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AR, B A= E KO 5T AR
SRZERY o 25 R 1k V2 O S5 e et Ak 1k, dnf iy
TR ALALE R I (mercury intrusion porosime-
try, MIP) . F$ 1 i 5% (scanning electron micro-
scope, SEM) 37 /& 5§14 HL % (field-emission scan-
ning electron microscope, FESEM) | X £k 5¢ ) (X-
ray fluorescence, XRF) Fl X § £k 471 & (X-ray diffrac-
tion, XRD) 4, 2 - EFLBR S50 A s S ik T 2
BT T IR A E A LB ISR IR
KN ] R SR SRR AR A5, SR 1T 3k 26 5 PR AT —E 1Y
JRIBRAE . i, MIP At SEM J5 % 0] L3R4S # + 1 L
BRI A, IR B SLBR BEA T 43251 (HJEEE X 4y
SURL PN AR TR FL B, EL MIP J7 7% ] B8 2 il IR 5¢ 2%
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VB 25 SR B AR AR CT BRIMEUR LR =
A5, o 1 43 M A6 5 A 5 AR b B L R e vk L fL
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YT, A5 35 FH I b 2 38 ek L 9 JEUIR AE
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AN 2 UK AR <0 7 5% FE A 1) L B 23 (8] 43 AT R 45 1)
ik, 3 57 LB P 25 A58 | PR 5 AN [ R LB 114 1) 2 45
FAARFAE 38 A A5 R BUE 128 % 48 7 A B A Tl X
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1.1 HREXHER

TR B WA b 48 3 g L L HLBE (297127 397N,
113°46"26"E) , i X L35 1L 911 h 10 48 B 25 21 4
h T, R LR B R AR X, 12 X8 T R ) I R
W 2 R S, PSR 15.5~16.7 °CL 45
YRk 1 450~1 600 mm , 44F 24 75 % fE TR &
HEAE3—9 H BN EAR A, B R

KA 4T (Rosalaevigata) Bk 1% H (Dicranopteris
linearis) . B B ¥ (Pinus massoniana) . ¥ ¥ (Smilax

china) %122

FEE R AR IS A A Z A
mER RS AERED AREK N A JZE (0~45
cm) B J2(45~110 cm) .BC JZ(110~170 cm) .C1 2

(170~430 cm) F1 C2 2 (>430 cm) , \ R F B2 X
AR A FE AT R T KRS, 45 E ARy

fiEWZ 1.

Bl #mEiREREE
Fig.1 Schematic of profiles and sampling
x1 BREMEXERSDERLE EEHE

Table 1 Description of weathering profile of granite slopes in the region of gully erosion

i’zz% i Description
Soil layer
A THERIARAE, SR EA B AR R Z o R BSURDIREE R A LAY KA Z s 1 A AN A s B R
FERARATIIIRL AR R, BT 25 2 Wi R it i i o
B TN OO RRARE o R RIS PR S . RIS STE0E  ALOS R Fe,O, 35 i, & 1 5 0k A 40 3 L 365 A1 58 42
SRl Ty 5 T LR AR S W, KT DR A A
BC TR BB TR AL, R P TR B KR B, D AL B S . R LI R A O R R N . A1
Yt TR, AR
1 RE £ S R W/ R AT VA 0 o Y il S Uik NI T 1L B A A SN K o e/ B 7 Sl VN R

R , ey, T DL RAE /D s 2 5 T W, TR P 1B A3
c2 TSR @, ERER R R KA S B TE A R D

VR A7 A0 oA 3 5 B mT UL, fE /K h b

1.2 CTH#EEEGAE
SR Tlk X5 28 0 68T 2 1 A S AR
fire AL AVIZO 847 — 25 G AL BT A, BD

BB B 8o 8 AT IR A AL, X JEOIR £ LB
SERG AT R, T o AR T AL B
AR (PNM) , 14 R HERE il R IR R 0 BER
30 pmo T E G IURE I B R A i T R A 1Y
TR BN, B AT AR e £ AR 30 mm i BE
9 50 mm B BRI I (LR @K ROD o ABFSE
R v B 4 O vk XK B R AT (5 oy
2 A A R X PEGOR P = A o (U 2 A T
e kb B

1.3 FLER4FESEIREY

FIF AVIZO 8AFAE A A TN = 4 55 A8 (1) L Al
RS H LB o MARBL VSR AR Dy, JE
RIEFF 508 o i s 0o M oGERRMifA ) Ll
o BRI CHIAME R D(552) . Hih IR T/
BRI RAEFLBR = 4R B8, F 2B FLBEE AR
ARFRET AN i - SAS KU T 38 00, 224 FL B A o o Bk A
B} F=1, BREE A, FLBR R b B2 3 R B, 7
ARWFFE R LB S R BN FL B (F==0.5) AN FL
B (0.2<<F<<0.5) M4 K FLBR (F<<0.2) . {Hifh 2
FE AL Bt 25 1) B 1] e 00 104 28, 3 il 3 3R AE
TRMRTE LB R s AR I A A . FLIRA R
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i A R AL R 45 F 52 A A 3 TR RE L SR & T
TBOR I T AR50, Y C/ A FL IR 0 a1

R K 28 FLBR 2 B0 A8 B 2 5 AR L FLBRIE AR T 45 1
AT R P AL FIERAE

K2 ILRSHEXRBER

Table 2 Definition and explanation of pore parameters

¥ st R
Parameter Formula Interpretation
AR () VoIV, (1) VBV, AL B O BRI A 2 B
Porosity
CF
@‘j’iﬂ? N (2) VA Z HOEROPRBL, s N TL B A P 2 B3
(D) Vovin (3) VRZEBATLBR R, um’
Equivalent diameter
RS Acyy AACEIRIF TR, s A Sy A0FLB TR,
Shape factor A
s A () ! |2~ 2] (5)
Dip angle Sy =2 Py =y (2 — 2, F
R06) ORI, y,,2) By, yooe) ST AUBR B 1
6t I B £ (0) 1 2 () ST AR
Dip direction T L AR AT 043 1 B B U615 41 O K E
k Ao pm

L (7) Zz‘l(n) (7
Tortuosity I G— 2 P (= 3 (2 — 2,7
HRE(C) InA/P (8) A WAUBRTTRL s P R LB, um
Sphericity
YA AR ]
SIPAD) — iy I V) (9) N(e) WAL /N TA B Tk
Fractal dimension B Ine
FLPRETITE(C/D < (10) CRHTTUBE, Y5 A m LB , ¥
Connectivity index I

ROTMFLER R G055 i FLER IS FLER , &1 2
438 FLER AR FLBR A = e AR . S T T L
B AR GEARYEFL B SF R AR AL A R 6 135 4%
100~200 (1 4% ) , 200~300 (2 %% ) . 300~600 (3 %% ) .
600~800(4 %) .800~1 000(54%) .>>1 000(6 %) pm..
1.4 FLEEM KRR

FLBR 28 4540 (PNM) & —F H T4 R Z2 LA i
(AN . 3845 ) PO FL B 5 A4 R FL B 2 8] 43 A7 1Y)
BRI i — A R ECFL RS A S8, ST AL
BRI £ A5 70 (1] 3) o AL g BRI AR % - R 1 LB
S5, 7 T LI 0% 38 38 R FLE AR TR A FLBR R /R
AR B B b TIE G, ol LAE 38 v i L%
WEEH . ZEAWFZE T, PNM 7 18 LB 32 5 e L B
e LB 2 T BRI G A7 Bk AT FL B &5 F A
PNM 7 FL B 32 230k BUAL IR 242 LI 2 1 AR 3
TE KB SR AT FL MR AR 23 B, G 67 50 2R AL B I
2 M E , RS A U W s AR A B0
Tt IR LB A 342 30 P A, A B0k O s L B R ST

FLBR, BE 2B 1 3 B AL B AR R fi 20 i
TR R K 3 W AR A 37 o o R e 2 ) A EE 4 A B
FIREK FLBREE MR A%
1.5 BINSKERITE

TR K R K R RAE + 5 al Hoft 22 FL A Rk
PR B T S A, B T K TE - 39 P A 3B 3
fIE 75 10 3 7Rk, 3 I K R 7B 35 iR
g A O 1 B AR ot = 9 R W v 0 = B W 91
B K Sk 1 BE S IR T BE SR HEK SRR T O HE
TR R B, AR Rk P A T R (10) T4 21 - 4
BRI KR

QL
ACh,— hy)

1D H, KK H RIS KE, cm/s; Q MIRFR
T, m/s; AN HAEREER AL, em?; A I BRI 4R
BOKSL ST, em; hy I BEASR K K R, em L oA
M B AR E  om.
1.6 @M ERMHERL

IKAPAE HARFLER b & A R 4 35 3 A B G FR

(11)
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C1 G2

a: A7 LB = 4E T Three-dimensional reconstruction of isolated pores ;b 1% i fL Bl = 4k § #4 Three-dimensional reconstruction of con-
nected pores ; ¢ : 14 38 FLER RS FLPR = 4E F A4 Three-dimensional reconstruction of connected and isolated pores
2 AELTEFAB=4EMEE
Fig.2 Three-dimensional reconstruction model of pores in different soil layers

B3 AELEFLEMEER
Fig.3 Modeling of pore network in different soil layers

B, W RS 1 /N A8 35 ROk R AE
B if IR AR /K o - HEORLR]FLBR B B B R R
HoE MR EEN K S AR5 R
AVIZO BA XA b 5R AR A 08 FL Bt X 28 A AU 157 7%

TERL, AR AL T 1A SR AVIZO XLab Hy-
dro Extension, i] LI 4 Navier-Stokes J7 #1748 %]
B AL, THE A0 48 018 385 A4 R Ze B Al
25 R R HER S AR B A AR AR R B iE e, T8
AW, R FHAS AT 46 AR U 30 19 Navier-Stokes
5 B ARBAUAL IR 250 h B i FE . BT AVIZO

C1 G2

AT A 1% (CFD) J7 ik 45 1 R385 ALY
Py A
a(pou)

o +V(pou)=0
a(g;u)-FV(puu):Va (12)
d(pE)

o +V(puE)=0Vu— Vq

K2 F, w NFHE , m/s; 0 NFARBEE  kg/m’;

LRSI, s B INRE  m*/s% 50 I 1k kg/ (mes?) ;
q ARG L kg/s" sV AR R T, m
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FR ¥ Navier-Stokes 77 72 , Fl ik 4 58 5438 4
SRR BIER(K)

_ QulL
AAP

K (13) 1, Q ARFF i, m*/s 5 M TRAK I Zh
RH, Pass; LR RES K, m; A R i sh #0
I, m? s AP A R R 35 2%, MPa.
1.7 HIELESHH

K FH Excel 2013 Fi1 SPSS 20.0 48 4 4 47 %
i b B )P B /0N S 2 2 S vk S ) Ak R ) 2 S
FFGETt 2453 W, % T SOUZE ¥ 2 B 2 #r il 3
Pearson # 56 2 5 () PEAR XF T8 i 55 1k 14 5% i 7 32
KN IR P E R B (R?) M A5 R A 400 A R

(13)

(14)

(15)

2 ZERESW

ERELTEBESRIE
DFLBRZE E R AE . B4 MR AR AR
[F] 1200 8 B AL A g 0, DL S#s 12
(1135 LB BE 5 o U) 7 B QSR A IR i A K
B AL R B ik 2o X 2 I R T T 19 P
P P 4 P AL, L st P o7 3 L Bt B B A 3R
(R 3E fin e A 52 T R B, RS T SRR o Y L B R AR
FEAE 4 TE 4.2 %0~25.1% , B bl PN 3 Bl 25 15 R 5 T00
T B B A3 0, FLBR AT W R B Bl TR
FE3G I, 7 4L B 430 11,596 .11.1%.8.9% .
8.4% F15.8% , A 2T FLIR B e i , HLR/INIT Hy
A>B>BC>C1>C2, Hh A E LB L H A + 2
SN T 0.4.2.6 3.1 F 5.7 H 4y, C2 )2 FLEE
TEET ARM LA RIDK IS KBRS ER)Z
TR (AZMBRE), T A E, B A
KL AT 095 5 v Rl M 3 U 2 RIR 2 - HE K R 28
KERE 2 BIRRG (CLIZ R C2J2) , HEK M 22 Fid <
AR
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Fig.4 Distribution of soil porosity in different soil layers

16 AT A3 78 100~200 pm 78 Bl A AE 1 5
FRA A FLBR 5 LB Y 65 % (1K 5a) , B % 455k A
s, FLBR R & L W b, RALRR S R
o BfAT R REN , FLBR RN Ak R AN R

o 1AL B AR L B 70.16%6 . 64.75%
52.42% .57.07% F166.35% ,AJ2 .BJZ .C1)Z2H1C2
JZ H BC )2 Y L B ki 43 i = 17.74%6.12.33%
4.65% F113.93% ,BC JZ LI & i o5 b e T 2~4
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G BC E LB 5 bR 2, 430 oy 24.21%
16.27% M11.71%, 5 1 RAEBUA I . 1l S5b IrAT, M
AZB|C2 2, Bl AE +HEUR B RGN, 142 308 L B B 5
REALG, IIS7 L B 2 388 o, FL B S PR R 7 2
R R A, e I+ HE 1Y) o S R B T . A A JE B C2
)2 3% 38 LB BE AN W R R, 4351 R 82.54 06 . 78.75 %%
64.67 % .47.53% F145.93% , FLER B PER K T T
1.02. 1.88, 0.92 #1 0.06, A 2 % i@ fL B & &% K

100
2
2 e =
®E ® g
25 160 2 £
%< we
E}ZS/ = ES TJ
&2 140 % =
= B 5
= 2
120 =
o

0 0

100-29900-3%0-60% 02901 002, 4 000

Dy /pm

SR /% Frequency ratio

SEE /)
Mean dip angle

1 2% 3 AT, Bl 1 SR BE (3G, FL R 3 e Pk
B ES , PIST LB B R, - 8 i R 2
REA, 430 4 B il B2 1 A48 Ak 2 B UK )2 11FL
B AR 5 24 3l — B0 AR L BRI A2 7E B 28 il
Pr(3.07) X &5 m) PR R sk A2
430 FL R B 82.54 %6, AR FLBRE Sk 17.46 %, FL R
P A, BALBRE R 11.69% , 2B 4EB0h 1.45,
IR A 1.99, Fe R FLER S R 55 R T 2R FL AR A0 L
WA JZR]C2 )R M 3T 4E 853 1 R 1.45.1.40,1.41
1.39 F11.36, #H 22 AN B2 696, 15d B - 398 (0 R s At
ANZZURBE W sE e o 3 R R R NAE A AR A B

(82.54 %) , IRSL FLBREE Fe /N (17.46 %), FL B 3% 38 P
E K (4.73) , 388 0 M a3k 2 R o 62 -4
2 B 5 2 KA A W 16 s 52 ), A LT & R4
TSR E RS FIL B &N . BC 25 I FLEREE
A AT 4 30 L PR o B T A b A LB 3 £ A
KT )2, W CLANC2 JAAEAE R I FLBR, K
FLBR % 8 R 2, ROK BB ) iR, K U T B ik
b

¢ EIEESLEE Connected porosity
7 ALBRE Tsolated porosity

w2

AL 3
Pore connectivity

[\S]

AL L/ %
Pore frequency ratio

B BC Cl1 c2
+)2% Soil layer
WA L%

d Frequency ratio

180 Y
0

T e )

Azimuth angle
5 FELERIBENERZRSL (D AEALEFBERE D AELEILBEHAFTERACOMAUBRRESHR (D
Fig.5 Percentage of pore equivalent diameter in different soil layers (a),pore connectivity of different soil layers(b),
frequency distribution of direction angle (¢) and azimuth angle of pore inclination angle in different soil layers (d)

B M G R  2R I il B I K/NIBUY S B>C2>
C1>BC >A 2, Ui B 22 M FLBR 45 0 B Bl i)
WP, BIJZE M R (3.07) , HHAth 2 43 5] 38 A
T 54.3%.49.8% .42.1% F129.0% .
)RS B RAE . AR 2 LB
97 10 £ o (Pl 5¢) FI A 5 060 £ 6 1 0503 43 A ([&]
5d) AT U, A [] - 2 AL R A6 A28 e 3 R B AL,
AN TR B 2 9 LB AE K P 1o 8 20 A AR 345
LB B A 2 R 52 . 7E A B C2 2
5 18] A S H4{E R 58.36° L 64.15° |, 62.22° L 63.17° Al
60.30° (&l 6a) MR o 25, LLAZE N,
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Table 3 Definition and explanation of pore parameters
)= T FLBEE/ % JEim AL B/ % SALBREE/ % IR peRiiil: 3
Soil layer Connected porosity(PC) Isolated porosity (PI) Total porosity(TP) Fractal dimension Tortuosity

A 82.54 17.46 11.69 1.45 1.99
B 78.75 21.25 10.44 1.40 3.07

BC 64.67 35.33 8.88 1.41 2.05

C1 47.53 52.47 8.42 1.39 2.16

C2 45.93 54.07 5.83 1.36 2.38

1.42% 78 0°~10"E BBl N , 34.17 % 7£ 10°~50° YL Fl Y,
64.41% 7E 50°~90° 3t Fil N, 28 W KB 434k B 5 5k AR
AL By 3 T L X S R K A3 1 A BB S RN
JiEF .

i 1 6 FTRN, A6 B A AR AR 4 & 2 1 RALB 3
B FLNFLER , FLBIR AR 3208 T R |, i 5
A ALBR, 16 B A B R kB im e . 45 L2
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Table 4 PNM connected pore parameter table

. FLBRAE /mm (A LB I B/ mm®
i); Pore radius Coordination number Pore surface area
Soil layer
Max Min Ave Max Min Ave Max Min Ave
A 6.14 0.45 1.83 31 1 4.78 10 693.00 4.90 703.86
B 6.78 0.32 1.38 54 0 4.91 7 306.70 1.75 188.73
BC 3.09 0.29 0.97 37 0 4.88 913.06 1.42 60.37
Cl1 4.00 0.35 1.03 21 0 2.71 1064.35 2.00 67.99
C2 6.14 0.50 2.47 13 1 3.97 7652.72 7.26 966.83
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Table 5 PNM pore throat parameter

LI /mm FLIEF M A/ mm? I K /mm

iﬁé Throat radius Throat surface area Channel length
Soitlayer Max Min Ave Max Min Ave Max Min Ave
A 3.83 0.019 0.65 46.19 1.13 2.4 35.78 1.2 10.77
B 4.29 0.01 0.48 57.74 0 1.42 31.65 0.94 6.81
BC 1.36 0.01 0.28 5.83 0 0.35 15.68 0.73 3.98
C1 1.92 0.02 0.24 11.53 0 0.30 21.06 0.93 5.26
C2 2.72 3.25 0.61 23.20 0 1.91 26.95 0.00 12.69
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Quantitative characterization and seepage simulation of
porosity in granite soils of gully erosion areas

XU Junkang', CHEN Xin', WANG Jianxun®, WEI Yujie', ZHANG Guanghui'*, CAT Chongfa'

1.College of Resources & Environment ,Huazhong Agricultural University, Wuhan 430070, China;
2.State Key Laboratory of Information Engineering in Surveying ,Mapping and Remote Sensing , Wuhan
University, Wuhan 430079, China ; 3. Power China Huadong Engineering Corporation,
Hangzhou 311100, China

Abstract The structural characteristics of pore represent a fundamental aspect of the microscale het-
erogeneity in weathered granite soils, significantly affecting both the water transport processes and the mac-
roscopic mechanical behavior in soils. A fully weathered gully profile was used to analyze the water transport
processes and elucidate the seepage mechanisms in granite residual soils. X-ray computed tomography
(CT) was conducted on the weathered soil of intact granite in the entire profile. Three-dimensional (3D)
reconstruction and pore network modeling (PNM) were performed with Avizo software to quantitatively
characterize the pore structure across the entire profile of soil. The results showed that the porosity in soil
had a decreasing trend with the increase of weathering depth ranged from 4.2% to 25.1% , with the porosity
in the upper layer of soil (layers A and B) significantly higher than that in the lower layer of sand (P<C
0.05).The equivalent diameter of pores in all layers of soil was predominantly distributed in the range of
0.1-0.2 mm, with inclination angles mainly concentrated in the range of 40°-50°, and the distribution of azi-
muthal angles across layers was relatively consistent. Macropores ( =100 pm) were mostly regular and
spherical in shape with sphericity of 0.8-1.0, and more regular pores were observed in the upper layers. The
connected and isolated pores showed opposite trends from the top to the bottom of the weathering profile ,
indicating that there is a gradual decrease in pore connectivity with depth. The radius (0.1-1 mm) of con-
nected pore, coordination number, and the surface area of pore decreased gradually along the weathering
profile in the pore network models (PNM) of different layers. The average length of pore throat in the up-
per layers was generally higher than that in the lower layers. Flow simulations based on the PNM had a
strong agreement with measured saturated hydraulic conductivity , with a high coefficient of determination
(R* = 0.96) . There were significant positive relationships among key PNM parameters including the diame-
ter of pore throat, channel length, and the radius of connected pore (P<Z0.05).The morphological and direc-
tional parameters of pore including the sphericity, inclination angle, and azimuthal angle were significantly
positively correlated with tortuosity (P<<0.05).The connectivity of pore, fractal dimension , porosity , coordi-
nation number, and throat area were identified as key factors affecting the saturated hydraulic conductivity,
indicating that the geometric attributes of pore collectively govern the structure and function of the pore net-
work. It 1s indicated that 3D reconstruction and quantitative analysis of structures of pore network in weath-
ered granite soils can be used to clarify the differences in topological and spatial structure of pores inside
weathered soil, and explain the key reasons for the formation of heterogeneity , anisotropy, and metastable
structure of granite soils under weathering.

Keywords gully erosion; soil erosion; ranite residual soil; structure of porosity ; pore network mod-
eling (PNM) ; seepage simulation; X-ray computed tomography (CT )

(TSR R EAE)



