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1. INTRODUCTION




Recent disasters related slope failures in Japan

2003.7.20
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2006.5.12
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http://www.mlit.go.jp/river/sabo/jirei.html ‘

Hougawachi debris flow (Kumamoto pref.)
Chuetsu earthquake (Niigata)

East Yokoyama landslide (Gifu)

Chuetsu offshore earthquake (Niigata)
Iwate-Miyagi Nairiku earthquake

Hofu mudslide (Yamaguchi)
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Hougawachi debris flow (Kumamoto pref.) 2003
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An expert says
“1t’s difficult
to predict.”
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The debris flow ran 800m and
destroyed three sabo dams
which results in 19 dead

solid = liquid = solid
multi-phase materials
large deformation (flow)
river-bed erosion




Chuetsu earthquake (Niigata) 2004

M=6.9, depth=15.8km
1600 slope failures
45 landslide dams
total damage=30 billion dollars




East Yokoyama landslide (Gifu) 2006
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Landslide width=150m, Total slid volume=50,000 m?3
People noticed some symptoms, set video cameras, and

performed quick survey of material parameters (c, ¢, density)
to check if the river at the bottom will be banked up or not?




Chuetsu offshore earthquake (Niigata) 2007

—

M=6.6, depth=17km
Liquefaction in Kashiwazaki city
Kashiwazaki-Kariwa nuclear power plant was slightly damaged.
Slope failure near JR Omigawa Station.
— Shinetsu line was stopped for two months.



lwate-Miyagi Nairiku earthquake 2008

. _# (38.9377N 140.8378BE)

¢ A T :

y . Landslhde mass clogging the nver
R (38.9383N 140.8406E) Photo b
he 3 >

4 T AT
— NS e Y

- 1 : s . ) R L rd i

e R ol : N5 ¥, ¥8 Landslide mass
3 "o e z "\ & clogging the nver

. Average maximum depth of S5 vyt

.. debris flow = 5m for the lower | 555

4km section of the river

R gV -~ ; il T

konagai Lab., Univ. f TE)kyo

M=7.2, depth=8km
Total damage = 1.4 billion dollars

Upstream slopes of Aratozawa dam was collapsed.

Debris flow run down 10km along Dozo river that killed 7 people.



Hofu mudslide (YYamaguchi pref.) 2009
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http://www.mlit.g.jp/river/abo/0907doshasaigai.html

Heavy rain (100mm/hr) during the end of a rainy season in Japan
triggered a lot of debris flows some of which went down to the

settlement. (death toll: 30, casualties: 43)




Unsolved issues for sediment-related disaster prevention

1) Various geo-materials (clay, sand, water contents, etc.)
2) Various disturbance (rain, earthquake, weathering, etc.)

3) Complicated dynamic behavior
(localization, liquefaction, erosion and deposition)

4) Prediction of large deformation
volume and travel distance of collapsed soil mass
Impact forces and resulting structural damage

5) Subsequent events and risk analyses
landslide dams, damage to transportation, etc.
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Classical limit analysis

Mohr-Coulomb yield criterion (c,¢p)
Rigid-perfectly plastic model
Equilibrium of continu

1
limit analysis

The resulting deformation | 12m
cannot be discussed. B 8- 7 Z4AHEHOB L L TH2AHE &5 PR
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Computer simulation methods

FEM

*Well-established simulation method for continuum.

*Mesh distortion due to large deformation should be dealt with
additional re-meshing process.

*Discrete materials with “meeting and parting (erosion and
sedimentation)” behavior Is not easy to simulate.

DEM
*Simulation method for discrete particles
*Particle interaction model in place of constitutive model.

Particle methods
*Discretization of continuum by virtual particles.
*Any types of constitutive equation can be used.
GOOD ALTERNATIVE TO FEM
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Particle methods (meshless methods)

FMM (Free Mesh Method)
Automatic remeshing FEM MORE ACCURATE

EFG (Element-free Galerkin method)
Continuum quantities are interpolated into background mesh

nodal points
Simultaneous linear equations obtained from weak-form

equilibrium are solved like FEM

SPH (Smoothed Particle Hydrodynamics)
Continuum quantities are solved for each particle

with smoothing approximation

Equation of motion is solved for each particle like DEM

MORE APPLICABLE
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2. Application of SPH
Into simulations of slope failure
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SPH

*Developed by Lucy(1977), Gingold & Monaghan(1977)
for compressible fluid

— Applied into elasto-plastic solid (Cleary et al. 2002)

*A kind of meshless method for continuum
suitable for the large deformation analysis

*Constitutive equation is plugged in the simulation
Classical Elasto-plasticity
Micromechanics-based model
etc.

*Explicit time-marching scheme
(like DEM, MD)
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Kernel approximation

Using the following identity

f(x)= jﬂ f(x)S(x - x')dx'

-

I
0 (x #x') ~ h

O Is replaced by smooth (weighted) function W
f(x)= jQ f(x')W (x - x', h)dx' = (  (x))
LW (x—x',h)dx'=1

Taylor expansion gives the information on accuracy

< f (X)> = f (X) + O((Kh)z) xh : effective Iength1

W =0 at [x— x| > xh
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Particle approximation

s 35332,
00’9 Qo0
. . . e o ®ol’g
Each material point (SPH particle) 0‘\. 000 0/'.
keeps the continuum quantities °F 2 -0".: o
(stress, strain, density, internal variables) .
VN
‘h
Integral - summation on f(x) in the domain:
N ]
i m i \\A/ i
f)2 [ FOW (-, h)de'=(f (x)) =) (f(x )>:ZFf(xJ)WJ
j=1

Its derivative:

of (xX)\ oW (x-x',h) - m’ X' —x) ow?
<a >_If() x Z_;pf(J) or

X 17
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Time marching scheme

atatimet

- N i .

I _ J 1)
1. Calculate density Po = Elm W
2. Calculate deformation rate D;w ;Z[Zj y aa\i“ +Ej ﬁaa\,)\(,uJ

B
3. Calculate stress rate from C.E. Gy = Caﬂ75D75_ )
- o1y mt o aw!
4. Calculate Interparticle force fl=— _g;a
@Vi /0 j—lp OX

5. Solve equation of motion 8ta =f,+9

for each particl
- Latest position e\
Next time step the higher-order deformation

mode (particle fluctuation)
IS Included. s

18



19

c
S S
o g
>
| 8 m
= i D 13 —_—
Y— ] : S
N = o 2
= : e =
® C @ 13 S =
< © ~ =S (qe]

(& &
7 o S N C
S TE@ < X =
- "3E o 10 S +—
f *O.Wn\ﬁa(m\ L o O » — " —
O ies & — =

=5 0 g I o
S 2 a ° S e S
(qe; 25 2 T ~  @© (=
= 235258 S 22 @ E
m.m Ckws ' Y J

” SEEE S o3y
L &=z L N g S 25 5
Q. L o 1’ o | 9o O L ®©
m 3% I\ — — o o m o md
" — o O e
n (S/W , 0T) Auooen Q2 _w S
.. o> 2O

LA B N N N N ENENNNEDNH:.H}N ]
................A
[ E R N N N N ENENNNESNHNJNJ
CoQOoOoOQOO0O0C0O0C0O00D0O0O0

ity

ITIcation

Ses00ss0s0sOesRNS
COO0000000000000 alalalolalaletelatalelatalalals
QOO0000000O0O00O0 sssssccsosssnene

. O00000000000O0CO0 DO0CDOO000OC0OO00 O
0000000000000 000 000000000000 0000

. 0O SIS0 SONEHNEIHS S E B OEEOEEBEEE
COO000C000O00O000 (- GG o0000600066006
Dooooooooooooooo> (@) e g g
co0oCc0O00O0O0C0O000O000 " — NN eReRoNoRcReRoNoNoReNoNoRoRe)

cooOQOoOQOoOCOCOO0O0O0
COo0O0C0O0C0O00000000OC0
COoOOCO0C0O0O00O0O0O0OOOC0
[CNeRSNONONSNORONCRONCHCRONO RO NS
CQoQoOoCoCO0O00O0CO0C0O00O000
[CRORSRORGRGNORONGRONCRGRIRORINS)
CoOOoCOCO0O00O0000O00OC0
CO0O00C000O00OO0ODOO0O0OOC0
co0OC0OC0O0O00000000C0
COoOOCO0CO0O0O0O000OOOC
L R N N N N ENENNNEDNH:.H}N ]
[ A RN N NN ENENNENNN
[ R N N NN ENENNENNN _

QOCOOOOOOOCOOCOQ0
OCcCCoCO0O0OCOO0OCO0CO00
coCcOQOoCOoOoCCOCCoOOCO0O0
oOoCO0QOOOO0ODOOCOCO
COQ0O00O0OOC0oODOOC0OC0
COQOO0OC0O0O0OC0OCO0
S2O00C0O000D000O00000
[ORGRSRSRRINSROVRSRGRCRERVECRORS)
O0CCO0O0OCOOCOC0O0O0O00
o000 C00O000CODCOO0
OO00CO00OO0O0OC0O0O00O0
Qo000 0000000C0O00C0
®G 0000060000000 0
[N A N N RN N NN NENNNEN}E
[ A N N N N N N B RN NN N E J

Numerical ver

After deformat




Simple shear of visco-elastic solid
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|~ visco-elastic solid

L G=1e7(Pa), Vs=100(m/s)
viscosity=2000(Pa.s)

| dt=1e-5(s), 500step

L v_shear=2.5(m/s)
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3 Couette flow
18 | visco-elastic solid B
16 i G=1e7(Pa), Vs=100(m/s) i
L viscosity=2000(Pa.s)
14 + dt=1e-5(s), 500step -
12 - v_shear=2.5(m/s)
41 i
0 1 L 1 L 1 L 1
0.00 002 004 006 008 010 0.12
X (M)

G=10(MPa), Vs=100(m/s), Poisson ratio=0.25, vi =2000(Pa.s)
Good result except for boundary layers
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Flow of 1D slope

fixed layer free surface
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Particle fluctuation

Biaxial compression test: elastic material, no damping
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Particle fluctuation leads to the computational degradation.
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Particle velocity correction

Interparticle forces in SPH is more like those in liquid molecule
(The constraint from the close neighbors is not strong)

To avoid this particle fluctuation,

particle velocity field is “smoothed’

(Monaghan, 1994)

'In the SPH sense.

N

V(xi)corrected _ V(xi) B 6‘[V(xi) B <V(xi)>]= V(xi) B EZS_:(V(xi) —V(xj))Wij

\

J=1

Smoothed velocity field

How to determine the parameter ¢ ?

homogeneous failure: ¢=1 =

Slope surface failure: we have to

/corrected (Xi) _ <V(Xi )> j

23
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Overall stress-strain relationship

o (kPa)
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0=1.0198(p-sig_c): plane strain

particle-wise behavior ] B a—
- - - - 350 | —
(with Mises criterion) 0] oSz s
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: - ~ 200} 1
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300
particle-wise stress path
(with DP criterion) = 20
% [ ..~ ‘#)§"
100%*
OOJ | 200 | 400 | 600
p (kPa)
olm—»—r—v+—
w™ | DP(50by25) |
E 000 ¥ ‘h%,
% N
Noticeable dilation g oo}
No residual state 5002

0.00 005 010 015 020 025 039,
shear strain g, 58




Numerical tests (2) Biaxial tension

10cm

Mises
elasto-plastic
no hardening

Asaro’s

2D

double slip
model

no hardening



Overall stress-strain

double slip 30deg

[EEN
o
T

\ 108by40 particles
58 by 20 particles
double slip 45deg
0.00 0.05 0.10 0.15 0.20

Mises elasto-plastic 2D double slip model
40 = ' ' ' 40 —
- 30+ g 30
= =
g 20 g 20 k-
2 S
X 10} &
108 by 40
particles
0 — 0
0.00 0.05 0.10 0.15 0.20
axial strain

softening due to the
enlargement of particle spacing
- final separation

axial strain

hardening due to the
rotation of slip plane
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Numerical example (3): dam-break
=0.1

Mises type D-P type(¢p=40deg.)
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Treatment of particle “meeting and parting”

Simple treatment:
Stress in SPH particle vanishes
when the density is below the threshold

density of the
Note: particle near

Interparticle force acting on the particle ~ Lthe surface is small
does not vanish

(because It Is computed from the stress
of the neighboring particles)

Solitary particles move only by gravity.
If they join to others, they become a part of continuum again.

32
32




Experimental validation

slit

3.0crp/

pull out
the plate

6.5cm

\4

< >

7.0cm

dry Toyoura sand, loose packing(e=0.92)




loose(e=0.92)
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validation(2) Dry granular flow

~10cm

inclination of slope=40deg.
$»=35(deg.), ¢=0.1
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validation(2) Dry granular flow

SPH Toyoura sand
80
slope=40deg
E 60r experiment —
@ SPH
b “~ SPH
2 40F experiment
= ol slope=35deg
O ] ] ] ] ]

) | ) | ) ) ) ) ) | ) | )
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Comparison with limit analysis
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Application to actual slope failure

6

The railway embankment downstream
was collapsed possibly due to the
Impact of the slid soil mass.

The large deformation analysis is
essential to the stability of the
downstream structure.

41



Points to keep in mind in slope failure simulation

Flow speed Is affected by the particle velocity correction
factor ¢ in slope failure, because the surface movement
takes the lead in slope failure.

However, if € Is set to 0, the particles are fluctuated so much
that the impact force cannot be evaluated correctly.

Therefore, simulation with ¢=0 should be done at first,

and then increase € within the range that it does not affect the
overall flow velocity too much.
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3. A simplified particle method
for the simulation of debris flow
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Debris flow: long travel distance

Iwate-Miyagi earthquake (2008)
Debris flow travels down 4.8km
during 10 min. (30km/hr)

PWRI

: ~~ + .. SPH cannot deal with such

s \ d I? -} KO = -

o © ~=.o; behavior because of computational
¥ - = limitation.

L

= a simplified method is proposed.

44




Geographical information from satellite “ALOS”

Stereographical images obtained from PRISM sensor in
“ALOS(Daichi)” enables to construct DSM with 2.5m mesh.
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Formulation of the proposed model

m 2D shallow water equation

V v.2 ohv v
ohv, . ohv,”  ohv.v, :_gi(hOJrh)_(fb)x
ot OX oy OX yo,
ohv, ohv,° ohv v
LA AT b A i(h0+h)— ),y
ot OX oy OX Yo,

m Shear stress acting on the bottom
(Modified Manning rule suitable

for the flow of soil-water mixture) 2o}

2 L

m n 2 |V s

To = TcrHvH TPY HVH T
Rt

Tcr :pg I:Qh icr

I, critical slope gradient 05
n Manning’s coefficient
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Formulation (cont.) A

mpressure due to the soil-water mixture ololololy

head is modeled with inter-particle force a4

hy [ 1]/ doj d “ )
p=pgVh=pg 0[

do \ 1+|d|/d, )||d| “ hy

Il \@E}Eﬁw

d d
The model is modified to ! , | | |
consider the effective length. \ eq.(3)

hy 1—||vl||/0'on
d. (1+|Id||/do J] =
1 h > 11]d
— o0 ~3/2) += |— < 2
ng do |:(“d||/d0 3/ ) +8:|||d|| (d0<||d||< do)

0 (|a| > 2d,)

S
I

-(d, /h) p/ pg

-1 . ! . ! . ! . ! .
0 1 2 3 4 5

No ﬁtting paramEter In this model normarized interparticle distance d/d; .




Summary of material parameters

Only two material parameters to describe the sediment flow

.. critical slope gradient for the sediment flow
n Manning’s coefficient to describe the boundary roughness

I, Ificr=0, flow does not stop until the slope angle=0
ler may be a function of flow speed

N =0.02 0.1 (for natural river, based on river engineering)
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simulation result n=0.06, 1cr=0.15




NN

Initial condition 5 minutes later 10 minutes later

Advantage of this method
* Easy to handle meeting and parting of the flowing sediment
* No need to pay attention to the mass conservation
because the particles hold all the continuum quantities.
(advection term does not include in Lagrange description)
* Easy to add any additional quantities such as
grain size distribution, water contents, etc.
* Very efficient computation
(several seconds of computation time for 10 minutes’ flow)
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4. DEM simulation for rock avalanches
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Biaxial test of bonding circles
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Biaxial test of bonding circles

100

80+

average: 0.774 (KN) -
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NN

back contact force f_ (kN)

Initial back-force distribution

1 ' 2 ' 3

axial stress (KN/m)
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H
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frequency of bond detachment
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Volonol tessellation

From the packing structure
of circular particles,
volonoi tessellation and
Delaunay triangulation

can be obtained.

i .- [ > .

A

LA AGAKL 2L Py
1008058250

O
A,

Physics-based tessellation
can be possible.




Effect of initial packing

v AT
SO SR e
Wb%‘@@%‘?&%@?@ %&&%&QE@
St
A R S L Lk e iyl
SR REISG0000000C00000!
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The density and orientation of discontinuous slips
can be obtained by packing simulation.
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Simulation of rock failure by DEM

20 — T T T T T T — T T T T
compression

a

|
(6]

axial stress o (N/cm)

extension

_10 1 L L ) A
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
axial strain, £,

The response Is qualitatively
In good agreement with
experiments.
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Rock avalanche simulation with DEM

Rock mass is discretized by Delaunay triangulation

RS
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Conclusions

Particle methods are suitable for the simulation of fluid-like
behavior of geomaterials.

Various types of modeling methods can be used in particle
methods depending on the requirement condition

More detailed information on the material on site Is necessary to
Improve the simulation accuracy.
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