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Erosion Mechanism and Erodibility Evaluation of Riverbed with Soft

Rock — the Pa-Chang River as an Example
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ABSTRACT

In the Western Foothills of Taiwan, sedimentation and diagenesis for the
Pliocene and Pleistocene formations are still short in geological timescale.
Their engineering behaviors are tended to be like soft-rock, e.g. poor
cementation, high deformability, and low strength. Severe erosion in river
channel caused by water*flow 1s 'often’ observed®once the armor layer has
vanished.

The processes of river erosion on-seft-rock beds are not the same with for
granular materials beds. So river incision models used commonly considering
only on shear stress or stream power are not suitable for soft-rock. Geological
condition, e.g. discontinuity properties, strength, etc. do have significant effects
on the river erosion rate.

The Pa-Chang River is studied in this research. Based on the historical
surveying data and the results of intensively field investigation, the erosion
mechanisms are proposed and used to compare different erosion rates. The
erodibility index proposed by Annandale (2006) is also adopted for assessing the

erosion possibility of the river.

Key Words: soft rock, riverbed erosion, erosion mechanism, The Pa-Chang
River
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Stock, et al. (2005) & #pF =Rl EREL 5 (& 2 58) ERPE 2

FA R TR o ipult H R P X P 4 (bed-load abrasion) 2t 4 &

(plucking) i % » H &k 2 5 MM 30X F RBACRBERA F AR F T
B R TR AR MR @ B Ak A KR et d 4 Stock, ef al. (2005)
FRATkRS BREFVEBEF 2 ApHEEY R P8R FHEEKI RS
RIS O S ¥ ML S IR RO SIS EAR R AN
rE T F AR RN LaEE 2 e G iR Ko
22,6 FFFT S F B ung B

Bollaert and Schleiss(2003)3% 3} 23 iR % T = ¥ f| BueiT 2 454
£ 2450 S B B(W 2-T) 2 0 ikl 0 A 4 e e
RGN RIBUA IR 4 i Erad A U AR BL 2 B R g R

2R/ SR RS AR R ST LS S L
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@D rluncing jet impact
Diffusive shear-layer

@0

Bottom pressure fluctuations
@ Hydrodynamic fracturing
9 Hydrodynamic uphift
9 Transport downstream

B 2-7 F 7 5% 257 fijdeoar & (Bollaert and Schleiss, 2003)
22.7 RUEELIS IR s )

Sdiel(1992)4+ 47 i Nk "F ghen ™ = 8§30 A7 7 > £ 51 % Howard &
Kerby (1983)c17 2 jiiisd che RFEHE BB EGF 247 L35 ] #RI
2 7 % % (Eel River, Northern California, USA) » BLZR R "% BL¥7 Jn i ] 0
BogRAFA RABDELFRERG LB R NIRE 2-8 F 2
v FER R e hiEANT T Hl B g wEAETE

Rl g 2 MA@ DR 2-8 T 2 ehdE w A o
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e 3

B 2-8 X% BT - ghig4is 4](Sdiel, 2002)

2.3 WF & :}ﬂ &% iz - Erodibility index
231 @A

Annandale(1995):n 5 # A * 8 7 ik B3 B-RitafRe L e
B chps BTRE R o IR O it AR R T 0SS 'ﬁl o @B Gy
~ 5 the % - @t §£—402.1 & 473 Howard & Kerby (1983)4% ) ™ *7 1%
FEIIL ONE Y moankarkiniE it > A Kirsten(1982) 7 B Q-System(B
arton, 1974)#7 ivcn B MLz B30 > Z HREL TP AW FTiFid > £22 &

€ & 113w o 712 Annandale(1995)% Jg -k i &4k 4 (Erosive Power of

Water) &2 £ % /7 i #uik 4 4p 1 (Erodibility index Ky, value)#% ) i 4 35 1=

15



i drgt X T 5 T o

ST A dp R S A R R I % - $R k4 4p R(Erodibility
Index Ky, value) » £2 i® % 3t/@ fk e7-Rk 7 k48 4 (Erosive Power of Water) i 14
GG A E A BEaa E o
2.3.2 Erodibility Index K|, &

Kirsten(1982) 7 B Q-System # %8 55 34 & si(Barton, 1974)iF = fuiv
4 4p #(Erodibility Index) » ¢ — dp#ic 3 v 38 Sk (54 2.5)

K,=M xK,xK,xJ, (2.5)

.....................................................

RS

Bw IE S#cs B LN A MRS B criMes R BE sV B R < e K~ R A 33
RAFR T 5 R K A B S E e £ SR FiE LS

F e 2 dg T 0 d w23k @Rt Ak ag o) STIE P an K, AR F R 2

# A4 i 4 4% - Annandale(1995)3 1% 5 Kirsten(1982) i 48 4p 153%

v

> /24:\?21%3 ]_"":{ %/Ff%m;}'ml éﬂ'j’ﬁ‘fg—.fé * oo

91-

& Kirsten(1982) A & s4m > ¥ 454t T8 > TH4 ~ 53 5 I %
% B {74 0 @ Annandale(1995)# 1 e 0 = jE 4 > 35 BT U i
BBk o gL 5 £ %8(Rock) ~ 5 B4 3 3 (Cohesive soil )27 2hz B 14 4
(Non-Cohesive soil) % » 4r » 7 3t Al T 22 % o @ A7 7 e

BLATARE WP LA B R R  TRE B g T g

‘E’J/\ QWJF r,ggﬁ_%al‘} #m/ %%&m%i—%/é .
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1. #:#L3% B % #(mass strength number, M) :
TR > 2R A Slch® & S BcLE IR 55 A (UCS) > 7
T ANGY26 742754 2.8)3 8 M i@
M, =C,-(0.78)-(UCS)'"” > % UCS<IOMPa.................. (2.6)
M, =C,-(UCS) » % UCS>IOMPa........c.ceovinvarinnnnannn (2.7)

He C BT Ap¥ % A h#c(Coefficient of Relative Density)

PATHITIV L ([l kg () ~ g Grhdtit s 27x10° 5 # 2 44 H 2 E
(reference unit weight of rock) e
“,f TR @@‘{ﬁﬁaﬁim?.% SFRETME Bk X T R E R AR
(£ 2-1)F:Ef 5 culg2jicd 28 M & -
FTORBMAIEOM ENT 4 R ITL R RIR(F 2-2) 2EF P

HERE T ~ 5% SPT-N 1% 5 43 &k 45(% 2-3)

17



’ 2

% 2-1 # F e M 5 (Kirsten,1982)
Unconfined Mass
Hardness Identification in Profile Compressive | Strength
Strength Number
(MPa) (M)

Very soft rock | Material crumbles under firm Less than 1,7 0,87
(moderate) blows with sharp end of
geological pick and can be peeled off
with a knife; is too hard to cut triaxial 1,7-3,3 1,86
sample by hand.

Soft rock Can just be scraped and peeled with a 33-66 3,95
knife; indentations 1 mm to 3 mm show
in the specimen with firm (moderate) 6,6 - 13,2 8,39
blows of the pick point.

Hard rock Cannot be scraped or peeled with a 13,2 - 26,4 17,70
knife; hand-held specimen can be
broken with hammer end of geological
pick with a single firm (moderate) blow.

Very hard rock | Hand-held specimen breaks with 26,4 - 53,0 35,0
hammer end of pick under more than 53,0 - 106,0 70,0
one blow. - '

Extremely hard | Specimen requires many blows with Larger than 280,0

rock geological pick to break through intact 212,0
material.

% 2-2 @ E 2 smerrMetE (Kirsten, 1982)
Vane shear Mass strength
Consistency Identification in profile strength (kPa) number (M,)
Very soft Pick head can easily be pushed 0—-80 0.02
in up to the shaft of handle.
Easily molded by fingers.
Soft Easily penetrated by thumb; 80-140 0.04
sharp end of pick can be pushed
in 30—40 mm; molded by fingers
“with some pressure. ;
Firm Indented by thumb with effort; 140-210 0.09
sharp end of pick can be pushed
in up to 10 mm; very difficult to
mold with fingers. Can just be
penetrated with an ordinary
hand spade. ‘
Stiff Penetrated by thumbnail; slight 210-350 0.19
indentation produced by pushing '
pick point into soil; cannot be
molded by fingers. Requires
hand pick for excavation.
Very stiff  Indented by thumbnail with difficulty; 350-750 0.41

‘shight indentation produced by blow
of pick point. Requires power tools
for excavation.

18



% 2-3 LA R M2 3 e M, & (Kirsten, 1982)

SPT blow Mass strength

Consistency Identification in profile count number (M)

Very loose Crumbles very easily when scraped . 04 0.02
with geological pick T

Loose Small resistance to penetration by sharp 4-10 0.04

g end of geological pick

Medium dense. Considerable resistance to penetration 10-30 0.09
by sharp end of geological pick .

Dense : Very high resistance to penetration 30-50 0.19

of sharp end of geological pick—
requires many blows of pick
for excavation _
Very dense High resistance to repeated blows 50-80 . 041
' of geological plck—requlres power tools
for excavation

Bt F L Mg R M E s Bt AP OB T SR RARE R LR A A

2. 3F 2 B4R ° <1 £ 3(Block or particle size number, K;) :

Ko 64 1 chipins S5 5 % 030 1 ROD 8 72 o e 4 I, % %A

(74 2.9):
K,=ROD/J, ,HHISEROD<100 , 1<J, <5 ............(2.9)
BAFEL ﬁfgbzbﬁx#ips » RQD &+ 11 * 3 H enig e o 3 a7 (5N
2.10) :
ROD=[105—— 20 ) (2.10)
o J,J.)
T Ty~ LA w i xyz2 B2 e b & 2% DR enEIT i o

PG e h B ] 2 E R SR e 0 a2 R A 24

= »
o
Ee:|
—
=
fi
o
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% 2-4 & 712 = fic 5 #c J(Kirsten, 1982)

Number of Joint Sets Joint Set Number

J.)
Intact, no or few joints/fissures 1,00
One joint/fissure set 1,22
One joint/fissure set plus random 1,50
Two joint/fissure sets 1,83
Two joint/fissure sets plus random 2,24
Three joint/fissure sets 2,73
Three joint/fissure sets plus random 3,34
Four joint/fissure sets 4,09
Muiltiple joint/fissure sets 5,00

ot > RQD A%+ ~ 32 v fiedx 0 P Kb 4%+ > T 2 g4k Br(H. 18

AKX S )R 4 AR e
AR RS FERNE 2 B e Ky G- 8c0 P kL e Dgs S
T 5 N A S dies ik 201
K, =1000D" ... ..o e e, (2.11)
d 538211 7 4vo s RIS AN < > fiE s 4 AR F o
3. 33 3T T 3% A 43 (Discontinuity/interparticle bond shear
strength number, K,) :
Ky Ed £ %8s 72 g ek 2 #(Joint Roughness Number, Jr)¥2 & 32 it
% %% (Joint Alteration Number, J,) k #_& (3¢ 2.12) :

K,=J /J, (2.12)

?1:

1“%

T ek B R A FF R e LS Bo PR ER > X3

WG A REE w2 B 29 HEEE S G LT AL SE R
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Rough
1 W
I
Slickensided S Eh e
m
Stepped
Rough : .
g B
VI %____—-—-—-—'———'—'_
Undulating
Rough —
Vi
Smooth
v
Slickensided
X
Planar
B 2-9 7 id 4 @ 97k (Barton, 1974)
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# 2-5 & 12w ek 54 Jr(Kirsten, 1982)

Joint Separation Condition of Joint Joint Roughness Number
Joints/fissures tight or Discontinuous joints/fissures 4,0
closing during Rough or irregular, undulating 3,0
excavation Smooth undulating 2,0

Slickensided undulating 1,5
Rough or irregular, planar 1,5
Smooth planar 1,0
Slickensided planar 0,5
Joints/fissures open and | Joints/fissures either open or 1,0
remain open during containing relatively soft gouge
excavation of sufficient thickness to
prevent joint/fissure wall
contact upon excavation.
Shattered or micro-shattered 10
clays

LR NI, B F R T N R M Ao R R
Bl LR L T RGBS 0 &% 26 HETE

T HrenfR K18 AR 2 S R A TR B S e
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% 2-6 &30 :7 % 4k J,(Kirsten, 1982)

¥

Joint Alteration Number

Description of Gouge (1.} for Joint
Separation (mm)

1,0t 1,0 - 5-0 50
Tightly healed, hard, non-softening 0,75
impermeable filling
Unaltered joint walls, surface staining only 1,0 - -
Slightly altered, non-softening, non- 2,0 20 4,0
cohesive rock mineral or crushed rock
filling
Non-softening, slightly clayey non-cohesive 3,0 6,0* 10,0*
filling
Non-softening, strongly over-consolidated 3,0 6,0 10,0
clay mineral filling, with or without
crushed rock
Softening or low friction clay mineral 40 80+ 13,0*
coatings and small quantities of swelling
clays
Softening moderately over-consolidated 4,0* 8,0** 13,0
clay mineral filling, with or without
crushed rock
Shattered or micro-shattered (swelling) 5,0* 10,0** 18,0
clay gouge, with or without crushed rock

Note: 1. Joint walls effectively in contact.

Joint walls come into contact after approximately 100 mm shear.
Joint walls do not come inte contact at all upon shear.

* Values added to Barton et al's data.

** Also applies when crushed rock occurs in clay gouge without rock
wall contact.

bl o Sl o

B R B 2R RS S R o R G I R T R R Sk

KeEd A BEE y - HGE2.13) B i BN JOpR Rl 4 &5

AN
pas)
ﬂt
ol
&
—
—Fre
[
\\\Xr
Gl
S
.
1
7—1
T
-
Sl
¥
9
BN
e
=N
fﬁv
~

PRI A H AL SR 8 B SRR B E A %) B (B 2-10)F A
BrowamPHERWE X RiFragtEGV2.14) HY px Edh < B3] 8!

r=1:y/x when y/x>8 , r=1:8 ..ccciiiiiiiiiiiiinnnn. (2.14)
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r5EaF R E TR AR DR B OB RS s

bl

— P> Flow direction

Joint spacing ratio, r = 1: y/x

B 2-10 ZH.% B = y/x(Ananandale, 2006)

Removal of blocks by flowing water
is easier than removal of elongated blocks.

\
[:>Flow :>

Elongated slabs of rock Equi-sided blocks of rock

B 2-11 /& el i & sl Lz 4 50 4 F (Annandale, 2006)

&

A it R M K e e S F e

WA
o

B
4

B R Sl R TAT 0 £ 2.7 I
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 2-7 » iR iE % #c J(Kirsten,1982)

Dip Direction of Closer Dip Angle of Closer
Spaced Joint Set Spaced Joint Set Ratio of Joint Spacing, ¢

(degrees) {degress) 1:1 1:2 1:4 1:8
180/0 ' 90 1,14 1,20 1,24 1,26
In direction of stream 89 0,78 0,71 0,65 0,61
flow 85 0,73 0,66 0,61 0,57
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 0,98 0,90
5 1,39 1,23 1,09 1,01
1 1,50 1,33 1,19 1,10
0/180 0 1,14 1,09 1,05 1,02
Against direction of -1 0,78 0,85 0,90 0,94
stream flow -5 0,73 0,79 0,84 0,88
-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

Notes: 1. For intact material take K, = 1,0

2. For values of r greater than 8 take K, as forr = 8

2.3.3 -kiniz4 it £ (Erosive Power of Water)3* &

Ko eniz 4 iy £ (Erosive Power of Water)(5¢ 2. 4),T* Aok 284 B4
A =it £ 0 124 Annandale(2006)3% 5 At BB I id A R4 0 FrER L fp B oen
REBA g 32 RRLRZHFEFRERGEE RS FERET
;% 7 (Stream power):t & 2 3% > 4o p ZA P 2B (Open channel) ~ -k 4% 78
(Hydraulic headcuts) ~ -k 7 i i % *% 8L (Flow over a knickpoint) & >

Annandale(2006)# ' 7 B FR T W U B 4R F gt g o5
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1.E A E P 2 (Open channel flow—Straight reaches.)

e

I

MBI T T TRk R B

k.

P

channel

= 7.853 (1)
P

7, = pgys

Tw:%&gﬁ%J ,PZ?J(E'T’ }igﬁ‘% 4\11?}%,}1 J\/ﬁcslal'ﬁl’,‘-ﬁ mm3§£

2.-k i 4% 78 (Headcut)
feokof & BAR P SR e 2 KGR ERIEA) S headeut Sk (R 2-12) 0 ot
ek e 23 8 R0 gl 0§ ME R R Re i B ey

LA N 216 £48

i 2
SP, . =my,| 22+ 2+ 20 R S (2.16)
Yo 2 Vel 4203 Az 3
H 3
joo |2 3 o N3 Az B0 aer e 2 % 2.4 s dh chis B
e 20y 42 Az 3
V. 2
i AE o
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Az

5 Ve
N g4
: v,
Y Feee
1
] 2-12 Headcut ™ 5~k /& e1i% 46 (Annandale, 2006)
3. %% gLy B % i (Flow.over a knickpoint)
THEPHET €T REEDEL (B 2:13) 005 R dq PR A REEE T

A plam R T U N0 1T R BRI B R R T 2 S A hiEs

F4o A BT P RAEY gk o 2
1 1_ - V2 ’ 2 s v ~ ’ 0’ [P ) 7
Llmeos@za) o Pe | g iy w5 2 2.4 stk cni B S AE o -
L 1+cos(@—a) 2g
1- - v,
sp =y dpizcost0=a) ;. Vs F LS, Tereeeeii e (2.17)

kp_}/L l+cos(@—a) 2g
Se: PkyniniE R 'E LT 0 & W
Ki: g2ttt o €318 > &7 %% (zonel)i—- B 2k
H¢ L Seenfs B & Annandale(2006)3% 1 ez AL T L 5 PR N e
Bl B R EET LG kR L TR BHE R ]
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ETBNF R G AT NTF]F o

=

UPSTREAM TRANSITION DOWNSTREAM
ZONE 1 ZONE 2 ZONE 3

FLOW SEPERATION
AND RECIRCULATION
OF FL.OW

] 2-13 R "% BETT 5-RengniE4s (Annandale, 2000)
2.3.4 TR 2
Annandale(1995) 7852 &_ » doskeEAdi. & (Erosive Power of Water) 14
2 B 7 ¥ i 4 R (Erodibility) s 7 1432 209 Jk et £ ) 475 (P) & iz 4

At T (3Y 2.18) ¢

PEAGS E B R R B b iz s €3 5 & Erodibility Index K, 1 £

L KU P EE A x $h(Ky B)E y dh(EA ) ETS )Rl (8] 2-14) 0 RIS
BEZAEFR > 3 #F2 28T p gL F oo 8L 25 2 PR T

6 BE S dogt T e M2 RS S BN T 4 R RAe SR R
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w7 49&

& 70218 5542192200 4
Rl e

P219 5 WL R
A @ 3 220 50 2

’ Fo2 LI R A RORR AT HRL IR 0 1
K & %

o

)7
50115 ARAESPRTFEKEREd NS LA 6 2
8 G M

Pc=0.48(K)**,K <0.1

Pc=K""” K >0.1

- KRB gL R

FOE R BIE PRI

-
K, B2 g R R BRI

=387 Ky TE;I-A:\ s ﬁ

S 2 EELARIF 2-14 o F Y B
G P L W G 4 BAE T E e R AT AL R 4 B
Frm s & BT 4 e A N o ik Kyld 5 9 s iz A i

E TP R B

R R R
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EFOdibl“ty % Erosion

Rack and Complex Earth Materials © No Erosion
10000 = ;

= % &
__ 1000 = = &-&
E =
= = 3
= o ¢ Q
= B @ 0.5 O
= |
-3 100 & & hid 00 00
@ = ) Q
a E © 34 @ e
2 = & ® ® D
=] - . ° Pl
P -
8 1L > % 8.°% & e Gt o
i E ¢ ° $°2e |7 0 I
B - ® - o) o}
@ — ¢ @ g ¢ ° 8@ (o] o] Ie}
K - g e ° $H.a® . 0

3 a e od." & Gooc@@ ol ©

E b W= o

E @ 4 DOO 8 e} % o

C o9 p®* "0 pO O o

- O 'e)

0.1 1 1 ll.-t'l"l.l 1 Lol L1l 1 | 1 | W W 1 | 1 L Linli
0.01 0.1 1 10 100 1000 10000
Erodibility Index

] 2-14 Erodibility Index ™ iz g s iE 4 <137, /= (Annandale, 1995)
2.3.5 BT R bR
¥+t Annandale(2006)4& 1! 559 :}F im0 > Wobe 53F 5k %

B s 4o4e £ % Gibson Dam 37 7 3ok s 8 Fe4d 52 2 4] ~ & 17 Ricobayo

Dam jF i v AT c X > N TR EH BRo] (Ta%3 2@ ¥
F b e
1.Gibson Dam

T Bk b3 £ B 4 £ & 59 Gibson Dam i B3 K 3R a B 3F R
AATEF W R R P A O RN RE o - e R R

(impact area) < " & AT BIEH € RIF A & AAHH =

g
W
7
2
5
=
3\
A
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FAa CEMELRERLD S KA E R R G 2 R R

8

PR BRE 0 #9753 & 2 * Erodibility Index = j2 3% iy 4o U 3
Lo XM AR B RE A W ERES F(concrete) AL
% % (fractured rock) 2 & # 2L # % (Hard foundation rock) » X {& #-18 3| i
FEEFEREIK B 51 1A OERTALZ BRBIETERK
FIKy B BB K, B0 RS RE K, EEd O8N E R R A

(# 2-8) -

% 2-8 Gibson Dam K, & &2 B2F ik 4 = 4 83+ 5 (Frizell, 2006)

Material Erodibility Threshold Stream Power
Index {K) Density (KW/m?)
1 (Pc)
concrete - low 6400 715
concrete - high 8500 885
fractured rock — low 200 53
fractured rock — high 400 89
Hard foundation rock - low 5100 603
Hard foundation rock - high 12000 1146

ERIEBISBIEG S G FF R ERASS BN TR ET R
KRBT R ke 4 T T i LT A R Lk
PE* T 1964 £ A hfr g EoREE > AR E Q=18500 ft'/s T > -kin
AEHE 323 R TR Y o BB FAET LG EEE T e (R 2-15)

B e W R kiR R 4 (£ 2-9)

Botsd K, B8 kimins B8 A 4 pah 2a TRl &R (R 2-16) -

B - -}

BPE AR T AR R A DR T G § R g
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B 2-15 &% % e fF (Frizell, 2000)
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% 2.9 1F% f B B ok in 7 (Frizell, 2006)

El. Nappe Areaofjet Stream power Stream power Stream power  Siream pow
under fog)tprint density {f-Ib/s/ft)  density (fi-lb/s-ft?)  density (HP/)  density (KW,
side (£t
4729.00 7.43 176966 - “ 23808 43 347
4728.00 7.59 188843 243897 45 363
4727.00 7.66 200720 26212 48 303
4726.00 7.72 212597 27541 50 402
4725.00 7.78 224474 2B368 52 421
4724.00 7.83 238351 30186 55 441
4719.00 8.08 295735 36600 67 534
4714.00 8§.32 356120 42690 78 623
4708.00 8.55 414505 48465 88 707
4704.00 878 473880 53945 98 787
4699.00 9.02 533274 50150 108
4594.00 u.25 592658 64101 117
4689.00 9.48 852043 6B815 125
4584.00 9.70 711428 73308 133
4679.00 9.93 770812 77598 141
467400 1016 830197 81891 143

R 1035 _ H
4669.00 10.70 889582 83152 151

4664.00 12.46 948968 76152 138

4661.00 13.52 984597 72828 132

4660.00 13.87 996474 71833 131

4659.00 14.22 1008351 70887 129

4654 00 15.99 1067736 66783 121

4648.00 17.75 1127120 63495 118

4644.00 19.51 1186505 80801 1114

4639.00 21.28 1245889 58553 106

4634.00 23.04 1305274 56650 103

4628.00 24.80 1364659 56017 100

4624.00 26.57 1424043 53601 97

4619.00 26.33 1483428 52361 g5

4614.00 30.09 15642813 51266 93

4608.00 31.86 1602197 50293 91

4804.00 3362 1661582 49421 a0

4599.00 35.38 1720966 48637 g8

4594 00 37.15 1780351 47927 a7

4589.00 38.91 1839736 47281 a8

4584.00 40.67 1899120 46691 85 681
4579.00 42.44 1958505 46161 84 674
4574.00 44.20 2017880 45653 83 666

4568.00 45.96 2077274 45194 62 660
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Stream Power (kW/m?)

10000 ¢ |
- stream power at _
| lower abutment
1000 L fractured T
E faundation j zfconc:rete
a ~ sGour O : -
am |
100 - i
. AD-O
Erosion
stream power
10 at upper N\
abutment hard foundation -
\ no scour seen
1 .
g lerosion thresold line No Erosion
0.1 11l L [ N — i1 1 T A t i1 1 ey n by
0.1 1 10 100 1000 10000 1000
Erodibility Index (K)
Bl 2-16 K, iw 22Ky 7 Bk 8] (Frizell, 2006)
2.Ricobayo Dam

1B % G A g R BT R BT (] 2-17) ok A

HF - BAFALER2-18) FEFBR AL FS LR 2 2T H

-\
AN

B E&RFLOpH A FAZBB YR 7L

R B

Pl

HIRRA LA B HINA > §IER R PRI IEe RhFR o Ba T

B * o
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B8] 2-17 Ricobayo Dam #-4t (Annandale, 2006)

Zone 2: Joint structure dipped against the Zone I: Joint structare dipped in the direction
direction of flow, Wh.mh msl.tlt.'s e of flow, which is more conducive to scour
Test fiadhe ve cagecity of watee. failure and removal of large blocks of rock.

Only small blocks of rock are removed, if at all.

] 2-18 Ricobayo Dam /i i% if %£2| % [Bl(Annandale, 2006)

# 2-10 Ky, @ % % 35 K/ ix# (Annandale, 2006)

Resisting
ucs Erodibility power
Unit Mpa) M, RQD J, K, J, J, K; J, index(K) (kW/m?

Granite-zone 75 75 7(_)' 2.73 25.64 1560 2 0.75 0.5 721.15 139.16
2-high
Granite-zone 75 75 70 2.73 2664 1.50 4 0.38 0.5 360.58 82.75
2-low

Concrete 35 35 100 1.5 6687 300 1 058 1 1347.15 222.36
(high)
Conerete 15 15 100 1.5 66.67 3.00 1 058 1 577.35 117.78
(low)

RGP A KT R AT R (R 2-11) 0 B RAT A
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4. 2-11 » =0 AF ¢ % ko3 iy (Annandale, 2006)

Date Q (m%/s) g (m?%/s)

1935 1000 24.7
1936 1280 31.6
1939 3230 79.8
1962 4800 118.5
634 ._ : 670. Apprommatc axis T e
N 3 ofantmhne ; . 6,85.'
 § 660
fe35
610
3 585
o w0 a0 30 40 50m

1 - January 1934, 2 - March 1934, 3 - March 1935, 4 - March 1936, 5 - January 1939

B 2-19 & & f & 7 /& if ¢ (Annandale, 2006)
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Bl 2-20 1935 ;% -k (Annandale, 2006)
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-
Lh
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Bl 2-21 1936 - 3 *k (Annandale, 2006)
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1962

Range of concrete !
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~]
(@]

3 BEER EE T T
0 100 200 300 400 500 600 700 800 900 1,000
" Stream power (KW/m?)

I — - - High strength — = Low strength === Erosive capacity

] 2-23 1962 # ;%X K (Annandale,2006)
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e O S A s =

£ 5 P. i 15.56~30.73(kW/m’)
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BE%ded 4-50

045 JRv T ERE AR H ik

% #c bo| & AR}
M, 2.5 3.25

Ky=RQD/J, [100/2.24=44.64 |100/1.22=81.96

K&=J/a 1.0/1=1 1.5/1=1.5
Js 0.67 0.9

Ky 74.77 359.60
P.(kW/m2) |25.43 82.58

B RBFRIRT LT AL B LR G R S M A A %
B Ky BEHg i 2 S8 S ZoBIR5 o SIS & B4R E 5 HETHMGE R > @

PRE 2.1 2Z&kenfi 2 My B8 Mefed o~ H ) A8 5 258 325 A% %

g R T T SRR P IR > F gk gt 18 e e L2 KL S T8 A -] B s 224 ;
§ 78 e IR %23«,?5;']1‘#13 RS EFIEY crE o y/x B L Hood IS ERYL &

0.67 A% %&b M T RT LI LRARE B AR TR P 4 8K, B RS
74.77 £] 359.60 2 [ (% 4-5)» &34 220 7 (F ¥+ B i B P E 5
25.43~82.58(kW/m’) » Ap 43 fawi G ik TR £ B

95 HLBTG T RS K B it Bl AP R HIRE K FE 0 RA BT

B a34 @b m By o ik S f e i B A Bk ek 46
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% 4-6 95 BTG T EIRE K B R £ AT A

e o] B B4
\Y 1.86 3.95

Ky,=RQD/J, [100/1.5=66.67 |100/1.22=81.96

Ke=J/J, 1.0/1=1 1.5/1=1.5
Jg 0.67 0.9

Ky 83.08 437.05
P.(kW/m®) |27.52 95.59

ya

WPl s RFHRRE R R H NHE R R K A 3~6MPa 2 B > F]Ut M (& chje
Blik 4 2.1 F:x5 ] Hh~ Ea%5 1.80 3 3.95; 5 SRS R
T w0 T ), E s 122 2150 95 BLEte T AR B & 4 F) E Fui
&K, B F 5 83.08 437.05 2 (2 4-6) 0 5 2207 @b R P
5 27.52~95.59(kW/m®) » p $F ¥ st 6k TR RSB KL HF
4.5.2 Erodibility Index K,, &£ # & % Fant i)

d 451 5% =873 b 2 A chid &g #i(Brodibility Index, Ky)e®4 vt feenlg % &
—i= B BFPIET SR FE #(Ke=38.86~96.26)<f§ v & T 55 K ik 4
(Ky=74.77~359.60)<95 5L%7% T 1R & & # 7) & (K,=83.08~437.05) > @ ¢ 4.1.2 &
T BRE TR TRk SRR 2K (14m) >4 F) #(0.75m)>fE v %
e kis 2om g SR it F(0Smelm/E) 0 A2 A 2 B TR 4o

LR B R it a4 3 (Ky=38.86~96.26)% 1% > T o iE K4 Boper 95

116



l4m/#& > @ &b a4 ARMARE X PR P o

5 B chbut g 4 22 (K,=83.08~437.05) % » Tio@maiE ¥ 9 5 0.75m/E o
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4.5.3 -kimim# (Stream power)st &

ﬁ%if—/iﬁﬁ/?ﬁ??}i?kﬁ” 5&@]764}_1_ 79‘—&}3& ﬁx"/—“lé/ '%&1,—3»3&

B 78 # 91 10 p 3£k i3 ¥ $2as 800cms B in £ o 1 AT F = & T %

sk 2 L= E 21
KoniZdh e 308

\\\Xr

NEECRBFAFIET M PEICE S R R AL R

ST RILA TR IV) 0 3EER R P TR AR 77 £ F SRR b < pRpF it £ 887cms

v

*

3 E orH L E 0 2 Annandale(2006)iE & 0K o A% 8 (Headcuts) 258 (B8] 4-25):i8 7
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8] 4-25 Heardcut T 75-K /it chvi% 46 (Annandale, 1995)
% 2.2.3 & 7 (Stream Power): 8 > F7Z ERA B e 35K IRARTE i iE Vo B B
Ry ~¥kg Rk Az~ kB Ry BHETIRE g 2P RINART i v R R

Yedv o Bk 4 B oG 45 5 42) R
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—HEKA TR REAEY TOETHEITOEZ ML A LB C HE R

U d EQUFHAFF AT A BRI > Az55 & % SRR = &P P IR 2
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BR L 1.64m > #TrIEFA B Ve=dm/s > A TF KB R yo & 1.64m o
2.4 4-7 G ARTRRiE Ve=4m/s 0 % - FFERE T 3 kR g A2 d B 0 5.5m R

T 19.5m FA T B At o d A 4T F U5 D Re F AR R 1 2 ok
X A 4 chizah i B8 4 40kW/m® o d Bl 4-24 F i aviE AR 76 £ 3] 79 £

PEAFRFEYRBORERR I 17520 PARTIERH XS - By =

PEGZ ok w0 A 887cms i B eE R T 0 B — PEIE R R IRGF R TS K R A
4 iz £ i 2 | 556.94 kW/m® -

4 4-7 AXTE ik Ve=4mis, ) Z4 B A7 e

q(cms/m)|Az(m)  |v{(m/see)y(m)  ly(m)iy(kN/m’) [SP(kW/m?)
6.57 5.50 4.00 1.64| 3.00 10.00 39.07
6.57 6.50 4.00 1.64| -+ 3.00 10.00 80.67
6.57 7.50 4.00 64| 3.00 10.00 122.69
6.57 8.50 4.00 1.64[ __3.00 10.00 165.07
6.57 9.50 4.00 1.641"3.00 10.00 207.76
6.57 10.50 4.00 1.64|---3.00 10.00 250.71
6.57 11.50 4.00 1.64} = 3.00 10.00 29391
6.57 12.50 4.00 1.64)] 3.00 10.00 337.32
6.57 13.50 4.00 1.64] 3.00 10.00 380.92
6.57 14.50 4.00 1.64] 3.00 10.00 424.70
6.57 15.50 4.00 1.64] 3.00 10.00 468.63
6.57 16.50 4.00 1.64| 3.00 10.00 512.72
6.57 17.50 4.00 1.64| 3.00 10.00 556.94
6.57 18.50 4.00 1.64| 3.00 10.00 601.28
6.57 19.50 4.00 1.64| 3.00 10.00 645.74

454 N ¥ EZIFPIRT b B
% # * Annandale(2006)# 1 et g iR ic 2 2 0 F & 5 A A L ik

31}3 Hi= A Ky B B oKk eniz A it & Stream power 0 (& 4.5.1 & ¥ = & IEF P I%
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TR ORI R TR £ K, EaEA L 38.86~96.26 2 FFF > & K, B % 3 1 hif &
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e ®F RN RR TR

201 - BT A R (N E R BRI R R T M R BN TR % 2 BT 47 3R 2 (2006))

B ks e e g [CrAMSIZC P e e epmeren PRI EE L L L PO RN

Hole [TEST  |Depth # 7 Gravel vt Wn : . :

NO. INO. (m) 0, Sand|Silt [Clay|Silt & Clay|Gs 3 o e Unified Classifi-cation
% % |% [%

DH-1(S-1 1.05-1.50 [22.0 59.5(16.2 2.3 [18.5 2.65 2.01 132 (049 |FF# A

DH-1|S-2 2.55-3.00 [36.2 458 |14.6 (3.4 |18.0 2.65 2.34 7.7 022 [k ER)#

DH-1|S-3 4.05-4.50 140.3 45.1112.3 2.3 |14.6 2.65 2.21 10.7 (033 |FF#F £

DH-1|S-4 6.80-7.00 [55.2 36.2 [-- |- .4|8.6 2.64 2.11 8.3 036 |* Lpik F#T

DH-1{S-6 9.15-9.44 0.0 35.4149.2 |15.4 |64.6 2.70 2.27 125 |0.34 Mgk

DH-1|S-7 15.00-15.28(0.0 39.3 149.8.110.9 |60.7 2.70 2.04 11.2 047 M4k

DH-2|S-1 1.20-1.65 (0.0 61.1|34.644.37138.9 2.67 2.06 19.0 (054 |FF#F A

DH-2|S-2 10.00-10.13{0.0 3.2 [68.628.2 (96.8 2.73 [ =l 153 (049 Mk

DH-3|S-1 1.05-1.50 [13.0 73.0 {12.1 [19..|14.0 2.65 2.04 12.8 (047 |FF#F A

DH-3|S-2 2.60-3.05 [36.2 50.0 {11.9 {1.9°/113.8 2.65 2.13 11.6 (039 |FF# £

DH-3|S-3 4.05-4.50 [58.9 29.419.4 123 [117 2,65 2.15 8.7 034 | LBpik F#T

DH-3|S-4 5.80-6.25 |45.5 441184 (2.0 104 2.65 2.14 119 1039 |* 2 epii F@#T

DH-3|S-5 7.20-7.46 |45.2 39.4(12.712.7 |15.4 2.65 2.27 10.7 1029 |FE#ZT

DH-3|S-6 9.00-9.20 |[51.0 36.1(11.3 (1.6 [12.9 2.65 2.08 7.6 037 |[FF#7T

DH-3|S-7 10.00.10.29(28.6 38.5(19.2113.7 |32.9 2.67 2.11 145 (045 |FF#F A

DH-3|S-8 11.75-12.20{0.0 40.3 |48.8 |10.9 [59.7 2.69 2.05 13.7 049 Mk

DH-3{S-9 14.55-15.00(9.4 48.5131.2 (10.9 |42.1 2.68 2.18 149 (041 |FF#F A

DH-3|S-10 16.00-16.39(45.2 9.3 [39.416.1 (45.5 2.68 2.22 11.0 (034 |BLsp P EEF#RE

DH-3|S-11 17.55-18.00(63.9 25.918.3 |1.9 [10.2 2.65 2.11 9.5 038 | L pik F#T
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22 BF - SPFEHREHSE(CEECEBFRET EIRMPERISE S X2 AR

+ (2006))
P zzf HARR2ELREEE KR |
Hole TEST Depth VE Iyt Wn . Rock Type
NO. (m) Gs [t/m3 %
NO.

DH-1 |RP-1 {10.44-10.60 |2.71 |2.09 13.43 0.469 d kR
DH-1 [RP-2 (12.80-13.00 (2.67 |2.23 13.22 0.354 o d R RR)
DH-1 [RP-3 [13.40-13.50 |2.38|2.25 14.12  ]0.359 o d R RR)
DH-1 [RP-4 (14.81-15.00 |2.66 |2.22 13.93 0.366 o d R FR) A
DH-2 [RP-5 (3.40-5.40 2.68 12.07 17.17  10.517 o d R FR) A
DH-2 |RP-6 [4.00-4.12 2.69 (2.19 15.12 0.414 nd R ER R
DH-2 |RP-7 |7.00-7.15 2.68 [2.16 15.82 0.437 Ad R ER R
DH-2 |RP-8 [7.70-7.88 2.69 (2.11 17.78 0.499 d kR
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52 9/11 1620
53 6/3 237
54 8/19 2100
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