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Abstract

In this study, a numerical model of riverbank retreat has been developed and applied to
a practical case. The governing equation of unsaturated groundwater flow is solved by
implementing numerical method to obtain the transient distribution of the pore water
pressure to evaluate riverbank stability with respect to mass failure. However, previous
studies to compute the pore water pressure were usually based on groundwater table with
hydrostatic pressure distribution hypothesis. The approach proposed in this study not only
improves this shortcoming but also takes the effects of river stage variations and rainfall
into account by defining boundary conditions. In addition, cantilever failure and fluvial
erosion are incorporated into the model in order to further understand the interaction and the

process of riverbank retreat.

First, mass failure, cantilever failure and-fluvial erosion are respectively investigated
by a series of hypothetical scenarios. The simulated results indicate that the occurrence of
mass failure and cantilever failure mainly depend on the fluctuations in pore water pressure
determined by river stage variations, soil permeability and rainfall condition. Fluvial erosion
is determined by hydraulic conditions (i.e. channel slope, river stage and stage hydrograph)
and soil erodibility (i.e. critical shear stress and erodibility coefficient). Subsequently, mass
failure, cantilever failure and fluvial erosion are combined to estimate riverbank retreat.
According to the conclusions of analyses, riverbank retreat is the process of repeated failure
events and is primarily influenced by the magnitude and range of fluvial erosion with
remarkable fluvial erosion. Finally, the results of the study reach of Jhuoshuei River reveal
that the proposed model is capable of quantifying sediment yield and well predicting

riverbank retreat length.



Keywords: riverbank retreat, unsaturated groundwater flow, limited equilibrium analysis,

slope stability, mass failure, cantilever failure, fluvial erosion
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Big Sioux River £ {772 F £ IRPFERE T A AT 2318 o R > a7 b 752

%$

B F R RS I S - kTR R R TR he ok et A A

¥

B R R R AR AR TRl E s L BERBET R A RARTSE
fra| xR F R pip VR AR DR AR A Bl g I BRI AU R



B § #vet o Chiang etal. (2011)# 4 - 248 & Boussinesq 3 kit = 4230
Bep R EARZEREE T R R B TR AT MR I REFL e T
SN S VA SR R A S TN R SN
FURCR R eI A5 0 B0 7 % ditt SEEP/W(Geo-Slope International Ltd)#ic#ti7 A
RPN FC MoK R e AL (FIRE % B4 450 4o Dapporto et al. (2001)¥# Dapporto
et al. (2003)z=f & ~ 41 Arno River F]j» "' -k = % i chip fAE TR > T Fipd g e
kimg2ie B AE € 2 M 7% Rinaldi et al. (2004) #-kt — 3= B ok oK F 2483 & + 1 Sieve
River /7 A T {PFIF 1 cnfi ) TR NP AR R AR KA P AL 2 28
A Moo R o PR Y OB ER 2 AT AR 0 M A R T K A

R R

2l

LERR Ai34gen T % %S Thorne (1982) » Lawler (1995, 1997):% 5 i@ f-i 451 &

¢ 7z BRI & ¢ 4w =4 (subaerial processes) - sl &8sk (mass failure) £ -k
s 4 (fluvial erosion) o 20 R MMy FEAF GFEE NI LGB E
WA ApESTH 3 S B % S )%,F\'ﬂﬁm LA pe s et Lawler (1993)

iﬁ 413 B River llston & &4 % % 27 mm ; Prosser et al. (2000)3# % 27+ Ripple Creek +#

_L,.~L

< % 13+2mm ; Couper and Madock (2001)>* = & River Arrow # B 5 P 2% L&

#

Ea S 5 43010 2 40 mme &+ iE 181 mm; Veihe et al. (2011)** 2 % Harrested Stream

>7

—

BEEaF i 173 2 30.1 mm - F] > Rinaldi and Darby (2008):% & H. 48 sk &7 -k

o

it Ak A g P i3 4Eehd & F% o Thorne (1982) 4 % Darby et al. (2010)R4p ! 4%
T & e fi95 5 3 0 @ kiR S E R i R 3 H MAETF R o ¥ ¢ > Hagerty
(1991) ~ Simon and Curini (1998) ~ Casagli et al. (1999) ~ Rinaldi and Casagli (1999) ~ Simon
etal. (2000)% pl4& 1% @ = 53 &7 AR R RF2 - > Ra > B2 AHET Y

= SR T

BN P w4 hie A B RS AT 3 5 o 4o 0 3R 2R (2003) 2 Chen



(1975)z+ & 44 5 LA 22 NETSTARS - a# F % & > A 4771

i bR F
RFEE S T "

3 7 % (2005)4% * Osman and Thorne (1988): =iz =

«ﬁﬁwwﬁ:@@&ﬁréé’uﬁ;ﬁﬁ%@ﬁ%ﬁW@%@ww%:m%ﬁ

(2007) 41 K i e S b= ePig B TR R ORISR 0 DAF P TR AR
B 18 22 Chen (1975) 4 47 = i 2.3+

22 3B RART B B 41(2000) 11 F N R E (7 A
P4 S IR T T > T2 SEEP/W Ik B A

1
oA T RE T

FL g5 E I (2010) 0] 2 2

=2

24 4% i Boussinesq ¥ T ki 4258 0 2 Green-Ampt >
F¥P AR AR .

&l

BT %ﬁ"u T E A N

THA G ML REN A LD ) 2 L1V S FEL T 2
&2 e

wEERS A

ok

13 P28

%ﬁﬁﬁﬁ’ﬁ&wwpi%ﬁiﬁié%ﬁi@’f

By UIRF RS H
A4 A fh o A ,]}ﬁi BH[A U APTEFEN oA T AL T RFFiEE
BB SRS AT B RF G o Tl o AR

¥Hir A
TEURCS B A e frE T oRIRIH

PEPRI RPN IR I B RR A S ) B R 0EE aegR H T e

R gE 2 A TR BN TR TSR AMRUE - AR BRI e
’fﬁ_-@ﬁii&%}ﬁﬁf ﬁ_xe?{ﬁ T
0P ARG AR IR R it -

ETIRN

BB R WA R R Y
SR f

o

4

F

AFFCEEHBE ARE R T ZAPMITm AR 0 ¢ 7 TR E

AR~ RAPIIRL A ki & B e AT KR R A S S R

LA
T o B F/F T2 BT RFEMIE2Z PR PRI R R R B

AR i AR B E U BER RN R AR k4~ R AR
&S

TP R ARG SRR AR R R TR R TR T T R R
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ETIN
>
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FoF AW

ARFAASE TORREE AL R R TR Y A el Rl {rd BT
¢ i@ # 47k 95 Darcy % ¥ Darcy-Buckingham = f2% 2 Ap ML » e -
Richards = 25 » 43P 4 0k 4 Bl B BN B > 2 REA g > £ g
Hoehdk blsEorE 2 i T ORI T B R0 o B it Ay £ iR AT
7 B A8 Bk (mass failure) ~ & &% 3| L3 (cantilever failure) 7 -k ;ix i# 4 (fluvial erosion) & =

R 2 WA/ 473 F o B 0 WP HEGVE S o BRI R R B IR o

2.1 # TR E

211 ARimdpdl > A2

B2l i T AR BRIEP Kk agrs 8 ﬁ%ﬁviﬁ?ﬁ?i‘_i'}i(mass

conservation) €32 > B| ¥ & {8 ToRLEAFFARS 5

-—jgpv_ jpv AdA (2.1)

;¢ > CV £ 51 #2448 # (control volume) ; CS % 7t #-41 % & (control surface) ; t % 7r p%
B op e kB R SV i S8 LREELATM 40 o PP IR AR
BB TR BT R T R A R g R

Darcy # &

PTOREAANERAN LIRS AT EA NRA LT THFIVH A F
B (T E o E A T T o okd %K ER(Z, elevation head) * o] e e g Es L AR A
£ 8% T okd B4 -KER(w, pressure head) * w | e07 w0 @ -k 4 oK ER (h, hydraulic

head) & it =R EE L7 R 4 SR EF 2 fro Fpb o B TR ds S o Bodat R 4 KRR R



g4 > -k 4 A& (hydraulic gradient) o /% -k 411 42¢F Henry Darcy if i 32§ 47 {v#)

T iR SRk > 3 1856 EE KN B et B A TR B kA HRM G T

Darcy #z_i=(Darcy’s Law) :

Q=—KAVh 2.2)

h=y+z (2.3)

(flow rate) ; K % -k 4 & # 4 #ic(hydraulic conductivity) ; A % -kinid i

. _
¢ o QEmE

R G f o hZok4REE S Vha k2 HR w2 B4 REE Sz & FRER -

F(2.2)7F 4o Ao

q.==KYh (2.4)

;¢ g s ckonid £ (flux) - A5 i i (Darcy velocity) o 34(2.2)£2 5% (2.4)7 > ¥ 5L
LR B AT B TR RS BRI GS w de o

Darcy-Buckingham = #g ;%
Kk gpfrd P I ERTAF k5 Darcy TS Mg o A F AL B o

KT R 0 2 HEE 3t B (void ratio) it 2 47 {o & (degree of saturation) st 7 -k € (water
content)#- % 2 4 T ki chE & B o hoB) 22977 0 BY RFd 12T F A
gt > RA LD fei 5 Aol 0§ ZOR B EBRE O 2 HERR o

-

™
PVHRE D G F ATE- R o G Ok 0 A3 BRE B Y R A i 7R b

From A Al T ok o T 20 2 B FPE F KB @ " 14 Buckingham (1907)
B+ Darcy @ & e dik4 BEGHRIEL VB RS RN RE 2 Sl
Pl A e fo-kimid £k 4 R B 7 & 7407

q=-K(w)vh (2.5)

10



q=-K(@)Vh (2.6)

#7004 7ok (water content); K(y )2 K(9) 4 7 Ao ot sz ok 4 @3 thdich w5

}—34 7J(E,EJV,(£ /3\71(—5_1‘:1‘,&0

= X Richards * 25\

FHL Xz okin o BIRLST A Y AT AT

d 00
chv pdV =a(pwedxdz) = p,dxdz— (2.7)

~ [V ndA= {pw(qx ' %dxjdz ~ pw(qz ; aidzjolx— pqu}
s OX 0z
2.8)
oq oq
=—| p dxdz—= dxdz—=

R OXE AR Qe QAN AE X 20 e 2 B o g (27) 2 2 (2.8)4 1)

B R ET A

00 oq aq
dxdz— = - p dxdz—=* + p_dxdz—* 2.9
Pu p (pw o TP P j (2.9)

a, = Kl vh =KW 2 - k)2 210)
0, =Kl wh=—K(p) - k()L w1 @.11)

11



BN (2.10)22 X (2.11) 1%~ X (2.9) s ET T 1F

o ox\ Y

08 0 0
———(K( )_'// 2
Z oz

J+ 2k ). XY (2.12)

4399 5 = & Richards > 425\ (Richards,1931)> 7= AL (L4 % R A4pfrd 3P K
B e S AR o g R fE N (2.12) 0 B4 i F 2 4240 0F 2 (initial condition) 2 18 R %

i# (boundary condition) » F i % 2 -4 2.1.3 & 2T ficiE KRB - HEP o

212 23R4

F(212)¢ s 3ok B YRS BEGHEIDL RS CREEZ Sl Ft o ikl i
YRRz 2 iR 7 K- 4 Richards 2 A25% o 2 3E i%-k 4 2 (soil water retention
curve; soil water characteristic curve) &35t 2 B 5ok B 22 R 4 -KEgerhd 5 > B 2.3 5 -
LA end EERd AR B¢ O, 5 4o zoRk £ (saturated water content) > § FU AR 4 T
o 2ok BEZRD RS RABFETHREIREATPER o LI RETS
A4 7 'K (0, residual water content) o it A drfed 3 3K & LB Y G ke

v & (0, effective saturation) k 5 i > 2 T £ 4cT

o=0-0 (2.13)
HS _el’

X OL ke 0 E ARG KE O LErERE -

AR kEER2EfoF s B E s frR : 10 FAEER A& E o R
FoctrfrR MR E KR ARG KRG kR K0 L FHAGTI AR
kd senp A7 3 H % (Leong and Rahardjo, 1997b)  AF= 3 £ % i B L * 4 van

Genuchten (1980)# 74 1 e S A) 4 # end 3 F-kb M 58 > HE 5 & RTF ~ 4p M 5

12



(2.14)

0= . m,
{—} , m,=1-(1/n,) w <0
1+ !

V¢ o g, 5 B F Heae TS (air entry value);n B m s o4 B & 4 #c(curve fitting

parameters) ¢ HK3t b ik e K o P2 RKE T AT 40T L

0 w=>0
0= (2.15)
0. +0(6,-6.) w <0

kA BEGERIHERAIER AR DL R S - A S > BN RS
AT SIHFCRHMBR - ATTRIAREFEPT M o F 2RI kEdEfoF o K
iR EICEA T AP EF R d o LR RGBS B A
Fu e fo-k 4 B % % 8(K,, saturated hydraulic conductivity) o fe & 2 3 & X & ik f&
P 3R end SEIVIAR T F ik dR 0 VO ORIR B a AR Y 0 DAV kB §
Rod 25 et mR 4 (capillarity) 7= 4] 7 AR ATV B F A d 0 @ SEF oA B R
Mo R imds X P2 /R A niFr AR WIkok 4 B E BT ' o % 5 5 fig(permeability
function) ¥ 3 45 it 2 3 3ok B 1ok 4 B E feenbl o S LSS D R AR
Arif 2 X g gk o 3N 3 47 % (Leong and Rahardjo, 1997a) » %= 3 # van Genuchten
(1980):z = p Mualem (1976)#73% 41 2_ B 1258 ¢

K(y)= (2.16)

13



NP K A4pfook 4 B G n 22m,

LECEE =
2.1.3 B3 A2 2 B Kf2H

+ 8 - @ Richards = 425 £ § % & LA angd s A5 7 x5 Clement(1994)#13&
[P TR SR PR

HEF A0 RO FETEFL - T
gi%g‘g—ﬂ ’ (I‘,Z’F?‘;ﬁdﬂ’i_‘gﬁ'%lﬁt’jﬁﬁj_o

™ Euler {878 £ &2 %4

# 4% & Picard i %72 5% (2.12) pF & 78 38 (7 dedg it

89 gir:r1j+l,n+l _ erj]
o At

(2.17)

P o] R R ERAE M A oPicard 2 e n AR RERAE At LR
FPEE o 5 34TSR 8l 5 hE AL > B 0 gnintity - B 3 B i

GECA
G o 0m+1n N 3_5/ m:jn(l//mﬂ n+l l//lm;rln) (2.18)
¥ b 7 & C 5 7 -k £ (specific water capacity)4-™ #177
c@ﬁggim (2.19)
BFEN217)~ 54(2.18)& 4 (2.19)F @ fsw (F
% A nm O o ["”'mrl MAt Vi J (2.20)

14



F(12)z B R &% 3 *TL A2 (fully implicit finite difference method) % &

Picard 3= %% & {7 34 it

Q(K(w)a—V/}%(K(w)aW} Kly)

OX OX 0z 0z

B m-+1,n m+1,n m-+1,n+1 m+1,n+1 m+1,n m+1,n m+1,n+1 m+1,n+1 N
1 Ky + K | Wi+ B Ky "+ K4 | v TV
AX 2 AX 2 AX
_ - (221
K m+1,n K m+1,n m+1,n+1 m+1,n+1 K m-+1,n K m+1,n m+1,n+1 m+1,n+1 ( )
+i i TRiGa | Wia TV PR R Wi TV
Az 2 Az 2 Az
B m+1,n m+1,n m+1,n m+1,n
+i Ki,j + Ki,j+1 _ Ki,j + Ki,j—l
Az 2 2
P AXBEAZ R Z R B8N (220)E 21T EATRFIFREET B 2Y A
BE(p ) B AR Bl 5 de T
m+1,n+1 m+1,n+1 m+1,n+1 m+1,n+1 m+ln+l
aijlr//i,j—l + bijl//i—l,j + Cijlr//i,j + dijwi+l,j + eij!//i,jJrl - fij (222)

o o by oy~ dip e By A B T ST R EEZ R E Trdic o TRl ay > by > ¢~ dyj >

eij‘fij?%\»frﬁr’f .

1 m,n+ m,n+

8= (Kot k) (2.23)
b _ l (K m,n+1 Km,n+1) 2 24
ij 2AX? i TR ( . )
_ 1 (K m,n+1 Km,n+1) 2 25
ij ZAXZ i,j + i+, ( ) )

_ l ( m,n+1 m,n+l)
eij - ZAZZ Ki,j + Ki,j+1 (226)

15



m,n+1

Cj =8 _bij _dij —€; _# (2.27)

L]

! At At 2At

m,n+1 _pon m,n+l. m,n+l
f = (9” HIJ )_ Ci,j Vii _ 1 (K-m'n+1 _ Klmjzrl) (228)

i,j+1

m-+1,n+1 m+1,n+1 m-+1,n+1 m+1,n+1 m+ln+l
a22(//2,1 + b22!//1,2 + CZZ‘/IZ,Z + d22‘//3,2 + ezzl/jz,s - f22

m-+1,n+1 m+1,n+1 m+1,n+1 m+1,n+1 m+ln+l
a32(//3,1 + b32l//2,2 + CBZI/IS,Z + d32l//4,2 + e32l//3,3 - f32

m-+1,n+1 m+1,n+1 m+1,n+1 m+1,n+1 m+ln+l
a'23’»l//2,2 + b23lr//1,3 + CZS‘/’Z,B + d23y/3,3 + e23l//2,4 - f23

m+1,n+1 m+1,n+1 m+1,n+1 m+1,n+1 m+l,n+l

aM —lN—lWM -1,N-2 + bM —lN—lWM -2,N-1 + CM —lN-ll//M—l,N—l + d M-1IN-17 M,N-1 + eM —1N—ll//M -1LN T fM -1IN-1

(2.29)

A= 45 i

4ol 2.4 P10 ARdsE F 2 3K wgR * $F-K R 4 # (hydrostatic pressure distribution)

2 BRK AT FeooT

‘//ir,njﬂ0 =H,+h -z (2.30)

R H AR RIUER R EAME TRz S 2 e AR T SRR

AR

R 5
boB 2.4 417 > A 2t HA - AB~ BC & FG 5 %k 558 & i 2 (Dirichlet

16



boundary condition) » ¥ 4 %] % 57 40T :

HA -~ AB-~BC: p"t " =H, +h,(t)-z (2.31)

FG : wa "t =H, +h,(t)-z, (2.32)

AP H R AR ARNER )5 kg i h, ()52 KR INER e T oREE
2o 2B KER R X3 e B R G Darcy Tfhds okl ;Y

B 75 0 EmEHRNERE) O RMFGEREEREEY L7 5

FG: 0= —K(p)vh=—K(p) 2D k)Y (2.33)
OX OX
PR A AN AT
m-+1,n+1 1¢ m+},n+l
FG : . Y/ (2.34)
AX

FRE TR ST F

FG: vyt (235)

4 k& % 5 (CD ~ DF) &4t -k »c s (ponding effect) ¥ A2 4 pF > & v 2 > » 3 3 2

o ot PR £ O~ % 5 (R, infiltration rate) #-% >t '% & 33 & (I, rainfall intensity) » & 3 &
BIRCH)BX 5 2 F k2 2 & > Bliz > o B R iEE R i 0 Darcy T4 i dy
e
h +2
CD-DF: R =I, :—K(W)th—K(V/)Z—z—K(y/)a(‘/’a ) (2.36)
z z

17



GH : 0:—K@0Vh=—K@Og1=—K@0§@:iQ (2.37)

RQ3E)TELART AU LT S

m+1, n+1 m+1,n+1 m+1,n+1 m+1,n+1
KI j KHIJ WI j l//i+1,j H
SINx

|, cosa =
2 AX
CD: (2.38)
m+1,n+1 m+1,n+1 m+1,n+l m+1,n+1
. Ki,j K| j-1 l//i,j _Wi,j—l +1|cosa
2 Az
K.m+l,n+l K m+1,n+1 m+1,n+1 .m+1,n+1
DF . Ir - _ i,N i,N-1 l//IN l//I,N—l +1 (239)
2 Az

FP oL AR RER o o P FE G &R (angleofriverbank) o fdy i tE R R T 5 BE
ABREARAT RN FAES A 2FRIBE B A e L L E R RS ke EE A
Fo#FF R Ao 2 AL MK (ponding) s tE A w2 % TR (7T — FEFE(time step)
2P E o E G AREEE A RE AP ERERS R 00 B R A RA S ok &
P RAKFRADBRT 0 WL YT =0 5B R L - PN £AT R
oM BB ARR 0 #-58(2.38)82 54 (239) £ AT A (S 0 o BT (E

YE b
m+1,n+1 _ 1
i,] - m+1,n+1 m+1,n+1 m+1,n+1 m+1,n+1
K' j K|+1J 1 - Ki,j KIJ -1
—SINa + —COSox
2 AX 2 Az
Km+1 n+1 + Km+l n+1 (//m+l n+1
CD: { > hel HA“ sina (2.40)
X
Km+1 n+1 + Km+l n+1 l//.m.+_1,n+1
+ > L 'gl +1 [cosa — |, cosa pt <0
VA
l//ImJJrl n+1 O ImJJrl n+1 > O

18



I
m+1, n+1 m+1,n+1 r
'//| N iN-1 T m+1,n+1 m+1,n+1 +1 AZ
K. K m+1,n+1 0
DE : iN i,N-1 Vin <
' 2
m+1,n+1 m+1,n+1
l//l N = O W|,N 2 O

4K AGH): BB ER FER  FQINILAFT A

i

K.m+l,n+1 + K.m+1,n+1 m-+1,n+1 m+1,n+1
GH : 0:_ i,2 il l//uz Wll +1
2 Az

[
oy
F3
2
v
E)\
!
I3

GH : err:l;rl n+l l//_m+l,n+l + AZ

1,2

K13 2

AR RS CRER G- RfR2
Boo PV ED ¢ KRR RE S 59 (213)1 5 (2.16)4 B R E -
FRIYTEL GG
(2.13) %  (2I5)$H /& 4 -k 2 - Fi il

0 v =0

dy m, 1
pl" o™ w <0

3 V

(2.41)

(2.42)

(2.43)

Sl F PN kR kS BEG
yoebsatzokEd
KB ERA REEZ - PRE S T o Bt and Rk AR (G

AT R gk R BB RE 2 M e

(2.44)

B 2.3 Bgor F3EFRY AE ZOREERA REp A a4 > Flet o IRk M2 A
£

F(dOIdy ) s s & & » 7 Wl 5ok

™
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B TR N (2.44) 1% &

,’3

v =0
d@
Cly)=

(2.45)
d l// m,+L
(6, —0.)m,n,« |1//|

ViV

B g R iE 258 (2.31) ~ (2.32) 2 (2.35) ~ (2.40) ~ (2.41) ~ (2.43)2(2.29) & H 12
fs > vEABIFERIERB2ZAME > 2% > § 4% generalized Thomas
algorithm (Fletcher and Srinivas, 1991) +f% - ¥ 2 #F L 8@ 7+ % Jaacnia, » Ak - BF
FEp > AR A2 PP B TN EFLATE AT - Sehi R

Imj+1 n+l (1 W) W,mj n+l +W W.m:l n+l (246)

BB e arif 2 ()40 ¢

§=lyr —ymtt <10° foralli, | (2.47)

FE e E R YT R AT - P2

o

214 ¥A%E

MR- METRFFERUE AR EER S BEEFHRFEZH L S
Celiaetal. (1990) - * & & & 5 100 cm > 4245 i% i+ 5 -1,000 cm > 78 3% :8 F &2 m 30 B
A w275 cm 22-1,000 cm 2. ] ZoKER o Adrfrd RS APRE SR AT L K|
=0.922 m/hr - 6 =0.102 > 6,=0.368 > «,=0.0335> n =2 - #iE & 7 FRFEEAz K 5 1.0
m:> PR RFEEAt 5 0.2hre

wEPE R R A RIS R 4B 25 4t 0 B Y AR
7T TR R % &2 Celiaetal. (1990)# 78 4pe= & o
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%] 24 * Vauclin et al. (1979) s FHE %% » 2477 5 - & 5 6mx2m
3 R ARdAR TR =B X L 0.65me ¢ L 10m AL 0148 mhr o ~ 3 E
mHAER T AR EER Ao k4 M S8R 2407 1 K, =0.35 mihr o
6,=0.01 > 6,=0.3> @,=3.3> n=4.1- ¢ *t37% 6] L $HfL1E > Gt W H L L3
iR RS I B RIK RS 3mxam; 7 B EEAX ~ Az39 5 0.1m; R EEAL
» 0.2hre f3 s % 4o B 2.6 #77 » B 2.6 8or & 7 R BIpAR > T OER AL AR
R N

2.2 P FriEB

2.2.1 B.ABp 3%

Bl A8 A3k (mass failure) 4 47 7234 % A 30 4& P T 7% (limited equilibrium analysis) » 12

3 f - i6 A # P) (Mohr-Coulomb failure criterion) ¥ & g3 & + enit » x4 229 4 53

BR2BE T T4 * % > (8 (FS, factor of safety) w5 2| %7pli 3 4 &2 F 2 ikdg o FS &

& » B 3ke ¥ 4 (FR, resisting force)# sx#: 4 (FD, driving force)z_ + & » 4r ™ £
T

FS = FR/FD (2.48)

FREIG 2T A )RR S SR AN RT 4 P B RS F L ol

BALFBBE IS 2wk FFS>1A P AR REKE  FS <14 7 p A%

IHEV R
Terzaghi (1948)4* i § - & i4 B3k 32 % (extended Mohr-Coulomb failure theory)#&

Mdpfed P 5 st 2N e
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7, =C+(c—u,)tang (2.49)

NP oo AR 2 TR G 2 3G s R A4 (effective cohesion) s o E g
4 (total normal stress) ; u, = 3* .-k B (pore water pressure) ; (a—uw) iRl s

(effective normal stress) ; ¢' % + 3 5 »c B & (effective friction angle) -

Fredlund et al. (1978)f A »t %0 it chi £ -B AR E A R IR R X F-E Gagn
# (extended Mohr-Coulomb failure theory) » #-& & o2 2§ g4 i w i 4 (net

normal stress)£? 75 & ¥ 4 (matric suction) ke = 2z fic k & 7

7, =C + (o —u,)tang’ + (u, —u, )tan ¢ (2.50)
P R Ae et 2T R4 S U, B3V F R (pore air pressure) 5 ¢° & A e 4

=T 4 W 4o i B2 & B (angle expressing the strength increase rate relating to the
matric suction) ; (o—u,) % & E % 54 S{us=0,) S AFE A o PR S ED B 4 &

A4 R s AT Y Z Bl G 4oR) 27 &7 o

FA e opE > HI Y F RBARIT I IVHRE > F)p 58 (250)° (U, —u, )% 0>
P15 (2.50)# € % I 2058 (2.49) & (2B50)F 7 * gy it be ot et 4 o AR

Fo hEfrE e RB T 4 T R AT S

T = Lia[C' + (o —u,, )tan '] (2.51)

T,.=L,.[c'+(c—u)tang +(u, —u, )tan g’ (2.52)

uns

SO T BSR4 fed BT 4 L ARG 2 el KRR T, B AR
B2 kel BT L, bRk 2 Aol BER VMG B- AR 4§ R
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4 (u,=0) > #39(251)&r%(252)& H s » Pledke F 2 8% 4 ¥ &5 5 ¢

T=cL+(ol-

qusat )tan ¢, - uw I‘uns tan ¢b

FPOTERT 4 w8 (248)° sk 2T 4 o ¥ b L %A EE A UL,
G E o Bl FSNT RS- Ht AT S

FR=T =c'L+(N-U)tang' + Stan ¢’ (2.54)
v oL GipEe 2 R R R(L=L,+L,) N 5%t w4 (total normal force) ;

U

G b F) S WA eIt R 4 A7l 20 B2 4 (hydrostatic uplift force); S ALk o

I F R Aot IR 4 Ara 1 2 ZL R R 4 (suction force) o ¥ ¢h o Bz g w4 s

PR EAFS A S

- ¥

2L a0
H 2l 5o

ES 5 NS I

BBt e FRARAE R P TREE R A ARG ke AR L T

% 51 4o

N =W cosp + Pcos(a — f5)

(2.55)

so¢ > W G gk 4§82 £ (weight of failure block) ; P 5 /@ "' -k i=#F -k & 4 (hydrostatic

confining force) ; o % @ F-¥t m & &

B & B3 w & & (angle of failure plane) - = + # 4

BRAFG A BT kg e IR R B A G2t B oo

U=

S:

Lsal

fu,dL u, >0 (2.56)
0
Luns
fu,dL u, <0 (2.57)
0
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AV O LAFEREG 2 o Y SHCORRT B 21 ST F R o dof] 2.8
EEE o e FBMR G b - BERA REEV O AT B gk R4 CRERE 0 kPR R Bk
pIEETE A

A A B L o

U, =7 (2.58)

i
1
2,

N (2.59)

;¢ sy G oK E = (unit weight of water) 5w, 221 4 W & 7 ARiTI B BE2 R4 oK ER 1Y
B iFRBEZ BEHL e ¥ 00 5N(248)7 o nEUR G 2 BjE 4 G AURI ML BR R

FORR A NG S e A F 2 e
FD =W:sing = Psin(a — f) (2.60)

FS2 3%

24 379(2.54) ~ ;4(2.55)% 54(2.60) » | FS ¥ % 5+ % (Casagli et al. 1999 ; Rinaldi and
Casagli, 1999) :

_ C'L+Stang® +[W cosf + Pcos(a - ) —U Jtan ¢’

FS _ -
Wsin g — Psin(a — f)

(2.61)

YoBl 29 0 FE- AT ERKIEAFTAI WS RAR TS S B B

R GE  PIRRE TR R R PR BLIME A BEp £2 Hernvhd 1

NS

£ 4k > P3N (2.61)F 12 i 4o (Simon et al., 2000) :
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ZI: {c/L, +$, tan ¢° +[W, cos B+ P, cos(e; — B)—U, Jtan !}
Fs - = . (2.62)
Wi sin 5~ R sin(a; - §)]

i=1

P ol AR E Ak THRIATFIBIME A2 JERE SR B A2 ¢
P R AV ERIHE TR I M REAZFEER AT HLE o P2 RE

T R
7m:7d+7/wg (263)

9¢ o oy & 2 3EURE = £ (moist unit weight of soil) 5 y, & 32 ¥ = £ (dry unit weight of

soil) -

¥oobos 38(2.62)Y Bk e 2. & AR %+ Lohnes and Handy (1968) - Spangler and
Handy (1973):2 2 Hoek and Bray (1981)% 2. &% /» 1 T ;Vig (7 5 &

p=—la+¢) (2.64)

FRATRARP S PUE > PFPAEREA BT 0 WEF N REFAE &
BROBEFEGEHRIFHRDPAZREFEL Y - AR & B2 > E2 4P
MAE 5 BRARG AcBl i F YRR ASFARERT A R o PR AUE D
AT R R G AT E AN o T AP AER R A ushE
B bR EorE B 0 E QAR TG AR BETEHEFS o ety i

=t
=i

FrEhy RAFS 2388 PEPBRML FSARE ZHMIF2ZFS » F FS<1 Rl & 7%

SRR o F b Bk 4 AR et HET kR An A g gk b o
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2.2.2 RAF A A%

% &F ) B3 (cantilever failure) i% 7] ﬁ-[%é] DRI EA T T oou g Gl 743
Flm ik P32 @] B2 ﬂ\e;k\Fl .,/%fﬁ%gm”\ 2_d B BfEFEA T om g4 g',ijg‘ s —ﬁﬂli@f’i
% 7 & Bl4eB 1.1(c)#77r - Thorne and Tovey (1981) ik 45 H ALK 4107 42 2 = 87
a3 A 5N A w2 3 4 A Bk (shear failure) ~ 27 83k (beam failure) 12 2 3& 4 A g3k
(tensile failure) » 4 =]4- @] 2.10 #77r o § # A)pL3K ik d L Bk G 2 T 4 E 2 Kbk
BIMpEAFAE4E  EAAREETL L L 2o pife 4B a2 4 4
54 Al = FIR G AL Y R p £ ST 1 R4

3

i F KT R W e 8 R
T AT AR S R KA Y BT - T SRR AT R

®OFAL s A g o4 gP\;Lﬁ,k@%quﬁg]%m@i%%&,E.

—

g Hrde 0 et E

IR 29 Hrr 2 PEAE T H X D 2 3B e 2

(%
&
E"g;
=5
{\x
e}
S
Bt
B
\
\_.
Ly
)
N

tle > ARG & RS 907 T L MR & e AR

S {elL, + 5, tan g {Rsin(a,) U, Tan gy}
FSC — =l I (265)
>-W, + P cos(;)]

i=1

Nv L FS, L BAUEE T > Gl U MBI T > Gl LA o
FS, <184 7 % 4 F A 4| st 3k -

2.2.3 SRt 4

ERTRA23F
- it rane g KR T3 b TR 4 1, (average boundary shear stress)¥ d T ;b

# 7t (Henderson, 1966)

7, = ¥.RS; (2.66)

26



5P oy, sokE=E R G -k4 EjE(hydraulic radius) ; S¢ 5 &t £ 3L % (energy slope) °
SRR E R P R4 XD e TISRIFT L 5 A i BRI R R B (S,

channel slope):& 73+ & o gt » + NF i3 1 4o

7, =7.0,S, (2.67)

Ra o 4Bl 211 Hr7 o P e BER T RA WY 52353 4 F > A E¥a B
# (Knight et al., 1994 ; Yang and Lim, 2005) ~ £ & 4 # (Knight et al., 1992) ~ = =t /= 4] i
(Tominaga et al., 1989 ; Berlamontet al., 2003 ; Knight et al., 2007) % 7 B - 33 3% % Jﬂ"
Fd REHEERIFAERT RS 24 F F35 40 Ghosh and Roy (1970) ~ Knight and
Macdonald (1979)~Knight (1981)~Knight et al. (1984)~Tominaga and Nezu (1991) ~Rhodes
etal. (1994) ~ Chanson (2000) % - ¥ 7 Al Eim & 2 5% = F it A % o
4 Pizzuto (1991) ~ Khodashenas and Paquier (1999)~ Guo and Julien (2005)~Yang and Lim
(2005) % - i 2 ¥t iP 48 Tt T 52 fp AT (Casagli et al,, 1999 5 Langendoen and
Simon et al., 2008 ; Simon et al., 2000, 2002, 2009, 2010)35%x * ;% (2.67) % & iT g-:F A ¥
&4 > #m > Khodashenas et al. (2008) & # #icfé:f A 4 2358 2 2 > ¥ &2 R Bcdy
gt o Bamdn Il SN(267) F riEEAE < 0 ¥4k ) Yang and Lim (2005) £ ff E ©
o EIRIEP| 2 IREE o TP 0 AR 4 Yang and Lim (2005) #7322 jE B R

NI R R TR A F o R B2l WS i e T

YoBl 212 #5m  BR R EE AR - R0 2 3 R ST o BB ¥

CHZBRE ORI EARDIERZIBERAFEFAEIIERZER T LI LM

=1, o Plis@ A B 3R 4 7, (boundary shear stress) ¥ 12 T i TR B
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7.(ytan 8,)s, 0<y<h,cotp,

(2.68)

Y ( n, jtanaS h,cotp, <y<
sina sina

NP BEEMRERGF ARy BNR AER R o ¥ b FE IR T o

PIHER P R4 N (.67)RER 2 -

FI* 54 (267)%54(268) » ¥ fE ¥ e R AP RT AT RS e B A
Fobood 2 R F SR AFRE 0 B 0 ARG AT T P R AR 2 R

B EP AGOR TERP A R AP 195

kinit 42 3 E
RS 2 P E > AT EY < BBER SR (ho 58 4o (Partheniades, 1965 ;

-t

Arulanandan et al., 1980 ; Hanson and-Cook, 1997) :

0 7, <7,
£ = (2.69)

Ky (Tb — 7 )a Ty > T

£ ¢ g L4k & (erosion flux)(mis) 5 k, % ¥ 4 % e (erodibility coefficient)(m*/N-s) ; 7,
5 Rl 3% 4 (critical shear stress)(Pa) ; 7, » # & 7 & 4 (boundary shear stress)(Pa) ; a
5 X% 4-#c(empirical coefficient) » & F B R * PF 5K 25 1.0 §7,>7, 0 &7 Rinig
BREDAA P BEIEKOMHEE » XIEN(2.69)477 0 Pl AE CEFFFIEAN > F8E
BoLe st

L, =aAt =K, (z, —7, )" At (2.70)

e
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9(2.69)¢ kb ATy b B Sl A GREETRER TR A PR g e 2

BB LG5k o VR o S ZLAR P B Lane (1953)4k ) 7 7 (loose gravel)i® AU

iy 2T

2
r, =1, COSar [1— tanza (2.71)
tan” ¢

;¢ oo KRR TRA TR 4 (critical shearstressonbed) s o 5P AE G AR 5 4 5 BEE
(friction angle) o zk @ » F N g * +0jp ALy B ) 3 Bk chif R “ﬁ*iifi@“iﬁj?f
% #) 7 1 (packed gravel);? A~ - Millar (2000) A 3% &1 3¢ ¢

. |, sinfa
= 0.048tan 1- . - D 2.72
z-c ¢ Sinz ¢ (73 7/w) 50 ( )

FP oy B gE Ly BokE mE Dy R P 8k (median sediment diameter) 5 ¢

% & »cB¥e & (equivalent friction angle) » 3% B G3p 3 b 244 B 2 B R DT

% 5 221977 53 RPHEA R T2 B EEE o

e

5 ¢k > Shields (1936)# ! & F)=% f=f ¥ & # (dimensionless shear stress)£2 :¥ & & %

#z(boundary Reynolds number) k¢ % » <~ Shields diagram - d * if eff % > 520 T R 4

\ 3 = .
ﬁ?’&f’—rz‘\'—f[‘.

*

T, =7 (7/5 _yw)D (273)

R AAFXRATRA Sy A RECE Sy FkEE D BRIV S
(particle diameter) « 5% @ > 7/ d&Fl- 42 4 >% 0.03 1 0.047 & -

¥ R M® A 0 Hanson and Simon (2001) B] ** # R i& 7 I # 5% (jet-test) » 4 83

29



EFHREV G RERTRAT I 2 W BAoF 213505 - WY RARRATHS o

% % # A %7 fa4EA (very erodible ~ erodible + moderately resistant ~ resistant - very
resistant) » i o s ik 2 ¥ A i e

k, =0.27, " (2.74)

$¢ s Kk H =5 cmY N-s) -

7 # 5 Simon et al. (2010b) A1 & & ¥ & 47 % B4 1,300 e ids % % RHchy 5 4
# t.0.1Pa<7, <100Pa » * 4 7, <O.1Pafs » 4 ¥ Tl ¥ B4 ML | > 5
R 7, <0Pa T AL R (T i 0 4] 214 9T 0 H AT i S e T T

(2.75)

=0.826

kd = 1.6TC

F¢ ok, H 5 (CmIN-s)e it &b e iR A T s d B B Sl M FF %4 Knapen

etal. (2007) > %A L R H B2 M RF EZ P BHRFTHEFAITE WG A2 3 L F

D xcd

wHEPNE -

2.3 VW B A
KA P B 2 R L AR B R e K 4 R 2 R

F1 0 oS B R ARAC ] 2,15 #1F o B IRAR R A MR R e i B A iR AR S
Bk iz o 1% BoiE 2 2 Rfz s Richards 250 (54 (212)) & FiP B2 P B4 R

k

PERY 1Y el > s 5N (258) 8 5 (2.59)3 M Bk G I IR R A R R F
# i\‘ (267);1;‘- ;\ (270) s 1) IE’ ’ll?J( Ti"_}é‘i—.;iﬁ fif‘é':%&]’)‘ /E' ﬁléﬂﬁégl-%#gﬁ/&%{)i ; )
(2.62)3 5 FS » d 5% (265)3* 5 FSoo 4 #1524 £ B 2 B+ § ehs B pe(AX &

AZ)E 2 RAP IR~ MR & 9 AL AR I R R
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A BREEFET - BERBLPE SR E P LGRS LR 216
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ZF A FES 2R

AREAS LD AN AR o F - 00 B RAAAR A B ok R
AT W RN ] T B2 W R R A R LR A

oML PR R R REE R LR T P T AR 2
RARFANBIR 2B > ¥ ob o R BB RS H] » Bl A B0 R B R SR

—

B RIS o $ 2304 > JIr Bk 3R A3 B ER ok g

na

AT o ARSI AL AP AR BR AOGE A

E:
=

3.1 & p3K 2

AEESF RO P AS AR B 31 T o N AR
Rinaldi and Casagli(1999) > :%#7 7 & ®4c* :H=3m> ¢=60" > f=35"> y =18 kN/m?®
C'=1kPa> ¢'=33"> ¢"=16" o ¥ ¢ 5 K HAUAL A 2 B 6 L FH B > ¥ T ORITEKE
PEZARIEAX » Az 5 0.05m s R B EEAL R S 0.01hro f7 % e 4 T
4 RAPM MR ET 0 K&p{od oK 4 p M S8R 4R * van Genuchten(1978)2 5
= % > ¥ P~Fj(Sand) ~ & 1 #)(Loamy Sand)£ 4k3 4 (Clay Loam) % = f& 7 i35 122 4
BEFLEFHRE Ao Bk = B Ao Bk 4 IpH S lcp FT 4 3L ¥l
Bkl F 2 %S Sk W BT R 3.2()8 B 3.2(b) o T oRAsdniE 2 (hy) R & A
e ki (h)- R0 P A REERERR SRR E(h) P A RIEE R R R
» AR R

3.2 B ¥y el 3

3.2.1 il pEat

e AL RPN UM R R E 2 A 0 AT 7 4 w2 > Hydrostatic Model -
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Boussinesq Model 2 Richards Model % = B & #7558 » 0™ 2 B fEik & #3830 40k

By ES R 48

Hydrostatic Model

\4

dF - R RE T T ALY 0 AIA A YRR TORRLFE 2 aag e

TR B R Tk T bR o A Bk R R B R TR e & KR A

=t

KT RE G P 23 R B F > UEFER R B P R E AR
%7 3 ¢ 3% Darby and Thorne (1996) ~ Rinaldi and Casagli (1999) ~ Simon et al. (2000) % -

TR A Lol TR WIS

Boussinesg Model

% = % Hydrostatic Model 3+ ™ -k =7 7§ %k /m K > Chiang et al. (2011):#-
PR AR S B R R R g d K- i Boussinesq AR MR R T ok G SUERE R
LR iR R FORR A TR R AR P 2 VKRB AT G A TR

BB o IS e g 2 BT SR S

Richards Model

% i - ¥ :x L Boussinesq Model JE #rig s Tk ARG T 5 BIVHORERZ A F o &
BT B 2 N 0 RS Bz - L Richards Azt B R RIFA RN A g2 gL
HoRR o @ e adkg F I HORRR RS SV RAE S g3 2T i S ARG R
R TR R PR BT g N AR 0 2 ) G R R IR R IT R T R

BB El- B S AT MG R s B A § 1 F

322 @ Mok 2 R

WAL %R~ BALBUR KRB E P BITEEATIRT o A g B R
R b A2 TR BEREREN ST R RIELTE LR RES
Hydrostatic Model ~ Boussinesq Model £ Richards Model = #& #-5% $4 S48 g 3k - & et

PSR

33



e A

4o 3.1 917 o BRkUR ok e W 015 m/hr~ 0.3 m/hr 2 0.9 mihr = & i R
(Vo) d 0.6mEE =235 24m@Ae4s k=5 06m) ¥ aiF3 k=3 24mz T #
FREL CRBIRPFET L 24hrod 2k P ARG RO o Pk b A
BRAZ24mprs 2% 5% 12hr~ % 6hr& % 2hro

AARIMEENE P OORE YA FRT D AN E GRS FS Al
W33 g AERE IR A LR k2 015 m/hr + 2 pFE(0~12 hr) > d B 3.3(al)F
8 Hydrostatic Model {5+ FSHERFRd 143 T 3 1.17 > X4 Boussinesq
Model £ Richards Model #73- 5 2. FS #r'g & + 2 o pt X B4 > 1395 FS 34 & o 54 (50
(2.61))7 &r- g2 fRjp R P A arde e KRR A (P)E RS R rAp R o R ok b
AR FS A2 R 4e 0 FRm o HoApd @ TR e b A ORR G IV R R K Ao 0 AT A e
FEA (U)K A A A (S)F 0 T ES B o R o Tt o A& TR FS
RUB-tim R B TR A H AR T PIGEE 2 Sk o d PR oo e ki
AP iR T o g 2 B 3.3@1)F d R HIERT B FS HERE S 0 & Rd e T

kB dpy 2 £ BT -

RECFLEESAFZAR > U TR BRI R 2 T ok
MG LG PR R AT A SRR 3.4 2 F] 35 B d B 3.4(a)F G AL
By f2 Hydrostatic Model $f3 T R =g & ik » A Hegm k= 22§35 @ B
3.5(@)R Egom B Tt ehat KRR 2k TR G MeDE h R AR R HEORSE
T RZRFEFPRPREIBEZEE DL BRI LR DPE > R B ERE
Frw 2 BT BRI GFS o 28d B 3.4(b)2 @ 3.4(c)% -+ Boussinesq Model 22
Richards Model ¥ B i T k304 3P Jndoid A Tokg B F 2 Il g o TP R
Hydrostatic Model  #; R £ ez % % o ¥ ¢h > d B 3.5(b)2? B 3.5(C)F &+ &
6 hr 2_= > 4 Boussinesq Model £ Richards Model *7Hc#g 2. 34 4 -K B EZ K 4p iz > @ 3t
¥ 12hre2 % 24hr figd £ AL B A4 o 53 2 R ¥ #Richards Model #+
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BRI 2 R4 RE R TR A B R 3.6 B AR E R okt A pE
Bdke (B P o d &&R)ITH & FIREHP g fGR a2 T HR 4 kgm0 kix
Hol & /T2 LB - 2Ra o Boussinesq Model & JE = > PRl Tokm RiETR Y
MR R HOK R I A U RPEFS 2325 % o ¥ b B 3.4(b) B 3.4(c)
® »Boussinesq Model 7 Richards Model >+ 7 "'-k = F 2 T & 3 B® I 524 5 (% 12hr
I % 24hr) geiRm ok A B H s e Tok e vigr b 2 Fla 8 FS W2 R o

4o fB] 3.3(al) ikt e % o o

- @) 3.3(al) ~ Bl 3.3(a2)2 @) 3.3(a3)F H I 0 F P ok i H iR B ARE
4 Boussinesqg Model ## Richards Model #73+ 5 2. FS + < aug R B ig R A%< o H 5] &
AP R A KRS S B g B T E R ok i 2 s dpgte

PR AR T A pE s R FS B emR 4 B Tlic s T ok R 2 £ & S

KA BEREAR S > TR R AP B TR AL AT Z R TR ARG B FE o
F o2 7n sk etk 4 B i 2 A o e ke b R B ek Tk
meJ’“%MﬁF&\gg’?iﬁ&%m%$ﬁ&%d%@ﬁ%é%iw?ﬁ%

3 Fe Az FS RS > B B e ok b 2 pE(0~12 hr) > FS REZ B4 o ok
A B hARM 2 23 FS P A g R BlAR L o ¥ ¢k d ) 3.3 ¥ 4 L Hydrostatic Model
%?ﬁFSE?F“*&U£ET$&ﬁﬁW%$&$E$F VTR EILE R R

R RS RGP AR BRI

PNk T R

4o 3.1 #5% 7 ok A w2 0.15 m/hr~0.3 m/hr 22 0.9 m/hr = #E T "% i B (Vy)
4 24MEE T T 06 MASh K =T L 24m)y ¥ a8 0.6 M B T HEK o
BHERPEF R A 24hro A e KRR R BT E A D 0.6mpF s plA
=% 12hr~ % 6hre2 s 2hre

Fi~EAIRBAEE T A TP pod AR RERATEERT RO RS 2 8% 4
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LR ER 3700 BTV HEROFSHER R A R 2 IRe 26 4 FS<1.0 -
gt - g R P A2 kG P AT EER AT AR o
AR S S > HA R RFIANP R T i @ H ik 2 FORRA RS R
kA4 BEGER SRR TR RRE Y A TOREAPHRKRE 0 R F A
2R I HCRR AT 0 FS FIRM AR R MR A SRR 0 R A 2 B B
(FS <1.0)erp 777 sp A% 5 5 4 > SFBLE 3.7 22 2 % B 7 F 1 2 545 o pbeh o
FauBd > FIEBRELRE > TR BERERS > FRORETHERE BT
REEEZ T RE g R e P TR WL ORR S A BIFS TRE g R R R o de R
3.7(al)#t7+ > Boussinesq Model ¥ Richards Model z_ #i-# %2 % ¥ &+ FS>10 > @
Hydrostatic Model ¥ &+ ¥ /7 AL B 5 2 & HHmEE s 2hrEFrg 4
FS<1.0 o d F s v 8- HEfF “,f;a AR R E R o F IR F M
= BRI oHE & F]F 2 — oo@m Hydrostatic Model $x * i it 3+ T ok ezt

IR S B AR &

WA M AT T DR AL B A 4 AR ok % '8 pF(Springer et al.,
1985 ; Lawler et al., 1997 ; Rinaldi and Casagli, 1999 ; Rinaldi et al., 2004 ; Chiang et al.,
2011) > o A EUEE MRS R R R SRR L AR S0 L R kT
BEREFPRIEZEZPHILTL L o nTRAG T A2 A X > Rk
F%“?ﬁ%@38’“ﬁ’?9ﬁ*%4’i.?kakwﬁﬁizkﬁﬁs%gi
A%
JoerAgd > £ B E ok BEGRRCL 2 P HEEREL ) o A R ALY Nk
% y% Richards Model - % & &1 > 47 "R i=T %@ R =303 mhrpF o 7 f4

AR od B3B8 FFHBER Y KT R FSy Mk T i R AR KR

-

R 4 o § ¢h > Boussinesq Model # o 2 i & E 45 F1B T 0E 2 R EEIVHORR

B3R > o B¢ Ao H 22 Richards Model % 3 384 £ 8 - @ Hydrostatic Model

\

3

BEER R R T RS LRSI M RREC SIE > J B 3.8 kT

LA RO A A B R e
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I] A 5\*
g

A RSB IFEE I PR RS S BROL R P

R BB R A T ER T IEEEH

1. Hydrostatic Model ¥t T -k i > i v ik & @i S38F prip oK g

g A RS HLRE 0 T T A HFS 4 R 8 R i) -

2. Boussinesq Model 827 5d # T kg M2 FELEP R EIEPTE
L FA 0 AE BTk SUEFI BB B 0 XA e B2 A

PR R B PSP E T AL A

3. Richards Model & & &fz/7 F-+ PN LR BR 2 A F > T 7 §F f R Pirif i
TR G AT e B PFATE 2 GRS W B e TEIRR ALY SN IR K R e
Bl RAE A FAEGEGTY £ o

4. @ R et R ARG DR E A ok T R B ik ik
RBRA R kT RERIEAIMBELT FOFRT  RERF IR

KRR R T AT 0 BB R R 2 .

323 %A i B

.

B ERHRER CBEIPEIEL T2 REE AP 0 A B T Ak
=506m-~15mir2d4m?> 2 gEFF @ ¥ > &4 £ F % 4 pR(L, duration) 5 12 hr
# 4] % 3233 4] (uniform pattern)z_ *% & % & > *% @& 33 & (I, rainfall intensity) ] 4 %] & 3

5+10~20-~40 60 £ 80 mm/hr % =~ &% & 53 & o

AR E2 B
FACREELY BEREHFS P HLPE > W B AAzkk 5 06m
PR R RR TR 2 T R (R)FHH 3.9 B 39 AR LR
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PR RrrF o A IR T EALE L TR A 24 hr g g%iﬁ¢iﬁ%%@ﬁ§ﬁ
P
BREZ2AFIIMF 2 k4 BEGEAR] > 2 ARSI EH R R KRR

&
&
£

% % 40 mm/hr(4 hryrz 2 20 mm/hr(4 hr) » o g+ deok 4 B E Ak < > 5 A

P b g A o FRRE- g2 o FI IR ERD BRI RN TR
RERAA > AEARI S - 2 E o B 310 PRI N Z AT ARk
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h(l,t)=h(t) (A2.10)

R o (X)) 2R A 2 Ao kA E S () Eh({) LB R RS2
’}‘EF" o

AT 25N
FNA2T)E PR s S AN 0 Sv=h? N AN T ET N

S, (@JZEE(@}L N (A2.11)
ot

1 Crank-Nicolson 7 *L 4 4 2 #-F sV gpgg it (57 1 ¢

S (le _VinJ K 1 ( n+1 2Vn+1 4 Vn+1 .\ |+1 _ 2V + V

2\/1/7] i o 3 i+1 7 o j—l— N. (A2.12)

NP LS B RERE N SRR ERE AX S SRR At LR TEE . BN
(A2.12) € 3737 BETE 15 7 17 %8 AR BL(V) ™) B 3R E 48 AR T R BL PR A S de T

av it +bv't+cviit=d, (A2.13)

ivi+l ivi-1 i

Ao b cicdias B AT AT R B B E il Tt b diiEAE T AT e

a, = 42(2 (A2.14)
b S (Lj_ K (A2.15)
2 \At) 2Ax°
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£ 0 h(X)5Azdes T ok e

Rois it

A ed les MBRESERRE AT 2R HFRTK

& 57 4T
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C = A2.16
' AAXP ( )
S
d, =L2vi"+l + —L2+ : (ij A +L2vi”_l +N,; (A2.17)
4AX 2Ax 2, v LAt 4AX
%%i%igx%@quﬁ%&%&l»\é‘ M-1~%>H2H¢ % 23 M1t 1,%5“’&5%
B ARIT R Bhenl AN F A T Ao
a n+1 +b Vn+1 +C Vn+l d2
a n+1 +b Vn+1 +C Vn+1 d3
a,vit +bv;" +cvit =d, (A2.18)
ay, —1V|r\]/1+}2 i bM—lvlr\]ﬁl +Cy —1Vlr\]/|+l = dM—l
A2 0F &
4oB] A2.3 F1F 0 AZARiE 2 2 R T F A rArT
v =h (x)* 1<i<M (A2.19)

R ER T ey

(A2.20)



Vit = hy () (A2.21)

Fd o h ()R dR kR s h(t) 2 B RINER 2 T ke F o

#-38(A2.20)f0 58 (A2.21) % &£ SN (A218) s » V(B B Y & BREER S 2 M
MEE 2 2 AR e he sV (A2.22) %757 > £ F1* Thomas algorithm (Fletcher and Srinivas, 1991)

TF RfE o
b, ¢, O 0 0 0 0 |fv d, —av"
a, b, ¢ 0 0 0 0 ||v* d,
_ . (A2.22)
0 0 0 0 Ay, bM—Z Cy 2 Vlr\]/|+—12 dM—z
L 0 0 0 0 0 M-1 bM—l _ V:ﬁl dM—l - CM—lVlr\]/rl
SEs S

P ET SRR ARG T - BH AR ARE M AR T
k4 B A K S 1.0x10° mis s ik S, A 0150 2 & E & 15 5000 m ooz R RFEE
AX % 100m  EFREIEAt S 05hr 2 % gapsh » % » T N;=0 44005 2 2 F 7 0%

[EA 52K T AT L

h(x)=h(x,0)= 2v/x (A2.23)

h,(t)=h(0,t)=0 (A2.24)
_oh(l,t)

h(t)= Poa 0 (A2.25)
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bt & b2 247 f% 5 (Bear, 1972) :

h
h(x,t):l - 12(:2] T (A2.26)

S,I?

Mk 24hrE % ABhrpFz R R BicE B B K AP T W o & W]4cB] A2.4(a) 2 B
A2.4(0b)#r7 o d BV ArBciE B R EIEp S o

bl 8 3 5
Yo A2.5 #rom o 5 o f% Boussinesq = AZ3¢ ATIR P p A MY B TR G AT R S -
WAL FUPRRAN R TR G AR F R KR A G OBER 0 YN (AL E 2 0 A

BPTORH AT o SRR F PR TR G A2 E 4 A (equipotential line)w s B W

1

A > Fpt 3L ok R e T Vi B (Abramson et al., 1996 ; Duncan and Wright,

2005) :

BT OKG AT u, =7,h,co%o, (A2.27)

R R TORGRHEAE o FH T kG R EKT(6,=07) BN (A227)#-5 2
(AL1) -

W RE e

I * #)ciE > 2 RKfE- 4 Boussinesq > A2:0 (G (A2.7)EEF# T ok G RNEFT 5
A5 N (AL2) 8 N (A227) A B E AR R > FHFS 23 B AT A A %=

PN F o7t o & Hydrostatic Model £+ enZ 8 430 > A {55089 R e FI R TR AR
SR EE A &R AT AR R T K e iR {7 3K o Boussinesq Model
Fa _75_? - ﬁ}_'lﬂ-ﬁﬁ A2 6 MT"l' °
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prx _> _> pw(Qx+§(dx)

datum A A A
iddddddidididdaddsd

water table water table | &

1= » idh

Equipotential
line

A

h(x) =) 0.
Qx
streamline |

ds&‘/\*\

(@) (b)

B A2.2 - ‘& Dupuit assumption -+ &, B
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Head (m)

) hi(t)
h(x.1)

Ho(t)
47 A
) X
Bl A2.3 - & Boussinesq ™ 423\ 3t & #E A B
200 200
(a) (b)
150 - 150 -
E
100 | 5 100 |
(<5}
T
50 ~ 50 ~
simulated +  simulated
—— Bear (1972) —— Bear (1972)
O T T T T T 0 T T T T T
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Distance (m) Distance (m)

B A2.4 - x Boussinesq > A2 #ciE B 25 B ()% 24hr (b)% 48 hr
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R
//,/f” QW
T

vl

Equipotential line L -
River stage . s AGroundwater table

2
hycos“6y |y
Y Y

B A2.5 Boussinesq Model 3¢ F.-k &2+ 5 7+ 3, B

START
Input riverbank geometry + soil property _|Numerical parameters
b AX, At
H’Iua’ysycl’¢,’¢ 1Sy1 K
i | | Initial condition
h,
N Solve 1D Boussinesq equation M
h(x,t) | | Boundary condition
| h, (), hy (1)
T=T+1 Calculate FS | | Infiltration rate
Ni
NO
T = Tina
YES
Output data
END

B A2.6 Boussinesq Model 3+ & jix 42 /8]
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Bk AL
“" =1 NEEEE AR
T " ! N - i 4 %
£ ¥
i | o [0 |0 | o 0
s |5 [0 o | o 0
Am|r|-TE)2k§(Ig§my etal. O 0 o O O O
Casagli et al. (1999) O O O O O O
Chen (1975) @)
Chiang et al. (2011) O O O O O
Dapporto et al. (2001) O O O O O O O
Dapporto et al. (2003) O O O O O O O
Darby and Thorne (1996) O O O
Huang (1983) O ©)
Langeerld;(.er(lzaorz)dg)s,lmon O O ) @ O O O O
Lohnes and Handy (1968) @) O
Osman and Thorne (1988) O O O O
Rinaldi et al. (2004) O O O O O O O
Rinaldi and Casagli (1999) | O O O O O
Shields el at. (2009) O O O O O O
Simon et al. (1991) O O O
Simon et al. (2000) O O O O O O O
Simon et al. (2002) O O O O O O O
Simon et al. (2009) O O O O O O O O
Simon et al. (2010a) O O O O O O O O
Simon and Thomas (2002) | O O O @) @) O
Springer et al. (1985) O O O
3% 2k (2003) O O
2 (2005) @) @)
i F% (2007) O O
2= 4] (2009) O O O O O
¥ #7> (2010) O O O O O O O
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%21 Er»EEiaii
ALK R Andrew (1984) Hey and Thorne (1986)

JENEA L Thin Thick | 1 1l v
T 3a(R) 375 51.6 39.9 43.7 48.0 55.6
At g E(R) 29.3~46.3 42.7~58.8 20.1~51.7 30.1~58.8 32.0~72.0 36.3~79.1
231 F~IPEAEDY 2 Abpfod R4 SR B4
Soil type Hl' 05 av nv KS

(cm/cm®) (cm*/cm®) (1/cm) (cm/day)
Sand 0.20 0.54 0.008 3.0 400
Loamy Sand 0.17 0.47 0.010 2.0 75
Clay Loam 0.12 0.42 0.012 1.8 25
241 HoREAPEEG L BRE KT TESFREL
B Gl
4T5 S
2 s LR A

12~38 0.040 0.020 0.040

39~44 0.045 0.030 0.045

45~49 0.045 0.038 0.045

50~86 0.045 0.041 0.045
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% 4.2

HoKERY PR REL

=] 1o SwEe 43 o Shoe 44 7o Snie 45
w7y A #(m¥m) e R w7y A 2 (m*m) e R i 7y & £ (m*/m) e R
HEE prwe |menen] smesn | M | e [revan| swan | M| geve |peges| snes | (M
L | AEER | 2199 | 29 254 | 579 | 267.6 | 340 | 2076 | 395 | 1057 | 340 | 1215 | 434
g S@h | 913 | 356 | 1055 | 215 | 5130 | 366 | 1129 | 594 | 145 8.0 574 | 122
K3
%é FIHe b 7.4 2.1 18.9 5.3 112.6 9.7 120.6 28.2 55.9 16.4 141.4 26.0
;] 69 %5 1050 | 14 | 1214 | 537 | 16686 | 275 | 169.0 | 1794 | 1278 | 31 | 2185 | 44.9
[{e]
G| Faiermn | 49.0 1.9 52.0 140 | 1452 | 00 | 3355 | 572 | 1094 | 52 3142 | 494
. | EERR | 773 3.2 893 | 251 | 1839 | 00 | 3271 | 593 | 1404 | 119 | 4518 | 50.9
g Thomh | 271 16 426 131 | 635 10 | 2052 | 228 | 480 2.9 1791 | 201
K3
FERiEL | 6840.1 12.9 33.0 489.2 124.3 0.0 428.6 44.0 94.9 0.0 379.6 39.6
&3 7477.2 29.6 488.2 679.5 3078.7 108.8 1906.4 489.3 696.6 815 1863.5 286.2
+ 4 D4 3 oy YE) L .\
%43 HoRERTRER FIGEE R R
YT ¥BL43 | ¥ro HEL44 | YT il 45
(@ | ®AaisERM) | 607.9 426.0 191.9
(o) [ ECEAL ‘ﬁ%‘\ A& (m) 679.9 489.8 289.8
(0)-@) % ¥4 (m) 72 63.8 97.9
w AR A (%) 11.84 14.97 51.01
a
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SQuability Number N, = H, ~

bank

stee

’ﬁ\ lanar

ailure surface

S'lalfl_c')w bank
profile
\ arcuate or

rotational
failure surface

Cl

overhang i i

generated on incipient failure plane

upper bank

preferential H fine-grained cohesive

retreat of upper bank

erodible s ¥

basal layer —*>

~ coarse non-cohesive
. lower bank

AL kiR Hagerty(1991)
&

Y
AT & Bl




pw(qZ + a&dz dedy
s 0z
P,d,dxdz

A dx R /
y ‘;f

|
|

|

I 4

[ - dz
|

|

|

P, dydz »pw[qx + ‘%dedydz

|
///445 ______ D
0
pw(qy +idy]dxdz
ay s

P,0,dxdy

\4

i)

i

Bl 2.1 iR T

4L %R : Bear (2010)

=
N
N
4=
S
e
oy
\1
o3
gty
¥
>3
=N

21 AR T & B
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Pressure Head, |y/|

Water Content, 6

Bl 2.3 & 3 SAPXE kb SR

Groundwater table H

Boundary conditions: hgwn(t)
HA,AB,BC : Hy+h,(t)-zi

CD,DF : I,
FG: Hb+hgwb(t)'zi,j ; no flux z

GH : no flux
X

////G

B 2.4 = i Richards » #2535+ 5 #£ 4 B
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Depth (cm)

Water Table Position (cm)

20
- — —x" f
404 ¥ """ T T T 77 }
/{f
_________________ -+
60 - T
— 3hr
——- 12hr
——— 24hr
80 1 «  3hr-Celiaetal. (1990)
X 12hr-Celia et al. (1990)
+  24hr-Celia et al. (1990)
100 T T T T
-1200 -1000 -800 -600 -400 -200 0
Pressure head, y (cm)
B 2.5 = & Richards = 25N Hcit & %FE S % B
0.148 m/hr

ERRR!

180 -

=

N (o))

o o
1 1

120

[y

o] (]

o o
I I

v

simulated
Vauclin et al. (1979)

60 - initial condition
40 -
20 -
0 . ; ; ; .
0 50 100 150 200 250 300
X Coordinate (cm)
B 2.6 = M Richards = #2;\ #ic i@ 3t 5 %S 5% B
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shear stress,t

@)
" < = =
Extended Mohr-Coulom ¢ J.\\J’ ) - -/ 1
- ’ Pid ~, \\\
failure envelope @'8‘ &F 5 P
e \ L AN
_—_ _ N - \\ // \\
//’ \\ \>/\ \\ // N
, .
b | // // \ ’ \\ //\
,
(Ua-Uw), tang ; S v A N
! ’ / \ ’ \ ! \ \
) 4 ’ ’ [N N \ \
' P . ’ ) v \ \
C . | B ! v v \ \
| ‘ L K N n \ |
— e ST T Ao S \ 3
. L e
| .
i s // ///
// // // /’
// // 7 v
v ’ 4 /)
’ v ’ ’ 7’
4 L L L L
// // ’ 7’
,
7 , L
// // //
// // //
,

Net normal stress, (c-U.)

FAL kR £ Fredlund and Rahardjo (1993)

Fl27 REEF-EERE: 2507 2R

River stage 5d Groundwater table

7
7
e

Zi
-~ iFailure plane Az

W28 R4 -kEgiyT LR
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Mass failure

—~Cantilever failure
o .
o Pi Pi I
i
3 LI SRR
v
B 29 FS¥ FS .33 %

IUE]
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| Nes M

(C)

BW‘

Wit

4L %R © Amiri-Tokaldany and Samadi (2007)

B1210 RAFLARIET LB (@F 4 Ak ()RR (€)% 4 Ik

Crr it

< = >

o
e H
o
o
° +]
1" °° —
]
b
Local wall shear stress
Local bed shear stress

AL %R © Knight et al. (1994)

B 211 P RET RS A~ F F
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FAL kR : s p Yang and Lim (2005)

B212 FATRAFEER

10 ,HH‘ T \\\HH‘ T T T TTTTT T T T TTTTT T T T TTTIT T T T TTTTT T T Ty
- Vay ]
: Erodile PY ]
o ° |
| % |
F O ]
i ® ]
L U O J
® i Erodible 1
£ o1 ]
£ g :
[$) L ]
X I ]
| Resistant ,
O
0.01 n N
I [J  Westen lowa ]
0.001 @ Easten Nebmska Resistant
=V YalotushaRiverBasin,Mississippi E
7\\\\‘ L \\\HH‘ L \\\HH‘ L \\\HH‘ L \\\HH‘ L \\\HH‘ L \\HHT
0.001 0.01 0.1 1 10 100 1000

7,Pa

74 & & : Hanson and Simon (2001)

B 213 4 Gl iR TR B 0
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ERODIBILITY COEFFICIENT, IN cm3/N-s

1000

100

[y
—}

e
j—

0.01

0.001

0.0001
0.1

1 10 100 1000
CRITICAL SHEAR STRESS, IN PASCALS

4L %k : Simon et al. (2010)

Bl 2.14 & HEETRR T R4 B R E
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T=T+1

START

v

Input riverbank geometry + soil property

H1 Hbaa; Vd,C', ¢,! ¢b) KS! er) 051 av; n\,! rn,

l

Solve 2D Richards equation

v (X, 2z,t)

Numerical parameters
AX, Az, At

Initial condition
h.

Boundary condition

h, (), Ny (©)

A

A

Infiltration rate
I

r

Calculate L,

Boundary shear stress

Yo N (1), S,

Change in riverbank
geometry

Change in riverbank
geometry

Change in riverbank
geometry

YES
«——Mesh adaption Le > Axor Az
> Calculate FS;
YES

«——Mesh adaption

NO

Calculate FS

YES
«——Mesh adaption

Output data

]

END

B 2.15 A~ 47HNFE AR R
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Critical shear stress
T

C

| | Erodibility coefficient

K

d




RO K= T

o WIRIVHORR P SRR A

Firr g g

|

i S Y- S L ST\

|

AR AT A B

T - Zoip AN B

Bl 2.16 i3 B 7 A2 SR AT L W
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Pressure head, || (cm)

s s
4 N

t=12 hr
I,=5+10~20 ~ 40 ~ 60 ~ 80 mm/hr

| H | | 2H
[ > [ >
Mo ____ =18 kN/m®
Vy=0.15 m/hr - gtage Stage ;’zéskoPa
Vu=0.3m/hr yiging falling b_r e 3m
V,=0.9 m/hr ¢°=16
hy=0.6 ~ 1.2~ 1.8m hv@ h;
: _v
0.5H
A
7
3.1 BBARNREIERE FPESPIRMLRF
104 T v T T T 104
a [
@ Loy —— Sand _ 108 4 (b) Sand
\\ N —— Loamy Sand _§‘ 102 | —-—- Loamy Sand
108 b N N ——— Clay Loam | g o o \t\\— ——— Clay Loam
X 900 |
a
102 | 1 % 10-1 4
3 107
§ 107/
101 L 4 ‘—i:'; 10>4<
S 10%1
T 104
10° : : : : : 107 ‘
0.0 0.1 0.2 03 0.4 05 06 100 10t 10 10 104 105

Water content, & (cm3/cm3)

B 32 7 ~EIPEZEE I 2
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Pressure head, || (cm)
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Factor of safety, FS Factor of safety, FS

Factor of safety, FS

2.5

2.0 4

1.0

0.5 4

0.0

25

2.0

15 ;

1.0

0.5 4

0.0

25

2.0 4

15 &

1.0

0.5 4

0.0

Elapsed time, t (hr)

Elapsed time, t (hr)

2.5 25
(al) Sand; Vy =0.15m/hr (b1) Loamy Sand ; Vi, = 0.15m/hr (c1) Clay Loamy ; Vi, = 0.15m/hr
2.0 1 2.0 1
a
1 15 ] 7 15
4
> >
1.0 1.0
0.5 1 0.5 1
. T 0.0 T 0.0 T
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
25 25
(a2) Sand ; Vyy = 0.3m/hr (b2) Loamy Sand ; Vi, = 0.3m/hr (c2)  Clay Loamy ; Vyy = 0.3m/hr
2.0 4 2.0 1
a
g 154 Y 154
4
3 3
1.0 1.0
0.5 0.5 1
. T 0.0 ; 0.0 "
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
2.5 2.5
(a3) Sand ; Vi, = 0.9m/hr (b3)  Loamy Sand ; Vi, = 0.9m/hr (c3)  Clay Loamy ; Vyy = 0.9m/hr
2.0 2.0 1
a
5 154 y 154
y
> 3 >
1.0 1.0
—@— Hydrostatic Model
0.5 1 0.5 1 —v— Boussinesq Model
—&— Richards Model
0.0 0.0 T - .
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24

Elapsed time, t (hr)

B33 #kd g k=t Aig k2 FS3E v
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6.0

(a) Hydrostatic Model —e— Ohr
—v— 2hr
—8— 4hr
—6— 6 hr

:b
o
1

—A— 12 hr
—e— 24 hr

N
o
1

Z coordinate (m)

o
o
.

0.0 2.0 4.0 6.0 8.0
X coordinate (m)

6.0

(b) Boussinesq Model —e— Ohr
—v— 2hr
—8— 4hr
—6— 6 hr

:b
o
1

—A— 12 hr
—e— 24 hr

N
o
1

Z coordinate (m)

o
o
.

0.0 2.0 4.0 6.0 8.0
X coordinate (m)

6.0

(c) Richards Model —e— Ohr

—v— 2hr
—&— 4hr

—— 6 hr
—a— 12 hr

—e— 24 hr

:b
o
1

N
o
1

Z coordinate (m)

o
o
.

0.0 2.0 4.0 6.0 8.0
X coordinate (m)

B34 ®F@FxE kARG 015mhr 23 T kG AT B
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Pressure head, h (m)

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
0.0 - 7 : : :
0.5 A
1.0 -
E
S 154 .
= Hydrostatic Model
o —o— QOhr
2091 —=— 2hr
—8— 4 hr
254 —o— 6hr
—a— 12 hr
—e— 24 hr
3.0
Pressure head, h (m)
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
0.0 5 f . .
(b)
0.5 A
1.0 -
E
S 154 .
= Boussinesq Model
a —e— Ohr
2.0 1 —v— 2hr
—&— 4hr
25 4 —6— 6 hr
—a— 12 hr
—e— 24 hr
3.0
Pressure head, h (m)
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
00 Fe? 1 1 1 1 1
(c)
0.5 A
1.0 1
E
= o
§ 15 Richards Model
] —e— QOhr
2.0 4 —v— 2hr
—e— 4hr
25 4 —6— 6 hr
—a— 12 hr
—e— 24 hr
3.0

B35 ® e p»m ki AL 015 mihr in kg B4 KEE A H B
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Time =0 hr FS =1.43
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N
o

@ Pressure head (m)

-3.0 20 -1.0 00 10 20 3.0 40

[=]
A R A T

Z coordinate (m)
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DR
X coordinate (m)

T T T

w > o
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Z coordinate (m)

=
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RN NSRS
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(c) Pressure head (m)

Time=4hr  FS =147 T 7 e

-30 -20 -1.0 00 10 20 30 40

o 1o
X coordinate (m)

o
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Time=8hr FS =1.56

@ > ¢
=) =]
T RN R

N
d

Z coordinate (m)

=
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(e Pressure head (m)

-30 -20 -1.0 00 10 20 30 40

o
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20 00 " 0 40
X coordinate (m)
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o
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Time=18hr FS =1.62

g
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Z coordinate (m)

[y

(©)] Pressure head (m)

-30 -20 -1.0 00 10 20 30 40

. "40°
X coordinate (m)

B 3.6 F)Fiw At ok

6.0

PR

e
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Z coordinate (m)

Z coordinate (m)

Z coordinate (m)

Z coordinate (m)

(b)

n w » o
=] =] =] =3

=
o

Time =2 hr FS =1.44

Pressure head (m)

-3.0 -20 -10 0.0 1.0 20 30 4.0

0.0 "2.00 T 40 6.0
X coordinate (m)

©)

Time=6

w » o
=] =3 =3
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Pressure head (m)

b FS =151 T T
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Pressure head (m)
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X coordinate (m)

6.0
(h) Pressure head (m)
5.0 PN _
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Factor of safety, FS

Factor of safety, FS

Factor of safety, FS

25

2.0 |

15

0.5 4

0.0

2.5

2.0 4

1.5

0.5 4

0.0

25

2.0 4

1.5

0.5 4

0.0

25 25
(al) Sand; Vyy = 0.15 m/hr (b1) Loamy Sand ; Vi, = 0.15 m/hr (c1) Clay Loamy ; Vyy = 0.15 m/hr
2.0 20 1
15 4 15
1
>
. T 0.0 T 0.0 T
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
25 2.5
(a2) Sand ; Vi = 0.3 m/hr (b2) Loamy Sand ; Vyy = 0.3 m/hr (c2) Clay Loamy ; Vi = 0.3 m/hr
2.0 A 2.0
154 15 |
1
]
. : 0.0 : 0.0 :
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
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Factor of safety, FS Factor of safety, FS

Factor of safety, FS
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Factor of safety, FS, Factor of safety, FS_

Factor of safety, FS,
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Z coordinate (m)

Z coordinate (m)

Z coordinate (m)

Z coordinate (m)
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Z coordinate (m)

Pressure head (m) 4.0 Pressure head (m)
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Factor of safety, FS_ Factor of safety, FS_

Factor of safety, FS,
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Factor of safety, FS

Factor of safety, FS

Factor of safety, FS

25

25

2.0 4

25

2.0 4

2.0 |

(al) Sand;V, =0.15m/hr

2.5

(b1) Loamy Sand ; V,=0.15 m/hr

2.0 |

25

2.0 |

(c1) Clay Loam ;V, =0.15 m/hr

18

24

1.5 ¢4

—v— 1y=10 mm/hr —A— ;=60 mm/hr
—8&— 1y=20 mm/hr —e— 1r=80 mm/hr

25 25
(a2) Sand;V,,=0.3m/r (b2) Loamy Sand ; V,=0.3 m/hr (c2) Clay Loam;V,=0.3 m/hr
2.0 1 20 |
J
6 12 18 24
Ve 25 25
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Critical boundary shear stress, 7, (Pa)

River stage, h,, (m)
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Factor of safety, FS ; FS¢ Factor of safety, FS ; FS¢

Factor of safety, FS ; FS¢
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Factor of safety, FS ; FS¢ Factor of safety, FS ; FS¢

Factor of safety, FS ; FS¢
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Pressure head (m) Pressure head (m)
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Accumulated sediment volume, V_ (m*/m)

Accumulated sediment volume, V_ (m*/m)
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Retreat length, L, (m)
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Accumulated sediment volume, V,_ (m*/m)

Accumulated sediment volume, V,_ (m*/m)
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Cumulative scour depth (m)
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Accumulated sediment volume, V_ (m*/m)
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