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Evolution of fault-induced fold at Chushan
excavation site, central Taiwan, derived from
numerical analysis of PFC simulations
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Evolution of fault-induced fold at Chushan excavation site,
central Taiwan, derived from numerical analysis of PFC

simulations

ABSTRACT

Exposures in the Chushan trench were 40 m long and 10 m deep, excavated across
a 1999 earthquake-induced escarpment of 2 m high. There were two main
structure profiles, called north wall and south wall. On south wall the fold was
truncated through along the axial trace of its anticline by a fault branch with a dip
angle of 32 degrees and a maximum separation of 4.2 m while on the north wall
the steep limb of the fold was displaced up to 3.0 m along the axial trace of its
syncline by another fault branch with a dip angle of 24 degrees. The distance
between two walls was only 14 m. This study intends to explore the geometerail
condition of the site when the site fromed the pure monocline which is before the
heterogeneous structure and explore how this heterogeneous structure might form
using distinct element simulation of basement faulting. This study uses Particle
Flow Code (PFC) based on discrete element method, regarding material as
assembled rigid particles. The rigid particles can be connected by two types of
bond models. Because the PFC parameters are different from geomaterial
mechanic properties, we cannot directly use the values of geomaterial mechanic
properties. In order to attain the values of PFC parameters equailvent to the
mechanic properties. PFC simulations of direct shear test and bilateral test are
perfomed. All our models consist of two mechanical layers, including an upper

clayey layer of 7 meters thick and a lower gravelly layer of 8-15 meters thick, as



revealed by the excavation, a borehole nearby and soil tests. At the vertical
displacement of 3.6 meters, Our results show that the monocline fold can be
simulated by a low-angle reverse faulting similar to a subsurface dominant fault
with a dip angle of 24 degrees derived from the trench site at the ground surface
and in a borehole in the hanging wall, and the monocline structure can only
generate when the cohesion of the clay layer is 11~12 kPa. Furthermore, the
different structures on the two exposures were mainly controlled by the dip-angle
variation of the upper part of the subsurface dominant fault. The simulation of
reverse faulting with a dip angle of 24 degrees shows a monocline forms in the
clayey layer, and then a gravelly wedge starts to protrude into the clayey layer and
displace it along the axial trace of the syncline similar to the structure on the north
wall, and the simulation of reverse faulting with a dip angle of 32 degrees shows
a monocline forms in the clayey layer, and then this monoclinal clayey layer starts
to be displaced along the axial trace of the anticline similar to the structure on the

southern exposure.

Key words: Chushan excavation, fold induced by fault, structural evolution,

district element method, PFC2D model.
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Quaternary corse sediment
Pre-cambrian bassement complex Quaternary fine sediment @ Soil layer
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w

BT ORAAHUNItL I unit 72 F A% o g 2 & (2015) ¥ LR

~3

F-RPRAEFFIFEARLE  EFIELIGEOEETIR 25
IR 2.5 enF A T s ae o unitl Bl unit7 shd g f R R e T A
o Hedho @ iE- RHGIET AL BE TS > A1l 1488
FAR et 3 o A AP EunitL Il unit7 (hd iR a s Ap k-

LRSS SRR
Fobo Aunit8 e F A e > d W HRERRBI AR IR AR
PR A B L T RNt VA iFEAR S Y o IR 26 0 &

TS A R S T AW Ak f - TR 0 W26 Sl
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tehNO2 462 FHY T A PERN L 15 2% o HGRR TR T W

oo B EFEVR 81150k o
S AR RE LR A A K 0 R unit £] unit
Tad R AL K o T R E_Unit8 rie A chrd T R 0 2 18 iR W

PR EBER D 29 K i TR
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Unit

Depth Thickness

(cm)

Man-made-fill (0)

Farming Soil (1)

®no.2
Yellowish brown, 150
clayey, sandy silt (2)
210—
Layers of brown, ot
sandy, clayey silt
with dark violet 150 o, 3b
clayey, sandy silt (3)
®no.3c
360 —
®no4
Bluish, clayey,
sandy silt (4) 100
460 —
®no.5
Brown, sandy,
clayey silt with 90
thin beds of gray,
silty clay (5)
550 —
Light gray, clayey,
sandy silt with thin
beds of olive silty 200
sand(6)
®no.6
750 —_—
®no.7
P S e
Brown, sandy,
clayey silt with 150
lenses of gravel (7) @
‘ =
900 __

Brown bouldery,
cobbly gravel (8)

Dating Description

Fragments of metamorphic graywacke
or quartzite
Human disturbance
Light gray silty clay
Angular unconformity
910-890 cal yr BP

Yellowish brown fine sand silt with

670-540 cal yr BP 2
lenticular gravelly sand

15650-710 cal yr BP

1700-1550 cal yr BP Ajternation of brown silt and dark violet
organic layers. Mottled strips prevail in the
brown silt. Four organic layers are
countable. The thickness of organic layers
are 10~15cm.

1710-1540 cal yr BP

2320-1740 cal yr BP
2790-2740 cal yr BP

Bluish gray silty mud. This unit becomes very
sticky while wet.

Brown silt with two bluish gray muddy
layers. Mottled strips prevail in the brown silt.
The two muddy layers are 10~15 cm thick.

3360-3155 cal yr BP

Light gray mud with some layers of olive
sand. Some burrows are observable.

3250-2980 cal yr BP

Brown Sand with gravels. The gravels are
composed of angular sandy pebbles.

3375-3210 cal yr BP

The gravel is composed of quartzite grains.
* The size of grains ranges from pebble size
-3473 cal
202073408 calyrBR to boulder size. The lower boundary of the
unit was not exposed at the trench.
According to a log nearby, the thickness of
the unitis 8 m.

*Note: the sample collected from fluvial terrace deposits near the trench

site and interpreted to be correlative with unit 8.

B 24 # L Ez it E~ (Huangetal, 2016 ) - R = ek

AT E O Bl 5 R E Aty ik o BlY RN RehE SRE
TEZL R o FEOME S HEAEPOEE o F B APEE HETF

=+ °
N

25 ik A A5

’ 2

P s
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A.
No.7 PLI ] LL
No.6 PL [ ] LL
No.5 PL: Plastic Limit PL I LL LL:Liquid L n"ulz
W No. b PL [ | LL
o
3 No. 4a PL [ ] LU
[}
No. 3b T I R
No. 3a L1 LWL
No. 2 PLC———— 1L
1 1 1 1 L
0 10 20 30 40 50
WATER CONTENT (%)
B.
60
&
% S
e
Equation of "A" - line N o
S0 Horizontal at Pl = 4to LL =25.5, 4
then Pl =0.73(LL-20 N
— ’
= Equation of "U"-line 4
ST Vertical at LL=16to PI =7 ,’ o
> then Pl =0.9(LL-8) \e\d-
1l O
% Sample
- 30— ® No.2
i = No.3a
s pe «©
= 0.4a .
5 20 _+ No. 4b O MH o OH
< A No.5 P +
o Q@ No.6 r A
A No.7 A
10 =
; 4 2 e ML|or
4 b YA ML e
T
0 ‘ 1
] 10 16 20 30 40 50 60 70 80 80 100 110

LIQUID LIMIT (LL)

Bl 25 LAt H ~ 2 3%z %% (Huangetal, 2006) - A 5 %+ 525 &

RHITRT

7~
|l
\3;
Ak

OB r A HEAATHB TS o  KBY T

‘m\k\

RS SN AN R LR T
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No discermble‘-'_ Main -+ No discernible -+ Fracture zone + Nodiscernible Depth(m)
deformation deformation deformation deformation
A5G| e road courtyard
Depth "—‘-_/f
Eroded 5 >
(m) stz?faie Ground surface Uum‘;:im £
1450 5
_— ] =
<]
o
<
o
135110
S N
[ S el
= [ B T Pliocene
g‘l 25[-20 sedimentary
i rocks
[ S e
faull gauge
10540 zone (53 6m
6
0 20 40m fiNG m——tcoarse
9550 hne—‘;osrs.e" - silt " sand "gravel
. veang Igrave\
Horizontal
distance | 3'9 135 m
Borehole Escarpment Borehole
No. 1 atthe trench No. 2

] 2.6 # L3 402 TR SRS =8 o Y TR BRI
Heneni ALY K f 0 W GIRASET WA B B - A EE 0 s e

el Hwy rd - A%k IR (B3 * p Huangetal., 2016 )
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23 %L R g
J L T A ¢ T R B g B & 0 T Unit 8 £ 1)
SR A B3 A G R 5 AT R G0 6 kB R b MReh
AFET G UK hdE 30 £ o R P LERZ 3G R 45 TR (R

26) Wiro b G PR AR IAIRL A S 2 RAK R AP RRE A

Riypses FRa g Hdaat g HEDRAF A2 K Fer i 8

B 5 - EA B o 335 Chenetal, (2007) Hi#7A 48 7F i ¥TR £ R 9

PREBRANEEE RUSATE SR 0 TG M R Y X D oy
PRBEA o RFA DR BIEVABERE R DER T
LOUHE L DB EE S R ETE X shend B B 48 9T o
1295 Chenetal, (2007) > ¢ 3z & &+ B ap > DL ERE NRET
TERAMLESEPEI e E R TEE S TR FT LR

B2 o G RS R o

_Y_,

Fd B RATNIRDEE o 2 UK 7 BR K TR 2 e 5T
Huang et al., (2016) #7i3 sxemw a3 & » 4o 2.7 #77 ©

B27 2 @5 8 +@35a8 KABALLH RFEORILT N

’E\ “

A R TR
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BHEEFRBFAR T g e A BAAWRDEIRAL BN
AR A F R T2 AR > A AT B AP T EAEEIN A

Pl g EFREAEE At A FLE AN T ER M 2

P e S AT AL P SIE X2 0T 38 4

EREFRV - RE 3BT HEFOLE AR KNIR
- FERHP T FAFR T I A afhe A2 T - g FATE Y Va4
Froo e BRSO R T - TR T AT ORIV B o

ARBERHERA KT H RGO ARG RN AR 4 A0
iR A ALY S adhe 5 - T FRATE  ANATECE Ik

Bl T e BT A L IR

SahauF T AR AR B BT E REARL BiFT AL R
oA EIF A e nE A o A R T R MR AL 2 1A
Lo FPAFS N A 2 K MR TR AT AL HAR 2 p FiE e

B BT BERIRAGRFER AR A BA AL KRR WA
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3t 4 )
a. 199 K RWER

=

CAERE—_RETHERL

BfEAHEE3.60AR

M27 L Evrls c RS+ kB $EEL 5 T8 B AL
R A MRBERISE LR RN BREATFBHAF P g

i FRA T 2B HF RINaa g o (12 22X Huangetal., 2016)
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~ %2 (discrete element method, DEM) % ¢ Cundall (1974) & -
BN edlicE S E 0 BRI R 4TRSS L p b aspsk (particle) kA

Yo SR AR S T BB A A A R RS AR Bk

34
=1

dONEER T A A b o T O RS R BT 2T R
ARET P E AT 0 AT Rl p b 0 G R R F
F e KU 0wV r R AT R F AR A o

PFC?° £_d4 % B Itasca Consulting Group Inc. 1 34z ~ % /2 B 32 148 B
D el A T IR 0 B¢ L MRS R B A3 S PR A s
SRR R S BERE AL o

& PFC® Y 5 4 & B h & ik A BR
(1) %A AR 5 B %Y
() FAR 2 o ff i) > 7L o
(3) REAC R %l B B 4 IR 0 R TR R AR SRR LFE

HELpEn~ &4

|l

L M TR B e £ R
ﬁ/]\ "'5"%?!?7]{_\‘*"'{ "J’ o
DL T Jer gy

(6)#r5 ks 5 F1A; > v 41% Clumpdp & #-~ 2 2 & 27 ek o
f f
26



By LRpEl 2 B F 5 v PERE (Step) > A HPE RPN A &
i ¢k Bz L % (explicit finite difference method) 3+ & & - B pFrE ™
g (B 31) » #FE - BRI NS L R E Bk

SATRR LR o LHEFEARL S ] B AN e

2 (8 E R R B I E T4y Rehd TR g
) PRCO a2 0™ = A0S > 23 Hapk et i A 4 o

S BN A W 5 B R BEY (contact stiffness model) - i A5 5
(slip model) ~ 42 #°3¢ (bonding model) - 37 A #5530 ~ F#H B4 &
B IR de (s 5 > A AR 0P R BORE 3 SRR

o e BB R SRR E o T gé“ﬁi%iiﬁ%’i%‘ém%‘ﬂj e

(1) #eff = RS

P B #5Y (Contact-Stiffness Model) 5 3+ 5 $F4 2 $F F 27 #7
AR ihd Gl o A PFCP e P BB ALRT A LA BIVA A
Linear Model §2 Simplified Hertz - Mindlin model » # 4@ = i E# 8 @
— RS (TS R o AFT W 2 Linear Model i 7R o T £ A A
BIa 5 TEA 0 o om0 - ARG RADREADRREL g AL E

R IR FLd s R A A et N

0,\
|

44 B oo (FH 4 R IF

27



YA TAEHSAL > A A S T AATRo b 4o 3.2

(1) Linear Model

7 Linear Model » » B 3p X 4 L ZMBEE R > B3 B> v &

L =G -;-1: v e i~ rév,éq\‘%ljé\-lf’?Iﬁiu}@%ﬁ.‘fﬁ’i‘j@_,ﬁ'u@%ﬂo

ARCA Y T ok L AR kb ) 0

CENE VT S Y

SRS EE TR LR SR TS YR

PR RN ERER I B BRET PR L BRATED

IR ERE R PR o 4ot (1) F' G E T 4 KT

MR e TR UNS R ERE  n s AR B R B o A

DRAOEFE NS - BERTORLER S TR B R AE L DS

P

v

i

- WME T BEEHE DI wAPF o Aot (32) o AFEH T g e

4 AR e TR AUS SR Rl REEE

v o

AT e DR B DR E FRER R A % ol P

G R RERARDD RS BHRA IR PRA LN B RINE®

oo dest (33) 250 (34) Ky = HAER AT R > K = 34 B

J}?’?)i’K[Aﬁzﬁ‘ﬁP‘L_ 2P TR K[B j;%.‘#\—‘B?\kyra,?)io

F'=K'U" (3.)

AF® = —k°AU? (3.2)
K K"

K= B (3.3)

(Al
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- i (3.4
Kia + Kg

S —_—

(it) Simplified Hertz - Mindlin model

BT EHETAL S SEMMER IR EHE

B gt AR T B 4 B dost (3.6)

2G\2R (35)

=Gy nur
2 D\\1/3
Ks:(Z(G 321_—\>/R)) e 36)

£l SR R ﬁi%] * i lE SRR 4 BB G L R Bk p vt
Ve RLAIER2Z EHE o
hAF Y kR Y o 2 Linear Model i {7 H03% o

(2) F#H#38 (slip model)

FAB S PRI AP & s 0 AR e A 2 4 ¢
LI F e st o B B B4 L opo PIA 2 ko s R
4 4ot (3.7)

F"

Fo = 4 (3.7)

FowA N SR ed B2 AFARREFALFE 0 4 e
;¢ (3.8) #m o
Fis :Fn?lax (38)
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(3) 43247 (bonding model)

S S BIER R R B4R (bond) FUFREAR i B 0 F A AR
Bt Flersk 4+ N30 4 3020 % e 4 o IR AR > BB S SE T
RIhi w4 B 4 §FE

e RAEREA NN o T A S EfP4ER (contactbond) tE T T
(parallel bond) = & > 14T € &-¥Fiem BINA A BB T o

() ¥4t (contact bond)

Beffad i IRl i e KB - % 4oB 330 FEOR TR
Plensh 4 g1y 4 AN R el S o PIEERRUIR O AR e R
4eB) 3.4 o FREAA LR 0 PUE A 03 (slip model) #07Y X 3] 0 Rk
HZ2AELFE o FBffEEadsd a3 LFEEEST RS o g8 E
s VN AEk et e HSH o 4o 34

B PFCPP ek 2 ® » R € X PPk and X P and o ¢ B
B te & AR 5 b2 sk o 2 WSRO EE S BOR A A
;¢ o 4@ 3.5 Hror e

g A RGP R sk 4 T 4 s AR R & ﬁis?l »gElg AT
Flzet i LB et oo

(i) T 745 4H25" (parallel model)

T EAESHGY S AR - FRPM R E DS (cement) FUFREAA
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PR RATRT G AT AR

= o

SEEEE TEx £ 3 DS SR LN Y ety

PR AR E SRR o AR iaES > T f“fﬁ?é“‘ff
E—l—;{;l]&?;}iﬁ’)_ﬁ ;é, 34 N —kyra, 4 ¢} 1? KEI«;’,"

‘,/%:FF' °
T 7 et L] e & D

B d B4 det (38) #rA

M| _
O rax =I+uR
A (3.9)
R
Tmax = 5
A
He TLH4gdr2 34 »RLTFH22ZLEE AE | 52%6 2
AR EE A A APFCP P v oust (3.10) 3.11) £ o
| AR? (set disk off) (3.10)
| 2Rt (setdisk t) '
1R (set disk off)
=44, _ (3.11)
5tR3 (set disk t)

B PFC® @ = 2 ¢ * SET disk on/off 45 4 34 FHE B & » £ *
SET disk off » RISgf = R 73t —T 5 F o F @& * SET disk on

I 4o BBEAR AR T (disk) AR - T Lo TR ERE DR R
to

WRATA G IR AR § PSR A LR R Ea B

PR F LA 4 B AT MR R TL 5 E— BB Gl
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At ’ 2

d 30 A PRCPP ¥ 5 e Bien T rBe ot KSR JRArg 4 anid & > F 4 ih
BEABITN R o R AT B RREA AFE S P A RISt R T
e fi o WHSGYY 0 B RS (slipmodel) ¢ ALk ERF A 2
i R AR T g B Y AR EREY o MBRP TG0 B
g4 b B3 FTsk K 4g 4 (Potyondy, 2004) - 3t E_ A PFCPP ¥ > 4 %k ¥
14 fE 2 (Mechanical Danmping) % if 47 % e T g4 o £ PFC?P
® » i &3 Local Damping ~ Combined Damping ~ Viscous Damping = i fe
R #-5% o Local Damping 5 & B i i BREFE Y W Hr— 2| A v end
Combined Damping 3 & $fkeng & = » & 4 B pF & 4 ) 47 » Viscous
Damping & #gf e 4p 3 HfIREgp et 2 2 - B a4 o

% PFC? ¢ 2 4 Local Damping % /& se— B ﬁrfj}u;{ g ;s o
Combined Damping ~ Viscous Damping % & & * iFfﬁi%J SRR P o

Local Damping =2 3% 43¢ (3.12)

Local Damping #73 #_en%-#ch a - B S8 F iad o 42NN SRR

# 5 0.7
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paﬁ'\c\e + wall positions ang set of
O,

&

Law of Motion
(applied to each particle)
- resultant force + moment

taC{S

Force-Displacement Law
(applied to each contact)
» relative motion
« constitutive law

contact forces

Bl 3.1 4tkc 122 -5 5% (51 p PFC® £, 2002)
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a. 3R ML 3K o) 3 4B

NG
=
—
\_

EAIkenivr 4 B E (Tr 4
o Xik Az ke ey

FfPEh2 =¥ 0 BRI G L ARATR

BRI AMHRAL DE TE 4 FhTh el 2P F

g4 o B PFCP Y £4p 8 3

2. Frend dp o (PFC?P £ p 5 2002)

R " 7\
contact plane \

EHEARE S ALEB ABH PB4

o RIAL

) X[B]‘?./‘j; B 7 T‘j:'» ]f’

b3k S A 8 45 45

i<

Y i =3 B \\\\
N\
R[B]/V %
B]
P
\‘\\A"’\\:\‘\l\r T ]
\ Un \

5= ES

X Ik T 4 5 d 3pk T Fat IR
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B33 SIS T LW - ¢ 300 S aBa TR AR URHE 5 - B
step v gt g F - BAPAER Y wwrdad B RER TG T o

B AR R A NG w e £ R A

Rl F TR o A BLAR T B R de o
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F“
bond
breaks F'

(&)
%,
QO
&
4%
/}O’
Slip model

(a) normal component of contact force

B 3.5 $:fF4Esri ks 2 34 &

36

slip model

\4

it when U">0

(b) shear component of contact force

T4 PigE e (PFCP £ 5 2002)
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3.2 4 Bz PFCPOH > j2

MY AIREARETE LR~ RARETRIER ~ 22 BRS¢ HETRK
ﬂiﬁﬁﬁ%g’ifﬁ%%€%¢ﬁi%@%¢%?@ﬁ’E@W%i
B e viBIEE R FHESBEL D POl FT o %ﬁ“ﬁ #%_Chen et al.,
(2007) 73k ik el kg FE TR PEEREFHREr AT RS R S5 B
R s Bt AESpr ol T LY AL B RTEES
R 1427 F cFR AT AR REFTLATH L -

s A LRESEAIRF > FRES LAY 2D F Sl
B o 00t Sl B Ry 0 #5BR PRC?P enr ] 11 2 Sdicde B3R 28 12l
Al o

d 3% PRCPD AT 3 i » e S 283 e~ 2 i hd B Sl R
PFC™ iy » sddied & 47 /it 4 34 5% 0 & = PRCPDAp# it
TS E S M o AR AR WITE g SRR R ReniCIR R R
AL it o Bt b FRRP o I R H i RILJRRT Y AR 2 2 Ao
B) 3.6 #11

A7 FEd Yangetal., (2014) RIS ko dhgRd 4§ a0 AR
4 % 11~70kPa » #23" & P & 200~ 429 4§ ;% i 5k & 2~250 MPa > jp
v A 0.1~05 B o

AT AINA BIKGEL T § 4 (2012&2014) fhe § 0 U E EE 2%
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15~59.4 kPa B » #u§ & B & 21°~5002 @ > 4§ ;% th#cp| & 185.74 ~

[e]

1001.19MPa 2z & » jp >+t P] £ 0.28~041 7 ¥ - Ry R A

AE LR B A A K R T K S E i (R 30

32) » W MEREME RS F ARG HF AL RS il b
AR NAR R T R Rl AT R B Sl ARRE
FECLPTAED R AP Gl o BT KR OTEEL R o

'

2317 R pendd 3 ind 8 Skt | 0 FER P LEE
EREFRPIHEIEFEIH IR 2R o 54 & 3.2 AFY TR S
BREAEY R LA K- BT ETLELE R AT LR
TR A IS K p 3 LY I K 0 R o - R L R R4 5
B ORTHRRA TR G0 « AL EORER L - B8 4 B S
P AT LY R B A A RN ORI AT TR R -
I o A Y% AT REd KR B R Bk T E T
EREE RSN & SRR LN RN R Rl e

© % PRC? @ 7 F iy » e fdied 2L by » 0 Solic 0 & LI~ oi
R TS SR T R R R T TR

S > BB o
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PFC? it {7 4p I el B in AR o 14 P 3@ B i AR 93 B A hoeni & 18 £ 407 ¢
LR B Sl AP RGO ERKRL G LT £35% -
WE s MR R o L1 A2 dminAnl 2 & PFC?P @ K B
7 E € BRT K] 3P > T AP P 7 AR 0 B 3.6 o
MR AR o

A AMEEROT R RRE L RE g e E A A

EY

WFH A e 0 2 R TOR AR R0 £ T SR R

&

=

PR PR T T
PR AR T R ES KeDRYg o B ) B R PER R B
FHFT L F A K end L RF L 0 it R A K

IHEE BT RS K > BRI G PF RS

.@“

TR

ER IR
A5 18 BT Ry 4 B P T G i

BERE 15T o
i#iﬁﬂﬁ%**ﬂ”ﬁﬁiﬁﬁﬁﬁi@’é%?WGm%ﬁxﬁﬁﬁ
4B S BEFEP homiE s 4 8 S ch2D$;T])\ S el % o 1

AT R IR S S Sl = S
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PhiESh o ERERT A k0 b 32 W AR 2R B R L
BT ERHBREN SR P I BN AL PR ARK B2 T g AR

"

%% (Yangetal,2014) > 2 148t B3 £ 3Eskd 300 % [ H 2

=)

Sebeit o BT L RBRA DA RS o NI AT SRR B R
% ASTM 3 T £ 3%5 Bk n 42 D3080 » & PFC® ¢ ie (7 4p e gl o
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H3
%
[l
w
for
-
=
ra
m
s
foy
b
ol
~
=
)
5
Q@
Ro
®
c
[y
@
=
=
@
N
)
o
H
o
N
~
e
=

BUER B Ot R 2 BEGlice ATy ¢ B ] oa
MEVEAF il 2 AR E S o T A PFCP Y st (FinE T g R
RREH L € ENEI RS RE > T - BRSSP LA B L
Beehie ) -

AT iR R R Gt kg ¢ 5Pk Yang etal 2014 -
AR E (THE  EER R A AREM S R F gt o ARG
FERE F G N TR R BRE AFM R RAH TR TR Pl e
2R AARRE R B P N GBI R Pt o S maER S 2

322 ¢ FLP o

e PFC™ ¢ @507 fdfert 2 Jp st el & O & Nl o B R
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KPri 2 ot SR B 57 Th R et '/—E'LK /Ks ® 5% o qx&%%?é‘%mhﬁig
FARERF PRI R EEERY N Gl % o

Tk 3R g iR (8 0 0 L TR ] s T A T
P B PRCPP A ¥ e o] S kg o e d P et L

PFC? i# & & ch* 4] » PFC™ sl i i@ * 82 0% 4 MO ddn b

BT o 4 B ATE R ek o FP AT AEIRIE Y R Y ol A

PFC® ® #¥gr) faidok > m k™ 2 1 &

\\\ﬁr

¥ 5E 3 4 (2013) o L
v o EHEG R (2013) dwidh < P AFG R P E 0 R kil
FEAPRRK RO H AT PR o TP AT Y5 R (2013)
Fifa s ol o B e LR B0 biEE] 100 B B AR SRR G R
(2013) e | f T 0 T ANRER AT A W AR P £_ik BB Huang et al.,
(2016) 4 e chpe 4o A 330 £ PRC?D ¥ i~ = fEpis + ) - 5o
T rE 8 4 3340 e T A 3R AL o

Ry thEadpd e » 7 AT LK DR - Tk i R £ Lk
Bl oo iRt eord SBE RS RS A1 Rl e

g AR ATR Y et L EARY B ERT R B Rt h - B

R o oA BRI A 32 ¢ FI A - R o A PFC™ 473k e



¢ PFCPPemp R LT RR A KA ARG FR Rl o
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SR BEE S GE A PE - BRE A

\\\ﬁr

BT PFCP hsfcnl » SR ~ Do B RE T 0 TR I E S SRR
AR e~ AT SR K
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YT Sy AR e T o e PFCP P 5 4 a0 v’ﬁi@l INELE S
LG et B Sl a AR T IR A P i WERZ 2 ARG OF

LA T Sl BT e S B PRl U Feb gf i PFC?P ¢ igf7 811

AR AR o B AR P MHRROTERT BT £ 5% ERR% P

faER = BIATY R ORE5 o TR FR B g - kiR E
pinde o & PFCP P G 4048 F 148 APl SindE > i 20 e o 2

» R BRK DR AT 0 T 2R IR AR R SR T 2 o BldeE S L
(2010) =it * chE ' g 4R - AT B E GG BoRE T £ T
Wang& Gutierrez (2010) B E_* 3F % /| 42 = 42424 R B 47 0 @ HRif4G

(2014) 2% — ¢ K § Rl i o
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231 EBBTHEERESS -
A RRC | RMAEERE | PRt | b | RYER
(MPa) ) (10° MPa)
%R 2007 ;
QN 10~60 40~60 19.11~105.4 | 0.15~0.24 st 1665
% B 2007 ;
RE A 1~60 25~65 4~57 0.2~0.38 et 1005
KFERB
b4 4~40 35~50 4~76.5 0.1~0.5 £ B 2007
" West 1995
it *
=
7&! _ KF R
3 P 2~30 20~35 9.6~33.8 0.3~05 | ,
% B 2007 ;
% West 1995

232 23 BB T A FORE B E% - A2 K304 E 4317 T Yangetal,

2014 2 o > @ 7 & & % ] j&_Chang& Cheng, 2014 #2 36 % 2% 4 >

(1996) # chi sl A » & o~ — LR D T a2 R4 o

2R RS o351 Pkl | b | 2EFER
(kPa) ) (MPa)
EIEN 11~70 20~42 2~250 0.1~0.5 | Yangetal,2014
@7k | 0594 | 21-50 |185.7~10012 |0.28~0.41 | Crneecrns
" (2014) ;
EELHE R
1996
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# 33 ALy A E gt A ) o B 3 5 T Unitl 3] Unit7 s

)

% o (51% p Huangetal., 2016)

Layer 1 2 3 4 5 6 7 average
Legend on Map Fasrr:iilng S oS SM Sm Ms Ss
Thickness (cm) 30-50 | 110-120 150 66 80-90 | 170-180 194
Samp le No. 2004.7.17-09 | 2004.7.17-08 | 2004.7.17-07 | 2004.7.17-06 | 2004.7.17-05 | 2004.7.17-04 | 2004.7.17-03 | 2004.7.17-02 | 2004.7.17-01
USCS (seive no. 200:| CL CL CL CL CL CL CL CL CL
D10 0.0046 | 0.00306 | 0.00128 | 0.00131 | 0.0013 | 0.00129 | 0.00128 | 0.00126 | 0.00127 0.002
Grain
Analysis D30 0.018 0.012 0.0057 0.012 0.0074 | 0.0043 | 0.0059 | 0.0029 | 0.0011 0.008
D60 0.051 0.062 0.061 0.055 0.048 0.016 0.06 0.01 0.058 0.047
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321 EV g% 2

ARG 0TS RS A4 5 ASTM D3080-90 » @ 5 &% 4 35k chF
BePeni R 22 T4 g R FHGERS Cx P BEEQ FL 2 AP
PRI ER R

AR ST RS (2014) 03 T g RS IMAE > BINA i E ] G oAt

oy

Rl T AP FERRERIAL LRP ALY R Ak T 58 o R

2 (2014) b wanE Tk > ERIEHRFITA £7 > B h

e

E

EX R E R TS AT B ER s T g T R

&
K2

K
e
o

BoELE g FHELEBRREBL o JNBASTMER » 3 T £ 7

FEUE R A10%PF > TF Bk T b e PR EHET RS T

iy
i
Iz

TRA BT = Hd R o

R - i E T kP BT g M B LM T
AEMFE TN RE LB AT A o REAR R SAEBRED (543.13)

=0, tang+cC (3.13)
e T g A Rl e gt 0 §ENFRDT S BRE oL
TR IR DR Z D Bl e B3 T e dgk S

TR BER o UL 5t BTG4 5 R B2 HRE T4 R R AR

N

gkt o s AT REN - T A BI38  E AR T 5 s

TP BEE 8 EROBFET SRR o BIS8: B2 BEFHELIR

47



A DL R T EF L v Bt R fPm 3 T3k @ AT TR Ol e
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LEH MR S BRI T ) HRE T LSRR BRI T
5 Be ik B s PRCPIR B N enpl b < ] 30 ¢ BB RS B Bk g
oo 3t FRAED- L ECERERARLE PR HRESF T R
BBl 40 R EOSF BRG] B4R o

AET AD WL ER L [ aRtA %% Wang & Gutierrez (2010) #+#

"

EauEZAEE T £+ - Wang & Gutierrez (2010) 2 # & 5 £ ehE &

TR EBVEFERER AR L HE T £ ALl g PR

LEITE AT ET LS FAEIEE BESTEE e A F R T
g g F R ERENE T £ st gttt Wang &
Gutierrez (2010) %= 3 ¢ > 3B T2 £ F 2 BFens [ M ke € EI S

% o Wang & Gutierrez (2010) 4 41— B2k <] > AR EFET § £ L &

et

e L T S S Y MRS FF L

max

ey b/D > 40> 1% E’iﬁﬁﬁqﬁ%_ﬁﬁ{,iul'b/l_]bg 4 %153
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22 BEBBERAT LT EETVEAEEG 4§ AT R o @
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312%57F o R EE Y £ L L1804 0 £F 1204 o
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B AR T E 1.8 A (5 TRk E o
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Peak shear
/ strength
-
b Ultimate

shear
strength

o

Shear stress, T

o =0’ = constant

Shear displacement

FI3T7T g E V@& ek > Gdbs VY HRT &Y =8 > BRG T

FjZ 4B FREPFI2ZER -

A
160
140 s
120
100
f
=~ 80 e
~ y=0.5471x+31.243
& R’=0.9923
£
60
40
20
0 50 100 150 200 250
iE 5 J& /1 (kPa)

B38 2Bi7Fiw? TEATR? E X BN B8R -

53



®-05~-03 m—-03~-01 O —01~01
{ B
r a | 01~03 M 03~05
=t ’
'o
| 4/
0 211
(a)
& 4
< _/eq Y
Q.K
‘® 90-
g 3
I n * oe
f
I 1 I I | ]
0 211 416 621
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1 1 | | I | 1
0 211 416 62-1 826

B39 %L ET £ LR TRAFNEEEFELEE - 2 FpEd A&7 Fad

B~ (@ L=35mm(b) L=63mm - (c) L=88mm (5! * g Wang &

Gutierrez, 2010)
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(c)
= —-0-5~-0-3 ¥ -0-3~-01 o -0-1~01 ®0-1~0-3 m 0-3~0-5

ya),

B 310 4+ B3ET £ >  FHWWXTPTINEEEL 2T EPINKNL - 2 FIFR
REAFARARRE - PRFSIFRAELZTIRES <) o () H=14 mm

(b) H=28 mm - (c) H=56 mm (3! * p Wang & Gutierrez, 2010)
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3.2.2 BBk R 2

BILF N1 AR 0 R M AR IEREI S E T
Rk A et 0 F pUR S edsdR S o atfiE el Y o 2 AR
LI E T IR AL IR B R PR AR A NHE o R
RPN G AP R M AT RBR TR SALL AT
P Gl R p e gl R (£ 31) o d M PRCP L LE R Y
RAEE RS A AR I e SR NANREF D RS AL
PEFE > e B RS AR T AL DR R E R o WA
% %aE 2 Az PRC? iy » e dier 4 3 haiesr Jp vt sl B -

& Yangetal., (2014) » - & * fdhiEskE = PFCPP &2 45 5% thdied p
Pt 2 B e - AR PRCP TR Y BRI 2 T 0 A BBk 2 A
PFC?P sjici. 42 E B %-BcrB ¥ (Cundall, 1971; Cubdall&Strack, 1979;
Potyondy&Cundall, 2004) - fe 27 % #7i * cnd FEEMD ST R X Mo &
E R T F AR AR B hiEsk e (7 PFCP AL Sl 1 5 Tk
L 2 R B o

d 3 PFCP Wk %8 % » S AR BB R - TEm 0 2

\H

”ﬁ % 4 bti%’17 o
B bR AR A R B 4 2 4] 305 F o 4 iE 24 # Yang et

I, (2014) iz Z4pk » 12T 4-4f Yangetal, (2014) =4 5+ * B 3.13 5 7+
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LR -

Yang etal., (2014) #7# * guRBinfe s BT %4 @ 2 L3 ok
AT AL TERRT > BHF AL AR R R e PR o T RIFH
MR E R AR AR DA o AR AR DI 4 FE O e 0 B TR
BB - B 7% o PR HE TSRS DEE B > i
L

PR TEI RS BEY RA4cB 3.14 Pt o
Yang etal, (2014) &% 7 @ Bk B ¢ > FROE TR S L7 #ERa

TG RIL SR E - A 0 RS A AR B g =
4

N
Ry
‘j}
W
.
3
[
|
&x
N

SRR 23 == B Sy
B8 % > 4 EFARMORAR T LA RATES i R - koo MR
WA pleed JR > 23 PO IR TER 0 W1 2T R 7
§ BRI A

3 e Jp vt gt B 2 5V 4 Yangetal, (2014) o 45t (3.14) £

& (3.15)
_ A(0-1_0-2)
(L -L)/L, (3.14)
_ (Wl _Wo)/Wo
T (L-L)L (3.19)

B PFC®# o 45 thdicds jp st et B 3 S am 4 50 (3.14) ¢
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\\\?{r

Yang etal., (2014) iE P4 < il ip ot at B 2 5N s A4 M deh- X
Bufifs4 BB aEE R - AR LT LN Gk p b % o

Y

\\\Xr

4 Yang etal., (2014) #TRachfEdhidsk @ R AP OHCE K E
YR RS AL > TER a0t B 2 N E PN Gl 2 pt o oa by
PGB FRAGT R B 54 - 2T gk .

A PFCPD ¥ » ¥ 0 iesrT B E it o) 0 REAEY R E e B
EHREE 0 ke BAheenim Y o M E e BEREAK DS KA T i o
e BEET Y Mg dniLy s Wyt R B s el S W e s 7
PFC?P if 5y o4 p] e T Tl 4 it & 0 4 %{Gz S o

% PFCO ¢ v rizekks BIFE T Ly~ Wy~ Ly~ Wy ~ 01 > 0,e0liciE » F]
PE U A FEECT o N i 2 jp el o

g3 AT TR B T~ % R ¥ Yangetal, (2014) # o fTiE

’ 2

e g < s gJP A e oo R iEBReNd BiEE > AR s B EEE S N
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A 27
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F]g o

60



02

\AAA240244)
EYYYYIYIYY:

B 3.13 i i e ST LB m®R: RihF =L o (31* p Yang
etal., 2014)
180

160t
140;

E=7.91 (MPa)

COSFIE
N353 x33R

0 1 1 1 1 .
0 0005 0010 0015 0020 0025
o) JE 42

Bl 3.14 Edhidgdkihe 4 SRR ESY REB - (3% p Yangetal, 2014)
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b &P G PRCPP ikt S 1 2 N 0 RS RES - Bk
FRA M € LALERP N ik~ gt BB PRCPPY oK™ E
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PP o AT RECECTREAY O L AR R ORE - R T RSk
#1801 b TR E 48 (FHHE 0 & T SMChang(2013)4- 43 iR A T AT
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B o B~ TR S ke 2 4190

PR P AH K 2B S R wBlAL T 0 BALZ R FaRD B 2 Sl &
JR4EE S50N > B4 o R 4 5 200kPaT A g R % o

g thing (2013) #77 > F - KE DT o MR EEAR S > iR A
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B TR K ARt A IR DRE B a2 % KEX LA
22 %107 ~ K"/Kt 3% 2.5 2.3 - Yangetal, (2014) i3 &4t 12 & 5
BREY IR ER o A RARD LB RS > A B kY R A
AaLtEd > AT A HED KT 0 Fl %3 Yang etal,, 2007 1%
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% 4.1 PFC?® b’L’rﬁg?J » 2 peiE St o

HWEaE 2 & 2 PFC?P 44k

RS S Bip WSS BB
IR 2.2x10" N/m SE A Y A g 4 0.73
0 R 2.3 3L T 0.73~1.49 mm
g4t 50 ~300 N T 2420 kg/m?®
Bk 7 & 2 PFC? 4odic
3ok S dc g Sk e ficie
Sy 6x108 N/m $E R R 0.73
o R 2.5 S L 1.46~2.98 mm
Bt ON W A 2320 kg/m?
A2 B2 AR R4 ] Sl R R SR
HoaRAL L K S %
4 #c Bt (kPa) RS #E ()
BB 4 12~77.7 o 2N 1 19.8~31
P a2 K S F
g 11~70 Bk 20~42
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Z 045 HARALD R 2@ EAED K chif X fhdk s p

WoRRARD & B %

# i (MPa)

#iE

5 ik 13.1~15.08 RE 0.14~0.29
Porand K LS4
RN 2~250 i 0.1~0.5

RS S IR TR LT T o RNt SN

it I S

#c@ (MPa)

#iE

RN 199.2 R 0.35
PR AT S H
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oy

a. WLl R AR AR A

PRCP itz s i ~ = F = 2457 1 PFCZDﬁi;“ HE 51 BERBRAR A
TP %R TR T P2 32 24 0@ RunModel eh2 3 2 2449 ¢ 7 975
TS T F RRBHFTL T IR IR T AT AR
RunModel.txt
new

rcase = EY ‘;Lb_

S_thick =0.0875 R

G_thick =0.05 ;’?%)é] ER(L%7 2% FR)
T_thick =S _thick + G_thick ;% 5

box width =1.0 A R

box_height =T_thick*1.5 LBk R B

layer in =0.0125 ;2 & B §E(m)

ball num = 20000 R (2 R)

G_Ball nhum =12000 BEREE(REE)

Sril =7.4e-4 ;3 K B RS (E 5 m)

S 12 =15 bR RAERL

S r3 =20 R R T ()

G ril =S rl1*? TR R

G r2 =15 AT B ] LTt (B e L pE=0)
G_r3 =2.0




GBallDensity = 2320 ;3¢ F= densith,kn,ks
Gi_kn = 6e8

Gknl = Gi_kn

Gk _ratio =25 kn/ks vt B
Gksl = Gi_kn/Gk_ratio

Gfriangle =36.0 R B i
Gfric = tan(Gfriangle*pi/180)

GllRatioN  =0.10 SER R (B))
G22RatioN =0.15 HERD!
G33RatioN =0.75 (B *)

GMass =0 JR R R R
;GMass = (0.7*G_thick*box_width)*2600
s B T
SBallDensity = 2600 ;%8 densith,kn,ks
Si_kn =2.2¢e7

Sknl =Si_kn ;kn/ks=2.6
Sk_ratio =23 'knks i

Sksl = Si_kn/Sk_ratio

Sfriangle =36.0 SRR R 4
Sfric = tan(Sfriangle*pi/180)

S11RationN  =0.15 R v (B ])
S22RationN  =0.10 (=t +)
S33RationN  =0.75 (B )

;SMass =0

SMass = (0.8*box_width*S_thick)*2700

bid = A7 43k ID S R & AR
S r33 =S _r11*S r3

S r22 =S _rl1*S r2

G_r22 =G_r11*G_r2

G_r33 =G_r11*G_r3

large_h = box_height*3 ek £ F B RS

1 3 Rk

end

def data_name
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jpg_name = 'case'+string(rcase) +'_'+ string(setSoilbond) + 'kPa’' + ' ' + string(m) + ".jpg’
end

;box_parameter

; H TN

call 01makeball.txt
call 02layer_makerh.txt
call chushan.txt

O0lmakeball.txt
set gen_error off
set random

set disk on

set gravity 0 -784
set dt dscale

def make_Gball_3R

xst=0
xsec=box_width
yst=0
ysec=large h

ifb_G end =0
b G _end=1
end_if

Gballl_ beg=b G end+1
Gballl_end = Ghalll beg + (G_Ball_num*G11RatioN)
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Gball2_beg = Gballl_end + 1

Gball2_end = Gballl_end + (G_Ball_num*G22RatioN)

Gball3_beg = Gball2_end + 1

Gball3_end = Gball2_end + (G_Ball_num*G33RatioN)

b G end =Gball3 end
b G test = Gball3 end
command

generate id=Gball1_beg,Gballl_end rad=G_r11,G_rll x=xst,xsec y=yst,ysec

generate id=Gball2_beg,Gball2_end rad=G_r22,G_r22 x=xst,xsec y=yst,ysec
generate id=Gball3_beg,Gball3_end rad=G_r33,G_r33 x=xst,xsec y=yst,ysec
property density=GBallDensity kn=1e7 ks=3.84e6 fric=0 range id=bid, Gball3_end

cyc 100
balanceforce
G_run_delete
end_command
end

def make_Gball 2R

xst=0
xsec=box_width
yst=0
ysec=large h

ifb_G_end =0
b_G_end=1
end_if

Gballl_ beg=b G end+1

Gballl_end = Ghballl beg + (G_Ball_num*G11RatioN)

Gball3_beg = Gballl_end + 1

Gball3_end = Ghalll_end + (G_Ball_num*G33RatioN)

b Gend =Gball3 end+1
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b G test = Gball3 end

command
generate id=Gball1_beg,Gballl_end rad=G_r11,G_rll x=xst,xsec y=yst,ysec
generate id=Gball3_beg,Gball3_end rad=G_r33,G_r33 x=xst,xsec y=yst,ysec
property density=GBallDensity kn=1e7 ks=3.84e6 fric=0 range id=bid, Gball3_end
cyc 100
balanceforce
G_run_delete

end_command

end

def up_layer
range_element
_y=fc_arg(2)
if _y<layer_thick then
up_layer =0
end_if

def make_Shall 3R

b S beg=b G end+1

loop j(1,S_1i)
i=j+1
sand_name = 'sand'+string(i)
xst=0
xsec = box_width
yst = G_thick + layer_in*(j)

ysec = large_h
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ytop = G_thick + layer_in*(j)
ball_n =ball_num/(S_i)

b _LayerBeg =b_S beg

Shalll_beg =b_LayerBeg + ball_n*(j-1)
Sballl_end = Shalll_beg + (ball_n *(S11RationN))
Sball2_beg = Shalll_end +1

Sball2_end = Shall2_beg + (ball_n *(S22RationN))
Sbhall3_beg = Sbhall2_end +1

Sball3_end = Shalll_end + (ball_n *(S33RationN))

b_LayerBeg = Shall3_end + 1
command
generate id=Sballl_beg,Sbhalll_end rad=S r11,S rll x=xst,xsec y=yst,ysec
generate id=Sball2_beg,Sbhall2_end rad=S_r22,S r22 x=xst,xsec y=yst,ysec
generate id=Sball3_beg,Sbhall3_end rad=S r33,S_r33 x=xst,xsec y=yst,ysec
property density=SBallDensity kn=Si_kn ks=Sks1 fric=0 range id=Sballl_beg,Sball3_end
solve
balanceforce
S_run_delete
end_command
end_loop
end

def make_Shall 2R

b S beg=b G end+1

loop j(1,S 1)
i=j+1

sand_name ='sand'+string(i)
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xst=0

xsec = box_width

yst = G_thick + layer_in*(j)
ysec = large_h

ytop = G_thick + layer_in*(j)
ball_n =ball_num/(S_i)

b _LayerBeg =b_S beg

Sballl_beg = b_LayerBeg + ball_n*(j-1)
Sballl_end = Shalll_beg + (ball_n *(S11RationN))
Sbhall3_beg = Shalll_end +1

Sbhall3_end = Shall3_beg + (ball_n *(S33RationN))

b_LayerBeg = Shall3_end +1
command
generate id=Sballl_beg,Sball1_end rad=S r11,S rll x=xst,xsec y=yst,ysec
generate id=Sball3_beg,Sball3_end rad=S_r33,S_r33 x=xst,xsec y=yst,ysec
property density=SBallDensity kn=Si_kn ks=Sks1 fric=0 range
id=Sbhalll_beg,Sbhall3_end
;group sand_name range x 0 box_width y yst ysec
solve
balanceforce
S_run_delete
end_command
end_loop
end

def balanceforce
i=0
loop 1(1,200)
bf=av_unbal
if bf > 1.0e-003
command

cyc 10000
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end_command
end_if
end_loop

def G_run_delete
command
solve
del ball range x 0 box_width y G_thick large_h
cyc 5000
end_command
unbalance_force = av_unbal
loop while unbalance_force > le-3
command
del ball range x 0 box_width y G_thick large_h
cyc 5000
end_command
unbalance_force = av_unbal
end_loop
end

def S_run_delete
command
solve
del ball range x 0 box_width y ytop large_h
cyc 5000
end_command
unbalance_force = av_unbal
loop while unbalance_force > 1e-3
command
del ball range x 0 box_width y ytop large_h
cyc 5000
end_command
unbalance_force = av_unbal
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end_loop
end

def SKnsChange

S kn2 = Si_kn*(2°0.4)
S kn3 = Si_kn*(3"0.4)
S knd = Si_kn*(4"0.4)
S kn5 = Si_kn*(5"0.4)
S kn6 = Si_kn*(6"0.4)
S kn7 = Si_kn*(770.4)
S kn8 = Si_kn*(8"0.4)
S kn9 = Si_kn*(9°0.4)

S ks2 = Sksl1*(2"0.4)
S ks3 = Sks1*(3"0.4)
S ks4 = Sksl*(4"0.4)
S ks5 = Sks1*(5"0.4)
S ks6 = Sks1*(6"0.4)
S ks7 = Sksl1*(7"0.4)
S ks8 = Sks1*(8"0.4)
S ks9 = Sks1*(9"0.4)
end

def GKnsChnage

G_kn2 =Gi_kn*(220.4)
G_kn3 =Gi_kn*(3%0.4)
G_knd =Gi_kn*(40.4)
G_kn5 = Gi_kn*(5%0.4)
G_kné = Gi_kn*(6"0.4)
G_kn7 =Gi_kn*(7°0.4)
G_kn8 =Gi_kn*(840.4)
G_kn9 = Gi_kn*(920.4)

G_ks2 =Gksl1*(2°0.4)
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G_ks3 = Gks1*(3"0.4)
G_ks4 = Gksl1*(40.4)
G_ks5 =Gks1*(5"0.4)
G_ks6 = Gks1*(6"0.4)
G_ks7 = Gks1*(740.4)
G_ks8 =Gks1*(8"0.4)
G_ks9 = Gks1*(9"0.4)

def get G\Volum

GTotalBall =0

Gsum =0.0

bp = ball_head
if Gmass >0

loop while bp # null
GTotalBall = GTotalBall + 1
Gsum = Gsum + pi * b_rad(bp)"2
bp = b_next(bp)
end_loop

pmeas =1.0- Gsum /(box_width*G _thick)
GTrueD = GMass/Gsum
end_if

if GMass =0

loop while bp # null
GTotalBall = GTotalBall + 1
Gsum = Gsum + pi * b_rad(bp)"2
bp = b_next(bp)
end_loop

GTrueD = GBallDensity
end_if
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def get_S\Volum

Tsum =0.0
bp = ball_head

if SMass > 0
loop while bp # null
Tsum = Tsum + pi * b_rad(bp)"2
bp = b_next(bp)
end_loop
pmeas =1.0-Tsum / (box_width*G _thick)
STrueD = SMass/(Tsum-Gsum)
end_if

if SMass = 0

STrueD = SBallDensity
end_if
end

def Dforce

wpl=find_wall(1)
Dforce=w_yfob(wpl)/box_width
end

: 4 444 @7 & FISH

def grain_layer

if G_thick=0
b Gend=1
ifSr3>0
end_if
ifS r3=0
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end_if
end_if

if G_thick >0

ifSr3=0
make_Gball_2R

end_if

ifSr3>0
make_Gball_3R

end_if

end_if
end

def soil_layer
ifSr3>0
make_Shall 3R
end_if
ifSr3=0
make_Shall 2R
end_if

; b SRR TR

all_parameter

wall id=1 nodes(0,0)(box_width,0) kn=6e9 ks=6e9 fric=0.364
wall id=2 nodes(0,large_h)(0,0) kn=6e9 ks=6€e9 fric=0.364
wall id=3 nodes(box_width,0)(box_width,large_h) kn=6e9 ks=6e9 fric=0.364

plot add wall id on
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pl add ball blue red cyan yellow LOrange LRed Brown
plot show

grain_layer
SKnsChange
GKnsChnage

get_GVolum

print Gsum
property density=GTrueD kn=Si_kn ks=Sks1 fric=Sfric range id=bid,Gball3_end
cyc 100
balanceforce

print Dforce

print GTrueD

prop kn  G_kn2 ks G_ks2 range x (0,box_width) y(0.07,0.08)
prop kn  G_kn3 ks G_ks3 range x (0,box_width) y(0.06,0.07)
prop kn  G_kn4 ks G_ks4 range x (0,box_width) y(0.05,0.06)
prop kn  G_kn5 ks G_ks5 range x (0,box_width) y(0.04,0.05)
prop kn  G_kn6 ks G_ks6 range x (0,box_width) y(0.03,0.04)
prop kn  G_kn7 ks G_ks7 range x (0,box_width) y(0.02,0.03)
prop kn  G_kn8 ks G_ks8 range x (0,box_width) y(0.01,0.02)
prop kn  G_kn9 ks G_ks9 range x (0,box_width) y(0.00,0.01)

cyc 1000
G_run_delete
balanceforce
save gravel.sav

120



get_SVolum
property density=STrueD kn=Si_kn ks=Sks1 fric=Sfric range id=b_G_end,Sball3_end
cyc 100
balanceforce
print Tsum
print STrueD

propkn S _kn2 ks S_ks2 range x (0,box_width) y(0.16,0.17)
propkn S _kn3 ks S_ks3 range x (0,box_width) y(0.15,0.16)
propkn S knd ks S_ks4 range x (0,box_width) y(0.14,0.15)
propkn S_kn5 ks S_ks5 range x (0,box_width) y(0.13,0.14)
propkn S _kn6 ks S_ks6 range x (0,box_width) y(0.12,0.13)
propkn S _kn7 ks S_ks7 range x (0,box_width) y(0.11,0.12)
propkn S _kn8 ks S_ks8 range x (0,box_width) y(0.10,0.11)

S_run_delete

save makeball.sav

chushan

new
restore chushan_model.sav

def parameter

oo L
thita =20 T XY
fault_hight =0.036 AR R
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_dtltat =le-4 P B 32 BE

Fault_vel =3.33e-5

y VvV = Fault vel*sm(thlta*p|/180), €% 1% B =5cm/1732 sec
X_V = -y_v/tan(thita*pi/180) TR X-ly-i R
fault_cyc_num =10 R R Iy
_Xxtip =05 Voip i = F ik BE R DB%
y_slope = -fault_hight ETR B RE(Y R E 5L
faulttip = wall_width*_xtip

X_slope = faulttip-y_slope/tan(thita*pi/180)

oo e

siolbond =150 3 RAER

intersoil = siolbond R AES(EL B)
grainbond = BT RS
yTmmmmmmmmmmmmes "k‘fr' & """"""""""""""""

Xspace_num =50

yspace_num =16

stage_num =10

radiusl =40 i Sl

radius4 =10 i N sl

stress =100 ;R

jmmm e hist %~ #c-----------m oo me e

height_record =T _thick B AGK B T ap ke (thick_max=

WE)
height_record_num = 0.45

width_record
width_record _num

= box_width
= 60

wall_height = box_height
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wall_width = box_width

fault_hightcyc = (fault_hight/(_dtltat*y v))/fault_cyc_num

histcyc = histmeter/_dtltat*y v

end

parameter

S

end

def hist_write
hist_begin=1
hist end = xline_num * yline_num
loop h (hist_begin, hist_end)
xh=2*h+ 2999
yh =2 *h + 3000
command
hist write xh yh file grid_hist.txt
end_command
end_loop
end

call 01.model.txt
call 05grid_point.txt
call 02.hist.txt
call 03.run.txt
hist_write
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call 04.plot_jpg.txt
output

01. Model.txt
set gen_error off
set random

set disk on

set gravity 0 -784
set dt dscale

del wall 1
del wall 2
del wall 3
del wall 4

wall id=1 nodes(0,wall_height(0,0) kn=6e9 ks=6e9 fric=0

wall id=2 nodes(0,0)(faulttip,0) kn=6e9 ks=6e9 fric=0

wall id=3 nodes(faulttip,0)(wall_width,0) kn=6e9 ks=6e9 fric=0

wall id=4 nodes(wall_width,0)(wall_width,wall_height) kn=6e9 ks=6e9 fric=0
wall id=5 nodes(x_slope,y_slope)(faulttip,0) kn=6e9 ks=6€9 fric=0

;::::::::::::::(set soil-soil bond) === == == ==
def set_interbond
num=S_i-1

loop m(0,num)
_Low = G_thick + layer_in*m + (layer_in*0.05)
_hi  =G_thick + _Low + (layer_in*0.05)
command
prop n_bond intersoil s_bond intersoil range x (0,box_width) y(_Low,_hi)

end_command
end_loop
end

;set_interbond




def set_bond

if grainbond > 0
command

% 7 & #4 FISH

prop n_bond grainbond s_bond grainbond range id 1,G_Ball_num

end_command

end_if

end

def all_soilbond
beg = Ghall3_end + 1
command

prop n_bond siolbond s_bond siolbond range id=beg,Sball3_end

end_command

j==================== * R A== ===

plot add wall id on

pl add ball blue red cyan yellow LOrange LRed Brown

plot show

set_bond
all_soilbond
cyc 100
balanceforce

05grid_point.txt

;3 B grid point
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def grid_dia
xline_num = xspace_num + 1
yline_num =yspace num+ 1
xgrid_space = box_width / xspace_num
ygrid_space = (T_thick) / yspace_num ;-1 £ _%] % ig chushan p¥ ¢ 5 2 - & (7 PFiz ¢)
xx=0
_yy=0
end
def grid_pos
k=0
loop g (1, yline_num)
loop gg (1, xline_num)
bp_a = ball_near2(_xx, _yy)

bp_i=b_id(bp_a)
;b_color(bp_a) =3
k=k+1

xk =3000 + (2 *k-1)
yk = 3000 + (2 * k)
command
hist id xk nstep fault_hightcyc ball xpos id bp_i
hist id yk nstep fault_hightcyc ball ypos id bp_i
end_command
_XX = _XX + xgrid_space
end_loop
xx=0
_yy =_yy +ygrid_space
end_loop
xx=0
_yy=0
end

def grid_square
_Gridx1=0
_Gridy1 =0
la=10001
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loop gl (1, yspace_num)
loop gs (1, xspace_num)

lala = int(la)

_Gridx2 = _Gridx1 + xgrid_space
_Gridy2 = _Gridy1 + ygrid_space

command
group lalarange x _Gridx1 Gridx2y Gridyl Gridy2
end_command

la=la+1
_Gridx1 = _Gridx1 + xgrid_space
end_loop
_Gridx1=0
_Gridyl = _Gridyl + ygrid_space
end_loop
end

grid_dia
grid_pos
grid_square
save grid.sav

call 02.hist.txt

def b_position v hist & ZF &L
h_in =0.01
x_histBeg = faulttip-box_width*0.30

x_in = (box_width*0.5)/width_record_num
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W _rn = width_record_num -1

loop m(0,9)
loop n(O,W_rn)

x=Xx_histBeg + n*x_in
y=m*h_in + G_thick

ball_address=ball_near2(x,y)
bid=b_id(ball_address)

;command
;prop color 1 range id bid
;end_command

command
hist nstep=fault_hightcyc ball yp id=bid
hist nstep=fault_hightcyc ball xp id=bid
end_command
end_loop
end_loop
end

def measurment

bp=ball_head
totalball=0
loop while bp # null
totalball =totalball+1
bp = b_next(bp)
end_loop

bp=ball_head
loop while bp # null
Total_brad=0
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Total_brad=Total brad+(b_rad(bp)*2*3.14)
bp = b_next(bp)
end_loop

Total_porosity=box_width*box_height-Total_brad

end

def output
command

histwr 2468 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56
58 60 file output_grain_yp_Layerl 1x.txt

histwr 1357911131517 192123252729 31333537 3941434547 49515355
57 59 file output_grain_yp_Layerl 1y.txt

hist wr 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 100 102 104 106 108
120 file output_grain_yp_Layerl 2x.txt

hist wr 61 63 6567 69 71 73 75 77 79 81 83 85 87 89 91 93 95 97 99 101 103 105 107
109 111 113 115 117 119 file output_grain_yp_Layerl 2y.txt

hist wr 122 124 126 128 130 132 134 136 138 140 142 144 146 148 150 152 154 156
158 160 162 164 166 168 170 172 174 176 178 180 file output_grain_yp_Layer2 1x.txt

hist wr 121 123 125 127 129 131 133 135 137 139 141 143 145 147 149 151 153 155
157 159 161 163 165 167 169 171 173 175 177 179 file output_grain_yp_Layer2 1y.txt

hist wr 182 184 186 188 190 192 194 196 198 200 202 204 206 208 210 212 214 216
218 220 222 224 226 228 230 232 234 236 238 240 file output_grain_yp_Layer2 2x.txt

hist wr 181 183 185 187 189 191 193 195 197 199 201 203 205 207 209 211 213 215
217 219 221 223 225 227 229 231 233 235 237 239 file output_grain_yp_Layer2 2y.txt

hist wr 242 244 246 248 250 252 254 256 258 260 262 264 266 268 270 272 274 276
278 280 282 284 286 288 290 292 294 296 298 300 file output_grain_yp_Layer3 1x.txt

hist wr 241 243 245 247 249 251 253 255 257 259 261 263 265 267 269 271 273 275
277 279 281 283 285 287 289 291 293 295 297 299 file output_grain_yp_Layer3 1y.txt

hist wr 302 304 306 308 310 312 314 316 318 320 322 324 326 328 330 332 334 336
338 340 342 344 346 348 350 352 354 356 358 360 file output_grain_yp_Layer3_2x.txt

hist wr 301 303 305 307 309 311 313 315 317 319 321 323 325 327 329 331 333 335
337 339 341 343 345 347 349 351 353 355 357 359 file output_grain_yp_Layer3 2y.txt

hist wr 362 364 366 368 370 372 374 376 378 380 382 384 386 388 390 392 394 396
398 400 402 404 406 408 410 412 414 416 418 420 file output_grain_yp_Layer4 1x.txt

hist wr 361 363 365 367 369 371 373 375 377 379 381 383 385 387 389 391 393 395

397 399 401 403 405 407 409 411 413 415 417 419 file output_grain_yp_Layer4 1y.txt
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hist wr 422 424 426 428 430 432 434 436 438 440 442 444 446 448 450 452 454 456
458 460 462 464 466 468 470 472 474 476 478 480 file output_grain_yp_Layerd 2x.txt
hist wr 421 423 425 427 429 431 433 435 437 439 441 443 445 447 449 451 453 455
457 459 461 463 465 467 469 471 473 475 477 479 file output_grain_yp_Layer4 2y.txt
hist wr 482 484 486 488 490 492 494 496 498 500 502 504 506 508 510 512 514 516
518 520 522 524 526 528 530 532 534 536 538 540 file output_grain_yp_Layer5 1x.txt
hist wr 481 483 485 487 489 491 493 495 497 499 501 503 505 507 509 511 513 515
517 519 521 523 525 527 529 531 533 535 537 539 file output_grain_yp_Layer5 1y.txt
hist wr 542 544 546 548 550 552 554 556 558 560 562 564 566 568 570 572 574 576
578 580 582 584 586 588 590 592 594 596 598 600 file output_grain_yp_Layer5 2x.txt
hist wr 541 543 545 547 549 551 553 555 557 559 561 563 565 567 569 571 573 575
577 579 581 583 585 587 589 591 593 595 597 599 file output_grain_yp_Layer5 2y.txt
hist wr 602 604 606 608 610 612 614 616 618 620 622 624 626 628 630 632 634 636
638 640 642 644 646 648 650 652 654 656 658 660 file output_grain_yp_Layer6 1x.txt
hist wr 601 603 605 607 609 611 613 615 617 619 621 623 625 627 629 631 633 635
637 639 641 643 645 647 649 651 653 655 657 659 file output_grain_yp_Layer6 1y.txt
hist wr 662 664 666 668 670 672 674 676 678 680 682 684 686 638 690 692 694 696
698 700 702 704 706 708 710 712 714 716 718 720 file output_grain_yp_Layer6_2x.txt
hist wr 661 663 665 667 669 671 673 675 677 679 681 683 685 687 689 691 693 695
697 699 701 703 705 707 709 711 713 715 717 719 file output_grain_yp_Layer6 2y.txt
hist wr 722 724 726 728 730 732 734 736 738 740 742 744 746 748 750 752 754 756
758 760 762 764 766 768 770 772 774 776 778 780 file output_grain_yp_Layer7_1x.txt
hist wr 721 723 725 727 729 731 733 735 737 739 741 743 745 747 749 751 753 755
757 759 761 763 765 767 769 771 773 775 777 779 file output_grain_yp_Layer7 1ly.txt
hist wr 782 784 786 788 790 792 794 796 798 800 802 804 806 808 810 812 814 816
818 820 822 824 826 828 830 832 834 836 838 840 file output_grain_yp_Layer7_2x.txt
hist wr 781 783 785 787 789 791 793 795 797 799 801 803 805 807 809 811 813 815
817 819 821 823 825 827 829 831 833 835 837 839 file output_grain_yp_Layer7 2y.txt
hist wr 842 844 846 848 850 852 854 856 858 860 862 864 866 868 870 872 874 876
878 880 882 884 886 888 890 892 894 896 898 900 file output_grain_yp_Layer8 1x.txt
hist wr 841 843 845 847 849 851 853 855 857 859 861 863 865 867 869 871 873 875
877 879 881 883 885 887 889 891 893 895 897 899 file output_grain_yp_Layer8 1ly.txt
hist wr 902 904 906 908 910 912 914 916 918 920 922 924 926 928 930 932 934 936
938 940 942 944 946 948 950 952 954 956 958 960 file output_grain_yp_Layer8 2x.txt
hist wr 901 903 905 907 909 911 913 915 917 919 921 923 925 927 929 931 933 935
937 939 941 943 945 947 949 951 953 955 957 959 file output_grain_yp_Layer8 2y.txt
hist wr 962 964 966 968 970 972 974 976 978 980 982 984 986 988 990 992 994 996
998 1000 1002 1004 1006 1008 1010 1012 1014 1016 1018 1020 file
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output_grain_yp_Layer9_ 1x.txt

hist wr 961 963 965 967 969 971 973 975 977 979 981 983 985 987 989 991 993 995
997 999 1001 1003 1005 1007 1009 1011 1013 1015 1017 1019 file
output_grain_yp_Layer9 1ly.txt

hist wr 1022 1024 1026 1028 1030 1032 1034 1036 1038 1040 1042 1044 1046 1048
1050 1052 1054 1056 1058 1060 1062 1064 1066 1068 1070 1072 1074 1076 1078 1080 file
output_grain_yp_Layer9 2x.txt

hist wr 1021 1023 1025 1027 1029 1031 1033 1035 1037 1039 1041 1043 1045 1047
1049 1051 1053 1055 1057 1059 1061 1063 1065 1067 1069 1071 1073 1075 1077 1079 file
output_grain_yp_Layer9 2y.txt

hist wr 1082 1084 1086 1088 1090 1092 1094 1096 1098 1100 1102 1104 1106 1108
1110 1112 1114 1116 1118 1120 1122 1124 1126 1128 1130 1132 1134 1136 1138 1140 file
output_grain_yp_Layerl0 1x.txt

hist wr 1081 1083 1085 1087 1089 1091 1093 1095 1097 1099 1101 1103 1105 1107
1109 1111 1113 1115 1117 1119 1121 1123 1125 1127 1129 1131 1133 1135 1137 1139 file
output_grain_yp_Layer10 1y.txt

hist wr 1142 1144 1146 1148 1150 1152 1154 1156 1158 1160 1162 1164 1166 1168
11701172 1174 1176 1178 1180 1182 1184 1186 1188 1190 1192 1194 1196 1198 1200 file
output_grain_yp_Layerl0 2x.txt

hist wr 1141 1143 1145 1159 1149 1151 1153 1155 1157 1159 1161 1163 1165 1167
1169 1171 1193 1195 1177 1179 1181 1183 1185 1187 1189 1191 1193 1195 1197 1199 file
output_grain_yp_Layerl0 2y.txt

end_command

end

def c_measurement
loop a(1,10)
mx=faulttip+a*4
my=3

ball_add=ball_near2(mx,my)
biddd=b_id(ball_add)
bxp=b_x(ball_add)
byp=b_y(ball_add)
command
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measure X bxp y byp rad 2
end_command
end_loop

n=0

loop n(1,3)
m2x=faulttip
m2y=3*n

ball_add=ball_near2(m2x,m2y)
biddd=b_id(ball_add)
b2xp=b_x(ball_add)
b2yp=b_y(ball_add)
command
measure X b2xp y b2yp rad 2
end_command

end_loop

n=0

loop n(1,3)
m2x=faulttip-5
m2y=3*n

ball_add=ball_near2(m2x,m2y)
biddd=b_id(ball_add)
b2xp=b_x(ball_add)
b2yp=b_y(ball_add)
command
measure X b2xp y b2yp rad 2
end_command

end_loop

end

;C_measurement
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b_position

03.run.txt

def x_plot
m=0
loop i (1,fault_cyc_num)
m=m+1
command
set dt _dtltat
cycle fault_hightcyc
save "m".sav
movie snap file fault_progress005.avi
end_command
end_loop
end

; F) fa 4k B

balanceforce

wall id 3yvel=y v xvel=x_v
wall id4 yvel=y v xvel=x_v
wall id5yvel=y v xvel=x_v

call fishcall.fis
call crk.fis
crk_init ;v v 74
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pl set win po 0 -0.25
pl set wins 1.50.75

pl setsize 0-0.251.50.75
pl setcas 10

set plot avi size 1024 768

movie avi_open file fault_progress005.avi
x_plot

movie avi_close file fault_progress005.avi
sav ChushanFinal.sav

call 04.plot_jpg.txt
new

restore 1.sav
def jpg_name
jpg_name = 'case'+string(rcase) +' '+ string(setSoilbond) + 'kPa’' + ' ' + string(m) + ".jpg’
end
set plot jpg

set plot quality 2
plot hard file jpg_name

plot clear
new

restore 5.sav
def jpg_name
Jpg_name = 'case'+string(rcase) + string(setSoilbond) + 'kPa' + ' ' + string(m) + ".jpg’

end

set plot jpg
set plot quality 2
plot hard file jpg_name
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plot clear

new

restore 10.sav
def jpg_name
jpg_name = 'case'+string(rcase) + string(setSoilbond) + 'kPa’ + ' ' + string(m) + ".jpg’

end

set plot jpg
set plot quality 2
plot hard file jpg_name

plot clear

b. &1 &R %AEHB
SE e b o0 B e FREA Bk e

RunModel.txt
new
def all_parameter
command
macro prop_wall  'kn 2.4e10 ks 4.686e9 fric= 0" ;* & ch$ &
macro prop_ball_1 'density 2200 kn 1e7 ks 3.846€6 fric 0.0'
macro prop_ball_2 'kn 1e7 ks 3.846¢e6'
macro prop_ball_3'fric0.73" ;& ¥ gk A i
macro prop_ball_4 'kn 1e7 ks 3.846e6' E'fl/ ZE 3 AL - B order
macro shear_vel ‘'shear_velocity'
end_command

height = 12e-2

length = 18e-2

stress =20 ;7B AR enl w4 (H = kPa)
Brad =1.5e-3 TE R )

shear_velocity = 1*1e-6 il SR

shear_distance = length*0.1 P E B R

ball_num = 3000

pic_num =15
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_dtdscale =0.0001

xspace_num = 30

yspace_num = 15

radiusl =149 ;¥ § & e H =& mm*le-2(3 + kL)
radius2 =105 ;% 7 &# < E =8 mm*

radius3=74 ;% 3 &FHE =8 mm* (3] kL)
radiusd =149 ;% 3 & «nE =8 mm (G &)

data_file = 'data’ + string(radius4) + '~' + string(radiusl) + ' '+
string(stress) + ".txt'
picture_jpg = 'picture’ + string(radius4) + '~' + string(radiusl) +"' '+
string(stress)
stress_strain_jpg = 'stress_strain' + string(radius4) + '~' + string(radiusl) + ' '+
string(stress) + '.jpg
stress_disp_jpg ='stress_disp'  + string(radius4) + '~' + string(radiusl) +' '+
string(stress) + '.jpg
porosity jpg = 'porosity’ + string(radius4) + '~' + string(radiusl) +"' '+
string(stress) + '.jpg
top_height_jpg = 'top_height' + string(radius4) + '~' + string(radiusl) +"' '+
string(stress) + '.jpg
end
def plot_setting
command
plot clear
plot show
plot set cap size 20
plot set back white
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plot add wall black
plot add ball white green lorange red
end_command
end
all_parameter

call Olprepare.txt
call 02top.txt

call O3hist.txt

call 04grid_point.txt
call 05run.txt

;restore set_done.sav

;prop n_bond CBond s_bond CBond range id (1,ball3_end)
;prop pb_radius Pr pb_kn Pkn pb_ks Pks pb_nstrength Pns pb_sstrength Pss range x
(0,length) y(0,height)

;run_way
new

restore set_done.sav

prop n_bond CBond s_bond CBond range id (1,ball3_end)

;prop pb_radius Pr pb_kn Pkn pb_ks Pks pb_nstrength Pns pb_sstrength Pss range x
(0,length) y(half _height2,half _height)

run_way_data

call O6hist_write.txt

Olprepare.txt
set random

set disk on

set dt dscale

set gen_error of

set disk length
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;set log on

;set logfile xxx.txt

def parameter_count
half_length =0.5* length
half_height =0.5* height
half_height2 = 0-half_height

wing =0 - shear_distance
wing2 = length + shear_distance
b_height = 1.5 * height
start_height = half_height*1.5 ;= %{2.016
_stress = stress * 1e3
end
def make_wall
command
wallid 1nodewing O 0 0 kn 2.4e14 ks
4.686e14
wall id 2 node 0 0 0 half_height2 prop_wall
wall id 3 node 0 half_height2 length half_height2 prop_wall
wall id 4 node length half_height2 length 0 prop_wall
wall id 5 node length 0 wing2 0 kn 2.4e14 ks 4.686e14
wall id 6 node wing2 0 length O kn 2.4e14 ks 4.686e14
wall id 7 node length O length b_height prop_wall ;} & + 4
wall id 8 node length b_height 0 b_height prop_wall ;78 4%
wallid 9 node 0 b_height 0 0 prop_wall ;} £ =
#
wall id 10 node 0 0 wing 0 kn 2.4e14 ks
4.686e14
end_command
end

parameter_count
make_wall

def gen_ball
_radiusl = radiusl * 1e-5
_radius2 = radius2 * 1e-5
_radius3 = radius3 * 1e-5
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balll beg=Db start+1

balll_end = ball1_beg + (ball_num *(0.75)) - 1
ball2_beg = balll end + 1

ball2_end = ball2_beg + (ball_num *(0.10))
ball3_beg =ball2_end + 1

ball3_end = ball2_end + (ball_num *(0.15))

command
gen id balll_beg balll end rad _radiusl radiusl x O length y half_height2 b_height
gen id ball2_beg ball2_end rad _radius2 _radius2 x 0 length y half _height2 b_height
gen id ball3_beg ball3_end rad _radius3 _radius3 x 0 length y half _height2 b_height
prop prop_ball 1
set grav 0 -980
cyc 100000
run_delete
end_command
b start =ball3 end
end
def run_delete
command
del ball range x 0 length y half_height b_height
cyc 5000
end_command
unbalance_force = av_unbal
loop while unbalance_force > le-3
command
del ball range x 0 length y half_height b_height
cyc 5000
end_command
unbalance_force = av_unbal
end_loop
end
gen_ball
gen_ball




def group_layer

layer_number = length/25

left_layer =0
m =0
loop n(1,25)

m =m+l

left_layer = layer_number*(n-1)
right_layer = layer_number*n

ifm=1
command
prop c_index 1 range X left_layer right_layer
end_command
m=2
end_if

ifm=3
command
prop ¢_index 0 range X left_layer right_layer
end_command
m=0
end_if
end_loop

end

save prepare_1.sav

def change_wall
command
delwall 789
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wall id 7 node length 0 length start_height prop wall ;' & %4+

wall id 9 node 0 start_height 0 0 prop_wall ;}+ & =
'3
end_command
end
change_wall

Save prepare.sav

02top.txt

new
set gen_error of
set disk on

restore prepare.sav

def balanceforce

loop i(1,200)
bf=av_unbal

if bf > 1.0e-003
command

cyc 10000
end_command
end_if
end_loop

end

def TopBall

TBnum = length/(Brad*2)

TBBid =bhall3 end +1
TBend =TBBid+ TBnum-1
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stress_ = stress*1e3

BeamD = (stress_)/(TBnum*Brad*Brad*3.14159*980)

TopStart_hight = half_height + Brad*20

FE 32 AL fixed A
freex1l =-1

freex2 = length*1.1
freeyl = half_height2*1.1
freey2 = half_height*1.1

loop _ballBeam (TBBid, TBend)

Beam = length + Brad - Brad*2*(_ballBeam-TBBid+1)

command
ball rad Brad x Beam y TopStart_hight id _ballBeam
end_command
end_loop

command
clump id=1 range x 0 length y TopStart_hight TopStart_hight
prop density = BeamD kn 2.4e7 ks 4.686e7 fric=0.0 range id TBBid, TBend
fix x range id TBBid, TBend
fix spin range id TBBid,TBend

;free x range x freex1 freex2 y freeyl freey?2
;free spin range x freex1 freex2 y freeyl freey?2
end_command

end

def Topforce
_TopN =0
TBendl = TBend-1
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loop cc(TBBid,TBend1)
beam_poi = find_ball(cc)

_TopN = TopN + b_yfob(beam_poi)
end_loop
Topforce = _TopN/(length)

end

def Downforce

Down = find_wall(3)
DownN = w_yfob(Down)
Downforce = DownN/(length)
end

def SKnsChnage

S kn2 = 1e7*(2°0.4)
S kn3 = 1e7*(3"0.4)
S knd = 1e7*(4"0.4)
S kns = 1e7*(5"0.4)
S kné = 1e7*(6"0.4)
S kn7 = 1e7*(740.4)
S kng8 = 1e7*(80.4)
S kn9 = 1e7*(9"0.4)
S_kn10 = 1e7*(9"0.4)
S_knil = 1e7%(9"0.4)
S_kn12 = 1e7*(9"0.4)

S ks2 = 3.84e6%(2°0.4)
S ks3 = 3.84e6%(3"0.4)
S ksd4 = 3.84e6%(470.4)
S ks5 = 3.84e6*(5"0.4)
S ks6 = 3.84e6*(6"0.4)
S ks7 = 3.84e6%(770.4)
S ks8 = 3.84e6%(8"0.4)
S ks9 = 3.84e6%(9°0.4)
S_ks10 = 3.84e6%(9°0.4)
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S_ks11 = 3.846*(9"0.4)
S_ks12 = 3.84e6%(9°0.4)

command
propkn S _kn2 ks S_ks2 range x (0,length) y(0.04,0.05)
propkn S _kn3 ks S_ks3 range x (0,length) y(0.03,0.04)
propkn S _knd ks S_ks4 range x (0,length) y(0.02,0.03)
propkn S _kn5 ks S_ks5 range x (0,length) y(0.01,0.02)
propkn S _kn6 ks S_ks6 range x (0,length) y(0.00,0.01)
propkn S _kn7 ks S_ks7 range x (0,length) y(-0.01,0.0)
propkn S kn8 ks S_ks8 range x (0,length) y(-0.02,-0.01)
propkn S _kn9 ks S_ks9 range x (0,length) y(-0.03,-0.02)
propkn S _knl0 ks S_ks10 range x (0,length) y(-0.04,-0.03)
propkn S knll ks S_ks11 range x (0,length) y(-0.05,-0.04)
propkn S knl2 ks S_ks12 range x (0,length) y(-0.06,-0.05)

end_command

set grav 0 -980

pl add ball

pl add wall

pl sh

prop prop_ball_4

SKnsChnage

run_delete

TopBall
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downforce
;pause

cyc 30000
solve a 1e-3
Topforce
print Topforce
;pause

save top.sav

03hist.txt

def hist_step
total_step = int(shear_distance / (shear_velocity * _dtdscale))
small_step = int(total_step / pic_num)

end

hist_step

def wall_addr
wpl = find_wall(1)
wp?2 = find_wall(2)
wp3 = find_wall(3)
wp4 = find_wall(4)
wp5 = find_wall(5)
wp6 = find_wall(6)
wp7 = find_wall(7)
wp9 = find_wall(9)
wpl0 = find_wall(10)

end

wall_addr

def top_xf
TOPS=0
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TBendl = TBend-2
loop cc(TBBid, TBend1)
beam_poi  =find_ball(cc)
TOPS = TOPS + b_xfob(beam_poi)
end_loop
top_xf=TOPS
end

top_xf

def top_yf
TOPN =0
TBendl = TBend-2
loop cc(TBBid,TBend1)
beam_poi = find_ball(cc)
TOPN = TOPN + b_yfob(beam_poi)
end_loop
top_yf = TOPN
end

def top_height
TBendl = TBend-2
height_poi = find_ball(TBend1)
top_height = b_y(height_poi)
end
top_yf
top_height
;pause
IR = H 1d8

def ratio_1
N =w_yfob(wp7) + top_yf + w_yfob(wp9)
T =w_xfob(wp7) + top_xf + w_xfob(wp9)
ratio 1 =T/N

end

def ratio_2
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ratio_2 = top_yf/length

end
def ratio_3
shear_force =w_xfob(wp7) + top_xf + w_xfob(wp9)
ratio_3 = shear_force / length
end
def ratio_4
normal_force = w_yfob(wp7) + top_yf + w_yfob(wp9)
ratio_4 = normal_force / length
end
def ratio_5
down_sforce =w_xfob(wpl) + w_xfob(wp2) + w_xfob(wp3) + w_xfob(wp4)
ratio 5 = down_sforce / length
end
def ratio_6
down_nforce = w_yfob(wp2) + w_yfob(wp3) + w_yfob(wp4)
ratio_6 = down_sforce / length
end
def D_nf
D nf =w_yfob(wp3)
D _nf = _D_nf/length*length
end
D _nf

def displacement
displacement =w_x(wp2) - 0
end

def begin_hist
command
histid 1 nstep 1000000 wall xforce id 2
histid 2 nstep 1000000 top_yf

histid 3 nstep 1000000 wall xforce id 7
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histid 4 nstep 1000000 wall yforce id 7
histid 5 nstep 1000000 D_nf
histid 6 nstep 1000000 wall yforce id 7
histid 7 nstep 1000000 wall xforce id 9
histid 8 nstep 1000000 wall yforce id 9
histid 9 nstep 1000000 wall yforce id 7
hist id 10 nstep 1000000 ratio_1
hist id 11 nstep 1000000 ratio_2
hist id 12 nstep 1000000 displacement
hist id 13 nstep 1000000 top_height
hist id 14 nstep 1000000 ratio_3
hist id 15 nstep 1000000 ratio_4
hist measure porosity id 1
hist measure porosity id 2
hist measure porosity id 3
hist measure porosity id 4
hist measure porosity id 5
hist measure porosity id 6
hist measure porosity id 7 ;% & 1.00
hist measure porosity id8 ;% & 1.20
hist measure porosity id9 ;% & 1.44
hist id 25 nstep 1000000 ratio_5
hist id 26 nstep 1000000 ratio_6
end_command
end

def hist_spin
sp_id = ball_head
hist_spid = 10001
loop sp (1, 5000)
sp_ball = b_id(sp_id)
command
;hist id hist_spid nstep small_step ball angle id sp_ball
end_command
sp_id = b_next(sp_id)
hist_spid = hist_spid + 1
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end_loop
end

def measure_range
measure_rangel = 0.03 * height
measure_range2 = 0.05 * height
measure_range3 = 0.10 * height
measure_range4 = 0.15 * height
measure_range5 = 0.20 * height
measure_range6 = 0.25 * height
measure_range7 = 0.30 * height
measure_range8 = 0.40 * height
measure_range9 = 0.50 * height
command
measure id 1 x half_length y 0 rad measure_rangel
measure id 2 x half_length y 0 rad measure_range2
measure id 3 x half_length y 0 rad measure_range3
measure id 4 x half_length y 0 rad measure_range4
measure id 5 x half_length y 0 rad measure_range5
measure id 6 x half_length y 0 rad measure_range6
measure id 7 x half_length y O rad measure_range7
measure id 8 x half_length y 0 rad measure_range8
measure id 9 x half_length y 0 rad measure_range9
end_command
end
measure_range
save hist.sav

04grid_point.txt

def grid_dia
xline_num =xspace_num + 1

yline_num =yspace num +1
xgrid_space = length / xspace_num
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ygrid_space = (half_height + start_height + bh) / yspace_num
xx=0
_yy = half_height2
end
grid_dia
def grid_pos
k=0
loop g (1, yline_num)
loop gg (1, xline_num)
bp_a = ball_near2(_xx, _yy)

bp_i=b_id(bp_a)
;b_color(bp_a) =3
k=k+1

xk =100+ (2 * k- 1)
yk =100 + (2 * k)
command
hist id xk nstep small_step ball xpos id bp_i
hist id yk nstep small_step ball ypos id bp_i
end_command
_XX = _XX + xgrid_space
end_loop
xx=0
_yy =_yy +ygrid_space
end_loop
xx=0
_yy = half_height2
end
def grid_square
_XX1=_xx
_yyl=_yy
la=10001
loop gl (1, yspace_num)
loop gs (1, xspace_num)
lala = int(la)
_Xx2=_xx1 + xgrid_space
_yy2 = _yyl +ygrid_space
command

group lalarange x _xx1 xx2y yyl yy2
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end_command
la=la+1
_xx1=_xx1+ xgrid_space
end_loop
_XX1=_xx
_yyl=_yyl +ygrid_space
end_loop
end
grid_square
save grid.sav

O5run.txt

def run_way
save_name = picture_jpg +' 0.sav'
jpg_name = picture_jpg +' 0.jpg’
command
grid_pos
;hist_spin
cyc small_step
wall_velocity
save save_name
plot_setting
set plot jpg
set plot quality 2
plot hard file jpg_name
plot clear
end_command
loop save_n (1, pic_num)
save_name = picture_jpg +' '+ string(save_n) + ".sav'
jpg_name = picture_jpg +' '+ string(save_n) + ".jpg’
command
cyc small_step
save save_name
plot_setting

set plot jpg
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set plot quality 2
plot hard file jpg_name
plot clear
end_command
end_loop
final_name = string(radius4) + '~' + string(radiusl) + ' _final.sav'
command
save final.sav
save final_name
end_command
end
def run_way data
final_data_name = string(radius4) + '~' + string(radiusl) + ' final_data.sav'
command
begin_hist
wall_velocity
cyc total_step
save final_data.sav
save final_data_name
end_command
end

set dt _dtdscale
def wall_velocity
command

wall id 1 xv shear_velocity
wall id 2 xv shear_velocity
wall id 3 xv shear_velocity
wall id 4 xv shear_velocity
end_command
end

prop prop_ball_3
prop kn 2.4e7 ks 4.686e7 fric=0.0 range id TBBid, TBend
cyc 20000

balanceforce
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save set_done.sav

06hist_write.txt
new
:restore final.sav

def hist_write
hist_begin=1

hist end = xline_num * yline_num
loop h (hist_begin, hist_end)

xh=2*h+99
yh=2*h+100
command

hist write xh yh file grid_hist.txt
end_command
end_loop
end
;hist_write

def hist_write_spin
bp = ball_head
hist_spid = 10001
loop while bp # null
command
hist write hist_spid file spin_hist.txt
end_command

bp = b_next(bp)
hist_spid = hist_spid + 1
end_loop

end
;hist_write_spin




;restore 0.sav

;set logfile 273k A & 0.txt
;set log on

;print ball position

;set log off

;restore final.sav

;set logfile 2%z A& 4% final.txt
;set log on

;print ball position

;set log off

restore final_data.sav
def hist_wrtie_data
command
hist write 2 39 10 11 12 13 14 15 20 25 26 file data_file
e e e TREA IS W AR
plot clear
plot show
plot set cap size 20
plot set back white
plot add hist 10 vs 12
set plot jpg
set plot quality 2
plot hard file stress_strain_jpg
e TETRA/IERA YR
plot clear
plot show
plot set cap size 20
plot set back white
plot add hist 26 vs 12
set plot jpg
set plot quality 2
plot hard file _stress_strain_jpg
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plot clear

plot show

plot set cap size 20

plot set back white

plot add hist 16 17 18 19 20 21 22 23 vs 12
set plot jpg

set plot quality 2

plot hard file porosity _jpg

plot clear
plot show
plot set cap size 20
plot set back white
plot add hist 13 vs 12
set plot jpg
set plot quality 2
plot hard file top_height_jpg
= Bt e R
plot clear
plot show
plot set cap size 20
plot set back white
plot add hist 14 15 vs 12
set plot jpg
set plot quality 2
plot hard file stress_disp_jpg
end_command
end
hist_wrtie_data

C. BEdhidZAz: 15
R B N RS B
new

def specimen_parameter ;%g > %-#k
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radiusl =125
radius2 =105
radius3 =125

B1Raito =0.10
B2Ratio =0.15
B3Ratio =0.75

7.4e-4 A Bl i
_radius2 _radius1*1.5
_radius3 = radius1*2.0 i N Sl

_radiusl

B_density =2420

BKn =2.2e7
BKnsratio =2.5
BKs = BKn/BKnsratio
BFric =0.73
PlHE S

_lateralstr = 100

_BOND =50
bid =1
command

macro prop_ball_1 'density 1850 kn 4.08e6 ks 1.36e6 fric 0.0" ;P& iz 4§ 4[5 "%
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data_file = ‘data’ + string(radius3) + '~' + string(radiusl) + "' '+
string(_lateralstr) + ".txt'
end

def BT _geometry ;#-3] =+ -]

specimen_height =0.15

specimen_width =0.075

wall_width = specimen_width*1.5 AR <)

wall_height = specimen_height*2.3 TR R

down_ratio =0.10 ;TR EEhE & 5%aE R down_velocity
=-le-4

up_velocity = -down_velocity TR R

_dtdscale =le-4

down_cyc = (specimen_height*down_ratio)/(-down_velocity*_dtdscale)

_ballBeamRad = specimen_height/100

BEAM shjz (1945 & A0l ® > FHF R A (R T L R)

_ballIBeamN =  (1.0*specimen_height)/_ballBeamRad ;74 % BEAM ik

s

specimen_XRlocation = wall_width*0.5+(specimen_width*0.5)
specimen_XLlocation = wall_width*0.5-(specimen_width*0.5)

lateral L = specimen_XLlocation
lateral R = specimen_XRlocation
end

def make_spring
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_lateralforceL = (_lateralstr*1e3*specimen_height)/(_ballBeamN/2.0)
_lateralforceR = -(_lateralstr*1e3*specimen_height)/(_ballBeamN/2.0)

new_LFL = (_lateralstr*1e3*specimen_height)/((_ballBeamN/2.0)-2)
new_LFR =-(_lateralstr*1e3*specimen_height)/((_ballBeamN/2.0)-2)

BeamL = specimen_XLlocation - _ballBeamRad
BeamR = specimen_XRlocation + _ballBeamRad
'y = ballBeamRad

BL_beg =ball3_end +1 ;% ZE spring id
BL_end = BL_beg + (_ballBeamN/2.0) - 1

BR_beg =BL end+1 ;% % spring id
BR_end = BR_beg + (_ballBeamN/2.0) - 1

Left end = ballBeamN/2.0

Right_beg = Left_end+1

newRbeg =BR beg+1

newRend =BR end-1

newLbeg =BL_beg +1

newlLend =BL end-1

loop _ballBeamLeft (BL_beg,BL_end)
command
ball rad _ballBeamRad x BeamL y _y id _ballBeamLeft
end_command
_y=_y +2* bhallBeamRad
end_loop

_y=_bhallBeamRad

loop _ballBeamRight (BR_beg,BR_end)
command
ball rad _ballBeamRad x BeamR y _y id _ballBeamRight
end_command
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_y=_y +2* bhallBeamRad
end_loop

; FedkTkaniz §

def record_ini_position

pl b p2 ™ p3 = p4 +
tracingP_Xpl=wall_width*0.5
tracingP_Ypl=specimen_height*0.95
tracingP_Xp2=wall_width*0.5
tracingP_Yp2=specimen_height*0.05
tracingP_Xp3=wall_width*0.5-(specimen_width*0.4)
tracingP_Yp3=specimen_height*0.5
tracingP_Xp4=wall_width*0.5+(specimen_width*0.4)
tracingP_Yp4=specimen_height*0.5

bidl=ball_near2(tracingP_Xp1,tracingP_Yp1)
bid2=ball_near2(tracingP_Xp2,tracingP_Yp2)
bid3=ball_near2(tracingP_Xp3,tracingP_Yp3)
bid4=ball_near2(tracingP_Xp4,tracingP_Yp4)

P1=b_id(bid1)
P2=b_id(bid2)
P3=b_id(bid3)
P4=b_id(bid4)

P1x=b_x(bid1)
P1ly=b_y(bid1)
P2x=b_x(bid2)
P2y=b_y(bid2)
P3x=b_x(bid3)
P3y=b_y(bid3)
P4x=b_x(bid4)
P4y=b_y(bid4)
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;initial state
WO=sqrt((P3x-P4x)"2+(P3y-P4y)"2)
10=sqrt((P1x-P2x)"2+(P1y-P2y)"2)

command
prop color 1 range id=pl
prop color 1 range id=p2
prop color 1 range id=p3
prop color 1 range id=p4
end_command

def make_ball

balll _beg = bid

balll_end = ball1_beg+ (ball_num *(B1Raito)) - 1
ball2_beg = balll end + 1

ball2_end = ball2_beg + (ball_num *(B2Ratio))
ball3_beg = ball2_end + 1

ball3_end = ball3_beg + (ball_num *(B3Ratio))

bid = ball3_ end +1

command
gen id balll_beg balll end rad _radiusl radiusl x specimen_XLlocation
specimen_XRlocation y 0 wall_height
gen id ball2_beg ball2_end rad _radius2 _radius2 x specimen_XLlocation
specimen_XRlocation y 0 wall_height
gen id ball3_beg ball3_end rad _radius3 _radius3 x specimen_XLlocation
specimen_XRlocation y 0 wall_height

prop density B_density kn BKn ks BKs fric = 0.0
set dt max 1le-3
cyc 100000
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solve
run_delete
end_command

end

def run_delete
command
del ball range x specimen_XLlocation specimen_XRlocation y specimen_height
wall_height
cyc 5000
end_command
unbalance_force = av_unbal
loop while unbalance_force > le-3
command
del ball range x specimen_XLlocation specimen_XRlocation y specimen_height
wall_height
cyc 5000
end_command
unbalance_force = av_unbal
end_loop

def Speciment_strength
command
prop density B_density kn BKn ks BKs fric = BFric range id 1,ball3_end
run_delete
end_command
end
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def left_nstr
bixf =0
loop a(BL_beg,BL_end)
blpoi=find_ball(a)
bIxf=bIxf+b_xfob(blpoi)
end_loop
left_nstr = -bIxf/specimen_height
end

def right_nstr
brxf =0
loop a(BR_beg,BR_end)
bRpoi=find_ball(a)
brxf=brxf+b_xfob(brpoi)
end_loop
right_nstr = bixf/specimen_height
end

def disp

wp  =find_wall(1)
disp = -w_y(wp)

end

def top_stress

wp = find_wall(1)

Top_stress = w_yfob(wp)/specimen_width
end

def cwidth
P4x =b_x(bid4)
P3x =b_x(bid3)
_cwidth = (P4x - P3x)
end
def _clength
Ply =b_y(bidl)

162



P2y =b_y(bid2)
_clength = (P1y- P2y)
end

def possion_r

w0 = tracingP_Xp4 - tracingP_Xp3
10 = tracingP_Yp1 - tracingP_Yp2

possion_r = ((_cwidth - w0)/wQ0)/((10 - _clength )/10)

end

defE_r

w0 = tracingP_Xp4 - tracingP_Xp3
10 = tracingP_Yp1 - tracingP_Yp2

E_r = (top_stress - left_nstr) / ((10 - _clength)/I0)

end

def Record_hist

command
hist id 1 nstep 100 left_nstr
hist id 2 nstep 100 right_nstr
hist id 3 nstep 100 _cwidth
hist id 4 nstep 100 _clength
hist id 5 nstep 100 disp
hist id 6 nstep 100 Top_stress
hist id 7 nstep 100 possion_r
hist id 8 nstep 100 E_r
end_command

end




; sxd 7 & kn & FISH

def SKnsChnage

S kn2 =BKn*(2"0.4)
S kn3 =BKn*(3"0.4)
S knd = BKn*(4"0.4)
S kn5 = BKn*(5"0.4)
S kné = BKn*(6"0.4)
S kn7 = BKn*(7°0.4)
S kn8 = BKn*(8"0.4)
S kn9 = BKn*(9"0.4)
S_kn10 = BKn*(9"0.4)
S_kn1l = BKn*(920.4)
S_kn12 = BKn*(9"0.4)
S_kn13 = BKn*(9"0.4)
S_kn14 = BKn*(9"0.4)
S_kn15 = BKn*(9"0.4)

S ks2 = BKs*(2"0.4)
S ks3 = BKs*(30.4)
S ks4 = BKs*(4"0.4)
S ks5 = BKs*(5"0.4)
S ks6 = BKs*(6"0.4)
S ks7 = BKs*(710.4)
S ks8 = BKs*(8"0.4)
S ks9 = BKs*(9"0.4)
S_ks10 = BKs*(9"0.4)
S_ks11 = BKs*(920.4)
S_ks12 = BKs*(9"0.4)
S_ks13 = BKs*(9"0.4)
S_ks14 = BKs*(9"0.4)
S_ks15 = BKs*(9"0.4)

command
prop kn S _kn2 ks S_ks2 range x (specimen_XLlocation,specimen_XRlocation)

y(0.15,0.16)
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propkn S _kn3 ks S_ks3 range x (specimen_XLlocation,specimen_XRlocation)
y(0.14,0.15)

propkn S _knd ks S_ks4 range x (specimen_XLlocation,specimen_XRlocation)
y(0.13,0.14)

propkn S _kn5 ks S_ks5 range x (specimen_XLlocation,specimen_XRlocation)
y(0.12,0.13)

propkn S _kn6 ks S_ks6 range x (specimen_XLlocation,specimen_XRlocation)
y(0.11,0.12)

propkn S_kn7 ks S_ks7 range x (specimen_XLlocation,specimen_XRlocation)
y(0.10,0.11)

propkn S _kn8 ks S_ks8 range x (specimen_XLlocation,specimen_XRlocation)
y(0.09,0.10)

propkn S kn9 ks S_ks9 range x (specimen_XLlocation,specimen_XRlocation)
y(0.08,0.09)

propkn S _knl0 ks S_ks10 range x (specimen_XLlocation,specimen_XRlocation)
y(0.07,0.08)

propkn S knll ks S_ks11 range x (specimen_XLlocation,specimen_XRlocation)
y(0.06,0.07)

propkn S knl2 ks S_ks12 range x (specimen_XLlocation,specimen_XRlocation)
y(0.05,0.06)

propkn S knl3 ks S_ks13 range x (specimen_XLlocation,specimen_XRlocation)
y(0.04,0.05)

propkn S _knl4 ks S_ks14 range x (specimen_XLlocation,specimen_XRlocation)
y(0.03,0.04)

prop kn S _knl5 ks S_ks15 range x (specimen_XLlocation,specimen_XRlocation)
y(0.02,0.03)

end_command

def balanceforce

loop 1(1,200)
bf=av_unbal
165



if bf > 1.0e-003

command
cyc 10000
end_command

end_if
end_loop

; K E A

set gen_error off

set disk on

specimen_parameter ;ﬁig?J » S
BT_geometry

set disk specimen_width

set gravity 0 -980

- Rt

wall id 2 nodes(0,0)(wall_width,0) kn=2.4e10 ks=4.686€9 fric=0.48
wall id 3 nodes(lateral_L,wall_height)(lateral _L,0) kn=2.4e10 ks=4.686€9 fric=0
wall id 4 nodes(lateral_R,0)(lateral_R,wall_height) kn=2.4e10 ks=4.686€e9 fric=0

make_ball
make_ball

Speciment_strength

SKnsChnage
run_delete

save original.sav
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record_ini_position

make_spring

group springL range x BeamL BeamL y O
specimen_height ;#-% 4 3k group 4= %
group springR range x BeamR BeamR y 0 specimen_height

prop density 2600 kn=5e9 ks=5e9 n_bond 1e8 s_bond 1e8 fric=0 range group
springL A RS

prop density 2600 kn=5e9 ks=5e9 n_bond 1e8 s_bond 1e8 fric=0 range group springR
;pause

wall id 1 nodes(wall_width,specimen_height)(0,specimen_height) kn=2.4e10 ks=4.686€9
fric=0.48 ; 2 # top 4+

del wall 3
del wall 4

prop xf _lateralforcel range group

springL L TR R e R 4
prop xf _lateralforcer range group springr

fixy range group springL

fixy range group springr

cyc 10000

balanceforce
record_ini_position AR A4S T R

save set_done.sav
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new
restore set_done.sav

prop n_bond BOND s _bond BOND range id 1,ball3_end ;& ¥ 4%

set dt = _dtdscale

Record_hist

wall id=1 yvel= down_velocity
wall id=2 yvel= up_velocity
free y range group springL

free y range group springR

prop color 1 range group springL
prop color 1 range group springR

cyc down_cyc

wall id=1 yvel=0

save final.sav

L R

TR WA R

hist write 123456 7 8 file data_file
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