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Abstract: The analytical calculations of unsaturated steady-state seepage in the widespread layered soils wewre
relatively rare. Based on the Darcy seepage theorem and the continuity condition of soil layer interface, a

mathematical model describing the steady seepage process of unsaturated layered soil was constructed. The
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analytical expressions of matric suction, effective saturation, and suction stress along the elevation for the same
profile of layered soil were obtained by using the separation variable technique and mathematical induction. The
analytical algorithm was validated based on the COMSOL numerical analysis platform, which enabled the
analytical solution of the steady-state seepage process in unsaturated layered soils. Then, the influence of soil layer
interface on seepage process was discussed and the sensitivity analysis of parameters was carried out. The analysis
shows that: (1) Under the same infiltration conditions, the matric suction of sand at the same elevation is the
highest, while that of clay is the lowest. The difference in surface seepage rate has the greatest impact on the
distribution of effective saturation in the silt layer, while it has the smallest impact in the sand layer. (2) The
suction stress in the clay layer increases almost linearly, while the suction stress in sand increases first and then
decreases along the elevation. The presence of soil interface can affect the growth rate of matric suction along the
elevation, leading to a sudden change in the distribution of effective saturation and suction stress along the
elevation. (3) The smaller Gardner model parameter «, the greater the matric suction value at the same elevation,
while the smaller the &, value of saturated soil, the slower the growth rate of matric suction. The smaller the values
of k, and a, the slower the rate of effective saturation reduction. The smaller the value of a or the larger the value
of k,, the greater the suction stress value at the surface. The research results can provide theoretical support for

engineering geological problems such as slope stability.
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Fig. 7 Characteristics of matric suction distribution in the double-layered soil under stable seepage condition

5.005 ¢
100 @ = ‘ 10.0 = o 100 = Y
s & s & r H
9.0 5 20 Eso000 lmm ke 9.0 2L 9.0 v
- o B ) ; 7
8.0 :I 8.0 :f 8.0 :, *,*
l* _“ L 7.
G e, colE LI ol £ e
6.0 i A0 098 020 098 092 g 60M o g 6.0[ ##¥ e
£ OVEL - 5. are £ O R \ £ 00T Y \ R
5.0 %ﬂ B 5.0 : g5.0 by
m4.02" BLE  E 40l w2 : T 40} WLz 4
3.0 LR 30} $ 30} s
2.0 20F */,/“ 20F /f
1.0% oL e L e

1.0 0.9 0.8 0.7 0.6 0.5 04 0.3 0.2 0.1 0

AR AN
(a) LAkt

—a— ¢g=-3.14x10"* m/s

q=—3.14x10" m/s

1.0 09 0.8 0.7 0.6 0.5 04 03 02 0.1 0

HRAE
(b) FhitFEb+

g=0m/s —k— g=1.15x10" m/s

E 8 RESRUKETNELERIEMEN D TIFHE

Fig. 8 Characteristics of the distribution of effective saturation in the bilayer soil under stable seepage condition

1.0 0.9 0.8 0.7 0.6 0.5 04 03 02 0.1 0

AREFE
(c) ¥yLAnebt

g=1.15x10"* m/s



2024 4F

R A [ R ) P S s o N L B OV A e =75 -

1w R B AT RRAE o ol BT 9Ca) AT L, b - b X
JZ K T T TR L g 2T e R 0 A Y 9 A ] 22 A
iho SR, ABARSTR B L2 4 W g B AR A
Tl 2 N g B G R 2 ROR AT A L AR
B o & 9(b) (e) R UL, 7 4 J2= 57 T Ak e 7 g #4947 1

BB FR R, Wb R RN S TE AR ek
BN S R /), HUGEAE 24 B 2=1 m&k BT (4
KIUE(E 2N 6 kPa) . [l 9(b) b + )= i A IR I ) din ¢
PP LG, i 9Ce) #y - JZ= IR ) fE A B
I R 78 RGO 2 B e s s g A

100 . P 10.0 . * 100 "
" Zal Iy * &b
9.0t s # 9.0 i 7 9.0} gor
[ - [ ad [ B
8.0 H o 8.0 " ol 8.0F [ X3
/ﬁ | ] /* : ,*
TOr g § > O pmm § A T T
= A z~ b Wy
£ 60¢ \ .: H B2 £ 60F \ 1 i L2 £ 60y T\‘ j;/* Lz
B 50 v " B o504 B 5.0
40t K ZESC N T} B 40 B
30t e 3.0% 3.0%
20F A 20k 20k
10F 1Oy 10y

0 10 20 30 40 50 60 70 80 90 100110
W2 v J1/kPa
(a) FhitFf+

—u— ¢g=—3.14x10"* m/s q=—3.14x10"° m/s

0 10 20 30 40 50 60 70 80 90 100110
W7 F1/kPa
(b) Fit+Fmb+

0 10 20 30 40 50 60 70 80 90 100110
W2 v 7J1/kPa
(¢) kr+Amb+

g=0m/s —%— ¢g=1.15x10" m/s g=1.15x10"* m/s

9 REZRRE TWE LI S5 FaFHiE

Fig. 9 Characteristics of suction stress distribution in the double-layered soils under stable seepage

4 SHHBRESNT

TE B 10 m JE Ky 4 S AF 58 X 4, B z=0 i T
IKALAL, AL P=0, B B g=-3.14x10"° m/s, y,=
9.8 kKN/m’, n=4.0, Z % ¢,=0.01 kPa™', ,=0.012 kPa™', ;=
0.014 kPa ™', @,=0.016 kPa ™', {iIFIZi%E R AL k,=1.0x10" m/s,
ko=1.2x10" m/s, k,=1.4x107 m/s, k,=1.6x10" m/s, 53 #r
S8 o SABE Rk, B AR 3T F7 | A R0
FIEE DL R W 1 77 T 53 A7 52 ) o
4.1 SR IET W 7 43 A7 14 5% ) 3 A

FII0 A T35 a5 k 1 BUE X35 5 W 7 7 =
TR A R o 76 & 10Ca) I X IO (%) gt AT A Hh B o B
EATN SN, AT A S EBUE A A R, 7T W, fE 583k
Hu R KA AL, 4 F% il 2R i 35 5 T g o e R AR R X R
A, B v R 0, o JBCTEL %) AN [) % 5 Joi i g 484 4 ok
R R W T P, 7 M A R ) 25 (H vT Gk
7.01 kPa, AT, AH R S AR AL o B /DN 09 T 42 il Xof
N Y L SR W (B K . #E TR 10(b) HRBR &, BUE S TR A1,
HATHESHIBUE YA, 7] UL, 4 25 M 42 09 728 £kt 3
ARTR], kg T T 256 J5T 0 7 38 4 3 24 1) 5% e 45 W
e b 2 b 3 TR W g 2548 M 13.78 kPa, k, BUIE /)N, FiF
XTI P 5 BT R 7 P R R R
4.2 SHCEE XA O RN BE 53 A 1 52 e 43 B

K11 RS E o 5 kg 0 HUIE R A 25000 0 B i e A
ARSI o R 11 Ca) BT 0 L 04 il AT At BR o BUE

10.0
—a— ¢=0.010 kPa'
90T e 4=0.012kPa!
8.0 a=0.014 kPa™'
7.0 F a=0.016 kPa™!
£ 60f
E 50r
Piiig
40+ A eskvm
3.0 A k=1.0x10"" m/s
20f ;:/’/ ¢=-3.14x10" m/s
1.0 ]
0 5 10 15 20 25 30 35 40 45 50 55 60
SEI 1 /kPa
(a) Z¥la
1001 e f=1.0x107 mss o
9.0F —e— k=1.2x10"m/s o
8.0F k5:1‘4><1077 m/s
k=1.6x10" m/s
70F
£ 607
B osof
Piiig
40F
30F yw=9.8 kN/m?
S0l a=0.01 kPa™'
q=—3.14x10"° m/s
1.0F
£
0 10 20 30 40 50 60 70 80
FLJFNE 71/kPa
(b) Z%ik,

E 10 SHEMERRAGSES LW
Fig. 10 Analysis of the effect of parameters on the distribution of

matric suction along the elevation



- 76 - K ST S5 TR 5T %5

AL, HARITHE S E A A R, 770, b & R
HEn, A SRR BE B80S, o BUE AN [R]6E T 800 R
JEE O AT 23R 1) 2 ) 45 Oy BH S, 7 b e Ak 2508y 0.145,
Horp o0 BURSE ZIMEL G 1R 28 T X6 7 B A R R B MK A2
Hi T 7KL 5 e JHG B ST A A AU RN B TS o BT 1Y
KEHHF . ZEE 1) B & BUE A [F 4, Hax it 5
SRBUE I AT, 0] UL, 78 M 2 4b A 2500k A 25 5l
0.079, k, BUE /1N 1 iy 26 07 X5 7 14 8 R0 00 FD B R . I
Gb, a5 k3525 WA SO R 1 BRAREE R, 5 ot
Fb, e (L B4 3 00X A5 25000 0 1 R AT 52 i % 555
JZ0 o 5 K, BUEER /N, H T R A A R0 1 R A AR
SRR, A T X R ) A AR R R B

100 e
90k ./' /./. —m— ¢=0.010 kPa
IJ . —o— ¢=0.012 kPa™'
sop = .° a=0.014 kPa™!
70 =d =0.016 kPa™
"o
Frme
£ 607
s
i >
e 408
7,=9.8 kN/m?
30 n=4.0

2»0;5:; k=1.0x10" m/s
]0: g=—3.14x10"* m/s
by

1.0 0.9

0.8 0.7 0.6

RER GRS
(a) Z8a
10.0 e
9.0 ./' o ° —u— k=1.0x10" m/s
’ oo —o— [=1.2x10"7 m/s
8op me k=1.4x10" m/s
7.0+ = k=1.6x10"m/s
|
£ 60 :
5.0
I &
= 40 ¢
=9.8 KN/m?
309 M
? n=4.0
2'02:5' 0=0.02 kPa™!
L0 4=—3.14x10% m/s
by . . . ,
1.0 0.9 0.8 0.7 0.6
EER VGRS
(b) Z%ik,

E 11 SENEREMELSESFHZMIH
Fig. 11 Analysis of the effect of parameters on the distribution of
effective saturation along the elevation

4.3 SROPAE XTI T1 A B9 5206 53

12 5838 T 280 a 5 kg W HUET I 0 3 s v
oA o 18 12(a) PR o BUECR [ AR, HoAxith 58
ZROBAE AR, 0T UL, Bl v R 1, W g 4 72
B, FESET T K CLA LTS, o R AY AN [R] X T 0
73 18 3G 0 A5 e AN B TR R B R K AL 4 mos

JEAL, 2% T 4G 20 o B, FE b R Ah 22 (K 13.64 kPa,
o SUAEL/IN 1 1 8 JT 6 I8 g W g T3 (R . 7E 1L 12(b) v
Bk, BUE R R AN, A58 S 8O a3 A R, vT UL, B
ke, WU 38 K, W g i g R 40 At K, A MR
Ab 258 M 7.31 kPa, IL A, o BUME #/0N | &, BRO(E B,
T b 2 A0 T X5t 7 4 W 07 7 B R A

100 o 010 kPa™
901 —e—g=0.12kPa"
8.0F 0=0.14 kPa!
70k 0=0.16 kPa™!
£ 6.0 F
B osof
Py
S 40t
7,=9.8 kN/m?
3or / n=4.0
20F g k=1.0x10" m/s
1o o ¢=—3.14x10"* m/s
0 5 10 15 20 25 30 35 40 45 50 55 60
W 1, F1/kPa
(a) Z¥a
10.0 e
0l % k=1.0x107m/s iy
: —eo— k=1.2x107 m/s o
8.0 k=1.4x10" m/s
70+ k=1.6x10"7m/s
£ 601
50+
i
E 4ot
7.=9.8 kN/m?
3.0r n=4.0
20 0=0.01 kPa™
I q=—3.14x10"* m/s
0 5 10 15 20 25 30 35 40 45 50 55 60
)% #1/kPa
(b) %k,

B 12 SN ERESFHRIEI T
Fig. 12 Analysis of the effect of parameters on the distribution of
suction stress along the elevation

5 %ie

BT B AR AR R S A 9 JEAE, SCE T AR
FISEZ + A2 258 Wi A 00 A7 SR e, EL S 36 UE 2 1]
fip ATk R R R R AR R . BN

(AR AGE 2% 181 AR [5] o i A 1 58 i ) e
R, B dRe /s 18 I AR A [R) % by 2= A RO A
PARTE-AU0E SN o8 2 \PR U W S QORI R
ARt 0 5 B R AR T AR K, P
MR 7 O3 e e ST 1 R 0/

(2) 4 JZ 5 THT B A7 25 Wi 6 T 10 s e ) 4%
KR W EAW LR ERBUZ S LR, )R



2024 4F

R A [ R ) P S s o N L B OV A e <77 -

ST A 1 A RCVR R R I T 3 o kAR R AR
By YR 8y N TR e o 3 o o S R TR R S )
FIRE S8 AR SR A, T LN ) R 5% AR 1] 2R AN T

(3) Gardner £5 % 2 5§ o {588 /)N, AH [7] 155 7 Ak 2 o
W 308 K5 A0 R0 kB BR /N, 35 BT R g R R
1o o 5k BUE BN, A3 R0 R AR HOR 08, 3R
A B A SRSV R B R 5 o (A INER & U K, b
FAb XTI A W N7 7 R R

S E Wk ( References ) :

1]

[21]

[4]

[51]

L6]

BAI Bing, ZHOU Rui, CAI Guoqing, et al. Coupled
thermo-hydro-mechanical mechanism in view of the soil
particle rearrangement of granular thermodynamics[J].
Computers and Geotechnics, 2021, 137: 104272.

X, 258, MO, 55 T LB 45 4 RAE KB 2
Wb AR R AE AR B8 38 AT (], i RO 2 23
(Mt 3K Bl % R ), 2024, 54(4): 1124 — 1136. [ LIU
Zongbin, LI Chao, LU Yan et al. Fluid Occurrence State
and Permeability Evaluation of Low-Permeability
Sandstone Based on Pore Structure Characterization[J].
Journal of Jilin University (Earth Science Edition). 2024,
54 (4): 1124 — 1136. (in Chinese with English abstract) ]
XUE3%, By o, Ji SO, 46 BT aR 512 97 R b 5 B 4
W LB A i B B AL (0], st 5T B £ 4R, 2024,
43(4): 205 — 218. [ LIU Yaling, LI Guangrong, ZHOU
Yipeng, et al. Pore characteristics and seepage simulation
of sandstone-type uranium ore in the 512 deposit,
Xinjiang[J]. Bulletin of Geological Science and
Technology, 2024, 43(4): 205 — 218. (in Chinese with
English abstract) ]

SUN Guanhua, WANG Wei, SHI Lu. Steady seepage
analysis in soil-rock-mixture slope using the numerical
manifold method[J]. Engineering Analysis with Boundary
Elements, 2021, 131: 27 — 40.

R4, woRte, REF AR, . W LT AR B
L IR HL AR AL S BT 5T (7). K SCH BT TR b 5,
2022, 49(5): 119 — 128. [ YU Daijin, HUANG
Qiangbing, KANG Xiaosen, el. A model test study of the
interface seepage and failure mechanism of loess-filled
slope[J]. Hydrogeology & Engineering Geology, 2022,
49(5): 119 — 128. (in Chinese with English abstract) ]
B, EAW, MAEY, &R T A RITHR M A E A
P800 Y 2 ik = T R T B 20 B (90, K SCt o T
b T, 2021, 48(1): 154 — 162. [ RAO Hong, WANG
Jinshu, ZHAO Zhiming, el. An analysis of rainfall

infiltration of expansive soil slope based on the finite

[7]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

model [J].
Hydrogeology & Engineering Geology, 2021, 48(1):
154 — 162. (in Chinese with English abstract) ]

PrRoe i, F0W, Bk, 5. Ik i bR m s m &
7 8 P SRR A A (0], 7K S b B TR Ml R, 2020,
47(4): 132 — 140. [ CHEN Liangsheng, WEI Bingxu,

element software custom constitutive

LIAO Huan, el. A coupling analysis of unsaturated
seepage and progressive failure of an expansive soil
slope[J]. Hydrogeology & Engineering Geology, 2020,
47(4): 132 — 140. (in Chinese with English abstract) ]
CHEN Fen, ZHENG Bin, LIN Ji, et al. Numerical
Solution of Steady-State Free Boundary Problems using
the Singular Boundary Method[J]. Advances in Applied
Mathematics and Mechanics, 2021, 13(1): 163 — 175.
CHAPUIS R P. Steady state groundwater seepage in
sloping unconfined aquifers[J]. Bulletin of Engineering
Geology and the Environment, 2011, 70(1): 89 — 99.
ZHAI Yulong, LI Li, CHAPUIS R P. Analytical,
numerical and experimental studies on steady-state
seepage through 3D rockfill trapezoidal dikes[J]. Mine
Water and the Environment, 2021, 40(4): 931 — 942.
REMAR J, BRUCH Jr J, SLOSS J. Numerical solutions to
some free surface flows through nonhomogeneous
media[J]. International Journal for Numerical Methods in
Engineering, 1984, 20(1): 143 — 167.

GRIFFITHS D, LU N. Unsaturated slope stability analysis
with steady infiltration or evaporation using elasto -
plastic finite elements[J]. International Journal for
Numerical and Analytical Methods in Geomechanics,
2005, 29(3): 249 — 267.

ZHAN T L, NG C W. Analytical analysis of rainfall
soils [J].
International Journal of Geomechanics, 2004, 4(4): 273 —
284.

LU Zhiming, ZHANG Dongxiao. Analytical solutions to

infiltration  mechanism in  unsaturated

steady state unsaturated flow in layered, randomly
heterogeneous soils via Kirchhoff transformation[J].
Advances in Water Resources, 2004, 27(8): 775 — 784.
TRACY F T. 1-D, 2-D, and 3-D analytical solutions of
groundwater[J]. Journal of
Hydrology, 1995, 179: 199 — 214.

ANDERSSON J, SHAPIRO A M. Stochastic analysis of

unsaturated flow in

one-dimensional steady state unsaturated flow: A
comparison of monte carlo and perturbation methods[J].
Water Resources Research, 1983, 19(1): 121 — 133.

HOPMANS J, SCHUKKING H, TORFS P. Two-


https://doi.org/10.1016/j.compgeo.2021.104272
https://doi.org/10.1016/j.enganabound.2021.06.017
https://doi.org/10.1016/j.enganabound.2021.06.017
https://doi.org/10.4208/aamm.OA-2019-0188
https://doi.org/10.4208/aamm.OA-2019-0188
https://doi.org/10.1007/s10064-010-0282-2
https://doi.org/10.1007/s10064-010-0282-2
https://doi.org/10.1007/s10230-021-00798-8
https://doi.org/10.1007/s10230-021-00798-8
https://doi.org/10.1002/nme.1620200111
https://doi.org/10.1002/nme.1620200111
https://doi.org/10.1002/nag.413
https://doi.org/10.1002/nag.413
https://doi.org/10.1061/(ASCE)1532-3641(2004)4:4(273)
https://doi.org/10.1016/j.advwatres.2004.05.007
https://doi.org/10.1029/WR019i001p00121

Effective flow and transport properties of heterogeneous

unsaturated soils[J]. Advances in Water Resources, 2020,

- 78 - 7K SCHL 5T T b 5 558
dimensional steady state unsaturated water flow in 143:1-22.
heterogeneous soils with autocorrelated soil hydraulic [26] GARDNER W. Some steady-state solutions of the
properties[J]. Water Resources Research, 1988, 24(12): unsaturated moisture flow equation with application to
2005 —2017. evaporation from a water table[J]. Soil Science, 1958,
[18] LU Zhiming, NEUMAN S P, GUADAGNINI A, et al. 85(4):228 —232.
Conditional moment analysis of steady state unsaturated [27] ZHANG Zaiyong, WANG Wenke, GONG Chengcheng,
flow in bounded, randomly heterogeneous soils[J]. Water et al. Finite analytic method: Analysis of one-dimensional
Resources Research, 2002, 38(4): 1038. vertical unsaturated flow in layered soils[J]. Journal of
[19] ZHU Jianting, MOHANTY B P. Analytical solutions for Hydrology, 2021, 597: 1 —9.
steady state vertical infiltration[J]. Water Resources [28] YEH T C J. One - dimensional steady state infiltration in
Research, 2002, 38(8): 1145. heterogeneous soils[J]. Water Resources Research, 1989,
[20] ROCKHOLD M L, SIMMONS C S, FAYER M J. An 25(10): 2149 — 2158.
analytical solution technique for one-dimensional, steady [29] LU Ning, GRIFFITHS D. Profiles of steady-state suction
vertical water flow in layered soils[J]. Water Resources stress in unsaturated soils[J]. Journal of Geotechnical and
Research, 1997, 33(4): 897 — 902. Geoenvironmental Engineering, 2004, 130(10): 1063 —
[21] ZHAI Qian, YE Weimin, RAHARDJOH , et al 1076.
Estimation of the hydraulic conductivity of unsaturated [30] VANAPALLI S K, FREDLUND D G. Comparison of
soil incorporating the film flow [J]. Canadian Geotechnical different procedures to predict unsaturated soil shear
Journal, 2022, 59 (9): 1679 — 1684. strength[C]//Advances in Unsaturated Geotechnics.
[22] ZHAI Qian, YE Weimin, RAHARDJOH , et al Denver, Colorado, USA. Reston, VA: American Society
Theoretical method for the estimation of vapour of Civil Engineers, 2000: 195 — 209.
conductivity for unsaturated soil[J]. Engineering [31] ESCARIO V, JUCA J F T. Strength and deformation of
Geology, 2021, 295: 1 — 6. partly saturated soils[C]//Proceedings of the 12th
[23] SRIVASTAVA R, YEH T C J. Analytical solutions for International Conference on Soil Mechanics and
one - dimensional, transient infiltration toward the water Foundation Engineering. International Society for Soil
table in homogeneous and layered soils[J]. Water Mechanics and Geotechnical Engineering, 1990: 43 — 46.
Resources Research, 1991, 27(5): 753 — 762. [32] ABDOLLAHI M, VAHEDIFARD F. Model for lateral
[24] AL, sk MR, HEA. B2 EMA LB R ES swelling pressure in unsaturated expansive soils[J].
fEMTRR (0], 4 %%, 2011, 32(8): 2391 —2396. [ WU Journal of Geotechnical and  Geoenvironmental
Lizhou, ZHANG Limin, HUANG Rungiu. Analytic Engineering, 2021, 147(10): 04021096.
solution to coupled seepage in layered unsaturated [33] GU Tianfeng, WANG Jiading, WANG Chenxing, et al.
solis[J]. Rock and Soil Mechanics, 2011, 32(8): 2391 — Experimental study of the shear strength of soil from the
2396. (in Chinese with English abstract) ] Heifangtai Platform of the Loess Plateau of ChinalJ].
[25] SORAGANVI V S, ABABOU R, KUMAR M M. Journal of Soils and Sediments, 2019, 19(10): 3463 —

3475.
Ymg. X LA


https://doi.org/10.1029/WR024i012p02005
https://doi.org/10.1029/96WR03746
https://doi.org/10.1029/96WR03746
https://doi.org/10.1029/90WR02772
https://doi.org/10.1029/90WR02772
https://doi.org/10.1097/00010694-195804000-00006
https://doi.org/10.1029/WR025i010p02149
https://doi.org/10.1061/(ASCE)1090-0241(2004)130:10(1063)
https://doi.org/10.1061/(ASCE)1090-0241(2004)130:10(1063)
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002605
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002605
https://doi.org/10.1007/s11368-019-02303-9

	1 成层土稳态渗流的解析计算
	1.1 成层土稳态渗流理论模型
	1.2 成层土基质吸力的解析表达式
	1.3 成层土有效饱和度的解析表达式
	1.4 成层土吸应力的解析表达式

	2 解析方法的验证
	2.1 参数取值
	2.2 验证与讨论

	3 分析和讨论
	3.1 单层土
	3.1.1 有效饱和度
	3.1.2 吸应力

	3.2 双层构造土体
	3.2.1 基质吸力
	3.2.2 有效饱和度
	3.2.3 吸应力


	4 参数敏感度分析
	4.1 参数取值对基质吸力分布的影响分析
	4.2 参数取值对有效饱和度分布的影响分析
	4.3 参数取值对吸应力分布的影响分析

	5 结论
	参考文献

