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Retreat rate and evolution of knickpoints caused
by the 1999 Chi-Chi earthquake

Student : Hung-Yu Lu Advisor : Dr. Jyh-Jong Liao

Department of Civil Engineering
National Chiao Tung University

Abstract

The Chi-Chi earthquake occurred on 21 September 1999. This
earthquake produced surface ruptures of 100 km in length along the
Chelongpu fault, which strikes in north-south direction. " The knickpoints
formed at the river channel owing to the uplift of the Chelungpu fault. The
bedrock of the knickpoints belongs to the geological provinces of the
Western Foothills. The Western Foothills are composed of the Late
Cenozoic sedimentary rock which is usually weak and poorly cemented.
Severe incision in the weak bedrock was activated after its armor layer was
removed. ~ The maximum annual rate of kninkpoint retreat reached
hundreds of meters.

Based on aerial photographs/orthophotographs, derived Digital
Elevation Data, cross-section surveyed data, and field investigation,
morphological changes and retreating processes of the kninkpoints were
evaluated. The mechanisms of the knickpoint retreat were concluded into
four types: 1) plane sliding; 2) overhang falling; 3) abrasive erosion; 4)
block plucking. The conceptual models of the knickpoint retreat were also

proposed in this study. Two empirical formulas of the knickpoint retreat



rate were verified with the knickpoints data. The results suggest that the
empirical formulas might be not suitable for cases of knickpoints caused by
earthquake uplift, which could be improved by considering the mechanisms

of knickpoint retreat.
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¥ % (Wippleetal., 2004 )
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e Location
H: ?%%ET%FE
D : B BLELREERE

B 2-4 :8 & 2591 & B (Hayakawa & Matsukura, 2003 )
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£ % 15~40MPa » F]pt 3=

@ F st (£ 2-1)

Location Name of Type of Dominant Geological Distance of Duration of Rate of
(see waterfall origin lithology era recession recession recession
Figure 1) D (m) T (years) b/r
(ma')
1 Soho Falls C Mudstone Pleistocene 64 50 0-13
2 Oikawa-fudo Falls A Mudstone Pliocene 100 1500 0-067
3 Fukasawa-no Falls A Mudstone Pliocene 265 1500 0-018
4 TakKisawa-no Falls A Mudstone Pliocene 240 1500 0-016
5 Afuri Falls D Mudstone Pliocene 55 200 0-18
6 Zenzen Falls E Mudstone Miocene 200 2000 0-10
7 Ito-fudo Falls B Mudstone Miocene 8 6150 0-0013
8 Sanogawa-no Fall B Mudstone Pliocene 80 299 0-27
9 Ryogenji Falls B Mudstone Miocene 11 6150 0-0018

#2-1 §i9x% F & A A B g 2 (Hayakawa and Matsukura, 2003 )

Hayakawa and Matsukura 2& = = & @]i84p#ics F &2 Rant 8> F & ¥
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a¢ BELEI T L RARSFRTARZ BELS K KinE £ 540K
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C

% kg B (5123 5 &0 & Ryodenji Falls (0.0018ma™) # F/R 4;
Bcr B (234%x10°7) 0 82 2K 519 % & & 3 <2 Sanogawa-no fall
(0.27mat) # FIR w25 % » fes i+ %

‘> H & M #-Tochigi &% 5o Ryumon & # e fic )% ot szt &

g
—7fl'

il & DIT % 0.058-0.075ma™ ¥? Yoshida and lkeda (1999) ip| &

[P -l v 2 A4 o v S OR= Y P
% 0.1-02ma” A P - B E B > LAt H N A AR R EFH o

% 2-2 FIR 43 Besh 4% P 4 (Hayakawa and Matsukura, 2003 )

Location and Drainage Mean annual precipitation P Counterpan of Width Height  Schmidt rock Unconfined Calculaed
name of waterfall arca A discharge AP Wim H (m) hammer compressive F/R index
(x1Fm*)  mma’) (x10Fms™")  (x107 m' s rehound strength S (sce Eqn 3)

value Rs (%) (x10° Nm™?)

I Soho Falls 022 1600 51 15 014 18 145 18:1 351 % 107
2 Oikawa-fudo Falls 2.0 2000 6:3) 13 6 61 17 2041 245 x 10°°
3 Fukasawa-no Falls 0.60) 2000 6:3) 38 6 1 32 37.2 297 x 10°°
4 Takisawa-no Falls 11 2000 (6-3) 70 8 12 32 37.2 377 x 10°°
S Afun Falls 14 2000 6:3) 91 86 36 155 189 214 x 107
6 Zenzen Falls 11 2000 6:3) 69 32 5 14 17.8 324 x 107
7 ho-fudo Falls 018 1800 57 10 9 32 205 23.2 234 x 1077
8 Sanogawa-no Falls 36 1800 (57) 21 2 44 105 154 1.88 x 1074
9 Ryogenji Falls 03 1800 5N 19 1 30 21 23.7 105 x 107

10
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10

Rate of waterall wcession VT (miyv)

I.I..I 3 _ T T q T .
10 1o® Lo 1ot 10’

AP |?
F/R index, ﬁq?

Bl 2-5 FIR dp #c¥ 1581 = B T2 B (Hayakawa and Matsukura, 2003 )

Hayakawa et al. (2009)F2 5 =~ /%4 = — F B £ 9751 ej7 1 1B
SR REURE G TR AT R~ % B K BT HE gk o 1T A
b F SRR B E S & 8(Tr 1999 & 3 2005 & )i enpEar (£ 2-3);

SEP-F et s nE e i (A) f1* & 90m 7 DEM B8 » &

»

£ (P) 7%_.1961-1990 # 40 = F s = £ £ 1* 2 & » # & {¥(Daly,
2002) - @ E AR (W) friB E8k3 B (H) d i {1 F SHRIEESTRIE o
HRB R A Y kg & 2 %d N-type thy 24412 F BiE Ry
(rebound value) #3 = & BIR 455 & Sc» @ BF 7% FLik 2 §o/E FI A BB
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( Hayakawa and Matsukura, 2003 ) » #7118 -8 P &> 4 2-4 -

0.73

_g97[2E [P
% WH |S.

by
Il
ﬂID

Bz wF Y p oA Bosso X 4 % * 3 L (Hayakawa and Matsukura,
2003) LB ( B 2- 6) &P"I‘ v /?'Q’_ S jihﬂ@%,,«éw]ﬁ’x? :E = %t B0sso

L ERT R agng F oo T%‘-‘ﬁgfg

BAdept g R BIEES R

Wi

X ERE A LAk BAE 0 @ 4ok B EBEniH|iY o H P 3% Shomyo

Fallsi (Bl 2-6 ¥ 24 = £4)) sk Flivd ®v 5 <~ Ehm B0 o i3

FHFEIEF B H R FPRFIZPE? 37 ST TR F§ 4R

3 2-3w iEiEeniE TR ;¢ & (Hayakawa et al., 2009 )

Waterfall Name of river Recession distance Recession duration Recession rate
number D (m) T r D/T (m yr D)
1 Tachia River 20 6 3.3
2 Tali River 349 b b8. 2
3 Toubiankeng River 137 6 22.8
4 Gan River 211 6 35. 2

12



% 2-4F/R 4pdkin - #c P & (Hayakawa et al., 2009)

Bl 2-6 F/R 45 #c2 5)33:¢ 3

13

B8 7% B (Hayakawa et al., 2009 )

Waterfall A P W H Ry Se FR E
__number 10°m® (mm yr Y (m) (m) (%) (MPa) (—)  (myr)
1 1095.1 4000 160 6.6 17.0 17. 81 0. 0010 0. 64
2 25.5 2200 3 2.4 10.0 14. 28 0. 0008 0. 53
3 74. 6 2200 25 3.2 - 0.29 0. 0038 1.71
4 16.2 2000 5] 3.6 - 0. 29 0. 0034 1. 56
® Waterfalls in this study
A Shomyo Falls (Hayakawa et al., 2008)
O Waterfalls in Boso (Hayakawa and Matsukura, 2003a)
¢  Woaterfalls in Boso (Hayakawa, 2005)
O Poudre Falls (Hayakawa and Wohl, 2005)
A Kegon Falls (Hayakawa and Matsukura, 2003b)
X  Waterfalls in Aso (Hayakawa et al., 2005)
— Equation by Hayakawa and Matsukura (2003a)
102 € z 5 5 .
: | | e,
i i I ®
| | 1 e
101+ v = Ege i
= - ; 1
£ ¢ /
5 100t
Q — i
E i
©
| .
c 10 e A . AR SRR SRR IRIatH
o F 1 : :
= PO
@ B
@ ¢
3 e S
¥ 1024 il 2] i i
F - Dﬁ | | : :
C < i ] |
S B EeE
ECHE RN A
103 RS B |
107 10® 10° 104 103 102
FR index (-)
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m=0.3,n=0.7 » ;7 Jk Br& 22 ¥ is + &t @ B & ga b ki F] rotation &

replacement = *» ) > 18 L BLGIERAE X dE0s AL eNEEAE o 1B 4 B ke
Zaflr R R H T HEGERR A K EL (B R 55 log)( B 2-7)>
HAiph FALdo& 2-5> B 2-8 g7 WATEEHEE &K G ST RIEAPH
% {s &2 ‘Haykawa and Matsukura (2003). erdicdy 1 )3 % 5 R foin £ &

Bk doff g (B 29) - R 4 B A R T G s B

jort S (4o B K B A SR B B AV hfa QS & AS - )

A Mormalised distance
LB 10
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q
!
. !
g A3
o i
k] t 'l | 1
] h |.'. fo]|az
&'3 . e, M 4 "'%' 1"':
" + \_‘_4\ | % ':" i Fal
% [ f{ e
| L] .1. |/ 4
ket T
o | 1 1 ¥ 1 .f: i 1
100D R L

|’ |'
Distance downslrearn from hes lLI,iudlcr [rr-:I
¢ .I .-

/ I,

B Diatance downstream from r,éa.dwatq‘ [nh
5520 GO0 \‘)b?l: -'.IPL [Erat) ; Jeai] B‘JN axjn 20
0 T T T T =

o Fi il I -
B f P / e
- e ;o { E

. T R / ;o | -7

E w R I / e

E sif '“'“#’ | / 50

T o4 my .’ 40

o " -

o W ﬁy'\--.___ -
ae ‘*35;:_:-.-_-122"
= B = R
a 1 [T 1 [ B B Y
4000 3500 000 @00 000 500 1000 S0 0

Distanca upsiream from shore (m)

B 2-7f1* s piE: B L8 Bishop (2005)
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% 2-5E Scotland # -k & #% ¥ 18 & 2L 59 § % 4% Bishop (2005)

Knickpoint recession rates 775

Table 1. E Scotland streams used in this study Where the name of 2 stream is unknown, a topographic name asscciated with the
stream’s mouth Is given In Inverted commas, The Den of Peattie {imlics) plocs 35 a marked outlier In the Bervie Water tributary

data (Figure 5)
Distance of KP
Grid reference recession from Catchment
Area Stream of mouth shore (m) area (km’)
Locadoadwe Stazdathan Bay 6 0
Cattoriw Burn FI0
Glazzin Bum
g g
Da
Neras Witer
Bum of Benmolm
Dandinids
Sermidenre Dry Bum
Irrrton Bun
Bisclean Bmn
Mildown 3um
Abbey Bamn
Eyw Wielse
Longth of
tributary (m)
Scrwe Water tibuancs Pirzarry Bumn 395
Dwer of Pacrie 2625
B of Proaries 7 3RS
Hareden Bum 465
Woodbury
Mil of Garveck
T T T T T T T I T T T T T T T I
10000 ", Kincard neshire (K)

“O. Berwickshire {B)

Dy = a8 a4,
rfa092;p-00006 T

0, Destance of KP retreat fram shore (m)

1000 =
Caongolidatad aquation ]
L 0= 50,8418 .
u =092 p = 12107 -
100 Dy = 477458 =
1« 0-02; p = 0-0008 =
- + =
1° ' I L L L ' ' L I 1 ' ' 'l 'l L L 1 I
i 10 180

A, Gatchmant area 1j=_rn3}

Bl 2-8:8 & Bipi9FE4 e & -k o A B % Bishop (2005)
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1000 = + E Scolland Rv, A ¥ |
| TO. H &M (2003) R v, AP 3
- | CE. H &M (2003) Rv. A - Pl
- s -~ -
K - - i
| ] a ,aff
R - o i
+ ad
0100 + nt +# - O =
= C - -
's - R=00154"1% . 7 . "7 1
E B rP=082p=0002 - 4
o r - .
- .|- rd - -
'/- + T
-~
0-010 a2 // -~ 3
- / - L7 R=0002(aP)"" .
- + ¢ = 0-82; p = 0002 -
i . .
P
B [ ] e d N
G.DD1 '{J .I 1 1 1 'l"--l”l I? 1 1 1 1111 I| 1 1 ! 1 111 ||
01 10 1000 1000

AP (10 m? 57", A (108 mT)

B 2-9E Scotland ¥ % ¥ p ~ H&M(2003) ** # Bishop (2005)

4 B E&BEE B RS 8 5134550
2.4.1 4% 32 (inclination retreat)

Gessler (1971) i¢_Brush & Wolman (1960) #* & &% # )11 %
Lewis (1944) * 4 : 1 &) Fk i & 4o St B figen s % » 22 = 1138
ARLTAR N SRR o MBS RE T o P A S BTHE 3
TRl Pt ik ] 3k B R 4 1, 0 knickpoint face v [+ 5 &4 ciig
FAPEPTBERT 5 5 B 5P (knickpoint lip) Flit4 2 4 %
< e fy (sedimentload ) » #fy o T PFITAR o A S B EBE Y PEF R T F

sAF oI g (B 2-12 21 )
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T AR AR A LT L BT 4 R a4
Ll RS P RN LR FY st P ERrE
i‘g%“ ' T B A B Rd T~ B &%%E&.ﬂ?“ﬁ\i TR ] 30 10 A=
ig“'/’”m!:' FAF iﬂ- /‘J"}H /—)-/‘J"}HVJLT" o d A /",”?-,;i' ;d*}ﬁu]ﬁm%—j\;ﬁ » pb 75‘]3‘5’
B R b g SO 0 0 B R AR AP B A BT R T R

e g (B 21241 )%

2.4.2 T'%7 i§|i% (parallel retreat)

g C S S A ) BildelR L e R 5 7 T it A

4

L} ~
~
~

% # % (Gilbert, 1896 )~ # -} ~ /& 4 A (lreland et al.,1939) -
B %] ﬂ"f;-ti (Patton& Schumm,1981) RJ:8 £ g+ 5 11 T {73 ;58 739
(B 212 27 )o

Holland & Pickup (1976) fF i B L 2-T (7 §i8en= B 1 &

-——9

Peiap
(1) 2 E#HHaFmFaHi ¥ wc>0-
(2) 8™ kR 5 s #E > T 1ewo -
(3) T ARESEHAARMNRIE AT AN RF o @A
# 7= (collapse )

Holland & Pickup (1976)r2 12 1 1 rwjfe ik R & 5 » ¢ B & 1.2cm
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B R R 45 5 KT i (k1 Y i & B2 9 % (W 2-10) -

%

5

ik

o B A BLEI R PR R R 0 & 30T 2 A5 plunge pool (Bl

2-11) > # ¥ undercut c7{7 5 BAINE A > FRF K ML HE o

4
P

f :
I niz .
! -
7 : ;”uﬂl ' : :
{ 'u_',lO |G ]
SR Eaea
-52“51“: o L Figure 3. Longitudinal profiles, where H = height and D = distance, |
pa VA 1
-i 1 1 = | 1 L 1 1 | 1 1 1 I | ) 1 1L 1
10 e 50 100 150 200
D(cms)

Bl 2-10 :#5% % A2 B & 2|5 B (Holland & Pickup, 1976)
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~—————————— Knickpoint —--—1

)v::asgrcamﬁ ~ oversteepened upstrean

reach reach

Fitl -
(e

<\ parent
material

< plunge

Bl 2-11 * /| ¥ee2 undercut ( Holland & Pickup, 1976 )

.
1
F_‘-

< & E AR T 7 538 A & » 5 plunge pool 2 undercut 7

EO T N EC T e P Pt S S S 3 e 8 P C
PREREB A SR RO RS EFE  #E R kW
CE

2.4.3 Replacement

1

PRHRE S T4 p AR e BA R L TRR
R4 EFuTe ] ki Tt to BABDF Lt > FLELE

E‘hj 7 ii“i,ﬁr,ﬁrigﬂz ’_r/ fi“:r,ﬁr,ﬁr,)é‘ 2 ’\ f!i\!:'@/bﬂ?j—_f r 23__"—%}%
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(BB A BB R) B (s P grerpt 8 (] 2-12 + 7 ) o gt fE 454

g
=

c M A B4 g o blde iR 4 9k #5( Daniels,1960 )
AR+ (Zeuner,1959 ) ~ Pickup and Holland 2 12 @ 1 %) fo 4 ik 5

=
St 2 Beginetal. (1980) rei*f * wf s 4L o

[ —

T.® T, ]

UNIFORMLY

UNIFORMLY \'\ -._1‘ VERY RESISTANT
NONRESISTANT N <l .
'-[‘c « T, \-“ ¢
INCLINATION No
DOWNSTREAM DOWNSTREAM
AGGRADATION AGGRADATION

LAYERED i/
RESISTANT - / ~Te>Ty ™~ UNIFORMLY
NONRESISTANT

N " MODERATELY

H RESISTANT
L__.: -T. =T, \\'._. Te< T
PARALLEL RETREAT REPLACEMENT
| [=— INITIAL PROFILE SCHEMATIC EVOLUTION OF ENICKPOINTS
semsenses TIME 1 FOR VARIQUS RESISTANT AND NONRESISTANT
, ~—=--TiMEZ | BED MATERIAL

B 2-12 :8 £ 2t 7397 iz ( Gardner, 1983)

Gardner (1983 ) eizfgk & & ko0 1) H xekenig|i¥a) 5% & replacement -
- BEEPERFMER AR T - BE 183 F 1207
i 076 =R enf 2 AT L G RE R G - B R R ERY @
A F A E (T0%0F) > 19%F A dkd > 11%% 45 4 #rik & > 28 ch
HRwA S 1125g/cm2) & At B2t BE T 20%E A EES
11%; ] PR B ) (5 i fE 3 o BB 4oz % > 57 {27 HEmg
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FlenlEa) i e AR AT B 1 it - B4 T L 9.4om  iE
5.3cm( i+ 4% 2 B & 7.6cm) ok i £ F4F £.7.4 X 10m/sece( B 2-13) >

‘“‘j 150hr {$ £ 3] - B 4% 5 Km/alﬂ‘ﬁ /n Ak 3L {5 (n 2- 14) AR

—g\tuf“’zé:' J}V\ﬁﬂ’}’g‘wﬁ;é‘fﬁ °

|~

B 2-14 /i 48 = 15 5k i (Gardner, 1983 )
HEA =22 > TYPET# 2 (RUNTa~RUNTIDb): > TYPEID

-2 (RUNII )" TYPET ¢ i 2 & # hensl B W 5 0.005> TYPEIL ¥
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fi2 B AR % 0005 @ # & sk B Az47 5 -0.005 |47 = 0.045(H

2-15)° # ¢ TYPET #7RUNTa# RUNTb> B &858 £ 17 5 4R -
Jf:“-* 9cm &7 6Cm - B 2-16?5@%%&?;—? ’ é—i%f-g‘i % 1< 15 » RUN I

3 TR e P O R

a pid
RUNTb & 190 -] p& 4 i3] T g -
RUN T a8 45 /] g > S/l - Sehinid & 2 RE AL &

(B 2-17)0 % &k B £ 8 F 2 drawdown fumak (-3 27 )% B 3§
iR ET AR o B B G B e

B HRES > L ILREE U

TYPE I
__________________________________
TYPE II
£T
— BEDROCK SURFACE T
SCALE

--—=— ALLUVIAL SURFACE

B 2-15TYPE T ¢ TYPEI =+ 3 B (Gardner, 1983)
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12 13 14 15 ) 16
146 e, KNICKPOINT
- ———— HRS,
24.0 v IR SRRV L =

21.0

18.0

15.0

-

BEDROCK SUmFAce

12.0

ELEVATION ABOVE ARBITRARY DATUM (cm)

90 | '--__‘_‘h-_ ‘m“‘\
RUN Ia ~.. TNl
o —aim T~
—— 30, HRS. _'-""\‘_ "-\
T = PR
0 |_ C‘_J"'"-- —_
1 | l L
13 14 13 16

DISTANCE DOWNSTREAM (mefers)

B 2-16RUN I a -~ RUNI

b R %= 2% B (Gardner, 1983)

—
o

-
L

ELEVATION ABOVE
] [=r]

ARBITRARY DATUM {om)

CHANKEL BOTTOM
PAOFILE

SURFACE

ENICRPRINT -'/'
LIP

Ba

F
s 1

o
L=

VELOCITY {emsuec)

&~

OEETH fem)

[2%]
=
-

S o

=]

WIDTH [cm]

0

-
-

(i

B o5

= -

B 2-17 pEa

0 .
My WS 150 155 W0 185

170
DISTANCE DOWNSTREAM [m)

@~ ER i R R M B (Gardner, 1983)
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INCREASING

(b) Shear Stress

original h_[tl}}t‘l‘ﬁ%ﬂl\‘ "——"‘l
bedrock siope

mmomw bedrock
(a) Bedrock Channel
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2.4.4 7 B-RIEERLIEABF
WA BRI AT Y 0 B B RS T 1 U] 19 P AR
2o v e AR ] kAR A BT i ] o P ALl EERL
B a3 R EEAE E BRI RS AR R P T A D
FAEF 0 R ETR R TR R E e NS Aok G R
Rk o Tt g RINEFE RE P LNE R €A 0 P
FE o
(1) Pag 2 B RIEER S 45
PRI S 5 0 F e R RO A 2 2R F s PR
BMdane gL H g4 %4‘: wLoE 4 gﬁﬁmg BE o F Pl B
B R AR A o m R e f o T 4 e R
SRR oY TR S EETY VRS O T PR
B F o B RN > P Y] 2t 60 RPF L RN ER R A E T a
Hoeom HAR TP R N S A ed B E Pl 4 e
WIS SRy L F PR R P R R
ALK A4 T (32, 2003) -
(2) P £ 7 PIEEEAS 1
TR B R Al AR F RS b0 B¢ T AR R B OR8]
% & 48 F% (overhang )( Bl 2-19)## ik #7435 (undercutting )( B 2-20)
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B 2-194 % JL T 250 e 4 K )R AR (giianok 4] 5 ok 1045k o1, 2010)

Bl 2-20 ~ ET 5T g i d SRRy P E S (AR RIS T,
2010)
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Rk AlELES SR AR IRT R PARNEAL AT 2
FRARG S o e kS HEm (B 2-21) 0 FH X FIRE S F)R
B g 7

'?’/”%ﬂu’;fﬁ«é prm*ﬁ—le q] LL§ I;L‘J}&fﬂug 'é""—rg 4 m’g»,ﬂ_:,

PA AP IES A G AP B ARAEES FIARP

Fhiz ¥ 2 pO 4 A (E@ASt-R T E kI 4] 58 #7, 2010)

Y REEAE G A H SR LIMBE RS EARN R - LS ELEE | R EAHBIRAE T - 24 SIS 40 H
95 A Wi B A4 d HGZHH o XTRESREALANE

Ao AR HOGHE

) AR A bR L (G U A SR | )RR i B & - 2T RNEP RN
S IEAR DN B A 5% w4 R0 18T

‘\ \
?] 2-21 I:L'%Efﬁsﬁﬁﬁ; ,&gl-g‘; Ep A }\/”._1 =S (J:H.&E” ;H")(me ,{\j'lg
KA1 F kIR BIEE 7, 2010 )




Sl
§ 4 BT R %
Bop £AL AR PR o R TIE fliEET
ok A ¥

*
o R

BE R B

>HF B (B 2-22) 5

A%
32

)

LT (7P sk
lyiﬁ .ﬂJ%fgﬁi§

»‘-)//

eN% FF PR

ok

AR F k12 E] R #, 2010) ¢

a) REETHEWGALLR A

S

ALY
[HE

bk RISER g4 8
T 83F o SO BT L

e

HEM P MBI A LR MK B
FRAMAG AP ERFTELZ LA
W1

A F RGNk R RERE A Gy KA | e)H Bk 5 EH » 20T MBI BIN
SEAHOMEREL A A R A3 88

N

Bl 2-22 f] RPL A 5]

o

Rl eEe 7, 2010 )
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FEER RIRE TRl BT S E R INE K F 4 BRI
o Rl R AR IR E e B RGE S DR
(daylight) 15 » % i3 P30 € T i Jpdo 4 < 0B 6 T B A
PERT R L TG R Bl G BURA 2 o 2t S R IRESR (B 2-23)

F30E 5 F 6 (AU OR IR TR 47, 2010)

w) RLESAZBIAN AR R T LH N | b) FREBSLLEL DT OAGRE | o) ST AE L P W30 ) I 2 Sk
K &% & ¥ (daylight) » B 8% F £75138 8¥ W&
R E G e LIS Ak Bk

— A

) MMIEFHIAEASTE FaFe&E | F BUP FhRe N oW F AT E ik
TF 3§ 50 Bk e ) oh e B aa A ik

\ \
Bl 2-23 5k VR S HIF L ] (A8 K41 % -k 14315 #7, 2010)
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25 P £k evkinit a4 2 Puka e

HUHE PR LT fRP LB LS L R R
BFT LG RE 2 T IR R AP MR (o 2 IR 250
38V 7w T B T3 kR 4~ Jm# (Stream power) ~
BFofi~2PF8R 53 0 4 Howard&Kerby (1983) 3% ) ™ 7 i@

FERUEONBRARTTESF E 2 hd B4 G 407 42 Fadcdp

B 4E = KATS" ¢ o

Annandale (1995) ¥ & kiviz4 4. ( Erosive Power of Water ) £7 ¢

A Haim:*-éd»iﬂ 1% (Erodibility index K; value) # ! ﬂ—”é&:}ﬁ 1 e SEE SR

YN

F_&

Sipihks 2 0 2% i 4 dp 1% (Erodibility Index K, value ) » ¢z i *
@ e R x4 4 (Erosive Power of Water ) 17 i iz .38 4 &

& o (Fh TuF %2, 2008)

2.5.1 i 4 35 % Kh(erodibility index)

Annandale (1995) 2 ¢z Kirsten (1982) #88 & 7 =4 kv = 4

i+ 4 47 <(Erodibility Index) » #* - 37 #c 5 v 5 S ff o
K, = My x K X Ky X ]

B E FlA W A S A A R SIMe R A o K
AL m NIRRT R Ky N4 W j’z’f?fﬁ ERERENEIE S ST

CRENCE N N :}F] TiEod eI LFED #m/d"’gﬂ'ipﬁi’ “ri8 3 e Kh
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EAR B R R A B MIE A w4 AR B o Annandale(1995) 31 * 7

Klrsten(l982) L_#ml A QLF] ’]@:" CESIPE .l A3 é\ :'E s e ix A #F} ”@:" 54

* o
& Kirsten(1982) sz 4k sed@ > © 444 T HR8 > THAE - B B
M55 £ 73F4 > a Annandale(1995)4% d) ciF 4 = £ 4 > 32 5 B4

FLF kR PR & opoendE i G 2 8 (Rock) ~ R E 2 3 (Cohesive soil) &
#F 3 3 (Non-Cohesive soil) & s 4c » G 3 1 R agmEl £ XL E o
7 OM AR A RS BCNS TS 2RI e (R MR LR T

2008 )

2.5.2 7k iv x4 5% £ (erosive power water)

Koneni 4 i £ (Erosive Power of Water)fjﬁ»{fk oA BA A Ay
H e £ 0 e _Annandale (2006) 33 % #c #-E & id A B4 0 frER G
IRk S o R R R E I < U GO E LI 4 el Nl S ) SV O
iE 2T g4 (treampower) & 25V 5 dep 28 P 2B (Open channel)
-k 4% 78 (Hydraulic headcuts) ~ -k /v iix i & *% 8k (Flow over a knickpoint)
% > Annandale(2006)3% &1 7 e Frim T O B 4R h gt B o5

1.E S E P 3 (Open channel flow—Straight reaches.)

G M ESERT T g TN @k e R
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Pchannel =7. 853p( )3/2

Tw =PEYS
TdE R T R4 prkenB B gE 4 4viE BYUKIE,

SPIE R R o il &
2.7k 4% 78 (Headcut)

i AE
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Y

$ 7 7 rd //\// S 7 7
Vm 1

Bl 2-24Headcut F #5-k ireniz4 ( Annandale,2006 )

R 81 B %1 (Flow over a knickpoint)
THERAERTETF REEAA L (B 2-25) % w9 AR R
%JTF;&{E‘JE’?’&&EE}’FIX%—T;\ jig"_—,%;’ I /n‘-}‘@ 7‘1‘ “AVI.J:' 1-_['7 3

iz Rl o A4 Badd i 4R L g A 2

1[1 cos(6— a)
L

e WA * P
1+cos(60—a) 12 +LSf] & e & AT AE

q|1—cos(6—a)
SPkp=y [

L 1+COS(9—CZ)K1 +LSf]

Lg% & &

Seok i i R YE b 3o B H R

Kii¥ g2binidl 4 Beonic £308 0 &7 2% (zone3) s dic

H¥ L Senfe B A Annandale(2006) 4% ) sruE 2R 3L 5 P oFE D
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UPSTREAM TRANSITION DOWNSTREAM
ZONE 1 ZONE 2 ZONE 3

FLOW SEPERATION
AND RECIRCULATION
OF FLOW

B 2-25 R ' BL T #5-Kkieni=46 (Annadale,2006 )

253 Kh & s i#g 3 2
Annandale(1995) 88 /2 ¥_> d -k iz 4 5t £ (Erosive Power of Water)
A BT eV g Ak R (Erodibility) o ¥ 0vaE 209 kR & AT S (P)&

PRt el i

P = f(Kn)
Annandale(2006)4< & 7 = % (Sourth Africa) £ £ & B 7335 (USDA)

FHECELHEL P FRETHRIBTROAE 6 R LB RSk
i B3+ ¥ @ Erodibility Index Kh & c7=4 » %7 P BLAX $h(Kh )%y

wh(E4 5 S)E (B 2-26) RIMFBEEAFR > 3 84 405
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P, = 0.48(K)°** K < 0.1
P, = K%75,K > 0.1

R Y A LE Y Ees e PR B
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ETOdlblllty o Erosion

Rock and Complex Earth Materials © No Erosion
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B 2-26Erodibility Index *f £ A& 43 ;2 (Annandale, 1995 )

254 §@fin B

TRK 33 B R ZIE AR B A T R 2R e & S IR
Annandale (1995) #& 112 i & in# foft & (Kwim’) et &k # ™ 5
Kn2 075 5= ot B ikl Rl AHREH L AT G &> 2 pHp
AR GAE (R 227) A K EF e P e RN G § K, s

10 pF > Rk nst @ e 5] 5,62 (Kw/m?)» #A— 4kipif @ 4p ¥ 7

RO
i
=)

IR Sl : S

«»\

Flgt o U < LR P AT M e Fh R M fF o ¥

IRA A Ke2 0157 20 (B 2:27) ¥ H M kb ¥ 2
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Kn#Bl# (1~200) £ F — FA2R 2 Fwla 4 > gt B 35 Ky 3 4c @ iF

BrE R o

100000 -
T 10000
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=
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=
g e pipier of .1
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£ 1000 -

1.00 T |
U 200 i BUQ ] 10}
h

Bl 2-27K, £+ & o w P E v gk (gt k91 % R I3 8% 47, 2012)

2.6 % fil B 500 A 4 F S
FRESQULREP 47 EFE S % RS EBEIE L2
4o

1~ B&5gk2 Pli0F g 53 e B "E(S) < 0 fh 4 '8 (So) P 3
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0.0013m/y = 0.27mly (Bl 4-22); Loget (2009 ) Z3Zi ¥ ja ¥t
17 F) Messinian Salinity Crisis 5! 3% =8 & BE3 L > 5393 5 B i<
0.033-0.1mly % # B 6.6-20m/y (§] 4-23)> -8+ £ /%% < 7 %
2 G FApE BT AR RTF L oW B g R
BRI T SRR RS RS R RN R
Hobe o 4 beid BEBEITSE F o
f1#* Huangetal. (2012) % i*c#ic® 5 42 DEM ehF 4L > 22
et 7 %% 5% DEM TR > #3419 g ko4
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Location Name of Type of Dominant Geological Distance of Duration of Rate of
(see waterfall origin lithology era recession recession fecession
Figure 1) D (m) T (years) b/
(ma')
1 Soho Falls (6 Mudstone Pleistocene 64 50 0-13
2 Oikawa-ludo Falls A Mudstone Pliocene 100 1500 0-067
3 Fukasawa-no Falls A Mudstone Pliocene 265 1500 0018
4 Takisawa-no Falls A Mudstone Pliocene 240 1500 0-016
5 Afuri Falls D Mudstone Pliocene 55 300 0-18
6 Zenzen Falls E Mudstone Miocene 200 2000 0-10
T Ito-fudo Falls B Mudstone Miocene 8 6150 0-0013
8 Sanogawa-no Fall B Mudstone  Pliocene 80 299 0-27
9 Ryogenji Falls B Mudstone Miocene 11 6150 0-0018

Bl 4-22 p & Boso & § k% mi%& F (H& M, 2003)

River Current Current length [km] Lengths of Messinian Migration rate Lithology References
drainage incsions from [my™"]
area [km?] the current shoreline [km]
Nile 2,960,000 6671 1000 33-10 Sedimentary rocks, Granitic Chumakov, 1973
2000 6.6-20 rocks Barber, 1981
Rhone 99,000 812 300 1-3 Sedimentary rocks Clauzon, 1982
500 1.6-5 (sandstone, limestone), Mandier, 1988

Granitic rocks Baumard, 2001

Ebro 85,820 930 10 0.033-0.1 Granitic rocks, Maestro et al.,
Metamorphic rocks 2002

Durance 12,000 280 100 0331 Sedimentary rocks Clauzon, 1979
(sandstone, limestone)

Var 2758 120 40 0.13-0.4 Sedimentary rocks Clauzon, 1978
(sandstone, limestone ) Irr, 1984

Herault 2500 160 45 0.15-0.45 Sedimentary rocks Ambert et al, 1998
(sandstone, limestone )

Orb 1758 145 35 0.12-0.35 Sedimentary rocks Clauzon et al., 1995
(sandstone, limestone ) Ambert et al,, 1998
Sedimentary rocks

Tet 1400 120 40 0.13-0.4 (sandstone, limestone), Clauzon et al,, 1995

Granitic rocks, Metamorphic
rocks Sedimentary rocks
Tech 300 85 25 0.08-0.25 (sandstone, limestone), Clauzon et al,, 1995
Granitic rocks, Metamorphic
rocks

Bl 4-238 ¢ 2 %R E8H:3% 5 (Loget, 2009)
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% 4-8 « X E B L L PR LT K
HokE R B g HokpERE BEE Bt
P FAWE cms hr i EEgE (M) ~ #)i2:# F (mly)
1999/09/22 - - -
47 37.6
1999/12/20 - - -
2000/07/10 Bt 207 20
2000/08/23 FAler 334 35
2000/08/30 TG 454 64
2000/11/01 % 42 281 31
14 7.1
2001/06/25 Hat 246 16
2001/07/25 x 322 13
2001/07/30 e 3470 31
2001/09/13 N 3{5 2116 65
2001/11/12 = = 1 L -
2002/07/04 B R 2466 50
» 11 13.2
2002/07/10 5 3?? 513 26
2002/09/16
2003/08/24 + Repr 409 27 0 0
2003/08/26
2004/07/03 SR 4456 92
2004/08/12 K4 1058 35
, 60 55.3
2004/08/25 X< 1 7376 64
2004/09/12 a5 294 24
2004/10/03
2004/10/25 K 300 20
2004/12/04 %75 " 286 25
2005/07/19 P 2 2016 78
137 126.5
2005/08/05 L7 5317 61
2005/09/01 ?T\ F1 465 34
2005/10/02 L3 380 25
2005/10/27
2006/06/09 T 3120 91
, 285 228
2006/07/14 FAlEr 1744 51
2007/01/31
2007/06/08 ok 1527 142
136 98.9
2007/08/19 ¥ ta 599 69
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2007/09/18 el 3702 48

2007/10/06 o Ry 3943 65
2008/06/10
2008/06/12 3 742 58
2008/07/18 + e 3276 45
2008/07/28 0 1428 32 28 24.8
2008/09/14 F #5 6253 79
2008/09/29 E 2634 51
2009/07/23
2009/08/09 ¥ 180.4
2010/09/12
IO PHE L
*38 & B 51 R
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F49 % T RN IR PSR E PR B0 %

BokE e AR kR BEE BEe

mE FAWE cms hr 2 pEH (m) T i3 F (mly)
1999/09/22 - - =

2000 790 0 0
2000/10/07 =

2001 3954 -

17 8.7

2002 709 =
2002/09/16 1

2003 594 1 14 12.9
2003/10/04 -
2004/07/03 &l 5707 100
2004/08/11 W 237 10 0 0
2004/08/25 H 4759 60
2004/10/03 =
2004/10/25 o 198 14
2004/12/04 %75 ‘FK 650 12
2005/05/12 o 1571 18
2005/07/19 P 2 2759 84 20 17.7
2005/08/05 5 5 3406 70
2005/09/01 ?F 71 678 4
2005/10/02 L3 1957 22-
2005/11/20 E
2006/05/26 o 3143 115
2006/07/14 iUk 1227 68 ° °
2007/01/31 -

e BARHD B 3 B ME fend HpE R
*BABLEERY ST B Y AT S RET R
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T HPFTAHFE

20410 4 T ET R EE T AR AR L PR L) 3
I BAnE ok R #Le #2LE
PR b /P cms hr R iaE" 323 F (mly)

2005/11/20

2006/04/26 o 217 68

2006/05/16 E7%7 230 50

2006/06/06 T 3201 240 o %
2006/07/12 iUk 1227 68

2006/10/25

2007/06/04 Fo* 2462 32

2007/08/13 F 2139 45

2007/08/18 iz 2036 53 32 32
2007/09/18 7 b 2078 39

2007/10/04 17 B iy 3303 52

2007/10/29

2008/07/18 + 1 i 3083 21

2008/07/28 A 1868 32

2008/09/13 F #5 4224 60 £ g i
2008/09/28 % 2295 42

2008/11/28

2009/08/08 o 5410 45 23 25.1
2009/10/21

2010/05/19 14 24

o R hp I L D M i R

*BABEIIERD E R S SRR
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3 A 52

0411 = 7 RS BIGR R E R L PR R S

- I N SRS S 8 &g BEE
FA W& cms hr e (m) B3 F (mly)

BB 1 2 3 1 2 3
2003/10/07
2004/07/03  FTAAl 5707 100
2004/08/11 W 237 10 155 155
2004/08/25 Al 4759 60
2004/10/03
2004/10/25 A 198 14
2004/12/04 % 753" 650 12
2005/05/12 Fr 1571 18
2005/07/19 % 2759 84 135 195 124.6 180
2005/08/05 L0 3406 70
2005/09/01 % 1 678 4
2005/10/02 LCEE 1957 22-
2005/11/20
2006/04/26 B 217 68
2006/05/16 7273 230 50
2006/06/06 F 3201 240 € g R 1oL
2006/07/12 « #{i#7 1227 68
2006/10/25
2007/01/31 ; %
2007/06/04 % 2462 32
2007/08/13 3 2139 45
2007/08/18 % bey 2036 53
2007/09/18 ¥ 2078 39
2007/10/04  H B3 3303 52
2008/07/18  + r 3083 21 7 2
2008/07/28 B R 1868 32
2008/09/13 3 % 4224 60
2008/09/28 ¥z 2295 42
2009/08/08 i i3 5410 45
2010/05/19

R AP B 3 SR i ke
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ok E Bt ing oK pE R 8 4w AL
P b /R cms hr ):95Ede (m) © #):2:¢ F (mly)
2003 594 ] 14 22.36
2003/10/04 -
2004/07/03 St 5707 100
2004/08/11 R 237 10 0 16.46
2004/08/25 <9 4759 60
2004/10/03 |
2004/10/25 o 198 14
2004/12/04 % 538 650 12
2005/05/12 %3 1571 18
2005/07/19 g 2759 84 20 34.8
2005/08/05 55 3406 70
2005/09/01 ? 11 678 4
2005/10/02 w1 1957 22-
2005/11/20 -
2006/05/26 £ 7 3143 115
2006/07/14 ) 21 1227 68 ] RS
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R R S E R ol S Rl VRS S 1
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BE LB w A ISR R | EE 2 B S IR PN A) S
¥ ¥ TG undercutting sdiAS o fesd e A AR R o 4k PR FiK o W

B eid R fRP Tt A O 0 B B A 3R g U AR e 3o () 4-25)

Bl 4-25 32K 440 o S A ISR - X L e i
kA E

RER AR B M AT A e B R RIS kG P A L
ABR5FMEE > F 2 KA -

b A iR o — B AsG MV EE 2 undercutting 2 = i
Rl¥u o f8 kX FPRGE » o brbrp TR G 0 BHFAee e S e R &
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7 enff t% > undercutting A, L PR > B S A 0 £ 4 5 g HH
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(2) @ PR B PE KT

Y PEHE KT RS (R 43843 Brsgrih? ) il EE
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FIFLES ST > HR G 2 LE P o g 431 &k R A
B F A DR
(3) % £ Rk 2P 38 v ke
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) =

< K

E i H R Ues | "Fa k5 |Kh®E| s |5 R )
19990922 #iF # 3 % 10 g 14 | 009259 | 2.5
19991220 #/F # 3 % 10 g 14 | 016111 | 6 37.6
20011112 #3F #3 & 10 g 14 | 0.16508 3470 7.1
20030826 | #)F # 3 A 10 g 13 | 0.18518 2466 0
20041003 | #3F # 3 & 10 g 13 | 0.21485 | 12 4456 55.3
20051027 | #3F #3 K 10 g 13 |+0.3037 | 10 5317 126.5
20070131 | " %,j k ; B a8 kT |14 | 02ads s 3120 228

5y sk F) A
20080610/ " %,j & s kT | 16 | 036191 | 11.5 3943 98.9
B R BB B

20090723 | #3E B3 K 9.5 i 16 | 0.12037 | 6.5 6253 24.8
20100912 | #if #3 K 9.5 i 16 | 0.09492 | 3 3769 180.4

= TR OB UM ER
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20020916 (5K & # % 47/ #| 6 e | 23 - - 3954 8.7
20031004 |54 F # & 47 #| 6 @ | 23 - - 594 12.9
20041003 |54 7 A s <7 4| 6 ¥ | 23 - - 5707 0
20051120 |5 F BB 278 6 # | 23 | 02078 | 4 3201 17.7
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7 MisE—

fruit b 4 dp (K o B 295
1~ H#5 B % #i(mass strength number, M)
FRHRER 5 R R A SR PR 4% A (UCS) M3+ 8 & 24T
JE R A L1
M = G, X 0.78 x UCS*°> for UCS < 10MPa (1)
M, = C,. X UCS for UCS > 10MPa (2)

UCS : & & §75 & (MPa)

8Pr

G = 103

g: &4 %eif B (9.81 m/s?)
pri # B E (kg/m’)

K 1-1 # 7 H51% & =4 4 (Annandale, 1995,2006)

a8 A H i (My)
AR |# R 5% & -UCS(MPa)[H L 5 & Belt, M
3 <17 0.87
¥ 3 T=am 1.86
= - 3.95
B 6.6~13.2 8.39
P 13.2~26.4 17.70
26.4~53.0 35.0
oAl

53.0~106.0 70.0
BT A R >212.0 280.0
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& 72 = fie e (J,)
479 ‘e e Jn
ZEEEA G CESEEAR 1.00
- &K 1.22
— e e T2 2 A 2 P & 321150
GRS N 1.83
BB E TR R 4 S he B OARPY] §23212.24
=R TR 2.73
Z B EIRIH B M4 A P §32(3.34
VISR VRN Y 4.09
§ wag & SR /H K 5.00
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IS

Kg B d £ %8 ena 72 5 ek S 3c(joint roughness number, J)) & & 32 2 5

i

(joint alteration number, J,) % _% :

Kq=1" (5)
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pamARER SR RALZ i AR R

& 1- 3 & 1% m sfekE S BT~ % (Annandale, 1995,2006)
G0 AR R & TG sk L ar
P4tk &322 4.0
AR 3 RA] > F R 3.0
s = SRS 20
iEARE o TP A
NV AN "v \‘:Qt}
mT T W TR 15
N SR 1.0
B Ta o TG Kk 0.5
. s SRERER KL TR 2R 2 1.0
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M 1-4 & T2 Gk i £ #EA £ (Annandale, 1995,2006)

PEEREECER
510 5 R dy it LB HE )

1.0 |1.0~5.0| 5.0

(mm)| (mm) |(mm)
FhEs  TH O BESEALFTRMER 075| - | -
HI0G gk o WA G F T 10| - _
S Mk o BEBEAF S  RARARPEEHFALHABRETE L 20| 20 |40
#9033 2 AR B ehE BRI Hn‘iiﬂ s 30| 6.0 [10.0
AHBERLIAIBFEL BEEET R E AR 30| 3.0 [100
PN MBE N BRI ET 7; LY Er F IR 40| 80 [13.0
FEEZ ﬁ;@@?¢4%# BEETT g AR 40 | 80 [13.0
T R ks (R r*)»w BB R ET A 50 | 10.0 |18.0

PREE RS S E L D) R F R e R kiR e 2 R R G e
O & TR R B ALK .

# BuenA) kT Z & F & 39 [F jE (ratio of joint spacing, r) k £ & > ¥ d kR
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i 1-5 3 dF s % 2 S84 4 (Annandale, 1995,2006)

B I R

IR EEWL v
Gz He(Er R) |KemiEz R)

1:1(1:211:4 |18
180/0 €3 90 1.14|1.20(1.24(1.26
89 0.78|0.71/0.65/0.61
85 0.73|0.66/0.61|0.57
W 80 0.67|0.60|0.55|0.52
70 0.56|0.50|0.46|0.43
60 0.50|0.46|0.42(0.40
50 0.49|0.46/0.43|0.41
40 0.53]0.49|0.46(0.45
\\\\ \ 30 0.63]0.59|0.55|0.53
20 0.84/0.77/0.71/0.67
10 1.25(1.10{0.980.90
5 1.39(1.23|1.09/1.01
1 1.50(1.33(1.19/1.10
0/180 kX0 1.14|1.09/1.05|1.02
-1 0.78/0.85/0.90(0:94
-5 0.73/0.79/0.84(0.88
i -10 0.67|0.72/0.78|0.81
-20 0.56|0.62/0.66/0.69
-30 0.50|0.55/0.58|0.60
-40 0.49/0.52/0.55|0.57
-50 0.53|0.56/0.59|0.61
/ // / -60 0.63|0.68|0.71|0.73
-70 0.84/0.91/0.97|1.01
-80 1.26|1.41|1.53|1.61
-85 1.39|1.55/1.69|1.77
-89 1.50|1.68/1.82|1.91
180/0 £ -90 1.14|1.20(1.24(1.26
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Rl 1-1 2B E R E y/X 7 & Bl(Annandale, 1995,2006)
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