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Fractured /faulted porous media: multiple scales (figures
from J. R. de Dreuzy, Geosciences Rennes and Inria)
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Fractured /faulted porous media: applications

Oil and gas
Hydrogeology
Geothermal energy
Geological storages

Soil remediation
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Motivation

B Aoiices saturces Colis
[l Argiites désaturées
Bouchon
4 métallique

[I Revétement cimentaire désaturé

Corrosion trés faible en conditions
anoxiques du chemisage et
des surconteneurs.

B Representing the fracture network of the Excavation Damaged Zone (EDZ)

B Capturing the influence of gas pressure on fractures width
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Outline

Modelling concepts

m Discretization

e Gradient discretization
e Convergence analysis

m Numerical examples

e Gas injection

e Drying by suction
m Extensions

e Discontinuous pressure model
o Frictional contact
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Two-phase Darcy flow: generalized Darcy law

1

o = w: wetting phase

a = nw : non wetting phase

p® : phase pressure
s : phase saturation
kX (s%)
at =" o KV - o) pe g
DN E
n*(s%) |
kX (s®) : phase relative permeability .
pe(s™) :
n®(s*) : phase mobility E
pe(s™) = p™ — pV : capillary pressure s™
1
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Two-phase Darcy flow: incompressible flow in phase
pressure formulation

= 5 (),
sV = Sw(pc) =1- Snw(pc)

01(¢S*(pe)) + div(q®) =0, o = nw, w,

nw W

DPe=D " —D
with

q® = —n*(S%p.)) K(x)(Vp* — p%g), a=nw,w.
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Hybrid-dimensional model

[Granet et al 2001], [Jaffré et al. 2002], [Bogdanov et al 2003],
[Faille et al 2003], [Karimi Fard 2004], [Jaffré et al. 2005], [Angot et
al. 2009], [Girault et al 2015], [Hanowski et al 2016]

m Dimensional reduction: averaging the model equations over
the fracture width

B Objectives: facilitate the mesh generation and lower the
number of degrees of freedom

Hybrid-dimensional model
N
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Hybrid-dimensional model (flow)

equi-dimensional model: hybrid-dimensional model:
tT i
(p.a) s
(p.a) 4i ,,,,,,,,,,, ( f,:) A &
7% ; | % (pmtqm) (pm.qm)
n+§L n -} -nt
I (
div (qm) = hm,
div (q) = h(x), ) Adm = — K, Vo,
q = —K(x)Vp. divr(ay) = [am] = hy
= —dK/V,ps.
with [qm] = qm - n* +qy,-n". Y JRIYp

+ transmission conditions at matrix fracture interfaces.
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Main modelling concepts (flow)

m Poiseuille’s law for the tangential velocity in the fractures,
extended to two-phase flow using generalized Darcy laws

1
qf = —n?(S?)(Edi’c)VTp?

m Continuous phase pressures at matrix fracture interfaces:

Py =p" and p} =p®

m Discontinuous saturations at matrix fracture interfaces due to
different capillary pressure functions

S;‘]w(pc)
Srr;zw (pc) -

Pe
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Two-phase hybrid-dimensional Darcy flow: « € {nw, w}
Ot (Pmsy,) + div (ag,) = hy,,
A, = 1 (87) K VD,

0 () + divy(af) — [a] = b

1
af = —nf(s7) (541 V=",

with [q7.] = g7, -n* +qf, -0~
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Linear poro-elastic mechanical model

—div T(u) =f,

with

u)nt = —p?ni,

Fracture model with no contact:

k. p?: matrix and fracture equivalent pressures.
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Closure laws

S

0 E
M tPm>

at¢m =b div&tu +
df = —[[u]].

Following [Coussy], the equivalent pressures pZ. and p? are based on the

Pec
capillary energy density U (p.) = f q(S™™) (q)dg, rt = m, f and
0

pE =D, p¥sh —Un(pe),

ac{nw,w}

pF =D, ™ s§—Us(ype)-

ae{nw,w}
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Choice of the equivalent pressures
It is motivated by the energy estimate resulting formally from:

> 0 (@nSi(n)) — b phdivim)

ac{nw,w}

_ 3, (¢mUm(pc) + ﬁ(pfff)’

> o (de?(vpc)) + py [0u]

ae{nw,w}

= a(4sUs(p0))-
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Weak solution: p® and u such that for all smooth test
functions p* and v:

T
|| (s + w5Vt - Vo )ax
0 JQ
73

T B d 3
[ [ (Firsgonet + i) LT - T ot
0 I

- | et 0. 0ax— | 85707 0,0 ()
J J h& _adth+J J Fyp*do(x)dt, a e {w,nw},

f f — bpEdiv(v ))ddeJ pr [¥]do (x)dt
- L Lf-x‘zdxdt,
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Gradient discretization: motivation

m Abstract discretization framework accounting for a large class
of conforming and non conforming discretizations (FEM, FV,
HMM, HHO, VEM, ...) and based on

e Vector spaces of discrete unknowns
e Reconstruction operators
e Discrete variational formulation

m Allow a generic stability and convergence analysis under general
properties such as

Coercivity (discrete Poincaré inequality)

Consistency

Limit Conformity (for non-conforming methods)

Compacity
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Gradient discretization of the poro-mechanical model
Two-phase flow
XODP = space of discrete unknowns. Reconstruction operators:

B gradient operators on matrix and fracture network

V3, 1 Xp, — LP(Q)Y, vgp : X3, — LP()*

B piecewise-constant function operators on matrix and fracture network
. 0 0 7. 0 0
ng a XDP g L (Q), HDZ) o XDP g L (F).

Assume |v|p, = |VD,v| 20y + Hdg’/QV{JvaLz(lwfl to be a norm on XODP.

Poromechanics

X%u = space of discrete unknowns. Reconstruction operators:
B symmetric gradient operator p, : X5 — L*(€, Sa(R)),
B displacement function operator IIp, : X3 — L*(Q)%,

B normal jump function operator [-]p, : X3, — L*(T).

Assume ||v]p, = | D.(V)|z2(0) to be a norm on X3 .

v
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Gradient scheme

Find p* € (X%p)]\”r1 and u e (X _)V*! such that for all
o e (X3, )V v e (X )V

T
f f (50 (00115, 50 )08, 6 + 1, (115, 5K, VB, p° - V5, 0 ) dxdt

+J f 6 de H SJ:)H% goadO'( )
0 T
L

ny %) “V{)p V @tdo(x)dt

T
f f ( (v) = b(IT5 pZ)divp, (v) ) dxdt
0 JQ

)
J f H{) pj )[v]p,do(x J f p, vdxdt,
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Convergence result

There are p* € L3(T; V) and @ € L®(T; UY) satisfying the weak
formulation s.t.

Hgép;x — P weakly in L%(T; L?(12)),
H%}l)p? — P weakly in L2(T; L*(T")),
HDLul —u weakly- in L®(T; L2(Q)9),
dpt — Om weakly-* in L®(T; L2(Q)),
dypr — df in L®(T; LP(T)) for 2 < p < 4,
H”DQ)S%(pé) — Sy (pe)  in L*(T; L*(9)),
17, S3(pl) — S§(ype) in L(T; LA(T)),

p

_ _ 1 _
where ¢y, = @9, + b div(a — a°) + M(@Z —pEY) and d; = —[q].
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Convergence analysis: main assumptions

m The sequences (Db)iers, (Dh)ien, {(#4)2 o }ien of space time
Gradient Discretizations satisfy coercivity, consistency,
limit-conformity and compactness properties.

m There exist a solution pf* € (X2, YN ue (XD, YN such
P u
that
(i) opu(t,x) = Gm.min for a.e. (t,x)e T x Q,

(i) dypi(t,x) = do(x) for a.e. (t,x) € T x I', where dy > 0 is
continuous and vanishes only at the fracture tips.

m Mobility function 75 continuous, non-decreasing, such that

0< 7]3,min < 771%(3) < n&,max <+w Vse [07 1]
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Main convergence result — Comments

e Existing analysis (Girault et al.,’15): single-phase flow, linear case, df’; freezed

Main steps of the proof
B Energy estimates by suitable test functions
B Weak estimates on time derivatives
B Strong convergence of s%,

e Separate matrix from fractures using cut-off functions
e Time and space translates estimates
e Recover compacity on the full domain from s, € [0, 1]

B Strong convergences of dys%, d and s¢

e Uniform in time weak in space estimates + discrete
Ascoli—Arzela theorem

e lIsolate fracture tips for compacity in space of sy

e Recover compacity on the full domain from s% € [0, 1]

B Identification of the limit fields and weak solution
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Numerical experiments: TPFA - Py discretization

m Two-Point Flux Approximation (TPFA) scheme for Darcy

m P, elements for mechanics

(8% (8%

(8% «

7sf

(a4

p
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Numerical experiment: convergence test

M = 18.4GPa,
b=0.81,
T = 1000 days

m Gas injection in the Y
fractures
m K, =3 107" m? Lg
m 0 =02, 2
B pem(s) = —10*log(1—s),  ~ r,
m pes(s) = —10log(1 — s), 2
m A= 15GPa, 2 L Iz
m ;= 2GPa, 2 I
| | 0/

u=0on (0,7) x 0Q
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Numerical experiment: convergence test

Fracture width vs. z or y at times t =0 and t =T
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Numerical experiment: fixed point algorithm [Kim et al
2011, Girault et al 2016]

We define the following “fixed stress” type fixed point function:

~

u u u .
g | 9E |=| B [owith [ 52 | > [] S w
’ m m m Darcy pE Mechanics
ﬁj@ pJI;J ﬁJI;J Solve f Solve

where the Darcy solve of the time step n uses
N _ 1 _ N
Om = (ﬁ?;l + div(u —u” 1) + M( EL —pﬁ’n 1) + Crm (pfl —pﬁ),
_ ~ - E _~E
dp = dj ' — [ —u" ]+ G (o = 7).

in the accumulation terms and df = d} ' — [ — u"~'] in the
fracture conductivity.
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Fixed point vs non linear GMRes acceleration

We compare the fixed point algorithm to its non linear GMRes acceleration
for different time stepping and either C,.,, = C;. = 0 (only for nigmres) or

2
Cr,m = %l)ﬁ, Cr’f = chnmv Jf =102 m,
simit Algorithm Nat | NNewton | Nrixedpoint | CPU (s)
0.1d Fixed-point 139 2621 2060 238
0.1d nlgmres 139 1088 705 118
0.1d nlgmres Crrt =0 139 1300 900 140
0.025 d Fixed-point 153 8009 7351 675
0.025 d nlgmres 153 1588 1118 159
0.025d | nlgmres Crrt =0 153 1349 903 139
1073 d Fixed-point X X X X
1073 d nlgmres 187 | 2370 1601 208
1073 d | nigmres Cyr =0 | 187 2197 1453 192
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Numerical experiment: desaturation by suction

B Porous medium initially
water-saturated and prestressed:

0 0 0 0
= 0,€,R8e,+0,e,Qer+ogep®eq

B Atmospheric gas pressure and
fixed gas saturation at the
bottom boundary

B Axisymmetric model with a 2D
triangular mesh of 28945 cells of
the xr-domain
(0,10m) x (5m,35m)

B Fracture network in the EDZ:

7 oblique fractures and
1 horizontal fracture

W Data set provided by Andra 2 T AT Pasen

0 Lz
R. Masson (University Céte d’Azur) NEMESIS June 14-15, 2021 26/43




Data set

Lamé coefficients: A = 1.5 GPa, u = 2GPa
Biot coefficient: b =1
Biot Modulus: M = 1GPa
Pre-stresses: 0 = 16 MPa, 00 = ¢) = 12 MPa
Initial aperture: dy =1 cm,
Matrix rock type: Callovo Oxfordian argilite
m K, =510%m? ¢2 =0.15
B pem(s) = —2. 10%1log(1 — s),
m Fracture rock type:
m K =d;/12,
m pes(s) = —102log(1 — ),
m Simulation time: 200 years
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Numerical experiment: desaturation by suction

Gas matrix saturation at final time
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Numerical experiment: desaturation by suction

E
Pm
[ 4.0e+06
—-le+7
— -2e+7
— -3e+7

[ -de+7
-5.2e+07
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Numerical experiment: desaturation by suction

Porosity at final time
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Numerical experiment: desaturation by suction

Fracture aperture at first time step and at final time
dy

42e-03 1.0e-2 1.5e02
|

e
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Continuous vs discontinuous pressure models

Continuous pressure model discontinuous pressure model
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Continuous vs. discontinuous pressure models

B Discontinuous pressure model (a« = +, damaged rock) [Droniou et al

2019]:
dqg dy
a a oY Y p'(rxn - pa e% +
o " QF.a ~ M4 (Sa (%pr,m))Kf,n<ad7ff —pP 8 na)
qm Sn (’Yapc,m) -5
/ YaPm pa -
- S Sey) — 1 (57 (et ) K pn (125 —PL — g )
— —c——>o 2
— qy, - n° Qf,u
A -n" — Q?u = da¢50615§(7up(:,771)
I o

>

Kf,n Km,n)_
ds L /)

B Continuous pressure model (

o o a
Y+Pm = V=Pm = pf
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Gradient scheme for the discontinuous pressure model

Find (py,,p}) € (X2,)" ™ and ue (Xp,)"*" such that for all
(e 0f) e (Xp )VH ve (Xp, )V

T
| ] (5o (o118, 55 08, 5, + 05,018, 5K, V5, o, - V5,05, s
f
J J& dyp, 11 sf)HD ©5do(x)
d?
f f’?f (I}, 57) fD“ V5,07 - Vo, @fdo(x)dt

er J QY ale” ]]Dp + daady (TDPSa)TDP@m>dU( )dt

T
:j Jh“Hngomdxdt—i—f fhfn{) ©Ydo(x)dt, a e {w,nw},

f f ( : pu(v) = b{IIp, ph)divp, (v ))dxdt
+L L Hé;,pf)[[vﬂvuda(x)dt =L sz’HDquxdt
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Main convergence result

There are (p5,,p}) € L*(T; ;5 x Vi) and @ e L (T; UP) satisfying the weak

formulation s.t.

H%lépi‘;,z — Dm
Hé}gp?»l — p§
HDLul —u
¢Dl - a)m
dvaL —dy
B S ) — S5 (Pem)
HszpS?(plc,f) — 87 (Pe,r)
QFa — Qfa

weakly in L?(T; L?(2)),

weakly in L?(T; L*(T)),
L*(
(

weakly-* in L®(T; L?

Q)?),
weakly-x in L®(T; L?()),

in L%(T; LP(T")) for 2 < p < 4,
in L2(T; 17(52),

in L2(T; Z2(T)),

weakly in L(T; L*(T)).
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TPFA - P, discretization

0 pgﬂsf?’l
on p?‘,s,‘?‘
U, P, s, S
O oo u

0@\\
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Numerical experiment: desaturation by suction

g

“m

0.0 010 020

D
0066 010012 015

Gas saturation (top) and porosity (bottom) given by the continuous (left) and

discontinuous (right) models
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Extension to Coulomb frictional contact

m Jump of the displacement field: [u] = u™ —u

m Normal and tangential jumps:
[uln = [u] 0™, [u]- = [u] - [u],n™

m Stress vectors :
T*(u) = T(u)n® —l—p]}?nir
m Normal and and tangential stresses :
To(u) =T (u)-n", T,(u)=T"(u)— (T (u) -n")n"

R. Masson (University Céte d’Azur) NEMESIS June 14-15, 2021 38/43



Extension to Coulomb frictional contact [Garipov et al
2016, Berge et al 2019]

Contact conditions

{T+m>+Tm>u
Tn(u) <0, [u], <0, [u], Th(u) =0 | \"!‘do
Aperture : dy = dy — [u], '

Slip-stick conditions
(F = 0 friction coeff.) :

T, (W) < —F T, (w)
T-(u) - [a], — F Ty (u)[[a]-| =0
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Desaturation by suction with contact

Fracture contact state and aperture at first time step and at final time

[ N —
no confact contfact stick contact slip
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Desaturation by suction with contact

Gas matrix saturation at final time

nw
S

I 0.34

—0.20

0.10
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Desaturation by suction with contact

Porosity at final time

P

0.15

—0.12
—0.10

l 0.061
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Conclusions & perspectives

Conclusions

B Numerical analysis of the poro-mechanical coupling for two-phase flows in
deformable and fractured porous media

B open fractures, no contact

B full nonlinear coupling

B Continuous and discontinuous pressure models
B gradient discretization framework

Perspectives

B Contact, slip, friction between fracture surfaces (ongoing)

B More advanced discretizations in 3D
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