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Numerical Simulation of Bedrock Incision by Plucking

Student : Li-Chuan Chung Advisor : Dr. Yii-Wen Pen

Department of Civil Engineering

National Chiao Tung University

ABSTRACT

During flood season, river discharge in Taiwan varies significantly,
stream power sometimes can become very high. The outcrop in the
western foothill of Taiwan.contains mostly young formation with low
resistance and poor cementation. Once the armor layer in river channel
becomes eroded away, the exposed rock bed will be subjected to
irrecoverable erosion. Intensive incision or widening of riverbed. causes
the instability of river channels and threatens the safety of cross-river or
near bank structures.

The erosive mechanisms of bedrock and alluvium are very different.
Among various erosion mechanisms, plucking is often the dominant
mechanism of bedrock erosion when rock bed is composed of broken
rock masses. For this situation, the erosion rate can be very high and
deserves attention. Geologic factors affecting plucking mechanism are
primarily related to the characteristics of weak planes in the rock mass:
including discontinuity, orientation, block size, and block shapes, among
others.

Unlike running laboratory erosion tests for natural rock specimen, the
usage of numerical simulation for a physical problem has several

advantages. For example, it is easy to control over affecting factors; one



can run as many cases of simulations as he wish. Furthermore, numerical
simulation is less time-consuming and the specimen is always
reproducible. This thesis hence uses numerical simulation as a tool for
“virtual erosion test” in place of physical rock-mass erosion tests in reach
scale. The virtual specimen is assumed to be heavily jointed rock mass
containing two sets of weak planes in two dimensions. The virtual
specimen of rock mass is subjected to shear traction on the top to
simulate bed shear stress from water flow. From a series of virtual erosion
tests, the following are summarized.

1. Effect of joint orientation.on the threshold shear stress for plucking is
examined by varying the slope of the climbing plane heading the
flow direction of rock block. It appears the threshold shear stress for
plucking increases with the angle of climbing plane. Once the applied
shear stress exceeds the threshold value, erosion behavior will be no
longer controlled by the angle of climbing plane, the erosion rate is
controlled by the gentlest slope in the rock block.

2. Large spacing between joints will form larger block size. The
threshold shear stress obtained from virtual erosion tests increases
significantly with increasing joint spacing. Erosion rate is compared
on the basis of excess shear stress (the amount of shear stress exceeds
the threshold value). It appears the area of exposed plane to bed-shear
traction affects the erosion rate of jointed rock mass.

3. The effect of block shape on plucking behavior is examined by
varying the ratio of spacing of two joint sets. Slender rock blocks can
be dipped along or against the flow direction. The angle between the

dip angle and the flow direction affects the kinematic of blocks

iv



departing from the rock bed; hence, it thus affects the threshold shear

stress and erosion rate for rock-mass plucking.

Keywords: rockbed; erosion mechanism; plucking; numerical simulation
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Sklar and Dietrich(1997,1998)4p 1 /@ f f* 2 $2it & B 4p 3 AR T
AW/ S A R S & P ST R o
R R né*m%]zz AR AL 2-5~10%0 AT b it FlE IR B f 3 P |
BNy 2T AERE % 3 i - 0 Whipple, et al.(2000):% &
By BRK 2 0P U ) Be P o7 gk % e &b 3 £ (abrasion by saltating
bedload)fi s & & [+ o

Graham(1987):% = i3V im Ml % h 3P e AL 5 F]7

P2 3 2 30 AR d R id S RB R FP AL S i

"

FohNEFBAIL L ITIE L B 2

et

BT BT bR
F2 ®Ed plucking (7% i 2 &G 2 LRz EEo@ FinEFET
Aj = abrasion z_ £ % o F 2 » > 2 R BFHF 54 abrasion & 4 %
T% 2 Brdp o R HRM) DR A B > @ d plucking iE % H4-H

# Z(Whipple, et al., 2000) -
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2.2.3 3EkpEE = (saltation)

Whipple, et al.(2000)z% 5 #E i B B8 27 f % B4 2T fl i

~Yi\

EMHO AR BRI ZFPTREA T NG R PEZREE DRI
B 3¢ = 2 0 FGF 4 5 #F plucking #8402 Fpr o e 3538 (2038 2 &
o TR Be 0 FE s RARER SRR ERRE T AR
(Whipple & Tucker,1999) -

Foley(1980)4p 1 % /T Af F 3 HF 2 A P » 304 L Bt i) 423 F 12
w2 B R R R R E AR B BT 7 g F TR
L ig 1‘i§i$]g I = ko Bitter(1963a,b)r# #) & 4F (sandblasting effect)
Z B3] REAE e S A A (D) ME R F R S 2 2 V] B (cutting

wear)>(2) 8 & B 5 F (L2 & WAL E)R S ARG FA RS

H—
Q

%3] B 4f (deformation wear) o Foley(1980)F| 41 * b fi- | H-4% 49

(=

F AL HEAE L FE o

Sklar & Dietrich(2004)3% 5 #fde il i @ ¢ & 27 B Y B4 5 ¥
LY G PES AR R PR 2R FG T EAE  (D)4T )
P AR AL i QR v R E R EIPEET A
40 QIERREF LR R BEENERL LB N (DT %Y BB
HETPRE L SO S 2 SR IR E ST ST N A

i 2R I R R T L S F SR - B A

11



T giEie - ARSI M SRR Y 2 R

lm
bt

-

A5 HE o T A TR EE B R R 4] 3 U H - R R 2

Sklar & Dietrich z_ #-3] 4 g &2 -k T (72 I B 1Y 7 ig X3P B i
L SNE SO o B bl N 2 B N ] EE SR i BN/ AR |
B2 30 % SRR F el R B B R e 2 dF B N rad A 2
RIS 7 P EE AcR] 2.4 977 (A d 3 SR E R ERE £ K
FEZLFR) TRERF BT S F(E) AR LTS
E=Vi:-I;+Fe %P Vi 5 8 BB RF2 TIRBEMG | 5
PR AE s R BEL 2R EF IR A REZ NG
BHRWGl AR ER 24 B AT AR SR B 2R ;“%?153’ At

42 1R (s /) MK R E R 2 R F R S PIET SR LA AR B () 2.5)

N /2

_ 0.08RpgY . (T2 a1 ﬁz)?’

E= kyo? s (t’é) ( qt) (1 (Wf) (2'4)
FP Ry =ps/pw— 1 psEpu s Bl RREE RZEIEE v gL E A e
EENY G KEREFFAP B LTI O s EF PRI BRE TS
TeA B EFZTRe TR SRAT RS UsE WAhE il BEdE

b2 TR EE R -
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B 2.4 22 8 iL 3p kB i i+ 4 o1 X Bl (Sklar & Dietrich, 2004)

Bl 2.5 %pk M peid & i (Sklar & Dietrich, 2004)

Gilbert(1877)zu = AR - > wrig ke gL r e 2 1 &

»% fis(tool effect) » ¥ — = & » ¥ 5 U4 £ & N B 2 & F > fis(cover



RN/ AL i LA < R o AR IS IR

ad
-y
W
W

jfﬁ’}éﬁgﬁi"irl E R AR ORR U RN REER SR AR & o R R
fﬁpﬁf‘ﬁﬁ%\;#igtﬁﬁﬁ<“f"§"}']thﬁ;\ )/%A,J,'T_ky ';?4 e £ % mo
A Mt RITT AR R RIS BT R S ERT

B2 kgl 2 o

2.2.4 x4 (cavitation)

FRBEERRRAR L RFEFEL I F LG ML

&
NN
et

z
3
¢

R A ’\“Eif"°’}\/rr~t__/alﬁﬁ | ek £

R
&
AN
i

L TR B A 4 2 A R R Bl R

e

a7 s
T2

N

B2V LTSRS RE 2 A 4 TR T 2

x 43 40 B (Whipple, et al., 2000) -

Hoalie KR IRR R edRiT H R ARk RA LR Rl A R

SRR o ¥ A R A A4 dg R (cavitation inception index o) #7 ok 4 3¢

(2.5)
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Bt if RS
p: kR A >
Up : p &7~k (free — stream velocity) o
PR TR HETR A2 D R A i R 1T 1 pE S R
Whipple, et al.(2000) ¢r gL % 7 & 3 w8 & FF(10°~10°) > i R 4p4e

bedp B E 34 RE2ZFERERT Y 0 E R 2-3 @

FORoo Fn ki S 2 e d RN AIRLRA TS 1T

2.3 Fit 4w # 4p - —Erodibility Index

WEEARPE Y D A R AR TS T g R B R
2 PR W A2 W AR o Flt Annandale(1995)3% 1 - fAE * 2t 7
Rin B PR AR TR 2 AR RN

(Erodibility Index) » & & 6] £ 2 H pam #2805 % o

231 @A

u@%%ﬁﬁ@ﬁﬁipfk W E TR ONIEE N Frp it
# - 3F > @ Annandale(1995)in i ATt A T AP RE B £
Rimgr e TS 8 B 4 BRI A KB TR 4

R BT d FEAFERE FL ) PR 4 B

15



e oo g RAR A BRI REL R L) F O AEEL B o

Annandale(1995) i * g 1% 5-#c & & -k iE 2 & 4 i 4 (Erosive
Capacity of Water) » 4 i 4 i 4 45 #(Erodibility Index —Kj, value) %
TR kR AR IR A2 g 4 0 B A X 2 P E M i (Threshold
Relationship) » i&m & didir i 4 gk = 2 o JH 3R 2 2 AP A
BT F B dp i BB R ok e B

ERPSRRLIE S -

2.3.2 kinizdha 4B EkHEERE
(- YK ize a4
R 4 AR ER EEUER S A E LR iR

% gc(indicator parameten)#-41 4 ¥4 & €7 X F - 41 R A i LA

FEokinEANR Y 2R PR ERISd HEBEDEF -
Annandale(2006a)#% &4 > i@k AT % &5 P A N R B2

T Tl R A A E SRR A5 = 2 B 4 $ (fluctuating pressure)
LA AT S 204 Fle R4 LH &R £ ) 4z (energy dissipation) i
A e B AT E @ * 4 (Stream power) & ot 0 F] @ iE 1Y

PR SN ST S SRS L AR TS Sl

Tt o EFE L S Ap ik SR IR B RS L E 2 B RG Ap

16



T o
ISR R R Y R R AR T HEONE 2w
EHRF PRk ErEd y EFE qF L B AAAEZ f A £ 7 5
LA
P = yqAE (2.6)

Bz nEEpPEs s gnErEa g frznd

RoAEE B P G A 4E 7 A S o ek 4% 78 (headeut) ~
= (hydraulic jump)~-g-#% B* Z& (open channel) & % e iy o % ¥ @& #

PV A R S AR S 2 R AR e

(=) AR

Kirsten(1982) 4 Barton(1974) 2. Q-System &8 :# /4 = 2 5 A #H &
B dut e d dgih S R M55 5 R 0 A B T 3t
H kISP Y2 i 4 e dedh f7iE » Whipple, et al.(2000):3 5 % & B 2
P RS P P (T R BB S N R D Rt A R

12 34 48 (jointed rock)z 4 1487 44 H RIS FLF 450 4 2 BB o

1. &2 AfF (%52 p Annandale, 2006b)
FHSZRPL LG22 RERF - FIRAMERZ LT 7

17



FEYRET2Z%E ¥ 3 Y RBP4 2 B
R BRRFUT AL 2 HRE G R R AR B L AR
BafFMHen e FHe 38R v &2 FEEE i+ i (joint spacing
& orientation)~ & 72 B %] /¥ ge(joint aperture spacing) £ 3 ~ = (filling) ~
ek & (roughness) & -

PEZRRAETRAZZFELEE N EX R A LA
Foo 2 FEOA T RTRE F o BTy AR LG R SEe 0 Ao
E G T = Del b S AP L oL 73 * e e Eég-'héf’/:-\é——ﬁii’i&
o RA B GRS A [ LA A 5 BT R4 X
AP IT o Bl < ) 2 B AP EETE (X PIIE R X OKTEI A2 T A o &I
AR EEAR X o HREARE B AR N o S I 2 ek R Y e R R
B 2@ 4 e FC R R B2 it o s 2 ke i f
SRR RGRRBAEIE 2 SE S AR R 0w E BLRRR 3 AR B L A
B2 M R S mAp R RIPRTE R A d R IRT i TR A

o R AL 0 4] 2.6 ST o

18



KFRTTIA

N

R 2.6 H.§807 4 ; b iy Annandale, 2006Db)
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Fluctuating
pressure

F.

down

Transient Fup
pressure

B 2.7 AHE T+ 4 55 & Bl(Annandale, 2006b)

Atz PERR TR T HEL R 2 2 a4 § T LT 3V & i (Bollaert,
2002) :

[3"(Fup = Faown — Wg — Fgq — Fg;)dt = Fae = mvy 2.7)
TP PRy ERAE m G EBTE vy s B A2 2 TR A -
IR o g R et s B 8 Ath =
£ giadE 4 4eid A o Bollaert(2002)3 2 > § HAE P B3 B ALY
B R - LP0.5 <hyy/zp < 1) B ARG ¥ i £ ki 4 (H 2.8) -

20



AR v (zp/xp) B B B Bl (hyp/zp) (TR B R B lw R

FAZIE L2 PF > B P BV GIRE PR A2 T A R 05 ) .

s = 13
xj?;ﬁ

8l 2.8 Bollaert £ #. & <t 7= & Bl(Annandale, 2006b)

2. Erodibility Index — K, &

FLi® &b v 4 4p 15-(Erodibility Index)f & & & E_w At pAs Ik T i
& e 4B el PR P 2 Rt (A B
PR KRR T AL IR S LA

Ky, = Mg Ky Kq - Js (2.8)
% Mo PR R Sl Ko 5ot S lic s Ky 5t s A 5ol s 5
g iF Sl o Ky Ed 230 S = B2 R I D] 0 gt B L R4
HoR I 2 i 4 ARF o

Annandale(1995)5! * F i Kirsten(1982)#1i& = 2_3%4 % 5L > ¥

._\

bl

FIEG L HEER o MR EA L # 7 (Rock) ~ SRS K

(Cohesive soils) &2 258 & 14 4 3 (Non-cohesive soils) » #r5 2 E & ¢ 7

21



B & 5 AR ot T AN A B S G b Rl EA G

(1) #4358 & %-H(Mass strength number, M)
AR RS Mg £ 2ApM2ZM G HEEHHEH T TR A
FHPER Y R R AR A (UCS) M S 34 dh > M3 B = 4o
M; = C, - (0.78) - (UCS)*:> when UCS < 10MPa (2.9)
M, = C, - (UCS) when UCS > 10MPa (2.10)
v
UCS : I B 455 A
e+ AP Ayt nCr=t
g: E 4 i B
pr - A¥ A& (kg/m?) o
% BFRFEATE Mo TR e % s 6 )
L2 LT A A A M (% 21) 0 ¥ b BB 2 M &
TR ST RHR(F 22 B4 s RALE TS0KPaAR F H 7 H AL
PERRE D P AR T O 3% SPT-N 1% & %4 4(% 2.3) 0 §

SPT-N &4z 80 AL 5 &= 7 Hi o
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% 2.1 # % +## M i&(Annandale, 2006b)

UCS

Hardness o A BN M
(MPa)
Material crumbles under firm(moderate) blows
Very soft with sharp end of geological pick and can be ) 1.7 0.87
rock peeled off with a knife; is too hard to cut tri-axial 1.7~-3.3 1.86
sample by hand.
Can just be scraped and peeled with a knife;
Softmmall indentations 1 mm to 3 mm show in the 3.3~6.6 3.95
specimen with firm(moderate) blows of the pick  6.6~13.2 8.39
point.
Cannot be scraped or peeled with a knife;
hand-held specimen can be broken with hammer
Hard rock : : i . 13.2~26.4 17.70
end of geological pick with a single
firm(moderate) blow.
Very hard  Hand-held specimen breaks with hammer end of = 26.4~53.0  35.0
rock pick under more than one blow. 53.0~106.0 70.0
c . : - .
xtremely Specm_len requires many best with ge_ologlcal L2 2120 2800
hard rock pick to break through intact material.

23



* 2.2 #AF 2 3E M & (Annandale, 2006b)

LY
Consistency o F | M
(kPa)
Pick head can easily be pushed in up to the
Very soft . ) 0~80 0.02
shaft of handle. Easily molded by fingers.
Easily penetrated by thumb; sharp end of pick
Soft can be pushed in 30~40 mm; molded by fingers ~ 80~140 0.04
with some pressure.
Indented by thumb with effort; sharp end of
i pick can be pushed in up to 10 mm; very
Firm N mif . 140~210  0.09
difficult to mold with fingers. Can just be
penetrated with an ordinary hand spade.
Penetrated by thumbnail; slight indentation
roduced by pushing pick point into soil;
Stiff P ot g_p P ) 210~350  0.19
cannot be-molded by fingers. Requires hand
pick for excavation.
Indented by thumbnail with difficulty; slight
\ery stiff indentation produced by blow of pick point. 350~750 - 0.41
Requires power tools for excavation.
% 2.3 2 42 M, & (Annandale, 2006b)
Consistency A SPT-N & M
Crumbles very easily when scraped with
Very loose - : 0~4 0.02
geological pick.
Small resistance to penetrate by sharp end of
Loose _ _ 4~10 0.04
geological pick.
Medium Considerable resistance to penetration by sharp
. : 10~30 0.09
dense end of geological pick.
Very high resistance to penetration of sharp end
Dense of geological pick — requires many blows of pick ~ 30~50 0.19
for excavation.
High resistance to repeated blows of geological
\ery dense 50~80 0.41

pick — requires power tools for excavation.

24



(2) gt B.%8 = < S-#(Block or particle size number, Ky)

Ky Bd Ao 7 Stk RQD & &2 e dicfidic J, k2

Ky =55 (2.11)

H¢ 5<RQD<100°1<]J,<55>

(2.12)

4
D :

RS- o 7 B 5.
-\

LKy \ K, &7 d
TR

K, = 1000D? (213)

25



% 2.4 & 712 % ¥ J,(Annandale, 2006b)

AR Joint set number (Jp)
=N AN SN LRUR ) ) 1.00
- w K 1.22
— W IRB BB e 1.50
B H TR 1.83
G VRSN 2.24
RN BV E AR Y 2.73
= :sgé.ﬁ;ﬁl_/}}g M5 22 NE 3.34
T e 510/ K 4.09
AF & e B IR B 5.00

Fp ok R 9 58 2 S-Fic(Discontinuity/interparticle bond shear

3)
strength number, Ky)
Kgigd #2978 g fekE R 58 (oint roughness number, J,)#
72 :z 5 4 #(Joint alteration number, J;) & :
(2.14)
2o B ek R 0 X T

Ka =Jc/]a
T S SRS P
VR 5 Ao Rl 2.9 FTOT o iRy 93 ens g EE A AR (7

e Ak B
BT 2 (SR R 2R A kA A 25 o
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Rough ’
I _/\/\,\_/m

o S o P L
I

Slickensided L —
m

Stepped

Rough =
I e e i e B ey

g Smen

yy Silemsies

Undulating
Rough
v
Smooth
A%111
Slickensided
X
Planar

Bl 2.9 & a ek o+ & Bl(Annandale, 2006b)
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4 25 &35 ekt A 4% J(Annandale, 2006hb)

Joint roughness

Joint separation Condition of joint
number (Jy)

Joints/fissures tight or Stepped joints/fissures 4.0
closing during Rough or irregular, undulating 3.0
excavation Smooth undulating 2.0
Slickensided undulating 15
Rough or irregular, planar 1.5
Smooth planar. 1.0
Slickensided planar 0.5

Joints/fissures  open . Joint/fissures either open or containing
and remain open relatively soft gouge of sufficient 10

during excavation thickness to prevent joint/fissure wall

contact upon excavation.

Shattered or micro-shattered clays 1.0

IR SR LA SIRG TN 2B A B dofE d A
AFEMALRREE MRS BT @50 20 Bl o HEET L4

s ARRGO R EEAHEL BT AL 2.6 7] FhK
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4. 2.6 & 72 :x% 4% J(Annandale, 2006b)

Joint alteration number(Jy)
Description of gouge Joint separation(mm)

1.0 1.0~5.0 5.0

Tightly healed, hard, non-softening impermeable

0.75 -- --
filling
Unaltered joint walls, surface staining only 1.0 -- -
Slightly altered, non-softening, non-cohesive rock
: sl 2.0 2.0 4.0
mineral or crushed rock filling
Non-softening, slightly clayey non-cohesive filling 3.0 6.0 10.0
Non-softening, strongly over-consolidated clay
, e f . 3.0 6.0 10.0
mineral filling, with or without crushed rock
Softening or low friction clay mineral coatings and
x . 4.0 8.0 13.0
small quantities of swelling clays
Softening moderately over-consolidated clay mineral
- : . 4.0 8.0 13.0
filling, with or without crushed rock
Shattered or micro-shattered(swelling) clay gouge,
( 9) clay goug 5.0 10.0 18.0

with or-without crushed rock

~

AR SRR RS AT G 4G h o SR T R R S
Hod mAAEELEQY

K4 = tan(@) (2.15)

(4) ¥ 4 43¢ 1% * Z-d(Relative ground structure number, Js)
PERRERSEI R e s ARG A D w) 2

BRI 2 B AR G IR B okin S bAp ke PR kAR § R

29



7T AR E A (LR 2.6) o FH2 AR PR F]SF R
#* & 32 ;e (Ratio of joint spacing, r) % -1 2 5.75 5 3 Foiz 4 it
32 B 4o@) 210 Pt o B AR SEMe B KR w gk B &
A AR w L BB i AR AR A F LR IR kR
S Al B B FlmE B AR MEE A B AR R R AR S
d ORIV S AT o i B HAR S Az AR A o

) #7721 R $ILI B 150 AR FF (I R 1)

IS

Y

%4277 8 ) Ee gy A S = A4k (intact material)pF > P~ | =1

AR wE L REL8PF PIB-J 5 18 BicE o

—p» Flow direction

Joint spacing ratio, r = 1: y/x

B 2.10 # B =& v (Annandale, 2006b)
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4 27 ¥ 4 0% ¢ 44 J(Annandale, 2006b)

R BEdAp it S T
FEERAPITZ BB 2 $REE
(degrees) ¢ 1:1 1:2 1:4 1:8
(degrees)
180/0 % 90 1.14 1.20 1.24 1.26
89 0.78 0.71 0.65 0.61
In direction of 85 0.73 0.66 0.61 0.57
stream flow 80 067 060 055 052
s, 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
K v 20 084  0.77 0.71 0.67
——— 10 1.25 1.10 0.98 0.90
J+ 5 1.39 1.23 1.09 1.01
1 1.50 1.33 1.19 1.10
0/180 (& & *it A= 8) k0 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
-10 0.67 0.72 0.78 0.81
-20 0.56 0.62 0.66 0.69
Against direction of .30 0.50 055 0.58 0.60
stream ﬂo‘iv -40 0.49 0.52 0.55 0.57
2 -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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2.3.3 W& EH P
Annandale(1995)# ! » IR % 4 B F d P AELE P EEE F

Ao PP EE T RN RA ﬁﬂﬁﬁ¢—#@ﬁ4’vaﬁﬁﬂ\

T e koA B g (P)E T 0 AL ASR 4 R Fur &
St sl f(K) A 7 0t e B R PR 2 g 4R

FF 2 PR BT T A

P = f(K) (2.16)
FP>fOF Rl mai g2 mARE - F 2 B2 2 b4 o

Annandale(1995)§ﬁ“g} w i 150 &3 MR+ %(USDA)E 2 227 -
PR 2 B TR 2 AR PR (e AW B B L 2 ki
AR B BP Gduir Aa d dpth Ky BRREA 0 3 d TR RBIEER £F
CIEBLE S S UV LR S L R S K
Bt Kyle 3 b~ i 24240 5 = b2 Bl & (Bl 211) 7 F 8314

NEF P BRI FE2 MRt s TS GiRa S Bidd 2 b e
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Erodibility

Comprehensive Data Base

€ 100000
=
g
1000
c
]
)
o 10 .
o ¢ Erosion
@] ;
2 0.1 O No Eresion
(5]
&
%5 0.001
&2
@ 0.00001
1.0E-12 1.0E-03 10E06  0.001 1 1000 1000000

Erodibility Index

] 2.11 Erodibility Index #* 4 Fc# F* #£(Annandale, 1995)

Bl ¥ = Rl R EE S it A 4 dp iR Ky B8R )2 R
Mo 2 FAEEL Ky Ef s 2 2 F ## o F]yt Annandale(1995)#- =
2 F 2k frhe P HE s ) Ky B S 01 fFs A B2k, 55 o 4k
il il 5 B

P. = 0.48(K)°*  forK < 0.1 (2.17)

P. = K%75 forK > 0.1 (2.18)

79217 F AR R AR AR 2 AR E P 4o B 2.12 1om 5 3 2,18

R E R e EE P 4o 2.13 froT o
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Erodibility
Cohesionless Granular Material: incipient Motion

E

£ 1

2 .
8 n .

E 0.01 -

a .i. n®

g a

=

& 0.0001 -

5 B i &

£ 0.00001

€  {000E-12 1.000E-10  1.000E-08  1.000E-06  0.0001 0.01 1

Erodibility Index

Bl 2.12 K < 0.1 & fx#: F* #(Annandale, 1995)

ErOdlbillty @ Erosion
Rock and Complex Earth Materials © No Erosion
10000 =

B & °
. 1000 = + &2 -
b C ° “TQ
E  F o PO O
g @ hd O~ 00
3 100 | -6 o

= ® °® ® o
B - & @ < o D
o B ° ° L 8
- — o
4 > 38.°% e

10 = B2 W & & o0

b = ° % 89 |7 o o
B - & i - 0 o]

- & % ] o]
§ - g e ° ] H.9° 830 9] ©

'E %,o ® vof"‘" ,,Qc:goc@@ ~l ©
o [e)

E ¢ 4 e o4 é& 0| o

- 2o p® 70 PO o0 ° O

- . - o

0.1 1 1 IlJ'riI 1 L1 1hinl | L LlEll | LI 1 iitl 1 Ll | [ R
0.01 0.1 1 10 100 1000 10000

Erodibility Index

B 2.13 K> 0.1/ & fx# * #(Annandale, 1995)

Hu & ﬁ ~ AP MR T i A 4 4tk A7 1 (Temple & Moore,
1994; van Schalkwyk et al., 1995; Kirsten etal., 1996) > % p % & 117

2 At P AER % o Temple & Moore(1994) £ i ki 4 £ 2 8
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FEHEFT AR R HEREF VR P2 A A T
HABCE F X0 (B R haEE PHER BiE B - Kirsten et al.(1996) ¥
WRE - PHEEM L E T PR gs%r%]’van Schalkwyk et

al.(1995)pE = 2 FiF 2T > 7 A 42 R 2 &~ B o Annandale(2006b)

ﬁ

BT LAY 0 4P 3 v k2o % % & 7 Annandale(1995) ¥ van
Schalkwyk et al.(1995)#72& = 2_ P {15 B %~ R4p + 2 4> %7 > &

PR T RRT R -

234328 3

K e R RS 4 D s PR (g B e
AEETER AR TR FEL G B EE
&7 Kpifi®e > 5 8 B 52 ki ma i £ 8 (P) K, @A Bk F

212 2B 213 F o FHEI R OV EIH PR P RFE A 2 r AT

-\

B0 K20 COATETE PR T o Pl A A A o 5 ke T4 K, B

e

TS A AR R dE s 2 5N(5Y 217 & 2.18) > B gads b

%‘&
g
fr
=
-

GETE 2R TR 0 F M B H 2 kit Ay
wE LTS .
Greimann & Vandeburg(2008)3! * Annandale(1995)# 1 2_ §& 7 in

# (P, cri )#f FeE TR PR A (toq, PA)Z 3 E 3 E 0 BTRR R B e
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Vi SRR e A -

“/ =1
e = [ ()| = e () 219

BP0 EKBA R A KA Lok R dedER o (ke/R)YOL BB R

R 43 0.6~0.9 -

FRT PR A AR RN L gt S > T A K, BT
At st b s PR AR 5 2 5018 B TR R Tt (Bep) oo o 0t g o 5
BE SRR (o) o Ko P HEE @ BT A Rt (Pyy) 2 B 5
KW/m?2 > 2 £ 8 2W/m?E & ~ g o N oo de s 950t o p 4

(i)=& = 5 Pa e

2.4 Discrete Element Method (DEM ) # e #5324 45

23

AR R 2 R ltasca o 7 1 B 22 UDEC(Universal Distinct
Element Code)#ic & 4 45 425% 5 22> 444 & 72 4 88 (jointed rock) 2 7
fofrid e TR A 1T RSB A A BRI BT .
UDEC & {1 * i %] ~ % ;> (Distinct Element Method)#2 8 @ = 2. = s
B A 47 AR5 0 T 3dc & 2 (Discrete Element Method) 2. §=%k > 3 &
a2 A 2 WA 4T

FIEAM FHLG B 2NN F;ﬁxf% 5 & h



X530 2 BB TN S 2H a2 A TR o UDEC 425% -
RPN EESE VERE Y S TR SR R

BEMPLAF L2 BRA > F 227 E* UDEC 425 2 #kE

B A 491 B o 0T a2l FARM O A 192 2 B B 8

B A?\ ‘;_JJ/'/ /\ éw °

B E N 2 LR At YA KRR G R R
Ao Flhclt72h Rl 1TE R R FEERWZ 72 230
AR 2 T AR IR A LB A R B A

17 = 72 4o B =~ % /% (Boundary Element) ~ 5 '~ % /# (Finite Element)

A
J

WA L Fia R B A A T
g 4 BV ERE 3w L3]G (D)F37F 7 N0 AT BT i
3R A0 (2T uk p By ATA 2 2 R 0 (3)F i B
ol 2o =4 F 2R g o 3t~ % % (Discrete Element Method),]) q i
T2 F A2 aF 2 B TA 4 2 BORA T E o

#iz ~ % /2 (Discrete Element Method) & 4~ 2 = 2. p chE_* & 32
BRI RS LS s B2

FAER DM R T AR EEARY RS p BFERATA L 2
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IR Aot R A RERFHZ LR T EEE o A~ F 2
(Discrete Element Method) ¥ 2t:dt 4 %8 2 gpscbi iz & £ T30 > 0 7 i

o #H D Buz BT 56 (rigid) 7 %35 (deformable) 41 4L >

FRAGZBMT B LG VL s e E A~ T R
— R TR AT 2 PARL AR e B ER
RN P = 37 T S Bgw 2 qu—)‘fﬁﬂ‘!;l LA 0 & 2 75 F3Vs

¥ A& % kM8 78 2k (soft-contact approach)£2 k| 14+ fd Bk (hard-contact
approach) o sx P+ BfELLZ ¥ REMAE LSBT 2L 1 » PR > A AV &
FRBLRIR 27 A pPR2 R 5 oA @ o it e BT v 2 jpiF 6 R
4 mimds T R e

FAgac ~ % i+ (Discrete Element Method) 4 25 i 4 %8 ficse & 17 2.
FROMEFENEAT P22l FREE RS AR 0 F R
Ay A2 i o o i 4 (particle flow) ~ 37 f44 4 2 fic
B NUTHREI AT E SR A2 4 B SE - UDEC 425%
FiF & MR R 2 s A 1T T R 2 T I )
WEER2 &4 57 @ % PFCP g3V 12 7 0L il 32 Wkt o £ 3

TR ez AP ER T8 o BITEY 3DEC & PFCP ¥4z
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242 @ FWEE RIS 71 L

P % 12 drkc ~ % 2 (Discrete Element Method) 5 #h ## 2 2. 2tad '

UL SRR S L

1.

B w| % ;% (Distinct Element Method) : 5.8 7 % K|t 7 $3 5

om0 - RESLE2Z I B

TRUBAL(1979) ~ UDEC(1980) - 3DEC(1988) ~ 3DSHEAR(1988) -

PFC*” #32(1995) % -

Modal Method = B[ B 882 KT &2 i &) 2 /25507 > 7 A58
Pl * 4 (modal superposition)z. & & = 3% 5 if * 3033 5 A

B2 A AR AT o Bt A 2 B A AR G

CICE(1985) -

7 i 5 %2 4 47(Discontinuous Deformation Analysis) @ H. %8+ 2

BRE e TSR BL R AR BER S R AR BE A RTEP IR R T o

DDA(1989) T j§ >+ pb kg ] 2o g gz X o

Momentum - Exchange Methods * 3. %8 22 378 2k % K|+ (rigid) 1)

FARAHAE L B R e T

2] DEM #c i A 474255 2 #1987 0 T 214 & fF 4 -
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®
=
[4] L] 1]
= q
& 8 @
KEY = 5
S @ e
Does not allow it or b = E @
not applicable £ % % =
o |Can model it but may be E D e =
inefficient or not well-suited = ] it 2 5
g g = 9 g
@ | Models it well a £ 2 E =
La ] = =
2 G E O mE 4 E =
- o o = o e =t % &
2 ©8 @8 @& =
For each method i %= & &= @ = g E
i Sac e U 0 Q E U o l:‘_:l E =
Rigid | | Deformable i i i i i
contacts ' | contacts ! @@ L ¥ L X
Rigid | | Deformable ' | | | !
bodies | bodies 000000 o
Small ! Large [ [ [ I |
disp. : displacement [ ] ! o0 ! o0 ! [ ] ! L ] .:
T T T T T T
Small [ Large | | | | |
strain ! strain ¢ :. o ! o0 ! 0 ! !
Few ! Man [ ! | | |
bodies || bodibs 20000 .000 .
Linear i |Nonlinear : : : : :
material ! material .:. .: e .: | |
Mo [ | | | | |
fractura | |Fracture 0.0 00 : !
Loose | |Dense ! ! | | |
packing | | packing ® :'. o o :. .: . :.
I ) I I I I I
Static ! Dynamic .. :.. . :. .: ® ! .. .:
Forces ! Forces & i i i i i
only | |displacements ! o ! ® ! ® ! o .:
- -

Discrate element methods

Bl 2.14 DEM #ic & 4 17 #2.5% 3 |4 (Itasca, 2004)

243 il FWEEHIAT & 0l

A FH2 ER AP I AR E T VY BR 2 R AR

o

FordNER NP EY s B RZI FHREINEE T E

%77 DEM #ic i@~ $7425% 2. 5 * 49§ B £ - Jing & Stephansson(2007)
wAFAZIE 200 fo ¢ ko BEILEFAR Tt 2t H 7 1 422 DEM deiE i
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B RAREASL IR THEEEL R TR RS K
B2 R R R R AL 0T R A A N A R A AT R 2 4R

B s

1L 28 s

DEM - 2 ¥ &7 H 7 5 2 P B R 47 0 b Fs &
i % % o 2 KA 3 (Cundall & Hart, 1992a,b) » ». F]pt » F g
BF LB LA L B F A L ¥ A% $ (Crustal
Deformation) ~ 3 & ~*3=J& # (Rock Stresses) ~:# & 12 T & °° 4% -

= B % ¥ > @ »Rosengren & Stephansson(1993)41 * UDEC ##t 7k
P S ¥R < A B A 2 R4 & =8 2 K i - Finch et al (2003)zE >
2D z. DEM #-7) - skt bk 51 3% 2 38 43 (fault-propagation folds) » % 3¢
Pk BApdsA ik R F A A 2 R HIBE L BE(R 2.15) o d 2%
DEM #3# 7 F#F2 2 ~ 2%+ Fbatlmp R 72 B2 h 3 iUH
Ry B3] Y 20 F o 2 AN TR PR ET R 2 MR R A s ] & B3

L B LR A ¢
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l 'g Free upper

Fixed to

walls 40 units

Hangingwall Displacement : Footwall Rigid basement 5
0.000025 unit 40 units

per time step 7

Marked thinning

Thickening in synclinal hinge

26.4 units displacement

B 2.15 %7A 51 &k47 .2 DEM #ciE 53] (Jing & Stephansson, 2007)

F L2 st DEM ¥ R EFERZ

TR

¥ OE R AL

VTR R R

IR
W
o
&
5
4&»
%R
“:l

-
En
ol
N
Tl
_-‘-13\
L)
NN
G
=
3

(»x
fg:
s
5
\\Q&_

PRET e 7 M Utk B afp 3 B Tl S iR B e
z_ K 4aen2 4+ 1 £ (Jing & Stephansson, 2007) - Lorig & Hobbs(1990)
o+ DEM i ¥k B#=if & (frictional sliding) 257 if # (stick-slip)
Faehin 4 > TaERY R AT HF 2% <~ %% (Boundary Element
Method) & = # # - Cai et al.(2000) 4 * LDDA(Lagrangian
Discontinuous Deformation Analysis)fic#g 2L 4= 7.8 2 'J SR B =1
BRRT AETE R A E BN D SEEEAH e A B0 B R R R
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2 FpAp o % #(2008)1¢ * DDA A 453 23 By R 22
FMEH A RE BT FIRAEL LR TS
A REE PN ERS R MRS ARy B L

BT LR RZFERTIR R ERRE S B EHE FI]
it S L BRI ERLF ed MR FY 2 ALY R RS R
it » Chandler & Martin(1994) i * 5 *2 % 4 ;% (Finite Difference Method)
FLAC #%;' 2 DEM 2. UDEC 425\ Ir s = o A8 (7 < = B4 2
Wt t7o8 % s FLAC® UDEC 3| 2 472 <+ B4 5% T >
B h N A ey B ok Tkd > A REGEFREN G CEDY E 2
BoE T Bt Al A R Tl R R R ORI R AR R,
¥ o BB oA 17 5 B oo gRAA8(2005) € * UDEC 4% 3% g = 2R §
2SR e gt H R PR R R R e 2
KT A A B IRAEF R T S R4 AP A AR o B B < R T
Bt 2wz mAS RS PR AR F 4 k| kT
Bt 22 @R AAFERS  REEHBES -

HH AT AR R AH 2 EFE R R SRR

i
A
e
F
ML

BH2 AL R 2 Sld HH2Z A6
Bl Tod R AR E 2 Bk 3 (blocky) 0 It iR R REE & Y

DEM - ;# i 7 #i-#t (Vengeon et al., 1996) - Adachi et al.(1991) ~ Hsu &
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Nelson(1995) ~ Esaki et al.(1999a,b) = ] * UDEC #%3" fi-fit & 17 £

& T4 B 42 > Ishida et al.(1987)R]4]* UDEC 4 +7 £ s ek 2 ¥ 5]
(toppling) #=5¢ - 38 £.22(2004)4 * UDEC #z.:%ie (7 & 7 it 2 fE % A
W g ERRLEG 2 S G TS R ERRE 20 T

B o R F AT E FA R AR K

R4 TR PR g 2 RURE

2. ¥ T BZ IR
FRIRT R R AR 2 5 R 2 R N REFR &g

’

ol
Ik

A

AR TEES R FRLER R TSR R TFIEY Y
BR2_ g4 2 4 > DEM 5 A7 R A2 24 2 ) B e T
Bz AR Ay o BE | fan o AR FHe HMEF2

3 iT* (Jing & Stephansson, 2007) - %&ig £2 = T # 734 =X (rock caverns)
AR 2 B RAEEd I BB 2 T LR R T RS
18 g o

i‘,-{}.nl_,{,i—rp T r A A ik;-—:s ’\‘E\'_a‘i"sﬁzﬁz\mf i’x:ﬁf'bt’ﬁ
DAL B AiE s 2% 2 ¥ - Kamata & Mashimo(2003)

FI* oo e 4 B FRap T RE% 0 T8 UDEC #iE i s
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SAp3 g e @ % UDEC & (7 figpF » 1% o iy a

TR 2 Ak G SR ¥ HE S Tl o B L

BN
=

W2 LB BB G AR SR B G * ppE2 Sl BT GE i
e B2 HEE (B 2.16, 2.17)- 4 #5287 UDEC #ic & st % + hg 7 2

RERT S - 229 T 4 AR Ao 2 BT -

Ground 'ace

Tunnel crown

Tunnel invert

(a) al 25g

B 2.16 "k 42 T sk o #8407 22 Bk A5 38 (Jing & Stephansson,

2007)
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. —_ e
g )

e ]
-;??.) K
g K|
"‘ & cg
€ Qe
| p pll [
"4 < 1°”
QI K |&
Bl P
a-'./‘ d
e \
s -
dbv % ‘—o

P AN AN A AW AN ANAN AW ATEAY

| Sp 2k g
5 B
AN N
+ o Akky et al.(19¢ B : : 94) ~ Bhasin et al.(1996) %
A ¢ % UDEC ##g~ 174 7 3t R 2.3k 3+ > Dasgupta et al.(1995) 4] * =
a7 A2t 3DEC #HE R AR T HF H kA4 T Rz BE
Chryssanthankis & Barton(1995)41 * L&+ UDEC-BB #i-3" ficgg s ™

BB f L PR R R .
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3. W

B K AR C g HE R AR R

ad

B2 ARTALEAREEE TH AR BT ARE AT
HPMAGE - HIEFE EWZ AR E R RPET AT BHES
2 E® b P BREREE TR AR A 1T JT e R
SIPFIR R R A2 R R o

REA BB HERARYRAFRE S RFIERE A
BRAFEHR: P EFRH 2 BT S BORR RH - 2
B A AT e S R A TR R TR i
B S iE it ed e pAj ke B FEEIR G BF L2 Bk
PEREE D B S g F 1 DEM 2 2GR TR A 1T o
Hencheret al.(1996) §1 * UDEC fic#t o355 %rag fe 2. gk 53¢ » Zhu et
al.(1996) & Coulthard et al.(1997)7] * UDEC ¢ 3DEC fisft A 7 7 318
B2 AR AT

PTRARRZEKERACE R T R AR E gL LS
PR e B P B E0E R 2. £ 8 > Cundall & Hart(1992b) ~ Hart(1990) v
RE# e DEM 2 » 335 1 %] ~ % ;= (Distinct Element Method) & 3§ *
WIFER SR T Huz £ & B4 0E - Jing & Stephansson(1991) 14

3DEC $f7h 4 — bt T Hyul (TR B A RFZBH S
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=
|

BB 1r2 8% 0 1 P BT G Tt R ¥ S

AEEHAT A RZE Y AR T BrUFe i o

RS R S ]
PR R RSP AN ARARNE S F2 - 0 d R R & 2

AhEEnTE > A HSR RAHY 2 AR S R e d

gx*i

B B R 4R T ogm = 3 ¥ (closed-form solution) s & & f :85k*
R ERE PR R F e A B licE S U AR R B R
4 & 2 83 7 5% o Stephansson et al.(1996) & Stephansson et al.(2004)

vETE RN B g e R 2 A # # 8 & ~ 17 (coupled

thermo-hydro-mechanical processes)fi-f % AL # & % 4L o Hansson et

al.(1995) & Jing et al.(1997)41 % = % DEM = i Whtif e & 4 o
ARz BERPF LR X T b5 RF 9/ J% Op i A e
BoF g Bt 2 Bl B R SR AT B R Bk — R

gt A VIR (A S A T

v e

5. /7% -
FHARS 200 PR RE B TR B2 S
AWICERME I MELELY - 5 UDEC R g & mp 21

(steady-state) z. ¢ 27+ (confined flow) » Lemos & Lorig(1990) a2 &
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BRIz 2EEAFLFEZ > THRIUIE A £ 50
(flow with a free surface)z #& i (steady-state) £ gz B (transient) /i /% o
Gutierrez & Barton(1994)4] * UDEC z ## —-k 48 & 4 47 125" (Itasca,
1991)45 24 8 - BB P -kom B M %252 £ > Kim & Lee(1995)~ i

L gE a4 2 UDEC #4493 T b Rt R 2 vk B4R

Kemeny(2004) {1 * UDEC & f5 d #x 5.4 N 2 5UF 4 Bt i 5
i 2 e Rk F (2006)4-4 i L 45 2 47 (DDA * »t B K 7 iE 8
Wizt PR WG W A T AR F RRE B

RS Y= R T B L TEETE

~\-4

‘t
Ay

==
1%

2
o

M 47(2009)"4 PFC™ 2 1. & » £-81435 2/ 18 17 b i 2 F 2 3%

PLRGRE R EG TR R RS S 2 R RS

ETR
w?z
:E‘\'.ﬂ
3

3 FEet B0 H R A fet 4 B | T 2ot Apig K i

b b
w

-

/ﬁ“’g—

i
4
=

m&’g

DEM = i iz it » ¥ AR 5485 2 > B L FBRAL F 2

L}Ll” At e

25éﬁwﬁ$%

BHR2ZFAFTIFTFELED R EAN P B EFHEAFLL A D

‘?‘5

FEPIZPF IR FET AL AR

&

2o A s B A 0 R
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H- 2 SR o £ A HESERE Kiikaz it oh 0 &
IR Y E S RN -l F R T i N0 N % Xt 3T

R R R o R RPUR N Az 4 TR P A SITREE] Y 1Im

T ood Bao A S 2 du] BEE SR ko dé &g (Whipple et
al., 2000) -
SRR B L SILBRE RSNl WAL ok o Pl AT E

vozbid B E A T 5 T A # 2 B w] % 2 (Distinct Element
Method)#£ 8 @ & 2. UDEC = ##cid A4 A2t s A dr2 1 & - 4
8 R A2 BB s TR A T R R R OR L R AR
RIS E AW T S 2B T8 e Annandale(1995)# 7%

2 b 4 4p 15 (Erodibility Index) i = $FP8 - ro 8 it $ H B i

12 BT+ 5 RS fitl 0 RE T -
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¥R Py
AEARFEL G AT B~ DA RE AT n

A2 0 B i MR A ATIR S I ARE ARG A -

31 SR ARLAPIZELE

d IR B E R ZPIE L EERAT ERE R LR F

HMFS o FRRHKALFE N EREBRE G BRRE
BB RA P2 BEA AR IEF AR L PR AT
SUEEE SERARLE IR R A A S SR L A TN
FoEmgtt AR PET]FEFLITEE S o
TEEEABR S P SEFIEYG S Im T 2 TR

a7 o d HBGhFEEs 4] A 32 (Whipple et al., 2000) o AT 7 W 414 A
TR kA2 HB AR R A R S L AR R
B2 R T o S IL A2 BOE BT AR S R T A TR 0 @
#sz - % ;= (Discrete Element Method) = 5 Tk b 28 2had S48 43 4491
A2 ZWRAIT I Z o FIPAFTEY NHIIA~F 2 S mAHZL B
| 7 % ;% (Distinct Element Method) #% @ = 2. UDEC = (a#iciE 4~ 47

PN L RS 1 E o
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UDEC #2;\d ##F % = i&# 7_i=(Newton’s Second Law) 3* &

W2 B ¥ RN A VA BN A S L AR R el b —

I

# ¥_i=(Force - Displacement law) 3+ & & 3| % 2 & B 2_ 374509 4 >
PR T - PR 2 RS B L E R AR AF L AP
BIFET AL PR TV HRREA AT ERESFL o

77 7 ¥ * UDEC 4.0 % (ltasca, 2004)> s+ %~ 4 2. UDEC £ # " fish |
ﬁ»ﬂu’vF%*ﬁ%%ﬂ’ﬁm@ ISR o A
Cundall(1985) % & Mg * 3t = %A #7582 3DEC: ¥ 4 47 & 32 4 48

Lz BB R o MEGFE R AR A T

3.2 UDEC #g;¢ ﬁ fi
3.2.1 UDEC #23;' & &322,
UDEC #7258 th 13454 dr~ Z 2 T4 B m = » pL2 R L
5w s (block) e &dm &2 B A4 BLEEPId 22 o A B o
PEFe TARIABTZ e 0 B AP 2 b ZEMiEE A2
BAhAE -
UDEC # ;' 2 &8 5 1 & F 2452 % % - i & 2= (Newton’s
Second Law) * 5 M. 482 @$H o d © doeni®H 4 P H B2 EHE A

245 L e & 4 -4 2 = (Force - Displacement law) 2+ % {7 3| 7 &

52



Wa s BRY BB 42§ A E RS BT R g X2 )

BTR KA ERF 2 4 ) o UDEC 4258 & — PPt 2 38 8 infedo®] 3.1

322 ERHFFFE R EIHS

UDEC A% ¢ A eh B« Bk 5 B & 7 %254 > - &
T AR KR MRAART 0 F 2 BHehd Fld ks g e S
FAEER 2 A A 0 B RS R RT S P

FERE T VRO RS T B T 27 L S

7 ~

A it e TRl
(-)E®HF 5 (F 3.1)
Lo BB g~z o4 gt F A s Bl & 4 1 A 4 4E

@R AR i B e R T T

2. ?%45&%&:;}%»1%@?”;@ » & UDEC J 2R & 5528 %

22 A ETERT RLA F(zone) M E LT 2 KA L L F o
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T e 1 g |0 g Sl

ZE®(TE o
£n ®
b ALL CONTACTS
izl
5 4
B E
2
IR
=
i Q
% F, : = min{uF,, [F.|} san(F,)
2 Y
e
RIGID DEFORMABLE
BLOCKS BLOCKS
ALL BLOCKS ALL BLOCKS
L
=
-
2
< gridpoint —_
E >
|6 al centroid at elements (zones) =
=IF| du;,  du; o
E F 3 F j 'i. = 1_ ] "It
M = Ze; x; F, t"_ 2 (dx dx; ) 'L}
g =F/m g = C (gj. Agy, )
' B=m/l at gridpoints -
etc F? = .‘lz g N ds 9
: Fi=F; +F; 5
L'.'Ii = Fll'l m E

S
t:=t+ At

back to ®

etc

B 3.1 UDEC #z;% & — pFrs 2 38 & ;i 2 (Itasca, 2004)
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(=) AR e o5t
srpE e (1)

(3)Drucker-Prager

it /& 1+ $i£ 3\ (strain softening/hardening model) -

[ S e R 2=

s gz (null) ~ (2)38 4 % » 55" (elastic isotropic) -

7t 555 ~ (4)Mohr-Coulomb #

et ~ O) % ac

(6) ik 7 & 1

LU T

(ubiquitous joint model) ~ (7) 8 £ % X -3\ (double-yield model) -

CEEA LS R Ak B R RLE R R S

LEDE LTI

AR

# 3.1 UDEC 5.%8 ‘& = #~

i % e R A Y PR T

7 # * _Mohr-Coulomb #5% o & 3.1 7] 2 58

e J./
o S A

¥ #

5\}

oo HE

53" (Itasca, 2004)

s @ H kT ER
Null R AR = SAONNE F SN A
AL Py B ERTE O~ 4R
Elastic BE-Ewlddm AR SEAMY > FRMGRR
AT S BN G R, TN
Drucker-Prager B* 3 MR E 2 AR LB U R AR 2
2 — AR5t

Mohr-Coulomb

FIRLE Rk R

R G ST ¥
(brif sy TR
)

Strain-
softening/hardening

EERM R i 2

o

By RS L P S

Ubiquitous joint

FRHLRARRE 2 M

AR kMY B

Double-yield

l}‘]fi’l - EE SN ' %ﬁfﬁéﬁ/l
2 O B A A

TR Ty

5 > L
2w
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323 LT 5 8 AN

UDEC #%:% & & 326 sfigt b £ RS B EAT o 3
SRR B S B ORT R EREIE G o B AT 2
RREAHGHES T RUMA A (DR EEE IR L4
(corner to corner) % 4 ¥t (corner to edge) = fd > N > 4o 3.2 A7

T (QF AR PRI F T R R BT L R EL > e RAR)

P BEAR D o

BLOCK B

/Jim:[iurl of
coftact norimal
/I

shear
direction

r
(b) ¥ /g 4:is

direciion
of comtact
nesrmmal

shear
direction

BLOCK A

BLOCHK A

by :
L comer Py,

AP I'- 1 - Z,'_, i =90
La) M3 of iy

B 3.2 & fFif et & ¥ & 2 FjF > ;8(Itasca, 2004)

d 3R BE R & T G e b B e A 4 % % 0 F)t UDEC
AR Tl AR AN G L R F L
1. UDEC A28 2 s & %0 & 2 52792 4 > Fp 42 F & = ;X (round)
BEHE M- TR EFEAL LB A AR 4B 3.3 95T o

L
i\

4

\\\ﬁr

2. Flé AW RGEDS 05 7r > H w3 BB
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RS

v 8
T # R

—_—

o oa Rl 2w R EHAKAE Y o ¥ ¢ ST
L s AR R RS EERER > - R R AN
B E 1% B @ A R o

. UDEC #5' ¢ p & L AT G % NEFLRFRAAFFFE

FRELIY 4 8 $3FE A8 gt 2 Mt B A T3 OB 0 B

,4,\ *Jﬁ- r__’*f’)"‘% ;\: -‘. L l_.;;.:g-.\ { %’:frl: J;‘; E’] Eﬁ,g -}
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d=r d>>r

% T

g

d = distance to corner
r = radius of rounded corner

(a) rounding of corners using constant rounding length, d

(b) rounding of corners using constant radius, r

B13.3 & i 2 18 £ £ % (ltasca, 2004)

\Finite Difference
Zone

o Gridpoints

@‘ @ @ Corner-Edge Contacts

L1 , L2 ) L3 Length Associated
with Contacts

, Domains

B 3.4 F¥:F o maEfg > ;¢ (Itasca, 2004)
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(-)amim 2 A 47

& UDEC Az ¢ #4010 1e% 4 228 » 1 B ¥ 5 b4 — = H B

N

438 TN LT RS I
1. 223w

<r

B e EF 2 A S et o TERERY AL REE R

Ao, = Kk, ' Au, (3.1)

A Ao, e et R o Auy s @ BB E o d 3% UDEC f258
B AE § Rt Ky @ ) B k€ 3 4 Al £ fr(overlap)
PG ot o F G BE ARSI PG GG w5 ] ET

GEABRER PEFAL R R ERENT -

2. F 42

Foktd ¥R k) £4)F 4 AR RRES ¢ @
2B h @ U (Tpax = C+H optan@) » B T R4 27 =8 chpd

g

d T Ao 5 kg ik o 4ol 35 T o

when |tg| < Tax = AT = K¢ - Auf (3.2)

when |tg| = Th.x = T = sign(Aug) * Tax (3.3)
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increasing normal
effective stress

.,

hn!
|

N

P

Dilational S - =
component ‘ oo s by
of normal increasing normal
displacement effective stress
d i a,
u, Dilation n

angle

: Shear
Critical displacement u displacement

ug

B 3.5 3w ¥ (7 4 5% (Itasca, 2004)

UDEC #25%¢ #1173 4 b R & H50 0 (£5 & 87
e r o 29 < e fixdp i 6 2= (Coulumb slip law)

BEA S RN R RABERE FRA LT
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. BRARfY R G F B 05 (point contact) :

BHAE MBI BB A LG AP ] B e

. o ¥ R % B 1505 (area contact)

WL R T Tﬁﬁg\oiﬁﬁ%%%ﬁgﬁﬁﬁ@
B~ Bt REB4 2% RS SHREfRSEDRFER ER
BHRD R 2 FR R Y

B B A% 38 1Y 5N (displacement —weaking)

RAFETG IS PR A D RR Y 2R R 2
;}%"E o

. d 4" K05 (continuously —vyield)

7 HE38 g Coulomb 3 &+ Bo5v 47 3 » 4258 @ 7 3 8~ S dARY ¢

\\E

B R B AR E IR G FIEL o VT b I8 L g
BisEF G a5 2 Wk o

. Barton—Bandis f3" :

5 2ha 2 &3 17 545 > d Nick Barton & Stavros Bandis #73% ! >

AR F ER T & Ldg o2 B (index property) - iz 2 UDEC

SR AFH Y "’P‘},"Fﬁﬁl—°

_}\_féé‘;”ﬂ E'f;\'*_g_;\t‘ ’|1%%éﬁwﬁmﬁi#€-ﬁg7ﬁ_fﬁ
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(Coulomb) i & 558 B * 30— A1 A e * o QL 0N T PEERE

ARA S H

P A S o Tk

=
N

a\
b
o

Belt S i e b

%*qu ’ * pr ;ﬁ%

{5 &

; Sk 2B~ o i % k2 Barton-Bandis & 3 #-
I (7 L edp B i 3

H o LT RN 2B TR

% 32 UDEC & 72 & & ;% (Itasca, 2004)

Bt # 7 P h? §F
B 5 EARHE v RAA RS RL BURE RE 2 F R
(point contact) From a2 U T AT
= RS — Ar M 4 AR
» & s BAE 2 LG R 2 K G e VAL A
(area contact) (3 TRiza A7)

o AR A 53 1 5N
(displacement —weaking)

GG LG PR LEGR
7 AR B

- HEHT 8

g E RS
(continuously —yield)

$I0G B4 E BRI B

ey
7 =

FRFFEE RGP
RAFILY 2 A TH
P T

Barton—Bandis fi=3"

¥ d Barton—Bandis 4 #ic &

2 3

K251 G

J\" m%@g 7‘@ ?w
el S

324 BERR AT

d 2t UDEC A2;V4x % *tAE5 "LL A 200 5 224 e fi o

Boptfesia B fdp HELp 3D
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AP i e R T
1. HRPN IR T B4 T
at, = 2min () 34
min (3= (3.4)
AP omR EBRATR AT R KR EREBAEPERSA K
Bl TR R (k) ZEFRBARK;) P EAE > 4o AT
ki = X(kyi + ki) (3.5)
29 ky=g(k+: G)hm“ K~ G A% i s 2 %A i

min

”“’“"fﬁ-ﬁﬁ: bmax;‘%}%‘fé' ﬁ"""\}ﬁ hmln"* P‘“ﬁ' J%fi’kji%

2. RIEFB A O R PR LT

Aty = 2(frac) (Krf;;’) 2 (3.6)

7 Mmins 03 5] R E BB DT R Koy e SN2 R

frac 5 1 * Jﬁ;’% i v dgk 8 =0.1-
FERE A P Bt 2 K2 o) @ T At=min(At, 0 At,) o (3.7)

3.25 UDEC £ & 4 174 3¢
i * UDEC i {7 W 382 gt~ 17/ | L i 2 R 4g2

oA TR LE A s T RAAM e FRGN B R S 4
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%ﬁ#”'ﬁ;«ﬁfﬁfi}; o 1) %K!}’Fk‘q' &*—‘i;‘;&g\;’% 5 ‘\/»fFT?@f:f@“ P

AP AR R 0 B B R R R M

BAEA AL T HA 2V S ] BielkiE iy

oo - IR LA TS 4o B] 3.6 AT o

RERISE 5
(1) EEFREIEAYIRAS (block) » W H % 2T
BTN -

(2) TE FAH PRI R R 1
(3) FEEEFAHHEARDT

v
PR T 2 W) ARG

PRt AR R e

52 o ] AR B T {PRfF:

v
HITIEEE

TRt AR R e

EERS

] 3.6 UDEC #-7] - 4iF & ;i 47 (Itasca, 2004)
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BoRd e L2 R 0 (DB AT RS > QENEY
(3) 4 ' LML H. M 298 o 5 HORR T R I IRoRiR 2 0e ¥ o gt B AR
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AR WA SR R R TR i A RRE R A
118 g AR {7 5 e BB TR AT AR ik 2 T AT g

AT AT BT REEE S o T g R B LE R AR A
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(1) EFAHA T
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v
(1) &HRASA B
(2) EFMFHEE
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SRR AR SERK
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SRR
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2. n# (Stream Power,P)~ & & 3 &+ (Bed Shear, 1) :

KimiE NP R R 2 B A > TR 7 FF 4p 1% % #c (indicator
parameter)# T o F B AR R Tk ¢ R TR A 4 2R ke
b g 4 Kpdptkrrd o A LRI e TP RA (8
BBt o# o SR D 4 g > E) sdpthdt 3 FHMmMT d 23080 #F G
2.19) -

3. ¥t ¥ A (1)

PP EIFEE EBEFRBETLATE LR 2 AR BT R
AW LEIB BT REGEL SO Fa PR EoTRAT RS
FPHETRS v 8RBT RS o

4. A2%F L (T_Tc>:

o WA < LR AARERE T RS B e (TR

w

B & FLFPE (1) RIFTRA=0~"WET 7 F=0- &5 T i+
BAZANLE T Y B2 S ETRARFTRA A TS FHH R
BT ER SR BEERERRG TR B AR A
0.1kPa-» Flp* g & F 584 (T2 F >0) 26| LET
=0.1kPa -

5. "R

d A e A ke A2ds ) FX ke PR T ae T A AR
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BAE AT Y Bt P ARA S HARA

6. 4 T+ & (Erosion Rate, ER) :

—
o

AR L Y I P RV T RS Y

H i~ 3% mihro

7. f 0] T

ya).

AAZTE TR RO 2R AR R T » PR &R T RIFR A
AR e BRIV RA I A P e R AFER R P T - R
PUREEARE IR TIY TR AR L LB g RR LD AT R
5 Agme BNV Gpd R AT 7R I e R 2 AR T AT IR0 3
T ¥ o

8. &I~ HLEY :

UDEC d &32 (7@ o ) & &2 w2 2 5 588 > 037
B g o aﬂﬁ’.%f BARR LT M IR 2 A R i o B A K
i de o SIAHKY 0 AR 2 BT RN A
9. FFF¥ (Timestep) :

UDEC ##iz PR Z AL FEF » 7 F3x* Erecnhde o 5 -

HE R A 4 2 R R

FRig i — AR E 5 Iy <

2 FLM ARSI p B AT & 2 PRRE A ] e



3.3.2 #FE =
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R R I S R 9 e R D R

]
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WEFRUERZPHRG P ERFTE LR 2P REET B F A

B2 fl 2 A 2 8 OB RO S % 4t 5 R R 2
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2DEE[RIE AR

Bl 3.8 &'t W @ k7 R B
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o A0 SN A EF LA, R EHA > 30 UDEC #2E
Ha g pE AR 2 A

e RCER IR Y S0 R RE e ) 0 ik vk Rl i\
$Lwpld UDEC ptdpnb s » g™ Ffjr 2§ fi & & 2
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22 EIR e et o hoB] 3.9 47 o d I M2 3w F G

» B Fitab v 4 4p t(Annandale, 1995) 4 £ 4 5 A5 A8 oD
e () > FlURAT TR I A58 £ 3 A B R iR

LHGPUGE LA PER A T EL TS R
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g [3.v3]
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FEEEL \ —
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ALA E e
:I:.T: LT $£ I;
= 7= (ltasca, 2004)

T A g F L o
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Bl s 5 B R=IGT S IR B - B A=15%HA] % R 0 4o@ 3.10 #f
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g R 23 P
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% 3.3 #AlAHc

o 32 ¥ ge(m) #-3] & <+ (m)
0.2x0.2 3x45
o &R B HCER A B
04x04 6 x 90
0.8x0.8 12 x 180
12x1.2 18 x 270

3.3.3 Ardeix E R E
A 1 2% RF L R BT R A TR e S
EE TR RS =L R EE S SR S R R

HciE st o UDEC @ * = & 252 o 47 & B (zone) » i (PP 3044

PR e AMe5 R 2 F 8BRS T 5 T CRE T B
MR TR 4T 4ot s 7 A iR BE R 2 B RS o FR T R
BRI R R B PR T E AT S oAt R R A2 e
BN o

G2 TN RE R R Y o5 B R 5 F & 53¢ (area contact) 0 F]
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ZKH T3 1A

P R4 xcos@ |
=

\\1/2‘%%;'” y-Ioéd//

> T (stress) : fERE& SRS 4 B0
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B 3.12 F g4 3 b 225 4 2 5N
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1p i@ (D) 7 AL B B BB R 5 Y (O R AR B
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SRS S R P B SERE SR Y e S
UDEC ¥ f A E 372 H3Tcn B R B BT - PR 4 5 4c2 B8 o
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1 375 52 B8R ¥ § HAE A - (F3.14,a)
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JOB TITLE : beta=15(15+105) spa=0.4x0.4 dev=0 ro=0.05 tac=7kPa upf=0 reset=500 6x90
UDEC (Version 4.00) R
LEGEND
100 +
19-Mar-11 6:45
cycle 63390
time = 1.965E+01 sec
history plot /™pgo -+
-3.30E-01<hist 6> 7.02E+02 2
0.00E+00<hist 6> 1.02E+03 "
Vs. _(1:[3
3.21E-03<time> 1.96E+01 Eﬂi” 60 +
o040
=
020 1 ||
0.00 -
=020 -+ ¢ 4 + i + B t B ' ']
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(e+001)
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Left boundary

Right boundary

Targetarea

B 3.18 F A 5404 B Bk

d B13.15&3.16 7 LoHA 2 L d Rl BRA AR A BB R
Hhw TN o F AL BART S 5 Tl PRI 2 B
ERARE 0 B BRRARZET S NE R W 4 B L 157 gt R T e
A2 2GRt B 5 P12 R o WO R S A ks & Bk aE
T hE o AT R B S ® I AR @K T A
RS LR R AL - Hofrpt T AIER MY B2 F %
Ao e B 5 19 Al £ & 0 4] 3.19 #55 o

gL A B > FE L PR o Fla AL &2 Mo
WA 2 4a pe TR AL MBS igR LB R R EFR " WL S
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Model (partial) 1/30
length
Height=
1/15
L] 15° , length
Ie?w/;th 0.12 length
= 1/9 length

W 319 £ R kP4 F

3.4 UDEC #2 ;%38 & 5t # 22 934
UDEC Jm 452 38 &= 3% 2 % 3 21§ 4 R 3% (Domain Contact

Detection) > % & (domain) = BB 3t 14 7 (8] 3.4) - = H — pFps

PR RARR RN A PSR B g E B B0 R G ARt
Frab 7 B+ £ 8 2 13] c UDEC & & 7 *F — 76 'wre B 4EF & 50

(Cell Logic) > p“3& & 558 7 @ % T f R4 1F 2k > HAE = pF T it
7 OBL.HE ~ fwrg g @(cell space) P o @ * 2 HH A HE
(envelope) & {7 B 7 5 2 W B > 4- B 3.20 #7571 o S 3 H H58F S
5ot R E 2 A R 2 B Y 2L R R T A
B2 B AR 0 TR R BGE  STHL A SR RCR] 2 B2 P B RR o ?f

BREZWURT PEIHA S EBR T R BHEFEL 2

b

3le gz * - UDEC -3 2 *h i d “b % 3 (outer domain) f= >



A BIEEE A B R AL EEA R R LR 2 A

cell space
L 2 = e e A, B, C = rock blocks
=
18 17 RN E R -
. . ' oo
sequential o e s b1 block
T (] 1] !
- I ' f ! H
cell numbers 1 12 fl\ AL EE ; ienvelope
7oA s
__—_:_le'i‘I | B |
& T a g 10
1 2 3 4 5
cell entries

12345678 9101112131415 16 17 48 19 20 2122 23 24 25 IN MAIN array

olojoo|o|o .l o|o|o ODGOQO main array
| I ' | I

f \\ 3 \“' ) i
. block entries
J ELLJ_H_H_HE'FH_E_“Glﬂl |':'|':||':'|':| 111 main array,

global pointer shown _separately
to cell space L] [o]<] lo]<] for clarity

BE o

B 3.20 iwre B iEF B #75¢ (Itasca, 2004)
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