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Table 2 Different SWCC models and their corresponding relative permeability model expressions

WA R TS B FRERBA
(6:—6)) Lo
- ot ———— , Hy<0 KSM-(1-85"T , Hy<0
van Genuchten (VG ) il 0= [1 + |aHp| ] K=
6, H,>0 K. » Hy >0
6, —6, 1
€r+( S ”) ) KS +1+2 Hp<—l
Brooks-Corey ( BC ) #5i#! 0= |ty | K=
6, . Hy>—— K . Hy>——
@

e

Log-Normal Distribution (LN ) {57 i
ow= |

0=06,+0 [71““{;_/ Fin) ] ©.-6,)

1
7(2701 736X

K = KS."{Qln(H, /hy) o+ ]}’

2

p(-Z)dx

2

TE: OIRBUE K%, em’em’; 0 0FRATE KR, em’em®; O WA /KR, em’/em®s Hy I J17K 3k, em; ad i UASEL, em™'; n, m IR RS AL,
etk ; S TR MRS ; KRARANEIE REL em/h; KOHANS 5 REL em/h; EHILE S8, 385 HL0.5; Qo) BAN RIHES /310 % xo A 722
HEIGUFR; ho HELBR B0 ) 43070 AUEAH, cm; ooy FLBR B AN 5 0 73 A0 ROBRIERS s b Mo N ZEEUSE; T

VER A S H . AE SWCC LR ) 2 50 i 45 1
W 3,

2 R 51HS

21 ARBSHEEEMTEKIERIE

&2 S T ¥ RN PR 35 5 A rpousi o5 Ak
(& KRB SAR T 7R . FERK SRR o FE v, 355
T ARG RS T 120 h, )2 AR K Fds
SEIHR I 3K, Horp A R AKGE FBRRRLE T 410 h,
B e ZIE R AN 15 em, Bk i B FREE T 1a] 4T
K2 620 h, C A NI 2 2549 (J )2 B 20 cm)
FEBK R NS, FELLR A E] T 900 he 7
AB LR RE T, BE AR AB, Rl
P AR B TSR] A 7 e R, B SR v i
TR T 5 2 FAF 57K 3, 7E 20 h J5 7K /3 H
oA BERGE . TE A MR, I 2 S80S PR AR B
(B MR8, FF4E T 40 h, IifE B AF C A, T
e J2 V5 B RS MG R, 7K 4343 A ik ) B Ry HE 2%,
SPANFEEET 50, 110 he J&2H 4, Hapx 500
W, “H 2 SRR . IR 2 LR T

¥+ Je )2 A B AR, T H £ LBV, B8 R
N, AB R LSGH R, FIRAB K2 BN
o sl 1 S I BT L 37 7 S| I N P ok '
FHHIE, B R BB s TR b, S0k 19k
JZ B & KRS TR AR, KA A SR AL T 7 B
ANBH R B, EZ2R KT, KA
TR RS KR FEA, L FrAE FH 04 B Rz 8 K F 34+
WAB AT R], H H e 2R R | Had s, K
G NS HURBRAR, 7K 5 oA A0 it B (Rl A

R ER A e 2 LR AR IR KR
BB LRI, FEA B R R, 2N
TR K R AR AR AR/ N, A B B AR C e 2
B KRS IEAL A 0.04, 0.02 F10.01, Wik )2 T
() K RS AR e B B S /N T e 2 B, AR B AR
FC A 2 b 5 U A5 7K AR bR BE 43 50 R
0.28, 0.26 Fi1 0.26, EI& )2 T J7 /K AR A0 B 43 5]
9 0.08. 0.07 1 0.08, 3X & HLAL K Aih 1 e 2R 4544
ST R B RN o AL IR AR 4 B 4 i &
R T ARAE MR AN B B Rk MR,
W 5 0 BHL A0 S K 48 B8, T R g .
AT 2 FhA M2 43 B Ab K 43 FUR 2 ] DL Se AR A

®3 AE SWCC HEBH
Table 3 Different SWCC model parameters

BRIZH
TR KJemh) B — —
afem’™ n m ! hw/cm o Os/(cm’™cm ) 6/(cm’™cm )
BC 0.619 0.755 - 0.500 - - 0.400 0

R 86.88 VG 0.028 6.956 0.856 0.500 - - 0.369 0.045

LN - - - - 36.360 0.2439 0.364 0.037

BC 0.001 1.200 - 0.500 - - 0.452 0.100

Bt 2.16 VG 0.002 1.230 0.187 0.500 - - 0.450 0.160

LN - - - - 501.000 27510 0.460 0.034

299



R #EAR

20254F 44l B3

05 OfE BRI ANBZER
F H
g 04t i
o 1
5 0sF i
¥ 02r 30 cm
éﬁg 01 L — 60cm
= J
Es . . . -
0 50 100 150 200 250
HiFA]/h
05 BkE Bk AB LS
5 04 ,
g 03+t
&
= 0.1
® . , ,
0 200 400 600 800
Fifa]/h
— 40cm — 50cm —— 65cm

05 b. At R I ABIS
= Y T
g 0.4 1
§, 0.3
“—‘i’ o2k — 45 cm
N 55 cm
&
o< 0.1 — 65cm
=
® . . ..

0 200 400 600
[l /h

05 d. CHE: Rk NS4 s
5 04
g 03Ff '\
£ o1t {L_
e

0 200 400 600 800 1000 1200 1400
[l /h
— 15cm 25cm — 35cm — 45 cm — 55 cm — 65 cm

B2 AL S AR ER S AR R B ] h 2528 A0 R (RBIEGE S STE 2 (g s e, WL 1)

Fig.2 Dynamic change of volumetric water content of soil column observation point over time

A1 BELAE IR AR, S0 Rk o A gt dk ki
FEUT . SRR RN X A B i R HAT A ] Z AR5
e, BUEL S 2 2 MR A X ok A H 3R i A B K
BAERWER, X & T 5 X T KA S IREE A
RAEEFM BN Z —.

22 AEEBSWHEYEHLTEKS ST

X AL 5 7K R Bl A e i o M R W, B
IRAZIRZE AR, 4 A A ETE R T RE SR
MABELIH 4 T FE HE 5900 1059,
1059, 1058, 1058 mL, 5 i A & A& & (1059 mL)
HA -, RWABLEHE, 4 T EHBCIEE T
R Kk .

THAB LRI, X 4 4 A KRG
AT TR A 20 1m0, 4% 1 om [6] B HORE, 7832 )2 38 F ik
KA 2R (1 em JEEEILE 10 J2 1), FIFHHET L
W 0T o 7K, S5 G T3 B, TR & K,
B AT S K H 40 A (B 3) . B &l 3a AT, 7
R KO A T B, B k5 AB,
O HEHE R 7 RAFTE S Gk 5L EBHK, &
TKEYET 0, FHUtLInl T, B B4 /N FL B 1 v )
SCHRFBANK, FKREG, TR K T AL, 3% S K
() FL B TE AL 00 B 4K, T2 BB AR A . 18] 3b
ROATE A FE 10 cm 29 T REKS(4.22 cm),
JFHAEI)ZE LT IR T K REX, Kkl
0.55 cm. MM7E B AL, HTRJZEEHKE 15 cm,
Je 2Rt B T 2K 43(6.26 cm), K JZ R K4

300

RAEXUMEE T 0.95 cm Bk, CAHEHXL 10 cm 3k
JEE, SEORENK L2, CHM 2 4 ZE T
Hir b T 8.49 em MK . X R WA I )2 R K
Je ZH I 22, e J2 9 RIS 1f Ak 5 AR K 1
Ko HFE 4TI, SLIEEHET, O K. A M. BAEM
CAERYFE K298 11.02, 17.22, 18.92, 18.55 cm;
Hrr A #EL B HEFI C oy e R i e ok =43
ST IR KR 24.50%, 33.09%, 45.77%. 4kE
+Je B LR Y T R K B B 2 T I AR K
i, M B AR C e 2R | Bk 2 580k )2
PRI 2 AL A Y B T 2K 4

G 2R LK s Bt B, b 58+
Z A FLBR R ANE B REGH 2K, B /L
B2, TE /K FARF BB OL T, fy I 2 Lt rh b A
i A S T, AR R R e JE e B 1 K
SHE RS A TRy, S B DL -
FKFIEIN, L TR R . TAEIIZTJ7, M
TR L BANN S5, W R T —ER ki, 1SR T
HKCRIET AL R S, X FECR =20
o & XU RS o e wh o £ R VAW R W
e JZ T R HHE RN E IR T — AN KR X
2.3 GRS

FT ARSI FISEL, #6577 RA VG, BC,
LN 52 2 ) 728 1 60 7K 30 5B A FULASE AR (4 J31) 187 R Ry
S-VG. S-BC. S-LN), Jfk ¥z H T4k K SCisi Al
BREADL S AL (0 AN AE 38R R B (NSE) T ¥ #R i 22



IHAF: FHROAT LEERE)H T F 28 R HALDL

80 r— m
- Oft:
f
{
2
60 - \:;
£ '3
k) ¥
B 40 ¢ ~
AE o
fa
- .,
20
KA
]
’l
5l
1 1 1 ‘.
0 0.1 0.2 0.3 0.4
RFLE KR (ecm?-em )
80 ¢ -
% < Ot
. BtE
¥y
60 .,‘;,! ,,,,,,,, L Penn [ ¥ .4 ,,,,,,,,
: By )2 i
£ 5 . . c .
w401 Lo
“U@ R
N .
tr. ol
20}
e,
!".'. .
A
, , R ,
0 0.1 0.2 0.3 0.4 0.5
G K/ (cm*-em™)

80
'E Ot
. AHE
3
60 gt e S
g Ry
mA0E X
iz )
? .
20 '.-_. A
:" .‘"
A
1.‘
1 1 l‘ 1
0 0.1 0.2 03 0.4 0.5
RFRE 7K/ (cm® em™)
80
~ - Oft
¢, « CHE
27,
60 |- L I
= 1 -- 7777777777777777777777777777
401 t:*}._o .
AE .
__________________ PR
)2 . .
20 """""""""""""""" ;. """ b.'. ”””” hnatebeiedy
0 0?1 012 0j4 0.5
R K/ (cm?-em™)

3 B e o 2 N AR 7 N S 1 B

Fig.3 Volumetrc water content profile distribution of four soil columns
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Table 4 Summary of water-holding capacity in interlayers and in 5 cm layers above and below the interlayers in columns A, B and C
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Fig. 4 Volumetric water content error diagrams of four soil columns in simulation experiment stages of different models
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Table 5 RMSE and NSE of the simulated water content of three kind of soil columns simulated by different models

. S-VGH# S-BCEA S-LN#) S-mVGHA
A
NSE RMSE NSE RMSE NSE RMSE NSE RMSE
ARt 0.8071 0.0869 0.6849 0.1013 09128 0.0483 0.9424 0.0461
B 0.8439 0.0629 0.8696 0.0706 0.9077 0.0581 0.9402 0.0572
CH: 0.7699 0.0874 0.7377 0.0950 0.8345 0.0675 0.8361 0.0638

BLEHATIR AT . Y ABKEE K 2R, BA
LB 392 2B =B R A b2 LR T -5
JZPTRe A2 R LK, SR L
KRG, KRR . By L2 LE b2
BA W mr 13k, MoK BA S 5] 7, #Em S
Hoby LI PR . B, A B R 1T JE XK
1B Bt N g K BE 1, (AR K B E Y TR
e 2R K A3 W g R K e D YRR, MR T —
B i, HARFR G 7K R R T T b2 R
TR, AL | K FEAEIE 2T S AL 1 28T B
e FEI)Z T A HE T abE g s T — K
FERIX,

LUCKNER %"V 1 VOGEL % "' it #fF 57 % B
1 VG A M EIR RS EL n<2 I}, VG B R 7R
MO FIX Gk = B2 tE, IR 558 RN, 15

302

1B 3 R ECREL K () AE 7K1 A S
TR, FEAE M B R 1.0 AP 2 1<n<13
B, 238 R B BRAR B R Z, DL 2 TR ANX
(RO 5 S PRAE AT #E— € 9 25 . VOGEL 21!
W5 A AN /N B S E H F— A
ZHL O, RO T VG BT LSS RS . B IE
Ja i) VG BRI AR mVG BAD AT
(O =)

0+ —m—— , H,<H,

0= [1+|eH,|'] ’ (3)
o, , H,>H,

em = 0r+(95_9r)(1 +|aHs|n)m’ (4)

A 6, MERAE KR, emem’; a HIUEZSEL, em ™
m YIRS, TR,
i FHIZAR R EE, Ry T (8505 2 507 10 A X R e



IHAF: FHROAT LEERE)H T F 28 R HALDL

80

SEE
—— S-VGHR
60 | s —— S-BCHiHY
—— S-LNfZ
£ S-mVGHE A
o
M 40 ¢
2
20
. . RS
0 0.1 0.2 0.3 0.4
RFAEIKE/ (cm? em™)
80 .
c. BfE:
60 F--= e — -
B2 A
g
L2
i 40 ¢

[

B T

0 0.1 0.2 0.3 0.4 0.5
ABE IR (em?-om™)

80

| b ARE
2
<,
60 f- St s e
AL
E 40 N
| -
i \ .
20t :
R R T
0 0.1 0.2 0.3 0.4 0.5
R E K/ (em?-cm™)
80 g
60
5
40t
e
20} el
s I
0 0.1 0.2 03 0.4 0.5

TR K/ (cm?-cm ™)

5 ANIFEBIBEL 4 A T FE R 2R TR B K T

Fig. 5 Volumetric water content distribution at the final moment of four soil columns simulated by different models
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Table 6 Modified VG model parameters of medium sand and silt in soil column experiment

T A Oy(cm’em™) Of(cm’*em™) ofem’™ KJ(cm'h™) ! O/(cm’* cm™) O/(cm’-cm™)
i 0.3585 0.0580 0.0319 3.1803 86.88 0.5 0.2863 035
Bt 0.4500 0.0465 0.003 1 1.0166 2.16 0.5 0.4400 045
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Table 7 Measured and simulated water holding content per unit area in the range of 5 cm above and below the interlayer

R EEen W S-VGHE S-BCH% S-LNfH S-mVGHA
BaE/em  1RE% B /em  iR2/% B E/em  RE/% B em  iR2/%
AfE 60~65 0.1891 0.0771 -59.22 0.1274 -32.63 0.0993 —47.49 0.2127 +12.48
45~50 0.3566 0.2270 -36.34 0.2627 -26.33 0.2205 -38.17 0.3048 -14.53
Bh: 60~65 0.1758 0.1012 —42.43 0.0567 —67.75 0.1412 —-19.68 0.2127 +20.99
40~45 0.7713 0.3747 -51.42 0.5022 -34.89 0.6776 -12.15 0.6853 -11.15
60~65 0.3020 0.2532 -16.16 0.2518 -16.62 0.2885 —4.47 0.2914 -3.51
CE 45~50 0.5147 0.2245 —56.38 0.3510 -31.80 0.4717 -8.35 0.5286 +2.70
30~35 1.3036 0.7548 —42.10 0.6268 -51.92 1.2136 -6.90 1.3080 +0.34
15~20 1.7946 1.8479 +2.97 1.9064 +6.23 1.8390 +2.47 1.6870 —5.60
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Quantitative characterization and simulation of soil moisture distribution in
heterogeneous vadose zone
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Abstract: [Objective] The vadose zone serves as a critical link between vegetation and groundwater, with its
lithological structure being one of the main factors influencing groundwater ecological functions. However, the low-
permeability interlayer within the vadose zone structure has a delayed effect on the infiltration flow from the surface
and local water retention (perched water). Although the water volume in this zone is relatively small, it plays a
significant role in supplying water for maintaining vegetation ecology in extremely arid areas. To explore how
lithological structure affects soil water content distribution, [Methods] four soil columns were designed: A
homogeneous soil column (O), a thin interbedded soil column (A), a single thick interbedded soil column (B), and a
double interbedded soil column (C). Indoor drainage and infiltration experiments were conducted on these layered
heterogeneous soil columns. Numerical simulations of variable saturation flow were performed based on the
physical experiments. [Results] The fine-grained soil interlayer structure causes water retention within the interlayer
and at the upper and lower interfaces of the interlayer, forming a water accumulation zone. Compared with column
O, the water release duration of columns A, B, and C increased by 290, 500, and 780 h, respectively, and the water
holding capacity increased by 6.20, 7.90 and 7.83 cm, respectively. The numerical simulation results show that the
modified van Genuchten model can better simulate the layered soil moisture profile. [Conclusion] The fine-grained
soil interlayer has a significant retarding effect on the migration of water within the vadose zone, and water is mainly
retained inside the interlayer and at its upper and lower interfaces. The increase in the thickness and number of
interlayers leads to greater water retention within the interlayer and at the interlayer interfaces. The corresponding
relative permeability equation is divided into three stages, which can effectively improve the simulation accuracy of
the layered soil water content profile.

Key words: layered heterogeneity;  soil moisture distribution; numerical simulation;  quantitative
characterization; indoor drainage experiment and infiltration experiment of soil column; silt interlayer; vadose

zone
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