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Three-Phase MPM discretization
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Governing equations

1) Dynamic equili}orium Liquid
PV, =Vp, — PO (Vl ~v,)+pb

)

2) Dynamic equilibrium Gas
. _v nsS, i, b
PgVg = pg_k—(vg_VS)+pg

3) Dynamic equilibrigum Mixture

> In the nodes

p,(1-n)Vv +pnSy, +pnS,v,=V-6+p,b |

4) Mass balance Solid )
9,
;((l—n)ps)ﬂLV-((l—n)PsVs)=0

5) Mass balance Water
a w w W *W
E<a)gpg5gn+a)l plS,n)+V-(Jg+J,)=O < In

6) Mass balance Air
a a a (Y7 oa
E(a)gpgSgnﬁLa), pZS,n)+V-(Jg +J; )zO

7) Constitutive equations

the material points



Computational cycle

Initialization at a mp level

Nodal mass matrices, nodal forces, nodal velocities

Nodal non-advective fluxes i/,i;
nyngmic Equilibrium Liquid
M, v, = FleXt _Flmt -Q, '(Vl - Vs)
J Dynamic Equilibrium Gas
Y . prext int
M, v F R0 (v, )
Dynamic Equilibrium Mixture

M,-V,+M,-V,+M, -V, = et _ pint i Updating mp velocities
Updating nodal Velogities < oo > Updating mp strains
" " Mass balance water
n ai P, +ngi P :_V'[”Bzgw("g_Vs)]—V-[nglw(vl _Vsla_‘?wv"’s —V-ig
‘ a ass balance air
| naai § +n21§ by ==V (v, =) |-V [0 (vi=v)) |- €V v, =V
® g Constitutive equation

¢'=D:&+h's
Hydraulic constitutive equations

Updating stresses and other mp propertie




Material properties

~(

Porosity 11))” _ (1—71)25{+(1—14)V-vv (Mass balance of the solid)
t P, t ‘

Liquid phase density o, =p, exp[ﬂ(l% —p, )}

Degree Saturation S, (P p,) (Retention curve)
Liquid hydraulic conductivity k(p>p,) (Hillel expression)
Gas phase density Pq (pppg) (Ideal gases law)
Mass fraction of air in liquid o' (p,) (Henry’s law)

Mass fraction of water in gas ! (p.p,)  (Psychrometric law)

Others: Bishop’s parameter, viscosities..



Strain Softening Mohr-Coulomb

Yield function

g=c'cosp'+ p'sing'

Softening rules
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Suction-dependent Mohr-Coulomb model

Yield function

g=ccos@+ psin@

Softening rules (wetting softening)

[ — ! _B(S/patm)
c=c +Acmax(1—e )

S
P=p+A—
~ palm
S suction

O net stress
c,Q
c', (0' cohesion, friction angle (sat cond.)

p atm

A,B,Ac, . model parameters

cohesion, friction angle

atmospheric pressure
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The Selborne failure experiment

FIRST FAILURES IN BRITTLE MATERIALS

Grant, D. (1996)




The Selborne failure experiment

Grant, D. (1996)




Geometry and material parameters

18 18 20
Weathered Gault clay
15m
Gault clay 6
Ap,, = 110 kPa
Weathered Gault cla _ _ Gthcha_y______é___—_%_
Porosity - . . Porosy. . - ..
Permeability (m/ S) 10.001 B Permeablhty (m/ S) 0.001
Young modulus (kPa) - 20000 - Young modulus (kPa) - 20000
h k/resi | L -
l(:k a%tlve esmn%pea residual) 13 /4,7 Cohesion (peak/remdual) (kPa) 25 /1
Friction angle (peak/remdual) (® 245/ 13,5  Friction angle (peak/residual) (°) 26/ 15
Calibration parameter, 500 Calibration parameter, # 500

Cooper, M., Bromhead, E., Petley, D., & Grant, D. (1998)



MPM discretization
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Water
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Initial failure mechanism
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Surface movements

Grant, D. (1996)
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Surface movements
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Inclinometers

Isolating trench

s, ° B
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Fig. S. Instrumentation layout plan

Cooper, M., Bromhead, E., Petley, D., & Grant, D. (1998)

O Inclinometers
—— Field escarpment

—— Model escarpment

W Datum frame

Y Reference anchor

[E] Inclinometer string
® Recharge well

— = Wire extensometers
(® Vibrating wire piezometer
O Pneumatic piezometer

[0 Inclinometer access tube

0 Scale 10m
| 2= 2w |



1.06

Displacement measured in
the inclinometer 1.06
between 27-January-89
and 29-June-89
(corresponds to 1*=0.93)

Inclinometers

-10

Depth (m)

Horizontal displacement (mm)
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t%=0.93

— %=(.99

— Measurement 1.06

Material contact



1.09

Displacement measured in
the inclinometer 1.0
between 27-January-89
and 29-June-89
(corresponds to 1*=0.93)

Inclinometers

Horizontal displacement (mm)
10 20

30 40

t*=0.93
t*=0.99
Measurement 1.09

Material contact



Progressive failure. Elastic behaviour

P1°
P2

P . . .
P4 P5 P6 P7

Mobilized friction angle

6 7

3 5
Material points ;long the shear band

Mobilized friction angle

MFA = 9
p'+c'cotang’




Progressive failure. Plastification starts

P;’; . \ Mobilized friction angle
Py
4 q

P4 P5 P6 P7 MFA =

p'+ c'cotang’

Mobilized friction angle




Progressive failure. Final stages

P;:; . Mobilized friction angle
P . . . g
P4 P5 P6 P7 MFA = —— ’
p +ccotang
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Progressive failure. Mean Mobilized Friction Angle
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Kinematics
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Stress path p’-g
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New slhide
1100 INS failure surface

Old shide

failure surface
’é\ . (After Hendron and
: 900 — Patton, 1985)
S —
{;E 700 — Possible minor
2 | old surface
= of sliding
500 .
Horizontal scale
Vertical scale
1100, before October 9, 1963 G0 after October 9, 1963

S00 |
October 9 Failure surface 200 m 200 m

—_—
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(from Del Ventisette, 2015; modified after Rossi and Semenza, 1965)



Kinematic constraints in compound slides

Slide mass

Biplanar Compound Slide

Slide mass
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Initial state. Gravity effect

Deviatoric plastic strain
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Slide kinematics during reservoir impounding

~/

Water
elevation:
50to 60 m
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Reduction of basal surface friction angle

= 10's Basal sliding surface ¢'=5° t=10s Basal sliding surface ¢'=0°

Deviatoric plastic strain

00 0.1 02 03 04 05 06 07 08 09 1.0 1.1 1.2 13 14 15




Kinematics of the reduction of basal surface friction angle
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Girona road embankments after heavy rainfall




Girona road embankments after heavy rainfall
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Element type Tetrahedron

Numerical model

Number of elements 3654
Number of material points 7593
Damping factor a 0.05
ROy e
e S Time step 2-104 S
Solid density p, 2700 kg/m?
Porosity n 0.35
Poisson ratio v 0.33
Liquid density p, 1000 kg/m?
Gas density p, 1 kg/m?
Liquid bulk modulus K, 100 MPa
Gas bulk modulus K, 0.01 MPa
100 —
Liquid viscosity g, 103 kg/m-s
10 — / Model Gas viscosity p, 10¢ kg/m-s
§ Intrinsic permeability liquid £, 1010 m?
~—~ 1
“ Experimental Intrinsic permeability gas &, 1010 m?2
= ’ Young modulus E 10 MPa
3
© 0.01 — 0 Cohesion ¢’ 1 kPa
Friction angle ¢’ 20 °
0001 T T T Ac,.. 15 kPa
05 06 07 08 09 1.0
B 0.0007

Degree of saturation , S,
A 0.0001




Embankment response

t;=0s Suction (kPa)
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Dynamics of the motion
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Degree of saturation

Oscillations
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Bulk stiffness of unsaturated soils

_ 1 Stiffness of the mixture increases
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Conclusions

STRONG POINTS OF MPM IN SLOPE STABILITY ANALYSIS
* |ncorporates FE methodologies
=  Well known constitutive equations
= Dynamics+large deformations
= Significant developments ahead
SELBORNE EXPERIMENT
= Consistent interpretation of progressive failure
= Measured run-out reproduced
COMPOUND LANDSLIDES
= Number and location of internal shearing bands depend on
geometry -specifically sliding surface geometry-
= Support to thermal pressurization mechanisms in clayey shear
bands
RAINFALL-INDUCED SLIDING
= Complex interaction between suction changes and instability.
Complicated post-failure kinematics

= The singularity of transition to full saturation
44
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