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A model of capillary water rise based on fractal theory and
experimental validation

JIANG Hanjing', XU Yuran', CHEN Zhiming*, LI Shue’, KANG Fengyi*, XU Yongfu'
(1. Department of Civil Engineering, School of ocean and Civil Engineering, Shanghai Jiao Tong University,
Shanghai 200240, China; 2. Nantong Highway Development Center, Nantong, Jiangsu 226001, China)

Abstract: As to the roadbed projects in coastal areas, capillary water rise can produce roadbed diseases and affect
the safety and durability of road operation. It is important to study the capillary water rise height. The article
regards capillary water rise as a kind of unsaturated soil seepage phenomenon, and introduces fractal dimension to
unsaturated soil permeability coefficient modification. A capillary water rise height model based on fractal theory
is proposed to obtain the capillary water rise height curve with time. Then a vertical tube method capillary water
rise height test was conducted on a mainline roadbed soil sample in Nantong, with the control test of changes in

the dry density of the soil sample and the fractal dimension of the initial particle size distribution. The results show
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that: the capillary water rise presents a rapid increase at the beginning, and then slowly increases, and finally

stabilizes. The larger the fractal dimension of the particle size distribution of soil sample, the greater the capillary

water rise height; the smaller the dry density of the soil sample, that is, the greater the porosity, the greater the

capillary water rise height. In the capillary water rise height model, the capillary water rise height is related to the

sample porosity, saturated permeability coefficient, capillary water rise height corresponding to the inlet value,

fractal dimension, etc. In the theoretical model, the variation of fractal dimension only changes the capillary water

height corresponding to the inlet value, not the saturated permeability coefficient; while the dry density change,

i.e., the porosity change, only leads to the saturated permeability coefficient change, does not affect the intake

value corresponding to the height of capillary water, the results from theoretical model are consistent with those

from the test, verifying the effectiveness of the theoretical model. This study provides theoretical guidance for the

prevention and control of road-base capillary water disease.

Keywords: capillary water; particle distribution; fractal theory; Darcy law; dry density

S 2 TR P R R 22 T I R 5 0 2 0 K
RAAT R o, R KR A B R & R
TR BTt o %Sk 1A B SR R FRR E AT 3 Y
U2, S EURIIK . URIK . AR RO — R Y I
T, P, B E B AR K B9 b Tk EE, AT D ek b i
T PR A BRI R RN S, B A E
B S AT E L.

FURT, 22 AT 8Hxh B 4K LT BE T Jig 7 R iy
W L% AR BT, WO T — R RO W
SRR oF 415 DA 0 i) 7 A SRR C A R — kAR T B AN
JK R BE B TRRRE B, A5 A Ok B R, B b
T LA R A 45 185 AP B AR T i X 3 R A Y [
BORDE - BEAT A LS, W] T B 4K BT RS
b bR AR B SR 55 5 BRI A5 T AL B A5 H Y £ O
Pricd By b 3 AR [ LBR 45 A A B 4ROk
TR, 98 BB A0 A HoaE i, B ARk b T e
W, 2 B A AR 25 00 F B 385 AR
ANTRPREZH T B 4K L T BE B, ARG L2 &
B 04 R B 525 AR AR B ST RS o R AL
) Uy 5 K AR B A T s R AR A B R I,
A B 5 KRBT L RS 7 A ROBOR I, 1 AR A
MR AR AR AE 0 XA IR AR E AT B AR K AR IR A
TGRS, S5 R WA W 0 b T RAT DBy 4 i L B 2
KR RORBLF; Hird S5 0 1 B WK AE 0T iR 4% 4
By BT E K H A BT T B K BT
B & 2% 1) A TR AT TS, B 40K B T BE B 5 W N
R, — R I 280 2 AR & o d
SR AR RR B AR BT A8 A2
A0SR A VR S TORDRL 9 B Al K ok BT

FE 5B RRAR dyy FNALBREE n Y05 28 2 AL ar 3 250
HRHE 7K RRAE i 2, R A FR 25 43 1 4 e — 2 1 A
B4 B AR, BT T e 0 B Al K bR
Lu %" 7E Terzaghi fift 9 36 fifi DR H T B UK L&
JE Y 3R A I 38 A i e R A T R E o

SR X T 7 40 K Bt s ] 3y b T A AR 1Y
et D . 53 JE 32 FH Mandelbrot 55 7E 1983
AR U, AT DL ok Al A A OB O B0 43 A
o XIS E ARV R R et e 4 ik L 20
o 527 R R A o TR VNG5 ) 7B N 7ok 0 e o B
I3 AT, RAE A B B AU, o H 2 B R 4K
b Fb b R, AT R — G, fiR A T A b
T B A K T B Rl R, DA R L Y B A A Xt
AR 4 1% B AR A A 3 B N4 G SEBR

ARG G Qe AR A + 8 0E R BT
IE, SETTEE T 0K 43 A5 52 1) B A K T B AR
AU TS DA R I TR B R - O B SER  iEAT
AR B UK IR, Sk BRI AR A 1 IR A M,
7 B R T A K F BTG SR AL BB 4E =

1 EHKEFASERE

B4R B R AR A LB 4, ARG K
TR FEEAE Iy KR AE B e lm R e e, 1A
v A H 5 . Terzaghi * ¥ /E H AR, — &
Darcy /& ftid TR A+, 2B EHK LTS
IK TR E R R KR A

h.—z
z

s h——B 40K TR R fem;

(D

1=




- 104 - 7K SC L T

R T fom;
—IK TR
hARE T B K T BB BR v B, FE AR AT 10K
S3ia gk B, Darcy & 518 8 R $OFI K 7 86 B2 AH
K, WU A dz, B[] N B 4K T
. dz
qzklzna 2
A g—— LI R B A0K b T fom;
kBB R/ (cm's');
FLBR A /%;
—HF[E] /s
BB F B BT, 6= (2) BV I R T I A
4, AT A B B A K b T B I A] Y e 2 R s
t= %[ln(hchiz)—hic] (3)
SRMT, FH A 7K A ik i 42 ml 0, - 338 3] T 2 AR N
DX R R DX ZH o8, R i v B A 3N TG RIS,
7 Rk TR B ARER IRKAR AR Y AR A 1 g
LB o3I oA, B T i 8 0 R EBE B 4K T
e B R R AR

n

z
k:ks(h_a) 4

e b E XTI 9 B 4K 5 B /e

o—— S5 I A L S 4L

kRN % R E (emes™) .

W 723 WA o K SR ARG I, & K AR E]—

FE T B IS T LR 2E A A A FL B A, s s X 1 8
JTRV R #ESAE o kSRS & R AL, o 1K/ HRAE
LM IE g8 D e, Blla=3D-11, ¥ X
(1), KORAKG) A, 2] (5):

dz k(z\"h. -z

E_klz2) & 5
dt n(hd) z )
Zl—a kS

fhc_zdsznh:dt (6)

F e B FAAERD Y =0 B, z=0, B4R =t (7)
iV,

z'™ (—1 + Hypergeometric2F1 [1, 1-a,2-a, ED ‘

hc -
—1+a nh
7
' Hypergeometric2F 11— JLfT %%, vT X (8) Y
FERHOE L

2 b, B AR L T v B I ) A Al B 7 A A

Zl-a[_l L3 W) e/
nhy =0

(2_a)j J!
- —— (8)
, 1 x:O
chF',(X)j—{x(x+1)...(x+j—1) x>0°

2 EBEHKEASERBENBSHIN

A 2 (8) AT AN B 4K b Tt B 2z SALBR 3 n, (RN
BB Rk, I SAEXT R B ANK B b, 50 4
AR S a fHC . FIBRIS NS HT T 4K
T R R e AR AN TRD, S T B b iR B 4
S EFE ALE , BB n=50% ., k=3.0x10"° cm/s, h=
40 cm, D=2.7. h=100 cm 1E R Ar 4, %=X (8) 47 5
ST

FERVHFLBLR 0 X B 40K b TH B B 52, 43
B n=40% . 50%. 60%, W& 1(a) i/ . & n 3K,
BAK LTS EREZ 08/ o TEF AR — g i, FLBTR
RIS, T AR, B Oy B T R A ORI RG K,
FLB /K 6 41 4E FE B K, 4 [] At () P B 4K L T v B ik
Ko FLER R E T EREFLBR A 2 0 S e + & sp FL R
F4) 3% 38 19 10, A LB R AR Ak 25 T B0k R ) Y AR
A NIEIF ey Y S o = Y

KRV B B BB AN BRI S ER
A, o B E k=2x107, 3x10°%, 4x107° cm/s, M1 &l 1(b)
FiR. WG kIGK, BAOK LA RERZI R, BiE
B WA K B T RN R A, HAb SR —
MG BL T, kO, BRI K - E R i i 2, +
FEB B RE T ROK, B AR b T R

R 3 A SR X R B B 4K = R, B4R K B
T v B B 52 0, 43 5B 7, =20, 40, 60 cm, WA 1(c) fT
No BEE b K, BAUK BT ERZ R, ik
SAEHE 2 SN FEUR 1 A A o B b N A 5 R A {E,
P o 1 12 O R S 1 R W B G e =3 1) 1A
THESAE AWK 7B, AR SRS B 5 Bl T
AN RS K, 2 i RS, 2 A A AR
FLBR, IR ZE T B 4K 1A sR . B ARR,
[F) 5 1 7K R A5 A 1 B T ) K, B AR b T e
B

FIRT B 4R D W B AR b TE S EE RS,
HE D=2.3,2.5,2.7, W& 1(d) fin. W& DRYIEK,
BUK TR R Z B O K . DI R R A
AN BRI IE A R 2, FORL S AR R, RS A R
WS, FEKRE S8, BAIK LTS ERROR



2024 4 TR, 55 I T MR IR 0 B A K I T B AR R R 56 B0 E - 105 -
100 100
Di2.7, kS:3><_10’5 cm/s D=2.7. n=50%
el h=40 cm, h:=100 cm g0l h=40cm, h=100 cm
= £
2 2
o =
Pig IE 60
i =
3 3
é é 40
\‘:\j n=40% ;‘;j ——— k=4x10" cm/s
20 n=50% 20 — k=3x107 cm/s
n=60% k=2x10" cm/s
0 120 240 360 480 0 120 240 360 480
HF ] /h R l/h
(a) AFElnfE FBAK Tk (b) RIFEkJE T ELK T w1 ik
100 100
D=2.7, k=3x107 cm/s n=50%, k=3x10"cm/s
0L 7=50%. h=100cm 80 L £=40 cm, h=100cm
= £
2 2
et =
g 60 e
= &=
3 3
- =
;*P‘ ——— h,=60 cm ;?g‘ D=27
20 —— h,=40cm 20 f —— D=25
—— h,=20cm ——D=23
0 120 240 360 480 0 120 240 360 480
] /b IR [a]/h

(c) ANFhfE T ELHAK LT E R

(d) RFDIEFEAK - FHs L

B1 EHEKkEASERBESHLHTER

Fig.1 Single parameter analysis results of capillary water rise height mode
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Table 1 Basic physical properties of soil samples
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