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Research on estimating landslide volume based on the
ground surface velocity

Abstract

In the process of promoting slope disaster prevention and mitigation
efforts, estimating the scale and impact range of slope disasters plays a
crucial role, where information about the sliding surface is of paramount
importance. However, obtaining potential sliding surface information
through subsurface investigations and monitoring is time-consuming and
costly. Benefiting from the recent advancements in remote sensing
technologies, the quality and frequency of ground surface data acquisition
have significantly improved, and the associated costs are relatively lower.
Consequently, numerous methods for estimating sliding surfaces based on
ground monitoring data have been developed in recent years, one of which
is the Vector Inclination Method (VIM). However, the applicability of this
method has not been comprehensively and thoroughly investigated.
Therefore, this study obtained comprehensive information on ground and
subsurface deformations during landslide processes through numerical
simulations. Subsequently, an automated data processing procedure was
developed using Python to assess the-consistency between the sliding
surfaces estimated by VIM and those simulated numerically, quantifying
the accuracy of VIM. This allowed for validating the VIM approach and
exploring its applicability and limitations under different geometric

conditions while proposing improvement strategies. The results revealed



that the original VIM has limitations in predicting landslide boundaries and
distinguishing the causes of ground displacements. Consequently, this
study proposed an improved method incorporating displacement angle and
displacement rate threshold conditions, complemented by sensitivity
analysis to obtain optimal threshold configurations, significantly
enhancing the estimation effectiveness of VIM. Simultaneously, the
applicability of this method under different geometric scenarios was
validated. Based on the research findings, this study demonstrated the
feasibility of using VIM to estimate potential sliding surfaces and proposed
strategies for improving its practical application by introducing threshold
conditions and optimizing parameters through sensitivity analysis,

ultimately enhancing the accuracy of sliding surface estimation.

Keywords: landslide, Sliding surface, Material point method,

Vector Inclination Method
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/\7 - 582.28 m

2
\\ e,
. / Freeway No.3 3.1K

. S

Speedway No.62

146.64 m

103.47 m

44.69 m

L 1_.
@ SS: Potential unstable sandstone (Constitutive model: MC)

[[J SS/SH: Reduced strength alternation of sandstone and shale layer {Constitutive model: MC)
M SS/SH: Original strength alternation of sandstone and shale layer (Constitutive model: MC)
[l SH: Impermeable shale layer (Constitutive model: MCSS)

[] SS: Stable sandstone (Constitutive model: MC)

W 2-16 + & 4~ 5§ (Yeh et al., 2021)
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120 20
] d (}—e—@ Group 1
1007 e b 16 ==\ Group 2
] G—E&—©) Grow3
E 80+ > D> Group 4
E €12 [==—t—=—] Group5
g 60—: %‘ e Group 6
f o i
5 407
20 4
04 0 M e e

W2-177 kA FLEBRBEFFTFE QBFFE (b)) RFEFFF
(Yeh et al., 2021)

Horizontal displacement: 85.535 m
Vertical displacement: 4.978 m
Maximum velocity: 12.343m/s
Average velocity: 4.939 m/s

Horizontal displacement: 94.278 m
Vertical displacement: 19.898 m
Maximum velocity: 8,932 m/s
Average velocity: 5.075 m/s

Horizontal displacement: 99.239m
Vertical displacement: 26.564 m
Maximum velocity: 8,901 m/s
Average velodity: 5.020 m/s

Horizontal displacement: 99.237 m
Vertical displacement: 28.534 m
Maximum velocity: 9.137m/s
Average velocity: 5.078 m/s

Horizontal displacement: 89.758 m
Vertical displacement: 26.578 m
Maximum velocity: 6.440m /s
Average velocity: 4.170 m/s

Group 6 I

Horizontal displacement: 47.538 m
Vertical displacement: 14.995 m
Maximum velocity: 3.517 m/s
Average velocity: 1664 m/s

W 2-18 % F & % F BB /& (Yeh et al, 2021)
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% 2-3 ¥ $8c% (Yeh et al., 2021)

SS

SS/SH

SH

Dry material:
Mohr-Coulomb

(MC)

Dry material:
Mohr-Coulomb

(MC)

Dry material:
Mohr-Coulomb
Strain Softening

(MCSS)

2600

2 x 10°

—

5
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2 F R0-E2 W Oso & ARAHILE

Oso ~ 4L 3% F 2 (Oso landslide) 3 2014 & 3 2 22 p 3 4 *t
FRERH VL LHHE TR S X QAT 2 D gk
MBEFEI EHEARE L DL > F A 43 A eIt 5 E WA B il
B¢ E 2 - (Wartman etal., 2016) o #3584 % > 5 - L E 3 %
s R ) RIEFEH R ERT S FMRET - Gl T $2
TROE A LA RS N R TR R B
AT AT R AGE 4 2006 F R E 2 L Hazel #H3KE 2o
GREEP P BMIEET P E A TR T R A
2% (Pylesetal.,2016) » 3R Oso #HF E M IH (7 54 53 BFIEK
BB RFEFEA > ot HY > Hazel £ 27 i e dl > @ 2
BoAE - (M1)#2 & A 4458 (debris) » 2 188 ¢ IReB 48 - (M2) % — ¥
Bt pinadl e F g b R @ RE T 0 B
FEEC 8 g 2 RIS > Bl = (M3)ir F AT G B 0 i
A5 d - R 90 & vl B o

Yerro et al. (2019)F1 * 445 & BL% 4 45 Hazel £ Oso = 2R 2 35
RO P HRE AR E o Wi SR AR S

P e d v e R s T G R AT BB

2-28



% =

Hrly

égkwéﬁ

AheTo o B EARF Z AR B E - AR e B
TR FERMELTA G FF A IR T 0 AodTo o d 3
Oso #3356 F 12 e 3hig & P sadik * 7 R4 450 3 3 S fiche 77 o

PR RS S AT 0 R - PR M2 d2d ML e 2
Frsafp K ifd o Bes R 30mis s FC FFE(=25F)F 4 0 M3 #
LR Ffad M2 HE R 500 80 fpEsAL B F B 0 Bk

FE AR R R L 1040 o 7 > B BRI S AT o

Stage 1: mobilization of M1, M2 and Debris

M2 Stage 2: mobilization of M3
- - - ancient contact surface

M1
Debris

r—
0.1 km

W 2- 19 Oso #35 ¥ 48 (Yerro et al., 2019)
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4 M3
18 Mz
1 Stage 1 = Mobilisation of M1, M2, Debris
o Stage 2 = Mobilisation of M3
1 Debris
4 / ‘\\
0.0—l
(a)
SCM3
Shallow Contact M3 ¢m2
Shear band M2
4 Dee 25:::& M3 oM.
P p; Contact and v
/ Shear band M1 Py CR T Contact vegetation

Contact Debris River Transition zone 2nd others
’ , /

/ /

/ (’

04 0.2 0.0 0.2 04 [km] 0.6
(b)
W 2- 20 B iEH5-3) pe B @l (Yerro et al., 2019)
%2-42F A2 '%EH (5cp, Yerroetal,2019)
Contact adhesion or shear band strength (kPa)

SCM3 DCM3 - CM2 - CM1 CD CR CT CVv
Stage 1 500 500 25 25 10 0 0-10 10
Stage 2 0 150 25 25 10 0 0-10 10

%2-52kFd a2 2 E S84 (2P Yerroetal., 2019)

Undrained shear strength (kPa)

M3 M2 M1 Debris
Stage 1 500 50 50 10
Stage 2 200 50 50 10
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[m] -400 =200 0 200 400 600 800 1000 1200

[m] -400 =200 0 200 400 600 800 1000 1200

Leading edge M3 Runout Oso Landslide
(Field observations)

(Field observations)

W 2-21 3 b B2 W32 % (Yerro et al,, 2019)
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T~ Y % B]-2& * ) Senise ~ A # 3 E ¢ (Senise landslide)

Senise * P HILF 2 5 1986 & 7 7 26 p 3 4 30 & < 15 %
ARPHR LT T REAFHEHETANL 1502 EAE NS 230
af o FE ek FRE 142 » 1295 Hungr et al. (2014)c7F7 1 > ot
WA TR AR T R R RIRE B A g 3
TR FEER RS S IAT R RE S R T
FHr) > dosrn > 3 B kTa 295 18 & o 2 K %8 & S8R
K4 325 ¥ 7| 1995 Troncone (2005)+ #) & chde p A4 5 43 B
Bk EEA 5 3T KPa AL TR A kot N D30 B~ Bt R
A5 ISkPacogteh ot k% ¢ DI DR % it 7 5 (strain-
softening behavior) - 193 A 2 B2 E R - FREFF I G 230

vy T 4 SRR % 2 fEe BT IER K 105 @

Troncone (2005)2 Troncone et al. (2014)© 4+ %+ B3k = (Pre-failure)

Fr B2 B4 (failure) P Boil 7 R B ena 45 » D83 i 7 B 2

-

A
af,

FTEERZFEOFE L > ARBITEDT > P FEBHL > 22w
W BB IIFEE 2 ML o d N HCE A T U] A AU

{s (Post-failure)f¥ &/~ 7 w & A 8787 37 > @ Conteetal. (2019)/& * +4
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5m

10 m1:

upper
slip surface

[Tower

slip surface

yellow sand
B clayey silt

W 2-22 1 & &~ % (Conte et al., 2019)

computational mesh

W] 2- 23 #iE -3 (Conte et al., 2019)
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(a)

displacement (m)
i’

-15

L]

a

displacement (m)
[ 02

4

'2
0

displacement (m)

"
!» LM

I‘
0

displacement (m)

26
25
2
L3

0
5
b

0 10 20m

(¢) t=5sec (d) t=12 sec (Conte et al., 2019)
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% 2-6:2 A $¥4 (Conte et al., 2019)

ve (kN/m®) ¢, (kPa) Pc(®) fe MPa)  E. (MPa) Ue

24 513 35 750 27,264 0.20

% 2-7 3 3f 48 % (Conte et al., 2019)

Material Yellow sand Clayey silt
¥ (kN/m3) 20 20
cp (kPa) 37 15
op () 43 30
¢, (kPa) 0 0
0. (©) 34 10.5
Y () 0 0
E' (MPa) 70 25
v’ 0.25 0.25
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displacement (m)

velocity (m/s)

W 2-25 EHEERFR () 2BEFR (b) & R FFE

(Conte et al., 2019)
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- ~ Python f§ 4
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% 2-80s 2 2Y ¥H b (%

i STEAM %7+ £ ¥ )

R 5 L
getcwd() BB P w AR e (R EOR A B
chdir() path RT AR e TR AR ID
mkdir() folder 2 F A
rmdir() folder Pk 7 TR
listdir() folder FI A AL &oehp R
open() file, mode | B Fckh &
write() string B E B X
rename() old, new AT LR R
remove() file IR AR =
stat() file ERE SR
close() file [ A
path PEREOLRAE
(= ) NumPy
NumPy ¥ Pythons— i % = = & 2 » B2 *2005# o 7 &4
X B AR TS| BEEIFEEY > 0 B L F ol 2 2t a5

¥ 1 f‘—gJ), LB T ,fig?

BAo TR B 4 e g e

7 A

1. @& * $ 4 5|(N-dimensional array object) # & Python p 2 e

g 7|(list) » & b A0
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https://steam.oxxostudio.tw/category/python/library/os.html#a1
https://steam.oxxostudio.tw/category/python/library/os.html#a2
https://steam.oxxostudio.tw/category/python/library/os.html#a3
https://steam.oxxostudio.tw/category/python/library/os.html#a4
https://steam.oxxostudio.tw/category/python/library/os.html#a5
https://steam.oxxostudio.tw/category/python/library/os.html#a6
https://steam.oxxostudio.tw/category/python/library/os.html#a7
https://steam.oxxostudio.tw/category/python/library/os.html#a8
https://steam.oxxostudio.tw/category/python/library/os.html#a9
https://steam.oxxostudio.tw/category/python/library/os.html#a10
https://steam.oxxostudio.tw/category/python/library/os.html#a11
https://steam.oxxostudio.tw/category/python/library/os.html#a12
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¥ ¥ T R, h#icdp ) ik (Datatype) > # H 22 Pandas ~ SciPy >
Matplotlib % 3§ “v & £ £ & 247

NumPy £ MATLAB F # £41* BLAS # LAPACK %i#

ML R BGE Y o
¥ #£ & C/C++% Fortran 42 ;% 7§

o ¢ ® # 5 4o Pandas ~ SciPy ~ Sympy »

Matplotlib ~ TensorFlow # - -7 38 Zr4f & NumPy A#t i * -

Flpb NumPy &L 4 ¢ & g & o
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10h-contro igraph dSLe e
SpacePy
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FENICS

emcee

Fatiande a Terra

W 2- 26 NumPy & * #+& (B % %k © https://numpy.org/)
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(=) Pandas

Pandas-#_Python:— i ficdp 4 47 02 > 20092 & B R 41k -
BB orae 5 * hF R 3¢ (DataFrame) g & H i
(T2 447 F R > Pandasi 1 TR ASE S i Ms i 2 AJT e

FRESFTHRETESE 8RB AT RS EER?

1. DataFrame : * % /&2 % 4f i (Table like)inFsk » 5 5 % 51 &
Wik AT % > ¥ 15 Dictionary & #_ Array k2
Zooos WA IR gE P18 R 2 o BlAoR BN T
FECSV. 2%

2. Seriest * KpJ2pERF B M OFT R AR B ETALE) 2

B L5l w2 BIEN0 123 BEAGN

Rt
o
4

S HER e 3 P RSB E S N R
AT R S e FEE o

3. Panel: * kiJgZj FALZ &3l 7] &5 g ez wE R

B AR ¥R i F oo
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(= ) Matplotlib

Matplotlib £ Pythons— @ % = = 2 %> £4p & € & ¥ £ grin
FALALE £ > Matplotlibv r 4935 8 TR B WE > B>
AAE - ITREE LR 0 4 Ao # PythonsnF ol AR £ 2
(NumPy ~ Pandas % )3 p 4 fie » i& {7 { AF fechil L Bl 4 4 W -
Matplotlib 3%+ 7 A& 8] & £ 2] > J& 45 B 2D47 5 ] ~ F14H B ~ &

EREH D LR E R PRl A 0 5|4c3DE > Bl

e
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>yl Y
34T
artte
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A il
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W 2- 27 Matplotlib £ £ W % 3 (WY %k : STEAM K7 Y )
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= ~ Python %12 7 4
Behpp b AT AR A PRl AR RFFLLE ML oA

Python 5 - fAFE 2 # it B F PN FE 3 0 & R LY M iicdpie

@ {477 o Python #3 ¥ F % = * £ i » 4o NumPy ~ Pandas > i&

e E EFRET R A z’v’”lﬁx:}fg,ﬁ%f#'fr% ey (T 0 @ Widp p #

CEJZHE L 4e gy 2 frB s ¥ Python fiF 5 FeonFit g @Ry

_ }ﬁf ‘&E i) ’Pythonxa@? ﬁé;}ﬁlf LA

B T EGAECERY { 2 &S o

VLA RT S

‘@ > Python # /ed® ~ Ay PF e ¥ A 4o C++g¢ Java &
H 4 Python fig (78 S pr > Wi 8 Bafe > &2 prig

7% BAAF o H =X > Python d s S A B H A AFANZIE S5 B

%
A F BT FlY s A

WFEFERNTEERFH €

i B end-F ¢ o Python e it fea 5 7 it %

RIS R P

S
& 7 4ot > Python 3. 2% £~ f&/§ £ * 0 & Binafes E S o &

S|t R B E o BHRAE R ol R S 5 o 0 F & F oK

# % Python rHEJ® 3% iy o
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LA R G Gp s TR - BAEAE e B A i
B Brr R > 2 S8l 2 (correlation coefficient) s 4 4p 4 o 4p B
GRCRATE LR S R BN AR 0 26 0 3 R
BN Sl FARM Mty o EASRAILED FEGEE

AR B ik
— ~ Pearson product-moment correlation coefficient (PPMCC)

d Karl Pearson 4% 1> * #A [ AAp b i lic * 2R £ 5 iy
RE XY 2 SR ApH 2R o HIRA 53 BRE L RP
#c(Covariance) 22 2 48 % X (Standard deviation) 3k i +* > 4ozt = 4 #7

cAFH A E BREAT R R B L R g o 43

-l~12 fF o
_ COV(X'Y)_E[(X_#X)(Y_MY)] X -4
Pxy = F -7
Ox Oy OxOy
Songetal. (2018) 5 T 45 Y W= RAF AR T E N -LPFH 4

i BB H R TR BB EE P E R AFH R
AoFREH AP S IR 2 B AR YR Tk

Egh R 2 o doffr o 50 FERAEE B R A Bl AT R
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AEAtp Gl A NP EREREFILERZ SRS
P B ME TR FRORE R T A B kR AR o FEinY
PR EH EE R Ao T o

Hong et al. (2020) *x = f8 4 1 FFEH#HF] > £ 5 LADT-Bagging

22 FPA-Bagging * * 453 ¢ WEA D b ¥ E F e 3 4 3% iy

Foeo R PRER BFLAEE RSO ETH T LT 14 B
HFF o ZARPEFSF AT LG § £ £ R (Multicollinearity) » #F
% A PR R et ST RE L Ll S RS ) R S SR

S B eapl i FRE A EHE 06943 0.7(- 4305 8307

P

BRAIM) BPEERFEE G B A

Y

¥
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= ———-—— 7688 L1720 E
S 4000 o .oan 7G89 T>) + 400
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9992959995959 5989S89898g8¢98
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A
=
X
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(Song et al., 2018)
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= ~ Concordance Correlation Coefficient (CCC)

CCC #_d Lawrence Lin ** 1989 & & ! » & — 6 K 4 i Sh4p B
licen- RPIER S % P RS Bidb T ioE 3 L4osl 5 £ 53t

BN el 500 o

2poy0y,
a5 + o5 + (e — py)?

T XIS I LI E T S

Pc = ;. =5

|

Boyp BRI AP BE AR R o 0t 3 E 3 0T Bl B edp B (ARPEME TR

PPN

g R ) B R BB AT A5 R A A E R A R K
Po- R GRG0 dofta o HRa b gt BN RH E R L AR

Bplle - RILPFZEFRFEGGE 5l ML H S AP M Thlice™

oo 2 M & 20 it 6 2EEHERT g 2 F - )L
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1
CCC=0.0
CCC =0.53
0.7 &
CCC=1.0
03 @ CCC=0.15
1 CCC=0

] 0.1 0.2 03 04 0.5 0.6 0.7 0.8 09

W 2-29CCC 7 & W (%% %k : Lin, 1989)

= ~ Spearman's correlation coefficient

d Charles Spearman ** 1904 # & ) » * FLArgd f & & B Ap B %
oo * NS BRRCHRIEM BT 2 HEAM T 7 B A E AP
Bl BrA R Fap il TRl R T G R S B
ﬁi:""%ﬁ EF AT o F]P o TR IS TR R R R g B 2L
B A 1 chlicd o Bt B AR M B o LM n B R ABCRRX YV A B

SR, R(Y) > A M Gl B dost = -6 577 o

6y d?

=1-—=1
P n(n? —1)

2-48



7
Iy
Hrls

@;;;m«;ég

Hed s RXDERYDHLE » i BRELS | TlidpR b 5

Sl on i STAR L SapH GleenER -1~ 1 R

(o8
-
9

g BREFDEAMM B A TR A - B REOE
i%ét( ) ¥ - l]}% {r‘ﬁf’éf,a gl}li;p'ﬂs \i%%‘:( ) Jé’TP!»}}I
EAPR BBcaBELA A TR BRENS KA T > pLh s d atErg

BE AR BE Aol A % 0 8 A E R R o R

Sk

TR

=
<~

*

§ AP BE REC e TR PR BT ol B o HY A7 SR edp B )

R R

2-49



7= ~ Kendall correlation coefficient

d Maurice Kendall >+ 1938 # 4% 41>~ £ % ¥ 1L & SAp i o
AR A BREE s miﬁ*ﬂ B g g R AP R TR BEE 0o
AR R e )R BT AR e e A e

PpAPE R E 0 HPE 2N et -7 AT o

M—N
=T -7
%n(nz—l) ?

HY on i Aso M 5o #ici(concordant pairs)ih#ic g 0 N &
# fris #cit(discordant pairs) e £ o fosg ¥t A B g o
ABFAR e P (P PR S N R PR 0 )0 @ fosr BRI 5 B Rk
S AREUARF i o AT F AP B RBCEHIE R R -1~ 1o
Hoa BRI A A R BR A A5 N  E E )] il B 2
BE T chlicdp £ RRAF eI T R o S F At R G A se s @
P AP $H 9 F -

T AR MR R R IE R A R aE R gtk Bt B
Bl A F & Ap B B S0 E R AR M B A AR R S - 3REAP
BT ¥t R E R R - R R E R G AT
FAEiE 27 & 5 5dp b BT % 203 2L A 4p M iy chdp B

RO APHELEE L W T AR AN G
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AL FEVERE - R mEY - R G
(Concordance Correlation Coefficient, CCC) i & 3% 4 ¥ » * 14 2| ¥7d8
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% 2-9- XEFERHE

e a5t B L
_ » cov(X,Y) '%.34' DI E NI A B AP B AR R
Pearson product-moment correlation coefficient Pxy = ————
OxO0y PR L RPHBEPE T RPN G
_ a8 2p0,0, BT R ONER A FE PR Y - RIE
Concordance Correlation Coefficient Pe= —F T 3 >
OF 0+ (e T Tl R 0 1 R SN ek L
B BB TR NER A R
-\ '3\ 63 a7 R
Spearman's correlation coefficient p=1———-=
n(n®=1) BB ERER R AE M G &R RO
Feenip Ml
M — N [ A iy cAp B 1L
Kendall correlation coefficient =7 5
Zn(n* —1) BB EAFRE 0 R TR AR 4 kb
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FZRPALAPERFZ

DR PR TS XL S 3

2 4F 3t £ ¥ & ;2 (Carter and Bentley » 1985)*" 7% | & m 5 T
e e i AT EMAORE TR S AAHE R ik E
R % A BRI 8 B A BB B A A o ¢ R T A1
g B AT BN e MR R R R E G folicE 505N B
FEem BT - REARER %’%‘ﬁ“ RIF BB &2 i + ) o
¥t B0 &2 UGB AT RN T R0 5P B0 ke
ABEFT L 2 E o Bt g M AR AT R ﬁéiﬁé&?ﬁ“iﬁ\i o Ap R >
s endeds o AT Y A ATIARE JE e o SRl AR 4o o

BARP 0 A 7 AP i i B E 405 (Anura3D MPM Software
V2022) g A R 2 B ERE I T S o K T 0 B RHLR 2 B

B BB BRI T L NSRS 4 A A B E

P&
RS RS LS L R o A S LA SR
BoinBe R izt fde Er- REFH 2] S ER
Foie kR R AP EH BT RS REARS DRSO R

B e e AR TR - B B MAEZPER S BHER



$2% FTIHPERES S

FoCER B R (7 - RM3FR 0 1 CCC(Concordance Correlation
Coefficient) i¥ % 3= 4p 1% > A 474534 7 I HILFB T e M 4EE i
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(R Fst e e R R bk b b SR |
|

v v
B s R Y
f y ™ f y ™\
8 A B8
; v . _ v .
wEABEAR | mmamein
| |
v
[t s @ (— T |
4
| wsmasesryE |

A 4

[ 6B AR B iE ) R R ]

B 3- 1 A4 1582 T

3-2



FoF% Ay oEpediac 2
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¥ EERIRD 2

B R TR R 2 BB kR M

PN RETRF G ) ALY bk B U R A T A A

Al S R Rl R TERE SN S A EE RS G SRR

\

% B E

B MR B AZ Y BT R sk g

-,n‘<

o A& KRB

AR RS SERE A SR 3.8 S L S Rt

T3

= / - B3

b AR

N

~ #1544 5 BLi#  (Material Point Method, MPM)

WAL H BEE & & i3 (Mesh-free)shpe &£ 2 d Sulsky & 4 3¢
1994 & 3% 110 o ffdidt Rt 2500 30 o e g B

SR
(Euler Approach)£ £ - ;% (Lagrangian Approach)4% 4 »
AR RiE R PR R E R TR R B R YA AT R AR

=
™

gt

AL BEE e B G ARAC ST o Bt B dew o Ry B R

# 2z ¥ & gh(Node)fr i 2 (Element) i+ %

///

5 T B

L 2
o ;\T
Y

T 3B o TS T4 S8 L Bk (Material Point, MP) > 3% % » -1 Ad e

o g 2 2
A7 40 T g

FA AL EEY o 2B pF s L% A5k S fic(Shape unction)
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YR FErRpaENES S

SELRERE S BN B RS2 S B R R R
e B FlA AR R oA PR BRI ES T RLATE AR o T
WAL B RGE (T D AR KR L ATHR BT R o

2

BARIAY O PR KRR T A SR

\

fod g 2bbefod 3 o B BEZ 199544 4 £k (Phase)dt 11 7 e P32
fRtr 2o e 45 HAp - BAAEZAEFIREF S 2 BNz PR
S EME R o H - T A H - &S BAPE 0 Ao
T IR A R s IR PR BR R A i e R 2 £ G ¢

Feody g effid A FAPEB 2 BB HIL G5 e 0 25

\\\

PE, AR L g H - Ap R 3L > EigE * H 4p H 2E(One-point

Single-phase) st i8 (FHCEHHR > ki F L EH LA B iF L o
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BEWT B E- kA R EEFE A F RN 2F
£ < 2 (Mass Conservation) ~ # & = 1z (Momentum Conservation) ~ ic &
T 52 4p s enif B 1% 2 (Boundary Conditions) » @ it 5 8 e kL 42 ik

%ﬁ d &+ &% M % (Stress-strain relationship)z. e = EHA| &k & p& o

’Fﬁ"g‘btif'—,—a:jl}r”% \A-&r’;\l 2__1\5\4 3_2*."1-;'7‘1“ o

d .o
P eV v,=0 o=-1
dvg _
P =V-o, + pb ;=2

5P tp v cogfrb s W AR SRR R R REE SRS
(Anura3D Scientific Manual, 2022) o 5 fift #3824 5 gl 5B 14 )
WRTIHSFL R IWEERE DER > AR 2L R

(Jaumann stress rate) k 328 AL 4 g3 & (dog) 2 4ozt = -3 5T o
dog, = D -déy, + o, WT — Way ;¢ =-3

He oD vgy W fo WA 2B e d Rg%EE - EAHA

2

Ik

i % a5 o B - & % € (Bandara, 2013; Andersen and Andersen,
2010) o 3 EORR] R E PEGER - B Rk Sdcdest = -4 977 o
1 1 }
F= 2 (05,1 - 05,3) 5 (05,1 + Gslg)sinq’) + ccos¢p ;=4
9P 051 fros A WA LE fook T B4 ccs R s Bt
(Vermeer and De Borst, 1984) -
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L = .
Vel
F ]
(a) MP = node (b) Solution on nodes

| |
(c) Update MP information (d) Update MP position

W 3-2 L Frekiz f# B4 4 F (Conte et al., 2020)

-
1- phase

e.g. dry
material

N
-

2o phase

e.g. saturated
L material

3- phase

e.g. unsaturated
material

 fmmmmmm————

N

W 3-3 e g B 2% (Anura3D £p > 2019)
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BB AL
AFT 3 & % hfcdd ¢ 32 GiD ~ Anura3D £ ParaView > » %] f § @

f2 (Pre-Process)~ 4 473+ & (Analysis)#? {4 t2 (Post-Process) i 7o

NN VIR S T SN R I

GIDE - &% 2 7 foefvin 15 ST AR » ¥ % S L F 21 f2Ap
Shifc @ ikt > 7 3R R 2D/3DHiE i E W e AR AR B
P gL T2 B N RS 4 R s o o gt ot GID
v ¥~ Anura3Dficie. > I A G ¢ GE R T BRE A BR
et Sl HARERRRE R PR T AT R R AE o

(Anura3D+ > 2019)

W 3-4 GiD ®#7 & W
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(=) A 7% ¢ Anura3D

Anura3D ¥_d Anura3D MPM Research Community ¥ 3 B
AR 0 B S A B 1 fRlicE A 9302 o 2 B A St FortranAz 3
T2 AR Afoz MenP R TR A4 AR B TS K
Mo SR g 3 8% W g2 < JHCE A, K AL » Anura3D g
2008F 4o B » 3 4 I F AR B Y > 1518 Anura3D MPM Research
Community iy 4 > 2022 SR h e VBT A AR oS IR R
R IR R R AR AT A R S A R
Wi M 7 5 o 1% GiDiE B B3] et ts > # o~ Anura3D
B & FEHE Sl MR B E ~FREE i I E R
B E 2 ER T e PeT 0 TS R AR TR G

1738 o (Anura3D+# > 2019)

i . Layer 1

D Layer 2

W3-5SIEHBEKITIW
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W 3-6 H B g 7 X W

(=) 14 2§88 © ParaView

ParaView® - B iR® £ 42 5 T 5 enfl 8 T4 45 4oil
B R AL E AT R i S AR X el B
Tz BRI o AT P o ParaViewd & * 30 AR 1 44
TR A 3758 % o 4o®r7 0 3 s 2 A X B H R b
i d B BB B S 0 B~ Anura3D oy B 1R g 0 4R gk
Fo#b o ParaView® vt iy BORLER R 0 rLR T Bl oD

H#em =% o (Anura3D+ - 2019)
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$2% FTIHPERES S

= EERERE FEK T

\

(-) s i 5
A G R OFH R G R EEA RE L o
He #2883 RAMH)Z30m > EIRES500m > KIRE & RISEHE R
Mot @A RE B R (Base)  10m v A xR (L) F B R4
w > DR A B8 B R (H)E R 5 & (Base) st fr o #0347 45
PRI ERuE S SR =S 8 3 00 o | INVE-S-E 4
MR IR T o B8RP and o ATy WA ML g i T
Bood e QR A R IR R MEFER HL R E ) BE oy
o BE R R § P
RN Y R 2R o A 43 (Layer 1) 3 # R
H 2R (8 40) T 2 4 (Layer 2) 5 45 (BRI R) & R
BEOFEM) MG 2R 230K 2 EDEF AN dotror o
AT AAFAA RS e &2 PR R S Y G
30°~40°~45°~60°~75°~90°, TEP-ji v = 2k i G R K)o
I RFEHEE R e A2 RS 8 F A % 5 30m-100m-

200m ~ 300m ~ 400m » T :FBJa i = 2ad F el F X 6] 0 2 Kf #

i
\an&

HHBER TR REFEE L HS R TR £
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$-2% FFHAENGED 2

EHELE 2 A F I R

500 m
[0 Layer1 B Layer2

Mohr-Coulomb
¢ =0kPa,¢" = 25°

Linear Elasticity

W 3-9fEndl el

(=) A trAp Bk T4 8

AETEY Z Ak A o ded T o et B
2mx2m> R ERE2 G N IEHE RS R B
B3R AR dow A o B SRk E R AR 19
3 H BRG] gt R 4 354,000 ~ 940413 & BRECE 4 3%
2,106 ~,4903 % > #ffLBLEc ¥ 4 >+5,100~ 14,157 % -

SEMFEERETTAR B > 2+ ERR L RELY
(Roller) » ¢ -k T B2 > F @K 7% 25 842 #F(Roller)» & £
e BHEoa TR R TS 4k (Hinge) 0 ¢ BcE i) AR
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F2F PIHEPARES R

HhFZRFRAOEE FRTREFIRFSEF 2035 F
B2 oo
e R KKK, QE

~~
i
 —
\+-
\\\?{r

BR T

FRZEE3 It s s g Ao g Rt g
(Cohesionless soil) 2 44 45 (Bedrock) - s ;2R M2 B * L f B &
#- % (Mohr-Coulomb) » & # B¢ * Ans8 {4 i % (Linear Elasticity) >
B WL H AR E B2 g0k M OFLAE 7R - 4 S ik JpLiu et
al.(2019):& (73K ¥ FFdm S BcdeTon o AT TR 3 ehd 3 Sl
BAORSME RS e L U EE RE T FY T

BTG o

% 3-13 3% ¥

Layer Layer 1 Layer 2
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Material Dry material Dry material
Model Mohr-Coulomb Linear Elasticity
p (kg/m3) 1900 1900
€o 04 0.4
v’ 0.3 0.3
E' (kPa) 100000 1000000
Phase 1 Gravity loading (Peak)
c' (kPa) 0 -
9" (°) 38 -
Phase 2 Landslide (Residual)
c' (kPa) 0 -
9" (°) 25 -

()35 Eag
PAFTEFERERRIERTOEHEY - BT BERE
T AFT T BART A 5 FRE(Phase) > deit o % - TR G
A he 4 4 2k (Gravity loading) » 3k 3-8 A #ci 1 > R
FEEL L) » e Bt st BB S840 >  REREIEL
(Local damping) # %= & 4] (Fixties) » r2 "4 | Fc & {73 e A5 > i
BEP LA TH D PR BRI E TR Sl A B
BrE4 A SEREARS AR FT 0% - IR FE HE R

(Landslide failure) » 2+ 5 3% =84 > 3 4ot 8 ) e Kpr A BB
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AER0.29) 0 WP feacr i X ORIRIR R L 43 0,05
ERS ST RN = ERCEE L ETEER EE SL LR 5
R eop B s 225° RAMBRAE T KA EREH MR

PR B T B e i B o b B B S AR ek R

[\SY \

Gg_lr

£05 2k o hoor R .

Phase 1

Yy IAZ

Phase 2

Y |42

Hy

Ly
W3-112 F#ERALEHERET LW

% 3-2 Anura3D 3 EiERK 2
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Calculation step 1
Time per calculation step (s) 1
Courant number 0.98
Gravity Data
Gravity acceleration (m/s?) 9.81

Gravity load

Apply gravity loading-stepwise

Quasi-Static Convergence

Quasi-static convergence

Apply convergence criteria

Tolerated error solid energy/force
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Homogeneous Local Damping

Homogeneous local damping

Apply homogeneous local damping

Local damping coefficient
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Fixities

Solid/Liquid/Gas

Keep fixities/ Keep fixities/ Keep fixities

KO-procedure

No KO-procedure

Submerged calculation

No submerged calculation

Obijective stress

Do not use objective stress

Degree of filling

0.9
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Process

2

Output

CPS file --- time data
csv file --- soil particle

data

Read CPS & csv file
(1. SSfromMPM.py)

Time.xlsx

SSfromMPM xlsx

1. .PARfile

2. Timexlsx

Get the GSdata from PAR
(2. GSfromPAR.py)

1. dataGSPAR xlsx

[S]

dis(accumulative).xlsx

Ground surface

[¥8]

evolution.png

Original file
1. dataGSPAR xlsx
2. dis(accumulative).xlsx

=
3

2o}

[¥5]

2 g

Time xlsx

SS from Carter method
(3. Carter Method.py)

Carter method.xlsx
Velocity.xlsx
Figure (SSCAR)
Figure (SSMPM)

Figure (SS comparison)
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3. Time.xlsx

Interpolation & CCC
calculation
(4. Interpolation&CCC.py)

1. Ermrorxlsx

2. Interpolation.xlsx
3. Carter method (new).xlsx
4. CCCuxlsx
CCC.png
6. Figure (CCC)
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Layer 1 Layer 2
material type dry material dry material
initial porosity 0.4 0.4
density solid 1900 1900
KO0-value 0.0 0.0
material model solid Mohr-Coulomb Linear Elasticity
effective Poisson ratio 0.3 0.3
effective Young modulus 1000000 1000000
effective cohesion 0.0 0.0
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effective friction angle - 0.0
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effective dilatancy angle 0.0 0.0
tensile strength 0.0 0.0
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