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Numerical Simulation and Simplified Analysis of Bedrock Incision
by Plucking

Student : Chien-Yu Chiang Advisor : Dr. Yii-Wen Pan
Department of Civil Engineering

National Chaio Tung University

ABSTRACT

Plucking is often the dominant mechanism of bedrock erosion when
the rock riverbed is composed of heavily jointed rock masses. This
thesis made use of particle flow simulation to model the bedrock incision
by plucking. ~ Through numerical simulation, the thesis looked into the
microscopic features of the plucking mechanism and explored the
important factors that-may affect the kinematics and the Kinetics of
rock-block plucking inblock scale.

This study first simulated the direct shear on modeled weak plane to
properly model the mechanical behavior on a discontinuity. ~Through
simulation, it was validated that the peak strength increases with the
increase In rock-bridge cohesion, whereas the post-peak frictional
resistance increases with the rise in the frictional coefficient of the weak
plane. . The role of rock bridges tends-to be more important as the area
ratio of rock bridge increases.

Subsequently, the study simulated the plucking behavior of jointed
rock masses with virtual specimens composed of arranged blocks.
Plucking simulation of single block and multiple blocks, respectively,
were conducted. From the simulation of single block, it appears the
uplift speed is negatively correlated with the following weak-plane
characteristics: the area ratio and bond strength of rock bridges as well as
the cohesion and the shear stiffness of weak plane. For the influence of
the uplift force, the uplift speed increases as the mean value of pressure
fluctuation increases. The plucking simulation of multiple blocks allows
concurrent movements of adjacent blocks.  The effects of the
distribution of rock bridges and the orientation of joints were examined
through simulation. It is shown that, for multiple blocks, there is a key
block on the top layer to control the plucking of the jointed rock masses.
Once the key block is removed, the uplift speed of other blocks will



suddenly increase.

On the basis of the simulated results, this study further proposed a
simplified approach for the estimation of scouring depth by plucking
during a specific flood event. For conservative concern, plucking speed
was estimated using the results of single block plucking simulation. An
example for applying the proposed simplified approach was also
presented.

Keywords: Bedrock; Heavily jointed rock masses; Plucking; Particle
flow simulation; Uplift speed
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Crack Growth

Bl 2-4 & B3 H s 4] (Whipple, et al. 2000)

Annadale(2006b) ¥+ %] 1. i i@

IR AT 218 4 s 7o TR
G- & BI(B 2-5) B¢ Fy, s

v d ‘FdownF %H‘%“i’}‘@‘

W, A
1K, p & ~Fy % Fg, B B H A F# Bdp 3 FE7id 2 0T



’JFE‘#)"L’%%_}%’JFUPJ‘%&%&" T Y ATR e T KA PF o gﬁi-—,i

B4 PR Y ASIIM Y B E AL - AV S0 5 244

\% .

h = Z_g (5% 2-4)
Fluctuating
/\/\/\/\/\ f| pressure

Fsidel

Transient F
pressure

Bl 2-5 A ¥4 11 1F* 4 o5 § Kl(Annandale, 2006b)
Bollaert(2002) i * = + 4 2 LA ’;g’gr} LG CRTIEARE B -
KHA2 Ak L 22 M dol] 2-7 pn 0 TRy TR g A o

D AH PERT At WA AR B R A 2 B dost 25

(x, + ZZb)
[ —(v,—v,) %z — Fg

G-
2g- xb zb y [
(54 2-5)

e hup—ﬂu'gﬁﬁ#r rs B Xp=X B E R Z,=72 w B 48
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ERgeES w5 B o F 5 Caf 4 R el sy, ok B
R e R TR B R SIS SR R ER L

iRt

C, = 0.0035- (Dil)2 ~0.119- (Dil) +1.2 & 2-6)

b DEstioR R Y=T R K F

1.6
1.4

1.2 1
HAN

Ci ()

0.8
0.6 1
0.4

7

0.2 1

Y/D; )

Bl 2-6 #24 % fbr % #(C )%k 15 & K72 B % B(Bollaert, 2002)

B 2-6 7 Bollaert(2002)i5 d sdse s * & i 7 - d B¥ ¥ RLE T
i pFAL2 HEEL KT AY/Dj=180 ¥ H o A o s (3Y 2-6)2 o MR B
¥)7E wY/DE1T 0 Flpt g i RE R A RF FIRY/DjR 2 17 @ C
B EF oD A4 P RAEFRIFRR S A R B o
Ao AR R 0 R T RIFRRGE - FIt §Y/Dj 3 17 B o

AR TR CE TS AR
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Bollaert(2002)3% =1 » & $.48 + £ 3 & (hp)ABHALE B (2,)2. - X
P (0.5<hp/2p<1) > & TZH T 5 7 ap AR F AR A o T B AR £ L (2,/%)
EHA L F bl(hy/z,) TR 0 B IR mE v 2 AT 12 pF > B R
GIRCE SRR A Vo 0 050 oo gd g s o T ORIT HHLE
TERZ PG ¢ BHZER A BTN TEREZ PEER
BHFH T € o B2 o FHEBAER DI PHEER B R

Yo g T EHF A -

——

B 2-7 Bollaert % #. = < -1 & Bl (Bollaert, 2002)

2.2.4 X & i (cavitation)

SRR R RS S S RN S L
i R Z R RIS BN T SR AR AL BA IS

2R RIS R A Bﬂj 15?);_--/]'5/” ’5$'L%/?$\m)§éﬁ /0N
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BFARINEEFL R PR A 2 PE e IR G REF
%+ ¢ (Whipple, 2000)
2.3 B.A 3 3AP M A5

FEP ARV RZFIE T AT 2 RS BN TR
Bt MR BB RS hde i 2 LR S £ RS
B2 o Bl A GG RERR AL E P SRR M L v pr e 15
A PR LR T N RSR T e ke
2.3.1 SRS 3k 2ok

Annandale & Wittler (1998) i i& == 7 444 B4l $o 3 e K 22 5% >
HKEFRE AR 2-8 77F o Rk RMA kd £ 0.394m -~ % 019 m -
5 0.064 méngs 5 iR % L BT A5 R & & RS A 2 de Bl 29977 o
TR LEE A K B AR R P ML A2 7 A o

kg & i eniR 2 A S A N R B 0 B AR
BARhA ]~ HILG 0 B R 0B B S 4] A AR EER] AT R
o EHE - PRSI B R R TR B2 RIDERRE T A
Brab F v P AR PR M AT & IR g N G R RS
B G PR RERARE TS B S A s B < e Tt

ER TR NS SRS I RSP Y i IE SIS Ry

TE -



42" DilTuse

24" Delivery PipeManifakd
{ﬁ 34375 Nuerle

Block Field
18 15.4°
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@IIE \EHI@Hl IAIHEHI—\ I—III—IIIIE| IAIIIQIII]:I \AHI—HI—I éI\QIHI:HIAIII@IIIEI lI :
ﬂEI_EﬂEmEI_EﬂEmEFEﬂEmEH SIEEEEEEEEEEEEE l :
[ |
L I

Bl 2-8 ;A% pe ¥ Bl(Annandale & Wittler ,1998)

e ‘/— Head Wall

Piezometer Taps
18 places

15.5" e

L 75" _Lg_ 175"

30"

Bl 2-9 .44 = B Bl(Annandale & Wittler 1998)

2.3.2 4 i} SOk

Bollaert(2002) & st % -k js ® B BB R TR 2o B 4 gL

P

@ IR R (B 2-10) > 3738sk 1T 3 A5 2 & R kiR

LAE R WA B2 A5k (R 2-11) > I B 2 B hd B R R

&’ﬁﬁﬁﬁiaﬁﬁiﬁﬁﬁi%ﬂ,@aﬁﬁg¢m@4m%m
»BIM ST A 4 2 R A o
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00%e 0.05m

Bl 2-11 % 255N 2] M k=% %6 o & Bl (Bollaert, 2002)

Higpshd RArg ¥kt ~» B E FIAMBAGEZ Rk B

RGBT D EFERIT ead L/ &M A 4 TH 4 234
Pl BB HRIVRA A E 2 A6 B4 (4oF) 2-12) 5 F KK
R2BAPEBL i e IER T ANUE G EPE T S § EREER
Hroosma poRTER A e

PR G EA AR H pF > Har X s R ARP B 0 A A g oI
Ak B ES type (FLH 2-11) > Hex RO FEN 4R 2
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TR (20 B 2 BHE S ) ARt $ILA) R EGE fech D- type 2
2D-1type (%L B 2-11) > d 35k P Fie b BEST8 L e 3254
LIRS AR AT e onk g ] o Hon st Rl E 1~

152 THRA .

N

HE A R RAEAE S K iR o MRS 100HZ 2 G ®m AR T

P AR SO2HZ EE Ao R e R A BR Y BRI R

(w
= »
oo

CEIES TR Ly e MR SR A AR N

Tt (s e A 1T RS 2HZ 3 100HZ ' L R 4 ke wp

r Pressure at pool bottomn (sensor (a))
I — Pressure at joint end (sensor (d))

[ fundamental resonance period = 1/f.¢

Absolute pressure [10+1 m]

r ’ atmospheric pressure|
0 T T T T T T T T T

0 002 004 006 008 01 012 014 016 018 0.2
Time [sec]

Bl 2-12 2R84 5 2 BB 25508 R 4 b 5 Bl (Bollaert, 2002)

(A5 Itype~ -kixi developed-jet)
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1.E+00 =
Developed jet impact
1.E-01
Tg 1.E-02 |
3 ¢ slope ch
€ | @ slope change
% 18031 Lyveosms
—V =147 m/s
1E-04 { V=197 mis
—)\/ = 24.6 mis
~==V=293mls
1.E-05 h , ‘
: 3 0 1000
= fHg  ° 00

2.3.3

?%'Jl’ﬁz

Kl /‘nﬁ 7
1 kg

Y ]
P B DA

SSTREY N RN

’

fres.close = Cclose

fres.open = Copen/(z X Lf) ............ Open end (5\: 2-8)
P froctose * fresopen® W3 FAB T — 3 Prf B pro R
B2 AR § Caose ~ Copen M A B 5 M T - HE P T AR

P R4 2 hid Lk S BE KR



Miiller et al.(2003) 5 #ft ki3> B Y 2 R4 @37 5 » &>

—»

- 2 F P FEsk(drop test) b Rk ik B4oB) 2-14 1w o iR ”‘f%ﬁfd

/r'%7 T i@ f'v}i/4)7§§1]z %P/%@L’}\/”@J/ﬁ»f"”jﬂ'fﬁd 'J)}:*‘”ﬁ

FREEsEz R4 <)o T By B4 AR A B B RS

B cn @i X2 B IRIE S BAE D IREEAF R 2 fE A0 b oh § *;ﬁ* %

Bl B R 2+ i 8 TR e @R & chid Fd Al
B2 AR o Aol 2-150 F AR R Ae BE o R4 LB 2 83k

ME2 Hiheo B R T ASRRY S| F ot BEOHE Boe 2 e

g
8
B

3

EE TS w2 U BT NS S SLR A E S

2 RS R S AR A

a“;“%

S0 REOLE bk o e 2 R o

6 Pressure
Drop piston 25 transducers
R at 100 mm dist.
Gwde tube

No. 1 Pressure
transducer

i 15x1001 50

Vi
r o l_ B . B . Hopenend
25 | Walter — il 1
"

!// \ i
59 Sl T TN "'\_\ crack, 10 x 0.5 - 18.5 mm

ol

Cylindrical pressure chamber
25 mm diameter, 50 mm length
(internal dimensions)

] 2-14 drop test apparatus
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400-| © Closed end

A Open end
_ Best fit closed end
o |----- Best fit open end
'€ 300
©
D
S
) 200'
c
ke,
!
o 100
Q
o
o
0 T T T T T T T 1
0 5 10 15 20

Crack width [mm]
Bl 2-15 B4 L doz Wi T 2 A 155k 2 M TRl
2.4 Distinct Element Method(DEM)#ciE -kt f§ /1 2 e M e R *
2.4.1 Distinct Element Method(DEM)#c 54z i /i
#ric~ %2 (DEM)>: 1971 & 4 Cundall #74% 1> H p enta 4 1 %
B2 RS AR R g T A 1 R B E

iE Chrd o BEpE R L A A R B PR R S2F S G BERE 0 T OBRK

I~ -

figim | PEFAN 2 4 e B Gk B AR oL A ud P E L E e

BRERENEBAFDEFEET Aot 28 4 SR ESNE

b

Fd F et B2 (AT B3l R Al E IR T e

Lol it & 02 (DEM) B & chdE & A A che X Fd 2 A%



BE ORI E PR E 2 a R P4 8wl E
B 75 o AT R 2 A A R AR R R s L X7 3
Fo P AA L B2 ol 3 A T E R AR TR Rt AE
P YR N

~

-~
N

TR EniERY G TAIBRETE o (DT LR AEE
PR 2 3 R () R AR R A 2 R R g 2 R o o
T RMBEENF D SRR FIEE 2 BT FE4) Y EAR
| P i RIAT R EE A B R A BT Sl (R RE(B) Y P T it
RPFO R A R L B E AR e o d ST AR T B s )
B a2 AR R IR 2 T enipd AN Fpt 2 R amE b o
#ic~ %2 (DEM)& g £+ &
2.4.2 Distinct Element Method(DEM)4p B #; 48 % J *

S L AN T s EERE T X LA TR

B PR S S T e Rl o MR 2 R T 1

)

FTALTRAUE AT ED A A F G AR R R T A L f
#f§ 2k (Soft-contact) 2 % ||+ 4% f§ B(Hard-contact) » #ic 4 &/ gb+
FRMAEA AR T REMRL e TR A R 2R
RHF SR ¢ 22 TR R R A3 R

PN I’—g @-%%’.J E’f’)}l,l:%'f f% o ﬁ,l]:}i#&_ﬁ%%ﬂ'l}; Z_ o m ‘l.(‘?—d ﬁ;’\‘lk}_a }K"J‘H‘
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Bl Lo ek 20 R REAE R 8 S R ehR o B B T 3F 5 UL
AF kAT e A TR XY AR e AR KLY o 1Y
TRABSHS B SR FHR
(1) #ufg e #is s

Fo 2 fFePA¥d BRAOZE ZREE B RIETEFF AT
%ifﬁﬁﬂﬂ%iﬁi@ﬁ%&@ikﬁﬁﬁ&ﬁ%’ﬁjwﬁg
FRL BRI SRR RS BT RRR AL A A
Hon R TR s ot 2l AL IR (R S AR
R EER o FIU ARG £ SRR M VAL

Ishida et al.(1987) ~ Adachi et al.(1991) ~ Esaki et al.(1999a,b) {1 *
UDECHE 3" #6524~ 15 # % £F S enf8 *14 i 42  Deluzarche et al(2003)

1% PRCHCBATSRS 7 B 16 2 B 820 45 - 38 £ (2004)+

* UDECiE 7 4 £ B T A7 > X 724 2Rl%Te 2 §25 F
B m R R e T RS R o F (2006) 11 * DDAA 7 2
7L MR R W X4~ 2 BT R B kA
4o B I B A [ G RRT 0 A R e R AR o G

(2008) i * DDAA 15 = i HAE & § 3 Bid = chi s #3820 2
ARG  BFRAESRLIPER 273 A MEZREFIIRS

B TILE MRS b AidaE B8 o BN (2010)7% ¥ PRCHCAE %k ke
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SAABADLHETE FAEIRIT DB B TR AR D

WA AZEZDEMT 2 N E R cPE > BB RS P HE

811 T RO - o f BT 17 5 (RRLETR SRR s 4]
ir~ %2 5 - B % &2 Lorig & Hobbs(1990)4] * DEM #d#

%1k B 7 (frictional sliding)£2 457 i 45 (stick-slip) 7 & > T 123k %

B £ %7 % F B =% (Boundary Element Method):& = it -

Vietor(2003) 14 PFC2D fis i oL 38 555 & fF > 5 55 A0 a6 3 4k

BRI R A e R 3R S AR L R R R 2
A o 5% $7(2007) 1% PFC HcBLficht i F5E 3 3 921 & R pF2_ i

) A

Q) T B S BEE 5

BT REEFERFENG S iR

oF

2R A B e
Pl enSim ik 2 RBEA R IR T E i S A e F 50
Bo BB R 2 2 2 B R R FET 3
r~ %2 (DEM) 1% 5 e fic 3] 2 25 # - Akky et al.(1994) - Barton et
al.(1991, 1994) ~ Bhasin et al.(1996) & + & * UDECH#t 4 $74 T3t R

2 %3+ » Zhu et al.(1996)£2 Coulthard et al.(1997)41] * UDEC 22 3DECH-
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AT I 2 48 2 R 42 - Hadjigeorgiou et al. (2009) i * PFCH-
BAHEOLE B G DAL E L e BT T RS o
(8)# B 4

BRI & AERE BHAT e S FRRE BRS¢
AR A2 S R RS Flet h R R AR AT 2
(DEM) i A 4 g eh 2 o ZR4E(2009) 4 & 5 ~ ¥ 52 v R 4 fF
A EA BRI B A o 8 iR PEC A S R s ] ¢ B gk 27 3
PRI R T HAIE D T E AT e hE g o BE
5 (201058 3 i AF(2000) 27 § & S -fe ks 2R o g A 40 it 7 e
LT EF P AR RETHR AR TR EF
2 5 (2011) % * UDEC $ic#8 24 ] 4 ] ¢ BLAE o 3 cH3R A S8 (7 1)

~

2o TR E L s SFEF R ki 5§ A REE T T2 4

d 3 4Eic~ £ 2 (DEM) & & 4] > 73 B ange FIR > Flt it #
K H BARR I 2 AR RARR L G A AR e g 3 o Ferellec
et al. (2005)F1* PFC &-¥f 3 g ik 5 L9 SRk an(T 5 & (7R
okt - Bwalya 22 Moys(2003)41] * PFC 5t 4 48 ¢ 4o » 414

P ARl 2 R EF g o bR F S e
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Stephansson et al.(1996)#2 Stephansson et al.(2004) 1z &~ 72 1 £8 &7 4

‘—«\
3

HE AR § & e 0 Yang et al. (2005) 1 * PFC 4-$13§
AL R e TR B AN AR o d BT A
i~ 22 (DEM)E B2 anae ¥ 12 5 05 i o

AR A PRCY BB A R G Y 2 MM R TR
Wikt @ % 5 DEM #ck ¢ 58 PRC® R #1142 (1) PFCP v )
PR A XA NI Y 2 A0k (2) PFCY BB £ 6 4 e e
FNB)PECP ¥ £ B A X chil AR i A & ) § R iEAE o
Ak R Fo A FEHR PFCO S i A3 1 2 -
2.5 PFC™ # # p it

PFC #t# v didic ~ %72 = A#D 3 d s phsre £ = >

SEA A B ARG R [ H R BE Y 5 3 k] F i hE i (overlap)

o BB R 2 ks DR T B 2

(\,L;.
\—

# 0 P EINARACE] 2-16 TR o i e B A B R BRI AEA
Fisei=% W22 FEdpg F5d 2 ol G EFD R4 -

RIS A 5 Eh e B R AT R 2 R Aot 2 YT
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BAFZEPEUNE T 252w 8 ip iR o8

n — {R[ '+ RIB! — d(ball — ball)
RIPI —g (ball — wall)

H A2 KRR A
Hf R AN S T e 5 UEHST R Hertz 1550 -
(D45t

EPREd I e®RK": ¥ o BRKSKE & 1w HARKZ T
TR (CEIPARERERETR - B T T B (S 3 S 1 [ €t
2-10 V241 #7 7 )

A] [ [B]

K1[1 K, .
KT oo

K[A] K[B] .
Ks = m[—] (2-115\‘ )
[A] :] NV L, w8 R .
Kn ‘Knégjp#'ggA‘*”'ggBmJ}ra’_fl’)i

KA KN o) 5 4 4A S 1 BT 5 B A

(2)Hertz i< ;¢
Hertz %Eil‘] - % 5}'-5-}?%?’ ]‘4' 1}'3_;\ ES fg’ * o LL g’_‘w] ]’/a,}g%

Mindlin(1949)4& 11 2 3225 » & ff i i 2 (doft 2-12~ 2-13 #7)

Kt = 2G 2§] [gn (2_12;\: )
[3(1-v)
[ _\1/3
21-v R
KS = 2(3G 21_22))R) ]IFinll/3 (2_13;\; )
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93 i ety

SR - AR Y - AR R

ETINS

B4 2 ELTA
WA FET L LN A B (1) AT R IR T QR hT
FAEIET R F SR A AT 7000 T4 Difmamt ¥ S

70 2 BBl 2-19 ¢

cement

/;z, grain —

contact

x,(°)</

AF" =k"AAU"

F=KU deformability Af - _Ii 4nd
AF° =—k*AU’ AM" =-k°J AO"
AM* =—k"1 A®*
N 7 ) S
¢ =——+—— < O,
A 1
F*<pF" strength _ o
o |F| MR
T + < %
A J
grain behavior cement behavior

Bl 2-193pk2dtidand 22 ki

(Potyondy and Cundall, 2004)
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(D dfy
H iz e BRK'Z T o BRKSGd 25 AL 2 BRI
Ea@oal e FORd L 2 B RE e 2-14 #157)
F? = K"U™n; (2-14 5%)
KM~ KA w5 kiiz Bt s 3 g @A UNG IR R2 vl
g n i HE e E
PR S T B US K S 00 LS F ey

§ A AApE T m AU ek i S 2-15 % F fe B g i 4
AF®
AFS = —K5AUS (215 5%)

PEEEY

ST A5 A jE - fa s &4t 5 (Contactbond) > ¥ - 8 &
T {7 4 2 (Parallel bond)> ﬁ‘*;ﬁ@\qu% 23 3E ok 2_ [ ergE ) (cement) »
e 4 o 0 R * AR (Cement) B AL 2 dm P BEAL T T {7
G P G ERSE R B 20 B O R e dE ) (cement) 4 1 B & o B
fRetis s BRAR R A @R o oa T FEERRT L BES 2 T o B

2-20 #+7
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AFS = —kSAAUS (2-17 %)

AM™ = —k5] A@" (2-18 %)
AMS = —kn1AG° (2-19 %)
bt B R AN I~ ) A B A T TSR e

B AR R T AR R e B T
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Wy

e R4t R iR LR A
2512:&F# 2 &
FEd A EBREFE IS H RS (Foce) 2 §E

(Moment)z. S » #-H F »i@H = 258 > wE F PR Y 2 R Rk o
EH ARG A AR BAH TR R U RS el
d TAER > 258 (dost 2-20~ 2-21)F & B ATente 4ok R 0 L R

vk R %‘\ZZZ“P"Z%:E'#W"E%'Lt+ 523 R ’i"i’%d 3¢ 2-23

TV LR ARt AR Rt R 2 AT B o
F=m(X—g) (2-20 %)
X==+g (2-21 ;%)

$¢5) = &P 4 (;i— + g)At (2-22 )

x(E+HA0D — x(© 4 )’((H%t)At (2-23 ;%)
RPFL &4 S mAPMTEgiE A hE R XKD YL
e B2 4o R

A e R el 6 3T B > A2 50 (et 2-24)
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M=H (2-24 3%)

M: 244 H: 468

ghit = ek g o d Y H 2 2 ol (DR Tt T §
L3 22550 AT 22650 ~ 227 5% 0 i E A4 ¥ A
W
M=Iw = mR?)w (2-25 3%)
W: k4@ R w. ARAE
w8 = w(® 4 W(t+A;t) At (2-26 ;%)
w(tHAD = w(® ¢ g(H%t) At (2-27 5%)
BREd 2 - Fh T AR UATOCS R HFRS L
FASEH R 4ot 2 BTERE E I PR IR T o o
26 &3t

TERA L RFHRE S 3§ 3 F A b Br I
A AR FARR R B R AG PR B L ieh AT
B Ry g 2o 3 0N SRR A AR AT RS By e
HERPRBEFFY 2 FRIFRNe fE1 &g A u 5 0T
Brdd s SERGEERE BRI E RB T o F PG HAF 2§38
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