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Mixed and Nitsche’s discretizations of Coulomb frictional
contact-mechanics for mixed dimensional poromechanical
models

L. Beaude! F. Chouly! M. Laazirif R. Masson$

January 20, 2023

Abstract

This work deals with the discretization of single-phase Darcy flows in fractured and de-
formable porous media, including frictional contact at the matrix-fracture interfaces. Frac-
tures are described as a network of planar surfaces leading to so-called mixed-dimensional
models. Small displacements and a linear poro-elastic behavior are considered in the ma-
trix. One key difficulty to simulate such coupled poro-mechanical models is related to the
formulation and discretization of the contact mechanical sub-problem. Our starting point
is based on the mixed formulation using facewise constant Lagrange multipliers along the
fractures representing normal and tangential stresses. This is a natural choice for the
discretization of the contact dual cone in order to account for complex fracture networks
with corners and intersections. It leads to local expressions of the contact conditions and
to efficient semi-smooth nonlinear solvers. On the other hand, such a mixed formulation
requires to satisfy a compatibility condition between the discrete spaces restricting the
choice of the displacement space and potentially leading to sub-optimal accuracy. This
motivates the investigation of two alternative formulations based either on a stabilized
mixed formulation or on the Nitsche’s method. These three types of formulations are
first investigated theoritically in order to enhance their connections. Then, they are com-
pared numerically in terms of accuracy and nonlinear convergence. The sensitivity to the
choice of the formulation parameters is also investigated. Several 2D test cases are con-
sidered with various fracture networks using both P; and P conforming Finite Element
discretizations of the displacement field and an Hybrid Finite Volume discretization of
the mixed-dimensional Darcy flow model.
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1 Introduction

Coupled flow and geomechanics in fractured porous media play an important role in many sub-
surface applications. This is typically the case of CO4 storage, for which fault reactivation that
can result from COq injection must be avoided to preserve the storage integrity. On the other
hand, in enhanced geothermal systems, fracture conductivity must be increased by hydraulic
stimulation to produce heat while avoiding the risk of induced seismicity. Such processes cou-
ple the flow in the porous medium and the fractures, the poromechanical deformation of the
porous rock and the mechanical behavior of the fractures.

Their mathematical modeling is typically based on mixed-dimensional geometries representing
the fractures as a network of codimension one surfaces. The model combines first the mixed-
dimensional flow model, coupling typically a Poiseuille flow along the network of fractures
with the Darcy flow in the surrounding porous rock called the matrix [2, 26, 42, 45, 3, 53,
50, 16, 17, 14, 27, 19, 47, 7]. The second ingredient of the model is based on poromechanics,
coupling the rock deformation with the Darcy flow in the matrix domain. Let us refer to the
monograph [25] as a reference textbook on this topic. In the following we will assume small
strains and porosity variations as well as a poro-elastic mechanical behavior of the porous
rock. The third ingredient of the fully coupled model is related to the mechanical behavior
of the fractures given the matrix mechanical deformation and the matrix and fracture fluid
pressures. It is typically based on contact mechanics governing the contact and slip conditions
[43, 56, 54]. Note also that fractures are assumed to pre-exist and that fracture propagation
is not addressed here.

The modeling and numerical simulation of such mixed-dimensional poromechanical models
have been the object of many recent works [28, 29, 30, 6, 51, 9, 10, 12, 13]. In terms of
discretizations, they are mostly based on conservative finite volume schemes for the flow and
use either a conforming finite element method [28; 29, 30, 12| or a finite volume scheme for
the mechanics [6, 51]. Note that the saddle point nature of the coupling between the matrix
fluid pressure and the displacement field requires a compatibility condition between both
discretizations, as in [6, 51, 9, 10, 12|, or alternatively additional stabilization terms to get
the stability of the pressure solution in the limit of low rock permeability, incompressible fluid
and small times.

The contact mechanics formulation is a key ingredient to efficiently handle the non-linear
variational inequalities of the contact fracture model. It is typically either based on a mixed
formulation with Lagrange multipliers to impose the contact conditions as in [28, 6, 51, 12] or
on a consistent Nitsche’s penalization method as in [30] (see also [18] for a recent alternative
approach based on PDE control). Again, if a mixed formulation is used, a compatibility
condition must be satisfied between the Lagrange multiplier and displacement field spaces
[6, 51, 12] or a stabilization must be specifically designed [28].

Nitsche’s method has been considered only recently to discretize contact and friction con-
ditions, despite the fact that it has gained popularity for other boundary conditions. The
Nitsche’s method orginally proposed in [46] aims at treating the boundary or interface con-
ditions in a weak sense, with appropriate consistent terms that involve only the primal vari-
ables. It differs in this aspect from standard penalization techniques which are generally
non-consistent [43]. Moreover, no additional unknown (Lagrange multiplier) is needed and,



therefore, no discrete inf-sup condition must be fulfilled, contrarily to mixed methods (see,
e.g., |37, 54]). In some previous works [36, 39] it has been adapted for bilateral (persistent)
contact, which still corresponds to linear boundary conditions on the contact zone. We remark
furthermore that an algorithm for unilateral contact which makes use of Nitsche’s method in
its original form is presented and implemented in [36], In [22, 24| a new Nitsche-based Finite
Element method was proposed and analyzed for Signorini’s problem, where a linear elastic
body is in frictionless contact with a rigid foundation. Conversely to bilateral (persistent)
contact, Signorini’s problem involves non-linear boundary conditions associated to unilateral
contact, with an unknown actual contact region. The extension to the Tresca friction model
is analysed in [20] and to the Coulomb friction model in |23]. Following the pioneering paper
of R. Stenberg [52], various recent works have been dedicated to improve our understanding of
the link between Nitsche’s and stabilized mixed methods: see [33] for domain decomposition,
see |32, 34] for frictionless contact and [35] for Tresca friction. Very few works exist related to
Nitsche’s method for contact and friction in the context of fracture mechanics. Let us mention
however [29], where the iterative method of [36] is adapted for the approximate solution of
contact in fractures.

Moreover the Nitsche-based Finite Element method encompasses symmetric and nonsymmet-
ric variants depending upon a parameter called §. The symmetric case of [22] is recovered
when 6§ = 1. When 6 # 1 positivity of the contact term in the Nitsche’s variational formulation
is generally lost. Nevertheless some other advantages are recovered, mostly from the numerical
viewpoint. Namely, one of the variants (f = 0) involves a reduced quantity of terms, which
makes it easier to implement and to extend to contact problems involving non-linear elastic-
ity. In addition, this nonsymmetric variant § = 0 performs better in the sense it requires less
Newton iterations to converge, for a wider range of the Nitsche’s parameter, than the variant
0 = 1, see [49]. Concerning the skew-symmetric variant § = —1, the well-posedness of the
discrete formulation and the optimal convergence are preserved irrespectively of the value of
the Nitsche’s parameter.

This work investigates both mixed and Nitsche’s formulations of the contact mechanics for
mixed-dimensional poro-elastic problems. We focus on the mixed formulation based on a
facewise constant approximation of the Lagrange multipliers. This allows to deal readily
with fracture intersections, corners and tips still leading to local expressions of the discrete
contact conditions and efficient non-linear solvers based on semi-smooth Newton algorithms
[54]. On the other hand, the mixed formulation requires an inf-sup compatibility conditions
between the displacement and the Lagrange multiplier discrete spaces which is typically not
satisfied for the first order Finite Element discretization. Following [44, 41], this restriction
can be circumvented using a stabilized mixed formulation based on an extension to contact
boundary conditions of the pioneer work [4]. Furthermore, exploiting their facewise constant
approximation, the Lagrange multipliers can be eliminated. It leads to a new Nistche type
method (called hereafter the mean-Nitsche’s method) based on face average tractions and
displacement jumps, bridging the gap between the Nitsche method introduced in [24, 20, 23]
and the mixed formulation (see also the related works [32, 34, 35]). The links between the
mixed and mean-Nitsche’s formulations of the contact mechanics are carefully investigated
in this work. Then, a numerical comparison of the three approaches is performed, both in
terms of accuracy and in terms of robustness of the non-linear solvers based on semi-smooth
Newton algorithms. The stand alone mechanical problem with Coulomb frictional contact at
matrix fracture interfaces is first considered on 2D test cases with various fracture networks.



Both the P; and Py Finite Element approximations of the displacement field are tested. We
also investigate the sensitivity of the algorithms to their parameters, namely the Nitsche’s and
mean-Nitsche’s stabilization and # parameters, as well as the parameters of the semi-smooth
Newton algorithm for the mixed formulation. Finally, the three formulations of the contact
mechanics are compared on a coupled poro-elastic 2D test case with a network of fractures
based on the test case presented in [6].

The remainder of the paper is organized as follows. In Section 2, the mixed-dimensional
poro-elastic model is described starting with the geometry and function spaces in Subsection
2.1 followed by the physical model coupling the flow, the poro-elastic and the Coulomb fric-
tional contact models in Subsection 2.2. The three discretizations of the contact mechanical
model are presented in Section 3. The mixed formulation is first recalled in Section 3.1, then
we introduce the stabilized mixed discretization and carefully investigate its mean-Nitsche’s
equivalent formulation in Subsection 3.2 as well as its links with the mixed formulation. The
Nitsche’s discretization introduced in [24, 20, 23| is recalled in Subsection 3.3. Section 4
compares the performance of the three discretizations on stand alone contact mechanical test
cases with various fracture networks. In Section 5, the comparison is extended to a coupled
mixed-dimensional poro-elastic test case. Section 6 draws the conclusions and perspectives of
this work.

2 Mixed-dimensional poromechanical model with contact me-
chanics

First we present the geometrical setting and then we provide the poromechanical model in
strong form.

2.1 Mixed-dimensional geometry and function spaces

In what follows, scalar fields are represented by lightface letters, vector fields by boldface
letters. We use the overline notation ¥ to distinguish an exact (scalar or vector) field from
its discrete counterpart v. We let Q < R, d € {2,3}, denote a bounded polytopal domain,
partitioned into a fracture domain T' and a matrix domain Q\I'. The network of fractures is

defined by
r= U T,

where each fracture I'; < €2, ¢ € [ is a planar polygonal simply connected open domain.
Without restriction of generality, we will assume that the fractures may only intersect at their
boundaries (Figure 1), that is, for any i,j € I, # j it holds I'; n I'; = J, but not necessarily
fi M fj = @

The two sides of a given fracture of I' are denoted by + in the matrix domain, with unit
normal vectors nt oriented outward from the sides +. We denote by 7, the trace operators
on the side a € {+,—} of T for functions in H*(Q\I') and by 750 the trace operator for the
same functions on 992. The jump operator on I' for functions U in (H'(Q\TI'))? is defined by

[[ﬁ]] = 7+ﬁ - V*ﬁv



Figure 1: Illustration of the dimension reduction in the fracture aperture for a 2D domain 2
with three intersecting fractures I';, i € {1,2, 3}, with the equi-dimensional geometry on the
left and the mixed-dimensional geometry on the right.

AR Ay~ i

: B ln*

Figure 2: Conceptual fracture model with contact at asperities, dy being the fracture aperture
at contact state.

and we denote by
[al. =[u] -n* and [u], = [u] — [U].n*
its normal and tangential components. The tangential gradient and divergence along the

fractures are respectively denoted by V., and div.. The symmetric gradient operator is
defined such that (V) = (Vv + (VV)!) for a given vector field v e H(Q\I')“.

Let us denote by dp : I' — (0, +0) the fracture aperture in the contact state (see Figure 2).
The function dy is assumed to be continuous with zero limits at o'\ (0T n 0€2) (i.e. the tips of
I') and strictly positive limits at oI' n 0€2.

Let us introduce some relevant function spaces. H, éo (T') is the space of functions vr € L?(T)

such that dg/ *Vur belongs to L*(T')4!, and whose traces are continuous at fracture intersec-
tions o'y n 0I'; (for (i,7) € I x I, i # j) and vanish on the boundary JI' n 0. The weight

dz/ ? in the definition of H Cllo(f‘) accounts for the fact that dy > dy can vanish at the tips and

that only the L?(I')?~! norm of E;/QVTﬁf will be controlled, where p; is the fracture pressure
along the fractures. The space for the displacement is

Up = {ve (H' (D) : 7e0v = 0},

endowed with the norm [V|u, = [VV|z2(q). The space for the pair of matrix/fracture
pressures is

VO=Vp x V) with Vy ={ve H(Q\) : v0v =0} and VP = Hj (I').

For © = (U, 0f) € VO, let us denote the jump operator on the side a € {+, —} of the fracture
by
[©la = YaUm — Ty-



Finally, for any x € R, we set 7 = max{0,z} and = = (—z)".

2.2 Problem statement

The primary unknowns of the coupled model in its strong form are the matrix and fracture
pressures P, w € {m, f} and the displacement vector field @. The coupled problem is formu-
lated in terms of flow model, contact mechanics model together with coupling conditions. The
flow model is a mixed-dimensional model assuming an incompressible fluid. It accounts for
the volume conservation equations and for the Darcy and Poiseuille laws defining respectively
the velocity fields q,,, in the matrix and q; along the fractures:

-

01y, + div (q,,) = 0 in (0,7) x O\T,
q,, = —&Vﬁm in (0,7) x Q\T,
\ ady + di\Z(ﬁf) -q,, nt—q,-n- =0 in(0,7)x7T, (1a)
_ 1 dy
4 =1 ] V:Ds n (0,7) x I

In (1a), the constant fluid dynamic viscosity is denoted by 7, the matrix porosity by @,,
and the matrix permeability tensor by K,,. The fracture aperture, denoted by dy, yields the

.. =3 . . .
fracture conductivity %d 7 via the Poiseuille law.
The quasi static contact mechanical model accounts for the poromechanical equilibrium equa-

tion with a Biot linear elastic constitutive law and a Coulomb frictional contact model at
matrix—{racture interfaces:

—div( (@) —b pmn) —f on (0,T) x O\T,
(@) = Hy( (W) + 1% (diva)l ) on (0,T) x O\T,
) TH(@) +T (W) =0 on (0,7) x T (1b)
T,(4) <0, [a], <0, [a], T(@)=0 on (0,7) xT
IT,(0)| < —F T,(u) on (0,7) x T’
(& [a],) - Tr(@) — F Tp(@)|o:Ja]s] =0 on (0,T) x T

n (1b), b is the Biot coefficient, F and v are the effective Young modulus and Poisson ratio,
F = 0 is the friction coefficient, and the contact tractions are defined by

T(u) = ( (W) _bﬁml)na_'_pfna? ae{+, -},

The complete system of equations (1a)—(1b) is closed by means of coupling conditions. The
first equation in (1c) below accounts for the linear poroelastic state law for the variations of
the matrix porosity ¢,,, with M denoting Biot’s modulus. The second one stands for the



matrix—{racture transmission conditions for the Darcy flow model. Following [26, 45] they
account for the normal flux continuity at each side a of the fractures combined with a two-
point approximation of the normal flux in the width of the fractures with A; denoting the
fracture normal transmissibility. The third equation in (1lc) is the definition of the fracture
aperture Ef.

- 1 _
Ot = b div O+ 0P, on (0,T) x L,

qm .n% = Af[[ﬁ]]a on (O,T) X Faae {+7 _}7 (10)
dp = do — [l on (0,T) x T.

As shown in Figure 2, due to surface roughness, the fracture aperture Ef > dy does not vanish
except at the tips. The open space is always occupied by the fluid, which exerts on each side
a of the fracture the pressure py appearing in the definition of the contact traction T"

The strong formulation of the mixed-dimensional poromechanical model solves for the fluid
pressures p,,, Py and the displacement field U, satisfying the mixed-dimensional Darcy flow
model (1a) coupled to the contact mechanical model (1b) given the closure laws (1c). Let us
refer to [11]| for a weak formulation of this coupled model in the frictionless case. From the
physical point of view, the fluid pressures act as a source term in the matrix and as a boundary
condition along the fractures on the mechanical model, while the displacement field acts on
the fluid flow via the porosity and fracture aperture changes throught the accumulation and
conductivity terms (note that K,, can also depend on ¢,,).

The following initial conditions are imposed on the pressures and matrix porosity

(ﬁw)|t:0 = ﬁo,wv @m)|t:0 = 5?717

and normal flux conservation for q; is prescribed at fracture intersections not located on the

boundary 0.

Following [54] and [12], the quasi static poromechanical model with Coulomb frictional contact
is formulated in mixed form using a vector Lagrange multiplier X : I' — R¢ at matrix fracture
interfaces. Denoting for r € {1,d} the duality pairing of H~Y2(T')" and HY?(T")" by (-, >r, we
define the dual cone

AQw) = {ﬁ e (H™Y2(T) - (F, ¥ < (Fn, [, r for all ¥ € (HY2(1))? with 5, < o}.

The Lagrange multiplier formulation of (1b) then formally reads, dropping any consideration
of regularity in time: find w: [0,7] — Ug and X = (A, A;) : [0, 7] — A()\y) such that for all

v:[0,T] - Ug and & = (&, &&,) : [0, 7] — A(Ay,), one has
L( @: (¥)—b pmdiv(v))dx + O D + Lpf [#]n do = L £.v dx,

(2)
(i, — A [al)r + - — Ar, [oqa]-)r < 0.

Note that, based on the variational formulation, the Lagrange multiplier satisfies A = —T* (1) =
T~ (u). Note also that the Tresca friction model, frequently used to derive well-posedness and



error estimates, is obtained by freezing the slip threshold —FTn(ﬁj to a given non-negative
function g. The mixed formulation (2) still applies provided that F'\,, is replaced by the fixed
threshold ¢ in the above definition of the dual cone.

3 Mixed, stabilized mixed and Nitsche’s discretizations of the
contact mechanical model

Let Uy, denote a family of Finite Element subspaces of Uy, indexed by h coming from a family
of simplectic (to fix ideas) meshes My, of the domain 2. The mesh My, is assumed conforming
to the fracture network and we denote by JFr the subset of faces of the mesh such that
r=|Jo
oeFr
The family of meshes My, is assumed to be shape regular in the sense that the shape regularity

parameter Sp = maxy MaXgem, % is bounded, where hx denotes the diameter of the cell
K and pg is the radius of the inscribed ball in K.

The subspace M, = L?(I") denotes the set of piecewise constant functions on the partition Fp
and we set My, = (Mj)?%. For X in My, we will still use the decomposition A = (A, A;) with
Ao = A0t A, = A= \,n", and identify A, to an element of (Mh)d*1 based on an orthogonal
basis local to each planar fracture. We denote by A, the constant value of A € My, on the
face o € Fr and by M\, , and A;, its normal and tangential components. The orthogonal
projection from L?(I') to Mj, is denoted by n%. By abuse of notations, the same notation
will be used for the orthogonal projection from (L?(I'))% to My,. For a face o € Fr, the face

average projection will be denoted by 7% in both cases.

After Euler implicit time integration and using an iterative coupling algorithm between the
flow and the contact mechanical subproblems, we end up solving at each time step and each
iterative coupling step the following static contact mechanical problem at given matrix and
fracture pressures and previous time step displacement field ™ ':

( —div( (@) — b pmﬂ) —f in O\T,
T+(@) + T (@) = 0 inT,

1 Tn(m) <0, [u], <0, [u], T.(@w) =0 in T, (3)
T, (T)| < —F Tp,(q) inT,

(| ([u—u""'],) - T,(0) - F T,(0)|[u—u*"'],/]=0 inT.

In what follows, we will set ©”~! = 0 for simplicity.
The following notations will be used. For all x € R, we set
[z]g- = min(0,z), [z]g+ = max(0,z) = —[—z]gr-.

For all x € R and o > 0, we denote by [x], the orthogonal projection of x on the ball
B(0,a) c R where B(0, a) is the closed ball of origin 0 and radius a, such that

X if |x| < a,
bl - { x

ax/|x| otherwise.



3.1 Mixed discretization with facewise constant Lagrange multipliers

We focus in this work on mixed formulations based on facewise constant Lagrange multipliers
which allows to readily deal with fracture intersections, corners and tips and leads to local
expressions of the discrete contact conditions and efficient semi-smooth Newton solvers. On
the other hand, they require to assume that the following uniform inf-sup condition between
the space Uy of displacement fields and the space My of Lagrange multipliers is satisfied:
there exists ¢, independent on the mesh such that

f - [v]do

inf sup

r = Cy > 0. <4)
neMy, veUy, ”VHUO HMHH*% (T

)d

Let us define the discrete dual cone of normal Lagrange multipliers as
Ah:{)\nEMh‘AnZOOHF},

and the discrete dual cone of vectorial Lagrange multipliers given A\, € Ay as

An(An) = {p = (pin, pr) € Mp [ pin = 0, |ppr| < FAy on T'}.

Note that the friction coefficient will be assumed to be facewise constant on the partition Fr.

The mixed discretization of the static contact mechanical model reads: find (u, A = (A, A7) €
Uyj x Ap(\,) such that

L( (u) : (v)—bpmdiv(v)>dx+fr)\- [[v]]da—f-frpf [v]n dazLﬂvdx, .
| =X fulao <o,

for all (v, ) € Uy x Ap(A,). Note that the variational inequality in (5) is equivalent to the
contact conditions between A, and 7[u] local to each face o € Fr (see e.g. Lemma 4.1 of

12]).

Let us denote by Py, (»,) the projection on the convex set Aj()y). It is such that

P, o€ = ([6alee, (€12, ). (6)

for all & = (£,,&-) € My, Let us recall that Py, (»,)€ is the unique v € Ay () such that

J;u—w-@—vm0<0bmmueAuMy (7)

Then, noticing that the variational inequality in (5) is equivalent to A € Ay ()\,,) such that
f |G = M) (B m Tl + An = An) + (e = Ar) - (87Ul + A = A, ) |dor <0,
r

9



for all € Ap(A,) with constant (possibly facewise constant) parameters 5™ > 0, 5™ > 0,
we deduce from (7) that

A= Pa, ) (5;%9:[[11]]” + An, B0 ], + )\T>.

It results from (6) that the variational inequality in (5) is also equivalent to the following
equations for each o € Fr

{ e [)‘n,a + @Szmﬂg [[u]]n]R+ =0,

>‘T7U - [’\T,U + Bf-mﬂg [[‘Jl]]T]FU[/\n,UJrB,S;'ﬂwg[[u]]n]RJr =0,

(8)

which are the basis of the semi-smooth Newton algorithm used in the numerical section for
the solution of the mixed discretization.

The well-posedness and convergence analysis of such mixed discretizations for frictionless
contact is analysed in, e.g., |5, 37, 40, 55| (see also [38, 54| for Tresca friction). It readily
extends to the case with pressure source terms.

3.2 Stabilized mixed discretization with facewise constant Lagrange mul-
tipliers and its equivalent Nitsche’s formulation

In order to circumvent the inf-sup condition (4), we consider in this subsection the follow-
ing stabilized mixed formulation in the spirit of [44, 41]. Exploiting their facewise constant
approximation, the Lagrange multipliers can be eliminated leading to a Nitsche’s type dis-
cretization with face averaging. It results that this stabilized mixed formulation can also be
useful when Uy x My, satisfies the inf-sup condition in order to eliminate the Lagrange mul-
tipliers. In that case, we will prove that the stabilized mixed solution converges to the mixed
solution at the limit of large stabilization parameters.

3.2.1 Stabilized mixed discretization

Let us fix a parameter # € R and two non-negative functions 5, and 5, on I' typically set to

B
ho

in the following, h will also denote the facewise constant function of L?(I") with value h, on
each face o € Fr.

0
and % on each face o of I', where h, is the diameter of the face ¢. By abuse of notations,

Let us introduce the following notations for the surface tractions with zero pressures

<l

TO(
T(
T

)= @,
)= T0(v) 0",
)= (%) - (T°(¥) - 00"

<

<l

The stabilized mixed discretization of the static contact mechanical model reads: find (u, A =
(Ans A7) € Uy x Ap(Ay) such that

10



L( (w): (v) - bﬁmdiv(v)>dx + L)\. [v]do + Lpf V], do

0 070 4 00 _ v dx
—f Bn()\nJrTn(u))wan(v)da—L&(ATJrTT(u))-ﬂ;TT(V)da—Lf dx,

N
< (9)
| =% e
1
j (b = ) o+ T () do L i = A0) -+ T () <0,

for all (v, ) € Up x Ap(Ap).

3.2.2 [Equivalent Nitsche’s formulation

The following Proposition states that, thanks to their facewise constant approximations, the
Lagrange multipliers can be eliminated from the stabilized mixed formulation.

Proposition 3.1. The variational inequality in (9) with X € Ap(\,) is equivalent to the
following equations:

“\,

[ (Ta(w) = Ballul ) Je-

A = [n% TT(u)—5Tﬂ“ﬂf>]<_F[n2(Tn<u>—Bnﬂ“ﬂ”)]R>‘ -

Proof. The inequality in (9) is equivalent to

J L0200 (=7 Tlo) = Bulla) =00 + (1 = A0 (=T () =B [l ) = Ao < 0.
We deduce from (7) that the variational inequality in (9) is equivalent to

A = Pa, o) (=7 (L) = Bal[aln), =7 (T (w) = B [ul) )
concluding the proof from (6). O

From (10), we can eliminate the Lagrange multipliers leading to the following equivalent
Nitsche’s type formulation: find u € Uy, such that

11



L

/N

) : (v) —bﬁmdiv(v))dx+ f p; [Vl do

T (n) - 7%T2(v) do —J B u) - 1T (v) do

[ & (T(w) = Bululn) | (6T2<v> — Bulvln) do (11)
e ke

( — Br[u]- )]( F[w%(Tn(u)—ﬁn[[uﬂnﬂR ) : (HTQ(V) - BT[[V]]T) do

Q‘HE‘HE‘%

f v dx,

for all v € Uy. Due to the face averaging, this formulation will be termed mean-Nitsche’s
method in the following. Note that it is not consistent in the usual Nitsche’s sense since the

exact solution u does not satisfy (11). It is only consistent as a mixed formulation in the sense
that (T, A) satisfies (9).

Let us consider the Tresca friction model obtained by freezing the slip threshold —FT,, (@) to
a given non-negative function g. The stabilized mixed and mixed discretisations of the Tresca
model are obtained by replacing A (A,) by Aj(7%g) and the mean-Nitsche’s formulation is

derived by replacing F[W}—( n(u) — ﬂ"[[u]]"ﬂR, by kg in (11).

The well-posedness analysis of the mean-Nitsche’s formulation is similar to the one for the
Nitsche’s discretization from [20] for the Tresca model. It results that the stabilized mixed
method is also well-posed for the Tresca model. For the Coulomb frictional model, an existence
result can also be derived for the mean-Nitsche’s formulation (and stabilized mixed method)
following [23].

An a priori error estimate can be derived starting from the stabilized mixed formulation for
the Tresca friction model. Assuming the inf-sup condition to hold, this estimate is robust in
the limit of large penalization parameters 30 and 8Y as opposed to what is achieved in the
general case for the stabilized mixed discretization [41] and the Nitsche’s method [20].

Proposition 3.2. Let us set 3° = B9 = B for the sake of simplicity. Let us assume that the
Tresca threshold g is constant and that the unique solution (0, X) of (2) for the static contact
mechanical model with Tresca friction is in H3?T7(Q\T)¢ x HY(I)*. Then, the following a
priori error estimate holds for the unique solution (u,X) € Uy x Ap(g) of (9) assuming that
the Nitsche’s parameter B° is large enough:

[~ ulu + (X = Mgy < CWY22 ([0l yarnqpye + W), (12)

with ¢ = %, 0 < v < min(l,k — 1/2) where k is the degree of approximation of Uy, and

C' is a constant independent on h, W and X but depending on B° and on the shape regularity
parameter Sp. Furthermore, if the inf-sup condition (4) holds, we can take ¢ = 1 and the
constant C'is independent on (still large enough) 3°.
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Proof. In the general case, the proof of the a priori error estimate is a simple adaptation to
the Tresca friction model of the analysis carried out in [41]| for the frictionless model. The
degeneracy of the error estimate for large values of the penalization parameters stems from
the estimation of the term

fp(x ~ ) - ([a] - [Tyul)do, (13)

where I, is the Lagrange interpolation operator onto Up. In [41], (13) is estimated from the
Young inequality as

— 1 — 1
| K= 1) - e < a g 102K = N ey + 5081 (0] = ) gy
r B 4o
for all & > 0 providing the non-robust term B°|h~12([a] — [I pa))ll?, () which is responsible

for the dependence of C' on 3° in (12).

This can be fixed from the inf-sup condition (4). To show this, let us substract the variational
equalities (2) and (9) with test function v € Uy. Taking into account that A = —T(T), we
obtain

JF()\ —A) - [v]do = — J;z (W—u): (v)dx+ fF ;n()\ A+ T%TE ) 73Tv)do.

Let C denote in the following a generic constant independent on h and B°. Using that
Hh1/2TO(V)HL2(F)d < C|v|u, for all v e Uy, (see Lemma 3.2 of [20]), we deduce that

JF()\ —A) - [v]do
sup

veUy, HVHUO

— 1 N 1 _
< - Up 70 - LQ(F)d 70 - LQ(F)d .
<C([a—u]| 3 |2 (X =) 3 |pT0 (@ — )|
(14)

Using the bound th/QuHLz(F)d < O|pll g-1/2(rya for all p € My, and the inf-sup condition (4),
we obtain the estimate

J(u—)\—i-)\—)\) - [vlde
B2 = N g2y < Cllis = Al g-12(pya < C sup 2
veUy, HVHUO

f A=) - [v]do
< C(”p‘ - )‘HH*U?(F)UZ + Slg) L HVHU
veUy 0

)

It results that

A=) - [v]do

|2 X = X)Ly < C(Hu = Xg-v2(ye + 112 (1 = X 2(rye + sup =
veUy, HVHUO

(15)

Combining (15) with (14) we obtain that the following abstract estimate holds for large enough

8

WX = Ny < O 0=, + it (= Xy + 1070 = X zqye)
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+ gt (18 = vl + BT =) aqrya).

Setting v = Ipu and p = 7T9_—X, we obtain the estimate
B2 = Mlgarye < (1= uluy + B2 (il s @iys + Rl
with 0 < v < min(1,k — 1/2). Using
|n=Y2([w] - [Zna])|z2rye < Ch1/2+y”ﬁ”H3/2+V(Q\f)da
and the Young inequality, we deduce that, for all a > 0, we have the estimate
— - - - 1 - —
| KX (@ ~ e < ol = wlt, + O + DR (s e + Ny
which, combined with the analysis in [41], yields a robust error estimate w.r.t. large enough

B,
O

3.2.3 Convergence to the mixed solution

The following proposition states a first order error estimate in % between the discrete solutions
of the stabilized mixed (9) and mixed (5) discretizations of the Tresca friction model.

Proposition 3.3. Let us set f° = min(8%, 3%) assumed to be large enough. Let us denote
respectively by (ug, Ag) € Uy, x Ap(7%g) and (u,X) € Uy, x Ap(n%g) the unique solutions of
the stabilized mized (9) and mized (5) discretizations of the Tresca friction model. Assuming
the inf-sup condition (4) to hold, we have the following error estimates:

C
@7

with C independent of h and 3°, BY but depending on the shape regularity parameter Sp and
the physical data.

[ —uglu, + [ = Ag)ll L2y < (16)

Proof. We denote by C a generic non-negative constant independent on £%, 59 and h but
possibly depending on the shape regularity parameter S and the physical data. The well-
posedness of the stabilized mixed discretization (9) can be derived from its equivalent mean-
Nitsche’s formulation (11) using the same techniques as in [20]. It results that for 3° large
enough, there exists a unique solution ug € Uy, to (11) and a constant C such that

[uslu, < C. (17)

Using the inf-sup assumption (4), the bound Hh1/2,uHLz(p)d < Clpllg-172(rya for all p e My,
and the variational equality in (9), we obtain that

1
Y2 X 2y < C sup
ROt G, i,

[ (s 0 -pmaivm)ax— [ 5y [l ao
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0 0
# | 5O + TR T + [ -+ Tola) - mF T + | £ dx]

r Br Q

Then, using that Hh1/2TO(V>HL2(F)d < C|v|u, for all v e Uy, we obtain the estimate
1
112 28] 2y < C(1+ Juglu, + il B2 g |2y )
It results that for 4Y large enough, we have

uhl/?xﬁup(p)d <C. (18)

Taking the difference between the variational equalities in (9) and (5), we obtain that

fg< (ws — )z (v) + L()‘B ~ ) - [v]do
(19)

~ [ 5O+ Tl ) THT) — [ £+ Tl - 73 TE) =0,

Setting v = ug — u in (19), using the bounds (18), (17), |\h1/2T0(u,3)||L2(p)d < Cllug|u, and
||h1/27['9__T0(V)”L2(F)d < C|v|vy,, we obtain the estimate

s = ulls, < O(| (A= 2s)- ([us] = Do + -1y~ ulv, ). (20)

Let us set g = A in the variational inequality of (9). From the bound th/Q(Ag—i-T(ug))HLQ(F)d <
C, we obtain the inequality

C
L (A= X3 [uslde < 51020 = X ey

Combining this inequality with the variational inequality of (5) for p = Ag, we obtain the
estimate

L(A =) - ([ug] = [u])do < BC; (WY = Xg) 2y (21)

Combining the estimates (20) and (21), we get that
2 c 1/2
s — ul, < g5 (Ims = wlu + 1572~ Xs)li2rye). (22)
From the inf-sup condition (4) and (19), we get the estimate

1
P28 = Ay < € (Js — wlu, + 55). (23)

Combining the estimates (22) and (23) with the Young inequality concludes the proof of
(16). O

For the Coulomb frictional model we can state the following Proposition.
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Proposition 3.4. Let BO > 0 be large enough. For 0 > BO, there exists a solution (ug, Ag) €
Uy, x Ap(Agn) to (9) with ||ug|u, + Hh1/2ABHL2(F)d < O, C independent of 8, 3% and h
but depending on the shape reqularity parameter Sg and the physical data. Furthermore, any
sequence of such solutions with B° going to infinity admits a subsequence which converges to

(u,A) € Uy, x Ap(\y,) solution of (5).

Proof. The existence of a solution to the mean-Nitsche’s formulation (11) can be established as
in [23] for 3° large enough using the Brouwer fixed point theorem based on the Tresca friction
solution. By construction the solution is bounded in the sense that there exists C' independent
of 89,8 and h but depending on the shape regularity parameter Sp and the physical data
such that |ug|uy, < C. Then, the bound on the Lagrange multiplier ||h1/2)\5]|L2(p)d < C
follows as in the previous proof from the inf-sup assumption and for 8° large enough. For any
sequence of such solutions with 8% — 400, we can extract a subsequence which converges to
(u,A) € U, x M. From (10), we have

o= = Jim (5% (Ta(ws) — Bulusla) -

BO—+0

A= = Jim [w;( 7(ug) = Brusl, >](_F[Wg(n(uﬁ)—ﬁn[[uaﬂn)h)

from which we deduce that A € Ap(\,). Let p = (pn, pr) € Ap(Ay). The sequence pg =
(18,ns 8,7) € Ap(Ag ) such that

(Nn,o',HTa = ) if Fo)\n,o =0,

Ppo = (.o F“;\U FyXgno) else,
n,o

converges to p. Then, passing to the limit in the stabilized mixed variational formulation
(9) with (v, pg) as test functions shows that (u, A) satisfies the mixed formulation (5) which
concludes the proof. O

3.3 Nitsche’s discretization
We follow the Nitsche’s formulation introduced in [20] for Tresca and in [23] for Coulomb

frictional models. It can be obtained by dropping the face averaging operators in (11): find
u € Uy, such that for all v € Uy, one has

L( W) : (v) —bﬁmdiv(v)>dx+ J p; [V, do

_L;nT() T (v da—f TY(v) do

# | 5[ Tutw) = Aulul (eT,?(w - ﬁn[[v]]n) do (24)
+frﬁlf[ () = ol (‘F[Tn(u)—ﬁnﬂuﬂn]R_> (oms=pL) o

= fﬂ f-vdx,
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The well-posedness of (24) for the Tresca friction model is shown in [20] to hold for Nitsche’s
parameters such that
7 B
(1+0) (55 + g) <C, (25)
for any given C' < 4 with
1 1
|h2 TS(V) "%2(1“) |h2 T‘Or (v) H%Z(F)
Yn = SUp y  r = Sup

veUy L (v): (v)dx veUn JQ (v): Wdx

(26)

For § = —1, this condition reduces to 8% > 0 and 8% > 0 showing the additional robustness
of the Nitsche’s method for this value of the parameter. This well-posedness analysis readily
extends to the mean-Nitsche’s method replacing 70 (v) and TY(v) by 7370 (v) and 7%+T2(v)
in the above definitions. An existence result for the Coulomb friction model is also derived in
[23] using the Brouwer fixed point theorem based on the Tresca friction solution.

Optimal a priori error estimates in the natural norm have been established in [22| for friction-
less contact (see also [20] for Tresca friction and [21] for an overview of the results). They are
readily adapted to the poromechanical model with pressures source terms.

4 Numerical experiments for the Contact Mechanical model

The objective of this numerical section is to compare the accuracy, the convergence and the
efficiency in terms of non-linear convergence of the mixed, stabilized mixed and Nitsche’s
methods described in the previous section. We restrict this study to triangular meshes using
both P; and Py conforming Finite Element approximations Uy, of the displacement field. Hence
we consider the Py Nitsche’s discretization for k € {1,2} and the inf-sup stable Py — Py mixed
discretization using facewise Py Lagrange multipliers. We also consider the P, — Py stabilized
mixed discretizations with degree k € {1, 2} Finite Element approximation of the displacement
field and facewise Py Lagrange multipliers. They are formulated as Nitsche’s methods by
elimination of the Lagrange multipliers and termed P mean-Nitsche’s discretizations in the
following.

The non-linear systems are solved using a semi-smooth Newton algorithm. For the Nitsche’s
and mean-Nitsche’s methods it just amounts to derive the functions [z]g-, z € R, and [x],,
x € R%1 as piecewise linear functions in dimension d = 2. The semi-smooth Newton algorithm
of the Py — Py mixed discretization is based on the equivalent semi-smooth formulation of the
contact conditions (8). The non-linear stopping criteria is given for all discretizations by a
relative norm of the residual set to 107 or a maximum Newton increment of 107! on the
displacement field. At each Newton iteration, the linear system is solved using SuperLLU
4.3 as a sparse direct solver. In the following tables reporting the numerical behavior of
the numerical methods, d.o.f denotes the number of geometrical degrees of freedom with 2
physical unknowns for each d.o.f., NZ is the number of geometrical non zero elements of the
Jacobian system (each non zero element being a 2 x 2 matrix), Newton is the number of
semi-smooth Newton iterations and C'PU denotes the total CPU time in seconds.
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The computation of the errors and the plots along the fractures are based on continuous
facewise Py reconstructions of the displacement jumps and discontinuous facewise P_q re-
constructions of the surface tractions for the degree k approximation of the displacement. A
relaxation of the Newton increment can be used to obtain a more robust non-linear conver-
gence. It is based on the prescription of a maximum Newton increment of the displacement
field degree of freedom (d.o.f.) and component wise.

Note also that the Simpson rule is used for the numerical integration of the non-linear terms in
the Nitsche’s formulation on each fracture face. Higher order quadratures like Newton Cotes 7
and Gauss Legendre 5 have also been tested with a slight gain in accuracy but a significantly
higher number of non-linear iterations.

4.1 Unbounded domain with single fracture under compression

This example was presented in [48, 28, 29|. It consists in a 2D unbounded domain containing
a single fracture and subject to a compressive remote stress & = 100 MPa (cf. Figure 3). The
fracture inclination with respect to the horizontal direction is » = 20°, its length is 2¢ = 2 m,
and the friction coefficient is F' = 1/4/3. The same values of Young’s modulus and Poisson’s
ratio as in 28] are used here, i.e. E = 25 GPa and v = 0.25. The analytical solution in terms
of normal surface traction and of the jump of the tangential displacement field, is given by
— - .9 . 41—-v), . .

A = —Tp(Q) =asin“ ¢, |[a],| = T(O’ siny(cos ) — Fsin)))\/€? — (L2 —712), (27)
where 0 < 7 < 2/ is a curvilinear abscissa along the fracture. Note that since ), > 0, we
have [a], = 0 on the fracture. Boundary conditions are imposed on u at specific nodes of
the mesh, as shown in Figure 3, to respect the symmetry of the expected solution. For this
simulation, we sample a 320 x 320 m? square, and carry out uniform refinements at each step
in such a way to compute the solution on meshes containing 100, 200, 400, and 800 faces on
the fracture (corresponding, respectively, to 12468, 49872, 199488, and 797952 triangular
elements). The initial mesh is refined in a neighborhood of the fracture; starting from this
mesh, we perform global uniform refinements at each step, i.e. we do not refine further near
the fracture.

The Nitsche’s parameters are fixed to 3 = 10* GPa and 8% = 10® GPa and § = —1 for all
Nitsche’s and mean-Nitsche’s methods. The motivations behind these choices are postponed
to paragraph 4.3.1.

Figure 4 shows the comparison between the analytical and numerical normal surface tractions
T,, and jumps of the tangential displacement on the fracture Ju],;. These solutions are com-
puted on the coarsest mesh with 100 fracture faces. As in 28], the normal surface traction 75,
presents some oscillations in a neighborhood of the fracture tips. As already explained in [28],
this is due to the sliding of faces close to the fracture tips (notice that all fracture faces are in
a contact-slip state).

Figure 5 shows the convergence properties of the 5 numerical methods. Because of the oscil-
lations of the approximation T, close to the fracture tips, as in [28], we consider the central
90% of the fracture size to compute the norm of the error. Notice also that, since [u], = 0,
the relative error on the normal jump on the fracture is not defined.
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For this test case, the accuracy of the discretizations depends mainly on the degree of approx-
imation of the displacement field. In particular, except for the normal displacement jump, the
P, Nitsche’s, mean-Nitsche’s and mixed methods provide very closed solutions and convergence
behavior. The same holds for the P; Nitsche’s and mean-Nitsche’s methods.

A much better accuracy is obtained for IPo than for Py discretizations of the displacement field.
The order of convergence is of order 1 on the displacement jumps for all methods. This is
related to the low regularity of [u] close to the tips (cf. the analytical expression (27)). The
rate of convergence for the surface tractions is roughly equal to the degree of approximation
(2 for P9 and 1 for IP;), which is likely related to the fact that 7,,(7) is constant. Sub-figure 5
(d) compares the errors for the Nitsche’s P; and P2 methods as a function of the number of
non-zero elements in the Jacobian matrices. It shows that for a scalable linear solver, the best
performance is obtained for the Py approximation.

Note also that, for the rather high chosen Nistche parameters 82 and 32, the solutions of the
P, mean-Nitsche’s and mixed methods almost fully match with a higher value of the error on
the normal displacement jump compared with other methods due to stronger oscillations at
the tips. The lowest errors on the normal displacement jump are obtained for the Py, Nitsche’s
methods k € {1,2}. It was expected since they would provide, for such vanishing exact solution
T, (4d) and assuming exact quadrature, an error on the normal displacement jump that will
tend to 0 with Nitsche’s parameter 59 going to infinity.

In Table 1, we give an insight into the computational performance of the semi-smooth Newton
algorithms for the 5 numerical methods.

Nitsche P, | mean-Nitsche Py | mixed Py — Py | Nitsche P; | mean-Nitsche Py
d.o.f. 400 k 400 k 400 k 100 k 100 k
NZ 4622 k 4622 k 4603 k 707 k 707 k
Newton 2 2 2 4 2
CPU (s) 288 286 293 31 17

Table 1: Performance of the semi-smooth Newton algorithm for the 5 numerical methods for
the example of Section 4.1. Triangular mesh with 199 488 cells and 400 fracture faces.
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(a) (b)

Figure 3: Unbounded domain containing a single fracture under uniform compression (a) and

mesh including nodes for boundary conditions (¢: u, = 0, B: u, = 0), for the example of
Section 4.1.
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Figure 4: Comparison of the coarse mesh (with 100 fracture faces) numerical and analytical

(labeled as REF) solutions in terms of [u], (a) and (b) and T, (c) and (d), for the example
of Section 4.1.
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Figure 5: Relative and absolute L? errors between the numerical and analytical solutions in
terms of [u]y, [u], and T,,, for the example of Section 4.1. The sub-figures (a),(b),(c) plot the
errors as a function of h and the sub-figure (d) plots the errors as a function of the number of
non-zero elements of the Jacobian matrices.

4.2 Cross shaped fracture network

This test case considers the DFM model exhibited in Figure 6 with a cross shaped fracture
network immersed in the domain = (0,1m)?. Young’s modulus and Poisson’s ratio are
homogeneous and fixed to £ = 4 GPa and v = 0.2. The friction coeflicient is fixed to F' = 0.5.
Regarding boundary conditions, the left and right boundaries are free, the bottom boundary
is clamped and a Dirichlet boundary condition is imposed on the top boundary defined by

u(x) = [0.004m, —0.0002m]".

We compare in the following the accuracy, convergence and numerical performances of the
5 numerical methods. The P Nitsche’s and mean-Nitsche’s methods, k € {1,2}, use the
parameters ) = 1000 GPa, 3% = 40 GPa and § = —1. The motivations behind these choices
is postponed to paragraph 4.3.1. The parameter of the semi-smooth Newton algorithm of the
Py — Py mixed method is fixed to 5™ = 1 GPa.

No analytical solution is available for this test case. We therefore investigate the convergence of
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our discretizations by computing a reference solution on a fine mesh made of 896 x 4% = 229 376
triangular elements and 28 = 256 fracture faces using the P Nitsche’s method with the Newton
Cotes 7 points quadrature formula for the numerical integration of the non-linear terms. The
meshes m € {0, --- , 3} used for the convergence plots have 896 x 4™ triangular cells and 24
fracture faces.

As exhibited in Figure 6 (b) and (c), for the chosen boundary conditions, both fractures are
in full contact mode, the horizontal fractures being in slip mode and the vertical fractures
exhibiting a transition between stick mode at the center and slip mode around the tips. The
comparison below focuses on the normal and tangential displacement jumps and surface trac-
tions along the vertical fractures which are more challenging due to the stick slip transitions.

05 : . - . 7 9e+06 ———— ————— er——— I S e—
8e+06 | 1
g 0 1 6e+06 1
E Scaled [u]t vert frac E ieig F hn vert gac —
< 05 Scaled ﬁl]]t hor frac = © T
= ! 3e+06
A 2e+06 |
-1 le+06 |
0 L
‘ ‘ -1e+06 ‘ : ‘ ‘
0 0.1 02 03 04 0.5 0.1 0.2 03 04
Tau (m) Tau (m)

(b) (c)

Figure 6: (a) square domain (0,1m)? containing a cross shaped fracture network and its
coarsest triangular mesh with 3584 cells and 32 fracture faces. (b) and (c) fine mesh refer-
ence solutions for the displacement tangential jump [u], and normal and tangential surface
tractions —7,, and —7T along the vertical and horizontal fractures.

Figure 7 compares the coarse mesh m = 0 and reference solutions along the vertical fractures.
It shows the higher accuracy provided by degree 2 compared with degree 1 approximations
especially for the surface tractions. The P, mean-Nitsche’s and P — Py mixed methods exhibit
oscillations of the normal and tangential displacement jumps in the regions where these jumps
vanish. These oscillations of amplitudes reducing with the mesh size are due to the fact that
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the contact conditions are only imposed on the mean values of the displacement jumps and
surface tractions over each fracture face. This is not the case of the P, Nitsche’s methods.
Consequently the Py Nitsche’s discretization is clearly the most accurate of all the 5 numerical
methods for this test case.
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Figure 7: Comparison of the coarse mesh m = 0 and fine mesh reference (in black line and
labeled as REF) solutions in terms of [u], (a), [u], (b), =T (¢) and —T,, (d) along the
vertical fractures, for the example of Section 4.2.

Figure 8 plots the convergence of the Lo errors along the vertical fractures for the displacement
jumps and surface tractions. It shows again the higher accuracy provided by the degree
2 approximations with higher convergence rates for the tangential displacement jumps and
surface tractions. The mixed and mean methods behave roughly speaking in the same way than
the full Nitsche’s discretizations of same degree, except for the vanishing normal displacement
jump due to the previously mentioned higher oscillations induced by the face averaging of the
contact conditions.

Figure 9 plots the convergence of the errors as a function of the number of Jacobian non-
zero elements for the P, Nitsche’s methods of degree k € {1,2}. It shows that the degree 2
approximation is more efficient especially for the surface traction.

23



- =
= =
§ §
g E  1e-08 |
& &
N a : e
= = le09 BT
z ool Mixed P2-PQ —+— 5 i
Z l\ilxed NH ‘ o xed P2-PQ —+—
Q . —K— -
& NPT =z ¢ Mean §-Br %
Mean N. P1 Mean N.P] —=—
0.001 _orders land 1.5 -------- . . order 1 --------
0.0078125 0015625 0.03125 0.0625 0.0078125 0.015625 0.03125 0.0625
h (m) h (m)
(a) (b)
Mixed R2-PQ —+— Mixed P2-PQ —+—
05 . X 0.05 N.P2 —<—
= Mean N. P! X = Mean N g% *
= = B
= Mean N. P1 —=&— o Mean N. Pl —=—
g Istorder -~ ° Ist order --------
o
5 005t £ 0005 f
o 3
z 2
3 g
o) 0.005 < 0.0005 f
2 ca
0.015625 0.03125 0.0625 0.015625 0.03125 0.0625
h (m) h (m)
(c) (d)
Figure 8: Relative and absolute L? errors between the mesh i € {0,---,3} and fine reference

solutions in terms of [u]; (a), [u], (b), T- (c) and T,, (d) along the vertical fractures for the
example of Section 4.2.
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elements of the Jacobian matrices for the example of Section 4.2.
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Table 2 exhibits the numerical performances of the 5 numerical methods on mesh m = 3. The
semi-smooth Newton solvers behave roughly in the same way except the P; Nitsche’s method
which requires an adaptive relaxation of the Newton step to obtain convergence. This issue
can also be solved using the lower order trapezoidal rather than Simpson quadrature formula
for the integration of the non-linear terms yielding almost the same accuracy and only 6 semi-
smooth Newton iterations. A factor from 5 to 10 is observed in CPU time between degree
2 and 1 approximations. It is expected to be significantly reduced by using more scalable
preconditioned iterative linear solvers which is out of the scope of this work.

Nitsche Py | mean-Nitsche Py | mixed Py — Py | Nitsche IP; | mean-Nitsche Py
d.o.f. 115 k 115 k 116 k 29 k 29 k
NZ 1331 k 1331 k 1325 k 204 k 204 k
Newton 7 6 6 20 8
CPU (s) 140 120 115 22.5 12

Table 2: Performance of the semi-smooth Newton algorithm for the 5 numerical methods for
the example of Section 4.2. Triangular mesh m = 3 with 896 x 42 cells and 27 fracture faces.

4.3 Rectangular domain with 6 fractures

As a more complex example to illustrate the behavior of our approach, we consider the test
case presented in [6, Section 4.1], where a 2 x 1 m domain including a network I' = U?:I I'; of
six fractures is considered, cf. Figure 10. Fracture 1 is made up of two sub-fractures forming
a corner, whereas one of the tips of fracture 5 lies on the boundary of the domain.

We use the same values of Young’s modulus and Poisson’s ratio, £ = 4 GPa and v = 0.2, and
the same set of boundary conditions as in [6], that is, the two vertical sides of the domain are
free, and we impose u = 0 on the bottom side and u = [0.005, —0.002] " m on the top side.
The friction coefficient is Fj(x) = 0.5 (1 + 10 exp(—D;(x)?/0.005m?)), with i € {1,...,6} the
fracture index, x € I'; a generic point on fracture ¢ and D;(x) the minimum distance from x
to the tips of fracture ¢ (the bend in fracture 1 is not considered as a tip).

To investigate the convergence of the 5 numerical methods, we consider a family of 5 uniformly
refined meshes m € {0, - ,4} with 2855 x 4™ triangular cells and 88 x 2™ fracture faces. The
finest mesh m = 4 is used for the reference solution computed by the Py Nitsche’s method
with the Newton Cotes 7 points quadrature for the integration of the non-linear terms.
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Figure 10: Two-dimensional, 2 x 1 m domain containing six fractures. Fracture 1 comprises
two sub-fractures making a corner and fracture 5 has a tip on the boundary. The contact
state of each fracture obtained by the simulation on the fine mesh is also shown.
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Figure 11: Scaled normal (a) and tangential (b) displacement jumps for the fine mesh reference
solution (the normal jumps of the fractures 2,3,4,5 in full contact mode and the tangential
jump of fracture 4 in full stick mode are not plotted). Example of Section 4.3.

4.3.1 Choice of the Nitsche’s parameters 3%, 5% and ¢

This choice is guided by both the robustness of the non-linear convergence and the accuracy.
As a rule of thumb, the larger the Nitsche’s penalization parameters, the better from the point
of view of accuracy. The condition (25) provides lower bounds to guarantee the stability of
the Tresca friction model. This condition is restrictive for 8 = 0,1 but not for # = —1. For
this test case, we obtain roughly for all meshes the following values of the eigenvalues ~,, and
v, defined by (26): ~, = 35 GPa, v, = 11 GPa for both the Py Nitsche’s and mean-Nitsche’s
methods, and v, = 11 GPa, v, = 3 GPa for both the P; Nitsche’s and mean-Nitsche’s meth-
ods. For Coulomb friction, the existence result from [23] is based on a fixed point Brouwer
theorem related to the Tresca friction solution and assumes additional large enough conditions
on the Nitsche’s parameters to obtain the continuity of the fixed point function.
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Figure 12 exhibits the number of semi-smooth Newton iterations as a function of (82, 8%) for
the P, Nitsche’s method with # = 1,0, —1. It also plots the number of semi-smooth Newton
iterations for the Py — Py mixed method as a function of the semi-smooth Newton parameters
(B3 35, A relaxation with maximum variation of 1074 on the displacement field is used
for the Nitsche’s methods. The simulations are performed on the coarsest mesh m = 0.

The mixed method is remarkably robust w.r.t. the semi-smooth Newton parameters. The
semi-smooth Newton fails to converge for the Nitsche’s method when the parameter 32 is
larger than say 102 whatever 8% and § = 1,0, —1. This limitation is not observed for large
values of the parameter 32 and has not been observed for frictionless contact. This observation
motivates the use of two distinct values of these parameters in the following.

The combination of the Tresca stability criteria and the observed non-linear convergence shows
that # = —1 is the most robust choice w.r.t. to the range of admissible Nitsche’s parameters.
This motivates the choice of §# = —1 with 3% = 1000 GPa and 3% = 100 GPa in the following
numerical experiments.

Similar conclusions are obtained for the P; Nitsche’s and P; mean-Nitsche’s methods. The
case of the Py mean-Nitsche’s method differs in the sense that it converges to the Py — Py
mixed method when min(82, 89) tends to +o0. As a result, it can be checked to be robust for
large values of both parameters.
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(©) (d)

Figure 12: (a),(b),(c) for respectively § = 1,0, —1 and the Py Nitsche’s method on the coarsest
mesh, number of semi-smooth Newton iterations as a function of (89, 8%). (d) for the Py — P
mixed method on the coarsest mesh m = 0, number of semi-smooth Newton iterations as a
function of (5™, 45™). Example of Section 4.3.
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4.3.2 Convergence of the Py mean-Nitsche’s method to the P, — Py mixed method

Figure 13 checks numerically the convergence of the Ps mean-Nitsche’s solution to the mixed
solution. To fix ideas we restrict ourselves to the case 5 = 2.53% = 5% The mesh m = 1
is used for these computations. As expected, we observe for sufficiently large values of 5% a
convergence of order 1 of the mean-Nitsche’s solution to the solution of the mixed method on
the same mesh.
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Figure 13: Convergence of the relative L? error of the displacement jump (a) and the surface
traction (b) along each fracture between the mesh 1 solutions of the mixed and Py mean-
Nitsche’s methods as a function of the parameter 3° = 8% = 2.53%. Example of Section 4.3.

4.3.3 Comparison of the 5 numerical methods

In this paragraph, we compare the numerical convergence on the four meshes m € {0,--- ,3}
of the 5 numerical methods using the fine mesh reference solution. In accordance with the
previous paragraphs, the Nitsche’s parameters are fixed to 82 = 1000 GPa, 82 = 100 GPa
and 6 = —1.

Figures 14 and 15 plot the convergence of the relative L? errors on respectively the displace-
ment jumps and surface tractions along each fracture, excluding fracture 4 for the jump and
fracture 6 for the surface traction the solution of which vanish at convergence. The conclusions
are similar as in the previous test cases, showing a more accurate approximation of the P
compared with the P; approximations of the displacement field. Among the methods of same
degree of approximation for the displacement field, the Nitsche’s methods are more accurate in
singularity regions than mean-Nitsche’s/mixed methods based on face averaging (particularly
for fracture 1 in this test case) while they are very closed in smooth regions. This can be
checked in Figure 16 plotting the coarse mesh m = 0 displacement jumps along fracture 1,3
and 6. It is shown that the mean-Nitsche’s/mixed methods are oscillating in singularity zones
(transition zones for fractures 1 and 3) due to the face averaging. The higher accuracy of
degree 2 methods is also clearly observed.

The performance of the non-linear solvers are exhibited in Table 3 on the mesh m = 3. A
relaxation of the Newton step is used for the Nitsche’s and mean-Nitsche’s methods while it
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happens to be useless for the mixed method (here using 55™ = 5™ = 1 GPa) which is the most
efficient and robust in terms of non-linear convergence. Note that the non-linear convergence
of the Nitsche’s and mean-Nitsche’s methods improve for smaller values of the parameters 59
and 3. For £ = 100 GPa and 32 = 20 GPa, the number of Newton iterations reduces to
10,9,12,10 for respectively the Py Nitsche’s, mean-Nitsche’s and the P; Nitsche’s and mean-
Nitsche’s methods, with similar accuracy except some rather small additional oscillations in
singularity zones for both Nitsche’s methods. Much lower values 52 = 0.1 GPa and 52 = 0.01
GPa have also been tested with additional robustness of the non-linear solver but at the
expense of a loss of accuracy except for the P mean-Nitsche’s method which is the most robust
both in terms of accuracy and non-linear convergence w.r.t. to the Nitsche’s parameters.
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Figure 14: Convergence of the relative L? error of the displacement jump along fractures
1,2,3,5,6 for the 5 numerical methods. Example of Section 4.3.
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Figure 16: Scaled normal (a) and tangential (b) displacement jumps for respectively fractures
1 and 6, and for fracture 3, on the coarse mesh m = 0 for the different discretizations (the Py
mean-Nitsche’s basically matches with the mixed solution, hence it is not plotted). Example
of Section 4.3.

P Nitsche | Py mean-Nitsche | mixed Py — Py | P; Nitsche | P mean-Nitsche
d.o.f. 368 k 368 k 369 k 93 k 93 k
NZ 4261 k 4261 k 4230 k 654 k 654 k
Newton 13 12 10 14 20
CPU (s) 1390 1385 1150 85 122

Table 3: Performance of the semi-smooth Newton algorithm for the 5 numerical methods for
the example of Section 4.3. Triangular mesh m = 3 with 2855 x 43 cells and 88 x 23 fracture
faces.

5 Coupled poromechanical simulation

The objective of this section is to compare the efficiency of the Nitsche’s and mixed for-
mulations to simulate the fully coupled poromechanical model. The flow component (1la) is
discretized in space by a mixed-dimensional Hybrid Finite Volume (HFV) scheme [1, 17]. The
Py approximation of the displacement field is prefered to guarantee the inf-sup stability of the
pressure displacement coupling in order to avoid the development of pressure spurious modes
that can occur for incompressible problems approaching the undrained conditions. The Py
approximation would require an additional stabilization as described e.g. in [15]. At each
time step, the coupled non-linear system is solved using a fixed-point method on the function

gp: D - u — p
P Contact Mechanics Darcy ’

Solve Solve

with p = (pm,py), accelerated by a Newton-Krylov algorithm (8] in order to obtain at con-
vergence the fully coupled poromechanical solution. At each evaluation of the fixed point
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function gy, the Darcy linear problem at given fracture aperture and porosity is solved using a
GMRes iterative solver preconditioned by AMG while the contact mechanical model at given
pressure p is solved using a semi-smooth Newton method as in the previous section.

As in in |6, Section 4.3|, this test case basically adds the fluid flow to the mechanical test case
of Subsection 4.3. Regarding the mechanical model, compared with Subsection 4.3, the only
changes are related to the friction coefficient fixed here to F' = 0.5 and to the following time
dependent Dirichlet boundary conditions

0.005m, —0.002m]" 4¢/T  if t < T/4,
u(t,x) = {[ m’ m] 4t/ ' / x on the top boundary.

[0.005m, —0.002m] " otherwise,

To fully exploit the capabilities of the HFV flow discretization, we consider the following
anisotropic permeability tensor in the matrix:

K
K :Kmex®ex+7mey®eya

e; and e, being the unit vectors associated with the z- and y-axes, respectively.

The permeability coefficient is set to K,,, = 10715 m?, the Biot coefficient to b = 0.5, the Biot
modulus to M = 10 GPa, the dynamic viscosity to 7 = 1073 Pa-s. The initial matrix porosity
is set to ¢, = 0.4 and the fracture aperture corresponding to both contact state and zero
displacement field is given by

_s +/arctan(aD;(x))
0 arctan(al;)

do (X)

, xely, 1e{l,...,6},

where D;(x) is the distance from x to the tips of fracture i, 6o = 107* m, a = 25 m~! and

¢; is a fracture-dependent characteristic length: it is equal to L;/2 (L; being the length of
fracture 4) if fracture ¢ is immersed, to L; if one of its ends lies on the boundary, and to the
distance of a corner from tips, if it includes a corner. Note that the above expression behaves
asymptotically as 4/D;(x) when x is close to fracture tips, which is in agreement with [31,
Remark 3.1].

The normal transmissibility of fractures is set to Ay = 2%' The initial pressure in the matrix
and fracture network is p¥ = p(} = 10° Pa. Notice that the initial fracture aperture differs
from dp, since it is computed by solving the mechanics given the initial pressures pQ, and p(}.
The final time is set to 7" = 2000 s and the time integration uses an Euler implicit scheme
with a uniform time stepping and 20 time steps. Concerning boundary conditions, for the
flow, all sides are assumed impervious, except the left one, on which a pressure equal to the

initial value 10° Pa is prescribed.

Figure 17 exhibits the contact state along the fractures at times ¢ = T'/4 for which the pressures
reach their maximum values and at final time ¢t = T for which the pressures are almost back
to their initial value as shown in Figure 18 for the matrix pressure. Given the Biot coefficient
b = 0.5, this pressure decrease explains the switch from slip to stick state along the fractures
at times larger than 7'/4. Note that the fracture pressure basically matches with the traces of
the matrix pressure due to the high conductivity of the fractures.
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Figure 19 plots the mean aperture as a function of time for the different meshes and the mixed
and Nitsche’s formulations. It shows that the Nitsche’s method has a better convergence in
space to the reference solution. It has been checked that the solution obtained with the
mean-Nitsche’s formulation is almost the same than the one of the mixed solution as expected
for the inf-sup stable Py — Py approximation. Other mean quantities like the mean matrix
and fracture pressures and the mean porosity as functions of time do not exhibit significant
differences between both formulations. At the fracture scale, we can still observe the higher
accuracy of the Nitsche’s method in singularity regions.

Finally, Figure 20 plots the total number of semi-smooth Newton iterations for the contact
mechanical model as a function of time. It shows that both the Nitsche’s and mean-Nitsche’s
methods perform rather well compared to the mixed method which is the most efficient in terms
of non-linear convergence. Note that the total number of fixed point function g, evaluations
is the same for all methods and both meshes and is equal to 190 for 20 time steps with a tight
stopping criteria of 1075 on the relative residual.

— /\
\ _—
\

(a) (b)

Figure 17: Contact state along the fractures (blue: open, green: stick, red: slip) for the
reference solution computed on the mesh m = 3 at times t = 7'/4 (a) and t = T' (b) . Example
of Section 5.

Pm
| 2.4e+06 . 5.0e+2 1.0e+3 1.4e+03
- I

(a) (b)

Figure 18: Matrix over pressures (compared with the initial pressure) in Pa for the reference
solution computed on the mesh m = 3 at times t = T//4 (a) and t = T (b) . Example of
Section 5.

33



0.000108 . : : 0.000108
mesh m=0 ——
0.000106 | 0.000106 |
E 0000104 | E 0000104 |
e 2
S 0000102 2 0000102 |
: A
& 0.0001 | § 0.0001 |
(=1 f=1
g g
S 9805 S 9805
9.6e-05 | 9.6e-05
9.4e-05 : : : 9.4e-05 : : ‘
0 500 1000 1500  20( 0 500 1000 1500 2000
Time (s) Time (s)

(a) (b)

Figure 19: Mean aperture as a function of time for the mixed (a) and Nitsche’s (b) formula-
tions. The reference solution is computed using the mesh m = 3. Example of Section 5.
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Figure 20: Total number of semi-smooth Newton iterations for the contact mechanical model
as a function of time for the mixed, Nitsche’s and mean-Nitsche’s formulations using the
meshes m = 0 (a) and m = 1 (b). Example of Section 5.

6 Conclusion

We investigated in this work mixed and Nitsche’s formulations of the Coulomb frictional con-
tact mechanics in mixed-dimensional poro-elastic models. We focused on mixed formulations
based on facewise constant approximations of the Lagrange multipliers. This allows to deal
efficiently with fracture intersections, corners and tips but on the other hand requires an inf-
sup compatibility conditions between the displacement and the Lagrange multiplier discrete
spaces. This restriction can be circumvented using a stabilized mixed formulation. Exploiting
their facewise constant approximation, the Lagrange multipliers can be eliminated leading
to a new so-called mean Nistche method based on face average tractions and displacement
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jumps. This mean-Nitsche’s method has two interesting features. It eliminates the Lagrange
multiplier and do not require the inf-sup condition. It is also shown to converge to the mixed
solution for large values of the Nitsche’s parameters if we assume the inf-sup condition to
hold. Several numerical experiments were performed in order to investigate and compare the
three mixed, mean-Nitsche’s, and Nitsche’s formulations, both in terms of accuracy and of ro-
bustness of the non-linear solvers. We can draw the following conclusions from our numerical
experiments.

e Nitsche’s methods are more accurate than the mixed or mean-Nitsche’s discretizations
investigated in this work. It is due to additional oscillations in singularity zones (corners,
intersections, transition zones) as a result of contact conditions based on face average
quantities for the mixed and mean-Nitsche’s methods.

e Regarding the Nitsche’s parameter 6, the choice # = —1 clearly outperforms the other
choices 0 = 0,1 in terms of sensitivity of the non-linear convergence and accuracy to the
Nitsche’s parameters 30 and (Y.

e The parameters 32 and 3% show a different behabior in terms of non-linear convergence
which justifies the use of two a priori distinct parameters. The non-linear convergence
is clearly much more sensitive to the parameter 82 (in particular for large values) than
what is observed for 0.

e The Py approximations of the displacement field outperforms the Py approximations in
terms of accuracy for a given mesh. The final trade-off between cost and accuracy will
depends on the scalability of the linear solver.

e As predicted by the analysis, the Py — Py mean-Nitsche’s method allows to eliminate the
Lagrange multipliers while providing almost the same results as the mixed method in
terms of accuracy.

e The mixed method is the most robust in terms of non-linear convergence and sensitivity
of the non-linear convergence to the semi-smooth Newton parameters.

In terms of perspectives, we intend to extend the discretization of mixed-dimensional poro-
elastic models to polytopal meshes including non-matching meshes at matrix fracture inter-
faces. We would also like to investigate the well-posedness of the discrete coupled mixed-
dimensional poro-elastic model. An existence result has been proved in [12] in the case of the
mixed formulation based on a discrete energy estimate for the coupled model. This type of
result is however still open in the case of the Nitsche’s formulation of the contact mechanical
model.
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