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Development and Application of Riverbank Stability

Model Considering Rainfall Infiltration.

Student : Chun-Ling Huang Advisor : Jinn-Chuang Yang

Department of Civil Engineering

National Chiao Tung University

ABSTRACT

In this study, a model combining Green-Ampt infiltration theory
with Boussinesq equation has been developed to simulate groundwater
table variation under the. condition of interactions between rainfall
infiltration and variation-of river stage. Depending on the calculated
groundwater table, pore-water pressure can -be estimated with the
assumption of hydrostatic pressure distribution. Subsequently, riverbank
stability can be assessed by factor of safety based on limit equilibrium
method. The developed model was used to examine the effects of key
parameters including various values of soil permeability, rainfall intensity
and changing speed of river stage on the riverbank stability. In addition,
Cho-Shui Creek during Typhoon Krosa occurred in 2007 was chosen as
an application case. According to the simulated results, the riverbank
failure is easily to be triggered with high permeability soil under heavy

rainfall intensity or with low permeability soil under rapid drawdown.

Key word - Green-Ampt - rainfall infiltration -~ riverbank stability.
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IR EmA#H

AEILE AL AT ATEY® 2 Green-Ampt > JFIZh ~ B TR

H AN R EET AT

2.1 & 23t

Green and Ampt (1911)**32% 2 & & 7 -k £ (moisture content)4
AR N N s H BT 4R & 2 R & (wetting front) 3 % A
FoRIE2ZER > RE G E2 T R Lot RORE Z—TF
B R 4Bl 2-1 2B 2-2 e
ok o~ B 0 0 5 2 ZRE 0o s 23R S (porosity) 0 R
BORER A TIRE L R ETEES R 25T 2 R

» %R F (cumulative-infiltration depth) > Zo 5

F(t)=L(—6)=LAO (2.1)

PN AG=n-6 -
Ryt & T E(Darcy’s law) ok ftefod P ndepE > HiB g g

:‘-— .
¥ Z T 40T L

__goh 2.2
1 0z (2.2)
7 0 KLk 4 ¥ %#c(hydraulic conductivity) » g F A & o

BF oA S 23~ B 4 f (infiltration capacity) > 1 * (2.2)7

v i



f“:K[h‘@] (2.3)

v

AP AR o R AE A G2 KR o b AREG T B
IR REEB » 2 5 2. B4 2, 5 h 2. B 4% o

Bk b=hy > B¢ by £ F-RiF(ponded depth) o h, & B & 2K
PEB 0 h=—y-L oy 5 B m 2 vk 4 -k Ef (wetting front soil suction

head) o #-E3k % » (2.3)78 » ¥ (7

jJ:K[%w7uaq (2.4)

Bk B 2L F ok 0 =0 d QAN L=F/40 > & » (2.4)

v E
f*:K(z//AH+F] (2.5)
F
ﬁﬁ=§’?@ﬁ$ B
F(t)= WA&ln(WA(;+lj+Kt (2.6)
H(2.6) 5 $HEE R A > TR T S
ACE 4¥ﬁlj 2.7)

Bt=0fF > RAFF X BIFERF1=0=0 ~*>Q2.7)5 > PR
£AX(f(t=0)=w) > » % F(rate of infiltration)R] 7 "# & 33 & (rainfall
intensity) (f,=i)>» 7 WHER R 22 FIIE-BFFEAIHF X FFFR

R AN FE A RNE W o AR s F MR A AR
6



SRS >i)FE o »FFENERRBR(S=0) F r Kt P ITER R
B(f <i)PE > » %
AN BT

FUHABEFEL > S KB E NG MR ALE 2 R

2

FERNFNA(L=f) EE AR kA A

,:L

P A% -k BF @ (ponding time) 7 5 » 3 EA27 & 5 £ & 2 S ¥ A RPF
Badds a2 2L 3 T2 2800080 F 4 f0k
0 N A TR A S R A RS B U e

BRBAFRL =1, 0 A FFRF (=1, )=it, » »Fi? 5

HRHA =i d QAT EF KB

_ Ky40 (2.8)
" i(i-K) |
/L)\,Ft;,,\—\,j‘\l ;’fﬁ}\,ﬁ,m@ﬁ%)‘maxv@i
wAO+F
F-F -wyAOln| ———— |=K(t- 2.9
s H(V/A9+FJ ¥ _—

B2.9)58 R w (2.7)N 0 TE REFH RS B o

22 TR MY

- MZEAE LB T oRRE 4] S 4270 12 Boussinesq * 4% 3% (Harr

1962;Bear 1972) % -+

sﬁﬁ_Ka[ﬁﬁﬂ+N (2.10)
Y ot ox\| Ox

¢ 0 8§ & i (specific yield) 5 -k 4 -k £ (hydraulic head) ;
-k 4 1@ % % #ic(hydraulic conductivity) ; N, 5 48 i & (recharge rate) o
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2 RfRS ]S AN B 4~ 45 0F 2 (initial condition) % 18 R % &

(boundary condition)4 ] 2-3 #77F ° A7 450F 12 0 4o AToR

hy(x)= H(x,0) (2.11)
R b)) LB AR TR 2 Ak REE A e
AL R EE L
W0.0=H0 (2-12)
(2.13)

h(L,,t) = H,(1)

KE LA RASERER HOICH@0A B 5 ER P ERER S 2K

ETF": o

2

2.3 P RRTES

o 2-4 977 0 AR HE SR ARE BT P A e T
Kz G Ak et 3> U T G Apded 3 o Fredlund et al. (1978)F1

PREEFE-RGES o B kY A el BT BRARLED v R

S (o-u)EBE TR, u,) T E 2 Sl T AR

=L, (c+(o-u,)tanp +(u,—u, )tang”) (2.14)

u uns

AP g R RE e B TR L, R ESRG 2 Akt K
R &2 R A (effective cohesion) ; o & & v J& 4 (total
normal stress) ; u, = 4[4 f /& 4 (pore air pressure) ; u, = 3“4 K& 4

a

(water pore pressure) ; ¢ » 3 3 3 sT B = & (effective friction angle) ; ¢



SAMAETRATS A AT 4 5 R M AT E B2 & R (angle
expressing the strength increase rate relating to the matric suction) °
B Refor s HORRS IR F R BT E 0 a(Q214)0

u,—u,=0 > Bt HE 4 B R L

T = Ly (€ +(0-u, )tang ) (2.15)

N g AR 2 T A RAE L

sa

JRoR ARG b2 et RER -

BQ21DFREQIS)N L > 2L T4 G RheT AT

t=c L+(N-Ultang + Stang’ (2.16)

;YO Laip AR 2 BE RGN GRS UGB G 2 e
Fedt R 4 51 2. v 8 4 (hydrostatic uplift force) ; S 5 B3k m F A 4%
frd 2z A e 4 (matric Suction ) ©

AT Y 2 T APTEGm RAR AT T o I & > T
FS(factor of safety) k 2| #r@ 3 3% 4 21 5 o & > T & 5 ARG 2 1
7 5 & FR (force of resisting) 2 B3k w 2_ 5% # FD (force of driving)2.

W AT

FS=FR/FD (2.17)

TR G P 2T R R N ERR 4 A BSR4 AT R R B
Bikw A4 i‘ﬁ‘*é%fif% o IR FS2 w & > FS<14 777 gk 4 s o
FHEQIDN GBS LT R AR ERE S > R 2 GET AT

4T



ES— ¢ L+ Stang” + [Wcosy/b -U + Pcos (ﬁ -y, ):| tang

2.18
Wsiny, —Psin(ﬁ-wb) ( )

P WA RE P S F KR4 (hydrostatic-confining force) ;
g & i@ A o & & (slope angle) ; w, = A3k ® % & (angle of failure

plane) °
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AR RANTHEIELAE SRR N2 2 AR T
MR EREE S 2R o

311 %% »j22 38

FAGAd g AAp Sdc 0 A7 7 %% Rawls et al. (1983)5~
B 7 E B2 E R A~ 17 20 Green-Ampt » %323 S ok 3-20 %
- HH AT EREFA L T BERFRLDE TR SRR R 2 - T

B Bl Rt AP ZERRE G o F AR IRAT .

Hi(l)

Bty Xty tAr WA FFROR <, o B PE N BSE N R

N

fo Ao 3-1() 0 HIT QO E 2 R~ BIFEA

NG+ F
Fypp - Fy -y 20w | = gy (3.1)
WA6+F;0

R Q78T R@ Bt o R BRER BN A o

N

H2(2)
Bty Do AR R E SRR 0,0 Sl 0 B E

10 — :

A SR doB] 3-1(b) o 8 Q)N R 2 a4 0 BE ~ Ha
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L AR I TR AR B BIER S

F

t0+At

=F, +i, At (32)

B QDR E G B B Sy o F Sy i 0 R B
REEERN ~Zi 3 AR g B2 BT Fre 2R AT /m P2 F

w(3) o

Him(3)

Bty Dot Ar AR B g i S, <ip 0 Fom PR EE
R REER e ARG o Ao Bl 3-1(c) o Bt FER] 0 » B 4 BN
g R 0 f=i 0 B QO)FNRERRF L L R BIFR

_ Ky40

F 3.3
! itO_K ( )
b L:’—ﬁé]\%ﬁE’%‘fﬂ:)‘/?/F&7 FEF Y T A N AT

= FT+At_FT =
Fyo - Fp = KAt +yAQ In| 1+-DA 200 1=123,  MT (3.4)
wA0+F,

KoM EERS BERTIEL L LEFR A ~BIFR > MT
HE RN BIFEROREREEE . ()5 B0 T=t, > At=t-t, >

flr TREARFIE T RERHF B FR

M

M+1
f

(3.5)

FM+1 _ FM

t
M+1

<10°° (3.6)
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3.1.2 % TokG M2 E

QIO 5 D Fr2tMmE ks > BN S V=R r 3 ENET
A

Gl o oV
S, ———K ——)+2N. 3.7
\F ot ax(ax) (3.7)

P RE38 5 UL 4 2 (implicit finite difference method)#-+ 3 34t
Lig¥ £ 40T

I/;Hl KAt\/i(Vl:l 2Vt+1 Vt+1) Vt+2NrAt—\/E (38)
S, (Ax)’ 2

Y

R IR RERE P E R A SRR At S
P EE o

#(3.8) 50 & AT AT By 30T 3 BRATH B OB 4 N 4T

avl +bV "+ e =d (3.9)
F¥ @b ed AR ATR B E Tl 3 AR B e
7T

KAtV
a=-—— (3.10)
S, (4x)
KAt V!
b=1+2——"% (3.11)
S, (4x)
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F-ME (3.12)
S, (4x)

dZ—ZNrifﬁW’ (3.13)

FHUomBREEEERLSE m] BEF O PERERL Y

VAT A
n=hnw (3.14)
V)t =mt) (3.15)

e (31 eGSR A B9 R T EE BREY ER

B2 S 4z > & | % Thomas algorithm (Fletcher and Srinivas,
1991) 7 - fz

A(3.8); " o N A& By v d Green-Ampt 3+ 8 #7182 »

BERA AT ET AR TR RATEREL R E R N G200k o

3.1.3 2 W BB E

2R o TR G R DR E S LIV KR T RS A
P ke e L DAVHORR e F T kG Mg LB A

KR R T B RT A BT S

* Y MR R u, =y h, xcosO,’ (3.16)
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B3t KBy, =-y h xcosf’ (3.17)

R, Bk E e R, B AEGG 2 R - BRI KR R Y 0,

ETINS

ARG P R - BRI KRG RBRZ Re REAE o
WA b FICHORRES L P EA(U) fICHRRES
TEAERA(S) 4o 24 17 > B E 2N 4eT

rg4 y=["ud 3.18
0 w f

e A Szj;“” u,dL, (3.19)

B Ly s ARG b2 el KRR L, R RURG P2 Akl
R &R o L, &om ut LR D o

3.14 % > a2 & >

Bk B2 B ()N R TORS 2 L L T ( N,

PE O REARG L FHRA ) B (U)E AT (S)
A2 RS (P)EAFEG L2 I pEW) 74

QA7)0 3-8 & v & g R T2 % 2 Thlio BN 3 B IR A2 Bl e ] 3-2
HEE e (2T o PR BA TS R R B ERP

RS BRI HME S BB ApH oS e T Rp

Se n e g ok

I ()

PEEARRES P 2 ing sinf

(3.20)

PV ng;;:;g;*g;:g o
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AL WZész(cott//b-cotﬁ) (3.21)

;\4\1’ ,H’:_;j:ir—go

H

sin

Mo AR L=

(3.22)

Foobos 217)3% ¢ B s 2 8 B 0 AF F % 5 Lohnes and
Handy(1968)4= Huang(1983)% # * Spangler(1960)z_#*3 » 11 Vi

Ak
v, =(F+p)/2 (3.23)

3.2 N2 %I

3.2.1 "% > BHN2%RE

L8 - i 2N Y (Sandy loam)2 2 3 o E A Foklde £
3-1> ¥ d % 3-2 7 {75 Green-Ampt » 540 b (2¥c @ e fo-k 4 B %
B(K)% 1.09cm/hr » % 4 K (y)% 11.01cm -

BEN 3 32~ 3 S o R AR ~ R IE R A Bl 4cB] 3-3(a)2 4o B 3-3(b)
17 o d Bl 3-3)F qvo F PR S 60 min FER aghok 0 P Aok & pE
B 5 140 min » ¥ o 4B 3-3(a)£2 4-B) 3-3(b).% % &7 Chow et al.(1988)

2R - R FIRVHREMESZ A N BN TR o

332¥ TG MIE 2 %E

T F - [ H % 67— 2 Boussinesq  A2;\ 2 Bk 0 4o
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23 97 0 B ZREREE KL R(H@O=0); -RER L ENE

ah 2 275 pa v
P (=0) - AskiiF i

Hy(x)=h(x0)=2x (3.24)
P& )2 247 f# 5 (Bear, 1972)
_ hy(x)
h(x,t) W (3.25)
1+( )
S,L,

4P s gAY 1,12 0
Bk 4 BEGERK S 2.315x10° m/s 0 v FS & 0150 2 K
£RLGS5000m> ZRAFIES 100m> FREFIES 05hre 72 3 R
%S e 1% 12 hr 22 % 48 hr BoE 3Bl 1247 30 o B 5 A W4
Bl 3-4(a)2 Bl 3-4(b)#7 7% o BIF edic @t g & & adr a4 ¢t o

333 % 2 hEr K2 %E

AEILEAE R P A BT T > Gl B 2R E e R R
TE AT =33 ¢'=16°> ¢ =1 kPa> y, =18 kN/m’ > p=60°> y,=35° >
B s v LB 3-5a)2 B 3-50) 0 & 7 % % ¥ Rinaldi and

Casagli(1999)#7# - 3k > d ' 7 B FH iE 2 2 i fafd o
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FiFR G SBEE > F o {eRE 04

53 A 32 TEPRABEGEAL - P2 2 REFH ) A
1 & * #)(Sand, K=11.78 con/hr) ~ %) 53 * (Sandy loam, K=1.09 cm/hr)

Frak 2 &3 4 (Clay loam, K=0.10 co/hr)= & 4 3%
FTESRUEPF L 12 F o & A 553 A)(uniform pattern)Z_ *% &
¥ > *% @& 3 A (I, rainfall intensity) 4 %] 2 5~ 10 ~ 20 ~ 40 ~ 80 ¥7 160
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e

\\

4.2 %% F 4P AR T2
T EAA P E R EHW)A S5 0.6m- 15mFfe24m> = T ke
RMPE2ZPRZRERFEREEANFEE PR IARPE L A%
2@ AT AT R BB 4-1 P17 o
F)R BT AR 2 ER G RT

[ l

C BOER % o] 42 o
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SR E L 0 Ao B 4-4(0) T o gt b o kA B TR S8 TR
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Ak 4 w] 12 0.05 m/hr ~ 0.1 m/hr §2 0.3 m/hr = fdiE B (Vw) 0 | B0k
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A TAITL 0B F > GEEFRET R 410
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# 3-1 Green-Ampt "% & F L

Time(min) Rainfall
Incremental Cumulative Intensity
(cm) (cm) (cm/hr)

0 0.0 1.08
10 0.18 0.18 1.26
20 0.21 0.39 1.56
30 0.26 0.65 1.92
40 0.32 0.97 2.22
50 0.37 1.34 2.58
60 0.43 1.77 3.84
70 0.64 241 6.84
80 1.14 3.55 19.08
90 3.18 6.73 9.90
100 1.65 8.38 4.86
110 0.81 9.19 3.12
120 0.52 9.71 2.52
130 0.42 10.13 2.16
140 0.36 10.49 1.68
150 0.28 10.77 1.44
160 0.24 11.01 1.14
170 0.19 11.20 1.02
180 0.17 11.37

(F#L %k Jk: Chow , Maidment, and Mays, 1988)
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#.3-2 Green-Ampt 4 3% » 2 4p M % ¥

Soil class Porosity Effective Wetting front Hydraulic
3L n porosity soil suction head | conductivity
L e y(cm) K(cm/hr)
foxatgE | B4 ke | fokd @
Sand 0.437 0.417 4.95 11.78
) (0.374-0.500) (0.354-0.480) (0.97-25.36)
Loamy sand 0.437 0.401 6.13 2.99
L FR) (0.363-0.506) (0.32-0.47) (1.35-27.94)
Sandy loam 0.453 0.421 11.01 1.09
F)EIE S (0.351-0.555) (0.283-0.541) (2.67-45.47)
Loam 0.463 0.434 8.89 0.34
e . (0.375-0.551) (0.334-0.534) (1.33-59.38)
Silt loam 0.501 0.486 16.68 0.65
Mk R (0.420-0.582) (0.394-0.578) (2.92-95.39)
Sandy clay loam 0.398 0.330 21.85 0.15

F)EARS B (0.332-0.464) (0.235-0.425) (4.42-108.0)

Clay loam 0.465 0.309 20.88 0.1
=L EN I (0.409-0.519) (0.279-0.501) (4.79-91.10)
Silty clay loam 0.471 0.432 27.30 0.1
TR ARS R D (0.418-0.524) (0.347-0.517) (5.67-131.5)
Sandy clay 0.430 0.321 23.90 0.06
F)E Ak 2 (0.370-0.490) (0.207-0.435) (4.08-140.2)
Silty clay 0.479 0.423 29.22 0.05
ik FARS (0.425-0.533) (0.334-0.512) (6.13-139.4)
Clay 0.475 0.385 31.63 0.03
b2 (0.427-0.523) (0.269-0.501) (6.39-156.5)

(74 % J&: Rawls, Brakensiek, and Miller, 1983)
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B -1 =5 R ikl s 48 27 & W

(7 #%.% /7 : Osmanand Thorne ,1988)
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Surface|water elevation

Phreatic surface

Bl 1-2 3757 X Tk ki B2 T L E

(7 # &R : Darby and Thorne,1996)
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