== = rock bolts

Implementation of clay rock and bentonite models using Mfront
Eric Simo, T. Helfer, P. Herold, M. Manica, D. Masin, T. Nagel

BGE TECHNOLOGY GmbH

Implementation of clay rock and bentonite models using Mfront | Eric Simo, Miguel Manica



Clay rock as potential host rock for high-level waste repositories
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Bentonite as sealing material in radioactive waste repository

Longitudinal section
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=  Bentonite materials are considered as the main :
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= Advantages of Bentonite: Qii ./
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 Swelling capacity
* Sorption capacity
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= Asuitable model for bentonite taking into account
all relevant phenomena expected in the nearfield of
the disposed cask is necessary for numerical based
safety assessment
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Hypoplastic THM-model for bentonite
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Material Behaviour of Bentonite

Fig. 1-4:  Fabric of Wyoming granular bentonite: (a) appearance of granular bentonite at
macroscopic scale: photomicrographs of the material at (b) the as compacted state,
and (c) after wetting/drying cycles with significant modification of the fabric.
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Description of the Bentonite Model

= Expression of the model proposed by (Masin, 2013 & 2017) oo e
" M_ £ . . ol N . iy H H MACROSTRUCTURE GA;;? G"H"coupling 0(}3\
6 = f;[L:(€—fn€") + fuN|€ — [ €[] + fu(Hs + Hr) %%, | &€
. M M double structure I b I
=  Behaviour of the macrostructure based on hypoplasticity coupﬁna—’
and Bishop equation: gM = gnet — 1§Mg — g«“’ée\m m '5’7770%/
G H coupling

" Behaviour of microstructure using elastic volumetric model &
and Terzaghi stress hypothesis: ﬁ*lo as lS

€ =< (as —— m) o™ = o™t — 1s NG
= Double structure coupling through the factor f,,
= Hydraulic and thermal effect considered through (Hs + Hr) S Increase due o S
= f,controls the overconsolidation ratio, f, and f, control the 1o
effect of stress and void ratio on macrostructural soil stiffness (Masin, 2013 & 2017) _ Ins
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Description of the Bentonite Model

=  Some applications of the model
wettmg—d rymsg oedometric experlments on Boom cIay Isotroplc compression tests at various suctions and temperatures
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Implementation in Mfront

= Conceptual approach

Model implementation in OGS
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Implementation in Mfront

* The available code of the bentonite model was included in Mfront as a C++Library

01.12.2020

Mfront (local level)

Initialization
Import and initialization

of material properties

!

Processing

C++code of bent. model

Post processing

Packing and export of

state variables to OGS

actual time step

—

MGIS

next time step

——

-

OpenGeoSys (global level)
S

FE — Simulation
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Implementation in Mfront

= Testing of the implementation: at local level

BGE TEC David Masin (CU Prague)
Model development Model development
Mfront as a Wrapper C++
Finite element tester Finite element tester

Benchmark
Based on examples from

(Masin, 2013 & 2017)
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Implementation in Mfront

= Testing of the implementation: at global level

BGE TEC David Masin (CU Prague)

3D-Simulation ‘ 3D-Simulation

FE-Code: OGS FE-Code: SIFEL

Benchmark
Based on examples from

(Masin, 2013 & 2017)
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First results

= Suction and axial stress were applied then saturation was calculated:
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Figure 1: Comparison of the saturation computed with MTest and the saturation computed with TRIAX for the first

test
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Figure 2: Comparison of the saturation computed with MTest and the saturation computed with TRIAX for the
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A nonlocal HM-model for clay rocks
Miguel Manica
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Material behaviour of claystone

= (Observed behaviour:
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Material behaviour of claystone

=  (QObserved behaviour:

° Rate dependency
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Callovo-Oxfordian argillite
(Armand et al., 2017)
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Material behaviour of claystone

=  Observed behaviour:
* Rate dependency

* Creep 11
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(Armand et al., 2017)
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Material behaviour of claystone

=  (QObserved behaviour:

* Rate dependency

* Creep ® = s1.%,-2wpa
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* Significant softening 0 1l 53 %5 =12MPa
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Opalinus clay
(Favero et al., 2018)
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Material behaviour of claystone

= (Observed behaviour:
* Rate dependency
* Creep
* Significant softening

* Localised deformations

Opalinus clay
(Naumann et al., 2007)
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Material behaviour of claystone

=  (QObserved behaviour:

* Rate dependency

25000
* Creep

* Significant softening 20000
®* |ocalised deformations

15000 -

* Anistropic properties: 10000 -

Modulo de deformacion
/I a la estratificacion (MPa)

> Stiffness

5000 -

0 5000 10000 15000 20000 25000

Modulo de deformacion _L a la estratificacion (MPa)

Callovo-Oxfordian argillite
(Auvray, 2004)
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Material behaviour of claystone

=  (QObserved behaviour:

01.12.2020

Rate dependency

Creep 1R @
R
Significant softening 1.0
Localised deformations 0.8- 1.0 7_\’(_45°)
(0°)
Anistropic properties: 0.6
> Stiffness 8.4 0.5
0.2-
> Strength
o 1 1 1 1 1 IR(QOO)
0 02 04 06 08 1.0 R

Callovo-Oxfordian argillite

(Auvray, 2004)
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Material behaviour of claystone

=  (QObserved behaviour:

* Rate dependency

* Creep
1E-16 +
* Significant softening Dry specimens
o« 1E17 22
® Locahsed deforma“ons .._E; o parallel to the bedding plane
| | | e =%
®* Anistropic properties: g - A D
: O R
> Stiffness TE-19 ¢
i perpendicular to the bedding plane
> Strength 1E-20 . . . . . . , .
0 2 4 6 8 10 12 14 16 18

Confining pressure (MPa)

> Permeability
Callovo-Oxfordian argillite

(Zhang & Rothfuchs, 2004)
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Material behaviour of claystone

= QObserved behaviour:

* Rate dependency

* Creep

* Significant softening

* Localised deformations

* Anistropic properties:
> Stiffness
> Strength
> Permeability

* Increase of permeability with damage

01.12.2020
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Material behaviour of claystone

= Nonlocal elasto-viscoplastic constitutive model (Manica, 2018).
= |ncorporates the mentioned behavioural features for indurated clayey materials.

=  |mplemented in the FEM code Plaxis.

01.12.2020 Implementation of clay rock and bentonite models using Mfront | Eric Simo, Miguel Manica 22 BGE TECHNOLOGY GmbH




Material behaviour of claystone

= Nonlocal elasto-viscoplastic constitutive model (Manica, 2018).
= |ncorporates the mentioned behavioural features for indurated clayey materials.
=  |mplemented in the FEM code Plaxis.

= |scurrently being implemented in OpenGeoSys trough MFront.
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Material behaviour of claystone

= Nonlocal elasto-viscoplastic constitutive model (Manica, 2018).
= |ncorporates the mentioned behavioural features for indurated clayey materials.
=  |mplemented in the FEM code Plaxis.

= |scurrently being implemented in OpenGeoSys trough MFront.

/

Scientific open-source initiative for the numerical
simulation of thermo-hydro-mechanical/chemical
(THMC) processes in porous and fractures media
(Kolditz, 1990; Wollrath, 1990; Kroehn, 1991;
Helmig, 1993; Kolditz et al., 2012; Bilke et al., 2019)

https://www.opengeosys.org/
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Material behaviour of claystone

= Nonlocal elasto-viscoplastic constitutive model (Manica, 2018).
= |ncorporates the mentioned behavioural features for indurated clayey materials.
=  |mplemented in the FEM code Plaxis.

= |scurrently being implemented in OpenGeoSys trough MFront.

/ \

Scientific open-source initiative for the numerical No introduction required here ;)
simulation of thermo-hydro-mechanical/chemical (Helfer et al., 2015)
(THMC) processes in porous and fractures media

(Kolditz, 1990; Wollrath, 1990; Kroehn, 1991; http://tfel.sourceforge.net/

Helmig, 1993; Kolditz et al., 2012; Bilke et al., 2019)

https://www.opengeosys.org/
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Brief description of the formulation

Description Equation Parameters

Strain decomposition de = de® + de"P + de° -

01.12.2020 Implementation of clay rock and bentonite models using Mfront | Eric Simo, Miguel Manica 26 BGE TECHNOLOGY GmbH




Brief description of the formulation

Description Equation Parameters
Strain decomposition de = de® + de"P + de° -
Elastic behaviour do = D de® E1, Es, Ga, 11, Vo, a*°F,
]je = TTDeT ﬁrot
B 1 —n 2 =_ 2
1 nuz_ 1 V1 + nug_ E 2 0 0 0
(1—|—I/1)?;1 (1—|—z/1);n m
- 17
1 V1 + m/% 1 'n,y27 B ? 0 0 0
(1+V1)m (1—|—I/1)m m
e 1 v 1—v
D = 52 jop By — 0 0 0
m m m
0 0 0 o 0 0
2(1 + 1/1)
0 0 0 0 Gy O
] 0 0 0 0 0 Gy |
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Brief description of the formulation

Description

Equation

Parameters

Strain decomposition

Elastic behaviour

Yield criterion

01.12.2020

de = de® + deVP + de€
do = D de®

D = TI'DeT

F = \/f Gy + (¢ + pe tan ¢*)°

fa(0) = aq (1 + Bgsin 39)nd

— (¢* +p'tan¢*)

--- Mohr-Coulomb
— Employed
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El,EQ,GQ,Vl,I/Q,Of )

Brot

aq
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Brief description of the formulation

Description Equation Parameters
Strength anisotropy c* = Q)¢ Q90, Qs Om, 1
pe = (0)pro
_ _AePm—9)n B L

01.12.2020

 [14eGm=-8)n]? T TTetm—om

A — 2(e141)(ea+1)(e1—ea+Q2gp+e1ea+e1290—e2Q90 —2€1 Q2 +2e202,, —e1e28290—1)
(e1—ez)(e1—1)(ea—1)

Ael Aeg
Qoo — -+ —1 14 [ R B . ' T
p__ (a+1)? (ea+1) sl : ]
1 B 1 12k % .
e1+1 ex+1 11 1 Hm i
<ok -
o . A62 L B o 1.0

C B 1 (62+1)2 €2+1 0'9; B
0.7+ =

| I T I IR TR T I ST

€y = eném 08 0 10 20 30 40 50 60 70 80 90

5 ()
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Brief description of the formulation

Description Equation Parameters
' = * * * _bres(eg ) * * *
Softening laws tan ¢* = tan Cbpeak — (tan ¢peak — tan ¢res) [1 —€ q ]  eaks Dress €O beaks Pt peak;
—b os €o _bres 65
¢t = (cgpeak _ c;;post) e Prost () 4 ¢p o bros(cLe) oo Boosts bree

JR— _b os g _bres E
Pto = (pt() peak — Pt0 post) e v (€ q) + Pt0 post© (e q)

P = (&P : eP)/?

q TA TA
Peak \“
€P = €'P + €€ A 9
\\
r — CS post __ Pt0 post \\
post CS peak Pt0 peak \

E \ Post-rupture
v .
i . Polishing /
! M/M orientation
i Particle Cp
| re-orientation

>
Strain Displacement o

(Jardin et al., 2004)
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Brief description of the formulation

Description

Equation

Parameters

Softening laws

Plastic potential

01.12.2020

_ P
tan qb* — ta,n qb;;eak - (ta.Il ¢;eak - ta;n Qb;‘es) l]_ —_— e brcs(eeq)]
— * k —bpost (€¢ * —bres (€54)
Co = (COpeak o COpost) e v t(€dq) + ¢ post € a

—_ _b os ep _bres Ie)
Pto = (ptO peak — Pt0 post) e v t(€eq) + Ptopost€ (€eq)

€l = €"P + €°

r — CS post — Pt0 post
post CS peak Pto peak
oG OF Op OF 0.Js OF 00

90’ — Wap 907 T 915 00° T 90 9o’
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Brief description of the formulation

Parameters

Description

Equation

* % %
peak? CbreSﬂ C0 peak’ Pt peak

Softening laws

Plastic potential

Visco-plasticity

01.12.2020

tan Qb* = tan qb;;eak - (tan qb;eak — tan g‘bres

* * K —bpost (€5,) * —bres(€X)
Co = (CO peak Co post) e P 9+ ¢ post € 4

—_ _b os eep —Ores | €g
Pto = (ptOpeak — ptOpost) e v t(€eq) + Ptopost€ (€eq)

P = (&P : eP)/?

eq
eP = €VP + €°

_ DPtopost

Pt0 peak

oG _  OF Op , OF 8Js | OF 00
90’ — Wap 907 T 81y 00’ T 90 9o’

*
CO post

F'post = ==
p CO peak

de'P — w% dt
n o

) )]

T'post bposta bres
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Brief description of the formulation

Description Equation Parameters
Creep deformations de® = €“dt Vs My M, Ethy
o _ 0 if €, < €thr
vel =€) (s 4 pup'T)  if €0y > Ethr
€oq = (€°: GC)1/2

01.12.2020
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Brief description of the formulation

Description Equation Parameters
Creep deformations de® = €°dt Yy fby M, Ethr
éc _ 0 if qu S €thr

Nonlocal regularisation

01.12.2020

,Ye(—megq) (S -+ up’:[) if EIe)q > €thr

es, = (€°: eC)1/2

eq
ebq(x) = [, w (x,§) by (&) d€ ls
o wo (||x—E&||) BO1 (343 elements) B02 (789 elements) B03 (1303 elements)
(% 8) = T ua(x—ehae — ‘-
x— 2
wo = ”xz_f”e_(—” )
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Brief description of the formulation

Description Equation Parameters
Hydro-mechanical o' = o+ S.sBI B, \, P, B, ky, ky
1 7—A
coupling Se = —gls__*?;}lfr = [1 -+ (%) 1"‘]
Kk,
q=— (V;Ul — Pw g)
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Application example e

A
= Simulation of drifts at the Meuse/Haute Marne 2
Underground Research Laboratory. s
213
= I
o~ 12 MPa oy= 130, -490 m %
\%
ID.PLACSE.15.0010.A]
(Seyedi et al., 2017)
Details in: Manica M (2018) Analysis of underground excavations in
argillaceous hard soils—weak rocks. Technical University of Catalonia, PhD.
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Application example

Obtained results — damaged zone

ol il OO Observed
e
(Armand et al., 2014) _
parallel to the major

/ horizontal stress
-

Observed extension

of the fractured zone

shear strains (-)
S— time = 100 days
parallel to the minor

horizontal stress

l

B “Lower chevron fractur

7] ‘U,‘m( chevron fr;
Horizontal section B Buige (Bul)

longitudinal section

e

N155°E—a—

{ oniiibee ‘ , Average lateral extent
Transverse section

< 0.1 drift diameter

% limit of homogensous
i ¢ shearzone

Py 7 / Diameter of drift \ \ A bR ::‘ilx.?nr::ffwmcm
/ . 544 m (GET) \ N
1 _234mees \J |
-
{ 8| .
‘\ “‘ Onenta'hon Il ,’ Observed extenSIOI’l
J 1A N155°E H
| . of the fractured zone
01.12.2020
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Application example

= (Obtained results — localized water flow

x (m)
=10 -5 0 5 10
wo———l L 3.0E-4
1 total flux (m/day) 2 8E-4
time = 100 days 2,

. 2 4FE-4
2264
20E-4
1.5E-4
1.6E-4
1.4E-4
1.26-4
1.0E-4
8,0k

6.0E-5
] 4 0E-5
| 2.0E-5
10 0.0E+0
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Implementation - MFront

= |mplementation of the described model in OpenGeoSys:
recently started project.
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Implementation - MFront

= |mplementation of the described model in OpenGeoSys:
recently started project.

iy & £
}g t 2 = Support for MFront already provided in OpenGeoSys (Nagel
by OpenGeolys 1y & et al., 2019) trough the MFrontGenericinterfaceSupport
E %, & .
1% 8 = E (MGIS) library (Helfer et al., 2020).
3 B -

MFront

(Nagel et al., 2019)
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Implementation - MFront

= |mplementation of the described model in OpenGeoSys:
recently started project.

}E t % = Support for MFront already provided in OpenGeoSys (Nagel
by OpenGeolys 1y & et al., 2019) trough the MFrontGenericinterfaceSupport
E %, & .

1% 8 = E (MGIS) library (Helfer et al., 2020).

;};g Q % = |ocal version of the model straightforward.

MFront

(Nagel et al., 2019)
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Implementation - MFront

= |mplementation of the described model in OpenGeoSys:
recently started project.

Support for MFront already provided in OpenGeoSys (Nagel
et al., 2019) trough the MFrontGenericlnterfaceSupport
(MGIS) library (Helfer et al., 2020).

]T

current strain estimate at t,,.: €;

tg T e

T
y Ky

OpenGeoSys

= [a'g
MGIS
SIDIN
e o] =
JIaSIR) JUIYSISU0D pue oje)s pajepdn

Zp

Local version of the model straightforward.

%O i.L[-

state at t,:

Nonlocal version — more challenging:

* Already exists a native implementation in OGS (Parisio et al.,
MFront 2 O 1 9 ) .

(Nagel et al., 2019) * Main requirement — access to state variables from
neighboring Gauss points.

* |t could be directly addressed in MFront.
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Next steps

= Bentonite model:
 Development work in OpenGeoSys to considered the generalized state variable
vector for THM-simulation
 Numerical tests and Benchmarks in OpenGeoSys and SIFEL

= (Clay stone model
 |Implementation of the local model in Mfront
e Theoretical work to deal with nonlocal plasticity in Mfront
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