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Development and Examination of
Rainfall-Triggered Shallow Landslide Model

Student : Hung-En Chen Advisors : Jinn-Chuang Yang
Tung-Lin Tsali

Institute of Civil Engineering
National Chiao Tung University

ABSTRACT

In this study, based on Richards equation and infinite slope stability
theory, a rainfall-triggered shallow landslide model is developed and
examined. After the developed model is verified, the type and mechanism
of failure in steep and mild slopes are.investigated first. The influences of
rainfall characters including .intensity,-duration, and pattern on shallow
landslide are then examined. The-results show that the failure of steep
slope could happen when the soils are Unsaturated or saturated. However,
the failure of mild slope seems tooccur in saturated soils only. Both the
decrease of soil suction and the rise of groundwater table caused by
rainfall could trigger landslide. The intensity, duration, and pattern of
rainfall have significantly influence not only on the occurrence of shallow
landslide but also on the depth and time of soil failure. In addition, the
sufficient condition of landslide caused by the rise of groundwater table is
derived and it could be used in engineering practices.

Keywords: shallow landslide ; infinite slope stability theory , rainfall ;

duration , rainfall pattern
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Z Sy b TR 2 E 42 A2 58 (Hurley and Pantelis, 1985) & 4
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Bl2-1 “i% > 7 &7 %

oy do _ 0 oy "0 oy
ot dy 6x{ Yt “"“}}+6V{K WO[ay)}

+£{KZ(W)(88—Z/—COSOCJ} (2.1)

0z

¢ v 0% 7 k& (moisture content) ; v = B # -k 2g (pressure head) ; «
SHEZHRE, t ATFEF, x~y% zZ AT RBFAE K EK,
Aui g bxyE Z 3wkt BEGE P LR REZ Sl

FHE TP d M2 ERB)EEZ ERETRE Y A
PFIR ANk xy B w2 @ﬁi%lfﬁ%*(lverson » 2000) > 4 B]2-2% 757 >
(2057 &~ # ff 5
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(boundary condition) o 4-R@]2-2#77% > 4= 45PF 0 B 2 R R KT (T8
B0 PR TR EERE G T oz k0 RIAT AR R4 KRBT AT A

w(z,0)=(z-12,)cos(a) (2.3)

FlaBZ 2 EERZ 28y » FANETHIERZI RS E T4
Beo Pl R RN E R EE S

vl
ol = cosa (2.4)

FRING A Y Sk Ay dnde e R 2 K RN BT E
w(z,,0)=(z,~1,)cos() (2.5)

Pk B oG A BB % oT(ponding effect) v A B2 A N B
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0z

=CcoSa (2.8)

z=0

yobo £f2Q2)% > FFEIEFKE LR KRB G T

O—y B 20 & %{@J\ W & (water retention curve) o @ 3 3F % JFH'J
MELE R - RN RELRS KEE2 LM N b

4-Brooks and Corey (1964) 1345 F 2 7 4L » % B R4 keggp2r 7k &
Z B o 3% 5 Mualem(1976) 1 * 2+ ks » w2 P24 > F Ak 4 @
W% dcz #F % ot ;¢ Van Genuchten(1978) i 43 Mualem(1976) 2 -k #
BEGENS LA AR ERFIRGIR RO RER
3 oREEfeok 4 B B OBk T 2% o AF7 7 # % Van Genuchten it )

2 Ao R B R A CREE ek 4 B E B R RN o 4o T Ao

M
5_0-4 :( 1 N] (2.9)
es_gr 1+(§l//)
172 17" i
K©O)_(6=8.) |, 400 (2.10)
Ks es_er es_er '

H¥ > g % 4rfrz -k £ (saturated moisture content) > 0, 5 A 7 K £
(residual moisture content) » K, % 4#fr-k 4 & 3 % fic(saturated hydraulic
conductivity) » ¢ & i& 5 s F]+ (empirical parameter of air entry
value) » N & 3% dp dc(pore index) » M 5 # &% & %]+ (cure fitting

parameter) o
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Bimg e sa » 3 BREF T F 4 W2 ERG ) EE 2 £
RERR -+ ijﬁz‘i&i% 2B G T A EG o F]P s I F -l it
B HRE fe b BUER R T AR LS p F R}

LR LR

JEP2ZE-TRh e BT R AREMI T RS CNHT RS
HAcd A d ko PA2 FE MG 2 R Ardrbios &
tefo kit it g A A 5 R Hiby onks 0
FRA (o-u)BREEF34 (u,-u,)’ B 7 o5 24 (normal stresses) >

SIVHF BRA > ou, 53 MRERA > Fredlund et al.(1978) 41 * B f B
% 22 % (Mohr-Coulomb theory) » #-2 & ¢ 2. K &p o 4 55 B 3 i 4

-ﬁﬁ_\?“}» SR NESRCTE (RN (o A
r=c't(o—u)tan(¢") + (u; —u,)tan(4") (2.11)

HPooc' a2 HUR A (cohesion) gt s BERE R 0 0 L AT R4 K
fotrig R 2 2 BRE o Y AV RA AR I A § RS PE S T IREK
u, =0 B(2.11)% @ i 3

r=C'+o-tan(¢)—-u, -tan(¢4’) (2.12)

Flw VR BT A g RET EEATEL T RS 2B Ao f]
2-347 51 o & fj.%{ﬁé‘ 2 % $c(Factor of Safety) » ¥ 14 2 23§ 3 2 £ 2 %>

4o F AT

_7-1/cos()
W sin(a) (2.13)
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7 =C+y-Hcos’(a)-tan(g') —u, - tan(¢") (2.14)

W=y-1-H (2.15)

He S WEFEEA » yi 2 EVE  HEIBRFR ISEER
#-(2.14)7% 22 (2.15) 5% % » (2.13)5% - B

_ c'+y-Hcos*(a)-tan(g") —u, - tan(4")
B y-Z-sin(a) cos(a)

FS

_ tan(¢l) Cl_yw'l//c'tan(¢b)
~ tan(a) " 7-H -sin(a) cos(a) (2.16)

7~

BY ooy, mkvE oy s R ORE o RS I B SR F
2 FS/ At 1pEd B T2 R o (2.16);8F 2478 T ok g U Aok 2
>l Ra F BEOER (M)A TR ke FR (H )R R4 -RER
(W)ad > BT ke T2 Tk~ Aol s 2 Bixd

#EIREELR G BRNEBET 45 5

_tan(g') | =Y, -tan(g)
FS = tan(a) " 7-H -sin(pa) cos(a) (2.17)

=

BN EQRIT)EH » - NP EER D~ f R RFET >

G2 Mo ¥ F

_ tan(¢l) Cl_yw'l//c 'tan(¢b)_7w'l//p 'tan(¢l)
~ tan(a) i 7 -H -sin(a) cos(a) (218)

FS

F w>0 Py, =0
F w<0 Ry, =0

2P FERH)F LR FR > B e TR R FER(2)T

SR B WRMER E TR SRR e RA(H) S
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H_ H=2z/cos(e) » ¥ 4| % (2.18);8 17 L 7R 2. % > Tadc o

ptoet £(218);% ¢ 2 % > h#c: FS=1> R|¥ ¥
'y .y -tand®—v -y -tang’
H =C 7(0 l//c an¢ 7(0 l//p an¢ (2'19)

y-cos’a-(tana —tang’)

219V £ FIFRR LB KRB M G RRIFERT AR
B » Collins and Znidarcic (2004)#-(2.19) 3% f & #L3%k ¢ % & (failure
envelope) - % + 3 2 c'=5kpa > =20 KN/m* > 4'=30° » 4°=20° > 3 ¥
HRa=25° RIpIk e 28 > 4rBl24 - 4 Bl2.47 &> % & H=100cm
fow o R A CRERE AT K 3N 120emPF o B 3% e 4 B 0 TR 4 Gk
By =120 cm AL & iF & H=100cm 2. & 7 /& 4 -k & (critical pressure
head) o #F 7 & * gk ¢ @@IF T H Bl > B RfFLE L3 fg 50
PrEVE R BR A RER 2 MR ARSI LA AR T s TP 2w
A TR R BLRRR - iﬁié B4 KBRS LR ¢ RARAP R
P Foom b g U 2 A 2 BT 5 B A
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WhAA AR R FUEEF R RN LS S AR
LAGERE SCIRBER IV ES - F AR R RS S R R =
E% 50 n lt?ﬂmgﬁﬁ. AT 0 B EERTEAT T ¢ E 2

RN AL - e i

RfEE E 3 4N F @ % BB 2472 (analytical method) & #c &
3+ & 72 (numerical method) % & f& * ;% o &]4c » Broadbridge and
White(1988) 4] * #& K 47 > * KfdH T » B F T2 - 412 % 2 7
;9 Warrick et al.(1991) f| :& — 9 K f@prsg » B F iv* T2 - @1@ F >
AR5V o FRm 0 TR fg sl By o eie - R SO Ul E3 S ESie
RfEpE s FF G ERGARFERE PR F T R E R - i
B £ H J agseant MM AR R A En S o AT ciEE S
E e R AE AL Y LRI F A4 o 5 TR % 2 (finite element
method) 2 7 "X % 4 ;% (finite difference method)&_= & ¥ 4% & * ** £z
BH AN el @EE 2 o A8y 1 Hills” et al. (1989)#73%
f ZxCrank-Nicolsonj *UZ 4 2 RfFIL G = > A230 o b3 2 % 3¢
i?|(predictor)¥z i3 & (corrector)s i # 3¢ » 5 »2¥ Frwd KfFg R 2R
Mz I8 H K3 AN s pLE S F AL F A %2 Wk 0 Bi4rHsu et al.
(2002) -

3.1 g™ 250

F1# Hills™ et al. (1989)#7#% ! 2. ## FCrank-Nicolsonj *TZ P
B S 0 T MH(2.2) 8 YA o
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‘T—E B J-l'; E«E

M vi —yi n (Ki" - Kiy) cos(a)
'OAt Az

K (Wia—wi 4_‘/’in+1_l//in + Kiz, Wi*_!//;ﬁ'1+l//in_v/irjl =0 (31)
2Az Az Az 2Az Az Az
A9 oA mRRERRE A RRIP AR MSERE

B Az 5 FRREES Min:M(‘//in) ’ Kin:K(‘//in) ’ Kinﬂ/Z:%(K”

i+1

+Ki”) J

1 Y e s T 1t g s s
KLy :E(Kin+Kir11) P K, fr Ky, » 22 T e B (31)58 RiEF L3
& ¢ /¥ @ (intermediate value) > Fryq. o i % &~ B0 H I LfET -
PR RS ORI SR RPI AT YT

',’4 1+ 'H} E/«E

M "2 i n (Kim,2 - Kinllz)Cos(a)
' At Az

_n+1/2 n+l n+l n n K_n+1/2 n+l n+l n n
_h Ve TV ViV | (W TV VTV | g (3.2)
2Az AZ Az 2AX Az Az

;}1 9 s Min+1/2:%(Min+Mi*) , Kin+l/2:%(Kin+Ki*) s

n+ 1 * n n+ 1 * n
Kii/s =§(Ki+l/2 + Ki+1/2) KM, =§(Ki—1/2 + Ki—lIZ) °

BU ek B TR B A i 1 4o(2.3)3% 2 (2.7) 58 Ao 0 F A WA

4T

(1) =& # % (Neuman’s boundary condition)

12



n n
- f
L4 AZ‘/’O Ko +cos(a) (3.3)

(2) 334 2 % (Dirichlet’s boundary condition)

2R T ER 2 AR AN AT
Yinx “Vca cos(x) (3.5)
Az
oo NXG itz Bk bogh -
3.2 - E iz

bR S P A AR R e - ) R i B AR 2
BondAr c 4eW3L 0 F LA M A S R BB HA
3 RER AR TR TR EREE BT ok g w2 A T
AL JI* E 3 g\t Ao s AefoRR 4 REE ) A BEXE A R D
MET o RFRR G S AR SRR A6 LT LI G S el
BoAg LRI RFETANF Iy >0 0 FAE 4 GRA TR

A A E(ponding) s RIM R 2223 BFT - PFRPE o F 2 0 F

ZH B B E RA ATV RTT B S FF A RS, T
BEHBFREPER o

r

3.3 V2 %%

Bx- 2 kERST70cm > 2 k7

-n\y
N
)
T
Ju
v
NS
B2
Ik
Wic
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q=13.69cm/hr» 3+ & KR L - H T oREFpy=-615cme I HE2 FoRd R

& * Haverkamp et al.(1977) 41 * F 5 §F 3 71

o) =2 1 (3.7)
a+|1//|

K(w) =K, —" 3.8

) Atly (3.8)

2 oo okd @ AEK =34 cm/hr > A4 k£ 6,20.075 5 & e 5 ok

¥ 0,=0.287 » 4B A=1.175x10° > a=1.611x10° > b=3.96 > c=4.74 -

Rl AL ZRE =01 ZRAEFEERFEFRFIEAS S &
Ax=1.0cm > At=0.005hrT » fcid - & 58 2 {2 % » 4oBl3.2477F o
d B3.27 Fvo fikr S & e Hills? et al(1988) 71 2 B % f& s v & o
b I FTE T T4 (mass conservation error) 0 7

True'mass:addedr=-Calculated mass added <100 (3.9)

Mass error (%) = True mass-added

- HHREH N2 T B K 4rB3.3477 o d B3.3F v Bk iR
ABEPAZINT P EL AR PRS o BEFFA R I A

Z_— 11T o
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PSR RN E N I R §- 3 RN R PRV & e &
&7 “74 £ (Dietrich and Montgomery > 1994) > & 7% 358 R 4 2. &
_g Iri o

43 TR P A I RN S iE

Rypand & R s HE 2 BH R #02 3 247 8-
FEEZFRFN HB2 A iEE B 4] 2B 427 o B KER
2R TG A A R AR T R R R RER A SR
o ol 449757 0 P ERUR G BRE N RN PIEE EA R

Heo FIP T oarde i 513 M2 15 WL AR o

ol 4.4 5T oy F T ARAPE S R AR A CREEE > d (2.3)50

w, =(H_—H,)-cos’*(a) (4.1)

v =[H, ~ (H, ~W)]-cos?(@) (4.2)
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RO e Rt AL TRR RS Ky, 0 4 (218)5 0 T A A G

_ ¢+ H_ -y-cos’(a)-(tan(g") —tan(a))

T 7.-tan(@) (4.3)
%’VIWJ‘%’\E\'E&'}"‘ V/Bﬂiz‘?af"?“"’\'lq
] eac? c'+H, -y-cos’(a)-(tan(¢") - tan(x))
[H,—(H, —w)]-cos’(a) > v tan(g) (4.4)
Pl p & 2 4 s o (AT e- H 47 5
W (; +l(1 tan(a)] Hy (4.5)
H,  »,-H_-cos*(a)-tan(¢") 7, tan(p) ) H,

EAE PR TRk A gt R BERL B F XN (45)N £ R
o Rl A R UB)NEEF - T IR P
BRAFA A AFF A2 AN+ E S - HE s =5 s
WAHESP BB LR PR R TR ER S KRR
LB e FRAG S P BRG] N TR EIRR S
BBz v Ege] o Tahe TOREAF O RIGF AL BB
(45)5% » A 31N HM/2 A nEE AT REREE Fo
R F OCAGEH TR o gt vk s 4o Bl4.5%75F 0 B ¢ > H ycos’ a(tana —tang)
Ty R E Yy P o %L{«&VFEM.ZEL'rﬁﬂ s T ok A g e
M B PIMHE B L, E R R EE AR 0 40(4.1)50 3 (4.5)
TR o Fpt 5 (A5)NF R REgE R N M o
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Table 4.1 Geometric and geotechnical parameters

Parameter

/4

Cl

S 2T z X e =

value

20 KN/cm®
3.0 Kpa
27.5°
23.5°
3.125 cm/hr
2.0
1-1/N
0.47
0.17
0.01
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(b) B

(e) JiEh

B 1.1 L7 £ Bl(Varnes 1987)
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