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. Micro-scale (DEM) Model
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. FEM-DEM simulation
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In experiments :

X-Ray ptomography

allows to catch both

the big picture and

the fine details in a
~. single shot
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A continuum media
or
an assembly of particles ?

Continuum : FEM Particles : DEM

well suited to Real scale problem Reproduces « naturally » the
complex behaviour of grains
CAN NOT realistically model their | assembly : cyclic response,
discrete nature anisotropy, strain path
dependency
Computation time depends on
the number of grains -> high CPU
costs
> limitation to small problems

—>  Coupling FEM-DEM
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Principle

Constitutive
Equation
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Principle

NHL
Num. Hom. Law




S < S8 AV & o &
L R
N8 o 000 aree

U
A A Y

=
%
A
<
=
%
3
=
=
O
=
S
A




Principle FEM?
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Micro-scale Model

Contact laws *




Micro-scale Model




Principle

Alternatively : Auxiliary
tangent operator (average
initial, Kruyt, ...)




Principle

» FEM code:

» DEM code:

» Bridge:




Triaxial test :
ideally, should be homogeneous, but ...

in the lab, observation : Triaxial test on Hostun sand
. . specimen, JL Colliat, 3SR
localised deformation Grenoble 1986

Borehole or gallery stability problem ,

(can be studied as a hollow cylinder
under differential pressure)

(analogous to a borehole or a gallery)
heterogeneous by essence
in the field, observation :
\ localised deformation

» 3

van den Hoek, P.J., Smit, D.-J., Kooiljman, A.P., de Bree, P., Kenter,
C.J., Khodaverdian, M., 1994, Size dependancy of hollow-cyl-

%:gq inder stability, Eurock, vol. 94, Balkema, Rotterdam.
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Multiscale Computations: Numerical results
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Mesh dependency as usual in FEM : issues and solutions
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Hollow cylinder under differential
pressure

(analogous to a borehole or a gallery)
heterogeneous by essence
in the field, observation :
localised deformation

van den Hoek, P.J., Smit, D.-J., Kooiljman, A.P., de Bree, P., Kenter,
C.J., Khodaverdian, M., 1994, Size dependancy of hollow-cyl-

%:ga inder stability. Eurock, vol. 94. Balkema, Rotterdam.
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Mesh dependency as usual in FEM : issues and solutions
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Second gradient regularisation
after Chambon R. et al. (1) & Bésuelle P. (2)

e y; is the (macro) displacement field

- the macro displacement gradient - the microkinematic gradient.

a e d; is the microstrain:
—

i = Ox; -
/ diy = 3(fiy + fir)

e D,; is the macro strain: : . .
i 15 the macro stra e r; is the microrotation:

Dyj = 3(F; + Fj)

| g
rip =3y = fii)

* Rj; is the macro rotation: . s the (micro) second gradient:
Ry = 5(Fj — Fj)

_
hyje = 5 - Local secc




Second gradient regularisation
after Chambon R. et al. (1) & Bésuelle P. (2)

u; 18 the (macro) displacement field fi; is the microkinematic gradient.
F; 1s the macro displacement gradient d;; is the microstrain:

Fj =gt diy = 5(fij + /i)

. . r;; 18 the microrotation:
Dj; is the macro strain: Y

ryy = 5(fiy = /)
Dy =48, ) =i

. . hi is the (micro) second gradient:
R;; 1s the macro rotation: o
1 hie = 5
Ry = 3(Fy — Fy)




Second gradient regularisation (cont’'d)
after Chambon R. et al. (1) & Bésuelle P. (2)
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Second gradient regularisation (cont’'d)

» Constitutive equations :
» Classical part : LHN_DEM

vfS o omfb SEIsSIS
@IS vNv! oml‘c o only
=N wNls) Oml\g O OvY
N eNoNoNalVvYvie)

D
0
0
0
0
D
2
D
2
0




Restoring mesh independency
with 2"d gradient

No 2" gradient With 2nd gradient

A

';\ 512 FE x 400 DE 512 FE x 400 DE

b 5K



Second Gradient D=0,64E-2
Axial strain = 2. 10-2

L 4
' %%V( 2048FEMx400DEM 512FEMx400DEM



L4
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Restoring mesh independency
with 2"d gradient

Second Gradient D=0,64E-2

2048 FE x 400 DE 512 FE x 400 DE

% %Q 2048FEMx400DEM 512FEMx400DEM



Restoring mesh independency with
2"d gradient

No 2" gradient With 2nd gradient

400 FE x 400 DE 1230 FE x 400 DE




1290FEMx400DEM Loading: increase internal pressure
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CONCLUSIONS

- We have presented a Two-scale numerical approach for granular materials:
combining FEM (at macro scale) and DEM (at micro scale).
- lllustration by two examples of BVP:

- a biaxial compression test and
- a hollow cylinder (analogy of underground excavations and drilling)

- Strain localization was observed in both cases.
- Mesh dependency confirmed.
- 2"d gradient regularization allows to restore mesh independency
- Mesh independency is restored
- Parallelisation of the code (element loop) using OpenMP has showed to be very effective

PERSPECTIVES

-3D approach
p -HPC high performance computing (calcul intensif) :
OpenMP & MPI parallel computing schemes
"

poOE
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Principle FEM?




La problématique de 'EDZ

autour des galeries dans les roches argileuses

contexte ouvrages de stockage de déchets nucléaires
(données ANDRA)

"Lower chevron
fractures”

"Upper chevron
fractures”

-'Tensiie"f'ractures

OH Majer regional stress
Oh Minar regional stress




Mortivarions
Microstructure of the clay-rock

Micromechanisms of deformation

Overlapping between X-ray nano-CT and
incremental 2" strain invariant field (DIC)

In situ triaxial loading test at ESRF (ID19)

X-ray nanotomography + volume DIC

Bésuelle et al., 2013

E :ga VAN DEN EIUNDEN, BESUELLE, COLLIN, CHAMBON




MorivaTions
Microstructure of the clay-rock

ﬁ D O Representative

elementary

G volume (REV)
! inclusion
b
R Q clay matrix
» Q __ interface inclusion/clay
< 000 - 4 potential cracks in clay
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Principle FEM?










DOUBLE SCALE COMPUTATIONS

Strain localization

Strain localization and fluid flow
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MACRO FIELD EQUATIONS
Second gradient continuum with Hydro-Mechanical coupling

457
407
350
30F

251

reaction Fil, [MPa]

151 —— D= 100kN
—— D = 400kN
10b — D = 1000kN

0 . . . . . . . . . )
0 -0.002-0.004-0.006-0.008 -0.01 -0.012-0.014 -0.016-0.018 -0.02
strain h»‘hD




DOUBLE SCALE COMPUTATIONS
Strain localization and anisotropy

 Failure during a gallery excavation: depressurization of the internal
pressure, constant external pressure

* 1600 elements

» Constitutive parameters calibrated to fit experimental curves

 Strain localization pattern influenced by the anisotropy of the model

.
h B3R

dry material




DOUBLE SCALE COMPUTATIONS
Strain localization, anisotropy and fluid flow

wet material
14 days 1 month 1 year 5 years 50 years
pore I ji
pressure .
deviatoric
strain
rate
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h B






