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Avalanches: Valtellina (July 1987)

28 th July 1987
40106 m?
1550 - 2350 m




Flow slides

Loose granular material,
spoil tips

Confined or subsequent development
may show leveed form 5.
e.g. Aberfan, Jupille

Lobate form, low gradient,
may support big clasts

(Aberfan, 1966)



Flow slides (unsaturated soils)

Las Colinas (Sta Tecla)









Abi Barik village in Badakhshan http://www.theatlantic.com/




Debris Flows

Prof.Sucheng Zhang

(Chengdu’s Institute for Natural Hazards
in Mountain Areas, CAS)







Problems to be solved
Which model?

Granular avalanches
Single phase
Flowslides
V-pw
Debris flows, lahars
VS-VW-PW
Mudflows

Single phase




Foundations of marine structures

Figura 4.7.10. Modos de fallo geotécnicos adscritos a Estados Limite Ultimos, asociados a los digues de abrigo
verticales
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Vaiont, 1963 2043 victims




“Megatsunamis”;: waves induced by landslides




Rio Grijalba Mexico (2008)
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Sichuan province, China
(2004)




Liquefaction of foundations and geostructures
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® General Model: Unknowns

DO

_ \_ Soil grains
- Pore fluid (water + air)

n,n.,n volume fractions

1Taltw

o., P, P, Stresses

v,,V,,V, Vvelocities
d.,d,,d, rateof deformation
Equations

» Balance of mass (water, air, mixture)

 Balance of momentum

 Constitutive or rheological
» Relations velocities — rate of deformations



@ Coupled model for saturated geomaterials (OCZ+Shiomt)

Balance of mass

d (s)
dt

((1-n) o, )+(1=n) pydivv, =0

(np, )+np,divy, =0

1_n (S) (W)
(1=n)d pw+ n d dtpw +divv,+divw =0

W

divy,+divw =0 Incompressible grains and water




@ Coupled model for saturated geomaterials (OCZ+Shiomi)

Balance of momentum




Classical Approach: Soils What are Biot Equations?

Balance of momentum (mixture)
Balance of momentum (pore fluid: water

air,...)
Balance of mass (fluid)

Constitutive

Kinematic relations strain-displacement

Biot, Mandel, Zienkiewicz,
de Boer, Ehlers, Schrefler, Coussy,...



® Biot-Zienkiewicz equations

* Velocities of pore fluids relative to solid skeleton (small)
 Skeleton (lagrangian)
e Pore fluids (eulerian relative to skeleton)

Unknowns (Saturated) Equations :
V., W B1 Balance of momentum (mixture)
> B2 Balance of mass (fluid)
o, P, B3 Balance of momentum (fluid)

B4 Constitutive (solid and fluid)

& B5 Kinematics



@ Biot-Zienkiewicz equations: u-pw model

B1 0

dv,

dt

B2+B3

*

Q

= pb+div(c'-pl)

1 o, =—divv H

B4 do'=D'd¢

B5 o 1

|j 2
Unknowns :
V

S

o, P,

E

|

ou.

_I_

ou.

J

OX j

J

de

+div(k, grad p, )

d,, Extra dilatancy



@ Coupled model for saturated geomaterials (V-pw)

Balance of momentum
d(w)Nd(S)_d 1_(1_n)+ N
dt  dt dt Q K, K,
dv

pazdiva'—grad p,+ b

ldltvudivvs —div(k,grad p, ) =0




@ Single phase model

Equations

dp :

—+ pdivv=0

a ”

dv .

—=divo + pb

Pag 7 27P
0'=0'(d) d—G=D:E:D:d

dt dt

_dg _1fov oV

Tt 2\ ox, oo




pre

o 1.0267e+07
I 9.0679e+06
787591 e+06

- B.6822e+06
- 5.4893e+06

[ 4.20964+06
- 3.1036e+06
1.9107e+06
7.1781e+05

-4 7496e+05

Evolution of the Interfase, pressure and velocity vectors



Problems to be solved
Which model?

@ Granular avalanches
Single phase
® Flowslides
V-pw
@ Debris flows, lahars
VS-VW-PW
@ Mudflows

Single phase




Alternative Approaches

@® Classical
o‘u 0%
2 ¢ 7
ot OX

@ 1st Order equations

oV Oo
ot~ ox
00 _gH
ot OX
2 o .\ 0 —E i o\ 0
ot\v) \-1/p 0 Jox\v) |0
@¢+8F_O

o ox



@ Viscoplasticity

oo
— =E(&f)=E(e-&"
- =E(&°)=E(é-2")
oN Oo
00 _g N _pgw PP
ot OX
(0 —E)
8[0'j 8(0' (—Eévpj
- + 1 -
ot\ v —— 0 |oxl\v 0
\ P Y,
/_Ev\
_E oW
204_& y = Ec or @¢+5’F_
ot\v ) OX 0 ot OX




Constitutive Eqn.

5 Oy D, D,

a 0y |=| Dy Dy

O, 0 O
—> ’
ot

2D problems
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2D problems

(011\ / D,,v, ) f Dp,V, |
2 Z 22 . i [D)lzzz . i [5221//2
atl C2 | ox 33V2 oy 33V1

Vi oyl p ol p

\ V2 ) T/ p) T2/ P)




@ Depth Integrated Models 1. Single phase

Unknowns: V,,(o,d) and p,

Problems:
* Interfaces (or free surface)

h
Unknowns: ll hv, = J’ v,dx,
%3 hp, = p,dx

Advantages:
* No interfaces
e Less unknowns (1 dim less)




@ Depth Integrated Models 1. Single phase

O From 3D Models... N

Dv, . %3
=divo + p.b
Pn Dt Pn

=) divy,=0 (Incompressible)

O Use Leibnitz rule >

8 ob oa
— = = = ge
j a s)dr I s)dr—F (b, s)as (a,s)as
O Apply it to balance of mass equation divv, =0
; + Z+h Z
fz hav = ZZhvidx3—via( i ) +via( ) =0
X, \Z 8&7 Z+h 0X; z
1=12
V, :j v,dx,
8_h+i(hvl)+i(hv2):eR ﬁ_h@JrhaLHg dh _oh e oh e oh
ot 0ox, OX dt ox,  0x, dt ot tox, 2ox

_ _ e, Erosion rate
Eulerian Pseudo- Lagrangian



@ Depth Integrated Models 1. Single phase
O Balance of momentum A
Dv,
Dt

0. =2 = dive + p. b

O Apply Leibnitz rule

O Quasi lagrangian form

phz—‘t’zépgrad(hzbg) + phb,grad Z + 7, —exV

b, body forces
0 mixture density
7, shear stress at bottom
==) e, erosion coefficient = EShM
In (Vi Vo)

E. ~ Hunqr
> distance (Hungr)




® Depth Integrated Models 1. v-pw

N hdivr=e,
dt

;m%!:%pgmdoﬁm)+phmgmdz+zb—%v

@ 1D consolidation along depth

dp dh(, X o°p
—X = pb,— 3 1+E d,,+k,E X

1 E,, Edometric modulus

H : d,, extradilatancy

k,, permeability

Initial configuration Deformed configuration



@ Depth Integrated Models Il. v-pw (consolidation along depth)

dp, do © Capwl

+ Vv
dt  dt ox, OX,

+ Em dV 01

—> Use a FD explicit scheme

Notes:
® Depth changes:

O  Mesh changes too

O Total stress and Pwp change
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@ Biot-Zienkiewicz equations: u-pw model

N\

u=N, 0 p,=Np,

u

d“u . —
o +IQB o' dQ-Qp, —f, =0

M

du — d
QTEJF Hp, +C. cIIJtW —f =0

1
M = [pNIN,dQ csz* NTN,dO
Q

Q

Q=([S,aB'mMN,dQ H=[VNk,VN,dQ
Q



@ Biot-Zienkiewicz equations: u-pw model

26 .
— +[ B".o’d@-Qp,, —f, =0

Mdt2 Q

du ,— .dp
Q" +HP,+C gtw —_f =0

MAG" + [ BT6"™ —0AtQAP!, —F™ = d, =0

o

BAtQTAU" + (At6H + C)Ap,, —F™ =d_ =0
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@ What can go wrong? (1)
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@® Classical
o‘u 0%
2 ¢ 7
ot OX

Alternative Approaches

@ 1st Order equations

oV Oo
ot~ ox
00 _gH
ot OX
2 o .\ 0 —E i o\ 0
ot\v) \-1/p 0 Jox\v) |0
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o ox



@ Viscoplasticity
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Constitutive Eqn.
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2D problems
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@ Discretization: 2 steps Taylor Galerkin

o _oOF o OF
=S ) 2 =S——
ot 8x ot OX
n+ aF
" =" + At— °v
ot ot X
N+t At At OF
Step 1 2 — "+ 7 =" T g ———
P " =9 2 ot ? 2 ( X




Linear triangles (2D) or tetrahedra (3D)

 Equal order of interpolation
e Faster codes
 Extremely good performance in bending
 Robusts in plasticity
 Require stabilization
when material is incompressible
(Babuska-Brezzi conditions)



Vv(t)

v(t)

to



1D Elastic bar

1D Elastic bar
[ Taylor-Cralerking

(Mewtarlk)

Welocity (m/s)
Welocity (m/s)

Velocity at at x = L/4 (Newmark vs Taylor Galerkin)



Stress (N/m?)

1D Elastic bar :
(Newmark 0.50.0) 1D Elastic bar
( Taylor galerkin )

1,000,000 1,000,000
800,000 800,000 I /
£
600,000 Z 600,000
0
N
400,000 S 400,000
n
200,000 200,000
0 0 ‘\J V\N_
-200,000 -200,000
0 0.002 0.004 0.006 0.008 0.01 0.012 0O 0002 0004 0006 0008 001 0.012
time (s) time (s)

Stress at left end (Newmark vs Taylor Galerkin)



Stress (N/m?)

1D Viscoplastic bar 1D Viscoplastic bar

(Newmark 0.50.0) ( Taylor Galerkin )
1,000,000 1,000,000
800,000 800,000
E
600,000 Z 600,000
(%)
3
400,000 = 400,000
(7))
200,000 200,000
0 \ 0 A
-200,000 -200,000
0 0.002 0.004 0.006 0.008 0.01 0.012 0 0.002 0.004 0.006 0.008 0.01 0.01:
time (s) time (s)

Stress at left end (Newmark vs Taylor Galerkin)



@ Example: Bending of a Cantilever Beam
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Evolution of viscoplastic strain
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Fig. 6. Viscoplastic strain along the bar for different times.



Load (N)

—— 5% 10 mesh

—— 10x20 mesh

4.0E+05 -
—— 20x40 mesh
—m ;

3.0E+05 - 20x40p mesh

2.0E+05 -

1.OE+03 1

0.0E+00 . - , ,

.00 0.10 0.20 0.30 .40

Displacement (mm)

Fig. 13. Load-displacement curves.

__—
\

oo
ok




45 m

40 m

60 m



Wertical displacement at point & (m)
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N .
@  1storder equations: coupled problems | p—= divo + pb

80‘_ e S\ e &P
p@:diva'—grad p, + b E_Dgradv bé

ot |
90 _ D°grad’v — D°¢™
ot
1 dp : .
> 3 dtW =div(kgrad p,, ) —divv

Incompressible, impermeable limit

%: div(/wﬁd p, )—divv

divv=0




@ Stabilization with fractional step

oV
—=—grad p+b
P grad p

divv=0

—>

— % N

v
= —grad p"*
P AL grad p

divv"™t =0

n+1 *
div(v Y jz—ldiv(grad p”“) —> divv =—§V2p“+1
0

At 0
—\"
S1 =D
i At
S2 divv =——V?°p™*
o,
Vn+1 T )
S3 =—grad p"
At grad p
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@ Application
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SPH: what 1s It?

@ Usedin
e CFD
e Animation

Solid dynamics
Soil mechanics

@ Advantages @ Disadvantages
« Lagrangian e Boundaries
e Large deformation e Searching neighbours
e Multiphysics « Explicit



@ Smooth Particle Hydrodynamics




Benchmarks and applications e-s.

@ \ertical cut under gravity (Von Mises)

= 2000 kg / m°
y=2s* N=1
o, =125000Pa H = -8-10° Pa

|disp |
0.063342
I 0.056304
0049266
. 0,042228
- 0,03519
"l o.oze1s2
L 0.021114
0,014076
I 0,007038

0




X.Xia, Q.Liang, M.Pastor,W.Zou, YFZhang

i Advances in Water Resources
i 59 (2013) 25-38
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Malpasset dam failure: December 1959
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Based on:

T.Blanc, M.Pastor

A stabilized Smoothed Particle Hydrodynamics, Taylor-Galerkin algorithm
for soil dynamics problems

Int. J. Numer. Anal. Meth. Geomech. (2011)

\Volume 37, Issue 1, pages 1-30, January 2013

T.Blanc, M.Pastor

A stabilized Fractional Step, Runge Kutta Taylor SPH algorithm for coupled problems in
Geomechanics

Comput. Methods Appl. Mech. Engrg. Volumes 221-222, 1 May 2012, Pages 41-53

T.Blanc, M.Pastor

A stabilized Runge Kutta, Taylor Smoothed Particle Hydrodynamics algorithm
for large deformation problems in dynamics.

Int.J.Num.Meth.Engineering

Volume 91, Issue 13, pages 1427-1458, 28 September 2012



Based on:

@ M. Pastor, M. Martin Stickle, P. Dutto, P. Mira, J.A. Fernandez Merodo,
T. Blanc, S.Sancho, A.S. Benitez
A viscoplastic approach to the behaviour of fluidized geomaterials with
application to fast landslides
Continuum Mech. Thermodyn. (2013)

@ M.Pastor, B.Haddad, G.Sorbino, S.Cuomo and V.Drempetic
A depth- integrated, coupled SPH model for flow-like landslides and related phenomena
Int. J. Numer. Anal. Meth. Geomech 2009; 33: 143-172 doi: 10.1002/nag.075
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SPH (1) Basic Model

® Basic identity

@ Dirac’s Delta

@ Dirac’s Delta Is a singular distribution

5[¢]=4(0)



@ Distributions or generalized functions:
linear continuous functionals

T [4]= [, W04 (x)

dx' _
Test function

Kernel
@ Singular distributions

5[¢]=4(0)

Can be obtained as limits of series of regular distributions



@ \We build the series

Tk [¢] :J‘Q W, (X',h)¢(X')dX'

X2
W (Xx,h)=—=exp| ——
k( ) h’_ p( ]
with h=1/k

|I(!I]o Twi [¢] :¢(O)
5|¢]=¢(0)

A o0

—> | lImTy, [¢]=0]4]

2 I -
1 I -
0 %,&

3 -2 R i 1 5 ;



@ Integral approximation of functions

<g(x)> zIQ¢(x')W (x'—x,h)dx’

@ Kernel properties

limW (x'—x,h) = §(x)

h—0

IQW(X'—x,h)dx'zl

W(x'=x,h)=0 if |x'-x|=kh

A

Monotonous decreasing function of x

2L 1
1 L -
0 J,&

3 2 1 0 1 2 3




Numerical model — Smoothed Particle Hydrodynamics (SPH)

= Numerical meshless method based on integral approximations (kernel approximation)

and approximations on set of discrete points (Gingold and Monaghan 1977 ; Lucy 1977)

= Integral approximation of a function ¢ using a kernel\\\/

o= Jotm e L

—Smoothing function \/
—Derivative of the smoothing
;tion
T T T T |

= Integral approximation of the derivative of a function ¢

grad¢(x) = —f¢(x')-gradW (x—x" h)dx’

Function x
|

h is the smoothing length




® SPH discretization of Integral Approximations (Functions)

<¢(x)>=j

Q

$(x" )W (x'—x,h)dx’

Introduce Nodes O
(Particles)




Summation extended
to nodes within kh

Nh

¢| :Z¢(XJ )W (XJ _Xl’h)wJ

J=1




@ Properties of SPH approximations

aclR

<a¢>h - a< ¢>h

Example

Dp

——+ pdivv=0

Dt
D

B o)+ (o) aivy

J

0




Numerical model — Smoothed Particle Hydrodynamics (SPH)

= Particle approximation

with W, =W (x, —x;,h)

Np

m
grad¢, = Z—J¢(XJ )gradWU
J

=1 P



Numerical model — Smoothed Particle Hydrodynamics (SPH)

= Particle approximation

Ne
¢| :Z—J (XJ )WIJ
3=1 P
with W, =W (x, —x;,h)
Ne
grad¢, = Z—J¢(XJ )gradWU
3-1 P

= Boundary deficiency problem=>» Normalization of the approximations (Chen 1999)



Boundary deficiency

TSPH d1 Corrected SPH

Zp:ﬂﬂx.,)wIJ 1,J refer to SPH nodes
1D ¢| = JZlIIL\I)i m WIJ :W(xl—xj’h)
2, W,
1=1 Py
r
2D A¢Z.” A:[Ail,l A&z,lj ¢: ¢l,| . 11
Aot A @, | r,
Ne m
Aﬂa,l = Z_J(xa”, _xa,I)WIJ,ﬂ
J=1 P



Numerical model — SPH tensile instability

= SPH presents a tensile instability for dynamics problems with material strength (Liand
Liu 2003)

= Results in particle clumping y collapse of the computation

Tensile instability

%%%ﬁ%@ﬁ%ﬁmﬁ
.WW%ﬁm%wﬁ%%ﬁ

e 4 =2 6 2 4 6
= Solution 1: Addlng intermediate stresses point where stresses are calculated (Dyka and
Ingel 1995 ; Dyka et al. 1997 ; Randles and Libersky 2000)

= Solution 2 : The Runge-Kutta Taylor-SPH model



Numerical model — The Runge-Kutta Taylor-SPH model

= Based on the mathematical model described in the first part
= Discretization in time following the two-step Taylor-Galerkin method

= Discretization in space with the SPH method using the following particles grid

n n+1
= \We calculate ¢ and ¢ in
the SPH nodes

n+
2
= \We calculate é in the SPH
elements

® Implemented in Fortran 90 with
output files for a visualization with
GID software

@® SPH Node ® SPH element



Example 1 — 1D elastic bar

= Bar under tension=> test of stability

V,=-5m/
< :

0.1333 m




Example 1 — 1D elastic bar

= Bar under tension=> test of stability

V,=-5m/
< :

< 0.1333 m >

= Comparison with the results given by Dyka and Ingel (1995)

V,=-5m/s O rode1 =0 T E[0,00]

Vnode 41 — O te [O’OO]

SPH Node 11



Example 1 — 1D elastic bar

= \elocity at the left extremity of the bar

Velocity node 1 (m/s)

8 -

6 1

4 4

2 -

0 1

24

4 -

6 -

Al

|

"l \‘{ml‘ I\‘lf" H\,"‘l\ ﬂ/{‘l I ‘l U \ —SPHID (Dvka)

”I | ,' ) —Taylor-SPH

| |
| \

'J a’ )

0.0001

0.0002 0.0003

Time (sec)

0.0004 0.0005

= Similar amplitude and less oscillation




Example 1 — 1D elastic bar

= Axial stress history at the middle of the bar

2 -

" I‘ N | l

054
5 | '( ' ‘Jl" —SPHID (Dyka)

—Tavlor-SPH

a3

Axial stress node 11 (10% Pa)
——————— LS
i’
__,
4_._..'-.:,"".
e
— —
===
—— —

,_.
n

0 0.0001 0.0002 0.0003 0.0004 0.0005

Time (sec)

= Similar amplitude and less oscillation




Example 1 — 1D elastic bar

= Same example with a Courant’s number equals to 1

6 -

Velocity node 1 (m/s)

-6

Velocity

Axial stress node 11 (10% Pa)
& =

L

Stress

0.5 - ‘
-1 A

i

Il

1

Il

i

Il

|

0 0.0001 0.0002 0.0003 0.0004 0.0005 0 0.0001

Time (sec)

0.0002

Time (sec)

0.0003

0.0004

= Solution given by the Runge-Kutta Taylor-SPH match with the analytical solution

= Qur algorithm allows avoiding the SPH tensile instability

0.0005



Example 2 — Strain localization in 2D soil sample

= 2D soil sample (plane strain condition)

2m

Il m

= Viscoplastic material (Cam-Clay) with constant initial stress state

Oy, =0 =01, =-2-10" Pa



Example 2 — Strain localization in 2D soil sample

v(t)
yyeny
F4
<
o=
P g
r r3<::' L
%
3
<
<A
r, <

Velocity of the top of the sample (m/s)

Compression shock wave (negative velocity)

0

0.01

0,02

0,03

004 005 006
Time (sec)

0,07

0.08

0,09

0.1

0.11



Example 2 — Strain localization in 2D soil sample

= Viscoplastic strains

|
Time = 0.04 gec

Y-plasticEps

0.28508
I 0.2534
0.22173

- 0.19005

- 0.15838

- 0.1267
| - 0.095026
0.06335
0.031675
0

= Localization in shear bands

|

Y-plasticEps

0.47156
I 0.41916
0,36677
- 0.31437
- 0.26198
- 0,20958
| 015719
0,10479
0,052396
0

Time = 0.06 sec




Example 2 — Strain localization in 2D soil sample

= Orientation of the shear bands (Desrues 1987)

B

7 =+£

T
shear band — ,
4 2

.76 m —
A"
Y-plasticEps
- 0.49468
I 0.43972
0.38475
- 10,3297
- 0,.27482
0.83m = - 0.21986
- 0.16489
0.10993
0.054964
0

= Good prediction of the inclination of the shear bands




Example 3 — Vertical slope stability

= \ertical slope is 10 meters high— Von Mises material without softening
= Shear stress reduction method to find the stability factor of the vertical slope
= |nitial size of the yield surface o, =200000 Pa which decreases along time until failure of

the vertical slope

= Stability factor

FS _ J0, failure
V/§7/H

v Vv vV v vV v
=]

&S & L L6 4 e



Example 3 — Vertical slope stability

= Determination of the vertical

slope failure

O tailure = 80024 Pa
FSTaonr—SPH =0.233

338

at SPH node

Viscoplastic strain

Displacement at node 436

0.08

0.06

FAILURE

0.04

Time (sec):

Coeflicient of stability

—Yield stress

—Coeflicient
of stability



Example 3 — Vertical slope stability

= Taylor-s abacus

|:STaonr abacus 026
FSTaonr—SPH =0.233

= Accurate prediction of

the factor of stability

60

50 40
Angle a. (%)

30

20

10

E 027

F 025

- 0.24
- 0.23
022
- 021
0.2

- 0.19
- (.18
- 0.17
- 0.16
- 0.15
- 0.14
- 0.13
10,12
- 0.11
- 0.1

- 0.09
- 0.08
- 0.07
- 0.06
- 0.05
- 0.04
L 0.03
- 0.02
- 0.01

0

Factor of Stability (FS)



= Same example of the vertical slope but with softening

C)

Example 3 — Vertical slope stability

Y-plasticEps

0.038644

I 0.034351

0.030057

- 0.025763

- 0.021469

- 0.017175

- 0.0126881
0.0085876
0.0042032

a

¥-plasticEps
0.045571
I 0.040508
0.035444
- 0.030331
- 0.025217
- 0.020254
- 0.01519
0.010127
0.0050635

a

d)

-plasticEps
0.045571
l 0.040508
0.025444
- 0.030381
- 0.025317

- 0.020254
- 0.01513

1)

0.010127
0.0050635

¥-plasticEps
0.063446
I 0.056297
0.049347
- 0.042297
- 0.035243

- 0.028198
- 0.021149

0.014093
0.0070495
[u]

|clisp]

0053342
0.056304
0.049266

0.042228

- 0.03319
- 0028152
- 0021114

0.014078
0.007038
0

= | ocalization of the viscoplastic strains along a well defined shear band and failure of

the vertical slope
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Requiered modification of the model

= Large deformations =» Updating of the particle position at each step
=>» Modification of the mathematical model equations
=>» Problem of Hourglass deformation
=» Updating of the smoothing length

=» Boundary condition and free surface



Mathematical model equations

= Large deformations =» Updating of the particle position at each step

1 1/2 Configuration at time n Configuration at time n+1
n+ _ n 4t
XopH Node = XspHNode T A Veprnode 717
4 x % 3 % : -
n+l l n+l —t—1—1— ‘ A
xSPH el — xSPH Node ;
40 =

= Large deformations =¥ Stress rate &, replaced by the Jaumann stress rate 5}

=» takes into account the rotation in the solid

L]
~

O.

i — 0 — 0,05 — 0,0,

Where the spin rate tensor is

. 1fov, ov
O, =— ——
) ox, 0x,

I




Mathematical model equation

= Hyperbolic system of equations in the large deformation theory

O | {le(blk + ('J'M(E)h,r | D, v, | D,,v, Duéf;la T Dlzé‘;zp
O O Dy + Oy Oy Dy,v, D,,v, Dy,é5 +D,,65
9|0 | T Oy + O, 0, 9| Dyv, | 2| Dy .\ Dy,
Ot| Oy 0 Ox; | Dy 0x, | Dy, D, &Y+ D8 + D, &8
Y1 0 0-11/:0 0'12/,0 b,
Va . 0 . O_lz/p_ Ty /P b,

T

Jaumann stress rate

o o o o o o



Boundary conditions

= Conditions which can be directly applied on the boundary:
° Vx :O 0o Vy =0

e v, =v, =0

= Conditions on the free surface
° O-!’l = O y T = O

= Updating the SPH nodes position
Which nodes define the free surface ?
What is the normal free surface ?

=>» Algorithm of free-surface detection and calculation of the normal to the free-surface

= Modification of the algorithm proposed by Marrone and al. (2010)



TSPH d2 Boundary conditions:
Detection of boundary nodes (Marrone et al 2010)

Scan region

Free-surface If any particle is inside

the scan region
of the particle ,

Problem @ _
domain then the particle
does not belong
o
® to the free-surface
o . °
® o s



TSPH d2 Boundary conditions:
Computation of unit normals

Support domain of particle /




Boundary conditions

= Algorithm:

*First step: Free-surface detection (similar to the algorithm of Marrone et al 2010)

Scan region

Free-surface

Problem @
domain

® ® Support domain of particle /




= Example:

Second

step

Boundary conditions

With algorithm proposed by Marrone et
al

»'
NN R TI T

Proposed algorithm




Example 1 — Failure of an extremely low cohesive vertical slope under gravity

= Boundary conditions of the vertical slope

A : 1“4
.
g o I @ g s
® Fz
v ° ®e o0 (Y} o® (1) ee oo o0

N
v

4 m



Example 1 — Failure of an extremely low cohesive vertical slope under gravity

= Boundary conditions of the vertical slope

A : 1“4
.
g o I @ g s
® Fz
v ° ®e o0 (Y} o® (1) ee oo o0
<€ 4 m >

» Viscoplastic material — Von Mises without softening and with cohesion ¥, =2-10° Pa



Example 1 - Failure of an extremely low cohesive vertical slope under gravity

= Displacements

- I Idsp]
n 0.18979
1T Io.m&?l
0.14762
- - 0.12653
T - 0,10544
l 0.084353
0.063265
0.042177
0.021088
0

T
'lL_

Idsp|

1.09@2
097173
0.85026

- 0.7288
+ 0.60733
I 0.48587

0.3644
0.24293
0.12147

0

|disp

15005
1.3418
11741

* 11,0063
¢ 0,83862
0.6709

& 0,50317
0.33545
0.16772

0




Example 1 - Failure of an extremely low cohesive vertical slope under gravity

= Displacements

] ] 1dspl

= 0.18979
RWE - 016871
0.14762

Il

*0.12653
- s 010544

a8 im:z; = Large deformation problem

0.021088
1]

- = Viscoplastic deformations 150 %

1.09@2
l 097173
0.85026

- 07288

| pied

- 03644
0.24293
0.12147

0

|disp

15005
Il.adia
11741

* 10063
¢ 0,83862
0.6709

& 0,50317
0.33545
0.16772

0




Example 1 - Failure of an extremely low cohesive vertical slope under gravity

= Displacements

- 1ol

- 0.18979

RWE - I 0.16871
0.14762

: - 0.12653
S E 010544

a8 izm = Large deformation problem

0.042177
0.021088
1]

- = Viscoplastic deformations 150 %

1.09@2
l 097173
0.85026

- 07288

| f = Updating of the SPH nodes

- 03644
0.24293
0.12147

0

Idisp]
15005
Il.adia
11741
* 10063
¢ 0.83862

l 0.6709

: 0,50317
0.33545
0.16772

0




Example 1 - Failure of an extremely low cohesive vertical slope under gravity

= Displacements

0 Idspl
- . 0.18979
T I 0.16871
0.14762

: - 0.12653

t——4—+ - 010544
M 0084353
H I 0.063265
H- - 0.042177

0.021088
1]

Idsp|

1.09@2
l 097173
0.85026

- 0.7288
+ 0.60733
I 0.48587

- 03644
0.24293
0.12147

0

Idisp]
15005
Il.adia
11741
* 10063
¢ 0.83862

l 0.6709

: 0,50317
0.33545
0.16772

0

= Large deformation problem

= Viscoplastic deformations 150 %
= Updating of the SPH nodes

= Rotation inside the solid



Example 1 - Failure of an extremely low cohesive vertical slope under gravity

= Displacements

1 Idsp|

0.18979
RWE - 0.16871
0.14762

- - - 0.12653
I + 0. 10544
M 0084353

H b 0.083265
e Io.o-m??

0.021088
1]

Idsp|

1.09@2
I 097173
0.85026

- 0.7288
 0,60733
B o.1e507

- 03644
0.24293
0.12147

0

Idisp]
15005
Il.adla
11741
* 10063
¢ 0.83862

B o6

: 0,50317
0.33545
0.16772

0

= Large deformation problem

= Viscoplastic deformations 150 %
= Updating of the SPH nodes
= Rotation inside the solid

= Change of the free-surface



Example 2 — Failure of a vertical cut under constant loading

= Boundary conditions of the vertical slope

Sm
< > V,
) LiLly
i e rs I
4
H e
S ol 1“3%
- ° =
I~
B 5
o FZ
: Y A a2 a a

10 m



Example 2 — Failure of a vertical cut under constant loading

= Boundary conditions of the vertical slope

Sm
< - V,
i o Ts T
4
s e
@
o ® rl r3 5‘5
= ° &
e’
° &
2 L,
o
- Y A A A
10 m
= Viscoplastic material:
= Von Mises without softening and cohesion Y, =200 Pa

= Von Mises with softening// =—1-10" Pa and cohesionY, =200 Pa



Example 2 — Failure of a vertical cut under constant loading

2bY,
= Analytical solution: Limit load Pa =———— =P

nalitycal ~— \/5 N analitycal - 1154

1500
~ 1200 .
S
~~
£ 900
3
S 600
| | = Runge-Kutta Taylor-SPH (no softening)
300 |/ — Analytical solution
Runge-Kutta Taylor-SPH (with softening)

0
0 0,03 0,06 0,09 0,12 0,15 0,18 0,21 0,24 0,27 03

Displacements (m)



Example 2 — Failure of a vertical cut under constant loading

= Viscoplastic deformations and displacements

plasticEps
0.018694
l 0.016617

0.01454

- 0.012463

- 0,010386

- 0.0083086

- 0.0062315
0.0041543
0.0020772
0

0.4045
0.35956
L 031461
- 0.26967
. 0.22472
L 0.17978
- 0.13483
I 0.089289
0.044945
0

plasticEps

0.60737

l 0.53989
0.4724

- 0.40492

- 0.33743

- 0.26994

- 0.20246

0.13497
0.067486
0

plasticEps

t=45s

t=13s

t=20s

|disp|
0.018609
l 0.016542
0.014474
- 0012406
- 0,010338

- 0.0082708
- 00062031

0,0041354
0.0020677
0

|disp|
0.18649
l 0.16577
% 0.14505
- 0.12433
. 0.10361
 0.082865
. 0.062164
| 0.041443
0.020721
0

|clisp|
0.43861
! 0.38988
0.34114
- 0.29241
: 0.24367
: 0.19494
- 01462
0.097469
0.048735

0



Example 3 — Failure of a shallow stratum under wide strip footing

= Boundary conditions

VI
2 it .l L l{ Free-surface .
T " r5 F4 [ ]
: A 4 @
" [ ]
: [ ]
3m e Fl F3 -
- [ ]
- - v ® s
14 m - 2 r .
® 2 °
A A 4 A A A A A a

= Viscoplastic material:
= VVon Mises without softening and cohesion ¥, =15000 Pa
= \Jon Mises with softening 2 =—1-10° Pa and cohesion ¥, =15000 Pa



Example 3 — Failure of a shallow stratum under wide strip footing

(2+7)

= Analytical solution: Limit load P, jiyea :T-b'yo = P = 89027

analitycal

[E+3
SE+4
E
> 6E+4
g 4E+4 " |
- —— Analytical solution
2E+4 — Solution given by the Runge-Kutta Taylor-SPH
OE+0
0 0,003 0,006 0,009 0,012 0,015

Displacements (m)



Example 3 — Failure of a shallow stratum under wide strip footing

= Viscoplastic deformations and displacements

|clisp |
- 0.0050164

= gEis l 0.004459

*+ 0.0039016

1 2

1 0

- 0,0033443
EEEEEE - 0,0027869
T t 00022295
- 0,0016721

0.0011148
0.00055738

1]

I Bl |disp |
: 17 0.0075726
=k o ' 0.0067312
} 0.0058898
- 00050484
- 0.004207
- 0.0033656
- 0.0025242
0.0016828
00008414

0

IR TN B s

I L
I B 1

AT GHE} |dlisp |
* 0.015767
Bl l 0.014015
0.012263
= - 0.010511
aanm . 00087592
! 0,0070074
- 0.0052555
0.0035037
0.0017518

0




Conclusions of part 2

= Modification of the initial model to study problems in the framework of the large

deformation theory

= Elimination of the Hourglass deformations and new free-surface detection algorithm
= Stabilized model ( Shockwave propagation example in one-dimensional bar)

= Allows reproducing localized failure in geomaterial (well-defined shear bands)

= Large deformation (Deformations until 150 %)

= Complicated failure mechanisms

= Accurate model(comparison with analytical solution)
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Fractional step

_ p@ =divo + pb
@ 1storder equations: coupled problems ot

o 9 _ D°grad’v — D®s™
pazdIVo"—grad p, + pb ot
90 _ D°grad’v — D°&™

> (; dg)tw =div(kgrad p,, ) —divv

Incompressible, impermeable limit

% = di\%d p,,)—divv

divv=0




@ Stabilization with fractional step

oV
—=—Qgrad p+b
P grad p

divv=0

—>

— % N

v
= —grad p"*
P AL grad p

divv"™t =0

n+1 *
div(v Y jz—ldiv(grad p”“) —> divv =—§V2p“+1
0

At 0
—\"
FS1 =b
,O At
FS2 divv =——V?°p™*
o,
n+1 *
V' =V
FS3 — _ rad n+1
P AL grad p




Fractional Step method

= |nitially introduced for incompressible fluid dynamics problems (chorin 1968)

= Technique used to stabilize formulations which use the same order of interpolation

for the pore pressure and the velocity. (Schneider 56 ; Kawahara and Ohmiya 57)

= Various application in solid and soil dynamics problems with Finite elements

(Zienkiewicz and Wu [60], Zienkiewicz et al [58], Pastor et al [61, 62], Mira et al [5], X.Li et al [63], Mabssout et al

[12], White and Borja [6] )



Example 1 — Saturated soil column under harmonic loading

= Soil column

G,1
| 1
r-’-’l

30m| T

p1
Lad

o0 oo
1
I

F

3m



Example 1 — Saturated soil column under harmonic loading

= Soil column

GP,T
r ef : &
ol o
@ Y
& °
B ™
- @

30m| T

1
Lad

® @
® &
[ ] [ ]
[ [ ]
[ ] [ ]
, -rZ ®
N

3m

Parameters

Cazel

Caszel

Caze 3 Case 4 Caze 5

Caze 6

k

w

From:-Input

data

591107

591107

581-107| 5.91-107%| 5.91-107°

5.91.107"

From:
k'=k -g-p,

9.7-107

9.7-10~

97107 | 97107 | 9.7-107

9.7.10™

From: Input
data

3-10"

From:

Equation
(6.59)

From:

Equation
(6.103)

0.6

From:

Equation
(6.104)

1.85-107

From-

Equaton
(6.102)

556-107

From:

Cyualivn

(6.101)

10

1

1 1 0

10~

kiVCQ




Example 1 — Saturated soil column under harmonic loading

= Comparison of he results with analytical solution (zienkiewicz et al. 1980)

k=100 k;=1000

1 1

0.8 0.8

0.6 0.6
5 a s
R N

0.4 0.4

0,2 0,2

0 0

0 02 04 06 08 1 12 0 02 04 06 08 1 12

Normalized pore pressure Normalized pore pressure



Example 1 — Saturated soil column under harmonic loading

= Comparison of he results with analytical solution (zienkiewicz et al. 1980)

k=100 k,=1000
1 1
| | |
0.8 k,=1 k=10
1 1
0.6
<5
R 0.8 0.8
0.4
0.6 0.6
0,2 - an
B B
0.4 0.4
00—
0
0.2 0.2
No |
0 0
A R ae B Bs 1 A2 0 02 04 06 08 1 12

Normalized pore pressure Normalized pore pressure



Example 1 — Saturated soil column under harmonic loading

= Comparison of he results with analytical solution (zienkiewicz et al. 1980)

z/H

0.8

0.6

0.4

k=100 k;=1000
| M
k1=1
1 \ ‘
0.8 k=10
0.6 }
-
~ 04 0.8
0 0,6
0,2 )
No =
N
oL— 0,4
0 0.
Nom 0,2
0 (

0 02 04 06 08 1 12
Normalized pore pressure

k=10"

0.8

0.6

z/H

0.4

0.2

0

0 02 04 06 08 1 12
Normalized pore pressure



Example 2 — Strip foundation on elastic soil stratum

= Boundary condition

10 m

3m
—

q(t)

Ll
lﬂS

Iy

A

10 m

W

Vertical
loading (Pa)
100 1
_ time
A (s)
0.1s



Example 2 — Strip foundation on elastic soil stratum

= Boundary condition

3m
>
q(1)
A piidd Vertical
['s Iy loading (Pa)
E M
— 100 t
=l I
time
| I SN "~ (s)

h
A 4

10 m

= Elastic material

= Incompressibility condition: k,=1-10" ms”



Example 2 — Strip foundation on elastic soil stratum

= Pore pressure obtained with a classical " Pore pressure obtained with the v-p,,

finite element formulation Runge-Kutta Taylor-SPH model




Example 3 - Strain localization in saturated soil

v(?)
222222

Ly

(R I R TR TR R Tt )

_ 1,

ed ,01-C—

Vertical
velocity
(m/s)

F .
fime

-0.04

= Viscoplastic material (Cam Clay)

= Permeability k,=1-10"° ms™



Example 3 - Strain localization in saturated soil

= Viscoplastic deformations and displacements

plasticEps ; ; - |disp|
0.97022 . 0.19887
I 0.86242 _ I 0.17678
E 0.75462 p 0.15468
- 0.64681 - 0,13258
r 0.53901 = i = £ 0.11049
= 0.43121 < % . 0.088388
- 0.32341 : . 0.066201
0.2156 - 0.044194
I 0.1078 0.022097
- U T 4.9857e-21

» Localization in shear bands




Conclusions

= Modification of the initial model to study coupled problems in the framework of the

small deformation theory

= Based on the Biot-Zienkiewicz theory and the notion of pore pressure and effective

stress

= Accurate model (comparison with analytical solution)

= Stabilized model

= Reproduce localized failure in saturated geomaterials with well-defined shear bands
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e.g. Aberfan, Jupille

Loose granular material,
spoil tips

" Initial coliapse * -

Flow slides

Lobate form, low gradient,
may support big clasts

(Aberfan, 1966)



Dam break problem: Saturated soill
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Dam break problem: Saturated soill
tang=1.0 C,=2.10"m*s™
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Dam break problem: Saturated soill
tang=1.0 C,=2.10"m*s™
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Dam break problem: Saturated soill
tang=1.0 C,=2.10"m*s™
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Cross sections of Aberfan Tip 7 before and after the flowslide
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Cross sections of Aberfan Tip 7 before and after the flowslide
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Aberfan Flowslide (1966)
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Thanks for your attention




