
IKANE I B AE £k 99. 4 99.3 93.3 93.3
KA T RE# 2 2.0 m/d 99.3 99. 4 92.0 91.7
KA TR 1.0 m/d 99. 4 99. 4 91.3 90. 7

4 & iE

NI FEIE oK 5 B 1] 5 1 AR B2 S 0 KA T PR T S RE R L o s R | BRI K S 5
FRLANZE 5 19 77 X 118 18 28045 1] S PR Ak S g RE AR e R AL ML . 4 R 3R SR I 138
B RB A S B T E OR B AR s . AR RE T LK SR BE R ILEN
L. 35 KA T R Ao) 400 s 5 P9 R LB K T ) 55 PR AR 35 K SRR GEE s/ 5 25 i3I 38 18 2R 08 il SRR R [RDK AR
AR S 30T 7 )2 4 AR MORMEL 22 S 9 R . SR MK R B 1/ H S 0. 7 I L 2 4 A B0 /N B 3 B T
WA 5 95 75 2 A 1) S A T S F S R 1 S 90 T R R G0 S A ) e K LT R R R AR T R S R AR
AN o 2R B RTIR e Ik X T D A AT B R AR PR BT N TR i R RN A 1) S . AR SO ST R
AT 4 K AR A A6 T B AR AR E MR BT B A B T N AR OC TR B HE R 2% .

AR SCALRS % [ 5 85 22 K045 1) S 1k P J2 B e SRR A S PR T B 1 5T, X 49 S s T R o LAY 22 J2
A AR A A SRR B A e R AR I R BB KA T X M A B2 R SEAIT S R TR S B
Z IR L - RGO R —

£ % Lk /References:

C1] SRy, Ak i X ol ok B /K s S 5 4 P A BT P 58 L) ). 38 T %% 4R . 2020, 37(12) :54-58.
GUO Jianhu. Optimization design of soaking subgrade of high-speed railway in pond areal ] ]. Journal of Railway Engineering Society.
2020,37(12) :54-58.

(2] Jedm. KA AR fl AT 2 20 2 BE 3 6 92 O A P T T I (S il 43 BT (L . 3Tl A S5 Bt , 2016 (3) 2 38-4.2.
LONG Bing. Analysis of the impact of water level fluctuations on seepage, stability, and settlement of semi-cut semi-fill steep slope
subgrades[J]. Urban Roads Bridges & Flood Control,2016(3) :38-42.

(31 U3z <. - Ji il DA Bk 8 o o ok 0 2 B A o e 6 (). R IB %%, 2021,47 (1) :81-85.
LIU Yuanchang. Flow determination and bridge location selection of bridge culvert in plain area[ ]]. Railway Investigation and Surveying,
2021,47(1) :81-85.

(4] BB, koK PR T35 it DX 2 i S 0 3 8 7 P 9 S 0 43 A7 [ D], K T JE Tolk R, 2021,
QIU Bochao. Analysis of the influence of flood on the satbility of expressway subgrade slope in flood storage and detention area[ D]. Tian-
jin: Hebei University of Technology,2021.

(5] ELRIAE. i U i /K AL Ak 8% 4 T v I /K i S 25 A i T e LD . kil e SRR L 2023(7) :92-94.
XIA Lijun. Study on the design of full-section waterproof subgrade structure for coastal high water level railway[ ] ]. Railway Construction
Technology,2023(7) :92-94.

(6 RBAF. Hu R KA AL A X i A 52 M 0 e (], BRal TR 2241, 2014.(1) < 37-41.
DENG Rui. Analysis of subgrade stability considering ground water level fluctuations[ ]J]. Journal of Railway Engineering Society, 2014
(1):37-41.

(7] Zeifte, B 10 R L 45 K (072 A X B 3 1 35098 i o B R s PR A 23 e (). B2 R 5 TR L 2022, 22(13) :5403-5410.
LI Qinghua, XIAO Tian,QIU Bochao,et al. Analysis of influence of water level change on seepage field and stability of subgrade slope[J].
Science Technology and Engineering,2022,22(13) :5403-5410.

[8] XU Peng,MENG Yuhan,ZHONG Yi,et al. Stability analysis of MSE walls with stepped reinforcement design[ J]. International Journal of
Geosynthetics and Ground Engineering,2024. DOI.:10. 1007/s40891-024-00581-z.

L9 ZE25  RUTRR BB KA A8 Al 0 35 K 3 96 I8 225 38 T AR A ARG AE P S M [ . R R 222 4R (T2 R 4 2026,46(2) : 127-134.
LI Fen,LIU Yitao,ZHAO Aoquan. Impact of water level changes on seepage characteristics and stability of soaking widened subgrade[ ]].
Journal of Zhengzhou University(Engineering Science) ,2025,46(2) :127-134.



144

LI S A NI i 2026 4F

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

XA BRI 0Bk i KRV % AR TR A P A o ). BRIl AR L 2023(2) 1 67-71.

LIU Changwei. Research on deformation characteristics of aeolian sand subgrade of heavy haul railway under water immersion condition
[J]. Railway Construction Technology.2023(2) :67-71.

A 25 A5 /N B A KT 7 B XK U8 T 95 T I T A BB RS2 A T LT ] 2 B TR L 2018,43(5) 1 37-41.

MING Xingfen, FU Xiaohong, HU Qizhi. Analysis on the influence of water level rise on the performance of cement concrete road
subgrade in reservoir area[ ] ]. Highway Engineering.2018,43(5) :37-41.

TRMG 20 AT PR 5 JE B R R I FE DU A M B R 205 FELA 0[], Bl TR 2741 2021,38(5) : 19-24.

XU Peng, LI Ting, YANG Guangqing. Finite element limit analysis of bearing capacity of strip footing near foundation pit subjected to
seepagel ] |. Journal of Railway Engineering Society,2021,38(5):19-24,

TRERIT Bl SR A 4, 55 B AR T R KCRD 2 A R T 425 1 R S R 0 R R A L. ST B S 9T, 2024, 27(2) 1 100-106.
ZHANG Yueming,ZHONG Jiugiang., YU Jin, et al. Calculation and analysis of critical supporting pressure for shield tunnel excavation
face in water-rich sandy stratum under seepage condition[ J]. Urban Mass Transit,2024,27(2) :100-106.

FESER . 0 A B B 2 i B A A R E () ). BB 4%, 2025.,51(3) 1 79-84.

DU Baodong. Research on measures for expansive soil cutting of a railway in West Africal J . Railway Investigation and Surveying,2025,
51(3):79-84.

RS, B 26 F TR 2 B0 e 2 8 T R B g B BRIE RS (1], 4 £ TR R . 2023,37(6) :676-680.

LIU Wende. Upper Bound Method(UBM) analysis for the motivation of weak interlayer rockslides after heavy rainfall[J]. Geotechnical
Engineering Technique,2023,37(6) :676-680.

ZE TR A B TR PR A3 AT A BR T I 9 T K b R S R RS AR E RS (D). Kb R K%, 2023,

LI Yuzhe. Study on stability of excavation surface of shield tunnel in water-rich stratum based on limit analysis finite element method[ D].
Changsha: Central South University,2023.

CHENARI M J,PAYAN M,GHASEMI-FARE O. Nonisothermal failure envelopes of strip shallow foundations resting on partially satu-
rated clay subjected to combined inclined and eccentric loadings[ ] . International Journal of Geomechanics,2023. DOI;10. 1061/(ASCE)
GM. 1943-5622. 0002596.

GENUCHTEN M T. A closed-form equation for predicting the hydraulic conductivity of unsaturated soils[ J]. Soil Science Society of
America Journal,1980,44(5) :892-898.



