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Three-dimensional slope stability analysis of understory soil slope under
rainfall condition
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Abstract: Rainfall is a significant factor in triggering landslides. In the study of rainfall-induced landslides, the influence
of dynamic changes of soil moisture profile shape on three-dimensional slope stability needs to be further considered.
Therefore, based upon previous research, this work utilizes a shape curve with a modified shape coefficient to describe the
variation of the soil moisture profile. Additionally, it integrates the hydraulic characteristics of unsaturated soil to compute
the equivalent permeability coefficient, develop an enhanced infiltration model, and extend its application to double-layer
soil infiltration. A three-dimensional slope model is constructed by GRASS GIS with an ellipsoid surface chosen as the
sliding surface. The parameters of the ellipsoid surface are determined through Monte Carlo simulation to establish the trial
sliding surface. The Hovland three-dimensional limit equilibrium method is adopted to calculate the three-dimensional
slope safety factor considering the influence of rainfall infiltration. According to the relative position relationship among
wetting front, soil layer interface and potential sliding surface, five different scenarios are considered in raster unit column.
Through example analysis, the feasibility of the proposed method for analyzing the stability of three-dimensional slope
under rainfall condition is verified. The results show that the optimal value of Monte Carlo simulation trial sample number
can be set as 2 500 times. Moreover, the minimum three-dimensional slope safety factor decreases with the increase of
rainfall duration, with a reduction range of 0.055 to 0.126.
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Fig. 3 Correspondence between volumetric water content and

permeability coefficient at different depths

(5D e — WURAR T IR i e 2 5t
71, HG(6,6,)FxN:

1 ¢4
G@%ﬁZLK@M 7)
ik Bl A, K (5 ~ (7)) RARK (@
HR 43 IR AR AR B K 9, ST C R
; = K,G(6.6,)
g, " ° Z,
dr 7.8(Z,) ®

FER A, IR AL TARMmARES, LA
BREJISR T FEMIORE ¢, MKEMEA LSS,
Hiy=q . FEREWHRFEK, T8ERmEHE
TR, NVB IR ETRCN, 2 R R AR T 1
NBRER, HIEFAERK, 6 AFRNBEZ.
>t B, NS T BRI B,
THRMANBEE ST THENBRT) £, i+
R THARE, 6,=0,, d6,/dt=0, AKX
(8) W LUK AT 230 1 B IR B2 S5 I TR 1) 2R 3R o
12 WELANEEE

EHRFEMET, RATEB S EIHERE
H, IO - NS RHEAT I, BBk T
J R L B R NS G Do

NTETXAARBZE, AR TR &
NREAE, 2R TEARE, c REMGHE, 0
FOREM, 1 FoRVIIEFAE, s oA, RE
THRBEREIRANZ, .

R EWIIRFE BT 1K S w KNS, B3R
FEIMIERAS KA AR

V9i=V¥u =V, ()]

XF T [ FENAL B3 72, SRl E S
B IR E SR BN
Wl(Zc):ij(ZC):‘//c (10)

mﬁ%gﬁq}m{@%gﬁ4} (11)

z

ARICRE 1 NI IEEE ) L% 2 2 (8] S AL
W) 2 r<<t. I, WTUMAEANE RAEAERZL L
By 2 >, HEERKERE B ANE
H oL

FER 7= AR S BRNEE T AT LERRN:

I=1+1, (12)

Xrb: IAREEEPIANEE, LA TELET



226 B A S\ 20245 H
MINBE, Hh [ aJURRA: dy, _ 1 . _KlsGl(l//C,l//o) ~
11:('90_91i)azc+(‘91c_911)(1_0‘)zc (13) dt O’chl(‘//o) ’ lc Z,
N Ny (l_a)cl(l//c)
Kb o NEEHELGIRY, 582 k4K < f(we-wost) (20)
TN N aZZfﬂ(ZZf)C2(l//c)Cl(l//0)
SOTIIRA 2, A FTECA 0.8515), i :
1 WK 32 AR 2 A R AT 2 <h:%ﬁ@mgwdxﬂ%””)

TARRKEEN, HE A AR )R BRI E
HRFERIME O KRR,

k.G, (v..v,
a=g4%w0}£4¥dﬁ+&c<M>
FRAE 2 12 0 K 0 6 R T 7
LA [ 40 do
iy —i, = % [a Y +(1-a) ” }ZC (15)

B (14) A (5 454, mTeiB ).

dy, 1. KiG (vev)

G (l//o)_o = _|:lo —Kyy—————— |~
dt aZ Z

¢ (16)

1-a dy

ucl( c)T
Kb € (o) M C () o HERE T AR ] 5 T
BMEKBEEREFRWAKL KRR, RN
Ci(wo)=d6,/dy, M C (v, )=d0, /dy, -

XN E AR, BRI SN B, RE R
FHRAL N RNBE R AEANZE, RS
SRR 3 A%, AT IR0 (8) [
M TTRERER:

ic _ch _ KZCGZ (V/Zi’V/c)
dHZc — ZQf (17)
dr ZZfﬂ(ZZf)

X K, ATEEEPENBERY: 2, N TE
TR G, (v, w.) N N E AR
B R W T .

B (4 AL (7)) w15

dy 1
£ = X Wt 18
dt ZZfﬂ(ZZf)CZ (‘//c) f(V/c v ) (19

e (v )=d0, /Ay, s f(wwo.t) RRN:

_ KlsGl(l//c’l/IO)

f(‘//cs‘//oat)_ +KIC_K_20_

¢ (19)
K, .G, (l//znl//c)
Ly

W RS, JiEEgEg 2R mE, B
A (18) RN (16) WEXZE AR NS K R
B A— N TR, RonN:

2 (&) = (20) ¥ LU IS PYFT Runge-Kutta
ITERAT R, BRIFENASEREF T AKS A
BB
1.3 RRE¥HE

Bl PRI B AR N, TR R 2L p tRAEA T
KRB . AR Hydrus-1D FUE AR5
SR g AT RHED) . AR SCERCR A van Genuchten
BB R IR T AR B KR DL B0 RS B
W 1Kk R A 6 Pt A H IR AT 7T, KTy
FRNESHINR 1 R,

® 1 DRAKNERFMESY

Table 1  Soil hydraulic properties

van Genuchten &% ks/

+E 6 Or

a/(m™t)y n l (1077 m/s)
Wt 043 0045 145 268 05 825.00
i+ 041 0065 75 1.89 0S5 122.80
Lt 043 0078 3.6 15 05 28.90
Mt 046 0034 1.6 137 05 6.94
#1038 0068 08 1.09 05 5.56
#EL 036 0070 05 1.09 0.5 2.56

BOE HHER I KA NAMNE, fA - 4E
& 3 MR IR AR S KRG DL, 1 i A
AT FAF B NIB I RE P 37K 5T, 3875 39 41
TR R EL p SRR L Z, XN FIEHE 55 B AN
IR LI p 5 Z RABATIHGIFG, Wil 4
I

1.0y

0.6} = Rt voOWEE
; ° 4 Bt
L gk
WGk

0.4r H A RRP=0.961 5

0.0 0.2 0.4 0.6 0.8 1.0
T B /m
4 FREDFEFERAYSTHERENXRUE
Fig. 4 Relationship between shape factor and wetting front
depth with different soils



533

B A, 55 B 2R R JRIR 3 = il SR e P 0 A 227

HE 4 770, TEARE LRI g ¥R R R
R, A8 —wREREET R, g5
Z, Z AR RIFAERE R R, il SRR & 15
PR RB R IEF] 0961 5, MAERREF.
I, BEERERABEREY, BRAK g 5iiEE
IREE ZAFAEW R I ARR PR EOR R

,B(Zf):axexp[—%)+c (21)

K as by c HUA RE A SCE AR A 2
KRB ARBIEN: a=-048, »=0.07 ,
c=0.85, AXNBERFTR AR ZME
REGHAT U

2 BT GIS =401k iE8

FIH GIS 2[4 M hee, mT AR 2T =4
LA RO H A U EE, AR, WAL
W RESE, P VE R I B TH A DG (1) S HHR 2 2 T A%
EAE/TEINC I
2.1 EBIZHIDIKIER

AR TR A GRASS GIS #EAT =4kilb
FEBL, I Python ¥ SR UR BhEREHE #4422
0, EREENGERDN, WESPE, WTHN
TN B AL R I Z S 2 SRR E, TR AL
YEIRRY o Wi 25 A R AT B S R e
B, B—MEEMEWE S FR.

(0,0) i X

.__.._
-
#

T
; —

7
M | )

B 5 GRASS GIS HilitgLEia%1RE
Fig. 5 Raster structure data in GRASS GIS

AR 2 [A4EAE A B RST (Regularized
Spline with Tension) 43 [ 5: bR BA AT 1 E, 793
iy 18] ST LEA [F) MRS hoos B ) s R AE, 0 I
BRI LR, #THSE, BEAFMZER =4
A, il 6 s

<<<<<<<<
>>>>>

El6 GISHEREE
Fig. 6 GIS layering scheme

22 ZHEFHEAR

=HELBF AR, BRI S
BTV E RN REAER T 1y = i
T AT DA s SRR, B RETRALE— € 9
A HERTE . A SO FAER T A 9B (2 1 Zh 3t AT 73
B, a7 fos

7 WEKENE
Fig. 7 Ellipsoidal sliding surface

23 MHEKAARRIFIR

AR T AR ER T A i s, v & — il
IR TCIE ST LT S5, 75 BRI R 1 =) T
AR B ) 4 Ry AR bR SR AT e . 1 e e R ER A
o, HIAFR (x,,p..2,) « THERIIFRIE A2 o, F1 b, DA
FetAE ¢ RAEWEBRIE BT AR o MIHERZR
TR o X AER RBEAT R, Hefad A& 8
Fiose

B8 MEkirREEIITIE

Fig. 8 Conversion process of ellipsoidal coordinate system



228 o kb = 20245 1
% p =sina , ¢ =cosa 5 p,=sino 5K PR A S 7] LLRRNN:
g, =cosw, FIH AT AR L 3R TR N - m
" X x, tand = r (26)
{y"] =Ay- Ay A |y |+ |:_ye = B o .
Z 2| |-z BT BT AR B 3 5 R M = (1,¢,0)

(22)
949, P9 —Pr||X—Xe
Py q 0 |-|y=Je
Q9P —PPr 9 Z— 2

X 99 P QP2 x" Xe
VIEI-nd @ ooy ||V H|ve | (23)
Z// Ze

)2 0 q

A X"y 2" AMRERTH R IR x .
A JE AR o
24 EEEJLASHFHE

U RERAA (0 D N AMBURL T i E fE AR AETE 3D
THIXoF JSL PRI A 50 T SR A5 B T 1) LA 4. DA
AR N (7, ) BIMS ST AR, K 9 R, 1%
TH BT R 4 S F m s il AR RN

2=z

z

y\Z

etz Ttz )4

42,42, VA
tz, ., )4
/4

ZZ :(Zi,/'fr +Z

itr,j-r (24)

Z3 :(Zi—r,j +Zi,j +Zi—r,j+r

24 :(Zi,/ +Zi+r,j +Zi‘/'+r +Zi+r‘/'+r)

1
(i+r, j+7) (+5,j+5,2,)
X z z

- J

S /0
Y;
:

9 g T =4EFEIRE
Fig. 9 Three-dimensional histogram of raster cells
AR 1 BT (0 A7 RO 1 B, A v, SRR
NS E, FKarN:

v, =(0,-r,a)
v,=(-r,0,b)

(25)

X a=z,-2z,, b=z,—z, . WRIEHATIELA
EAAT AR B8 S k1 B N =(b,a,r), NS

He e MEREAE. MEN MM BRMA 0, RRA:

b+ac
6, = arccos

(27)
\/b2+a2+r2 X\/l+ch

FRPE A B R, @it 0, 3R H S BT 3
T U4 7 -5 9 S TR AT 30 U7 TRl R e £ 9,
Q:{mpﬂwas9m

270-6,,6, > 90°

(28)

Wb, XL v, Bl v, 0160 BT DL IS 5
6 LA B
AL )=l xv|=r B +a*+rt (29)

2.5 BEBNEWESE
it 25 ZE 0 AR ERTH T A BT AR R A, X FE
M TAEEE R BEARAMESHNE. CHEN 218
FEH DL 4B R e o ER R kT, YR E T
T 77 VAT A A S B e, AR B = 4B . S8
BRI T 2 R AEAE S AR BOR AL,
I, AR SRR AR A R R TR Sk v
THT, 34 s ¥ THT (S s RN 28 05, RIS TAAE B 138
LR LR TR ERER O
AR 3L AR FH SR R R S I PLTE ZE A RV B T
(01 3 AP, Bra, . b, Me, WELELH
WIFTHUE . € a, « b, M, 2040, Lha, N
W, {E[h, j1 EIEI A a, BEHLAS B R LR A:
ag=r,(h—j)+h (30)

Kt a, AVEECE R, I 2 3 ATRENLAR R
[0,1] 51 A RIBEHL AL &

SR RVEENE T 1 Ha, « b, M, KA
JG, LA RER RO AR RMEUR A W B
FETAF A LR AR DL S AR AT, 3575 6 W 4k 2t
THEAEZIF S 2T A % 4 R A

3 =YK E M SR

3.1 Hovland =4 PRF-E5%

Hovland = 4EM PR 772 2 @ik = 430y
AR RS A BT AR T B ) A B AT
KA, FESRHSPUE S IR HUE, 53118



H3H B A, 5

s R 26 R JRAR 3 = i SR e P o A 229

M =4 28 IR R R TT A N A A AL )
Wi, AR A2 AR .

T, M T, e 32 (B A sh /s,
T AT, 9 T, AT, FEREERIE Sl B AR 3005 1) -
ez, wonfo ot ERE, @i Hovland =
YER R HVE SR i =2 2 42 B3 Fosp Rom N

220

s3D Z Z T
Z Z [ 'A+ Wcosd—u A)tango}cos@
Ziszstrcoer

At i A A B NS B AT 55w,
NALBRAKIE s A B o NHBEER
Hs @ NEBNEEE .

xRN NS = Yl AR e YR ), 7R
AR AR T R T R, R
HIPTBY 58 fE AT & 1E, SR FREDLUND 26U &%)
AV AR S R AN B IR A AR R I R B )
(o, —u, ) FIFEFRA] (u, —u, ) TamAEHA LRI B
B -

€2))

r,=c +(o, —u, )tang' +(u, —u, )tang’ (32)
e u, NALBRARE 75 o AR £ 5 05 5
JIRHIR N BEHE A

L, BEO0 BE R NG OL T I, 456 5
(31) A1z (32), FIFH Hovland = 4R FR P12k
fift =22 RHER RN

Iy
S3D zz mr

cA+ Wcosd—u A)tan(p + (33)

Z Z coso,

u —-u )yw tanga

Z:Z,Z:I,Wsiné’rcosé’r

32 FREBEMUEXR
FER B AR, K AR s 24 &
o, Hsma FEEFRIAER 7T : (1) IR
YA B )2l K BT (2) 1 TE
TE BN b7 I R B K B TN
TERZ T3, IR K A LA R E T
A JEL P R 2 0 i M A s M e A R R s, R

BRI R 2 (A S DA K T T I B0 T A
XL B R RAT IR 8. HBHE IR B IR Z,
+JE 6 AR E Z, M AEE SR Z, =& K
N, BIRESY N S B LSL, anEk 2 Fis.

DLW 1 9, X SR NI fE vh = 4E i3 2
SR EAT . EiZM TN, ot
P ER KK LR RS RN S AN
TR, W 10 Fis, BALER 0 REBARBLEKE,
PALbR z RFIREL .

1 2 I 1Tl Rl N = N S v 1T O e
HBEHMENTHNAKNSLES, WM ERE
KRR, BTN o M s A i s b
75 B R A B AL TR AT LAR RN

W= [

ua _uw :_yWWZ(Zs) (35)

z)dz+_|js yz(z)dz}r2 (34)

Rebte oy My, AN L R R e b
v (2,) NI B A 7K 3k

F2 FAEHEMNESSL

Table 2 Interface relative position classification

T TR AL B O R
1 Z,<7.,<Z,
2 Zf < ZC < ZS
3 Zc < Zf < ZS
4 Z,<Z.<Z,
5 ZS < Zf N ZS < ZC
nZ 0 615 60 [
/!
I e
7 Py
1 HJ_E;rXﬂ L H
tﬁ; Sl |
P ey T I
E AN 5 TEAE Zs [
i:“74‘ﬁﬁﬁ"
-] . "“"-,-- - Z prRRaRnaes
y ) mwm/‘p

z

E10 TR1$FENESS

Fig. 10 Distribution of interface positions in case 1

33 Z#NERERBTEERE

FE T FEAE 5 DX e AT = 40 3 R v A b i
A LKA 7030 BB 2T R 2 N3 T GIS (M
W, DU 3 0 — A& S e AT T, S
HEG BRI SR C  TE A AR B = R B
AR, HHEIREWE 11 iR



230 o a4 2024 75 H
SR +ESH
A iomss || mesn |
KRR
e e YRR
NIBHA NIERA
E%@@ﬁ'
T ||%%%%&m" Fisep e |
e 2 WAL Eh
If y I\‘=
(| SambRE Y [
st | |
1| N R |
Bl Z#m/hRERYTEDE
Fig. 11 Calculation process of the three-dimensional minimum safety factor
4 EHISH o
K@) =k £ 36)
(0)=k, ) (
4.1 ipERELIESHY 1
N TR R 7 R AT AT IR v(0)=v 0-0 )% (37)
iE, ARG ST S210 4185 M — b "\ 6,-6,

BEAT =Y EAARS E VE M, 12U T &
T EATREENT 0SSk, TR Tl R R
X, A3 TR W 12 fs. eEiibil
WL, J&TWIRHE R, 55226 X
SOME L IR PR R R, RV ER, TR AR,
D] 6 122 320 395 2% 18 ek W 6 A 2 1k R S i -
L3P

& 12

B g T2 &E
Fig. 12 Satellite image of slope site

A I 84t i, e A 1 3 7 1 Bl o 2
B ATAH PR, KRB AR B E BRI B
+, FTELENEEERSIR R T, ASCRH
Brooks-Corey 15 714 S 4 iR + 38 13X P A~ 7K 71 ¢
PEROL, - FL R HRIE AR

Kby, NEERE: 1 85 RAALAR AT 5C
MIZels 25 HIRIKIKITRHAE S HON 58 S8R
3.

*3 HIRRUKIFHESBFRESH
Table 3 Hydraulic characteristic parameters and strength
parameters of soils

ks/ / / o
T+ s Vs 1 y o
(107m/s) m (kN/m’) (°) kPa
#rt 0040432 23.60 0.1115 0252 18.17 14.4 10.8
it
0.060.390 6.11 0.2589 0.211 19.30 15.3 10.5
i+
42 ZHRRBEN S5ETEIEE

I 2.1 TSR ATV, RS IR X
X HARAYGHAT = A, ARIEIL I A AE
e, BT RE MR T I E DY 105 mx130 m
B SR R AT AL, RRKDEN 0.5m, K
M i T~ T 45 e 2 1] AN AR % v 2 1B R AT X B
13 ffs, B 13 Al BUR Y, N7 1 = 4R
S L R A 955 S B B 45 SRAHIE

KA, A 5l LI e 2 5
T HEAT A, W T TR ) R R A ELOR R, Aal
R AN LR A BEAT S &, G RIZL I XN e



533

B A A PERT 2R R AR5 = e AR e P T 231

B =4Ep A, Wl 14 Fioss

(b) FIRIEEE 2RI
13 HbfEIRTEE

Fig. 13 Comparison of terrain map

IR E R R LS

>
¥

& 14 Z=4EhiFERIE

Fig. 14 Three-dimensional slope model

wm%’ El‘ﬂ%ﬁw
|

Bt GRASS GIS @z =444, F|F] Python
H Numpy BEHHEAT AR RSO AL 2], BUAR R 4 B AR
A 258 K 1R 25 A6 5 G g 1 A G B 2 AR R ) B AT
TR, T B BR A T AR A2 A
B ST 2 AR A PAT DA R % H I T TR ) B
ANPE B GRE A, B e BRI TR . AR =4l
AN [ T 3 BEARAG I O, SR 14 NFITHAE
NIRRT T, R OGE T RS, A
Matplotlib Bt AT EUE PTRLA, aifE 15 Fios.

o~ T N
= %, S
N £/ ®
N _ 8
YAttt
v
2 [ s < %
El ; e ¢ 1ue
./ J
$4
=3
R0
N

B 15 MrkhMELES S

Fig. 15 Distribution of ellipsoidal neutral surface

AR EAE A, AN [F AR o T
BEAT 43 BT 2% R, 1 8 BRI 3 />l P B 3
a, JuFEHL[20,50], b, Hlc, MIVEFEHELS, 501, FiArd
N me B EAIUETE S, MRS AR E AT
BEALASFOL IR A5 B /s = 4l 22 4 R AL
43 ZHEREMS R

HEREEE, KEAGRNNBEE, *t
YR ATRR R T . AT IR EL T 3 N
RIS S oCAE T IR E B, B 16 BN TH L2
JE B UL R AR SIS oA B B BRI, W LR
H, M EESHEGS A RERM, LREEEY
N 0~15 m. 3 ANSLAUHAS B e R 2 R B S
W9 0m. 10.76 m A1 0.99 m, B E F VRS shi
REEN 1.1 mo

B m
A~

WENT =

;'_Z!:
S
B
PR

A=

99

g
L
oo .. c_
MRzt B2nt
E 16 MEIEEEURXEMEETHNLERTERE
Fig. 16 Thickness of the silt layer and the location and
illustration of the trial calculation raster unit

B

column

FAFR SR E BN 10 mm/h, R IS 48 h, 11
WILAFE TR 1K 22040, w,=-3.217m. 4}
THE 3 NS SoCAE g S oy B EE
I B T T I PR AR A O, SRS R 17 Fow, AT
DL H B NS, i 5 o0AE B F0 C HRig 3l



232 o A

O 2024 %5 B

BT A E R AR BN S TAE A B DA PR
K, ERFNREN LHEEER R, NEKER
Ko HFERPIEE] 28 h J5, M ook B A C ¥
7 EAEERISE] 5.6 kN 247 HARFFFE e, Ul
B e O 2 g i S B, W shii BT K
BAAK . T oA A 18 ahiE EJ7 B EE
W A B R D IS B 3G 0 475 A W B8 0, 3Z T I OR &
5.5kN it Ul B ER B S Ak .
S8 —e— it M LA

—=— % FITAEB
L —— % B TEEC

e
=)

_LI\
~
T

W 7 - B /AN
S

e
o

ZOHT |‘7/h3.0 n 50
B 17 BEELEATHEESEERNXER

Fig. 17 Weight of soil column above the sliding surface

0 10

versus time

THEAF 2 3 AR 5 O AT 1 2 T Ak 1) ik )
W71, IHHAERWE 18 Fin. ATLLEH, FIVIRiE
BIRLARIL B BHIAL, WS S ook A Hif s b
BRI TIR LRI TR ST, 2908 31.5 kPa; 1M
TEMS 5 T0HE B AT C H, BT A3 30 T Ak 22 5 T
JUNPIGGERR W 7, g5 T 25 h KA I8 B E
BN, AT AL KL T 2 ), L B R P
ANE] 30 h BV ST AL BT AT 6 LU S BT A
S HoTAE By C iTLVEH, BRABSEERE
GBI B AL T ), 3208 3 AL B $i
NIRRT, SIS kK.

—— i BT AEA

=10 —=— fH& 2 CHEB
e —a B TAEC
0 . . ; .

0 10 20 30 40 50

I [H)/h
18 BEELERRNISHEHXR
Fig. 18 Matric suction at the sliding surface as a function
of time

MR LR BT Th B T, TR A
() S B X R = 422 4 R Rkt Hp
M/ ME . FEERIUIRERIIE 2, 11545 ROk

I T hr, R R G, X
ROERSPEHERRIE . Rk, HULEfE N5
8 S RIS O, BERES B IR TH 45 R
IR HERR I, X RS A R = v SRR .

PUEBLH I EAREEN 2 5. 55, 85
A 14 SAER TR R B AT GRS . XX 4
ANBEER AT T S BN, R0 T AR
BN 2500 %, SraliHE TR Y 12 hy 24 hy
F 48 h B /N = 4 2 A AR A A LA O N )
TGO, BARME 19 R

——12h
3 ——48h
% 12
411
S
1.0}
0.9 . . .
1 10 100 1000
Bl
(a) 2 SAfERp
1.7¢ — n
1L6F ——24h
LSt ——48h
%% 1.4}
X 1.3}
w12t
11}
1.0}
0.9 . . .
1 10 100 1000
TR EL
(b) 5 ‘FHaER P
167 — n
1.5 ——24h
L4} ——48h
% 13}
N& 1.2}
fgj 1.1}
1.0}
0.9}
08 10 100 1000
B E
(c) 8 FHERA T
14r — bn
1.3F ——24h
——48h
1.2
=
W& 1.1
@
# 1.0
0.9}
0.8 : : :
1 10 100 1000

B
(d) 14 ‘S HHER A1

RNZHRERYESRE BRI X R

Minimum three-dimensional safety factor versus

19
Fig. 19
number of Monte Carlo simulations



533

B A, 55 BRI 26 T JRIR 3 = il SR e P o A 233

ML 19 Ha] LG, Bl B R DD B 35 i@
ik SRR R T R — R R v 1 T AT B L R A
BN W /N = HED I 2 A RBOR BTN, A SRR
ISR BB, S = 4Ei e R E
IR/, BT 2 500 YA AL S, AT LAAS
B —AMEXFRE W I N2 A R, Hob 2 SRR
PETIZEAF] 100 JALAUL EP A] 75 2] — SRR /N
YA R A IXWBEH TIEX 2 500 KRR
S, AT DR B — AN A B S B AR BRI Bh . B
I, ASCEFEE 2 500 U E N SR RIS RS
FEAH e FEIUE -

MRAE IR SRR RIS RGO, X 14 ARk
PEMATI R, e/ =4l 22 4 RS I R 1) 2%
ZUE 20 Fras. o] LAE HEE A B D 354, H
BN RhER PR TH VT SRS B 1 = gl B A R EHD
TEIZH N, (EFEWIAE] 48h I, e RBFE i
i, FERIEE A LA E] 0.055~0.126, X T
W 7K N8 2 838 /s = 430 3 i R e 1 R O
BRI MAEIX 14 MR PR F, 14 SR
H M TR B T N8 1o R BT 45 21 16 = 4R i 3 22 4
RN, FTEXIEZMRER I B O, W]
DA SR B D6 2 (10 30 35 o [ 45 e

1201

WHERPVETRIALE: 7,6,5,3,4,1,9,
2,8,13,11, 10, 12, 14

0.85 ' Y . . !
0 10 20 30 40 50
PNl
E20 HWEkpMERN=Z4NER2RBSHENXR
Fig. 20 Minimum 3D slope safety factor versus time for each
ellipsoidal neutral surface

5 & g

AL S B A B VB N S AR 4K 1) 138K
SRR, 48t odt NiB B8, FIH GRASS GIS
BT = 4E i AL, N Hovland = 4% PR ~F- 1772
X B W 25 A = i Seha e AT I 0T, 1531
LA 4518

(1) FE T WS TR A 37K 55 T
AR, I EE LA TR R B W R
FERARZEPE R R, G5A /K I T IR A 438
IKIVREPE, @ EREE T 0 ERUMTH RS RIS IE R

B, HEFH TS R U NS DL KR I
NS,

(2) FH GRASS GIS A1 Python, T N\ 5Zfr#)
DUAE I 2 S AR i, e AR AR 3 RN, SR
RST 48 [v1] 255 bR B30 30 AT 25 18] 4 {1 43 210 oA 0 X 4k £
P, AR = AR . DABRERTHAE Sy = 4B 30,
R A5 A w3 B T P s R A 1 o 1 B T ) LA 2
B, DA K M A E R ER p T, AR
SR RIS VE X REERTI NS HOHATIAL, e i
TEENTH .

(3) R et NS B REST = S 3 AT R /K
NBIHT, SR 1 S R e AR A, R H
Hovland —4E%R-P ik ih 5 = 43 e 4 R4
AR e 2 () T R £ T 20 T AE A7 B
KER, NS FLHHERE, X — FRIL AT =%
HBAFE T, SR EH: ERFF RIS
HFEAKOAS] 2 500 KA, RS 13 B FR 2 1
AN YR A RE BN A R A B N
X ImmgdN,  FBEIEEE N 0.055~0.126.

S 3CH

[1] LINPS,LINJY, HUNGJ C, et al. Assessing debris-flow
hazard in a watershed in Taiwan[J]. Engineering Geology,
2002, 66(3-4): 295-313.

(2] BR%Z, BRERAR, SRR, S SRBERT R T S AR A

BIRAE R R AR R MET]. RIS R AR, 2022,
56(6): 739-745.
YAO Mao-hong, CHEN Tie-lin, FAN Rong, et al. Slope
stability considering the effects of air pressure and seepage
under heavy rainfall conditions[J]. Journal of Shanghai
Jiaotong University, 2022, 56(6): 739-745.

[3] CORRADINI C, MELONE F, SMITH R E. A unified
model for infiltration and redistribution during complex
rainfall patterns[J]. Journal of Hydrology, 1997, 192(1-4):
104-124.

[4] XIONG S, YAO W M, LI C D. Stability evaluation of
multilayer slopes considering runoff in the saturated zone
under rainfall[J]. European Journal of Environmental and
Civil Engineering, 2021, 25(9): 1718-1732.

[5] ZFWR. RS T RS RE SRR 5 53E
[D]. 2EM: 229K, 2022.

LI Bo-liang. Development and verification of rainfall
infiltration on loess landslides stability model[D].

Lanzhou: Lanzhou University, 2022.



234

o X

i

2024 %5 B

(9]

[10]

[12]

DUNCAN J M. State of the art: limit equilibrium and
finite-element Journal of
Geotechnical Engineering, 1996, 122(7): 577-596.

YU G, XIE M W, LIANG J, et al. A GIS-based 3D slope

analysis of slopes[J].

stability analysis method based on the assumed normal
stress on the slip surface[J]. Scientific Reports, 2020,
10(1): 4442.

BAUM R L, GODT J W, SAVAGE W Z. Estimating the
timing and location of shallow rainfall-induced landslides
using a model for transient, unsaturated infiltration[J].
Journal of Geophysical Research, 2010, 115(F3): F03013.
HUANG C C, TSAI C C. New method for 3D and
asymmetrical slope stability analysis[J]. Journal of
Geotechnical and Geoenvironmental Engineering, 2000,
126(10): 917-927.

HOVLAND H J. Three-dimensional slope stability
analysis method[J]. of the
Engineering Division, 1977, 103(9): 971-986.

Tk, Z4ERML Janbu VE BT IR E M RE[T].
FAT S5 5 TR AR, 2004, 23(17): 2876-2881.
ZHANG Jun-feng. Extension of three-dimensional

Journal Geotechnical

simplified Janbu’s method for slope stability analysis[J].
Chinese Journal of Rock Mechanics and Engineering,
2004, 23(17): 2876-288]1.

SRR, A, T, & TR BN Green-
Ampt BRG], KRR, 2012, 23(1): 59-66.
PENG Zhen-yang, HUANG Jie-sheng, WU Jing-wei, et al.
Modification of Green-Ampt model based on the
stratification hypothesis[J]. Advances in Water Science,
2012, 23(1): 59-66.

Eha, wERE, T, % HLEP Green-Ampt A

[14]

[16]

(18]

(20]

BRI B SI0IE[T]. KRR, 2003(5): 30-34.
WANG Wen-yan, WANG Zhi-rong, WANG Quan-jiu, et
al. Improvement and evaluation of the Green-Ampt model
in loess soil[J]. Journal of Hydraulic Engineering, 2003(5):
30-34.

DAGAN G, BRESLER E. Unsaturated flow in spatially
variable fields: 1. derivation of models of infiltration and
redistribution[J]. Water Resources Research, 1983, 19(2):
413-420.

SMITH R E, CORRADINI C, MELONE F. A conceptual
model for infiltration and redistribution in crusted soils[J].
Water Resources Research, 1999, 35(5): 1385-1393.
CORRADINI C, MELONE F, SMITH R E. Modeling
local infiltration for a two-layered soil under complex
rainfall patterns[J]. Journal of Hydrology, 2000, 237(1-2):
58-73.

MERGILI M, MARCHESINI I, ROSSI M, et al. Spatially
distributed three-dimensional slope stability modelling in
a raster GIS[J]. Geomorphology, 2014, 206: 178-195.
CHEN Z Y, WANG J, WANG Y J, et al. A three-
dimensional slope stability analysis method using the
upper bound theorem Part II: numerical approaches,
applications and extensions[J]. International Journal of
Rock Mechanics and Mining Sciences, 2001, 38(3): 379-
397.

FREDLUND D G, MORGENSTERN N R, WIDGER R A.
The shear strength of unsaturated soils[J]. Canadian
Geotechnical Journal, 1978, 15(3): 313-321.

RAWLS W J, BRAKENSIEK D L, SAXTONN K E.
Estimation of soil water properties[J]. Transactions of the

ASAE, 1982, 25(5): 1316-1320.



